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Abstract

In Functional Mockup Interface(FMI)-based co-simulation, a bisectional algorithm can be used to find the zero-
crossing point as a way to improve the accuracy of the simulation results. In this paper, the proposed master
algorithm(MA) analyzes the repeated interval graph and predicts the next interval by applying the Markov Chain to the
step size. In the simulation, we propose an algorithm to minimize the rollback by storing the step size that changes
according to the graph type as an array and applying it to the next prediction interval when the rollback occurs in the
simulation. Simulation results show that the proposed algorithm reduces the simulation time by more than 20% compared
to the existing algorithm.

2 o

FMIZ 7|8to2 3= co-simulation®] wh2=E d1g]&MA)NA AEH o) ZArte] AFEE Zol: WHOR zero
crossing XN EE Z7] $13 Bisectional algorithme AH8-& 4= vy a8} o] dag]HS %2 Rollbacks ©F7] st} o}
A B =o A e AlFSHE MATE Bisection algorithm &3l zero crossing ZRJIEE AZ3WAE W5+ 31 17
T2 BAFe] 1 hS Markov chaing AHg3ke] the }—g— o 53te] o]F step sizeol A-&gth AlEd oMol A
Rollbacke] A& LLH ZLEHJ FE AR W HE step sizeS WER A8, o2 ThS o= prke] X 83O A
Rollback< # 4:3}8h= ﬂ%—% Abee). Al ol A 737} &3 AljrskE Garelgel 71 darg]sel vlE Hd 20%
o]’e] AlEd ol 1Lol Zag= AL golstg).

Key words : Functional Mock-up Interface, co-simulation, zero crossing, rolllback, Markov chain

* Dept. of Computer Software, Hanyang University

#*% Dept. of Computer Science and Engineering, Koreatech University

* Corresponding author

E-malil : iwjoe@hanyang.ac.kr, Tel : +82-2-2220-1088

% Acknowledgment

This research was supported by Basic Science Research Program through the National Research Foundation of Korea
(NRF) funded by the Ministry of Education (NRF-2019R111A1A01058964)

Manuscript received Dec. 10, 2019; revised Dec. 27, 2019; accepted Dec. 30, 2019.

This is an Open—Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License
(http://creativecommons.org/licenses/by—nc/3.0) which permits unrestricted non-commercial use, distribution, and reproduction
in any medium, provided the original work is properly cited.

(1430)



316 j.inst.Korean.electr.electron.eng.Vol.23,No.4,1430 ~1439,December 2019

. ME

Cyber Physical System(CPS)+&= A4k,
2 FA s VA= SRS

Aol 715
7k A5 E Q1A
yojg Alzdolti1]. CPSe] Hul 542 A7}
7bseta, AEAds 7]-7<]11] g2 fo] 2 AT &
&S 7FsetAl sk 2
Aolth. CPS+= -89 4hs r&35HA s+ ok
o] 7l&4 FHE % A
Ees }\]/\Eﬂ /\U]-E j_g]E o
’\V\E“ 7] A 2F AutE Al A 2"S E e
of tpdt okl A A &= 9 rH2]-[5].
Co-simulation< ] sub-system= FAF =2
oz wdgsta AlEdoldsts 7lEs wikth
simulation A& 2H6], A8 Al ~"[7], &
o7 fFopell A A e FAolv 7 sub-
system< A& OB 24 ge dHS
g e =Y vtage H5e 9
Functional Mock-up Interface(FMI)
AlEH ol Bdlo A Sy o]0 W
2 AHste HT 7teAdE Eol#a gtk
AFA oz FMIE 5% Ed(dynamic model)?]
Co-simulation® Model-exchange® =+ A Y3}
= 594 xTolH, FMI&= Al E#olE 7 &7
sA4E 7 AEF sh7] A B+
programming interface)& g <2jslH, o|& F&3}
= 249 Functional Mock-up Unit(FMU)=Z A

o by gy M
g N Lo &
© o
U

F
N
fr o ro -

E
hunE

]

