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Abstract: Markov Decision Process (MDP) has enormous applications in science, engineering,
economics and management. Most of decision processes have Markov property and can be modeled
as MDP. Reinforcement Learning (RL) is an approach to deal with Markov Decision Processes. RL
methods are based on Dynamic Programming (DP) algorithms, such as Policy Evaluation, Policy
Iteration and Value Iteration. In this paper, policy evaluation algorithm is represented in the form of
a discrete-time dynamical system, namely a Discrete-Time Control system. Hence, using Discrete-
Time Control methods, behavior of agent and properties of various policies, can be analyzed. Two
grid-world problems are solved and analyzed using this approach. Therefore general case of grid-
world problems is addressed, and some important results are obtained for this type of problems, For
example, equivalent dynamical system of an optimal policy for a grid-world problem, is always a
dead-beat system in the framework of Discrete-Time Control systems.

Keywords: Dynamic Programming, Discrete-Time Control Systems, Markov Decision Process,
Reinforcement Learning, Stochastic Control.
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Abstract: In recent years analysis of y-ray spectra using wavelet transform has offered a new
approach for an improved noise reduction resulting in an accurate identification of dominant
interactions of photon with material in y-ray spectras. Examples of such interaction are:
Photoelectric effect, Compton edge, Scattared photon’s. In this paper, a novel approach is presented
for denosing of y-ray spectras (“*Co, "*’Cs). The approach is based on searching for a wavelet basis
that provides the best nonlinear approximation of a given spectra. It is shown that such a basis will
have the best wavelet denoising performance in the sense of spectrum estimation error. The result of
simulation indicate that an improvement of up to 15% is achieved in SNR using optimally designed
wavelet over the same length Daubechies wavelet in denoising of the spectra.

Keywords: Wavelet analysis, y-ray spectra, Dominant Interactions, Optimum Wavelet, Denoising.
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Abstract: In this paper based on synchronizing the chaotic system with the stored data by a PI
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numerical simulations for the Rossler system with and without uncertain parameters are presented.
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Abstract: Robots have different applications and using various precision tools is considered among features of
such robots. Thus combination of robot data is of considerable importance in planning robots since optimal
performance of robots ensures when a great volume of data received by different sensors of robot can be used
best and can be combined by a suitable manner to achieve the best result. By a brief study of different methods
of data combination and their quality and quantity comparison, this article deals with ordinary weighting
averaging method on mine detector robot and describes the practical assimilated results. A unique method is
used to determine weight coefficient of sensors and weight coefficients are considered floating in executive
stage for the purpose of optimal performance. Weight coefficients change based on robot state and data

obtained by sensors. Practical applications of this method are finally described.

Keywords: data fusion, mine detector robot, ordinary weighting averaging.

s bt s lite 0 SLedbl oS 5 5 allss slas )8 s
56 g0 tle 593 ol 51 U2 BB Jolus gl " Cultn 53 55 5 Clal
‘._La).s)};o\))'\;.ilu.:}Jwa;u:_.»\@_ijﬂo‘,v\_gdbkﬁ\f
wlolis 53 SLedbl oS 5 5l ST as,ls amy 3,00 55 &SSL,
Sloslial U 0lss e 3,5 oslinal 0155 (o 35 Dby S31bl oo
Sla (S5 L iksne DLVl cp yma (g ond D15 gla) poi
A_EJALE‘_)C)LuHJT%;JJ‘L.)e:))TC_MAA{Q\J]&‘Ja:MJ‘Q}U:ﬁ

Slas )87 oy dglae s sad 55 Ol bl ast sl (ol 5l g sl

2 - Identification
* - Navigation

oo -

AL (oo (S5 8 SlBes g 5 ek gn Glgatinn p3 el LS S
23 3dmte gy i (68 S 5 583 LIl Sl dan i LS 2
IS8 55 51 5,8 s 5 Lo o013 oSG Sl gy o0liiel Cgr gt
s s, Shee 63,8 S g 0315 S 5 b Sl (Kp 5

R R
33 (1] 53 48 s o 611 Sl S 5 M oy il 2557 55
(SR s o b A s s s T (s i
S o Do o sletasyy 0> S S 5 o pty

! _International Conference on Data Fusion

Journal of Control © Iranian Society of Instrument & Control Engineers

http://www.isice.ir Ol 333 515l 5 J ST Olaige ol 257 Al



b e Dby sl e3ls S5 53 (OWA) 155 5 e 6,8 oS0l sy 6,8 )50 A

!l 6L (s e 3l ol Lo ) desms

S e 3 4 pera 5 S DM b K5 gl dl n 53
3sd
Oledbl Cus™ 5 1> -1-Y

Calsd s Ol e 03,57 05 50 DAL S 5 S 0 5 e
AL o e LM S5 551 Ol b o sghe Lo s sl cpl Ol
6;)7@?93%“%44?)5@&15‘%@*%5‘5@\9%‘
2> Slisren 3 s (slian 4 (SSg 3 kil o (Sis 3l Juls il o
355 (o e Sl sen G115 45T Sl S 5Ll Sl
AR e Bl (g alazel CllB  oalad s e S
3ok 3 Tl 08 ST 5 SleMb| S5 sla i, Sl eslinad
Rt 5 83005 ) o 5 58 G pp el lia )18
iy g ge SLeS s dn Ll gad ate d Vpeme 5 Aias
Cakibee b ST oSG o go 1AMl S5 (5,558 4 das
ey Sl esliml 5 5h (on § 450 5l ralr DLeMbT 4y olzs
):GJ_MJ4_50\}5@ﬁbT}\f:Jl:Eﬁasy\}aob)\b\é;
‘C?:‘"J‘-;’:QL‘;W" G sy 5 S 0 lal 05 g s5lasl 5 E5ls 5
BaS LG L TU das o Kl 415355 DMl Ol jon
Sl ol 55 Cogr e 655 355 Ll 4 S ST S 5
Pl £5 G camse (DML S il 0 Al (o R
PR 03 e e s s 4l 6 550 (0 e 53 S5l gn
S e mlie 5l SLedbI L3l s Sl 4 o o g al
310l e (3L e SMbI , 0As S aze 5 S0aSK b s ol
A%}&Jﬂgg%b\ﬁijiﬁo:b‘w)ééjQ‘j)‘ctﬁ
AL o 38 sl K Sl eslizal ol 5 YL sla

Cl e SO S5 a5 g 500 s Sl Salg 0o
slaesls Cds 5 twysdbaosls ou&&‘ouw\ u_ii)/',é\ 3l
Sledbl a5 tals
Ol Cu § Laliske zglaw -T-Y
55wl Dbl S 5 Calises = glas I (g1 03l Gy el 0157 (0
() ol o 53 il e MBI oS5 5okt o 1 3 6]
2 oS s 5 (6,8 ) Y o 53 b3 (S 529) Sloo peba
Gl 5 ol DMl oyl 53 S ol e ol 4 K oo
Lyd e oS 5 S Ll ool s 4 b K 1 oS (g 0l
ol 03 Bies it e DLV gy Sy Jols o7 oS5 Slebs
Tl 03 oS i e 53 L) (0 ) 4 S Sl e
S5 RS U e DML ek gl Sl sl s (S
CLS 5 s Slediss Lises e ol 02 ST Gl s
P (S35 S0 L blme (sla s S 5 (ks ST
! 03 3,8 0 S sl e 53 S e 5 VL 5 s

? - Redundancy
10 _ Reliability

55 Jedl dgde 1S 3 0T 3l eslinad «S5L, 45 Sledbl S 5
R Jos o yn oo blie 53 [2]48l 07 s oS 5 53 alizd
S S e 53 eslizal oMo &5 S Olse Ol5 o 15 9(@?'
0L [3] 51015 (oo Jln Ol g0 4L oo (allih wlis 55 ol O]
a3ls 4l o oy «ledbl S 5 55 (656 Glate Sl eslizal L 0T L5 &S
wlolis 5 cdnr 35T sl 53 Ol 1) Calibes gla (2557 457 ol ol
s 53 (DALl S5 Sl plh e 5 (Sols 4k pske 53058
o3liml Cialiinn (sla ol pale 3l ods g (Sl I o gllan (5 5L &
Loys cla oslo cla ot alas 31 ilee 3blie 65 gdome 015 b 0355 a
eSS LSS 5l o g Joe S5Ss blae 5 s S s
.3 400

(Sl ol o3l Dol S5 5148 5,03 345 (£ st sl 3 150
G BBl s DLl oS 5 4 )l 4 05 e dlex
5G5S Sl 5 ol @Sl piil s« Sy psbas 315
Shay Ole ol ys. 58 6,lal Aadgn JB 5 Joo Gla a5 3,8
55 Mecdaa s, SO Oy (OWA) LIS o5 6,8 ke
2o b awlio 53 Solu e aS[4] ois wstlis Sledbl oS 5
&S Olgm Dy a s sl i s 5 ol sla okl diai gn (slgdis,
;.,‘L:&:_»QL.)QL:.«alﬁ&;)b@l}l)&u;j)lf}':jwﬁw
Olgs o 45T dsl (o oomlte Liola3T s sbxie (gla K 55 Ik
Lt 0T 6oy e 1y Lo osls oS 5 e pn g SSCudIS™ Ll (slgds
i Sl 3 s e 5,5 5k s ored a3l iy 3508
18]t ot a3 T IS5 cbline 5 o5l Lt

Sl o 5 Y

oS sl K Ly o plowl (sl S 051 3 iliies LY 4
@Lﬁ@.&fo\j@él}J:};J\::?}vﬁﬁkﬁrJ&éJvﬁacM

NI S I VR R WS P IYCIOC g REWEE B PP S g N

Polalg oS 5 Sl ol Sole SLeMbl oS 5 [S]5s sdd aslyl

,CQ‘PuwddfagJ@cuﬁjumiﬁobw\
A_la.k_.iﬁa.?di:_:?)‘\kg\ﬂ\_ﬁ:.]é}r\_?ﬂ‘s‘ﬂn:h::_w\‘_}_zﬁ_go:}{c'lﬁ
510l jen Sl (Sas 0S5 ot Dlebl il s 5 D) 0
Sles gblin )3 min 60 1L 5 Al odd Jools Chlibus iy
plovil Wl (oo 55 I 93 58 51 (oS 5 bl oks (5575 8 el
e 53 3 ol A DLl el ado o 5 Cal S 355
(=S 5 o Jgame 5 dipd ST e b Gl Ol 53 )3 Gl

'~ Occupancy Grid
’ - Command Fusion
6_ Object Tracking

7 - Uncertainty

8. Synergistic

Journal of Control, Vol. 3, No. 1, Spring 2009

WAA ler ) oled oF tlor o =S aloma



AR Sl e Dby sl ooy S 5 53 (OWA) 155 e 6,8 oS0l sy 6,8 )50

!l 6L (s et 314 3L L) desms

sba Shos e 5HOWA) 15 835 50 6,8 Sk Kles
A8 S LB OIS (o Bl r (550 (sla s pozme sl 3 - s
Fls 5 oSS o Jme (536 JILSS S ol (A e e
MGUJ&U}U)E*‘%—;JJ‘&;M“:AJFW
35035 egn Laslne plas 0 03,57 1 (A6 g &K 5[16] o
;,_.:u),TﬁugT,'\u_QJ;\.x_,-A_{;il;)\ﬂfﬂ,;ﬁasy
OR AND (b Shas jl esliml ay s 33 opl ST o 1y St
ot pll a2 g S OWA 5 Sles 5.8 o lne 5 S5 51
OT 015 o s ol 513 3,8 (oo sl eds S50l 55 Ola 45 4 as
1y K ol U S i s AND-OR ot s S |
3 L0208 503 Sl (i 5 5l 355 S S 055G 538 b e
6]t i w5141 0T (gl (s (gla a3es

s (Al e Gl e L e e sla S
Slents 5, Shoe AT o a5 Led (51 p 5 b (611 e
Sl s sl St S LT 1S a5 ) (S5 s s e
3 Sk 53 ez Lajlisy 5 e 6,850 3 gy DLW Ul
Jts S e S il 0t 3 8IS 4 o samn sn sl 3 )l
Mo &0 4y e 48 dms e plonil (53555 Ml (55, o b
Vi abp sla ST i Wl o LS o 355 o e
6le b ol Al S g Calies gls s 4 Sl I 28
oS e ool &S5 4 S i LMD ks (5l Sl gr (e
LS 53 e 0T 51 S et any s ol 2 L3 Ty g 5550 )0
S BT 3 Jlte Oy 28 8 oSG8 0y o 5 SSL, sl
Il 1 e L (5355 DMl oS 5 (sl (2285l (e 0
Gl Al &S e Dby G il O Ooule &5 555 oo enlizul (gulms
ol o

Gl ol 31oas 8 5 olgll sles)

D3 el Sl Dol S5 3 etd a3 8 I p e

Hajwml})H;):@\tjjgjsfSW&gﬁlj r)l;—\

S e oY (bt e

Sl o Dby T
o35 sla e Blod 5L 558 e g Ol 35 50 LIS bl
VP BL Ol e 1 Ble s K JeA dsb il 0ts
Lin 48 Sl ol adlS 5588 Cgim 5 0,8 (65,0 bl 55 e Osds
aan g aile BL sk 25, Gble 03 g gl Cro 5 o3bBl 53 e
5 S S LS Olellss 5 gale p3je s ST 53L 5 313 L

"Ordered Weighted Averaging
“Artificial Neural Networks(ANN)

"Clustering

S 45 il et L ol (o5 358 (0 S 5 S 4T b

G PV Jﬂabkg:}JJQl:«)Uols}JﬂJi.x;}‘_,ij\:JiL;)JS

Ol Cus § 50 b K G Sy -T-Y
ol &5l obw\jjl;ﬁs&g&p@bw\qh»cu@};
s Al o i s SMBT 25155 o edins 0L o[ T] o
Silse S s S SSlsn Sln (5 o LS 25 S e 5 5

sl

S o 5 il Slg) -F-Y
dajbz‘,.?j;;u)uolgf_;jglj&fjjjug&ﬁ.ﬁﬁﬁ_ﬁ
Ll ledisy — ebsn ledg, — SIS (sleds, 1l ol Le

ke g gle 51 0ds s 8

OleMbl o™ 558 <CdlS™ (sledg)
OLSGl bl 0,135 53 51 bzl b Sledbl S 553 ¢SdS™ slgds,
L8,9] cal g s ks 31 ezl = SVlazs 4 i 51 eslizal : sl s

