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Control of Nonlinear Production-Distribution Process with
Limited Decision Policy

Sanghwa Jeong * , Sangpyo Jeong **, Yonghun Oh **

ABSTRACT

In the practical control systems, the dynamic range of actuators is limited(or saturated) when actuators
are driven by sufficiently large signals. This gives rise to a nonlinearity as a result of actuator saturation.
For example, the upper limit is imposed on productive capability by available factory space and capital
equipment. Other examples of those kinds of actuator saturations are a maximum torque of the actuating
motors and a throttle position in an aircraft speed control. A saturating actuator may lead not only to a
large overshoot during start-up and shut-down, but also to deterioration of the performance due to the
uncertainties. That is, the speed of response is decreased and, possibly, the system output may not follow
the large reference inputs. The large-overshoot may be accompanied by reset wind-upf{or called by integra-
tor wind-up) which comes from controllers with integral action in saturation operation regions. Eventually,
as the overshoot increases, the system has a limit cycle or becomes oscillatorily unstable. Due to these cir-
cumstances, many studies are focused on the stability and robustness of the nonlinear systems with satu-
rating actuator in the time-domain as well as in the frequency-domain.

In this paper, the supervisor implementation which guarantees good performance for saturation operation
and prevents reset windup is presented. Moreover, the bounded-input bound-output (BIBO) stability for
saturated systems using supervisory control with a dynamic controller is provided in the time domain.
Numerical example is illustrated to depict the efficiency of supervisory control for a typical production-dis-
tribution system with the limited decision policy and to validate basic results by simulation.

Key Words : Supervisory control (¥ u}o] & Ao]), Dynamic controller(‘3 #|©17]), Actuator saturation
(%71 23}, Reset windup (B4l d91=¢)
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Nomenclatures

R Set of real numbers

R Set of nonnegative real numbers
{xER:x=0}

R Vector space of dimension # in R

R™" Matrix space with elements of # rows

and m columns in R
Re( -]
subscript ¢

Real-part of the complex eigenvalue ( - )
Continuous time

subscript d Discrete time

IESF Integrated Error with State Feedback
controller

PDR Purchasing rate Decision at
Retailer (units/week)

IAR Actual Inventory at Retailer
(units)

IDR Desired Inventory at Retailer
(units)

UORUOD  Unfilled Orders at Retailer and
Distributor (units)

RRR Requisitions(orders) Received at
Retailer (units/week)

RSR Requisitions(orders) Smoothed at
Retailer (units/week)

DRR Delay in smoothing Requisitions at
Retailer (week)

AIR Proportionality constant for Inventory
at Retailer (week)

DURDUD  Delay due to Unfilled orders at

Retailer and Distributor (week)
1. B

A Aol AarloA dwtd oz FEre BH WY
(dynamic range)& AgHE o} U7l WEA FF719 F
3] & A3t 9¥EdE g F5r1e xgdd. 75719
E3te Alzdg vdgelain, A2l Al A
Jag nAY, d& EH, AATHAN FHE AnF
b3t AEAY] Fo) 89108 Qiede AUEAE vt
A BFFgAAY AojdHs AE deH WHe
Z3dt, B3 FEREHAA HEFU B o]} AF
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g 5 glon, g27)dA AojdlEL THMoE B
o' EA% 7% o[y 7] &l & gt} o|zte] ¥}
H& F%7|+ Start-up® Shut-down Aj7ldl & 24
T E (overshoot) & of7|A1E et ofe, Al &
%7124, EHEY T, Aade EFHA (uncer-
tainty) 5ol 2% o AAF AFA}E 23t F
ANxdle SEEEe BaHD, 2"y £EE 278
Ao =34 RapA €t 757] I AT E 2
WHEE X3t 7599 N AEr|28E 47le g
A 1= (reset windup or integrator windup)<
Fukgiits? Ao QWFESL S/ whet Al
e A Ate]E(limit cycle) S ZAU EXSHA @
o ol d WA oR T d4AEo] ¥3tE AR
A7) AA dAAMEE 72 ez Fad A
(stability) ® 914 (robustness) & EFde 282
2 Fe N2AFE FYsATE. Glattfelderst
Schaufelberger®= =¥ alQlo] H]ME A3 A7
£ Axslo] wolel=g] 3] 2 (anti-reset windup cir-
cuit) & Adsdrt. £ Krikelis® & o9 3|29
AR7Eo Ju) AFTE AFsle A %HE7 (intelli-
gent integrator) & Rt #HZo] Walgama™&
2712 Fe 2 AMEEHT e B Wegiey B3
(anti-windup compensator) &< Uutstd =77
(generalized conditioning technique)& o] &3l 1}
bl £ Sl ol 2A/EL AF Air|E9 W
=] HAVIES ddgste dwtaed 228 AT
oz #3489t Campo™E AWBT(Anti-Windup
and Bumpless Transfer) 714 & #2488ty Fi4
dgol A ZNE dFHo] TA (limitation) 9 A (sub-
stitution) Fo] ¢]FoAA = A¥ A& A 25l A&
o] 7Hgg YukzQl AWBTY ¥4 3 F¥o|&(analysis
and synthesis theory)S WHAAT A 2d5¢
2L @yaAgieme Alzkg dol A dubARl Aoi7]-&
g red 22 A gy sedg o] 83 X3d o A
~elo) by gle] B AFE FYEAT. ol F Fe
A7z B7etn, ol thekdt Aloj7]d o3| Fols
€ X3tg A2l 3 JdE Wil A5E T4
718 At g Folct.

