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Improving the Energy Management of Parallel Hybrid Electric
Vehicle by Dynamic Programming Using Electro-Thermal Model
of Battery

Mojtaba Hassanzadeh, Zahra Rahmani

Abstract: In this paper, an offline energy management system (EMS) is proposed for parallel
hybrid electric vehicles (HEVS). The proper energy management system is necessary for dividing
torque between electrical motor and Internal Combustion Engine (ICE). The battery is a crucial
component of hybrid electric vehicles and affects significantly the cost and the performance of the
whole vehicle. The primary factors accelerating battery aging are high temperatures and high states
of charge (SOC) of the battery. SOC is the most important state variable in EMS, and usually
considered as the only dynamic variable in past researches, but the battery temperature is often
considered to be constant for simplicity and the effects of EMS on the temperature variations are
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neglected. In this paper, first, dynamic programming is applied to a parallel HEV without considering
variation of the temperature of the battery. Then, the model of battery is improved by modelling the
cooling system to take into account temperature variations and show how neglecting thermal
dynamics of the battery in EMS is impractical. Finally, by integrating the battery temperature as a
state variable in the optimization problem, a new energy management strategy controlling variations
of the battery temperature and SOC is proposed. The simulation results on tested vehicle show that
in the proposed method charge and temperature of the battery is controlled so that the proposed EMS
method prevents uncontrolled variations of the battery temperature and reduces the degradation rate

of it.

Keywords: Battery Temperature, Dynamic Programming, Energy Management, Hybrid Electric

Vehicles, Thermal Management.
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Structural Properties of Multirate Sampled-Data Systems

Mohammad Mahdi Share Pasand, Mohsen Montazeri

Abstract: The application of Networked Control Systems (NCS) in which sensory and control signals
are transmitted via shared data communication networks, is growing significantly and these systems
have been the subject of research during the last decade. On the other hand, multirate sampled data
systems have been investigated since a long time. In this paper, conditions under which a networked
control system could be modeled as a multi rate sampled data system are provided. After that, using
recent results in the field of networked control systems, existing results for controllability and
stabilizability of multi rate sampled data systems are enhanced. For this purpose, sufficient conditions
are provided based on the system eigenvalues, to preserve controllability (stabilizability) of a multi
rate sampled data system. The results are compared to the existing results in the literature. A
numerical example is included as well for clarification and comparison.

Keywords: Structural properties, Networked control systems, Multirate sampled data systems,
communication sequence.
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Coordinated Control of a Tractor-Trailer and a Combine
Harvester by Neural Adaptive Robust Control

Parisa Mehrmohammadi, Khoshnam Shojaei

Abstract: In this paper, the coordinated control problem of a tractor-trailer and a combine
harvester is taken into account in the presence of model uncertainties by using the leader-following
approach to track a reference trajectory for the first time. At first, a second-order leader-follower
dynamic model is developed in Euler-Lagrange form which preserves all structural properties of the
dynamic model. Then, the tractor-trailer is controlled to maintain a separation distance and a
relative bearing angle with respect to the combine harvester. For this purpose, the controller is
designed by using an adaptive robust neural network technique. In this control scheme, the
parametric uncertainties such as masses, the moments of inertia and other physical parameters are
estimated by a radial basis function neural network (RBFNN) and, then, nonparametric
uncertainties such as unmodeled dynamics, friction and the slippage of wheels are compensated by
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the adaptive robust control term. Moreover, it will be shown that the controller makes the tracking
errors converge to a small bound around the origin in the presence of uncertainties. The stability of
the proposed controller is demonstrated by an analysis based on Lyapunov theory. Finally, the
proposed control scheme is simulated by MATLAB software and its validity will be shown and it is

compared with the backstepping controller.

Keywords: Backstepping controller, combine harvester, leader-follower control, neural
adaptive robust control, radial basis function neural network, tractor-trailer.
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Nonlinear Modelling of Kerman Combined Cycle Power Plant Drum-
Boiler and Drum Level control especially in trip conditions

Mohammad Maghsoudi, Ebrahim Salarizadeh, Meisam Yahyazadeh

Malihe Maghfoori, Hassan Fatehi Marj

Abstract: There are various methods of power generation such as combined cycle power plants. There are
many variables in a power plant boiler unit, but the most important variables are Pressure and specially drum level
that control system should be put it in the safe range. The purpose of this article is, modifying the oscillatory
behavior of the drum level of Kerman combined cycle power plant and especially control of drum level in trip
conditions. At first in this article, high pressure drum boiler of Kerman combined cycle power plant is modeled
and analyzed. Then drum level control logic of power plant is analyzed and modifications are being made to
improve this logic and the results are compared in practice. In the new logic, a control loop (PI) is used for the
error signal of the output steam and the input water to the drum and a control loop (PID) for the level error signal
and for more accurate estimation, limiting the drum input water and protective conditions, drum pressure signal
is used. In fact the new logic is cascade control by measuring four elements for estimating the input water to the
drum. The results show that the new logic reduces the Kerman power plant drum boiler level oscillations and
keeps the drum level in the safe range very well in trip conditions.

Keywords: drum boiler level control, Kerman Combined Cycle Power Plants, cascade control (four element),
PID controller
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Attitude Synchronization Control in Satellite Formation Flying in
the Presence of States Measurement Errors

Seiied Saeed Nasrolahi, Farzaneh Abdollahi

Abstract: This paper presents a novel attitude synchronization framework for tracking control of
multiple identical/heterogeneous satellites in formation flying with connected communication graph.
The main contribution of the paper is considering sensors' measurement error to derive control gains.
Moreover, the proposed strategy need no angular velocity communication. Nevertheless, the tracking
synchronization among the satellites' attitudes with individual set-points is guaranteed. Accordingly,
based on the Lyapunov criterion, uniformly ultimately boundedness of the synchronization/tracking
errors are investigated. The simulation results are presented to illustrate the performance of the
developed algorithm.

Keywords: Satellite formation flying, Attitude synchronization, Uniformly ultimately
boundedness, Sensor measurement error.

SO gy 5 030 D] 88 3 o 5 35
4o gazmn 3, Slas Oliabl CbB (o S5l OBl 03505 o2l 5 5
Y] iy 55 6 St bt 1y Sy sele (6l o) 4 53 g aibebs

(Satellite Formation Flying) ol sale 55,5 20T oy ysle [V

dodo — )

5 63Oke VAP ans 1 oL ol 53 Sl SRIT 3,800,

s 63l 6K, Ol gt & 055G (o3%s 4+ an3 I SFF sl 4 U 25 1y 07 (RENDEZVOLS) S5 Wl sl o 80

o sb e a8l =01l 335 1) 5 J S Oladige ezl o 557 dlons sl 4153



LAJS‘»Lsﬁfa)\uu\élkﬁ-)fé:-):je)\}alﬁjljﬁJtil)T)l:&Lwéii):\;:&é}‘squbﬂdjszlJb O

e 4155 ¢ gl jad dnw A

3 S sls S la 5l s SRS g Al 5 [YF]
laesls 4 e 5 55 0T 53 o ol 5 paze b Slae L3I Bl
o B3 58 0 033 e (Sar sl L 4l 1 ite (g (sl S
glAeel 5o e ol San skt 4 IS S s ol Sl
oslizal b6 b Ko slaosls SuS1, (2alS 5 Candy slayls
231y mls 5 585 olie 55 30Tl 15 T s 5 oS cdzus
s i 5 Lest

23 bl Eomlo 31 (SS 5 bao sl sale o (b5l VS (550 5
iy sl .l Sl ST 5 Cardy Gl jer J S
Behavior-based ) ,kb, 5 xe sbas sy 4K XNXONS ] 50
Neighborhood-) SKlues , e las S, YV-YA](scheme
Virtual ) (g jles Hlle gla 59, 5 [Y4 5 VY] (based architecture
—e ki)l S g Sy S alax I [ -¥\](structure
B g N PN = PR E 2 B REPRORPN [ P
B 5 e 9 g ym— ey skl 3 51 [PY] 4 ged (6l s Liles ST 31
a3 Y] calsl o kS e eslinul gladl> bl 1S e s
el 03 10 140 S8 1 e 5 (S5l Sl g a3 s

25 Sy GileObojer Sa b (S Ba; a5 ( JS 5 5ba
W5 S sbiles .ol (65,6 Camd s Sl (sla e 51 BT SFF
s (Sl 5l b 5 g Jald Camdy Sl ite ol e o Lal
Sl S Aoy rton (S 0SIUT L 5 (e s 33 1 5 AET
3 b Fotalin JTonyl o > Shos W & & 3550 Jol 2y
5 e sl 4 Condy Glaite ¢ Bs5 33 8 53 e S o
Sl i s S6 s 4 3 il les S5l gl L
e s 4 L LT 283 O ¢ J 2T I W5 53 Cans
Wl il J 7S s 3 Shes 53 (uled 36 e Al 5
3 50 e Sy 3 o5 3L al g (6 5 g0 Sla s ol Bl
S5 g 0556 W 5 s el Bl 5 s
o 3, b sSde S8s L Cardy Sleleges JRST G,
bobase OVl s Ju8 Ooda 505 Ol 4 ol 0l S e
Gl o3 gy baale n pho (o Sl 4 Oy (omds SluOle jan
s o> 33 Cand g Sl e 31 585 UAL?T(}LJ«SU’)B):
0l jen sl gyl o 5 ouiSTJ 28T b b cdllie opl s
b K 6, S 030l slas gl 3 alinl (lao,lgale 5 55 S5
056 bl s 255 2 (e GOIL plel Dl el
O35 o b Bt b s Il S8 J 8T B 5o J a8 gl
(Decentralized approach) 8z ;5 3,80 55 b 5 s <Sealis>
2 0lg o ) ol e slag)sT s op fege A il 5 2l Sl
P gad 42N 1555050