SNl S5 s ek ga slgds

Sla s gy =558 e 55 SOl Sias— 3B i
355 (o D s DO S 5 5o e g sleds) o et Sl e
[10,11,12]
pes ol 5 Sl (333 b oS Al 515 eralin Y game bn 0L
s sazme [13]550 o (00 palie ol Gy o3 G300 slaj o 51 230
g Bl el D) s o SBs pde ol (L) Ol Ll o 556
Ll oo o sl 4255 (G5B (o ds gazms 4 B 55 Sl e s ds gares
sl oo Ll (oo Dy g0 a5 ST L K 5 s (5ol
Comn 93 457 )03 5 5 preond 6 4y 61 Wl Glate a3 48" ke
314 game 25 &G e Slos & 3515 3 )8 sl DM S 5
ot o 4 50 OT S| 5 1) (ol 48 gamn &K 4 b g0 el
Sel 1 53lims 48T ol (A ez Slas 65 5L Ol 4.as
o s Sles s o o [ o e S ) R
Logjl ol cnl o8 il ls A3l e 3L k) 5 b,y Lolss
0313 7 i JalS 55k 4 polss ol [14] Lo s Ml LS L
IS e Sae 01y o prnd sl Ko 025 3 m0 51 il 0
S s 35 IS 5 [15]" 55 s (636 IS wske  [S] 5,8
wrbﬁ“)\ruﬁ)r—“ﬁsgﬁlﬁ&‘g}%ﬁﬁ591{(‘5

Las

“'Sugeno
""Choquet
"Distorted Averaging

Journal of Control, Vol.3, No.1, Spring 2009

WAA ler ) oled oF tlor o =S aloma



Sl e Dby sl ooty S 5 53 (OWA) 155 5 e 6,8 oS0l s 6,8 50 Y

&\,—.\)l,ﬁ;gieu.@ﬂ:.uuw,hpu,m

O SRS e Sy Db B ol e s S 3l gl Y S

osls Zabys (gl p b5l le - c,.ﬂtr@..w,;)'\‘}muuqd_l
s o3l o S 0tils - L

ol 8 Hlow—A

Jros o SIS bl plST 8 S e e O 58 OLe S
35 (6 e Sl s 5o Syl L (61 aST L IB OL 6 s (S e
2 ealiz Of Slesle 5 5 ds Ol

Dy D ol pagy s Dy Sl ol T S

B osls il p-B
5oy 0l gt b g O Sl Sl edeT Sty Pl sla esls
a5 T ojll s g e asiets Jals 513 5 ol o0 (or B3
JAS 525 65 51 st cpl (5 kbl (0 OT (3 5 325 (et Sl 50
u_ﬁ_.u.\)M‘;,_l;d_@,;6,4;°>u;wngT@t?¢t)l4,,ax5

el 03,5 Jion (oo @i 3 g g0 (S e (5 oS

Sl el 9 go Aol i

Ol s O3du 5 5S35 YulS Sy so 0 Dby opl &S T )
530S o slm Lol g a3 Ol Lass 1 ABT S o e
Aol (5,5 o5l i 5 O gol g 30 s (1 1 ol i
S ol o a3lizal S o G 3b Lo (5la g 513 3230 30 B DL
ot 5, 0las 6,8 o3l s g SBSL bl sy g
¥ Ly gt ol 3 S e (ol Aol (6,8 010 i 53 5 O s
S Tl i U Bgd palie andl S Gl e SLF 0T Jilas
ol i b0 8 5otz 3

LeT 51 S oS 30 (o0 0 &S sul IT Js5le 93 51 Lwgis Ol e b
Jaile 5 4 (oo o Jlzs S oo @ 3515 H1E Dby ol Cad s
ST o Joe LT S0 315 515 Sy SV Caed 3 o (ke

457 2,13 5y sl ol el @ 30y 5 ST s Sl as b e 55l
O a5 Sl Sl s en sad ) 1 bl Wl O e gl
s el ol

lal 510l e 1 Calies gla e 1551 0587 25 5 (8L e
L S Sl el ol 055 05 % 5 b ety O e L, K
u‘w‘»&@mwﬁ\i)wﬁd)‘ddbjéﬁ.ﬂfu\jLsa
k;,a_‘rlqéldu.).sléf.ébJB&L&Q\{J‘&._A{)A;L;;:'-&C”;J}»J:
.&Qw:krdbwqhéud}}l:)}aJ>rA()l—)\§
PP Sb we by VT

J sla by 5 BTSSR 015 o s Sl o Sl
4.[))\5;1,&}«4};6o.Uj‘JJ.!,sigl_)\gsﬁfajelfgbl{)d“wbjéb
G A s G 51 Dy ol 53 Sl OT (88T 5 e (g i
S Sa gl e S 5 gt o &S ol onlitl 4 iy
)'id\yﬁﬂ&‘j.@‘wwr:ﬂw(ﬁ‘&Yl{éh%G}k
6 oS oy ot L S (ultra sonic) s G5 L gls 55l
sl o o3lzal 3yl L3N 6 S e
Flo sl lgen B Gblis 53 08 o Blod 4 Sl o0l (SO i
= S S L (KU s 3l 5t l (1 10 5 gy Emnl
53 2l e DLy 3 055G ol Sl eslinal Bl 4 47 4 oslinal

Ll g s st

G s s 5 Dby Sl slai - S8

e 5 4l gomtaem 4 Liadga alS oy sum 4 Dby ol S LT
S 03 GV ar L MU 05 0L 5 o 23w o) el ST
3.8 L atmel ool 5l gls oS J 287 5 i fu ) i o]
Olgs oo sl s ) Lide pl 6 aibs A8 oslinal AVR (gla J 87
a5 gn ke Sl il Gletide oS L LSS 5,5 0L
0303 5315 5 o (5o 0315 T3 3 s e et s il ) g
i Sl Ol 5300 5 51 1 gl el 1 (6,5 e b

La i pla b e men b OS e
N3 pusart J s JSS5 5 G b 51 655 0wt b il slgds LS|
ol (B S5 5 2 55 Lo S I b o3l 355 8
S 6l m Sl Sl J5ls 55 gl lidd w4z 5 U S 5g opl S

Sl Sl 55 5 sl esladl B g9 Canl

Journal of Control, Vol. 3, No. 1, Spring 2009

WAA ler ) oled oF tlor o =S aloma



Ty Sl e Dby sl ooy S 5 53 (OWA) 155 e 6,8 oS0l sy 6,8 )50

!l 6L (s et 314 3L L) desms

2S5 e G SEIL OIS (o ) r Somdpe -

= Do fir e SN S5l sl 25155 S5 b awslie 3 -

5 €

AU o Dy s Shes o 35 550 a0l 1 6501 Db 05 -
A0 ) e S| G Jame K3 Slny 03,8 13 0 My oon o 2T
Srop Mol Lss 0 Lt 3 s dal g (Sl 63,Shee (3
a8l 53 o Sl (al) ign Dby s Shas 4 5 Sk
Fp s Sorlus ign o Ol Sl 51 68 4 Dby s Ses s

e e 5 15 o, S

.S &

Solginy 9y -F

W35 3 i ol ) gme g o S (Sl g o v 3 03
6&)%»}‘&.;5QL})\L‘UW)WAJUL.»‘A}’:J:}?}AMLA‘
AL Sl DLy oY (S el B o) 3 (G0 5 (bl
3 A Sl S o ol S iy B S s 5 Jlss g5 i )50
0 Ol ol e 35 Ol e g &G 5 e el (Sla) et
ais (Slb g i 48 gazea S0 Cou Dby &S 3 S (s b sl 4 S
35,5 g SUy s, Shee U das 0l STy 555 515485 13 e
b e st dw SNl 4 a0 5 L Lo ) O Tl H5bie ol (6l
.r:f@:)lj\)c'l}aua:s.&:Q\;‘})\HWu;d}uMUﬁ

o kulgy-1-F

5 s G g o G SBT3 0kt sl pblite Ol JE

D355 (o dmles

B =K M)

L
R
e A 306 55,5 5 bl L e B e ] 5 A2
S B o n g e 2 2 0L BB S 05 b Ly e

S35 Foslme g e (oeeblie O
auab)jTJ{uhsw‘%fé}&w‘bfwx@w,&&l{ﬁ

Sl

020,

%ﬁ«)'l&ua,nmguamgﬁq?-ap

FoF S by e Sl ) S L1 mle b alolh T Cad
o)l gm3 L Sl 3555 1 3l 68 sl g Sl Cood 5 a3 o by
S a5 B S JT g oS S 5 (sl e i 5 L

R PN Loy}

w,;,ap,dl,.u@:;,@wu,my&ufmg

5Ly 3, See 554 93 Do B b e gt i 53 Sl eslizal S s
AU e 535 g wilsn L) 5 g 4 Oy ol 2 052 VL
Sl gl

Sl S S 5 S e

ol Lae 4y a5 b (23 08 IS s 0L S ST shailes
o3l DC (sl 550 51 DLy 48 s (65,0 (81 ol 0l 4 DL
23t 8 S e bS5 s D8 03, VL sl S 0l
B JelS i 60 s 28 Sl 53 5 S0 dla) 50 il S
o TIP (sl 5 s 55 51 a5 55 gn ) salys el 0303 S5 15 Oollan]
JAS B b w52 02551 by osDle st 55 Sl ealinl o750 (0
[17].45C0 s 0l 351, PWM iy o 55 oty

Sy S py 4bgogs -y-y

23 0 @35 Sl STl el Bl Sy (655 a0l p 55 & 4T
B os (3 e pmcrar L (@l g0 b D 5555 5 05) 5 ik (oo OLe5 ol
3 Ses U3 iy S g il (1 Lol ol o U s ol 4 s>
STl aslial 355 o stalie SU 4 48 il 3,8 ol
Al 0 G 5 0L 5 Sles & Sl e GadeiS 53 p e 51
5ol 3 035l JEEN (s ity (o 55 Blo el (gla ) gt
led S5l e a5 b Dby oS Sl SLedb o

Gt Sl RIS ST el ot o 85 s 33 S B33 e
Ol 487 5505 JLus 1) SLy slal (1580 5 fee S35 1Al g
Sl bas s p S Sl bl 31Tz bl o ilate 5 as
P 55 s ki 03lital (63\giden o oy 425 53 (S e slaml
JU 1 ol o 15 on o5 A8l (oo &85 i &S5l el Sl

ke 0T 51.aab azsls

Looen Ly it | ay i Cond g0 0157 (o0 Db bl 53 o5 05—

‘:}..Jﬁléﬁa.\.ilkg)lf&:»

Journal of Control, Vol.3, No.1, Spring 2009

WAA ler ) oled oF tlor o =S aloma



Sl e Dby sl ooty S 5 53 (OWA) 155 5 e 6,8 oS0l s 6,8 50 v¥

!l 6L (s e 3l ol Lo ) desms

. .. X > ey e &
.@laMuwﬂJéﬁrl;QA):ﬁ)ﬂlé}&
Sensors
) () - ‘
(o] operson [o] o]
N VAN /
\‘\‘ o Y !
/ \
/ N, /
N B
' - [\ Motors [ . : 0
\ v/ \ v/

OWA 2, S 1t o o (S sh ol Ss v S

et 33 DLy Sala 5 5sn 53 58 6l bl S5 sl LOM Shee
©SL st 5 SLedbl Sl 53 LOR Slhae 03,15 sudge 1 s
Slas 5 Bl o o Ok 1y Sy b das o Ol b Conly Coan 550
e G e ool Sy 5 s 4S5 Jos OR 56, OL

INE G (NP W e o

P v I L P TBT UP T U I W e e o

> 5 guuiws 0939
Lo it Olon 53 Lgm 55 02 5 62008 51 S dlas b (S S5
el B3las

Wl i S @S5 b
1
N 27o

P(2) = e 20" ®

TERECVE
G 13 llenl ol il -
053 i e g Jlo i )5 A el &S Jele (s fage

Sl 235 EU smte ) el o8 el ) oS szl s st

Sl

Pz
1
2

Gaussian
_0.607
W2
PP P —

o @5 P AL

25 g D s 2 055 s b 5 03 503 ealinal Jol e 11
S D)o k5 e A 53 Ghoslme e b 0 sl i
DL s o b RS 51 oy g ol g sl s L5 5 silate o

L18]555 o sl

V= L1ﬂ+ M12 iz
dt dt s
di 2 dil di3

V2=L2—+ M12 —+ M 23 —
dt dt dt
V3= L3dl—3+ M23dl—2
dt dt

30003 o Se o A 51 Lt gy o ol b Blise sl s 5

Olysd S iy o gloms gy e 2 e pt 2 0SS0 O
e Bl b 015 o 48 3l (S sl ol 5 0k sl bolite

I e (A e P S e el 5 g e A Ol

%, =Y ~ e

T . Z - . - . - s | a .
T 3.8 5130 5 Dby S5 p b gmien 3llas 2l 31 =9 IS5

A58 o o S5 (Sl g9 I oolawl -V-F

1 5 guinw DleMb! o™ § 58 (OWA)
Sy 3 Shas o1 B @0ls Ll e GadetS Gla ) guis S Jl
WS B 0 ol iy Sl sl S D)0 4 U (il S8 616K
3,8 S ot uiE e o AT el likiadipn sl L) S >
oslial by s DLl S 5 )3 OWA ) 51 s bae o0l (6l
by ge & Jlosl g p3Y S SHS U oS on iyl Khos 5038

5 g slowl

33t OT Sl 5 Comdo 0t 55 by i 3 Sl oy 2l 53
L e a5 S5 4258 (0 8 5 53 0S5 5 o
.Pfﬁgqjdl))ilmcaliﬁn)feglxlx