2 dde 231718 7 Aladld gt F
2 e BAstn e WA sl frHnlolA
(supervisor) Ao71Wg TYatct. =& FHA 7]
(dynamic controller)7t F28 3 u}o] A (supervi-
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sory) #|o]§ o] &3 ¥3td A== g BIBO ¢ #ulo| R ) Aoy FME ot fER™" & ZAHEGG
A& NG fEstATh AN ToAEE 2t v 27 Hbo] A Abole) o o] = g o]t}
AE AR A2gld Aldd dnEE A 85t A
oS FYIAT. F FF TH Aoir)e Aty I\
o F25} BHA A7) d3te] AolsE Alxme 9l satu
B AF AT Jeong™ el oJF HAAHoR £ .
FH AT 4
uy ; -
2. HYLO|X HM017|H ! 0 W u
R

u] 33 AiHReAllM FE717F 234 o, HE7] 9]
=l (windup) & 3543 WA A& AZg Aol
HE ARt ZEAQA AdE ZHES FEUA] gL
(unconstrained) Fd# Ze 73 ZYES Frulo|R}
(supemsor Wdste Aol 2E717F TalE Alxg]

Fig. 1. Actuator saturation function

< Aolete fHHlelA] Ve F2 AW opE ¥ a7 B4 Aol7)e tholuml Ak thea} Zo| VEhY
& Gl A9 S BEATE FE717F 23HE n A Al 2 9]

9 A 2EE o} o] vehd 4 Sl

) x,(t) = Fx,(t) + Gx(t) + Pr(1) )]
#(t) = Ax(¢) + Bsatu(t), x(0) = x, ) () = R, (6) - O56) )
Q71 x(1) ER" & ZRES] FedEloln, u(t) ER™ 7)1 M x,())ER = A A7 e Al E o
& 7710 et Aojlguelolct, aelz, sam(r) ER™ r(t)) ER" & 7129 olth. F,G,RQ & AY3 x}%
EHE gt E34E AogiH |t So gAZe|n, BAA 7 el ostd AR HG.
(A,B) 7} A|°17H5 (controllable) 83, Ast Be] #A7)& ZAEY #uuto)A] Alole] o HE e, (f) = x(t) - £(F)
7t Al "ol A A dolgtn Mgk 23 g eom o tho|uw AE tieF 2}
< o3 2ol HelEd (Fig. 1) ¢
satu(t) = [satu,(t) satu,(t) ---satu, ()] ¢(1) = (A + Bf)e,(t) + Blsaru(1) - u(®)) ®
o714 2} ( (4),(5),(6)& %34,
Mu Wi > M i(t) = fici(t) + U, (1) + Pr(2) 7
satu,(t) = Ju;(t) u; su, su,
Wy b <uy A71A
I=1, - mo Hgted, u; & u o HgA|n
u; = w9 Fi@A ). e nlo| A (supervisor) tf . F G 0
olubul A= th-o-3} o] 2 2= ¢t} A.=|{BR A-BQ -Bf |
0 0 A+Bf
x(t) = AX(r) + Bu(r) (2) 0 p
(r) = u(t) - fx(t) - %)) 3) 0. 0 p-lol.
o714, B{satu(t) - u(t)} 0