31383 L5 e SVl 3 sl (5ol sla ot lul @
52485 T 5 [AAYY FRXD] Gl Cony Ll (sla e

Gy gale 55 [F-0] Col 4B 8 515 ar 5 3500 oLd5 o) s o
Slad 4 (65515 oyl Sockas SLlja 5l a odalive 5 mbie ColasST il
551 A g Gl il Sy i3 Al 5 oo SFF cogdlay 35 o0
3 8 ool gale 3 5 eSS Glad pame L OT (2 Sobr L
s st bl y ol 53 015 (o0 o7 [F] 2557 a1 e 50 4 5l
(Synthetic Aperture Radar) . sze ‘.fljélia GSolsly sadl gamee 3l
Slp ldh G sams K5 adl [V] 3 pU SAR Jlaztl 4 b
AT a8 gezma w1y 55 ol (5 Sl Il el Sy pale S ol )
L SAR Cypsele oS5 plnil (sl e jgbay S (b Jeamw Sy
o5 5 0l o(BeaM) 55 s (6 5LwOle jan ol ol 2e (o) somes
Gobesar by g ol jan Ygane & 3 15 (Slodas i
dlein 03,51 p oy pmatn (OIL el p 5 boslpale o Cands
BN 3,50 Dlosign S S Londs 3wl jen (IS sk [A]
Semyaar § LA Sl SFF 305 g delediar J 287 Cone )3 Ol
53 JTodl 3leile jas @ Oty i b g (5,5 03100 55 st 13
ok S5 el 4yt 57 LI i s SFF (63 55187 g ) sale 5
=0l jen Ooua b deledir S g 0liS J 1S S5 b Al ) s
@S 515 e s K (6,8 0511 gl gl 3 5 Coness (S5
slresy L,“t,mwwws)t.\igw‘;cuyS@t
Tl Al Caond s 3Ll jer Sllas & 2l 53 JAST b
el ol

(Conds SleOlojar Gda Lokl plal )l 51 Sy 5o
53 JAW] ol 45 .5 15 Ol b a5 e 55 Canbge (65Luile e
S A5 (b ge 5 Camds s oSSl s 1 L caslsl
A3 Sy 5 Cambge 53 Slajes il b Sl ol Sl gl
VY] 5,57

Sl @303 55 05l gmle Sl 2alT 4 a8 G el o fage S|
(S olie Sandy SIS oDl 4T 350 o)Ll [VA] ST 4 Ol 55 o0
oL K 0l IS8 s bejlpale Caige J S Eala 4
5 L 2 Cends SRS Somn 55 QU S o3 (o e Sl s
Wl oS J S ol 53 oyl sale e (LI ST

3V RlS Do b5 ons g Sl jon (sla i, 31 855 5 0 5
T BRI g5 RE PV PRI TINEL Y [ P IR
—al)) gy Al y S de gla by les VAN ] Lo &1l g
b S o oslizul Sodalie 5 e slas Sogy 31 YY] L5 odd
B 4 03] ads s Sodls Sl ealinl L1y slay sl s e
SN AT 4 5L 05k Conds ladlejon oy &K [YF] S o e
Sl bee 5L 28l OT 36 o age a5 Sl o3l 1) (glay 15 sy
S Gl p e Kol w a5 L Sy op el leslsale
g 6 R s S 03l sl s b kil e
Lol aalS Sdd a3 Shee 1 Olabl 5 CudS W05 53,8

Journal of Control, Vol. 13, No. 4, Winter 2020

QA Ol F o jlod W o o J 28 dles



o b Ko (6,5 0511 sl o 53 5050 5mbe Sls LT Jlsile &K 45 Candy (s 5le0lejon J 287 o1 b

e 4155 ¢ gl jrd daw A

Wl Jgo! =¥

sb,lpl 5 dle s s (’JN Sledia I (S o Si3u ol s
g n 451 53l by e 55 edbeslizal

MRP coxsy ol ©-)

oolsale iy oiws i Slamies oS &S s Ol 1
SOk 3l oM oaws 5 o e Sz oons 6 4y S
sl sbls; «(Cosine Matrix) osls wyinS G il o il
K555, S5, 5 (Quaternion) o551, Lls, «(Euler angles)
el 5 sdsie sl bl 5 e 05 (MRP) suizSUol
Jlas sl gblss s Singularity) KoSS 5o s cgols g
st 055 31551155 (Unwinding) ¢S 5 (Ambiguity) ple
Nop & Goge 5o [N &S r a5 LB 15 Conds Ol 61 MRP
o8 53 o 0133 41315150 5 Olyss ol 5 gme Olgie 415 M g
dal gl MRP Oy 53 @ 013 5l oK (oS 5 3 Slazina
[Fal L sy

q’:tan(gjﬁ ")

S seslizal b Js ol SoSS slls 35 MRP &8 538 a5 55
B JB dJlws ) (MRP shadow parameters) 4 L.

JIF] el 0wl
Coand s Oly Comds 65,4l slas eSalys O-Y

ol 2 T Sl 0l p e olsale o5 Candy Silet
PN el 5 sl b (MRP) Sl 855555 (sl sl

4=G@)o ™

5l Gl gl Sy s B S

G() =%((1—GT a)l,+28() + 207" )@ )
s st

d 6@=-"0q *)
J

le@i <3 (3+2lal+3fal’) )

T sl g s 51 e (5,8 0 limesk Slhee KLLSS L5140
(i 5aaly Gb

— s @ucwwpé)awjghﬁi@&é;ﬁ:&a&w
sl e Slae 1) Sy Silidlger L5 e ke
S o3l sl 36 o s bl s 65T 5 o rage
GHlllejor ot L oS J 587 oS5 o1k 55 Candy e L
ol o b Sl s USFF Comdy J ST w612 Conds
S o6 6 im0 e e i) )
ol slp p3Y lls b SRSl pl el s el
el ni g (58 051 (gl L Bl b g il (s
o )lpale 2 o iSRS cmolpale oy (1 pbe b Al ke o @
w Yl el o 5 Salaan Slae)lsale Cogar yine 4y Lo
45U VYO0V L5 Candy (siluoben sl Sl ST
(Fp s s el Sl e sy S 2l
S X ]l s e sl ols s g, 08 ST sl
by iz g als el (R eyl pale o e L e
s5m5 35 Sals S 6,8 031 & 5L 09 Sladlejen sl
oo b5 6,8 03l gllas LT o 55 (Jy [YAYFrV] 0
Alodis Blsd
BLlod el 03,5 55 05 0Ty dlie &7 Sl lles o3 0L &
SRS s & gl 53 Londs gl S (S 051 (sl
ooyl gale 3l 2T 53 Cand s 3leile jon Ooda L S jaze o
O SbU gy Sl eslinal b oS ol Sl sy e J S )
SAS Slae g 056 gl 4wt e Y e
A5 Al cpl 5y Al o 6l &S Lol slaas b 2 g g
15505 4o 253,050 53 Ol oo ) Llods 4 &
ol (Connected) Juaze § 5 31 aoslsale o sl 31 S @
WLl pgloe ba S (505101 (gl o510 (SVL 1S 0
P lan L1 35 g S gy o (00l el ol gale o @
A5 53 355 Slasls S Ko osls 315 3,108 e ST 25l o
S g ool o g S S
5 ol Al (Sldie C>la b5 3 o e aalsl s
b Sl i 53 s il Ol etiS U8 b (S8
o 3 ) g 0Byl 035 S5 oo o6 Sl g 51 03zl
Lol 05 55 ga o5lial Lagg 108 wlis ol 1 cdllin ol 53 5,8 o )13
M) &K, Sppo sy e (1) Lot o 556555 P4
SN Kl L Lss e oesls Sl Jsens 5 sba b IS
NN Jio el On xn K el KL b (SIS
S s e 3l ok |25 (g kB S5k s 5le ¢S diag(My,..., Mp)
Ry bbbl sl 55 sy 53 0o Suls @ Ma b My
(MRP ,lzz=1 4 L (Modified Rodriguez Parameters) s m Sl
5 4 Amaxl-) 3 Amin(.) ((Kronecker) S5 5" o o Kbl ®

e 035 i o 5555 5 o 5SS SO

Journal of Control, Vol. 13, No. 4, Winter 2020

QA Ol F o jlod W o o J 28 dloes



b Ko (6,5 051l sl g 53 5050 5mbe Sls LT Jlsile &K 5 Candy (s5lailejon J 287 o1 b oY

e 4155 ¢ gl jad dnw A

bl 15 e i) S
osllas S Wl Jale a el Jole 1SS a ool it o€ s i

Goodlis gla oL, Dol w b bl Jlis g 4 o

Al for Sio Sty e O g a fale $STESS
6 RuK L Olejen s fule ol tla Jule o Jo 15 o€ s 1 e
o sl s Sobe 4 by s llas Sl
) Wl e e Caw a5 bele gidllis lales
(limg ) =lime,t) =...= lime, (t) =0
£33 s 4 Gshane 1y LT 55 (GSleOlejen gl oy 00
ool o (LI 65t 5 L a8 ol sl oS’ 28
5 2 58S Gope 3 e sk o sad 81 0T (25 0L 015
Gl o&T wsb ) JSKs s easaly)l I E a byl OIS
oy Aol s LB 5 s b ele a (5lelesan
a0 =et)-5)
&0 =50-& O
g O =g O)-g)