:wlﬁOWA&;}J):rbeql,)

WJE[O,I]AZJ:WJ:I ™)

n

OowA (a,,a,,.., a,)= w b

n i
Jj=1

e oslial Dby Sl gl J S Cgr OWA Sl wn ji L Jls
Sy slom) G fay st 6l I 035 b b Shas - =S
Sl 055 s o b Khas oY dten 08 > 53 5550 53 o L
L Shee ¥ o G 55 4 Ol bl S Sy ot g
S 55 30 4 Ole b sl g G Doy s 812 A O35 o 0

W‘J

Journal of Control, Vol. 3, No. 1, Spring 2009

WAA ler ) oled oF tlor o =S aloma



To Sl e Dby sl ooy S 5 53 (OWA) 155 e 6,8 oS0l sy 6,8 )50

!l 6L (s et 314 3L L) desms

Sole il el S le OWA ) a0 ls esls oS 5 51 56 gLl -
(omas Sla S e i iigr ledgy Lo L awlin 53 5y, 0y
Crl o S 5 ot (Rl e 035 1oy 3 s ol i 3 Ses

Ll alo OT 51 gy
rl Sl 48 358 e Sl s cal ok (S5l a5 ee s Il
L g 1y by st SLeMbl 5 ot osliwimatlab Lo i Lo
Jlasl 5L Wy b &) g0 & gl 4 5 03,8 bl 5 5155 LS
Bl bl s e ah Sl ES g b5 e S a0k

Db o odaline il 4l ol

R rEIL AR

) ™ il
Matlab 513 o 5 Lo 5 s (55l 4 (S sl ol S5 -1 IS
Cmdgo 53 n o b 35 1 55 by 550 5SS oy sl -1V Y S8
@\)}ﬁ,b}@\:sm_;u

A}?‘,Aww\gs:fjpbl“:ﬁ“p@lﬁ—\r&ﬁ

53 e 880 4 Dby Oy 53 15 by g 51K o S5 o ba IS
e R
P Sl Oy ) g 350 0 0l oSl y Sy g S 5
Gy 53 503l ES o a8 Sl Sl 5 gl e S

Gy gt 51 ST o Sl Ol e U cns o pms 03] e Olos

635 o dmloms 53 e j 55 W gomte 25 pelas Sl ealinl -4 S0

e g 1y 03] 5y la ide Sl 358 e odalie & 4 ,S0ls
33 2 6l bl s sl on Il Rlas 55 lars g 335 o 5
s oS ot ot s et 4 5 b i e (61 2 DS 55

OM=0.18SL+0.64SM+0.18SR ®)

@U 3 Olsmn, 3,5 Jrne JSb 93 4 Olsin p s 5 33 1o Shae sl
wdbes 08 pU 8 55 0 i L5 oS elinalo3) i 5
éﬂ;&g&cb4.:r}}J})J\@J\L‘.ﬂ‘bbg@)whd)}s_ﬁ\ﬂ

.mhabgc‘&j\)éj)w‘ﬂﬁ%w)

W55 o pf dmmlons 53 O,lal 3 cl:&m,u‘c]a.ﬂjl a:u:.w\—\-dg.i.

4.:...»\’;/4;’_«?Q)mucjchj‘:ﬁwoMmﬁ.ﬁjéfﬁ)iiw
8 508 - 0lep S P p;;&:«élﬁbﬁ)wbj;sﬁfé
@L:J.‘..:Sdna:m\ﬂ@)ibﬁjw\)WJj}AA{le{)
:;L.»:‘&_.’.?Wb
OL=0.58 SR+0.32 SM+0.1 SL

OR=0.1 SR+0.32 SM+0.58 SL )
=5 o 3Lzl b Klas dslons g 055 @l 4w a5l b 5 e
53l 4 a5 L Ly gt 05 o b odalie 457 &S Olen
D (o s a) i Cond 5
90 ) Jol @l 9 bl o -F-F
23S el i 53 4 015 o s Gy 0l 1 Jeel bl

b (o Caampo 13l ol ol o7 5 pitas s 3 o3lizad 31 56 5L 50—
St Ga 5 o OSSN 0L 2 Lo Iy (5 py Z55

sls

Journal of Control, Vol.3, No.1, Spring 2009

WAA ler ) oled oF tlor o =S aloma



b e Dby sl e3ls S5 53 (OWA) 155 5 e 6,8 oS0l sy 6,8 )50 A4

!l 6L (s e 3l ol Lo ) desms

[4] R. Yager, “On ordered weighted averaging
aggregation operators in multi criteria decision
making,” [EEE Transaction on Systems, Man and
Cybernetics, vol. 18, no. 1, 1988.

[5] A. Abidi and R. C. Gonzalez ,"Data Fusion in
Robotic and Machine Intelligence" Academic,
Press,1999.

[6] V. Steinmeyz , F. Sevila , and V. Bellon - Maurel
,"A methodology for sensor fusion design: application
to Fruit quality assessment," Journal of Agriculture
Research,vol.74, pp.21-31- 1999.

[7] B. Dasaraty , Decision Fusion. IEEE Computer
Society Press , 1994.

[8] K. Sentz and S. Ferson, "Combination of evidence
in Dempster - Shafer theory ,"SANDIA National
Laboratory ,Springfield ,USA, Tech Rep. SAND 2002
— 0835, 2002.

[9] M. Grabish , "Fuzzy integrals as a flexible and
interpretable of aggregation," in Aggregation and
Fusion of Imperfect Information, pp.51-72, 1998

[10] R. R. Yager, "Families of OWA operators,” Fuzzy
Sets and Systems, vol.59, no.2, pp. 125-148, 1993.

[11] H. Wu, M, Siegel, R. Stiefelhagen, and J. Yang,
"Sensor fusion using Dempster-Shsfer theory", in
proceeding of IEEE Conference on Instrumentation
and Measurement Technology, Anchorage, USA,
2002.

[12] F. Kobayashi, F. Arai and F. Fukuda, "Sensor
selection by reliability based on possibility measure,"
Robotics and Automation, pp. 2614-2619, 1999.

[13] R. R. Yager, “Intelligent decision making and
information fusion,” Intelligent Systems, vol. 4, pp 1-4,
2004.

[14] A. H. Keyhanipour, “Design and implementation
of a new intelligenct meta-search enginebased on
information fusion theory,” M.Sc. Thesis, School of
Electrical and Computer Engineering, University of
Tehran, Tehran, Iran, 2006.

[15] M. Sugeno, “Fuzzy measures and Fuzzy integrals-
A survey,” Fuzzy Automata and Decision Processes,
North-Holland, Amsterdam, pp. 89—102, 1977.

[16] B. Araabi, “Fuzzy statistical systems and their
identification,” M.Sc. Thesis, School of Electrical and
Computer Engineering, University of Tehran, Tehran,
Iran, 1996.

[17] R. Osorio, C. Jose, A. Romero, M. Penaco , I.
Lopez J, "Intelligent Line Follower Mini-Robot
System"  International  Journal of Computers,
Communications &Control. Vol, 1 (2006) no, 2, pp,
73-83, 2006.

J_<1A.c« Lt SLedbl oS 5" (ol el (6 iie g_,f:b. [18]
e b lie 5 o3l Lt il Dy 3 M e S e
ICI-VY SN LgLAM)djuLjLAMGSMariS
0P At gp s s IS g 5 (536 S e 3l S

AYAV OLT VAY

et e Sl Oy 508 53 50387 Jas 305 551, mile et
255 65 Bl ol s 63,8 S &S o e
Jag_i,_:a,;e,;@\)augp,;,.zdn,uu.al_}i.:,uf.a;,i‘u
s jasii |y e sl bl E o S s g Sl

Sl pRlST Sl ol s s =) s

3 ol s gl

Sl i s S

sldss Sldas sl sldas
sle sle sl sl
odd (1iS | odd (niS | odd (2iS | odd (aiS | L Caltiee (ls Sy 3

Flms o | Yous o [ Youw s [ Vows e 03 31y

£ 4 ¥ o Byt SR A

8 s 5 s i o b S
=2
¥ 5 5 v g e b S

OWA :,,

U155 oa (DG e 53 Dy 035515 51 6,8 sl g

L Jlie O yimy 315 ol iliien (5,1 531 S 5 )13 p 5 DSl
G i s 5 SUy g odd plulid gls e 5,18 Cdle
S e o n Tamdge 53 B 5 I EL el 3B L by e

.Jg‘u}qdm?l)h;ﬁnxuja:bwﬁ:ﬁaﬂ

S5 om0
L 1 s o il oL e by 3 OWA 3, 6,8 I8
Leiss o Dl 53 (S 155wl Sl ealinal coiman s
o e 1y LT b o g Ly gun 31 o 331 MSCs 9 3 gl
5 S A e glls A bsa sleda, plobawlie js G, cpliajle
56 GLas S g o B 2 Sl (6 g Joe e
u:;_\.«.?c,.eh)wjld\wwjlr:al}&qalf,aé\,ﬁJ..':.\gwl:
s S 055 U g Ul o i e elind J ST

..s/Sa.sb'zulé}év;})jl;)\}:@;;;)g\)h)ww\

&y
[1] D. Koks and S. Challa, “An introduction to
Bayesian and Dempster-Shafer data  fusion,
”Department of Defence, Edinburgh, Australia, Tech
Rep. DSTO-TR-1436, 2005.
[2] J. K. Rosenblatt, “Optimal Selection of Uncertain
Actions by Maximizing Expected Utility,”
Autonomous Robots, vol. 9, no. 1, pp. 17-25, 2000.
[3] M. A. Simard, E. Lefebvre and C. Helleur, “Multi-
source information fusion applied to ship identification
for the recognized maritime picture,” Sensor Fusion:
Architectures, Algorithms and Applications, vol. 4, pp.
67-78, 2000.

Journal of Control, Vol. 3, No. 1, Spring 2009

WAA ler ) oled oF tlor o =S aloma



&

mo-—ov-—

TV his AFM Sl ) ojled oF s J S dlome

9 JO dlali =G b of yoid i SV in T Lyglh T e 0 41!
B Sl eOud ouias” s 3l ealaiw! b OT (83l il

A . R B . \
é‘ﬁ@b)\ﬁ)‘ d.uaAML?Lp)ch Lﬁf‘&

aliabooee@elec.iust.ac.ir ol ) Cuio sole olails codomy (sbapiom osisLeST 28 =G 1 eyl ki)l (6 gl !
jahedmr@iust.ac.ir ¢ ol 4 o 5 ol oK1 oy (o gt oisLa3T L

Rahmaniz@nit.ac.ir « b s ,md 5 s oKl (G p owikign 0dSCals skl "

S 35503 e 53 ol b 6 (G115 (s ) ol 0 G ot (VU iy ST p8T s K lie ) 3 oS
S 2 lobne canlsl 53 sl e S0 YU e STl g8 T (Glagt b anglie 53 &85 St G LU slad 53 345 0T st
s 035 W g 40 O3 on Laslmn dhoar OT 51487l 8515 s 2 3550 (e 02 53 YLy 58T 5y L
ol 50328 (iS00 )SSlsy St (5 ST oy 13U (ol cmme 3l ¢t ol Al g5 (5,LG
ol 03 YU dm st T sy 51 0L dajlns pl plad oy 2,57 )Lid adsl Ll o0 4 o Sl (Lo pite o) slagenly ks
oo OT 51 6 cpuals 0L STy T (s 0l 615 15 Sals Sslize gla )l o (Sla 0L ) S e Lzl (e
Sl St oS J 87 51 oslinel b gl 53 13,57 )3l Vb ey s T 5 6055 0 el cgil S el A 55T 4 Ol5 o0

.@\a»\.&)\v\a_bﬂ‘cbfdbw&ﬁJPSQ}JTMc&

e D3l 5 035 (W =68 My — 5L (clad =V ST 58T s 1S T Dlols”

Abstract: A new hyperchaotic system which is represented in this paper has an equilibrium point located at
origin. Having two large positive Lyapunov Exponents, is the prominent feature of this system in comparison
to other hyperchaotic systems. Some basic dynamical properties are studied in order to prove existence of
hyper chaos in this system including Dissipativeness of System, Instability of Unique Equilibrium Point,
Strange Attractor, Lyapunov Exponents, Fractal Dimension, Poincare Mapping and Sensitivity of Time
Response related to state variables to initial condition. All of the properties studied show that the system is
hyperchaotic. By changing a parameter of the system, various dynamical characteristics is obtained such as
Chaos, limit Cycle, Quasi-Periodic and Hyperchaos. At last, the chaotic system is stabilized around its
equilibrium point by using linear state feedback controller

Keywords: Hyperchaotic System, Lyapunov Exponent, Fractal Dimension, Dissipativeness and Strange
Attractor
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Abstract: Cascaded H-bridge converters may well be used for applications requiring higher
voltages, without needing series connection of semiconductor switches. Two problems are necessary
to be addressed; first, the AC voltages of the sub-modules of the cascaded converter which are
unequal due to the deployed modulation technique, thus introducing different fundamental
components and harmonic contents. Second, is the DC-links of sub-modules that are subjected to
low-frequency oscillations when operating under three-phase unbalance condition and/or single-
phase active power exchange. This paper begins with the first problem, suggesting a generalized
swapping technique for a cascaded H-bridge converter. This is applied to the SPWM and the optimal
PWM, while the optimal PWM is suggested to be subjected to a complementary constraint. A five-
level H-bridge cascaded converter is developed to implement the suggested modulations. Practical
results confirm that AC voltages of the sub-modules are equalized. Furthermore, three various
external DC active filter circuits are presented to tackle the second problem, including the
independent DC source, the auxiliary S-bridge and the buck-boost design. These circuits are
simulated, and their performances are compared. Moreover, the buck-boost design is implemented,
and applied to the DC output of a single-phase full-bridge rectifier. Then, three control strategies are
further tested on the buck-boost compensating circuit. Experimental results show that the effective
value of the DC ripples is considerably lowered down in comparison with the original DC
oscillation.

