
T h e A m e rica n S o ciety o f

M ech a n ica l E n g in ee rs

F7ep r′,teJ From

Flu co m e
′
9 1

E d ito rs i llVもC ,Y a n g r a n d R . L t W o o d s

B o o k N o , !0 0 3 15 - 19 9 1

A N  O P T IM A L C O N T R O L W iT H  D iS T U R B A N C E E S T IM A T 10 N

FO R  T H E E M E R G E N C Y  V E N T :LA T :O N  O F A

LO N G IT U D iN A L LY  V E N T :LA T E D  R O A D  T U N N E L

A kisato M izu n o

K o g a K u in U n iv e rsity
T o ky o ″」a p a n

A B S T R A C T

R oad tunnels are usu ally ventilate4 in order tO ddute p ollutiOn
R ecent trend Of the rOad tunnel ventilation system  in 」ap an is
lo■8itudina1 0ne, w h ch is sup erioI ,O tranSVelse system  frOm
the view p d nt of ecOnom y, W hen a f re breaks Out in a 10ngi_

tudinaly ventilated tunnel for twO―wary trattc,it is dとsirable tO
reduce 、vin d velocity sO th at safe circu IIIstan ce for refu ge ttti。■
is ensu red in both sid es Of the n re p oint T h ere are several tun_

nels in w hich this L nd Of cOntrol systen■is installed ) b ut the
concep t aIId the m eth Od Of em ergen cy cOntrOl is n Ot established

yet ln the p resent pap er, th e auth Or p rOposes an op tim al cOn―

trol w ith distu rbance estilnatiOn w hich gives instructiOn on jet

fall operaなon at each cOntrd  p eriOd〕w ith w hich w in d ve10city
in th e tu nnel w Ould red uce to zero quicklェ T h e new  cOntrol

m eth Od is cOni rm ed by nu m erical siin ulation w hich sh ow ed th at
it is I■Ore ex cellent in rajpidity an d stability in cOm p arison w ith
the p rivttled P ID  cOntrol_

1. IN T R O D U C T Io N

T h e highw ay n etw ork in  Jap an has been relnarkably devel_

oped , up to ab Ou t 5,000 km  of the tOtal len gth  在ヽatty of the

recent rou tes runs across m ount航■Ous area resultin g in h Ore

p IOD OrtiOn Of tun n el lt is IIOw  w ell accep ted in Jap an tO adOp t a

lon gitudinal ventilatiOn systett fOr a 10ng tlln nel instead Of trans―

verse one,航 nly ttOm  th e viettp Oint Of sim p licity an d econO叫
T he K an―ettu tu五nel(10,965m ) and the En卜san tunnel(the Sec_

ond shaft: 8,625m ) are typiC』 exam ples Of the aJpがicatiOn Of
longitudinal system  tO 15ng tunnels T hey are ventilited by jet
falls,electorstatic precipltatOr stations aIId veltical shafts.

It is Often th e case th at a sin31e sh aft is used for tw O_w ay

tran c Fol several yeals for th e tunn els in a 10cal alea. Fol thesc
tunnels it is im portant to preP are th e em ergency Op eratiOn , w ith
w hich a safe cvacu atio■envlronm ent is ensured in case Of i re.

A ccOrdI■8 tO the exp erience suth as fOr the K an―e↓su tu nnel, it

tu rned Ou t to b e er ective tO colltrol jet fans by feed back tO
sup press th e ail now  velocity in the tun nel[