&Sl OT (5l0le jo 31 Coda &S Sl o b Sy g ) 52

£() > 50 > 5 ©) >0 (%)
GleObjer gl Olge wma )L
il 3 el L, EO=[F ) B0 g0]
EQ=[a®) T  BO)] ssdus sl 4 oty
5,8 bas
E(t) = LE(t) (Vo)

23 Eand s (§3lwilejon gl Salys 8-F

BT R
SOl jan 5l Coda ¢ |3 23 5 Gileile e IS o w1
3 g Sdn LG 4 baoyleale (55,545 lg 0 alT 4o Camds
o ST 55 eSS L5 haoylgale sle b Obejen jiba 355

Sl s ol S50 oylmle o g 9,dlls glas (opl ply Ll

0 -4, q,
S@=la, 0 -q 2]
-q, ¢ O

olsale by IS o o dlaly SSLlai o)l sale Lons s Salys
el OT 5 Jlas!l gla ki 5

Jo=S(®)Jo+1, +1, v)

5 0,138l (Moment of Inertia Matrix) gl o5 e sbd &S
ALl Laes slazb) y5iS Oy 5 IS ke O, ke
Slasly o 5 Cgr sllan 0l Olse 4 @y 5 Ty e ool

35T Gk 015 a1y 5,40l sl

| ol
Il

{q a4, )
w = O~y

‘! MRP LSL@JJA-L:%JJJQJ& Oj‘)}b‘af

|
Il

a, (a'9-1)-q(gq, —1)-2(q=d,)

Q)
1+|a, [ fal* +2q4,

qogq, =

Gl e) LS 55l pmbeie a4 o)l pale S 55 s

30,2055 553 Ol KT o) stalin Cyjpale plon

2015 o 1y ol sale (g Al (gl $SCalys (oy g nl 531Gy <0
23557 Sy (V) ¢Sl s 5 (¥) ¢S letws ol

@

e =G(§)E,

. e o )
J¢, =S(€,)Je, + T, +1j

|
Il

OF 5 siletlogma oy O-F

4 by gl s OIS e a by Gldie Sl g
aﬁi):r:.fupje &S S0 33 el 0kl 03,51 ¥ aesas 53 0T
AL by 58w e b Salys & Jule a calaleN

{ii :fi (Xi)+gi (Xi )Ui fori=1..N \Y)
v <h)  ortshe .

=h (%)
asb asls s g blae olas Sl cla Jule 1SS a Bl iman
25 Al Gb 1y st aals sles o oSS e oKT (X (1))

LFY] Cils dal g

gM)=x%'(t)-% ) O

szLwa.:J_,T]: Mlplﬁ«-\,.? )L:>'Lw ¢§i BE g)Lafo.A djzf f‘j" ¢§i BE)
ol b i e (Coupling) o155 (53l l s 51 ot 55 Ol 5

LFF] Kss o 0sls b 5 alal o "y

Journal of Control, Vol. 13, No. 4, Winter 2020

AFAA Oliane s oF olads VY lom 28 aloes



o b Ko (6,5 0511 sl o 53 5050 5mbe Sls LT Jlsile &K 45 Candy (s 5le0lejon J 287 o1 b

e 4155 ¢ gl jrd daw A

Ftrack | 5 _ =
u = kaaeaa kq.eqi

(¥+)

by Gk O™ 5l ISl s Kai s Kai S sk o
(nlnolgale oy Condy (650l jon (6,5 Coda
N

Uisynm :*km Z(é“' 7§q')

[

(y)

cmls 4 36 o IS I 3 (ol otaliie b6 oS b 0len

315 s (a1 1 pline ¢ K05 b 4 b oo (S35
os i 4G &G 1Y) S I 53 (s oo ol gale
ool €, 5 B s slie 4 J S I Saly 0T 5 ool
& 53 OA) ol I Llp shaal ¢ gadls pz3lie s 55,3 Oske

) 680l ol s p shan (030

A . =Mmeas —meas
yls L, 5 (6, 5 &

(YY)

—o Il (Standard deviation) s ,lkul sl il Oy 3 Og 51 ) skats oS
IS ¢y ol (S5l o 5 g 4 b0 4 S
Sl o YU OIS Ll Loy Jes 3 8 S

Sl Ssle 3 55 0 1 5 m=max{og, 0w}

U, =0 +0”™" +d (®)

Gl 4l Shder faeme Kbl O ol b aber o
Ol5or 5055 0T Slatslunr 510 lsale Cundy slajls s 5,8 05100
18 8 i ey Gk 1 0T 018

Nj
d, | <mk k, +k 2
<, e, +k, 3z o

[di]<m(k,, +(2N; +1)k, )
S 2M S Gl b5 405V B Do 53 5 G S sbuals
0 Jele Caridy Gl o Sl 5o (See Ol el oy i
oSS Gose 535 M Llgy 4 5 Ll OT (slag luas
e IS I 015 o e ) ns il LU Y
(g )bl b 1) dlsle
U--(k,®1,)E -(K,®1,)E, - (K, ®1,)(L®1,)E, +D

o

Ko Kq (Y0)
__le Em_KqII:IEq +D= K{ul Ew—KqIEIEq +D
oL =, +L)®I, «&
K., %] Kq, %] d,
K, = K= D=| i (Y#)
@ @ d

N Jansa

ST sl o gl 1 s yls el gale o 4 Jlesl J x5 S
s gl Sy 0155 0 SAR oy pals sl 2l Ba b Sl

::;gj{ﬁd}fall)www):

E e EE o
JuE, =Sy (E)JM E,+U
"y
77q1 7@ u,
Eq = va = U= ,
_7% 3N 1 i’N 3N Uy 3N 1
[, %)
Jy = ,
_® Jn 3N <3N
S(e,) @
Su(E,)= ,
@ S(e"’N ) 3N X3N
G(,) @
Gy (Eq) = -
@ G(e“N ) 3N x3N

b K 5,505l gl (G5l 8-8
oslizal o5l ale Sy 03,57 s (sl sile sl K
Sy bl S (0 Ss 5 ity S i 545
Gl i b K 6 ol slales ST sba o)k
@35 Ysamn s Jlal a5 wb  Gato & ol ol
S o3 sl 035 Jaa (51 02 ilisls 5 ko 800 b Lo s
© el s ol OY Sl S S kg S b S
01552 99.7% Jlazm b el by [FF] Bl o 2s 3 ol S

13,5 Blod 6,85 51152 byl & (il ke (51 555 B s05L

1" -30<71<1"+30 OA)

Wl ot (6, o3Il 5 ily polie 5 5 4 Z™ 57 I shite S
oS J yi” 4 9 Ao Ol Y

oy ole S Wi el ol 2 Sl 55 L
) Sy Lo 53 0n s G S 03 o2 1) 35 38 pamis
Rl blyo s gdlis gl Ll Jl- e )5 5 A4S Js (8 =0
Jole 52 sl 5 IS IS kS Ol s 3l 21T slae )l pale
Wl slgiy JB

(\a)

U = Utimck +Uisynch

Csllas 4 Coiiio)lpale ja sy dlis Saa L Sl Gb BT S

Tl 5

Journal of Control, Vol. 13, No. 4, Winter 2020

QA Ol F o jlod W o o J 28 dloes

\2)



b Ko (6,5 051l sl g 53 5050 5mbe Sls LT Jlsile &K 5 Candy (s5lailejon J 287 o1 b of

e 4155 ¢ gl jad dnw A

4 (E)=i{el-].e,ﬁ 4&7 g & +48 & +58, I8
ia| 1+g 5, B i
L
+ge Ji e +&€, J e R
1+H

+2(K, +g,k%)ln(1+€;éql)}
i{ {S(e )JE, Ko &, —kq_NZ(éql —§q1)+6i]

& G(g, )8, +48,G(, )8, +£8,J,G(g, e,

+

,T,
q
(S(e )8, K, &, —k, & —Kk, (& -5 )+aij

+ Mot g ye, +2(K, +ak, Jn(1+e s, )
1+[e,|

Ji,__&,_bu_} O o> é[TU‘S(éw‘):O Syl g erg b

fv._s‘)‘:

-~ N N;
v (E):le _kmél.éw‘ _kmél. (étl. _éQ.)+§;di
= =t

-k, B € (\nD]

+4e G(&, )8, +&¢ Ko 8 &

-gk, & z (&,

JiG(g, )E, +ge S(e,)ee,

éq‘)+€i§;,di +2(k, +eK, Jn(1+€E, )

S S plaar sl

vx >0; In(l+x)<x (V)
14
N Nw
Sz kw%% *kq.e; )+E d +4e G(g,)e,
i=1 J:1
+¢ euJ,G( ) EIS(EM )‘]Iea) _glkq eq, eq v
N‘
-5k, & )+&8d, +2(k +g,kM) }
1:1