EE

r&
o

API(application

$2& ol CPS Axge] ARl A
AU B ] A T Ao e
Aol = A9t FF LT HAT F A
oA Be A%, CPS AEolAE d
oA g doly groE 54 778 2 do|

o]e:] 7)\—0; o]gﬂ q.é }\]/\Eﬂ
A Eg ol a7} A 7to] ulz}

¥ %#o AR e 2T zero
crossing©] WM& UERGA 2 Fo|t} AA AEE] 0

9] 2+& 2 HEx & 5} A3 zero crossing

IEZE 2] Y3thd Bisection algorithmd} 22
el 101 /\}ﬁo}oi Algg ol e 4 9t} of
gyl oWl mdo] AEH oA Ma F zero

crossing©] WA M zero crossing & <ldk 9=}

Lo

5 Qs wkeF 9 A7 & £ Ads A
717k b ek g d) Zo] o] d A¥jow
7F & simulation step sizeE AWlo® ZFo|il A
seloldste AS AlE vt 71 0ol 77k
RS Fe slolth

u}2}A | Bisection algorithm¥} Z-& zero crossing
detection &iLe]FS AF&ate] AlEeo]de] g

52 BY 5 9b v FA% 718 2

ik

o

-

N [o Mo

-

o
Er= gelo AlEY oo A zero crossingd 2
A& 79 bisection algorithm< AFg-3thd, Al &
go] e HE &Aool I AE ol AFt:
soluAl 2 Aolnh. shANE, Wk F7]H 0 2 zero
&3] oA me
step sizeE FA ?'EH’H Algdolds &

2] ¥ Rollbacks

p .
crossing= HHE3= 495 4

A A Rollbackol O‘OJME ] W
step sizeZ HEAlslal o] A Ao &
ol 489 Oiw roll backs
ol & E3f Al

%ﬂﬂﬁl%i%%

rlr m-lg rl
2
Ao
E

Lo
pll
=
o w 12 2
oy Ry
AC)
N
tlo
2,
2 o
e
wo
t
[

NS
1:op
o o
oX,

(MA)<} Rollback 7]5ol] #&HH 7]& A= o
A Adrgsiy, 3ol A= At dar

SR
A4 stk 4gelME Aol 2t A
Felold Ag FaAA At SuelZel 4
52 Wbk 5PeIAE B =Re AES

L

rl

1. The Function Mock—up Interface

FMI 3% %2 MODELISAR project 175 %3l
hetEl =349l interface tool 2 2 Modelica
Association”} #glsta 9o C Z=9F xml I}
A& AHEE] A2 bE AlEdeld A A
54 2 3te] xF3kE dHeoly udks A g
oHOL FMI®] F& HAL vt Ry =42 A
AF 2o A component =+ Y Al 2=®(sub

system)S W #sta Fo 8T F YEF A

(1431)



A Prediction Method using Markov chain for Step Size Control in FMI based Co-simulation 317

st Blolth FMI 272 7 7HA 78 Fio2
251, o]= Model Exchange(ME)%} Co-simulation
(CS)olt}. o] 9 single FMUE t}&3 Addsg
T ATh

T

e MEo| A 9] FMI : 222 &W(solver)§l©] export
H o]= o 719 t}E simulation toololA]
JJ_§]'O]—7

I

component= £ %t common format

= Al

e CSol A2l FMI: Bd2 EW(solver)9t 7
exportal™, A Al2=¥L master®} slavez
TR vtaHE 24 Ao e @iei,
ofu g} dHlolE gk

'l__EI_]:
2 B8 244 SPHow dawh

2 =Rl AlE dollA Aud F A FH F
A, R AE#HIEE A exportdtE FMI
co-simulation type®] FMUZ AF&3}+= co-simulation
g Foll s Aot

Co-simulation®| 4] Solver= E@ol A A Al H
AL s Adst7] &) o|ME AHe B B3 &g
o] ¥3tH AXE S componente]t}. FMI
o= T4 8 A& (component)$] FMUZ} &3 ok
Application Programming Interface(API)7} =
Hol 2l AlEEo)AS 52 A2 w master
o} slave ko] 418 3 &3} co-simulation API
o AFA<Q 75 T dFE aUETh

o fmiDoStep : ¢ 752 Co-simulation®l| 4] advancing
times 913 FMIZ} Al &3t Wi o]tk fmiOK
T Fo] vhekE A stepo] ¥ A o= HPH 3
o, x8gk 4= gloH fmifrrorg WHHSHC) whok
slave”} FMIDiscardE RFHITHH communication
step®] YW AEE o)) o] o daE]Fe
U] & communication step size® THA] A%
gfjof gt
fmiSetXXX and fmiGetXXX : MA+ FMU?¢|
A A FEHE fmiSetXXXE &38| 9 F o]
HE FMU Al Al &8t FMUZRH =9 g
S A7 98 miGetXXXE ZEdY] &
oAl IDeF A g3t iAo tigh EIHE ¢
T2 AFIF(XXX'= 98 2 F89 o
H F3dow Hodrt).