X(1)ER"E FHutolA HepHEolL, U(r) ER™ &
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2@ @ ¥(t) = [x,(t) () e,()]" ot}
Fig.29l #%717} 3t f3uto[A (supervisory)
Aol BEEMEE UBch AT Aad gd A,
o2y ¥ utelA (supervisor) g o|% &
A % Eg"oz Hdg 4 glen F.GR,
£ s oA g Pk ohd dAolA A, o B
bmatrix)ol that ZH-wjx]e] o AFAL, T
49] ZWE} o] AR 7t Aloj7]e] 2ls) AojHTh
A2 e e} o] Uehd 4 Uk

Qe o
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wn
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X(kT + T) = A,Z(kT) + U, (kT) + Pr(kT) 8)

o714
I+TF TG 0
A,=| BR ®-©Q -0Of],
0 0 @+6f
0
U, (kT) = 0 ,

Ofsatu(t) - u(t)} 0

TP
, P=|0

o=, © =J;7®(T -1)Bd,,
X(kT) = [x,(kT) X(KT) e, (kT)}

283 Te AE9 Azt(sampling time)olth, #e
P oz, froiule] A (supervisor) cliols 3 f/} 5
Yoz Addd 2-gdef ot 9 gellM A 9 B
289 (submatrix)d FEA Qe &) F.GRO = 4

et

Leabommawa—d

Fig. 2 Supervisory control with actuator saturation

3. ZatE AAHO oig #EY

3.1 7|3z
Ay e =& (norm)9 M EH45L E3€ A
2o gt A =S JEhied o] 8T oA
g 2 A9 71z Fe E vehiY o2
Definition 3.1 (Desoer9} Vidyasagar)"”
x=(x, nx)ER O I, A=(a;)ER™ o] &} 3§}
WSS el o) 31, Al max, {3 milay| }olt},

Theorem 3.1 (Jeong"?)

Y A eR™" o] Z3 7Hs (diagonalizable) st 1,
i=L-nd dgdtd 2RHA A E 7N Y9,
t20, a=0 99 |exp(Ar)]| s kexp(-ar) & BHE3}E
5 k=17t 3 E2ARY G71A i=1nd dE
of -a = max; Re[A;(A)] o).

3.2F2 Zn

Ze ko) A (supervisor) & 740 B4 Aol7lo] oia)
Aol TohE Al 2vlolA, ¥3tE ZHEE

x(t) = Ax(t) + B satu(t), x(0) = x,

o & Fo4xd. #&# g (regulator) 4
AP =0y datd  x,(6) =[x, () ¥ & &)
o oal 4 (7)& FEPH w2t Eelapd, X, () &

A:’.s(t) = Asxs (t) + Bses (t)’ xs(o) = X0 (9)

2 "o o7)4

x(t)ER", x, (1) ERI, x (H)ER™1
F G 0
A()= , B, =
[BR A- BQ] s [-Bf]

A7 delug £ () &
e,(1) = Aye (1) + B(satu(t) - u(1)), €,(0) =¢,y (10)

C 28 Fsin 971N

A, =[A+Bf], e, =x(t)-x(t), e, ER"

9o HozrE, ¥3hd Al2gd Bt BIBO &3
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Aol B¢ g9 S FE 4 Aok

Theorem 3.2 (¥3}¥ Alxde #3F BIBO ¢444)

B F,G,RO,f7} d& 21& %5352 MYy
H, +Hulol A (supervisor) & 7H F4 A oj7 o <3
Aol= e ¥ A 2" (7)& BIBO ¢33t}

(a) A, Ay, A, 7} kR s},

(6) a, > kBl f]

29 (A,B) & ¢33k (stabilizable) & 4 k= 74

o 2HE, (9)AM Y Aol7] FE  F,G,RQ & A
9] St S DEIEE 2449 4+ 2t Theorem 3.1
2 2y

lexp(At)| s k, exp(-a,), t20, k 21, @, 20 (11)