Ol Ly =L®ly 5(Y8) 5 (W) 3 Jb oyl 5l eslizal L b

v(E)< -EK,E,-EK,L,E +E,D+4E,G, (E,)E,
E,2J,G, (E)E, +EES, (E)I,E

wE, x®)
-E,Z K, L,E +E g D+2E (K, +EK,, )E

»

q

V(E)<-E'T,E+E'T,D (o)

L Ta s Te sla m S5be oS
T.AY=K, -&J,G, (E,)
TL2)=T 1L2)== (J Sw (E,)E -4G,, (E)+K, L,)

. . %
T.(22)=gK,L, 72(qu +EK, ) 7)

Td:|:|3N ij}
O

—ojIl slast 3G ks dal gt Ol aalsl s &S (lands Sl eslizal |
S o s 53 5 0k Bl I 287 Glao g ol szl 3 (5,8
2355 g S il @ (6501 0T

S8 Skl U N slaws 4y sloslgale 515, isl,T oSG 1) dpiad
Sla s e 05 JMe aiy omen s S 55 e L
KT s 55 A=rrl1hélx{/lmax(Ji)} Sl e lslale lyss 5
5 it il e s E=[E] EL ] (spdlis sl Jis
(Y0) (53555 I 5 (19) &Sl >

E,-K,L,E,+D

{Eq =Gy (EE, 5 av

eSS 01 S (s s S (6,5 oIkl sl el s
(Uniformly Ultimately Boundedness) UUB s le & L lg

s St 5 dalss Gl SRSl ST

2+¢&
ST 2
K, =
i (YA)
s (E )+kq24§ax( ) £ ) k;}ﬂiax(l-) k >h(§)
2| e G
16 2(k, -h(g,)) 4k, -h(g,))
0 ,Othervise
2 "y

9 & <m
)= (ot (20 |3l )]

A (J
(g, )=15+ 243, e |afe )

S 355 ST 5L b 65 b ST a3 S
- C‘j’r.'.'.w\ u,jf“‘f 6Lhej.€.: LS‘J'I ()Y .]ajj..:r LQT sz‘-\.:“._" 6)‘)5ﬁ
(50 43 8 53 O gL LS Wb Olsie 4 5 Wb dss
Vv (E)=v (E,.E,)
N
=Z[ g J8, +2k,
i=1
qe,)]

2
N N enY b (Fannd) sl pate g a5 L S

In (1+§;§1‘)+2§;éq‘ +68 J,8, (Y4)

+2¢.k,, In(1+

~ i Ll . E=diag (s,,...5y) & E, =E®I, ‘._’;Sdaqif:

3 eal s Do ol 515,

Journal of Control, Vol. 13, No. 4, Winter 2020

AFAA Oliane s oF olads VY lom 28 aloes



00 b Ko (6,5 0511 sl o 53 5050 5mbe Sls LT Jlsile &K 45 Candy (s 5le0lejon J 287 o1 b

e 4155 ¢ gl jrd daw A

Ty -1, >0
2K, ~(£,J, Gy (E)+G}, (E)I,E, )-3L,, >0

kM >%‘ +1.5 (¥&)

J,G(g, )+G' (g )3,

2B o oo (2 )25

Lol GT(T) 26 ™) ,5G(T) mbcumw eyl
G' (Eq)=%((1—§J§q)ls—ZS(Q)+2§q§qT )=G(g,)-S@,) )
225 A8l aealoes LB OT 50311 0187 ol 2 5
o @ -lola)-sel<lo(e -] o
25,5 504 ) Aty b 1) (F) 53 gslasl o 2T 015 oo
K, >%(2HG(@QI )H+HS(§W)H)+1.5 (FA)
(b5 Ol G(T) pba by @ Shivasls
k, >h(e,) (F2)
bl e (8, )>0 pb o
n(g,)=15+ 5% (3 afe | e ) @)

Lk

(E' Ko Ly +L, K, E )_E'Z _4(Kq\ +EK,, )
20, -T, (2)TH(LYT,0,2) >0

oY)

N s daly 53 S8 Gl Sloyiass 056 53 2 ST J
i) 4K, <(EK,L, +LK, g )-5 -2,
i) 48K, <-T, (21)T*(L1)T (1,2

oY)

S 58 o5 015 8 3l slaeld dls Comle 4 4ST 05
JUfO‘ﬁJJ‘fdéﬁqué}@@jlgw.Kq‘ =0

g 68 ol Oy o 1y () bLa 1l Ay (L)) >1

EK, L +L K E >E, +2, o)

. 2 .
o VieN; gi:g<ﬁJV|eN; kql=kq ool

ek, (L, +L))>(&2 +2)ly,

242 (0F)

2¢

:>kq>

Sl Kew

e (S35 b (D) (G slusl Coly Ceae ;5 ETT,D a5l

i Olg o X, =D 3 X =E'T, Lld s (F)_5)
ETE+-DD (V)
(g 48 o Ol a1y (FB) (6 5lusls a5
(B =T 1 o)=, 15
V(E)<-E Te—ETd E+§DD (*A)
. . 1, .
sl (":"‘J" Ty =Te_§Td G S
V(E)s-ET.E+2DD (¥4)

3 0ol ide 93 5l 6 R0s gl il Ted Sl a5 L
Wl ok LS5 (Skew-symmetric) o lizesly

T T
-l;dz[-l—ced+-l—cedJ+[-l—erd _Ted] )

2 2

— 03 25 e A (TN 00) (o ile (S35 4 4 5 L () (g5Lusli 1)

T
V (E)<-E [@JE%SD 1)
alil o 2 e 4 T:L";T; Sl
- —2 1i=2
V(E)<~[E[ A (T)+ (D] Al

L plp T e 5le (glaadl go o7

TWY =5 (2K, (9 Gy (B)+ G (B, 5, )1,y )

T(L2) :%(JM Sy (E,)=, ~4G,, (E,)+K, L, ) =T(2,1) (F¥)
T(2,2):%<(E, K, L +LK,E )-Z1, -4(K, +EK,, ))

O<T L ,a a8 55T s g5k 15 Ky, 5 K, ol b sl 0551
S:;@‘ké)}b‘)éﬁs%‘fﬁdl‘j@wAJ;nJ))T}v
S5 Soke 4 b lon<T

T(2)

TLD -1,
Tl = a1
on { T22)-1, >0 (FF)

T(2)
S UL i 5 4o ) o2l S Amin(T)>1 a4 Olgs &
dal s Ol 1y 3 g e Fleosd o el B ol Son il o8 oKn
W>J}~:%@jj‘c)ulw‘[{jdff%‘yc‘ﬁﬁw‘d‘ﬁdb.)‘J

Journal of Control, Vol. 13, No. 4, Winter 2020

QA Ol F o jlod W o o J 28 dloes



Laji»Lsﬁfa)\uu\élkﬁ-)fé:-):je)\}alﬁjljﬁJtil)T)l:&Lwéii):\;:&é}‘squbﬂdjszlJb N4

e 4155 ¢ gl jad dnw A

S908Ls Glales &8 Wl o Cpendd (3l oS d S ST
b ol Kes Wb ¢SS s Sl LT s (B() beylmbe wls
S5Le0be jon (sllast «(10) dlaiy Gl s 3 53,8 o 13 (PY) A,

6§ a5 1008 WL oS s e ()

Eo)] < U[Eo] L

Ll Ol b Y e D3 Ol 5 (PY) 4 ey b S

:J)ij-‘{kj‘)stﬂou}aﬁdw-&‘Ji@

lim [E)] < m 2, (L)\/;i(kw‘ (2N, +1)k, ) *¥)

i=1l
Moy oS A8 o e (o3lgidey 2SS S i Ol 1
AELUUB 5 b ylsale s Caned g (5Ol jan (sl
Silwdms -¢
Slead 3l oslinal bodsal)) J ST gy s Shee jtdu nl 5o
EULI L s pls e &S5 55 )lpale e I JSKize SFF &S ol
255 o byl (Low Erath Orbit) LEO L ol ¢\, 400 km

7N,
s 3
N, 7
ﬁé‘

Silwacd Sl LTl ley S

A5 5k oyl gale Slygs 3 sl 5o
[60 0 -8 9 10 O
J=| 0 60 0 [kg.m® J,=[10 80 0 |kg.m?
-8 0 120 0 0 70
- %)
80 O 0 70 0 10
J,=| 0 110 -15|kgm? J,=| 0 60 0 |kg.m?
10 -15 120 10 0 90
el 5084 0T Y ey Sl oS
2 -1 0 -1
-1 2 -1 0
L= #0)
0 -1 2 -1
-1 0 -1 2

S B 5 Camd s Ol 31 (6 g b sl L5 Sl a5 L

ot bl S o onl B lolsale slacy s sele ST 6l 555
O b oS oo s MRP 0L 4 15 sl (sl 0l s (6,5 o510
Il 53y shate pl (gl 05,8 adalive (golgiiny 0diSTJ S 531, 0T I

. 1 = = = T
46K, S—Z(JMSM (E.)Z, -4G, (E)+K, L)

(ZK«JI*S(JMG (E,)+G (E)dy )-3 3N)’1 ()
(JuSu (B)E -4G,, (E,) +K, L,)