1〕,〔2〕. It w as, how ever〕
a rather pliE■tiVe cOntrol,and th ere h as b een sOm e in stabih ty in

p erfolm ancet31 、【。reover)for the tuinels w ith the length Of 2 t。
4 km , cn cient and stable cOu nterm eぉu re is n ot yet established

ln the p resent w ork , a new  cOntrol algory th m  for em ergency
operatiOn is p rop osed and tested by m eans of num erical sim ula―

tion lt is btted on the cOncept Of Optim al cOntrd  accOttpanied
by the estilnatiOn of disturbance. T he object tunnel is suppるsed
to be 3,000h  Of the length equipped with 33 reversible jet fans,
used fOr tw O―w ay traFnc T he air n ow  velocity is ar ected strOngly
by im b alan ce Of traFnc fOrce and by , atu ral w ind O rdinary P ID
control ofjet fan s can ach eve g。6d result in red u cing the air i Ow

il th e tu nnel, althOugh th ere e対sts overshoot ol de宙atiOn fIOm

th e talget valuc  O II th e Oth er h and it is clearly sh Ow n th at the

p erform ance by the prop Osed op tinlal cOntrOlis far b etter in th at

qd ck and stable sup pressiOn of w ind is attttn ed

2 . N O M E N C L A T U R E

去r [m
2
] : A ir n ow  velocity in the tun n el

A `[m句 :M ean piojection arさa of vehicle.
D 「lm l i R eference dianleteI Of the tunnel cross section

弓 [N ] : T he fo・ce dh ven by the jet fans,

ユ [N ]  : T he force by ttictiOn          !

晃 [N ]  : T he force by vehicles

F T [N ]  : T he o・rerall force anctin8 0n the ttr colum n in
the tunnel

ゴυ[N ]  : T he fOrce by natural w ind
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Fig.l  M odel of a longitudinaly vdntilated tunnel

毛 H  i Coettcient Of pressure rise by jet fans
イH Get ttns)/(m /s)卜 Proportiona1 8ain

鴫 lN/(m /sll : P ro p OrtiO n al g ain

五ァ〔llll i Length Of the tunnel
砲 [kgl  i M ass Of ttr in the tu nn el,

角,れ- l i tim e step of cOntlol p eriO d ,

れjll  i N um ber Ofjet fans in OPeTattOn
~
  残・l l  i N u m b er Of veh cles e対stin g in th e tu n i el

せlSl   i tim e

T い〕 :Period of cOntIOl
y」〔m /Sl i穐10Sty Ofjet fall d scharge (A bsd ute胡uc)
略lm /司i Natur』wind ve10dけ
略[m /S] :Air aOw velocity in the t、lnnel
yt lm 周 i Speed Of vehicles
る[m /Sl :Target vttuc Of%
″[m l  i C o ordin ate a10ng the tu nnel atts

Aァ〔」  :Coem cient of Pipe tiction loss
ρ[kg/m

3
卜Density Of air

住l l  t C oettcient Of entrance loss

SuFnx

+ ,一  :denote the value to be in pOsitive/negati( dl_
rection

3 . T H E  S IM U L A T IO N  M O D E L  F O R  T U N N E L  V E N ―

T IL  A T 10 N

A  m odel tunnel w ith a 10ntttudinal ventilatiOn system  is
treated , as in ag  l  T he variables cOncerning velocity or force
are deined to be p ositive in the directiOn Of a coOIdinate  T he
a e ro d y n a IIIIc s O f th e  a ll c O lu IIIn  in  th e  tlln lle l is c O n sid e re d  to

follow  th e N ew tO■'s secon d law  Of m otiOn ,

碗拳=み)         (1)
w here F r iS the Overali fOrce acting On the air, and it w ill be
broken dOw n in the next etuⅢlo■ In eq (1) cOm pressibility is
ne81ected ゃI sim pliCityt A ccOrding to the experience of the nu、

m erical sim ulatiOn fOr the K an―etsu tun nel14〕, this ttsum ptiOn

w aほ s h o H′II tO  b e V a lid , βIId  it w as  la te r l o n S Im e d  b y  th e c O m ―

