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Hybrid Systems Modeling and Simulation — Part I:
Modeling and Simulation Methodology
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— Abstract

A hybrid system is defined as a mixture of continuous syétems and discrete event
systems. This paper first proposes a framework for hybrid systems modeling, called
Hybrid Discrete Event System Specification (HDEVS) formalism. It then presents a
method for simulators interoperation in which a continuous system simulator and a
discrete event simulator are executed together in a cooperative manner, The formalism
can specify a hybrid system in a way that a continuos system and a discrete event
system are separately modeled by their own specification formalisms with a support of
well-defined interface. We call such interface an A/E converter for analog-to- event
conversion and an E/A converter for event-to-analog conversion. Simulators
interoperation is based on the concept of pre-simulation in which simulation time for a
continuous simulator is advanced in accordance with a discrete event simulator.

Key Words: Hybrid System, Simulators Interoperation, HDEVS Formalism, A/E and E/A Converter

AelA =3 ZFAdE A 2RMEE 9 HES 1ad 2 5 FHrand.

£
o FTARNE
®xkk O



s=AgelolMEts] =EA HM103 H3Z, 2001. 9

1. MB

Alzd 2dy 2 AEHoH WYL i
Azge] F5 2 A EFHo o detxof
gtk 48 B9, 94453 AWESE A e
Alzde] dsixEe vEEARY F& A8 &
AT FEHLS ulgoerw F HFFHQ] BAS
834 Hu, ojabARl Al WFE A E Al
2dd g e FIYH LEUE 5§ ALE
g FAAA ZEH 7I9rg Alx"e JAF
A BFo FAel Uk Wi, F 1A o]Ate]
Al2do] EAE - d& EW, d&A 2 o
AL A" - Fe]BEE Al2de] dl§A]
T 449 Aado] A E 84F FASHA
AA AN2"dE RdYsa AEHoH & £
A Wel dgsit

Ao} Alzd Rofo A dolHg = Axd
o] FEAS 43 Rd=2 BHSL, olAew
Y A2 BENE BAd=dY $4HL F
o. [l E dese]2e 7]ug gojng=
Al2"E Yeste 248 Adsiz, 7HAof
4, 7tHESAT F48 dAde 3§ 249
o] FolHtt. ey, Aol AlxE JHGdAg
olHE = Axd] BAL 343 Wy o
3L, AlEEH ol Edoly A gaAE
#Ho] QAT W, AEFHolA EoloME
ojAF A AlzElF A& A2"lE del A
2oz T NEZE Zd2 nlgEEs &
T8 PAES ugoz AFFHo)H B4 o
E= UHES AGsAtH2]l £ P4 &9
HgS F AEHA WYPEL oy siwd
293 7]&9 AgHoH ETE ALY &
N1, N2 2d3 A2 EFES AHE3Y
ofF 3t Algte] Qlith. FUS AFo= [3]9
A= Timed Automata 229 43l
Hybrid Automata ¥4 E& Hlgo g 3}o]H g
= AN&gE ndysn By, £33
P2 Eo] M E o]HT ARYL FHA B
= ‘

2 dFdME o33 EAHL sdsy)

Target Hybrid Systems

| Biodsfing with Hybrid Spstoms Specification ]

Hybrid DEVS Models

Combited Simulation Framework |———4

Hybrid DEVS Models ﬂ — Simulation Engines

Hybsid 11* Hybrid Coordinator
Simulation Engines Models

. . Continuous Discrete . .
ﬁConllnnons Simulators Models ] Event Models }' 'iDlscrelc Simulalors
T / T
— R