- - . 3
Lo Sl D5 oSl S 3 g (s Sl 0 S Gl a8
Sy 1y ) Galemsl O doand )3 Madd Laily) Gb 558 (s5lumsl
Sé)jT

+{s+2fe,[+3fe, [ )) k22, (L)
Z(ku _h(éq, ))

+(3+2|, ||+3]e L)Z
sl

G w5 B daily 4 a5 L Kui o o Sleyjgsn 056 1

1 (g;"max (JI ) é(.»
K, <——
4 16e

(%)

+(glmax(\],) 5,

(€)=r (5, 8, )= A (3 [ |+ (320 | 3fe, )] @

Dy dalgt el Gb

Ko (L) k, >h(g,)
(kfw 7h(§ﬂ‘ )) ] ‘ ‘ ®A)

,Othervise
(bf).la!l))):kwi)kqi Qﬁfﬁlygbﬁfaj\}dﬂ“lpdl,

LS (Uen<T o5 0k 4 L) Amin(T)>1 & 5 505 i Ol 55 o0 (OA) 5

rE)+kiA% (L)
K, = 165 2

(k _h ) +r(E

Glalas Sls sl ol San 4l (FY) daly @ 4y b 5 4o o)

Losg Al ul s s,4ls
[ —2 1 —2
V (E)<0=|E| >mHDH ®4)
D s ojlblaas 5 b &S
B = Y Ja [ =m?3 (K, +(2N, +1)k, ) )
i=l i=1

(sl ‘..:a\}ﬁ- Amin(T)>1 gams Ceomat g

HEH>mJ Z(k (2N, +1)k, ) ¢V

glas o (plsle B LY Jeloi pll o 2050 Ol G
OT oS 287 a9y Sl Ggp aaly 53 edaTws OIS 1 65, 4Ls
2la el 3 S OIS 5 (Do) Sulg o )

|
Gl M iz o s )3 €, 5 By (il polie Sl e 5 b N K

3 Héq. H_)Héqn.1 H+m 2l 3 Olg e ON) Gb Kei awle
s [ 5
S ol Slasl S s g Sl gl e e S eIl

Journal of Control, Vol. 13, No. 4, Winter 2020

QA Ol F o jlod W o o J 28 dles



oY b Ko (6,5 0511 sl o 53 5050 5mbe Sls LT Jlsile &K 45 Candy (s 5le0lejon J 287 o1 b

s 4155 ¢ gl jad daw A

Sllas 36 VO 31 28 Sloj 53 Lw (0) 5 (F) sl S8 b o 5ile
S13 05 AS 4 a5 b oS Bl e BT aoylpale eles (55,4l
ot 4 s LS bl (5 LB Ol o5l ale $Salis
23 s Syl sale sl (69,4l Ol 2 Ol 5 2 sle Sl o)k
2,5 bl By se (glde Combge 4 Odeny I B 15 LEO it
Lo osls Liolesd Ko 55 J 8 I 5 J 587 slao g iomas
Jds a5 0L b oys el sl LB g 558 o0 odalie 57 5 sb0les
2 W) Kot (JAS 0 ol p3lie oS J 1S b > Shas
—a1 ) 2 S el i a8 OB S 6l 0L 3 sl
gl 8 SV 3 5 g 50 oS 1TSS b Sl Sy ST ol
JES s b b bt (ol 03,55 Blod 1 (5,8 o510
Llod L 0T J 8 I« PD Sl Kk bl 87 [10]
33 aS Hebolen 358 e Jlesl s, 20T 4 k=600 5 kgi=50
1515 5 & g 60,465 slallas (35 oo odalin A 5V (sls JSCo
Ao Sl o e ST blels Ol 5 S L oSk et
Sls sl 53 S 55 ol sy b aslie 53 J5 38 0 |, Sen

s o 69y B ol 65 SY b

Attitude of q,
05F ' ' ]

05¢L . . i
0 50 100 150

0.5

05 . L
50 100 150

0.5

-0.5 . -
0 50 100 150

0.5 T T

05 1 1
0 50 100 150

time (S)
X ad) ga (all
Attitude of 9

05t . . 1
0 50 100 150
, 0sf 1

0 50 100 150

0.5

50 100 150

0.5

05 I .
0 50 100 150

time (S)
y adse (o

L 53,5 Pitch L s Roll L 2ake) (gladd gotuw ol siuds s K
dpb 5l O3 b e S 6 0T (sl 2 oS (Yaw
5dby w5 b OT gadpe o oS (gladd gaies 3L 5l &K ¢ ue
Jal s 4 el o st b (5,8 0510 (gllas il s 5 i Sl
53 515 s T ey Lot b i T s 5 &K 6 555 oo LS
oS or ok MRP (L 4 b ol sl 5 (sls 511 Tl S1s
s 6l SRS 4 Cod MRP s ol Sl 55 Jolis
—o 3l (gllast 0T il sls 5 o OT w55 oS o 545 o Jol
oblin o Ko 5l 5 a5 6l el MRP 0L 55 (5,8
Lns a5l 5 5Lt 5315160 O gt w a3 &G 2 3 s 3>
0.005 554> ;5 MRP Ol 5 s 558 0e oy, Sl ealanal L [FY]
0.0 ol 55 sy oo S (6,8 031l sl 4T o ety
S0l sl o)lsale Hlgzr oled 3sd o Blod 456, ax)s
Als 3 gl K 53 gl
ke S e (@) S sl adsl Ll
5 [0.16 0.21 -0.02]" ([-0.13 -0.54 -0.02]" «[0.6 0.63 -0.6]"
bl (g5lwacd 55 oo plizkl 56 ogd [0.17 -0.27 -0.07]
WSaloss T 51 wsle Jose Slalizbl oy tege b dalg
5318 s0zme LEO Jlus (53 4 5 LS pndinds 5 o2 S ¢ puibline
Gl omomer [FV] Cils walis S5 e 5ss 0.0001 340
ol B e Bl 5 s Sles pLil s leand 035 5 A5
Jlo ol Jlael b6 558 e 558 oy aitey e 2 lp S
i ale 5 Gb L IS S 015
o35 olie (n 58 55 0> (B Slam Sl 4 5 L Kqi e
Sl 00 il OF) dasly Gl 15 Kg 0 OV 55 o 4501 4 ol Glaze
238 ks b lsale les
w5 b Lsder Saon OA) daly Sleslinal b oyl cpl Kui @
23 5500 Wl (Al glat & 5 S s (Kol
205 2 8T ol olie oS J 58T e s Shes &) g0
AL sl
4 MRP i, claail go Conl odalie JB ¥ S5 55 a5 ) boken
[ 000]" L &l ,l s oslsmle o gl iaaS 55 sl olis
S o Jos [0.3 0.1 -0.4]" 5 [0.1 -0.25 -0.5]" 0.3 0.1 0.25]"
M el n otalie Gl ST o sale S0 a5 L oo
[0 lnleeylsale sl ys Glas gl Co w6l sl Hls 5 2l
slaadl 4o Error! Reference source not found. ,s ..iL 0 07
—ad) o uimmen  Liledd 0315 OLLS (€] ) g 69 ydlis slas glayls
—odi )1 F IS 55 (€, ) glasls o g 5,40Ls sllas ,ls 5 la
gl OV 1 9,dls lales 545 o odalin &S Hsbolas .
(V) Gk 558700 b OIS & Llodw s i S L &S & Sosline
Ole3 o8 s 31 ls s Ko (6,8 011 slast 01 S 4 JulS” Sl

Journal of Control, Vol. 13, No. 4, Winter 2020

QA Ol F o jlod M o o J 28 s



b Ko (6,5 051l sl g 53 5050 5mbe Sls LT Jlsile &K 5 Candy (s5lailejon J 287 o1 b OA

e 4155 ¢ gl jad dnw A

Control Gains Attitude of q,
1000 - " : s . . .
; —q poRs I
- = =Kw, | |
_____Kw' 3 05 /f . . ]
2 0 50 100 150
s KW os ‘ :
— KW, | ] o~ - -
4
= 9 L j
| 3
05 * :
| 0 50 100 150
o 05 ' ' E
J = g i
1 0 50 100 150
05 !
7 -
Y A =
| 3
05 . .
. 0 50 100 150
100 150 time(S)
J;ma (S) Z ad 40 (C
S e g (LI _
odi5 S o3Il Hls p— Cgllas Hls = — ¢MRP ls ¥ ‘i.u‘
X component of Torque J; S . I e
5F T i T r N a The X-Component of Angular Valocity Tracking Error
20 40 60 80 100 120 140
Y component of Torque
5F : . : : | :
w
B
(7]
2
" «z
o« -
20 40 60 80 100 120 140
Z component of Torque 4 ]
5F T T T T T T
. B+ 4
1
8 . .
20 40 60 80 100 120 140 0 50 " 100 150
time (S) time (S)
X 4.43)& (dl

S I (o
A B 5 lno gt JS2 °T;

The First Component of Attitude Tracking Error

The Y-Component of Angular Valocity Tracking Error

08 = = Sat1| 4

04+

e} (deg/s)

02r
\\‘__ pmmm A S A e va e mm e
-
7 ol o 1

S T

02F ¢
I
1
04F 1 1
1 ' A
A 8
08k | 0 50 100 150
% time (S)
0 50 100 150 y adlge (&
time (S) 8 The Z-Component of Angular Valocity Tracking Error