e fmiSetFMUState and fmiGetFMUState : ©]

ol
el

=]
° I HU

S %3 master: slaved @A AHES
sl B4 4 At fmi2SetFMUstates=
FMU9| W A& Ed3ch o= FMU 4
Blol tialA ool HAE 4= EIE 7 2
3, FMU®| dA] ZeE HAME Ao =2 o
At fmi2GetFMUstaterx FMUS] W3 A
BE Agsict FMU delo] #xdd X1 E

P oz wolx dA FMU HE S HAFsc)
FMIel 4] ©hkgk APIZE &A1kl FMUS| el &
9 & g JANE BAE oS At Ee] H 7HA
AtatEo] vk AR R FEHE Agetal HAsH
SH =Tt A = gVl ol =Y T U=
e aefste] AAE sjoF gtk &4, Rollback
| WA A kotof & PR A WA= S o
Wale AAE sh7lddl= A dsks APIF FishA
erth oo 2 E=FeA= FMI Ltoﬂﬂ 2| A sh=
API #F3Fo] Rollback 71%5& @38t FMUe
A A Dt =E ekt °hﬂal—§— AA] Qo] o]y
3 AAES oW SAE sEFoF sk Ao A

29l Apatoltt.

0O

O

(]

2. The Master Algorithm for FMI and Rollback

functionality

FMIE 7]¥te. 2 3} co-simulation®] 4] master
algorithm(MA)<2 FMIE &3] FMUE Al&d# olA
gt daglFolnk, 2RO 7|E A5l oY
FMUZE co-simulationd}”] $3 MAS A tslA
ok [11]el A= g 7ie] FMUCl disiA HA 7]
£ step sizeZ doStepS T3 AlEH)HE 43
sl wkeF A7t G FMU7ZE gl 4S5 w4 o
71 U] old Aldoez &3 F(Rollback) &
FMUE Z7to] xald o = H step size
= FEA olFel Hagow MAstes of
ok ol T ATl A= o8 7] FMUE ©]
S| A co-simulationst W] WA 7]¥ step size(h)
2 AlEdoldg 21 3tal(T_2=T_0+h) %o, oj=
sluke] FMUEE invalid stateo] 714} error flagZ}
A, dA AlEHolAE ol AlE#E o)A A
ZHT_0)o2 &9 & A FMUEY step sizeE
ol Ao Hl3] AL step size(h)E TA] =43 &
AlEg ol st W wHRate] a3k Aol o]
277FA Al E# o] AstE step revision YL E
S Absrdvi2].

oo ¥ i rn

(1432)



318 j.inst.Korean.electr.electron.eng.Vol.23,No.4,1430 ~1439,December 2019

Ty
h
hi’
Fig. 1. Step revision algorithm with Rollback.
O 1. SMn A JHY 2De|E
lll. Markov ol & Z[gte] E&%Ql Zero
crossing A4 ¢1E[&

B =FoAE= F7]3 2 E zero crossing®] WHE
= AEY o)A Edo thaiA A zero crossing
o] ¥Al%l 749 Bisection &arg]Eel ¢l&l4] Rollback
o] B WA step sizehES A EE A gy
A A EFoEZA thel 2 FE ] zero

crossing®] TAE Aol o)== A9, simulation
step sizeE °]H AFH FES ALt A E
o] A g o & A Rollback% Hastslo] a&408
AlEY ol dstE ¢ Qhghtt, ojw) Z} A
ol Lef=rt 01‘5 PEl 2 WHEE =2 o
Al d=38t7] fsA] AlE#H ool FaE o
ZE Aol A o] e ks ghshr] 9IS A ofel 1™
ol AlEHolA g 7E7E ENE 7 A
Elasa=