P arison w ith th e ex p eriln entsi
31

T he fOrces acting on th e ttr colum n in th e tu nnei are desclib ed

a s

for the tunnel w ith a 10ngitudinal ventilatiOn system  drive■0■ly
by jet fans T he resistance folce due tO pip e frictiOn is

w h erett th e fOrce cau sed by n ttural w in d is describ ed as

w here レ生is the ttr Row  ve16city w hich w ould have occured ifthere
w ele no disturbances by vehicles and ventilatOrs lt is cOnsidered
th at the natural w ind ve10city is caused by the Pressure dif erもIlce
at bOth p ortals Of the tunnel due tO m eteoFO10gical cOIIditiOn

T he trafnc force in b Oth directiOns can b e su IIIm arized as

晃=知 峰は+―均降+―略|
十れ̀_ (% _ ―り lyt_一路|}       (5)

H ere〕角↓十 and れt_ are the num beI Of vehicles existing iII the
tunnel tow ard each directiOn respectivelェ に. and k _ are the
velocities of vehicles w ith dif elent sigIIs T he thrust fOrce by the

jet fans is           ―

ら= 帆 内 町 平均
{ : 簿 緒言柱  0

ちiS abSOlute value Of thejet fan exhaust,while tt takes ne3ative
value when the jet fans aTe Operated reversely レ午can be positive
or negative

4 . T H E  H Y P O T H E S IZ E D  C O N D IT IO N S F O R  T H E

S IM U L  A T 10 N

T he hyp othesized cOnditiOn s fOr the num elical sim ulatiOn are

given in this section . T he p aram eters w ith regard tO the m Odel

tun nel ale

T un nel length

C IOss sectional area

E quil
ralen t diam eter

F rictiOn coeFncient

c oen cient of entrance loss

D en sity Of ttr

The ventilttOI Get fan)Specincations are

N um ber ofjet篤■s

Size ofjet fans

O utlet lrelod ty ofjet fans

3 ,000 m

5 5 5 m 2

7 6 m

O .025

0 .6

1.20 kg/m
3

33

1250 m m  in diam eteI

30 m /s
c oen cient oF pressure lise tt jet fans l o

T 脇品c cOiditiOns are supp Osed as

Ｆ路ム
ρ

一
２

あ
一２

人十住十一〓ニ

比路ム
ρ

一
２

あ
一ユ

＋４＋〓几 ４

T ran c d en sity

D irectiOn al ratiO

N atu ral w in d velo city

2020 vehicles/h
5 0 :5 0

±25m /s,00 m /s
FT = ユ十乳 十Fr十ら,
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路= -2.5革鴻
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T im e  s

F ig  2   D y IIa IIllc c h a r a C te r is tic o f th e a lI R o w  v e10 c ity  in  th e

tun n el (Inn uence of n atural w in d ve10city)

B efore the accident at the tim e ↓== o, the trafnc alld th e ven ti_

latiOn are nolm al und er ab Ove m entioned cOnditiOn  A s soon as

the accid ent occu rs,it is su pp Osed to blcak Ou t a i re. T hen all

the tr航伍c tOw ard the accident stOp at On ce, w hile th e vehicles

leavlng from  the i re p olnt are not ttsturb ed at all,causing large

im b alaIIce of trafRc force, w hen the flre p oin↓is n ear one of the

porials  F or ex am ple) if the p Oint of ire is near the left h and

side Of th e tunn el,the vehicles in th e positive directiO■keep ru n―

ning until they go Ou t of th e tu nnel, w hile the vehicles in the

opp osite direction are supp Osed to stOP im ln ediately  T his leads

to ↓he oveall trafRc force tO take large p ositive value fOI several

Ellnutes  T he tran c m odel is thus a rOugh on e, w h ch h Ow ever

8ives reason able ch arttteristic 2s a w hole A t と== O th e em ergency
control m od e is evoked