5

<Z1¥ 1> Hybrid Systems Modeling
and Simulation Framework

At <2E 1> YEhd stelBEE Al
2493 Aggold WS At B =F
A TdFE FolHIYs A2 AKAA
3 o] AL Ax"o] EAE Ao

o

oJAALA Alad" RdS AALEEHI o
Al Edold st AlBHolHE d%AA AA 3
oJHIE AAYE AlgdHolA goed U
71& BRYS AALSE 2493y EZ Hybrd
Discrete Event Systems Specification(HDEVS)
7b AAEHNL, o] RHES A%37) Y8ty
AL Aol ¥ A/E(Analog-to
-Event) ¥W#719} E/A(Event-to-Analog) #3
717} nHEAY. AlEgolHE AFsy) 93
W 0 2 pre-simulation 7id o] =9t

_ =&Y FAL ode Zrh 2 E
Al=go]l AubARQl AHelol stojHIE Alxd
< A%, F8 HYE AAFY 3FdAME
Feld dlolBgr AxgE 2dd) = Y4y
& AU 4Fo = Al Fo] g E o)
o AN2dg dF AEHNA 37 A% )
A3}, AR Y22 7]utg Al BdolE ] &
1EFE AYsd 5FqAE BEEFFH dAS
FHA Actsts WHEL HE A5 Felga,
uRlgto 2 63 ME AELE 931 33 A
£ AA S,



slolHRl= AlaR 2E2 U Algdold - MR 29 I AlBzo|M wWyE 3

2. sl0|22(= AlaH
21 MAa”el 2R/

iAo S Al2de Aguisie
do] HE A sty Axnz opr|dHE
28 % A2d AHE 7|25t A ¥
E FAEY 487 &89 g4 g
%3 A 2¥(Dynamic Systems)e @A ¢
# fEo] ALY U] 3ty AAH A
T 54& BAY Alag Ui e 4o
=2 #AY f4Y &A% F5F ZRE 7
8 5 glen, o2 UAgd A2y FYL
A R E W dAg gye=
239 AN2"e A2de ofE oY, &
g, 282 HuHdse FF4 gayq <ay
2>[8]¢%+ Zo] 2HE & Uk

>
>
T,

TIME Space

Continuous Discrete

________________

© Continuous Systems
% Differentiat Eqn.

! & Samplod Data Systoms
| # Differencs Eqn.

i
1
| ¢ Anelog Circuits | +DsP
]
Continuoug! state

]
1
1 .

STATE ! tme

Space 11 & Discrota Evant Systems "2 Digital Systems
H & DEVS Fomalism 1 4 Finite State Machine
H ¢ Distibuted Systoma | o Digital Circuits
5 stato § ot 4

Discrete A nt
' st [
' SFTT M o
5 ! 1 sloirie

1 Bl==. [ = —L 17
: 169 time : AL time

<Y 2> System Taxonomy

A% ALY 2 N BT Eo|w, AH WEL
A%< 992 AYse MEYRHez By

B T8I0 2 d2E ojdra Rzt gl
tH<ad 2> #34a). '

ME OlofE AlA” : AIZE bt ol Helx, 4
B A7t 459 998 AFE, 32wy
Hog 2ddy & & glov, o]AHd ¥
Heg AEHJA & 4 gt 1 g2E o
AE Az A7 <Y 2> $549).

CIME ALE A b5t ojadbdelm, 4 W
= odbHQl 99E& A3 FSM(Finite

State Machine)2. 2 24d& & & Ut 2 9
2 AL 327t AH<aE 2> $F59).

Ol&h AR AlAE” @ AIZF W7 d&ola, AH
Hes old¥Y 998 AAsH, DEVS
(Discrete Event Systems Specification)® 4 &
o2 RAY & 4 QUvh 2 42 A A2
go] i<y 2> FZ 9.