Keywords: Cascaded converter, DC-link oscillation, balanced AC voltages, optimal-PWM, SPWM.
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V,_, . the nth harmonic component

d :practical duration between two consecutive
switching instants

vV, :the DC voltage of the compensating H-bridge
converter

¢, : the on-time duration of each switch

v, - oscillations on top of the DC-link
C,and C ),
C : DC-link capacitance

AV : hysteresis-like positive band

DC-link active filter capacitances

L: AC-side commutation inductance
V, : the voltage drop on the inductance L

i, : current through the inductance L

1- Introduction

Multilevel converters can potentially overcome
the practical impediments associated with the series
connection of semiconductor switches to increase the
system voltage [1]-[4]. Figure 1(a) shows a five-level
cascaded H-bridge converter with which the
harmonic performance is expected to be improved,
while the supply voltage is distributed across the
sub-modules. However, two problems should be
considered. First, the applied voltage can be
distributed unevenly across the H-bridge converters
depending on the applied modulation technique.
Second, the AC voltages of the sub-module may also
add different harmonic contents, both in magnitude
and phase. Since the series current is identical for all
converters, sub-modules could be subjected to
different power levels. Thus, it is also expected to
observe unbalance of the DC-link voltages as well as
oscillation on each DC-link voltage.

Second, each H-bridge sub-module exchanges
instantaneous active power with the electrical
network and thereby leading to DC-link voltage
oscillations. (Note that the average absorbed active
power by the converters in a power system period
could be still as low as the power losses of the
converters.)  This exchanged power will highly
affect the DC-link voltage of an H-bridge converter,
causing low frequency oscillations (e.g. 100/120 Hz
oscillations for synchronous frequency 50/60 Hz like
that shown in Fig. 1(c)). The bigger the exchanged
power within the sub-module, the larger will be the
observed oscillations on top of the DC-link voltage
[51-[6].

Conventional PWM techniques have been
introduced in related literatures. These techniques are
simple to implement, while the two raised problems
will, more or less, persist in the H-bridge sub-

modules. Since harmonic magnitudes of the H-bridge
different  oscillating
components with different magnitudes can be added
to the DC-link voltages. Some other techniques
objectively eliminate certain harmonics. E.g., an
optimized pulse width modulation technique
(OPWM) is presented in [7] wherein the modulation
is capable of eliminating any given number of
harmonics. The problem, however, is that some
optimized switch-on or switch-off durations might be
very short. In practice, the switching frequency of
power semiconductor switches is limited. Hence,
implementation of the resulting optimized
modulation cannot be fully achieved.

This paper begins with sinusoidal PWM (SPWM)
and the OPWM techniques for cascaded H-bridge
converters in order to address the first problem of
uneven AC voltage distribution. One suggestion is
introduced to improve the conventional SPWM for
five-level cascaded H-bridge converters. This will
make AC voltages of the two sub-modules similar,
while the DC-link oscillations are still there. A five-
level cascaded H-bridge converter is implemented to
verify above suggestion. Furthermore, the constraints
of the OPWM are so improved that the switching
durations can actually be programmed. Then, the
improved OPWM is also verified by the five-level
converter, and practical results are compared with
those of the improved SPWM. To deal with the DC-
link oscillations, three different DC-filters are
proposed to be connected across the DC-link
capacitor, including the independent DC source,
auxiliary S-bridge converter and the buck-boost
compensating converter. The suggested methods are
then examined and simulated by MATLAB to assess
their performances and their suitability for the
cascaded H-bridge converters. Among these
converters, the buck-boost design is implemented,
and applied to a single-phase full-bridge rectifier in
which the DC oscillations are strongly imposed by

converters ~may  vary,

the DC source. Practical results confirm that this
latter proposal introduces marked improvement in
lowering effective values of the DC—link oscillations.

2- Generalized switching pulse transition
Consider the cascaded five-level converter in Fig.
1(a) which is modulated through a conventional
SPWM. MATLAB simulations are so arranged that
four triangular carriers of 2100 Hz (twice as the
number of H-bridges) are compared with a sinusoidal
reference (50 Hz). Resultant comparisons lead to the
output waveforms shown by Fig. 1(b) including two
AC voltages of the H-bridges together with the total
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Figure 1: (a) Cascaded five-level H-bridge converter, (b) AC voltages of the two H-bridges along with the total AC voltages

resulting from the SPWM switching technique, (c)unbalance and low-frequency oscillations of the DC-link voltages, and (d)-
(f) Fourier analysis of the three AC voltages introduced by (c).

cascaded voltage. Fourier analysis of these
waveforms is introduced in Figs. 1(d)-(f). The
analysis shows that the first H-bridge introduces a
fundamental component of 1.215 P.U., the second H-
bridge 0.755 P.U., and the total cascaded voltage
1.972 P.U. This clearly implies that the first H-bridge
has a bigger modulation index, and higher duty ratios
in comparison with the second converter. Since the
series current is identical for both converters, the
DC-link voltage of the first H-bridge is different
from the second one. Hence, the first H-bridge
converter introduces larger oscillations compared to
the second one and this is due to their different
power levels. Simulations shown by Figs. 1 confirm
the presence of the two stated problems (uneven AC
voltage distribution and DC-link oscillation).

2.1 Switching pulse transposition (SPT)

The conventional SPWM not only produces
unequal fundamentals, but it also produces different
harmonic levels for the two H-bridges. One
suggestion for symmetrical operation of the sub-
modules could be a regular transposition of the
switching pulses that are generated by the
conventional SPWM. In practice, the SPT should be
performed within every synchronous period such that

Figure 2: Experimental arrangement for balancing the
capacitor voltages using the improved SPWM and the

a DC component will not appear on the AC voltage OPWM techniques.

of a sub-module. For instance, when the switching

pulses of the two sub-modules (generated by the As the number of H-bridges increases, application
conventional SPWM) are swapped over every half of of the SPT among the sub-modules needs to be
a synchronous period, simulations show nonzero DC regulated.

values on AC voltages of both H-bridge converters.

Journal of Control, Vol. 3, No. 1, Spring 2009 VWM Sl ) oyl oF il oJ S aloes



4 A Combined DC—Filter and optimized Modulation to Absorb DC—Link Oscillations of Cascaded H-Bridge Converters
M. Tavakoli Bina, B. Eskandari

Tek  J.. @O0 MPosi 20000 SMVEFEC Tek L. ETiod MPos-20000  SAVEREC Tak Sl W@ Tied PosE000H:  SAVE/REC Tek  Jl. T Post 000K SAVE/RE
4 A4 + +

Action

File File
Format Format|
am

File
Format |
4]

About About | Aot | About
Saving Savina e | Saving  th / [ Saving
mages mages ’\ Inages Images
Select Select W Select Select
Folder Folder Foldsr b Foldsr
save Save | save Save
TEKOUDEMP TEKOUIS EMP TEKQOND BMP eI
W 250ms M5ms CHI 10085 125z 250k Flatiop  CHZT00B  125H CBR0KS/ Flattop
(@ ) ] O]
bk . eswp MPOSOONS  SAVEFREC Tek Sl W Tied PosSO0H:  WVE/REC Tek Nl @ Tiod PosiSO00H:  SAVEREC Tek  JL. B Tied PosiSO00HE  SAVE/RE
- + v -
Action Jction Action
Save mage ave Imagel Save mage

File File ‘t File
Format Format \L Format
Em ] ] T
| About ‘ About | About ‘ About
Job ] ; Savina Saving M Savina Saving
| - Images Images Images Images
] L0 Select n‘} U Select | ur\/\/\/\‘ Seleot Select

Folder Foldst Folder Folder
N ! IM“_,J" Save k | save Save Save
] TERD0 EMP TEKDO4BMP TEKOOS EAP L’L"Vmuuuss

CHZ# 200V M 250ms CHI 10046 125Hz (25.0k5/5) Flattop CH210.0d8  125Hz (25.0kS/s) Flattop CHT 10.0dB  125Hz (25.0kS /53 Flattop
16-shpr-06 1159

(e) 0 @ )

Figure 3: (a)-(d) Application of the conventional SPWM by the AVR: (a) AC voltages of the two sub-modules, (b) total AC
voltage of the cascaded converter, (c)-(d) Fourier analysis of the waveforms introduced by (a), and (¢)-(h) when the improved
SPWM is applied by the microcontroller: (¢) AC voltages of the sub-modules along with the total AC voltage of the cascaded

converter, (f)-(h) Fourier analysis of the waveforms introduced by (e).

To propose a rule for objective SPT technique, Figure 4 illustrates how 30 SPT occur during a
huge number of simulations has been arranged half-cycle among five H-modules (H;~Hs). Every
starting from two H-bridges up to six sub-modules. SPWM outcome is applied first to H; during [0°, 6°],
Table I lists resultant SPT angles that improves both the second is transmitted to H, during [6°, 12°], third
fundamentals and harmonic contents of all sub- to Hj; during [12°, 18°], fourth to H, during [18°,

Hy Hy Hy
H2 ]-[2 ].I2
Hjz Hj Hjz
Hy Hy Hy
Hs Hs  Hy Hg
} } } } } } } } } —- - - } } } | } }
0 6 12 18 24 30 36 42 48 54 60 [DEGl 150 156 162 168 174 180
Figure 4: Illustration of the SPT suggested procedure for a cascaded H-bridge converter that includes five sub-modules.

modules nearly equally. According to these recorded 24°] and fifth to Hs during [24°, 30°]. Then, this

results, the number of swapping of the switching procedure is repeated six times until the half cycle is
pulses within every half-cycle equals to six times of completed. It is noticeable that various repeating
that of the number of the sub-modules (e.g. 12 SPT procedures may be deployed for the six SPT amongst
for two sub-modules and 30 SPT for five sub- the sub-modules. Nevertheless, the best solution is
modules). The only exception is that of the two sub- achieved when the repeating procedure always starts
module in which the swapping can also take place from the first sub-module down to the last one as is
every quarter of a synchronous period in addition to shown in Fig. 4.

the suggested general rule (transposition of the 2.2 Experimental validation

SPWM outcome every 15°). Simulations confirm A five-level cascaded H-bridge converter, shown
that the harmonic behavior of both sub-modules are by Fig. I(a), is implemented to examine the
quite similar, in particular, both fundamentals and equalization of the AC voltages of the sub-modules.
low order harmonics become identical. Figures 2(a)-(b) show the power circuit together with
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the microcontroller and switching driver circuits.
Sixteen switches (MOSFET 2N06L0S) are used in
all, eight for each sub-module, where every two
parallel switches make one pack. The IC number
TLP250 is used for switching drive circuits that
transmit the switching pulse train produced by the
AVR microcontroller. The microcontroller consists
of two ATMEGAS8-16PU units. A 15 Amp fast fuse
is used to protect the device. Two 12 V batteries
supply the DC-link voltage, and a 1200 VA
transformer is optionally available to be connected
either to 220 V loads or to a possible grid connection
(synchronization techniques have to be applied).

TABLE I: THE SUGGESTED PST FOR THE SPWM IN ORDER TO
MAKE FUNDAMENTALS AND HARMONIC CONTENTS NEARLY THE

SAME.

Number Duration of Number of Total number

of one repeating of of
cascaded | transposition | transpositions | transpositions

H- in Degrees during each each half cycle
bridges half-cycle

2 15° 6 12

3 10° 6 18

4 7.5° 6 24

5 6° 6 30

6 5° 6 36

Both the conventional SPWM and the suggested
complementary improvement to the conventional
SPWM have been programmed using the AVR
microcontroller, and applied to the cascaded five-
level converter. Four triangular carrier frequencies
are all 2100 Hz. Experimental results are shown in
Figs. 3(a)-(d) for the conventional SPWM, and Figs.
3(e)-(h) for the improved SPWM. Figures 3(a) and
3(e) demonstrate the AC voltages of the two sub-
modules, and Figs. 3(b) and 3(f) show the total AC
voltage of the five-level cascaded converter. To find
out the effect of switching pulse swapping in every
quarter, Fourier analysis of the two modulating
programs are compared. Figures 3(c)-(d) zoom in the
fundamentals as well as the low order harmonics of
the two H-bridge AC voltages for the conventional
SPWM. While the
fundamentals is about 4dB (their ratio is about 1.58
like the simulations of Fig. 1), the harmonics also
show different magnitudes. Considering the
improved SPWM, Figs. 3(g)-(h) verify that both
fundamentals are nearly identical, and the harmonic
behavior of sub-modules are quite similar. It should
be noted that low-frequency oscillations of the DC-

difference between the

links still remain as an issue for both conventional

SPWM and the improved one. This is even worse in
the case of the improved SPWM compared to the
conventional SPWM simulated by Fig. 1(c).