5 . T H E  D Y N A 4ヽ1C  C H A R A C T E R IS T IC S O F  T H E

A IR  F L O W  V E L O C IT Y  IN  T H E  T U N N E L

A ccorttn g to the ab ove m eIItioned situ ation , typical dyn alm c

ch arttteristics of the air llow  velocity in th e tun n el is siln ulated

lt is supp osed that the traFnc fOrce dim inishes after the accident

at t= 0,th en the aII n Ow  velocity d ep ends solely on ■atural w ind

and flictiOn  T h e m ass of ぶI b eing extrem ely lalse, hOw ever〕
it takes m llch tim e in dam ぶn 8 0f the all n ow  v elocity (i g 2)
E sp ecially,、vh eII the n atu ral w in d is p ositive,th e redu ction Of the

w ind is siow . In this case)th e velocity is m ore th an 2 m /s even 5

1 1111u teS after th e b reak Ou t of th e flre. F ig 3 show s the valiation

of dyn aIIllc ch aracteristics un d er coIIIblned cOndition s of trafnc

force an d n atural w in d  N egative traFnc in■b alance com es from

the su pp ositiOn of the accid ent at a = 0, w hile p ositive one is

at ″= エァ. From  th ese p reliIIlln ary sim ulations, it is easily un―

derstood th at the atr i Ow  velocity after the accid ent d oes ■Ot

alw ays reduce, due tO ざisttrb ances by trattc an d n a,ural w ind ,

if the ventilator Op eratiOn is sim ply shu t d Ow ■. T his is w l y a

m ore sop histicated Op eration strategy is required

6 . E M E R G E N C Y  V E N T IIrA T IO N  O P E R A T IO N  B Y

O P T IW 【A L  C O N T R O L  W IT H  D IS T U R B A N C E  E S T I一

M  A T IO N

6-l E m erg en cy  V eIItila tio n  C on trol b y  C o n v en tio n al

F ig 3   D yn a■狙c ch aractcristic of the ttr rlow  velocity in th e

tu nn el
(C Om bined int u ence of n atu ral w in d velocity an d traFnc fOrce)

C o■●ep t   ln a rath er 1011g tun nel w ith a longitudin al ven―

tila↓ion system , sclved fol tw 。―w ay tran c, th e b eh aviOr of the

sm oke em erged from  i re is a serious prOblem   N everth eless, it

is a pletty n ew  concept ↓o contlol alr flow  velocity in order to

en su re a favorable refuge cilcu E IStance  T he authOr prop osed

↓h e necessity to eq uiP a cOntrol
′
system  fOr th e K an_etsu T unn el

som e ten yeals agO in order to red uce the ttl now  velocity quickly
in case Of em ergency [

1〕 T he system  w as in stalled in the _ tual

tu nnel〕a■d it shOw ed a satisftttory perform ance in d am p ing the

wind to within 2 m /s in less than 3血■utestt But there e対sted
perturbatiOns ranging l to 2 m /s,The control a130rythm  for the
K an―etsu T unnelis b tted On the P I正),w h ich is u su al y ap plied tO

a lin ear system  B ccause of its strong non―linearity, the cOntrol

of tun nei ven tilatiOn is m ore or less unstable if it is cOn位olled by
th e cOnventional P ID  concep t F igs 4 and 5 are th e lesults Of the

P ID  con troI T he n gures ab ove are the ttr n Ow  velocityl w hile the

jet fa■OperatiOns are illllstrated b elow   U n der bOth situ ations

for th e p ositive w orst ctte, and corFeSP Ondin g negative cOunter―

p art, overshoot occurs, although a rath er qu ick redu ction Of the

n ow  is achieved

6-2 0 p tim al c O n tro l w ith  D istu rb a n ce E stim a tiO n   lf

th e object of control is th e p osition of a large am ount of m a_ssl it

ettily overshOOts due tO inertia, w hen the negative fOIce contin―

u es u ntd it arrives at th e target p d nt(F i8 6(a)) O n th e other

hand)w hen the velocity is the subject ofcontrol)it is easy in that
the external force is tO be rem oved just at the tim e it ieaches at
th e talget valuc(F i8 6(b )) T he velocity rem ぶns at the value so

lon g as IIO force iS applied i it is th e N ew tOn
'
s i lst law  of lnotiOn

O n e of the typical p erform an ce ttcold n g to this concep t is

d em onstrated in i 8  7  1n this case it is hyp othesized that no

disturb an ce e対sts after em ergency contlol starts at t = O  T he

proportiOnal term  is activated with an extrem ely lalge gain,w hile
the integral aIId din erential term  is su pp ressed ;