Yzon solugs Azde F A
4e) Ade EAH g Axde AL
o2 E=gdAE 94 Y P2 9% A
g3 ol A Azdol EAH A AL
o solnels ANxde WY w,

22 0| 42|S Al2™e| HE e

-—_

doluel= N2g A7 Baye oy 2
flA WAY 5 el A e A7} 3l

QY Fofe Ao Heofolrt. [4]9lAE  'Free
Floating Robotic System’e]A 223X ¢ PE&

AL Alade] g4z Hy As ujg3e =
%": el $AYL o]k AHH Ala"Hle 842
39t [BlelA = Intelligent  Vehicle
Highway Systems’e]X Abgxte] sFe o4
Alagog Hu #AE @3sts Aorle o
AL At Aa"lez ugth Ao} RofoA =3

¥ stolBIE Al2"Y Jle FdHL A B
A Boko) &= [6]914E 'Manufactiring
Process Plan’s|A vlA| & Process & 9%
Alade] 242 Bu, AXNHUL AH. JFS
ojit Atzie] 84 B

3. o}OIHEIC Al A 7|E SAE:
HDEVS

3.1 HDEVS #alzZe| e
dlolBgle A|AdHE »

29 LH—,—-O}] —’"2“6}'\_ \._—1 }\]i
o4 AR AaW ATHES washe



4 si=Algaol M

of Mt <2¥ 3>} Zo] ERT F . <2
d 3@ % 48 HI ¥ olu A
4 249 d& 247 EAHA e HMEL
AL 7le FHES 7N @ Al2H9
FH g o At AE s A& YH
A FRFos FAHY od AHA 4}
A& gl oA Fu Holzt 24 & 3
o A 282 FHEss 498 R
2 9% 24 o)A Al 288 A E 5
At <2 >0 A HolE HI YL
7129 FHEE FASLA, ofit A Al2H
3 94 AN2dE 474 189 FHee 7|
&

o

€

7]

b

A

o L

Atole] d&Y mae 98
A QdEH o) AT s WY A
3 9,1:}. Qe o] 2 %ﬁ: u& & J)Eq
o} Ztze) E*—% 1gaﬂ°l’do}7l A% =7
QA AAHE & 4 dtes o] . Wit
A, B =RAE Qg sola HZ uhge] o
A solngs Az 2dy PAES A
g3} o

Discrete
OUTPUT

Discrete
INPUT

{2) Combined Formalisn
based Approach

Continuous

Continuous
INPUT OUTPUT

Discrete
OUTPUT

(b) Interfacebased
Approach

Continuous
OUTPUT

Continuous__ |
INPUT

<2¥ 3> Approaches for Hybrid Systems
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4 18EE Pseudo Code HHE

Hybrid Coordinator
3 ¢ -> currrent simulation time
5 IN -> next event time

Main loop
iftc=iN
send (*, tN) 1o its discrete child
else if tc < (N
send (pre, IN) to its continuous child
eise “error
End loop

When receive (done, IN) from its discrete child
tN=tN’

‘When receive (¢, (L) from its continuous child through A/E converter
tc= .
send (e, (L) to its discrete child
‘When receive (y, 1)
converting (y, ) using E/A converter and
send it to its discrete child

End Hybrid Coordinator

<:L_Pd 13> Hybrid Coordinator Algorithm

1 (e,{L)-messages

<39 14> State Diagram of CS
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e 7t tL o TRAATGE AR (etl)E A
Coordinator2 He3dxn 2%z e A=
ojak  &3Fol gQivt:E NULL ARE @&
(NULLtL)€ 49 Coordinatorol Al A&t}
<Y 15>9] Pseudo Code ¥EjE AM&d Aot}
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Continuous Simulator
; tL -> last event time
; IN -> nextevent time
W hen receive (pre, tN)
simulate between tL and tN
if an event ¢ is found at tL’
tL = tL°
send (e, tL’) to its parent
return
end if
end simulate
tL = tN
send (NULL, tL) to its parent

End Continuous Simulator

<.‘1ﬂ 15> Continuous Simulator Algorithm
5. 8l0|Ha|=E AlAY mdg of|A}

E AdE Agd solrags A2y mday
FAE2 ¢ A% ABHA AYE 9] Y= A
A Nzxdel FHgdAn gk 2dY gio]
E AA NAge viAdel ZEE ) Folrle
B¥ F3] Ax¥l(Target Tracking System)©]®],
o N2Wg s dol solnY= Aade
2 2dy g R