3- Simulation Results

Conventional multilevel SPWM schemes produce
uneven fundamental voltages for the H-bridge sub-
modules [14]-[18]. As an alternate technique,
optimized algorithms are introduced in [6]-[10], to
eliminate certain harmonic components by seeking
the best switching instants. Assume N H-bridge
converters are cascaded wherein every sub-module's
AC voltage has both half-wave and quarter-wave
symmetry. Then, determination of switching instants
during each quarter-period is enough to recognize the
whole period, and the Fourier series include only odd
sinusoidal terms (Sin(nar)). Hence, general

description of the nth harmonic voltage using the
Fourier series for N cascaded H-bridges and K
switching instants within each quarter-wave is
calculated as below:

4 % k+1
Vo === 2.2, (=D cos(na,) (1)
nrig s

i=l j=1

Where the angle ¢;is the jth switching instant of

the ith H-bridge converter, and V,, is the nth
harmonic component of the total cascaded converter
voltage. It is shown in [7] that harmonics up to the
order (2NK-1) should be eliminated for N sub-
modules and K switching instants. An optimization
problem can now be arranged having an objective
function that minimizes the remaining odd
harmonics starting from the third up to (2NK-1). This
is also subjected to several constraints. One
necessary condition has to be satisfied by all sub-
modules AC voltages on having identical

M . This
N

constraint introduces N equations, each having K
switching instants. Also,

fundamental magnitudes equal to

unknown obvious

conditions have to be set on K ascending angles ajj

v
for each sub-module within the period of ‘:0, E} .In

practice, a certain value should be considered
between every two consecutive switching instants (d)
to guarantee proper switching transitions. Thus, the
third group of limitations is proposed here (added in
(2)) in which the pulse widths are bigger than a
certain value d (e.g. 10us) for implementation
purposes. Choosing this value depends on the switch
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technical specifications, including the turn-on and

turn-off  durations

that

affect

the

switching

Table II lists a typical lookup table containing the
obtained optimal switching instants for N=2 and

frequency. The combinatorial optimization problem

K=21

according to the stated procedure when
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Figure 6: Oscillations of the DC-links of the two H-bridges, (a) the improved SPWM, and (b) the complementary optimal
switching modulation.
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can be formed as below:
2NK -1 N
Minimize z V.,
n=3
(n s odd)

25 0 costr ) <L
T

N
T
O0<a, <a,<-<ay <E
Subject to: a,-a,>d for i =1,2,...,N
a,—a,>d
g _a,(Kq)Zd
(2)

3.1 Implementation of the complementary
optimal modulation
The complementary optimal modulation of (2)

can be solved using genetic algorithm. Since
different initial conditions lead to different local
minimums, ninety different initial conditions within
[0°, 90°] are applied to the optimization problem.
Solutions are sorted according to their resultant
THD%. The solution with the lowest THD% is
selected and stored in a lookup table by the
microcontroller. This process is repeated for various
fundamental magnitudes, which eventually provides
all the needed lookup tables for the microcontroller.

@=10ps and //,_,| =36dB (about 63 V). Switching

angles, related to other three quarters of the
waveform, can simply be generated according to the
assumed quarter-wave and half-wave symmetry for
the waveform.

TABLE II: THE COMPLEMENTARY OPTIMAL SOLUTION LISTING
THE SWITCHING INSTANTS OF THE FIRST QUARTER OF THE
WAVEFORM THAT IS STORED AS A LOOKUP TABLE.

Sub- Optimized switching instants in the first quarter-
module . s
Number period (angles in degrees)
1 12 (13|15 [ 17 [ 25|27 |28 | 30 | 31 | 32
Cont. 1 | 36 | 41 | 43 | 45 | 46 | 48 | 50 | 58 | 59 | o4
2 8 9 |19 | 21 | 22 | 25| 28 | 29 | 31 | 36
Cont.2 | 40 | 45 | 46 | 52 | 53 | 55 | 56 | 61 | 62 | 76

The microcontroller is then uploaded with all the
obtained optimal solutions, and the modulation
program is applied to the five-level cascaded H-
bridge converter. Figure 4 shows the implementation
outcomes. Both AC voltages of the two H-bridges
are shown in Fig. 4(a), and the total cascaded voltage
in Fig. 4(b). Comparing the fundamentals of the two
sub-modules, it can be seen that they are slightly
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different (29.8 dB and 30.14 dB). Hence, the
switching pulses are swapped every quarter-period,
and applied to the sub-modules. Figures 4(c) and
4(d) illustrate the Fourier analysis of the two AC
voltages of the sub-modules, showing identical
fundamentals for them with similar low-order
harmonic behaviours.

Practical indicate that both the
complementary optimal switching modulation and
the improved SPWM are capable of distributing
identical fundamental AC voltages on the two sub-
modules. However, the complementary optimal
modulation with quarter-period swapping provides
better AC voltage distribution and harmonic
behaviour compared to the improved SPWM. But,
both methods are still unable to attenuate the DC-
links oscillation sufficiently as shown by simulations
in Figs. 5(a)-(b). While the steady state peak-to-peak
oscillation magnitude is below 16 V for the
improved SPWM in Fig. 5(a), it is less than 7 V for
the complementary optimal modulation in Fig. 5(b).

results

4- Suppression of DC-link oscillations

Connection of various DC passive/active filtering
circuits across the DC capacitor is discussed in [11].
Predominant frequency of these oscillations is
related to the second harmonic when the power
system operates at 50/60 Hz. Other higher harmonic
orders can also be present if the applied voltage
includes any components
synchronous frequency. Typical uncompensated DC-
link oscillations are shown in Figs. 5(a)-(b) when the
improved SPWM and the OPWM modulation
techniques are used, respectively. A PI controller is
used to control the phase angle of the H-bridges
output voltages such that the average DC-voltage
remains fixed at 150 V.

One approach to filter out the low-frequency
oscillations of the DC-links may be a passive LC-
filter tuned at 100/120 Hz. This would effectively
reduce oscillations. Nevertheless, the disadvantages
of the passive LC-filters are their high cost, big
parameters and size. Hence, the following sub-
sections suggest and examine new designs that make
use of active filters to damp the oscillations
effectively.

4.1  Independent DC
Proposition 1

The proposition of Fig. 6(a) uses the idea of
passive LC-filter to absorb the oscillations in which
the inductance of the passive filter is replaced by the
primary winding of a transformer. The secondary of

in addition to the

source  (IDC):

the transformer is connected to a low-power low-
voltage H-bridge converter through a passive low-
pass LCL-filter. The suggested design provides
much more satisfactory attenuation of DC-link
oscillations compared to the passive LC-filter. Thus,
the control and operation of this proposal will be
examined in detail.

First, the oscillations of DC-link voltage (V)) is
extracted by subtracting the average value from the
exact value of the DC-link voltage. Using the zero-
order hold (ZOH) function of SIMULINK, the
sampled signals (rated at 10 kHz) are converted to
continuous signals. Then, the volt-second balance
law is applied to each switching period (100 445 ) to

find the duty ratio of each switch as follows:
Vie Xton =V % 100(ss) 3)

Where V. is the DC voltage of the compensating
H-bridge converter, and 7,, is the on-time duration of
each switch. Computing ¢,, of the switches, they are
applied to the compensating H-bridge converter. The
whole design is simulated with MATLAB, where the
transformer has a turn ratio slightly bigger than one.
Figure 6(c) the compensated DC-link
oscillations, which is largely attenuated down to
about 2.5 V peak-to-peaks (or 1.67%).

It is noticeable that the compensating elements
including the DC source, transformer, low-pass filter
and switches operate under low-voltage low-power
conditions. But in practice, according to (3) the
lower the magnitudes of oscillations (), the lower
the duty ratios of switches will be. This implies a
limit on reduction of magnitudes of oscillations as a
drawback of the method. To remedy this, the voltage
V4 can be decreased when the oscillations are
needed to be attenuated significantly. This also will
add extra-cost to the converter for developing
regulated controllable V.

4.2 Auxiliary S-bridge compensation (ASC):
proposition 2

This proposal uses two identical capacitors (Cy
and Cp) along with three switches for each DC-link
like that which it is illustrated in Fig. 6(b).
Capacitances Cy; and Cp, have identical average DC
voltages equal to three quarters of the DC-link
voltage of capacitor C. Three switches are operated
in a way that when the DC-link voltage is increased
beyond a positive band (AV), the two vertical

shows

switches are turned on and the horizontal switch
turns off. This puts both capacitances Cy; and Cp; in
parallel, absorbing charging currents through the
inductance L from C by the following slope:
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e )

other drawbacks are the design costs, large size and
occupying space. Hence, another suggestion is
raised in which a buck-boost circuit is responsible
for transferring energy between the DC-link

[V] 151

1505
1501
148.5
148
14851

D Voltage

.
ca

1475
147
146.5

44

TN
| L R Cn |
Lo 200 —
| 1000uF | Cn
2000uF
|
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Figure 7: (a)-(b) Circuit diagrams of the IDC and the ASC, respectively, and (c)-(d) simulations illustrating the effect of
applying the IDC and the ASC to the DC-link oscillations.

Where V7 is the voltage drop on inductance L and
i is the absorbed current. This relatively big slope
forces the main DC-link voltage to come down more
rapidly. Similarly, when the DC-link voltage is
dropped below a negative band (-AV), the two
vertical switches are turned off and the horizontal
switch turns on. The two capacitors C; and Cp
operate in series, injecting current to the DC-link
capacitor C through the inductance L as follows:

6
di_ﬂ_—VDC_ZVDC __h (5)
dt L L 2L

Here the negative slope reverses the current from
Cy and Cp to charge the DC-link capacitor C.
Simulations show that peak-to-peak magnitude of the
oscillations is smaller than 1 V (or 0.6%) for a very
high switching frequency case as shown in Fig. 6(d).
In practice, the hysteresis-band could limit the
performance of the S-bridge considerably such that
when the selected AV is small, the switching
frequency is very high.

4.3 An  equivalent
proposition 3

The two foregoing propositions have the

buck-boost circuit:

advantage of lowering oscillations, while being
forced to operate in high switching frequencies. In
practise, this will highly depend on how fast and how
advanced the semiconductor technology is. Also,

capacitor and a DC battery. Figure 7(a) demonstrates
this proposal that mimics the oscillations of the DC-
link using a rectifier. A full-wave diode rectifier
supplies a DC voltage (Vpc) containing an average
voltage (V,an) plus a dominant 100 Hz oscillation
(AV) to a load. A buck-boost circuit is used to
compensate  these  emulated
oscillations.

Buck and boost operation modes take place when
using two switches (one controllable switch and a
diode allocated in each branch). Duty ratios of the
switches are decided on the basis of pulse width
modulation provided by Fig. 7(b), where V. is the
battery voltage. When Vpc is dropping, the DC
battery injects power to the DC-link (boost-mode);
when Vpc is increasing, the DC battery absorbs
power from the DC-link (buck-mode). This rule is
emulated in Fig. 7(b), wherein a 50 kHz ramp is
compared with Vy/V,.qn for the buck-mode, and 1-
Vil Vinean for the boost-mode. These are actually
obtained from the well-known theory of DC-DC
converters [12]. Simulations are shown in Figs. 7(c)-
(d) wherein the last picture zooms on a small region
of Fig. 7(c). It can be seen that the effective value of
uncompensated oscillations efficiency drops down
drastically. Practically speaking, the buck-boost
compensation method is simple to implement, and
that the oscillations can be traced properly. In the
mean time, the cost of this design is much less than

low-frequency
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the other two suggestions that use the concept of
passive LC-filter compensation.

frequency estimation techniques. Further, the source
equivalent impedance is needed to be included in the

BUCK

E;U—-‘w: —0OsT
TT ™

rie A

T (a)

2a] U without compensator j
40 |
(=1 . - e d
'] 0.5 1 1.5 2
(c) x 10’

Figure 8: (a) Proposed buck-boost compensator for suppression of DC ripples, (b) the control diagram that recognizes
buck and boost operating modes, (c¢)-(d) compensated oscillations by applying the buck-boost suggestion simulated by
MATLAB.

without compensaton | '-,

15 155 16 188 1T 178 18 188 19

(d) x« 10"

Figure 9: Experimental arrangement for suppression of low-frequency DC-link oscillations using the buck-boost proposition.

4.3.1 Implementation of the buck-boost proposal

The third proposition is implemented as the
developed device is shown in Figs. 8(a)-(c). The
power circuit along with control design of Fig. 7 is
used to generate low-frequency oscillations by a full-
bridge diode-rectifier. Supplied DC voltage by this
full-wave rectifier basically provides an uneasy
situation in which suppression of the produced
oscillations need considerable attenuations compared
to the DC-link oscillations of cascaded converter. It
is noticeable that an exact cascaded converter can
also be connected across the grid system, which will
algorithms both for
compensation approach and the synchronizing

need additional control

control algorithm for a reliable response. This would
be an extensive practical field, which needs the well-
known FACTS controller techniques for shunt grid-
connected devices. Hence, this made us to think
about producing oscillations with the same frequency
as that of the cascaded converter by establishing the
test circuit of a full-bridge rectifier. The rectifier is
composed of four 30 A diodes that are connected to a
133 pF capacitor in parallel with an 18 Q resistor.
Two power MOSFETs (PSONEI) are used in the
buck-boost circuit, which are driven by the IC driver
TLP250.

Considering the compensating circuit in Fig. 7(a),
the full-bridge rectifier generates a DC voltage that
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Figure 10: (a) Generated 100 Hz oscillations by the full-bridge rectifier, (b) recognition of buck/boost operation modes,
(c) the switching patterns generated for both buck and boost modes, (d)-(f) suppression of oscillations using the FD, VC
and WD, respectively.

contains significant 100 Hz ripples. The peak of
these ripples is imposed by the rectifier such that
suppress the
oscillations with respect to the peak (not the
average). Thus, this situation would be rather a
difficult task compared to the exact cascaded
application. The microcontroller is
programmed three  controlled-cases  for
of oscillations; fixed duty-cycle
modulation (FD), voltage-controlled modulation
(VC) and wider-band boost duty-cycle modulation
(WD).

Experimental results are shown in Fig. 9. Figure
9(a) introduces the generated 100 Hz oscillations by
the full-bridge rectifier. The DC value of this voltage
is 15.00 V, while the RMS value of ripples is 20.90
V. Figure 9(b) illustrates the recognition of buck and
boost operating modes according to the control rule
shown in Fig. 7 (zero for the buck mode, and 5 V for
the boost mode). The switching pulse train for each
of the two operating modes are shown in Fig. 9(c).
The upper switching signals relate to the activation
of boost converter, and the lower ones to the
activation of buck converter.

Considering the FD modulation for the buck-
boost, Fig. 9(d) the
compensation of DC oscillations (AV). It can be seen
that the buck-boost effectively suppresses the ripples
such that the RMS of the oscillations is 4.689 V.

compensation circuits have to

converter
in
suppression

demonstrates resultant

Comparing this RMS value with that of the initial
rectifier DC ripples (20.90 V), buck-boost
compensator along with the FD modulation reduces
the RMS value of the oscillations down by 77.52%.
Meanwhile, the DC value of the rectifier output is
raised up to 20. 89 V. Application of the VC
modulation to the buck-boost is recorded in Fig. 9(e)
in which the duty ratio is regulated proportionally
with respect to the mean value of the DC voltage.
The RMS value of the oscillation is lowered down to
4.103 V, leading to the DC voltage rise up to 20.62
V. This shows slightly better performance than that
of the FD modulation that reduces the effective value
of the initial DC ripples down by 80.37%. Finally,
the WD modulation is applied to the buck-boost
compensator in which a wider-band is assigned to
the boost converter. The RMS value of the
oscillations and the DC value are 4.459 V and 21.94
V, respectively. Comparing with other two methods,
the WD modulation introduces 78.67% reduction in
the RMS magnitude of the oscillations, presenting
the highest DC value.