The Second Component of Attitude Tracking Error

el (deg’s)

1] 0 50 100 150
osl ] time (S)
. . Z ad) ga (
0 50 100 150 s
time (S) Sl sl o g dlis slas s i F S

yads (&

Journal of Control, Vol. 13, No. 4, Winter 2020 VA Slis ) oF ol Ot oJ xS aloes



o4 b Ko (6,5 0511 sl o 53 5050 5mbe Sls LT Jlsile &K 45 Candy (s 5le0lejon J 287 o1 b

s 4155 ¢ gl jad daw A

S 5 om0

bl 6Sud e S eme b 2S00 b S S o
S50 5050 SRlT 3 4Lt (sloo sl sale o Cond s (G 5luOle o ol
S 3 o Joli Cond s (o ize (5,5 03100 (sllas Bl s S
A S 5352 oS J ST 1 5K il i age sl
CH S oINS (sl sl Lo s S 3,4 Slalles oS
DL 35 2 i S s S 553 b 53 sl (UUB)
oy o bl slin Sl el Ab Blad b
S e s r—‘iuﬁ‘ 23 onds 68 ojul sl S s
an g OT ol bs 8 pmds 5 SSUU gy ol 8 288
o Sl 13 (0 plbne 41 (535 okl yf o35 38T 53 053y A ol
039 53! ﬁ.uﬁ" Sl oL 4 Ul s g baoslsale sl sl
Sl pode & 03 8 e olidl)) 0 B ar 5 L0 K
S5 e e ylgale o Candy Sl jen (sl o)l gale a5, 4lis
O 5y 5l 53l 36 535,851 3 ko d - 130157 L
A Bl Loyl gale (55l Slalazel 5 b Shes pLbl ol ol
SVl 53 3 g 02583 S okl 055 Sl s Shoe ¢ i
s LIS laly 53 sd gy e dalyl g, Ll b auslae
w0 4 G 02 RS 33 8 o sl el 03 8 S
ple s Ko e s 53 Candy GleOleer S Lpd o3l
338 G (B35l 5G5Sy 93 (B s le oalid

&l
[1] Kroes R. Precise relative positioning of formation
flying spacecraft using GPS. TU Delft, Delft University
of Technology; 2006.
[2] Rezaee, Hamed and Abdollahi, Farzaneh and Talebi,
Heidar A. Hoo Based Motion Synchronization in
Formation Flight with Delayed Communications. IEEE
Transactions on Industrial Electronics.
2014;61(11):6175--6182.
[3] Rezaee, Hamed and Abdollahi, Farzaneh. Motion
synchronization in unmanned aircrafts formation
control with communication delays. Communications in
Nonlinear Science and Numerical Simulation.
2013;18(3):744 - 756.
[4] Alfriend, Kyle and Vadali, Srinivas Rao and Gurfil,
Pini and How, Jonathan and Breger, Louis. Spacecraft
formation flying: Dynamics, control and navigation.
Butterworth-Heinemann; 2009.
[5] Hui, Liu and Li, Junfeng. Terminal sliding mode
control for spacecraft formation flying. IEEE
Transactions on Aerospace and Electronic Systems.
2009;45(3):835--846.
[6] Wu, Baolin and Xu, Guangyan and Cao, Xibin.
Relative dynamics and control for satellite formation:
accommodating J 2 perturbation. Journal of Aerospace
Engineering. 2016;29(4):401--411.
[7] Sandau, Rainer and Roeser, Hans Peter and
Valenzuela, Arnoldo and others. Small Satellite
Missions for Earth Observation. Springer; 2014.

The Third Component of Attitude Tracking Error

04t

06}

time (S)
4 A.L\)n (C
[¥] 3 0aSJ 28" 3l oslinul b g (s 5,dlis sl s 8 [SCa
The X-Component of Angular Valocity Tracking Error

= = Safl

Rl Tl e s

(deg/s)

X
e
w

time (S)
X ad) 30 (at
The Y-Component of Angular Valocity Tracking Error

8
it = = Sati

6 H “ sat2| |
LY R
1P —Sat4

)
o
@
=
= F
)
6L
-8 .
0 50 100 150
time (S)
yads (o
The 2-Component of Angular Valocity Tracking Error
4 E
2
4
o
ﬁ 0 o Py )
N 3
o
-2 ]
I
1
4t ,
1
k!
|l
-8 1
0 50 100 150
time (S)

[¥o] (oo 5t ealimal b (glas sl oo 5,80l (sl ls iV [SCa

Journal of Control, Vol. 13, No. 4, Winter 2020

QA Ol F o jlod M o o J 28 s



ijs‘p6;»}\&\6&5-)‘5&):je)‘}hlﬁj‘)ﬁﬁ‘)T}h&bgﬁiﬂ)éW}&jlﬁObﬂdﬁf@'k L

e 4155 ¢ gl jad dnw A

[22] Hu, Qinglei and Zhang, Jian and Zhang, Youmin.
Velocity-free attitude coordinated tracking control for
spacecraft formation flying. ISA Transactions.
2018;73(1):54-65.

[23] Ren W. Distributed cooperative attitude
synchronization and tracking for multiple rigid bodies.
IEEE Transactions on Control Systems Technology.
2010;18(2):383--392.

[24] Guo, Yong and Guo, Jin-hua and Li Ai-jun and
Wang, Chang-ging. Attitude Coordination Control for
Formation Flying Spacecraft Based on the Rotation
Matrix. ~ Journal of  Aerospace  Engineering.
2017;30(5):04017051.

[25] Kang, Wei and Yeh, Hsi Han. Coordinated attitude
control of multi-satellite systems. International Journal
of robust and nonlinear control. 2002;12(2--3):185--
205.

[26] Kristiansen, Raymond and Nicklasson, Per Johan
and Gravdahl, Jan Tommy. Quaternion-based
backstepping control of relative attitude in a spacecraft
formation. In: 45th IEEE Conference on Decision and
Control; 2006; San Diego, California.

[27] Lawton, Jonathan R and Beard, Randal W.
Synchronized multiple spacecraft rotations.
Automatica. 2002;38(8):1359--1364.

[28] VanDyke, Matthew C and Hall, Christopher D.
Decentralized coordinated attitude control within a
formation of spacecraft. Journal of Guidance, Control,
and Dynamics. 2006;29(5):1101--11009.

[29] Bai, He and Arcak, Murat and Wen, John T.
Leader-follower cooperative attitude control of multiple
rigid bodies. Systems and Control Letters.
2009;58(6):429--465.

[30] Ren, Wei and Beard, Randal. Decentralized scheme
for spacecraft formation flying via the virtual structure
approach. Journal of Guidance, Control, and Dynamics.
2004;27(1):73--82.

[31] Cong, Bing Long and Liu, Xiang Dong and Chen,
Zhen. Distributed attitude synchronization of formation
flying via consensus-based virtual structure. Acta
Astronautica. 2011;68(11):1973--1986.

[32] Lawton, Jonathan and Beard, Randal W and
Hadaegh, Fred Y. Elementary attitude formation
maneuvers via leader-following and behavior-based
control. In: AIAA Guidance, Naviagtion, and Control
Conference and Exhibit; 2000; Montreal, Canada.

[33] Beard, Randal W and Lawton, Jonathan and
Hadaegh, Fred Y and others. A coordination
architecture for spacecraft formation control. IEEE
Transactions on control  systems technology.
2001;9(6):777--790.

[34] Mehrabian, Alireza and Khorasani, Khashayar.
Distributed and cooperative quaternion-based attitude
synchronization and tracking control for a network of
heterogeneous spacecraft formation flying mission.
Journal of the Franklin Institute. 2015;352(9):3885--
3913.

[35] Wang, Xinsheng and Wu, Jingxin and Wang,
Xiaoli. Distributed attitude consensus of spacecraft
formation flying. Journal of Systems Engineering and
Electronics. 2013;24(2):296--302.

[36] Zhao, Lin and Jia, Yingmin. Neural network-based
distributed adaptive attitude synchronization control of

[8] Running, Zhang and Yang, Li and Shengil, Liu.
System requirements and mission analysis for
spacecraft SAR interferometry based on formation
flying satellites. In: 21st international society of
photogrammetry and remote sensing (ISPRS) congress;
2008; China.

Sl (T gl Candg 5 slie Olejon J 257885 Sl 5% [1]
VM Ll oin 5 g Alis

[10] Wang, P K C and Hadaegh, F Y and Lau, K.
Synchronized formation rotation and attitude control of
multiple free-flying spacecraft. Journal of Guidance,
Control, and Dynamics. 1999;22(11):28--35.

[11] Kapila, Vikram and Sparks, Andrew G and
Buffington, James M and Yan, Qiguo. Spacecraft
formation flying: dynamics and control. Journal of
Guidance, Control, and Dynamics. 2000;23(3):561--
564.

[12] Kang, Wei and Sparks, Andrew. Coordinated
attitude and formation control of multisatellite systems.
In:  AIAA Guidance, Navigation, and Control
Conference and Exhibit; 2002; Monterey, California.
[13] Chung, Soon Jo and Ahsun, Umair and Slotine,
Jean Jacques E. Application of synchronization to
formation flying spacecraft: Lagrangian approach.
Journal of Guidance, Control, and Dynamics.
2009;32(2):512--526.