4 ky 9} 4, 7} ZA T}
—~o, = max; Re[A;(A,)], i=1--,n+q.

ole} e oz A(10)oA 2 7¥rlo] A (super
visor) o8 o] f & A & hdsn, thee Ry
S BEAT e 2R FE 48 $ T

"exp(Aet)“ skexp(-a,t) t=z0, k, 21, 0,20 (12)

d71q -, =max; Re[A;(4,)], i=1:.n

A(1)24H
lexp(A7)| s k, exp(-a,t), t20, k, =1, a, 20, (13)

oJ7]A] —a, = max, Re[A,;(A)], i=1---n.
4(1)9 e
X(1) = exp(A0)x; + | exp(A(t - T)B sam(v)dr.

2 %T;]' oc;h_‘ﬂoﬂ norm)e _r]-a]_—y i (norm)
l?“%‘/}‘} (13)20-. 01%0}04 I:]-%);]E %0 >~ 9;1‘:]‘

@l = k, exp(=a.,2) |xo| + &, exp(-ax, 1)
j: exp(d,v)|B|satu(t)dt 14)

lsatu(®)) s Upyx el 2,

4714
U

max = Max(max |iu,;

sl < .

j=1---m

A(14)9 [x@) e e 2o REqoz Yehd 4
ek,

Jx(2)| = &, exp(—aat)"xo || +

k
(xa ”B" ”Ijmax"(1 = exp(—aat))

a

A A& oA 2H L3 d
1

kol kbl 18t Padf=e 09

q714 ¢ A48 g (bounded value)elth,
||x0||+g—||Bl| |[Unexll & A#E (bounded) golmz
4 (15)2 28 kO] € ¢ 9 st A 2e
A A (92 §H, de o33 Zo] & $ Yt iy

x, (1) = exp(A,)x,, + J; exp(A,(t - T))B,e (T)dr.

FZo] =2 (norm)E sz,

(11)& o] &34,
"xs (t)|| <k, exp(—ast)”xsoll +k exp(—a 1)

Jy expsfBl 111 fesoes.

L& (norm) 54

i

dert #9,

el =
(e - £2)|

s ¢+ [, ()
o]7] wiFof, 14L&
e, (llexp(=01,1) = kx|
e [ COR
w8 1Al [ expC-a0fe, e a6)

2 ¥4, Bellman-Gronwall Lemma'¥E& 22314,
A(16)2 o3 Zo] Jehd & it}
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bik
I ] = b, + b, exp{(-a, + &, B] [/} (A7) a =—= Bl IR -2J
_ _bok, 181 IR -0
714 o, -a +k B f]
k(8] |71 ¢
v g I e el = a oE R golun, o >k Bl |fle=

2 el & t =0 wa} co oa) AARG. 4

ageg A1 2R By o, -k|B| |f] o9, (15), (A7), (20)e2xe, @ o, >k, |B] |f] )

[l 1= = of w2t by o e BAL. B, IO el & €10, qx FARLE 2
o2, A(10)9 d s oz
ex() = exp(Aleq + [, explA (=) | 4. H|ME M 2oilolel HE

B{satu(t) - u(t)}dt
4.1 3% motE M2

= 8% o =0c1dn igen, TR =E R R T RIC ERERE E P
(ol’l();]'rf;)“i ’\.jlj-l—-’-. 33 ‘r“o‘—](12)'é‘ ]%O}L I:}T:x‘ —] _% 37_6%’6‘}1 e -
= =T .
X ()= A X, B
"es (t)" < ke GXp(—(],et)J: exp(ae‘t)) Xr (t) r r(t) + ru(t) + Crr(t)
1Bl || satu(c) - u(o)| ¢t (18) 714
w3 X,(¢) =[LAR UOD UOR RSR]",
u(t) = PDR(t), r(t) = RRR(t),
lsat u(t) - ()] = Ju@®) < (R -QY |« [0 1/DUD -1/DUR 0
L _|0 -upuD 0 0
olmz, w4 (18)& thgat 2ol Al & & Ath. *“lo o -1/DUR 0
0 0 0 -1/DRR
le )] = k. exp(-a..){1BI [[R - Q| [0 0
1 0
ﬂ exp(a,t)|x, (v)|dx (19) B =1l G =l
0 1/DRR