5- Conclusion

Two problems are discussed in this paper in
conjunction with cascaded H-bridge converters. The
first issue deals with uneven distribution of the
applied AC voltage on the H-bridge sub-modules due
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to the engaged modulation technique. Second
problem is related to a dominant 100/120 Hz
oscillation on the DC-links because of active power
exchange between AC and DC sides. Oscillations are
then modulated by the
undesirable uncharacteristic harmonics to the AC
system. Furthermore, the DC voltages of the
cascaded converters will not oscillate together, and
this produces further sub-modules' DC voltage
unbalance. To overcome the first problem, a
switching pulse transposition procedure is suggested
for conventional SPWM along with the optimal
PWM modulation techniques. Suggestions are then
verified using a practical five-level converter that is
implemented by cascading two H-bridge converters,
showing a significant improvement in AC voltage
distribution. Further, to suppress the DC-link
oscillations, three compensating
proposed, which are the independent DC source, the
auxiliary S-bridge and the buck-boost converter
design. While all suggested circuits effectively
reduce the oscillations, the low-cost buck-boost
converter is the most inexpensive design. Hence, a
buck-boost design is arranged and tested under
certain oscillations. Duty ratios of the switches are
regulated  using  three  different
Experimental results confirm that the effective
values of the DC-link oscillations are lowered
significantly compared to the uncompensated case.

converter, injecting

circuits  are

methods.
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Abstract: Multi-Parametric Programming (mpp) is a widely acknowledged mathematical method
for its ability to handle parameter depended optimization problems explicitly. Using this powerful
tool, the traditional model predictive control (MPC), which is highly time consuming, can be solved
efficiently, so-called explicit MPC (EMPC). Its main advantage is that it obtains the control actions
as explicit function of the plant measurements. This allows for the control actions to be obtained on-
line via simple function evaluations instead of solving repetitively a computationally demanding on-
line optimization. This significant characteristic allows the MPC strategy to be applicable for the
fast dynamics, which may be prohibitive for traditional MPC that relies on optimization methods.
This paper aims to study this method from theoretical and practical point of view. The complete
unified framework for developing EMPC and its mathematical foundations are studied. Also, in this
paper a simple closed form for some matrices well established to achieve low computational
complexity in design procedure. Finally the problem of servo system control has been dealt with and
thereby the performance and effectiveness of the presented method verified.

Keywords: Explicit Predictive Control, Optimal Control, Constrained Systems, Servo System.
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1- Introduction

The first key question in control theory is the
computation of suitable stabilizing controller for
dynamical systems. From the practical point of view
this question should be corrected, because in practice
we have not only a dynamical system but also
several constraints must be satisfied. The pore over

the theoretical and practical literatures shows that the
most important class of dynamical systems in
practice is the “linear systems with constraints”.
Handling the performance
objectives makes the controller design procedure
more complicated. It is well accepted that for this
class of systems, in general, stability and good

constraints  besides
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performance can only be achieved with a nonlinear
control law.

The most popular approaches for designing nonlinear
controller for linear systems with constraints fall into
two categories [1], Anti-windup shames and model
predictive control. In first approach it is assumed that
a well functioning linear controller is available for
small excursions from the nominal operating point.
This controller is augmented by the anti-windup
shame in somewhat ad hoc fashion, to take care of
situations when constraints are met. In [2] numerous
apparently different anti-windup
reviewed. The main drawback of anti-windup
shames is that, in general, the systematic and
automatic synthesis tool which guarantees closed
loop stability and achieve some kind of optimal
performance has remained an open problem.
Recently some promising works were done to
introduce a systematic approach for designing and
stability analyzing of the anti-windup shames [3, 4
and 5]. Despite these drawbacks, the anti-windup
shames are widely used in practice in most SISO
cases; they are simple to design and work
adequately. For complex constrained multivariable
control problems, model predictive control has
become the accepted standard, especially in process
industries [6]. From the theoretical and practical
point of view, the main advantages of MPC are (i)
stability of the closed-loop can be
guaranteed, (ii) It is possible to handle hard
constraints in multivariable systems in a systematic
manner. This allows the designers to guarantee the
satisfaction of all constraints during the operation,
and (iii) the control system performance is optimal
with respect to the objectives. Unfortunately, the
MPC has a prohibitive drawback rooted in its
demanding computational effort. In [7] Lee and
Markus were written an interesting paragraph that
described a hypothetical method for obtaining a
closed loop controller from open loop trajectories
[8]: “One technique for obtaining a feedback
controller synthesis from knowledge of open-loop
controllers is to measure the current control process
state and then compute very rapidly for the open loop
control function. The first portion of this function is
then used during a short time interval, after which a
new measurement of the process state is made and a
new open loop control function is computed for this
new measurement. The procedure is then repeated”.
This remarkable proposition was simply forgotten
probably due to the high computational cost of the
algorithm.
recalled by Richalet namely model predictive

shames were

system

More than ten years later this idea

heuristic control (MPHC) [9]. After few years, in the
1980s model predictive control under its various
guises (DMC [10] and GPC [11]) took the process
industries by storm [12].

Here, the model predictive control refers to a class of
control algorithms that compute a manipulated
variable trajectory from a linear process model to
minimize an objective function subject to linear
constraints on a prediction horizon. At each sampling
time, starting at current state, the above open loop
optimal control problem is solved over a finite
prescribed  horizon. At the next sample,
measurements are used to update the optimization
problem, and the computation is repeated over a
shifted horizon, leading to moving horizon policy.
Over the last 25 years a solid theoretical foundation
for MPC has emerged and it has undergone many
developments regarding the on-line implementation
and type of systems and applications that can be
handled. Unfortunately, all mentioned nice properties
of MPC are accompanied with several sever
drawbacks that prevent a broad use of this method in
the practice. These obstacles can be summarized in
two parts [13, 14], (i) computational complexity
connected with the optimization problem, and (ii) the
question of the control system robustness to
deviations between actual process and its model used
for prediction.

This paper substantially deals with the first problem,
aims to show the possible way to overcome the
computational complexity. Generally speaking, this
is done by moving all the computations necessary for
the implementation of MPC off-line, while
preserving all its other characteristics. This should
increase the range of applicability of MPC to
problems where anti-windup shames and other ad
hoc techniques dominated up to now [15, 16].
Optimal control problems for constrained discrete-
time systems based on linear programming were
formulated in the early 1960s by Zadeh [17]. Explicit
solutions for different types of MPC have been
available for unconstraint linear systems minimizing
a quadratic objective for decades, namely linear
quadratic regulator (LQR), but for no other problem
class including constrained systems until recently.

In the pioneering work [18], the authors show how to
formulate an optimal control problem for constrained
linear systems as a multi-parametric program, where
the states of the system are treated as parameters, and
control inputs as optimization variables. The solution
to this problem has a closed form expression as a
function of the plant states. In [1] and [19], it is
shown that for linear (norms 1/00) and quadratic cost
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functions (i.e. mp-LP and mp-QP), the optimal
control input is a piecewise affine (PWA) state
feedback law over a polyhedral partition of the
feasible state space [19]. The computation of optimal
control input in practice is twofold, in the first step,
according to the current state the active polyhedral
partition is recognized, and then a corresponding
affine function is evaluated very quickly. In the
following sections, the complete framework of the
explicit MPC has been studied from theoretical and
practical point of view. Also, in this paper a simple
closed form representation of six matrices (¥, H, F,
G, W and E) which are presented in the following are
well established. Finally, the illustrative example
describes the approach through the paper.

2- Mathematical Background: Multi

Parametric Programming

The operations research community addressed
parameter variations in mathematical programs at
two levels [21]: which
characterizes the change of the solution with respect
to small perturbations of the parameters; and
parametric programming, where the characterization
of the solution for a full range of parameter values is
sought. One can distinguish between parametric
programs, in which only one parameter is
considered, and  multi-parametric ~ programs
depending on a vector of parameters. Solving
parametric linear programs was proposed by Gass
and Satty [22]. Also extensive research has been
devoted to sensitivity and parametric analysis by Gal
[23]. Multi-parametric linear programming (mp-LP)
was treated in [24, 25]. Recently, the method for
solving multi-parametric quadratic programming
(mp-QP) was proposed in [1]. The mp-QP can be
solved by applying the first order Karush-Huhn-
Tucker (KKT) conditions (see for example [26]).
Consider the following almost general parametric
quadratic program:

sensitivity  analysis,

J(9)=ng/in{%c9TY 9+9TFU+%UTHU}

st. GU <W +E@ (1)
UeUcCR, 0cONR

H is an (sxs) symmetric positive definite constant
matrix, G and E are (pxs) and (pxm) constant
matrices, respectively. W is a constant vector of
dimension p, U and ©® are compact polyhedral
convex sets of dimensions s and n, respectively.
Transforming the QP problem Eq.1 into the standard
multi-parametric programming problem is easy, once
the following linear transformation is considered:

z2U+H'F'0 )
The QP in Eq.1 is then formulated to the following
standard multi-parametric programming (mp-QP)
problem:

1
Vz(é’)zmmzzTHz s1. Gz <W+S50 3)
Where H=HT>0, S £E +GH 'F" and V_(6)=

J(0)-0.5¢" (Y ~FH'F" )0 . Note that in the

transformed problem, the parameter vector &
appears only on the rhs of the constraints. Solving
the above optimization problem was addressed in
[1], which is substantially based on the “Basic
Sensitivity” theorem [28, 29].

Lemma: let 6, € R” be a vector of parameters and
(z9.4) be a KKT pair corresponding to Eq.3,
where 4, =1(6,) is a vector of nonnegative

Lagrange multipliers, 4, and z, =z (6,

in Eq.3. Also assume that (see [26] for details) (i)
strict complementary slackness (SCS) holds, and (ii)
linear independence constraint qualification (LICQ)
holds. Then in the neighborhood of 6, , there exists

) is feasible

a unique, once continuously differentiable function,
[z (9),/1(9)], where z (#) is a unique isolated

minimizer for Eq.3, and

dz (90)
do -1
=—(M,)'N,,
di(6,) (Mo) N,
do
H Gl - G;
-AG, ¥
M, = /11 1 1 i )
_ﬁ’pGp _Vp
T
N,=[0 48, A8,

Where G,, S, and w, denote the ith row of G, S
and W, respectively, V, =Gz, -W, -S,6,, and O
is a null matrix of dimension (sxn). Under the
assumptions of theorem, near the feasible point
0=0,c0®, a first order approximation of

[z (6’),2(6’)] can be obtained in the neighborhood
of the KKT point:

[Z(9)]=—(Mo)“No(6’—90){;(2‘);] 5)

A(0)

Proposition:
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Let H>0 and the assumptions of previous lemma
hold. Consider the optimization problem of mpQP
given in Eq.3. Then, the optimal solution z and the
associated Lagrange multipliers A are affine
functions of the optimization parameter 6 .

Proof:

Assuming the Lagrangian L =V + A" (Gz -W -S0),
the first order KKT conditions for the mp-QP
problem in Eq.3 are given by:

VL =Hz +G" 1 =0,

2 (Gz -W,=S,0)=0, i =1,....p ©6)
A120.

The first equation comes directly from optimality
and the second equation refers to the complementary
slackness [26].

Recalling that H is invertible Eq.6 is written as

z=-H"'G" 2, (7
Let 2 and 1 denote the Lagrange multipliers

corresponding to the inactive and active constraints,
respectively.  For  the constraints

Gz -W -S6<0 , therefore the complementary
slackness yelds A = 0 . For the active constraints,
Gz -W -S0=0 ®)
Where G W .,S correspond to the set of active

inactive

constraints. From Eq.6
A=—(GH™'G" )4 (7 +S6) ©9)
Note that (GH g7 ) is invertible because of LICQ

assumption. This 1 is an affine function of &.

Substituting 1 into Eq.7 yelds:

~ ~ ~ -1 ~ ~
z=H"G"(GH™'G") (W +S0) (10)
Note that z is also an affine function of 6. [

Equations 5 and 10 show that given the solution
z,,4, for a specific vector of parameters 6, , one

can obtain the solution z(6),A(0) for any

parameter vector € from Eq.5. The set of & where
Eq.5 remains optimal is defined as the critical region
(CRO) and can be obtained as follows [27]. Let CRR
represent the set of inequalities obtained (i) by
substituting z(0) into the inactive constraints in Eq.3,
and (i) from the positivity of the Lagrange
multipliers corresponding to the active constraints, as
follows:

CR" ={Gz (0)<IV +506, (0)>0} (1)

Then CRO is obtained by removing the redundant
constraints from CRR as follows:

CRO:A{CRR} (12)

Where A is an operator which removes the
redundant constraints (see [22] for details). In the
next step the rest of region CR™®”, is obtained:

CR™ =@-CR", (13)
By exploiting the procedure described in [1],
equations 5 and 11-13 are repeated and a set of
z(0),2(0) and corresponding CR’ is obtained. The

solution procedure terminates when no more regions
remained, i.e., C. = (. Finally, to find a compact
representation, the regions which have the same
solution must be unified to give a convex region. The

rest

presented procedure is summarized in Fig.1 in seven
steps. In Figs.2 and 3 the state-space partitioning
algorithm and obtaining the corresponding optimal
PWA control function are illustrated based on the
given flowchart. As shown figures 2 and 3 at first the
critical region corresponding to 6, (CR" is computed
then the parameter space is divided by reversing one
by one the hyper planes defining the critical region
CR’. Tteratively each new region CR' can be
subdivided in a similar way as was done with the
initial region® =CR" .