[14] Lee D. Spacecraft coupled tracking maneuver using
sliding mode control with input saturation. Journal of
Aerospace Engineering. 2014;28(5):401--413.

[15] Shan J. Six-degree-of-freedom synchronised
adaptive learning control for spacecraft formation
flying. IET Control Theory & Applications.
2008;2(10):930--949.

[16] Beard, Randal W and Lawton, Jonathan and
Hadaegh, Fred Y and others. A coordination
architecture for spacecraft formation control. IEEE
Transactions on  control  systems technology.
2009;9(6):777--790.

[17] Nazari, Morad and Butcher, Eric A and Yucelen,
Tansel and Sanyal, Amit K. Decentralized consensus
control of a rigid-body spacecraft formation with
communication delay. Journal of Guidance, Control,
and Dynamics. 2016;39(4):838--851.

[18] Wang, Danwei and Wu, Baolin and Chung, Eng
Kee Poh. Satellite Formation Flying. Singapore:
Springer; 2017.

[19] Abdessameud, Abdelkader and Tayebi,
Abdelhamid. Attitude synchronization of a group of
spacecrafts without velocity measurements. IEEE
Transactions on Automatic Control. 2009;54(11):2642-
-2648.

[20] Kristiansen, Raymond and Lora, Antonio and
Chaillet, Antoine and Nicklasson, Per Johan. Spacecraft
relative rotation tracking without angular velocity
measurements. Automatica. 2009;45(3):750--756.

[21] Bondhus, Anne Karin and Pettersen, Kristin Y and
Gravdahl, J Tommy. Leader/follower synchronization
of satellite attitude without angular velocity
measurements. In: 44th IEEE Conference on Decision
and Control, and European Control Conference; 2005;
Seville, Spain.

Journal of Control, Vol. 13, No. 4, Winter 2020

QA Ol F o jlod W o o J 28 dles



& b Ko (6,5 0511 sl o 53 5050 5mbe Sls LT Jlsile &K 45 Candy (s 5le0lejon J 287 o1 b

e 4155 ¢ gl jrd daw A

(R

S 5 @ Y domoo

ol Mocte Oolie 5 Dt gl il Gl N
.MDM < 22, (M)D

S 8L o155 e P O,lize giles s oS5 il

D=PJP' O-Y2)

Ol r Jl= PA=PTIL ol 0520 D .l D (5 8 s jlap 30 &S

S G osba 3L 158 )i L Sle

1 1 .
S=JPTMPJ 2 (=Y 2

1
sl Ol s les bs & Ol 4 Llg e PI 7 S 1T
S 55 e Ul
D (S) = 2 (M) Y3

S8l oalE M S il gs p OB 4 eSS

[s=IM (F-¥_2)
ol

D (S7S) = M| ©-Y_2)
S oskealy

s's—|M[*1<0 ¢-Y_5)

g;.&\:mﬁa\}i (0-Y ,&) 4 4= 5 L Jl>-

1 11 1 .
J2P"MPJ2J2P"MPJ % - M| 1 <0 V=¥

1
(F—V&)W}Cﬁwb}gﬁj‘\]z M\Lﬁhwjbuﬂb
S5 s Oy
P"MDMP - M| <0 (A=Y )

Ans g i 1y oy polie csilen S Sl ol 4 g L

Sl V':M},
MDM —| M| PIP" <0 (-Y2)

JEIEIwp

spacecraft formation under modified fast terminal
sliding mode. Neurocomputing. 2016;171(1):230 - 241.
[37] Qinglei Hu and Jian Zhang. Relative position finite-
time coordinated tracking control of spacecraft
formation without velocity measurements. ISA
Transactions. 2015;54(1):60--74.

[38] Song, Yong Duan and Cai, Wen Chuan. New
intermediate quaternion-based control of spacecraft:
part I—almost global attitude tracking. International
Journal of Innovative Computing, Information and
Control. 2012;8(10):7307--7319.

[39] Xiao, Bing and Hu, Qinglei and Wang, Danwei.
Spacecraft attitude fault tolerant control with terminal
sliding-mode  observer. Journal of  Aerospace
Engineering. 2013; 28:401--405.

[40] Schaub H., Junkins J. L. Stereographic orientation
parameters for attitude dynamics: A generalization of
the rodrigues parameters. Journal of the Astronautical
Sciences. 1996;44(1):1--19.

[41] Wertz J. R, Everett D. F, Puschell J. J. Space
mission engineering: the new SMAD. Microcosm Press;
2011.

[42] N C. Output Synchronization on Strongly
Connected Graphs. IEEE Transactions on Automatic
Control. 2012;57(11).

[43] D S. Position synchronization of multiple motion
axes with adaptive coupling control. Automatica.
2003;39(6).

[44] Castrup, Suzanne and Castrup, Howard T.
Measurement uncertainty analysis principles and
methods. NASA Measurement Quality Assurance
Handbook -- Annex 3; 2010.

[45] Boyd, Stephen P and EIGhaoui, Laurent and Feron,
Eric and Balakrishnan, Venkataramanan. Linear matrix
inequalities in system and control theory. SIAM; 1994,
[46] Wang X, Zhao K, You Z. Coordinated motion
control of distributed spacecraft with relative state
estimation. Journal of Aerospace Engineering.
2015;29(3).

[47] Zhang F. The Schur complement and its
applications. Springer Science & Business Media; 2006.

oo
eyl w3 by Pl o
M‘Mw‘aﬁaéw‘m;b(j)“duﬁu;_“).:&‘mb}?b
S oo 53 s oyl bl 53 0T ke s S5 5l S
KT el a5 polin SLLSA 5035 NXN (sla s 5L B 5 A (S
[Fo] ol 513 T slop 5 sl 5 daulss
DlA+B]<|Al+[8|
2)|A8||<|AllB|
3)A is symmetric;||Al|= max|4 |

RN

:(..i)lz X, s X, ol 3> I3 93 8 (6l 5 uomen

A is skew symmetric; X] AX, =0 Y-\ _5)

Journal of Control, Vol. 13, No. 4, Winter 2020

QA Ol F o jlod W o o J 28 dloes



Laji»Lsﬁfa)\uu\élkﬁ-)fé:-):jo)\}alﬁjljﬁﬁbTﬂ:&bé&ﬁ@g«@@ijbﬂdﬁglk 7Y

e 4155 ¢ gl jad dnw A

166K, >(¢3,,S,, E,) 46, E,))

(2K, ~£(3,Gy €,)+ Gl ()3, )31y )
(£35S (E,) 4G, (E,) +(£3, S (E,) 4G, E,))
(2K, ~£(3,Gy () + G}y (), )31y ) koL, (Y-0_5)
(kL) (2K, ~2(3,6y (B)+G}, )3, )-3 SN)

(348w (E,)-4G, (E,))
(kL) (2, -¢(3,6

Garg bpsm e OOlexr (Sl ol k8 (S S Ul e

5 X,=(63,5, (E,)-4G, (E,)) Ll b5 (") [5) ol S5

w(E)+Gy (EIy )- |3N) (kL))

oimen 5 %, =(2K,, ~£(3,G,, (E))+ G}, (I, ) -3l )’l(qu,)
m o (2K (3, Gy (B))+ Gl (B)3y )31y ) 035 05t
5 8 s Oy

(63454 E,)-46, E,))
(2K, ~£(3, Gy (E)+G], () )31 ) koL,

q

l E E C (o .
sE(gJ Sy (E,)- AGM(Eq)) (34w (E,)-4G,, (E,)) (r-06_5)

-2

+%(k L) (2K -£(3,Gy (E)+G}, By ) -3l )

(ko)

iy 555 ol 015 o 1) (Y-0,8) (55l 1)
~165K,, 2 (23,8, €,)-4G,, E,))
(2K, ~£(3,6y, (€,)+G}, (€,)3, )-31, )

(e3uSw (E,)-4G,, (E,))+ (5J S, (E,)-4G, E, ))

(6345 (E, E))+ (qu, )

(ZK‘—EJ Gy (E)+G}, )3, )31, ) (kL) (02

+%(3JMSM (E.)-46, (E))(63uS, (E,)-4G,, E,))

+%(qu, (2K, —2(34 Gy (E)+ Gl ()3 )-31a ) (KoL)

koL ) (2K (30 Gy () 6L I ) =31 ) (KoL)
Sesoske al

166K, (¢3S, E,)-46, E,))

(2K, ~£(3, Gy (B)+ G, )3, )31, )

(£3uSw E,)-4G, E,))- (sJ Sy (E,)-4G, E, ))

(348 (E,)-46, E,))- (g.] Su E,)-4G, E,))

(gJ S, (E,)-4G, E,)) ©-6,2)

+%(qu, ) (2K, - £(3,,Gy (E) 4G}, (E,)dy )31y, )’Q(kql_,)

+%(qu| ) (2K, ~£(3,Gy (B) 46} )y )31 ) (kL)

kL, ) (2K, —5(3,Gy (E,) +G}y )3y ) -3, ) (k,L,)
Ol oo 45 Sl (5 a8 Sk 46 goma & (3lusl i b 05T
o3litl bl 5 505 o Sl OT 1) Jolo a4 by o &S5k 8 b2