217 E A(19)e ddshd

A2l w7l $=E2 DUR = 15, DRR = DUD = DIR
Je.@flexp-cu.ry <k JBI IR - QI |, exp(a,) e e it gl B oot
[b, + by exp{(~a, + k||B] | f[x}1dx PDRY #Hui¢e) &A= 130 units/week 22 7HE ¢
o} F=¥Ye F29 ARY(smoothing) I3 F4
o] ¢ky 49 Ud EAEe & A dFS FA
7] &, 23hd A2wle dFPE nde] KA

o}-g-o BEA 28] (subsystem) & 1188k}

A€ thAl 29 thg st ok

e )] = 11 - exp(-cx)] +
clexp{(-a, +k,|Bl |f])f} - exp(-a.0)] (20)
o3 7] A x,(t) = Ax(t) + B sawu(r),
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4714

x(¢) = [LAR UOD]", satu(t) = sat PDR(t),

o o]

3% 3oM yebd wheh o] FAQ Aof7]E F9 3

el IESF Alo]®(2dg 3)& ATHATE 3

g Alzdlol A&, Aof7]9 o] 54E F.GR.QE
&3 2o} FojRr},

P[00 o[ 0
_[k3 0]’ '[_k2k3 —k3]’
R=[0 1], Q=[0 k]

IRE APl tdstel A5 Fatm, A9 HEX
FHES 5=-0.75, -0.69, -0.65% -0.6°] wix|&H,
A7) o5&k, = 74543 10°, k, = 4.4634x107,
. = 5415, k, =4.38% Folt} IBE A%
A e otgetn o, = 0.6 o]t}

779 vo] A (supervisor) & ©] AlAElog 3503

O oz ol uu] A5 e the st o] FAHG.
6,(t) = Ave, (1) + 1, (1) |

71

e,(t) = [e(t) e;(O)]", &(r) = LAR(t) - LARs(r)
e, (t) = UOD(t) - UODs(t)
0 05 0
D S 0
fsi 05(f5, -1 sat PDR(t) - F(t)

Fig. 3 Supervisory control of nonlinear production-distribution
system controlled by IESF control law
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ol A} s= ¥ uto)A (supervisor) BEFHE U
BRlla, Fl)e Aolr] 298 Jehdd, 23 wix 7)1
olg3lnz A9 FHEL s49 o dae o
o & 4 9t} o] A, supervisor ol &

.= —0.3, —0.40 W3, A7 &3l o7
Sofs = -0.24, f5, = -0.47} Dk
Theorem 3.22 %€

-
=

a, =0.6>k]|B| |f|=11(04)=04

2Yez 99 A& Theorem 3.28 &8 Ho 4
Hutol A (supervisor) & F&§ o Tad AxA"L
BIBO SHg3it}. Fig. 3¢l o] oo} 82 Neg Jyehigl
t}.

dutH oz Fuig AA WA-EulA] ARG oAb
Al ZHAI A AR EL, dAle AlgEel S 8 B
AZE 132 MRS &, Fulee ol 2% 3t
7R A8)E FH -¥E U9 HEZ 2HEL 2

+ =0.472, 0.5, 0.522, 0.549°] ¥ & wf, o] 2k-A[Z}HA)

IESF Aloje] tf&3te Aof7] o] 552k, = 4.74 10*
ck, = 3.04, k; = 3.63510" , k,, = 3.969% Foix
t}. Fig. 4av &¥AS 8% RRRo] 1009014 120
units/week 2 20% 45 o, Fojzlg& 2+ PDRY}
FojA @S 7% %+ PDRE ¥lad Zolth Fig. 4be
IAR7} UOD9] ARS$HES Uehlz 9oy, FojA 3

& 2 Qe FAE, FtolAd Sfate] Aoin
HPMAGE 2 FAE, Fouol Azt gl HolT)
ARS 2 FAES 371 A9F vlmaddth a3v
oA HagH WSS PAATS AA%E SAE W
S 95T Ad AAeE, e pHenE, o