For a given space of ¢ solve Eq.5 by treating ¢

@

as a free variable and obtain a feasible ¢ .

v

Fix ¢ =0, and solve Eq.5 to obtain [z 05 10:'

v

(2)

3)

™ Collect all the solutions and unify a convex
combination of the regions having the same solution.

Fig.1: The flowchart of mpQP design steps.
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1o, ®=CR™ c R*

CR'

9
Fig.3: Corresponding affine optimal value for a
specific partition.

3- A Unified Structure for Explicit Model

Predictive Control
Consider the problem of regulating to the origin the
discrete-time linear time-invariant system

X (t +1):Ax (t)+Bu (t)

(14)
v () =Cx 0),
While fulfilling the constraints
S S<yl(t)< R
Yoin SV (1) s s

U <u(t)<u,.,
At all time instants 7>0. In (14) and (15), x (1) e R",
u(t)eR", and y (1)eR" are the state, input, and

output vector respectively, and the pair (4,B) is
stabilizable.

In (15), y,n <0<y_., and w_ , <O0<u are

vectors of upper and lower bounds (more generally,
we can allow only some components of the inputs or
outputs to be constrained).

MPC solves such a constrained regulation problem in
the following way. Assume that a full measurement

of the state is available at the current time t. Then,
the optimization problem is:

X PX vy +

J(x(t))zmin Nl )

v Z(xtJrk\thHk\t +ut+k\tRuz+k\t)
k=0

min S.yl-*—kll Symax’ k :1""’N

Upiy SUy gy Sty kK =0,.,M —1

—1 (16)

Xtk +1 :Aka\t +But+k\t= k 20,

subj .to

Ytk :Cka‘“ k>0,
Ut iy :er+k|;, M <k <N -1,

T
With  respect to Ué(u,T,...,uITJrkfl), where

R=R">0, Q=QT >0, P=P">0, X+4¢ 18 the prediction of
X+ at time ¢, and M is the control input horizon.
When the final cost matrix P and gain K are
calculated from the algebraic Riccati equation, under
the assumption that the constraints are not active for
k>N in Eq.16 exactly solve the constrained (infinite-
horizon) LQR problem for Eq.5 with weights O, R
(see also, [28] and [29]).

One possible choice is to set K=0 and P to be the
solution of the discrete Lyapunov equation
P=A"PA+Q. However, this solution is restricted only
to open-loop stable systems [29], since the control
action is switched off after N steps. Alternatively,
one can choose K and P as the solution of
unconstrained, infinite horizon LQR problem, i.e. N
= o0, as follows:

K=—(R+B"PB) B'PA,

. (17)
P=(A+BK) P(A+BK)+K'RK +Q

. k-1 .
Introducing Xiikp :Akxt+zj:0AfBqu_l_j derived
from Eq.14 into Eq.16 results the following QP
problem:

X .1 1
J (x,):nLl}n{EUTHU +x"FU +ExtTYxt}
st.GU <W +Ex,

UeUcR',s =mN

x, eXcR”

(18)
Note that six parameters (H, F, Y, G, W and E) are
depended to known parameters Q, R and Eq.16.
To calculate these six matrices it is necessary to

k-1 .
replace x, ., =4*x, +ZJ$AJB”H1{+,- in Eq.16 and

reordering while x, and (u,,...,qufl) are the

parameters and (4, B, P, Q and R) are known values.
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Despite the fact that this is done off-line, when the
horizon (N) is big (e.g., more than 5) performing this
procedure needs several many matrix operation and
parametric operation to obtain the H, F, ¥, G, W and
E matrices. This makes the design procedure highly
complicated and because of the parametric
manipulation it is hard to be done systematically.

In order to remove parametric manipulation and to
reduce the off-line computation complexity, a set of
simple closed form formulas for the six matrices H,
F, Y, G W and E has been calculated after a
comprehensive algebraic manipulation (see appendix
for detail). The resulting closed form formulas can be
calculated systematically for any given horizon (N)
with only numerical operations.

Let U*(x,):(ufr,...,u,*fkfl)r be the optimal

solution of Eq.18 at time t. then, the first sample of

U’ (x, ) is applied to system in Eq.14:
ult)=u; (x,), (19)

The optimization (Eq.18) is repeated at time 7+1,
based on the new state x(¢+/), yielding a moving or
receding horizon control strategy [19]. Comparing
model predictive control on-line optimization
problem (Eq.18) and multi-parametric programming
problem (Eq.1) shows that the Eq.18 can be solved
explicitly with substituting plant state vector x(?) as
the parameter vector @(r) in multi-parametric

quadratic programming problem. Moreover, the
Eq.18 can be simply transformed to standard form of
mp-QP  (Eq.3), exploiting the
z=U+H'F'x,. All remaining steps for obtaining

transformation

optimal control input u (¢)=u, (x,), are straight

forward as shown in Fig.4.

~

Optimal Look-Up Table

(
Off-line

Controller
Computation

Region
Identification

On-line
A\

Fig.4: The complete structure of the EMPC.

In Fig.4 the structure of implementing the presented
method (EMPC) is shown. This structure has two
main parts, on-line and off-line. The off-line part has
two databases, the first one contains control regions
information, and the second one contains the
corresponding PWA functions. The on-line part, i.e.
region identifier, is used for recognizing the active
critical region for current measured state at each
sampling time. Note that this part is the most
important part when one takes care of computational
complexity in the practice.

4- Simulation Results

In this section two illustrative examples are studied
to describe the approach through the paper. At first
using a simple artificial example the whole presented
method is exerted. Then, a practical servo system is
considered to describe the way of extending the
standard problem to the tracking problem using the
presented EMPC method.

4.1- Simple illustrative example

Consider a simple second order discrete time system
with T's = 0.1 second:

x (,+1>=L1) ﬂx(’)*&s}” " 20)
0]y o

The constraints are |u G )| <1 and | v (t )| <5.

The corresponding optimization problem of the form
Eq.16 for regulating to the origin is given as follows:

14
: T T 2
mUm X s Px sy +Z(xt+k\txt+k|t +”t+k\t)
k=0

—ISuH_klt Sl, k :0,...,14
~5< Y, <5 k=115

subj .to

Xee =Xt
@n
Where U ={u,,u,,;,...u, 14} » N=15 and P solves

the Lyapunov equation with Q=diag(1,1), R=1 and
N=M=15. The corresponding mp-QP problem of the
form Eq.3 associated to the MPC problem can be
simply calculated by using the given closed form
formulas (see Appendix) and then the transformation
z=U+H'F"x,. The solution of mp-QP problem can
be computed by Algorithm presented in Fig.1, and
the corresponding 35 polyhedral partitions of the
state-space are depicted in Fig. 5(a). The closed loop
response for a worst case initial condition x,=/3 -3]"
is shown in Fig.5(b). Also the resulting PWA control
function and corresponding PWQ optimal cost
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function are depicted in Fig.6. To illustrate the
EMPC operates in practice, consider the starting
point x,=/3 -3]7. This point is substituted into the
constraints defining the CRs and it satisfies only the
constraint of CR” that indicated in Fig.5 (a). The
control action corresponding to CR” is u”’ = I,
which does not require any further calculation and it
is same as the one obtained from the on-line MPC
but without any optimization time.

Controller partition with 4% regions.

[x,
<0316 -0.948 ||
x

<0.113-0.994]
10243 0970

00
1 o [V2 . ==
4 P CR™ | =]
b LR b P L i X ) "y
1
(5.a)
3
¥q
2 —— vy,
1 il
] _
F - S~
8 o
=] e
© d
1 #
a
R ~
2 e
7
= 10 15 20 25 20
1 Input Signal |-+
05 .
06
304
=
oz
o e
02
o 5 25 30

Sampling Instances [T, = 0.1 se<]
(5.b)
Fig.5. (a) polyhedral partitions, of the state-space,
(b) Closed loop response of the EMPC, x, = /3 -3]".

Fig.6. PWA control input and corresponding PWQ
cost function.

4.2- Application of EMPC for Servo System

Here we have applied the studied EMPC method to
an extensively used system as a direct-current motor
in which the sampling frequency is almost high (i.e.
0.06 second) and the traditional MPC may face to

trouble in the on-line optimization when the
constraints are involved. The input of the system is
the voltage applied to the motor (V) and the output is
the shaft angle (6). It is obvious that the process has
an integral effect, given that the position grows
indefinitely whilst it is fed by a certain voltage. In
order to obtain a model which describes the behavior
of the motor, the inertia load (proportional to the
angular acceleration) and the dynamic friction load
(proportional to angular speed) are taken into
account. Their sum is equal to the torque developed
by the motor, which depends on the voltage applied
to it. It is a first-order system with regards to speed
but a second-order one if the angle is considered as
the output of the process:

d*0 . do
J—+b—=T 22
PRl (22)
Where Tm, J and b are the motor's torque, total

inertial and  friction (damping) coefficient,
respectively ~ which are depend on the
electromagnetic/mechanical characteristics of the
motor. The inertia divided by the friction coefficient
is referred to as the motor's time constant, 7=//b. So

the model of the system becomes:
0(1)+6(c)=Ku(r) 23)
Where K=o/b, and « is a constant gain which relates
the input voltage (u) to the torque (7).

The EMPC controller is going to be implemented on
a real motor with a feed voltage of 24 V" and nominal
current of /.3 Amp, subject to a constant load. The
Reaction Curve Method (RCM) is used to obtain
experimentally the parameters of the motor, applying
a step in the feed voltage and measuring the
evolution of the angular speed (which is a first-order
system). The obtained five parameters (J, b, o, K and
7) based on Reaction Curve Method (RCM) are
given in table 1.

Table 1: Motor numerical parameters

K
J b o [ T
[kgm2] | [Nm.sec] | [Nm/volt] | (sec.volt)- | [sec]
1]
50e-6 | 5.56e-5 1.39¢-4 2.5 0.9

Choosing x, =6, x, = 6, and taking the sampling
time of 7,=0.06 second one gets the discrete time
state space model of the servo:
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1 0.1451 0.00489
x(t+l):{ }x(t)+{ :|u(t)
0 0.9355 0.06449
()=t 0]x ().
24
The practical constraints which are needed to be

satisfied during the operation are as follows:

|6(1)|<20deg, |9(t)|$10%, e ()| < 2volt
(25)

Here we need some modification to achieve output
reference tracking. To this aim the state space model
should be augmented.

Since the input which is necessary to keep the state
at the reference point is not generally known,
therefore, the dynamics are reformulated as a so-
called ou formulation which guaranties achieving to

the mentioned goal:

x(e+1) ][4 B o] x(r) ] [B
u(t) |=[0 1 Ofju(r=1) |+ |6u(r)
Vi (1) [0 0 T ][y, (2)] |O

x (1)
y(t)=[1 0 0 O]ju(r-1)|.
Y ref (t )

(26)
The above augmented system is similar to adding an
integrator in control loop to remove tracking error.
Now if a regulator be designed for the augmented
system, then the tracking will be attained for original
Servo system.
Let (4,.B,.C,.D,) and X be the augmented

u>
matrices and state vector respectively. Equivalently,
the corresponding optimization problem of the form
Eq.16 for tracking problem is given as follows:

T
(yt+k|t —r(l)) 0, (ka\t —r(f))
u T
k=0 +&Jt+k\tR5”t+k\t
subj to —20deg <x(f +k ) <20deg
—10deg/ sec <ux, (¢ +k ) <10deg/ sec
—2<u(t+k)=x3(t+k)<2, k=012
)?t|t =X,
@7
Where U ={0u,,ou, ,0u, »,}, 1=y.; Qy=500,

R=0.05 and N=3. Like the regulation problem, one
can transform the tracking problem into:

. Lo +
J"(x,)=min{ 2

|:xT (¢) u" (1-1) #" (I)JFU
x (1)

51.GU <W +E |u(1-1)

r(t)
(28)
The same algorithm can be used to obtain an explicit
PWA solution 6u (1) =F (x (1).u(r=1),r( )) )
The closed loop response of the explicit controller
for varying reference signal and the input control

effort are depicted in Fig.7 and Fig.8 for initial
condition xp=/-12 5]".

Fig.8. the corresponding input signal (explicit
controller).

The solution of mp-QP problem was computed by
Algorithm presented in Fig.1, and the corresponding
polyhedral partitions of the state-space are 4-
dimensional. In Figs.9 and 10 cutting the polyhedral
partitions of augmented system on x;=x,=0 and x,=0
are shown.

To illustrate how the EMPC operates in practice,
consider the starting point x, =/-0.2 -0.15]" where
the reference signal is r(#)=0.2 rad. This point is
substituted into the constraints defining the critical
regions (CRs) depicted in the Figs.9 and 10 and it
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satisfies only the constraints of CR*. The
polyhedron which describes the CR* is:
[ o 1 0 0 ] [-0.0858]]
099 -0.14 0 0 0.3551
0 -1 0 0 x (1) 0.1745
0 0 1 0 (lu(r-1)[<| 2 |29
0 0 -1 0 r(1) 2
0 0 0 1 0.3491
| 0.62 048 0 -0.62] | -0.095 |
The control action corresponding to CR* is:
&140(1‘):[0 0 -1 0]f+2
=-u(r-1)+2

The control signal will be u () =u (t =1)+u™(t),

(30

or u(t)==2 which does not require any further

calculation. The corresponding region (CR*) is
shown in Figs.9 and 10.

In order to comparison between explicit MPC and
traditional online MPC the same scenario has been
MPC. The error signals

and e y =Yeupc ~Y upc A€

used for online

€, =Ugypc ~Uypc
shown in Fig.11.
According to the Fig.11, the results of two EMPC
and MPC controller are almost the same. The main
difference between these two methods is the
computation burden that should be compared. To this
aim, the total time which is needed for performing
the given scenario (Fig.5) is computed for both
methods in the MATLAB ver.7 platform using a
Pentium IV processor. The total time when the
EMPC is used is about 0.546 second, while the
online MPC takes 5.047 second for its optimization.
This comparison shows that the explicit method is
almost 10 times faster than the online MPC. The
important note is that when the problem becomes
more complicated and faster (in sense of its
dynamic) but no high dimensional, the computation
time in EMPC remains almost fixed because of the
fact that it needs only a simple affine function
evaluation. But the online MPC will be more time
consuming and even prohibitive. When the problem
is high dimensional the EMPC won't be effective as
much as the online MPC is now. This is because in
the case of high dimensional problems the number of
partitions might increase prohibitively. So as a future
work and an active research direction this problem
can be dealt with.