M el gk B (s sll Sy G oY daad) ) o

MDM <[ M| D (V=Y 5)

r.Sc;L;l oLLm
O el Olgs 4 Sl GogE F deweo
olgnle 39y J»“')T S

g AT 53 sl pale o DLl Ol o 031 3l eslizal b
sNodes L e § U Jole N I JSiae G o1 8 S5 5,8 Juta
LTy oS dsseme 3pde s 355 Edges L (sl s
— et ol ECVXV LIy s 48 gazms 5 V(G ) = {1V, Vp 0 Wy |
— g b 3,55 88 3 e dele o (DL e e Ky & as
Solaas 0lize o 5lo K o1 S 8 (sl ool Undirected U 1
B, s Sope 02 aiFl S a5k e N A:[au JNxN
oY il ol en Sy goinl b 53870 5 4 Jule

o 5 el et St O e il S a8 L= ]

453}.2
2% i=]
I =4i=N \-¥,2)
-8 i#]

gaomn S Lol dly ol o oo glaglonn N 31 lite o
S S eslsen el o iy pdY g Sl 6 e slagl)
LF7] 55 dal s Sao pl s oY G Sleog sl

(Schur Complement) ;g modio i dowoud

A B
Sl pal M:|:BT C} S sk Ll e Sl 2 sl

[¥v]
A0 S Lis 5 SITM0 il pd .S A ST e
C-B'AB>0
5C0 F1 Lis 53 51 M0 sl ,d oS C 51 @
A-BC!B™>0

) dead O oy sk 10 dowel
w\)wg‘j@ (00) -\.1:.:‘)‘).3 aJﬁTC,..w-\..v 6}[.“4[:4:@}?\4
oy 68 ol ol
166K, 2(3,,S, (E,)-4G,, (E,) +k,L, )

(2K, ~£(3, Gy (B))+ G, €3y ) -3y, ) (-00%)

(¢3uSu (E,)-4G,, (E,) +k,L,)

Sl it oS o Ky O3p sl war sl Ko <0 55
w‘.ﬁsgsi:im)‘_;)u\;@bq,b@bs

Journal of Control, Vol. 13, No. 4, Winter 2020

QA Ol F o jlod W o o J 28 dles



fv b Ko (6,5 0511 sl o 53 5050 5mbe Sls LT Jlsile &K 45 Candy (s 5le0lejon J 287 o1 b

s 4155 ¢ gl jad daw A

+%(qu, (2K, ~2(3, Gy (B)+ Gl By )-31 ) (kL)

J
1 T — T = -2
+E(qu,) (2K, =2(34 Gy (B)+ Gl (B)3y ) =31y ) (KoL)

(kgL ) (2K, —£(3, 6, (B) + G )y ) -3 ) (KoL) (5-0_,2)
<
K222 (L)(2K (3 Gy () G, ()3 )~ 31sy )
k22, (L)(2K,, (3, Gy (B + Gl By ) 30y )

548 ol 015 oo 1y (B0 5) (5 5lusl Ol oo Il
~16¢K,, (3,5, (E,)-4G,, E,))
( . —£(3, Gy (E,)+G, €, )- 3|3N)

G,
£3,S, E,)-46, E,))-(£3,5, E,)-4G, E,))
))-

1
( 3
(3,5, E.)-46, E, %(SJ 5, (E,)-46, E,) b _5)
(

€3, S, E,)-46, E,))

k;z;ax( )(2K,, ~£(3,Gy () + Gl (E)Jy )31y, )

K22 (L)(2K,, (3, Gy (B))+ G, ()3 )31 )
Ol o M i (8 58 (sslesl 3 b 3 Sl 4y 42 5 L
35 gl A Sk a sl 25 b

Jra562,)- 40,

—165k

HZkI (JiG(§q|)+GT(éq‘)Ji)—3I3H
+|e3S(e,) - 46, )|
qulrﬁax( ) W-b,5)
HZk 1,- (3,6, )+GT(§q‘)Ji)—3I3H2
ke Az (L)

sz l,-£(J,G(, )+GT(§q‘)Ji)—3I3H

Journal of Control, Vol. 13, No. 4, Winter 2020

QA Ol F o jlod M o o J 28 s






J S oo

|
s ISSN (print) 2008-8345
c ISSN (online) 2538-3752
E

- ; i : G
70 VO Ao d‘“*/\ QL...A) ‘F e)Lm.w g“‘ .ll>- 4"%‘/{"'5)'@"

b YL g 9 <Kubsd Tul el 38 Jol> JUKw U3 p9ko s 15
ee— G0 ouis S S5 &4k 3 LSy gl

YOl gge ¢ (63 Ul s

moradi@email.KNtu.ac.ir ¢ o sb ol s 4ol g5 imio o315 2855800 05,8 ¢ &35 2SI (onkign (65575 el 56

ehsanian@KNtu.ac.ir ¢ b ol i ol g mins oKils (S5 5800 05 8 05 0 gmoligo 84515 (b skl

WA/ YR S WPV s il s WA/ /Y0 sl sl WAV B/ 13l s

s L5 53 6355 el JUSw (IS5 5 56 058 s 53 018 G U5 s 4 ol xS 55 pslie s, S

et e 35 oo G L1 Ot ST S0 b 08 VL SCalys (63555 S e (U s O mes  sane
5 ol G5lesly BB 36 B 4l 0555 8 6L sl Ll sl b oS 355 pn glaslle & e Logas 093555 ol S
W@uu;ﬁ;,.\»,glﬁ414;;@éjuQ_;?.@uus,;wdfc,;,.ﬂlieﬁtﬁu_;L;t)ugu)\f&\ﬁdg;,au)}w
4 b odma b ol S o 135 5 (Camd 015 b SIS 5L L) o5 oo 5 el ol S pslin o35 (sl
L (Sl 1 lin SHin (93555 SSaly> Ol jn 5 Jaoe 3 5 Ol 4 5 b Sl 5V Jas 53 58 45190 o b cilite S50
w)ﬁb,yuvf}_;,bﬂt{,&;;u,u,_z@,,fjw“y,C,L:udu_;)guu.:j,l,\;{ldmatﬁ.vzguﬁta,;@
et ke s 4 (ol 035 f 5 g (63 (Slb 0uiS ST S 5ls ol O i (Gla s amalin b3 S el g 13

Al e )l s )8 el (61 1 s s ¢ e L5 5 L5 b JUSs 53 35 50 (sl el

36 8 4l ¢ aem (36 oS S ¢ ol JUKm pslie s IS Olls”

Design of robust carrier tracking systems in high dynamic and
high noise conditions, with emphasis on neuro-fuzzy controller

Mohieddin Moradi, Mehdi Ehsanian

Abstract: The robust carrier tracking is defined as the ability of a receiver to determine the phase and
frequency of the input carrier signal in unusual conditions such as signal loss, input signal fading, high receiver
dynamic, or other destructive effects of propagation. An implementation of tight tracking can be understood in
terms of adopting a very narrow loop bandwidth that contradict with the requirements for tracking high user
dynamics. Such a trade-off becomes the critical point and the main limitation of robust carrier tracking, since
both noise rejection (and equivalently, recovery of the lost signal power) and agile carrier tracking must be
appropriately balanced to avoid penalizing the performance criteria of the specific application under analysis. In
practice, bandwidth must be adaptive so that with respect to input noise and dynamic values, optimal bandwidth
could be chosen. In this article, first different carrier tracking systems is reviewed and their related features and
applications are studied and determined. Then, with comparing existing methods it is shown that, the proposed
intelligent type-2 neuro-fuzzy controllers in tracking system provide results that are more acceptable than others
because of overcoming the uncertainties in the received carrier signal and environmental conditions.

Keywords: Robust carrier signal tracking, Neuro-fuzzy controller, PLL
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A New Missile Guidance Law Design based on Interception Point
Strategy and Fuzzy Logic against High Maneuvering Targets

Amin Adineh Ahari, Ali Karsaz

Abstract: This paper presents a new hybrid guidance law based on classical interception point
strategy and intelligent fuzzy logic methodology for missile guidance in the terminal phase for high
maneuvering targets tracking. Due to the linear relationships of the missile -target engagement against
the low maneuvering targets, the guidance law will be simply obtained based on the desired course
angle of the missile. Since the missile-target engagement equations are highly nonlinear models, the
guidance law solution against the high maneuvering targets is so complicated and time consuming.
Therefore, the new guidance law against the high maneuvering targets is provided to calculate the
interception point and time by using the obtained guidance law from the low maneuvering target and
fuzzy logic. Performance comparisons are shown between the new fuzzy collision point (FCP)
guidance law and the traditional sliding mode control, recently proposed augmented proportional
navigation and collision point methods. Reducing in interception times besides the considerably
improvement in control effort on four different missile-target engagement scenarios are among the
achievements of the new hybrid method.

Keywords: Missile guidance and control, Fuzzy interception point guidance law, High
maneuvering target tracking
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21- Angle of attack

22- Roll angle
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1 - Midcourse phase

2 - Terminal phase

3 - Homing Phase

4 - Point of collision

5 - Pursuit guidance

6 - Line of Side

7 - Sliding Mode Control

8 - Proportional-Integral-Derivative
9 - Inertial delay

10- Proportional navigation

11- Augmented proportional navigation
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