51 SE £5 A28 e

<Y 16> 49} Zo] BE 23 w
®£2 FH3E AY'T njatd e %a
A3 'ZEEY an WAL 33
o $43A 4P gy ‘¥Y’ =
Axgoz AR 4 o o) ﬂ&%J
32 Qg 8y $sted EEEH9 BE
Exﬂﬂﬂi.z@ﬂb'ﬂﬂxuiaa.gg'
€ F71E £ YUY BEFE F3 G mdE9
7NEAQ 8 82E 94y 2o o
ojAlY TAlY e SEWA AL nAlYY A &
P &% AR ig) Bgo wasis
AgY, 281 $4& 4422 ¥
B8 UAYY YANAHYRE Wwol Eo Eyee
2L Yoy EF 9K &% R
2 Folgel EAH 20

BEEY mAdY FYg E@z‘s}‘— wdz
modeldl A& wAtde] 45¢ fEI}Z,
mode2dl HE FAldY Flz gHue

fFEgY, wAReR Egd ZA9AR
mode32.2 FEHo] EXo) wWzA H2
Lid= 3

Z2Y2Y BFo2RE VALY HHEE WolA
vAld o] 9Xol WEZE mode AEFHHL
BUlA o

<:L§‘r_] 16> Example Target Trackmg
System

52 014 Al AlAE 2EE

A% NxgezyE MAYY AR B
E 99 AR g wopSold ALY mode &

BAE7) 94 AHEse dolda z¥o

2 REAS e 57}/«111:} <2y 17>90A4
Hole 49 AR E@«l ’b‘EH HEE A
stoludl= 24y YHEo2 ey o
s 24,

¢_mode!_mode?]

¢_mode2

¢_mode3

<2 ¥ 17> High-Level Decision
Model(HDM)

¢_mode2 mode3!

hit

HDM =< X yiie, Siser Yaiscs Oints Oents A, 12>
— Xae= {hit, e model _mode2, e_mode2 _mode3}



slol2al= AlAH DEE U Alge

lo|-4

- HI1R 2P Y AEsold YWHYE 11

= Sg.= {wait, model _mode2, mode2_ mode3}
- Yai.= {e_mode2, e_mode3}
Sext
Sex( wait, e, e__model _mode2)= model _ mode2
Beul wat, e ,e_ mode2 _ mode3)= mode2 _ mode3
Sex( Wait, e ,hit) =hit
- S .
8 {model _ modeZ)A= wait
Sim {mode2 __ mode3) = wait
- A
A(model __ mod'eZ) =e_ mode2
A(mode2 _moded) =e _mode3
- iz -~ :
. ‘ta(wait)= INFINITY
fa (mode] _ mode?) = SWITCHINDELAY -
ta(mode2 _ mode3) = SWITCHINDELAY -
ta (hit) = INFINITY

5501 - - E%at

Ul/\}?—-l° ?J‘Q"i x% W Taur v
B FYE& wopEQIth HAIYE A B
% &% WMEE AHESFZ AAY, A &
HatA . 4d9rE g B g gAY
5 A Hldste M AYeEs 59, o
A3 9o Bt UL wHon ¥
Aol 2AHH, E’rut TAFY AAES A
oty - EolB= AlAd mdzy . FAE
Atomic 94292 7]£3 Aot} :

MISSLE =< X ¢, Sconts Yeoms f. 8.

= Xew= {£:(1), £,(1))
= Sem= {s(t), s,(t), v (t), v (D)}
= Yaw= {500, vo(0, v.(0), v, ()
- f
L S = AX St )+ BX X D)+ C

Ynont( t) = S ml( t)

A=t dHoR WALe AXs 4E8
Wol B3N Yoz wAUe AW Acjse
FAE VAT 2AY JAULE A
Rom, Yoz FALE BWENFH A
AEEI} AA3 Qe A ‘37‘7} =RELS
z7] REE: y& $BoR AUYL el
y% P8R 45 191, 8% BNt
FHDE 4493 el e xF PPoz
WA sel, x3 BFo2 AR Ao P
Ageth whAGoE FARENAE ZE 9
Ash WAQe AA, SEE A2 s 4]
HE A7 (PD controllen)s] S8H FHatA
Atk thee BESUE CAMOE 716% A
o}, ~

CONTROLLER =<X ot Scuts Yeus, f, 2
7 Xew= {x,8), x,(0), x,(0), x, (1), m(t))
= Sem= () o
= Y= {y(1), v (D))
-z
Xs,(t)
0
x,,(t) +(

%y, (t)
X (m()~-2)x (m(H—1) .