Contir petiton wilh 51 feghons s AD ool Bvaigh =%, 0. (wching)

) 21 o

3 [E]
Fomen

Fig.9. the 2D polyhedral partitions of the augmented
system cut through x3=x4=0.

(R

a e
af g [ ] e —
Tndi] " =T
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Fig.10. the 3D polyhedral partitions of the
augmented system cut through x4=0.
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Fig.11. the error signals between EMPC and MPC

5- Conclusion

The explicit solution of the linear MPC as an
optimization problem with a quadratic objective and
linear constraints were studied. Based on the recent
development in [1], it was shown that exploiting
multi-parametric programming a complete map of
the optimal control as a function of the states can be
achieved. Also it was shown that this solution is
piecewise affine feedback control law and the closed
loop on-line operation of this structure is nothing but
a simple PWA function evaluation. In order to
complexity reduction of the design procedure a
computationally simple closed form of matrices Y, H,
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F, G, W and E were well established in this paper.
This modification would reduce the computational
complexity significantly. This nice characteristic
allows the MPC to be able to apply for systems with
high sampling rate (with no huge dimension till
now), in the range of micro second, as claimed in
some other literatures as well (see for example [30]).
A complete unified structure was presented in this
paper and the presented algorithm was verified with
a simple illustrative example, in which all steps of
EMPC and corresponding mp-QP problem were
studied and then using a well known practical servo
system the standard EMPC method was developed to
deal with tracking problems.

Appendix

o k-1
Substitution of x ., =Akx,+z/:0A"Bu,+k_1-j

into the Eq.14 and after a plenty of algebraic
manipulation one would obtain the matrices (¥, H, F,
G, W and E) as follows:

T =T
(1): ¥ =2(a" ) pa" 423 (4" 04"
k=0

(1)
(2): H =2(R+B" iB),
where
R =diag {R,R....R}
N times
(AN—I—i )T AN
for(i =N —l)or (j =N —1)
ﬁij = (AN—I—i)T pAN-I-T 4
N-2 o )
> (T 0rt o
k:max(i,‘/')
and
(3): F=2[f(B /1B ./xB] (32)
where:
(AN)TP, for:i=N -1
Sfi= N1
(0 ra¥ e 5 (1) 00 o
k =i+l
[sxs OZan
(4):G: _sts > (5) E= _]"’X” ’ (33)
02n><s I"X"
Umax
U
6): W = ax 34
(6) X (34)
X

where:

s x1 U min s x1

Using these close forms will decrease the complexity
of the design procedure and make it straightforward
by removing several many intermediate high
dimensional parametric matrix operations, e.g.
multiplication, summation and reordering.

References

[1] Bemporad, A., Morari, M., Dua, V.,
Pistikopoulos, E., "The explicit linear quadratic
regulator for constrained systems", Automatica, 38
(1), 3-20, 2002.

[2] M.V. Kothare, P.J. Campo, M. Morari, and C.N.
Nett. "A unified framework for the study of anti-
windup designs", Automatica, 30(12), 1994.

[3] J.M. Gomes da Silva Jr., S. Tarbouriech, “Anti-
windup design with guaranteed regions of stability
for discrete-time linear systems”, Systems & Control
Letters, Volume 55, Issue 3, March 2006.

[4] Seong-Sik Yoon, Jong-Koo Park, Tae-Woong
Yoon , “Dynamic anti-windup scheme for feedback
linearizable nonlinear control systems with saturating
inputs” Automatica, 44(12), pp: 3176-3180, 2008.

[5] Tingshu Hu, Andrew R. Teel, Luca Zaccarian,
“Anti-windup synthesis for linear control systems
with input saturation: Achieving regional, nonlinear
performance” Automatica, 44(2), pp: 512-519, 2008.
[6] Qin, S. and Badgwell, T. “A survey of industrial
model predictive control technology”, Control
Engineering Practice, pp 733-764, 2003.

[7] E. B. Lee and L. Markus. Foundations of Optimal
Control Theory. Wiley.New York 1967.

[8] Ali Jadbabaie. Receding Horizon Control of
Nonlinear Systems: A Control Lyapunov Function
Approach, PhD thesis. California Institute of
Technology. Pasadena. Oct. 13, 2000.

[9] Richalet, J., Rault, A., Testud, J. L., Papon, J.
"Model predictive heuristic control-application to
industrial processes", Automatica, 14,413-328, 1978.
[10] CUTLER, C. R., and RAMAKER, B. L.
"Dynamic control
algorithm", Proceedings of the Joint Automatic
Control Conference, 1980, USA.

[11] CLARKE, D. W., MOHTADI, C., and TUFFS,
P. S. “Generalized predictive control—Part 1. The
basic algorithm”, Automatica, 23, pp.137-148, 1987.
[12] Manfred Morari, Miroslav Bari¢, “Recent
developments in the control of constrained hybrid

matrix control-a computer

Journal of Control, Vol. 3, No. 1, Spring 2009

WM Sl ) oplad oF o J 287 aloes



22 Utilizing Multi-Parametric Programming for Optimal Control of Linear Constrained Systems
Farhad Bayat, Ali A. Jalali, Mohamad R. Jahed Motlagh

systems”, Computers & Chemical Engineering,
Volume 30(10-12), pp: 1619-1631, 2006.

[13] Mario Vasak. Time optimal control of piecewise
affine systems, PhD thesis. University of Zagreb,
13th July, 2007.

[14] D. Q. Mayne, J. B. Rawlings, C. V. Rao, and P.
O. M. Scokaert. “Constrained Model Predictive
Control: Stability and Optimality”, Automatica,
36(6), pp:789-814, 2000.

[15] A. Bemporad, F. Borrelli and M. Morari, “The
explicit solution of constrained LP-based receding
horizon control”, in Proceedings of the 39th IEEE
Conference on Decision and Control, Sydney,
Australia, pp: 632-637, 2000.

[16] P. Tondel, T.A. Johansen, A. Bemporad, “An
multiparametric quadratic
programming and explicit MPC solutions”,
Automatica 39, pp: 489-497, 2003.

[17] ZADEH, L., and WHALEN, L., "On Optimal
Control and Linear Programming", IEEE Transaction
on Automatic Control, Vol. 7, pp. 45-46, 1962.

[18] F. Borrelli, M. Baotic, A. Bemporad, M. Morari,
“Efficient On-Line Computation of Constrained
Optimal Control”, Proceedings of the 40th IEEE
Conference on Decision and Control Orlando,
Florida USA, December 2001.

[19] A. Bemporad, F. Borrelli, and M. Morari,
“Model Predictive Control Based on Linear
Programming—The  Explicit Solution”, IEEE
Transactions on automatic control, 47(12), 2002.

[20] M. Baric, C. Jones, M. Morari, “Parametric
Analysis of Controllers for Constrained Linear
Systems”, Proceedings of the 45th IEEE Conference
on Decision & Control, USA, pp: 13-15, 2006.

[21] F. Borrelli A. Bemporad, M. Morari,
“Geometric Algorithm for Multi-parametric Linear
Programming”, Journal of optimization theory and
applications, 118(3), pp: 515-540, 2003.

[22] Gass, S., and Saaty, T., The Computational
Algorithm for the Parametric Objective Function,
Naval Research Logistics Quarterly, Vol. 2, pp. 39—
45, 1955.

[23] GAL, T., and GREENBERG, H., Advances in
Sensitivity Analysis and Parametric Programming,
International Series in Operations Research and
Management Science, Kluwer Academic Publishers,
Dordrecht, Netherlands, Vol. 6, 1997.

[24] GAL, T., and NEDOMA, J., Multi-parametric
Linear Programming, Management Science, Vol. 18,
pp. 406442, 1972.

[25] GAL, T., Postoptimal Analyses, Parametric
Programming, and Related Topics, 2nd Edition, de
Gruyter, Berlin, Germany, 1995.

algorithm for

[26] A.V. Fiacco, Introduction to sensitivity and
stability analysis in nonlinear programming.
Academic Press, London, U.K., 1983

[27] E. Pistikopoulos, M. C. Georgiadis, and V. Dua,
multi-parametric programming, Vol. 1, WILEY-
VCH Verlag GmbH & Constraints. KGaA,
Weinheim, 2007.

[28] Chmielewski, D., Manousiouthakis, V. "On
constrained infinite-time linear quadratic optimal
control", Systems and Control Letters, 29, 121-129,
1996.

[29] Scokaert, P., Rawlings, J. B. "Constrained
linear quadratic regulation". IEEE Transactions on
Automatic Control, 43, 1163-1169, 1998.

[30] P. Dua, K. Kouramas, V. Dua, E.N.
Pistikopoulos, “MPC on a chip—Recent advances on
the application of multi-parametric model-based
control”, Computers and Chemical Engineering 32,
754-765, 2008.

Journal of Control, Vol. 3, No. 1, Spring 2009

WM Sl ) oslad oF o J 287 aloes



M = -

Journal of Control

A Publication of Iranian Society of Instrumentation and Control Engineers, Vol. 3, No. 1, Spring 2009.

Publisher: Iranian Society of Instrumentation and Control Engineers
Managing Director: Prof. Iraj Goodarznia

Editor-in-Chief: Prof. Ali Khaki-Sedigh

Tel: 84062317

Email: sedigh@kntu.ac.ir

Assistant Editor: Dr. Hamid Khaloozadeh, Dr. Alireza Fatehi
Executive Director: Dr. Hamid Khaloozadeh

Editorial Board:

Prof. A. Khaki-Sedigh, Dr. H. Khaloozadeh (Associate Prof.), Prof. I. Goodarznia, Prof. P. Jabedar-Maralani,
Prof. A. Ghafari, Dr. H. Hassibi (Assistant Prof.), Dr. M.R. Jahed-Motlagh (Associate Prof.), Dr. K. Badie,
Dr. Karim Safavi (Associate Prof.), Prof. R. Asgharian,Dr. H.R. Momeni (Associate Prof.), Prof. A. Vahidian-
Kamyad, Prof. S. Khanmohammadi, Prof. S.K. Nikravesh, Prof. M. Shafice, Dr. A. Fatehi (Assistant Prot.),
Dr. B. Labibi (Assistant Prof.), Prof. B. Moshiri, Prof. S. Katebi, Dr. A. Maghsoudi-Pour, K. Falamaki
(M.Sc.), M. Baradaran-Mozafari (M.Sc.), Gh. A. Ramazani (M.Sc.).

Adyvisory Board:

Dr. HR. Momeni, Dr. N. Abedi, Prof. A. Ghaffari, Dr. A. A. Gharchveisi, Dr. M. Tavakoli-Bina, Dr. H.R.
Taghirad, Dr. M. Bathaei, Dr. M.T. Hamidi-Beheshti, Prof. B. Moshiri, Prof. M. Shafice, Prof. R. Asgharian,
Prof. A. Khaki-Sedigh, Dr. B. Moaveni, Dr. R. Kazemi, Dr. S.A. Mousavian, Dr. A.H. Markazi-Davaei, Prof.
M. Haeri, Dr. A.R. Khalili-Tehrani, Prof. H. Seifi, Dr. A. Kazemi, Dr. H. Khaloozadeh, Dr. M. Aliari-
Shourchdeli, Dr. A. Fatehi, Dr. M.R. Akbarzadeh-Toutounchi, Dr. Mirabedini, Dr . H. Pedram, Dr.A.
Harounabadi, Prof. A. Vahidian-Kamyad, Dr. M. Arvan, Dr. J. Heirani-Nobari, Dr. B. Labibi,Prof. F. Hossein
-Babaei, Dr. K. Aghaei.

The ISICE Board of Director:
A. Sheri-Moghadam, Dr. K. Masroori, Dr. H.R. Momeni, Prof. B. Moshiri, Dr. F. Jatar-Kazemi, Dr. H.
Khaloozadeh, A. Rastegari.

Address: Unit 241, 2nd floor, No.27, Mousavi Ave. Ferdowsi Sq. Enghelab St. Tehran, Iran.
P.O. Box: 15815-3595 Tel: (+9821) 88813002 Fax: (+9821) 88324979
http://www.isice.ir



\Y

vy

4

Y

ML )=

A Publication of Iranian Society of Instrument and Control Engineers
Vol. 3, No. 1, Spring 2009

Persian Part

Jlm s J 5 sl gy Sl ealiul b Jous Bluo 33 dug Sl 0195 9 o8 (S5Ol g
S o Fbdkezen 5y ol p (WS ibpad

El;ﬁhlggthfﬁx ol sl 9935;’.1'34}') ‘sjjlb&ﬁb}l 551":}}"193 gs'ﬁ%&}ﬁ ‘?l}b
Al gy ison y
S5 Sl o SL3 Je

PIQMQ&PQ}‘“ﬁ)@FTW&RB‘&@Jﬂ)é“ “'Qh}&gl{
A el Ob el oy o (2B e

Sl oo Dby Sy 0315 o 53 (OWA) 5139 L3 50 S 8 Sl (219 (& 5 IS
ol U (g ke 5 Il Lo ke

J 8 3 ookl b OT Silulnl 9 Jobd aladi <O b of yodd s (YU Ay T Lo gd T e G 431 4
b Sl Kb s

English Part

A Combined DC-Filter and Optimized Modulation to Absorb DC-Link Oscillations
of Cascaded H-Bridge Converters
Mohammad Tavakoli Bina, Bahman Eskandari

Utilizing Multi-Parametric Programming for Optimal Control of Linear Constrained
Systems
Farhad Bayat, Ali A. Jalali, Mohammad R. Jahed Motlagh

www.isice.ir

|

12