Tgh, AlEdol A kel W9 el (range state, i)

/A=)

o 7]1&7] *JEH(dlrectlon state, /)] Ztz} 27112 A
o] 23S T3 F 41 ~49 HF AH F(OS)
S otget 22 FA (D o3l Ats
S=2x (i—1)+j 1)
AEH o] FaE = et dugFe AEY
o)A Alzte| whE 9] AH| S AlE o] ESA
=g JE]"’ o] e gte] nupE wink ¥ X *oEH 7

range state (i)

fousd value >= 0
P 1 value < 0
direction state (j) slope >= 0
j=2
&=
slope < 0

Fig. 2. Range and direction state of simulation value.
% 2. A[Z2folM el el Mefet 7|27] e

=3}7] ¢éll Markov chaing ©]-&3%Ht}.

3luhe] Markov chaine #W WHTE X, X, , ..,
X ¢} Markov 549 sequenceo]th. wHef ZHH-
50| S o] HojdE A$, S AR
T GgES 24 dA A gl &gt A
ot} Z, Markov chain<

_I

o
o

transition probabilities

p,; 98l Asdch AAE A state7t i 2 A

5, U state’} j7F 2 FES p;, = EAT W,
Markov propertyOﬂ olg] thgef A 0] f’&é%ﬁ}.
olu] S& 33t state spaceo|™ S = <+ m}
°]31 m< °ok-4 Aol vH13].

P(Xnﬂ:j|Xn:ivXnﬂ:irz—lv---v)g):i()) )
:P(XnH:ﬂXn:i):pi,jv i,]ES

old ATE A= Delay Tolerant Network(DTN)
37 ol A Meeting Time span <& »==9] uhaky}
S s HAHE FEA s AHE A5
Markove AHE&ZTHI14L[15]. & AelA = A&
o] 2o FolE o Fet7] flsiA Al EY
old ez e] FAA I V&VE A dHE
T 47FA FEI(S={T, 2, 34)) #e® FEste dA
F7] <t HAH #HES AY sta ¥E g5 3

4 (transition probability matrix)S YFEolA &

]

(1433)



A Prediction Method using Markov chain for Step Size Control in FMI based Co-simulation 319

FHIE oSetes WHS F3l zero crossingo] ¥
od &S < AldstTt

AlE ol ez el Aele] tgk The transition
probability matrix P& o] A& # o] 1z e]
A Hl sequenceE S o] &34 TFE XY A EH 9]

A T zeA ] P vadt #Zo] A elH ozt

P11 P12 P13 P14
D21 Pog Pag P:
p= |PuPnP2sPy (3)
P31 P32 P33 P34
Py1 Py Py3 Py

A7 A p, = @A AP Y W, BE et

A Ao FGEo|th AlEHolA 2z p
© ted o] AtEold 4 Sl
0, i=3
=qN; 4
Pij {ij i # ] @
WA p, S AR o, A FHOS} v B
H()7E 2e Aol 03k 2es g o)A
QP Je v A9 deAe aes
et AL ou
UFo® N Us JHE LefshA & A0
A e deHeRE Wstd sleolal, N A i
A

A4 F A gl
) 7, A = B =,
F71e, T, o] Fol =
7l

]BE q.z\] 7;]]/\].51-

Al E#o]do] HaA =7l zero crossing E©
£ A YA W, Bisection &arg]Fell 23] Al
o] A Zko] Signal Thresholde]s} Fto] =
Al S step sizeE WFOE Folu RollbackO}Oil T} A
Pt S WS oju ASkstE e E
=olil Hgete= HAHolA Fo =
BH step sizeETS I AFY AlEFH Ol FH
71=7] @k 3 HEO] Arrayel As F=
. o]F Al AlEd ol o] A= Markov
of o)A v} FEl gkol zero crossing®] U]
= A5, @A AEgelA gtat Arrayol A7
A AlEdeld FES v EHEA s 2

i

step sizes

£ o g _a 2

o

e oty wg A3k eak MelET A2
= Arrayol AFH step sizeE A &34 X

gt ket

T A&E AlEYeld Rl state?} 39
A 12 v Ay (down-crossing) 294 4% HH”
] (up-crossing) 2] 27}A 7 $-2] zero-crossing¥
WA 7] ol 42 Arrayldt Array2el A 7St
o] Bl EE o

o] AlEdoldo]l XA HA down/up crossing
o Aol o FE a1, 247k arrayel kol =A)st
a5, A #Ae] vuE stHA 48 A W
ol £l ™, arrayol A E o] U9 step sizeE
283l A Rollbacks WA == o,

fr

o

] Prediction with Markov chain l

up crossing

14 16

] Prediction and Application

Fig. 3. Predict, and apply down/up crossing array.
12 3. Down/up crossing array A&z M2