(Ve = 70 (o) = 1 x () - 3) '

(y:‘(t))= (—k,; 0 -1 0)

Kz x )
vy, (1) 0 -k 0-1

kyzy+mg

(fm)x(mu) 2) x (m() —3)

5.4 Conversion Functions 2 &2l

AEA LN ZEHEe d5HA vAd
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o] $iXe} &£ HHE ofit Al Alzde A4
3 AA Rdz2 Addy] s A/E W
go3dn, 49247 doA £YHE 2 W
3 Al S meid4e FrtE wEsy] 9)siA
E/A ¥8o] 983t A/E M8J)E x5 X
100 &2 y& 1002 Ade 489S god B
= 194 2= 28 Hold:= AlHL wAst:
x5 FE 200 T2 y5 #FE 1000 Az o
2= 294 R= 308 HoldFE Alug wA
ot E/A §37]: 2E 2 AHAL wown 29
#& 7HAe A+ FFE Ao Eojee A
HHE J¥og wASn RE 3 AP S wo
4 39 &g AL A FFE Ao E9
2E NZHEE G 99 S YHEL
2 71esd 93 Zg

CF '—’(fAE, gm)

ng:
fae(w, (t))=e _model _ mode2

where

hy(w,(t))=0 and _dh_l((%&)_m

hy(x, y) = (x —100) x (y ~ 100)
fae(ws(t)) =€ _mode2 _mode3

where

ha(w2(t))=0 and ﬂi:#(o

hy(x, y)=(x —200) x (y — 1000)

8EA:
geale _mode2) =2xu(t —e _ mode2.time)
geale _mode3) =3xu(t —e _ mode3.time)

6. A8

=EANAE 94 A" o]AAA A
2do] EAEo] & dolHIAE A2 V)
=3t 243y g2 &2 HDEVSE Agstd.
HDEVSE 3to|BelE Alagle] d& Alxgy
ojAAtA Al2®lE HA AlgdE mdy Wy

g JdE Agste 2E8 ¥ £ e 'S

AFET. B AN AGY 2dd PPe
AFN2WA AS HRYAA B9, oA

A2 #A$ DEVS 2d& A4 5 Y=
BT EF o5 Rdzhe wiAA WL o
s A/E #Wgr)et E/A MB7E As
oj#H¥ Fddy Wye 2dg A AEHoA
¥ AE dd"Ee ANEHHY dE5E §3d9
1€ B4 ZFolBHHE A AT F A A
A& AT,
_ SolEEE A2€e ojiad L A& A
&9 EdE Apold AEHolA NG dFS
AT A T8k el AUHAG. Agd
WS 578t FAGA oA AlA®Y A
3 Ao ol A& A2 A|gto] F gy
%% 3+ Pre-Simulation 1d& =984,
olg EUE 4 NEgHoly ¢ndFL ¢
st

Agdd 2dyY ¢ AlEFolH WYy A
4 dE EF F3 A2HE dolHIPE Alx
doz 2493 &yc mdldd dojugs A
298 mAdI ZEEY Eed £¥WA
A& A4 Alzdog nAde $X)d G
gy TEEYY AYS 99 2Y A2

e oAt A MAfoer B3 ZZtE =Y

3 s,

=89 2RoAE doluds Axde
NEHA 37 AT AF ABHH BAe
Ad 2 79 2837 7HY 45 Aol
o 4% hatd Teo
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