IESFA|o17} B89 o, frsjulo] 4 & Balsia] g 7
A 239 Al2"e] g AT Fig. 59l JeRlR
th Ady e L3l <13l [ARL ¥4 (unstable)
&1L, Alol7] 28 F& Fig. haolx Aoz vehd v
o} Zo] upgAskA ¥ 49=9 (windup)o] AT
t}. Fig. 49 Fig. 5% vlws] 2o, Hhrojads 2t
Y Ak Bl Alase fpuake] A Ao} 7| & o]
FFoaH, BT A2ulS AT, uia s
A % =Y (windup) g AAE  ASE L9

MRETE BT M
o
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: input (RRR)
: unsaturated POR

140
[,
1
L
f

(=)

- =:F
...... : PDRs
—— : saturgted POR

units/week

30 40 sa

: unsaturated plant
: supervisor
: saturgted plont

Fig. 4 Step response of saturated production-distrib-
ution system and unsaturated production-dis-
tribution system

g- —— : ingut {RRR) ”:-‘ )
T ieer
3
o {5 |
Qb ) , -
o 10 20 30 40 50
weeks

weeks

Fig. 5 Step responses of nominal saturated production-dis-
tribution system controlled by discrete-time [ESF
control law without supervisor

163

4.2 ol nE

H oA g Ze vjdE SR AgelA] A2
A9 DUD7L 2,552 H3ld o, (FHERENA
DUD=2%F) A" ZQ4< ndstd Ba AzAd
e FAd E#44 (maximum uncertainty)
ADUD=0.5F0|9, frHuto]Ad| ejate] Aojxe o
Alzdle] ADSFE Fig. 69 Vehioi

A gAY Ade ZHE BEdNY 387 3
(Fig. 5)7F Sl B3 Ajo}7] UESF)o] g3t Aojs=
Alzdd A, Mojdd PDRY A 9el=9 (reset
windup)& s7Hulo] A (supervisor) & 3o 2H A
A8 & iteE AL B E

Fig. 72 dolz ¥H= X (feed-forward loop)e
ARG o] HAEFE4Y ADUR=0.255 9 9,
#o A 2dle AgEE e A9, Fig. 8& 2~
9 34 (smoothing process)?] AZtAA Ao
E#4d4 ADRR=0.5F U o, A28 ATewE
el o},

Fig. 79 Fig. 894 vehdule}l o] DRR¥ DURY
AR A 347t 25%<] ERAAE 7 3 EA g b
o= XY= FE e} AR HY o] FHEC| I £
Aste & AAGF ol AY 4TS FA F5EL T

sitt.

tlo rE oft

&
e © lnpul (RRR)
- :F
et PORS
() §§ [ — :POR 1
g
o m » 3 W %
wanks
8 . .
2t
-
OF L2\
gk \\.
~N R
/
] . .
] 10 20 30 40 30

Fig. 6 Step responses of saturated production-distri-
bution system with perturbation 4DUD=0.5
week
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160
wor INPUT(RRR)
PDA
140 ~ = = PDRs
3 =omF
2 130
2
=120
3
110
100
20 - : ;
0 10 20 30 40 50
time(waeks)
400
350
300 — AR
2 — oD
c
=1
250 ‘/'—\
200
150
[} 10 20 30 40 50
time({weeks)

Fig. 7 Step responses of saturated production-distri-
bution system with perturbation ADUR=0.25
week

5. Z E

E dPdde 7717 E3se vAg A"
HE7] AL (windup)# A5l HFA3E AA
371 et HulelA A& AdA2H, o] AlxF]
of gk BIBO Aol #3 22248 st A
e duEEE AFEAY] st HuUftwA TS de
HAE Q3R Az oAbl A S FAse A
ol & FYaAct. AlBdold ATt BT 23
" Al2d (unstable saturated system)& ¥ u}o] A
A7 & ol fFozH AL F Uas BAF
2 glen, ZWES] BFAANY tEr]9 X2 A
Aoz e A= (windup) AT 3 vl A Ao
& ol ggozM AoE UL ¢+ drh
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Fig. 8 Step responses of saturated production-distri-
bution system with perturbation ADRR=0.5
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