)

o8& 747 oJ9 A down/up zero crossing &
o] gtEo| arrayel A A= a1, thA] Markov o=

¥z B E ESA step size’l HELEHEAE B
ol &t

a9 49 == o)BHA zero crossingo] Yoyt
AS A SA Rollbacke] dojytar o]e} A
down crossing 22 up crossing® 7% Z}7+¢]
array°ll & oJ9A A=A E BT A=0]
th WA AlEgolddo] FalE = Ftel= A&

getFMUState €45 2&3lo] A fmuState H 4
of AAl deEigts AT o] F AA FMU
of| A ’\]%Eﬂol Aetazt sk A 52 scalar ¥
T = getRealdrE &3 Holth o oA =
501]/\1% AlEFol A e gS AlAtstr] $18A
Al g ol A g curr_rd 2 el A el 71&7E m

(1434)



320 j.inst.Korean.electr.electron.eng.Vol.23,No.4,1430 ~1439,December 2019

while (time < End)
{
fmu->getFMUState(c, &fmuState);
fmu->doStep(c, time, hh);
fmu->getReal(c, &vr, 1, &curr_r);
fmu->getReal(c, &vr2, 1, &curr_v);
curr_state = checkCurrState(curr_r, curr_v);
if(time < Tperiod)
makeMarkovMatrix(curr_state);
if((prev_r * curr_r) < 0) //zero crossing
{
if( fabs(curr_r) > SIGNAL_THRESHOLD)
{
duringRollback = 1;
hh /= 2; //bisection algorithm
fmu->setFMUState(c, fmuState);
continue;
} else {
duringRollback = 0;
hh = h; //recover to original time step.
if((prev_state == 3) && (curr_state == 1))
AddToArrayl(prev_r, prev_v, hh);
else if((prev_state == 2) && (curr_state == 4))
AddToArray2(prev_r, prev_v, hh);
}
} else {
if( duringRollback == 1)
{
if((prev_state == 1) && (curr_state == 3))
AddToArrayl(prev_r, prev_v, hh);
else if((prev_state == 4) && (curr_state == 2))
AddToArray2(prev_r, prev_v, hh);
}
}

/ * predict next zero crossing */

prev_r = curr_r;
prev_v = curr_v,

time += hh;
}
}

Fig. 4. Saving process when rollback occurs.
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while (time < End)
{
//doStep
if((prev_r * curr_r) < 0) //zero crossing
{
//rollback
//save to Array
}
next_state = markov_prediciton();
if((curr_state == 3) && (next_state == 1) && (IsArrayl()
== TRUE))

hh = predictStepSizel(curr_r, curr_v);
else if((curr_state == 2) && (next_state == 4) &&
(IsArray2() == TRUE))
hh = predictStepSize2(curr_r, curr_v);
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prev_v = curr_v;

time += hh;
}

Fig. 5. Step size(hh) calculation process using Markov.
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k =0

while (k < ArraySizel)
{
if( (curr_r - Arrayllklr >= 0) && (curr_v - Arrayl[kl.v
>= 01

gap_r = fabs((curr_r - Arrayl[klr) /Arrayl[kl.r);
gap_v = fabs((curr_v - Arrayllk].v)/Arrayllk].v);

if(k == 0) {
if((gap_r <= 0.1) && (gap_v <= 0.1))
predic_hh = Arrayl[k].hh;
break;
Jelsef
if( (Arrayllk]l.hh < (prev_hh / 2)) && (curr_r +
prev_hh * v /2) > 0){
predic_hh = prev_hh / 2;
} else {
predic_hh = Arrayl[k].hh;
}
break;
}
}

Kkt

Fig. 6. predictStepSize1 function.
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