町= ―ヽ P(4 - yめ。               (7)

A s the result) all of the jet fans tte reversely op erated during
the irst 22 secondsi and the air flow  reduces quickly  O ■ce the

１
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Fi3 4   A ir Row  ve10city controlled by P ID  control sequellce

(C aSe fOr p Ositive trafnc an d p ositive nⅢural w ind )
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5   A ir i ow  v elo city con tlolled  b y P ID  con trol seq u en ce.

(C tte fOr n e8 a tive tr流 c alld n eg ative n atu ral w in d )

(a) C 。■trol of p osition

(b ) C Ontro1 0f velocity
F ig. 6   C ontrol of position and of ve10city
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ve10city com es tO zero, the jet fans are shu t dOw n , then the ttI

n ow  re.1航ns non―exlstent so lo■8 as th erer is IIo distu rb ance

T his c9ntrol is con sidered tO b e aII Op tin■al cOntrol in th at the

operation is dolle in the ban g
―b an g m an ner

ln th e actu al systen■,h ow ever,enorm ous ex teIIt of distulb an ce

菰 sts,m ttrly due tO trarlc f。.ce,w hich w ll d sturb su ch allid eal

p erform an ce. It is th erefore d esirable th at the disturb ance fOIce

can b e estiln ated , an d b e taken into the contI。l algorith m . A t

i lst, the Over況l force actin8 0■th e ttl cOlu IIIll is divided into

tw o term s; 弓 t the fOrce d riven by jet fans an d ュ..: the ttlce

Other th an th e fOrm er on el

み = 弓十ユcj (8 )

A s the n lst term  on the right h aIId sid e is P Ossible tO b e estil■ated

in a rather h gher accurtncy by eq _ (6),卑cs Ct・・b e obtttnd if み

is knOw II  O n the other h aIId〕frOlm  the consideration of the

accelelttiOn of the ttl n Ow  velocity b etw een tim e step (れ
- 1)

and れ,
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み
= 拘

T

w here b oth 予午
れand ttT

・~ l are know n as m ettu red values. T  is the

control p eriOd w hlch is assum ed to be arOu nd 10 seconds O nce

the residu tt fOIce 二c. in the lttt cO■trol p eriod is thus ob tttned

flHom  eqs (8) and (9), On e Can exP ect th at ↓he valu e d oes not

ch an 3e largely ill th e n ex t control p eriod  T h e target vttlues fOr

th e next p eriOd , shOw n w ilh an ぉtelisk ,is calculated as fo1low s:

L et ィ; b e a suttciently large p roportiOnal gain )

辱= ―
馬(T 一路) (10 )

8iVeS a desirable value of the tOtal fOrce, w hich lead s the target

fOrce by jet fans

可 = 専 ―島es (11)

T hus the n■Im ber ofjet fans to be operated in the next period is

giveII by

00        120       180       240       300

T im e  s

(9)

(12 )
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-30
ヽ
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F ig 8  A iI IIow  velocity cOntrolled by Op tim al cOntrOl sequence
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A s a jet fan is op erated w ith O n―O F )巧 is rOu n ded t? an inte8er.

6-3 N u m erical S iln u la tio n  for th o D em on stra tiO n  of th e

C u rren t C o■tr0 1 S eq u en ce  T he perfOrm ance of the above

m entioned control a〕gorythm  is num erically sim ulated . In i g 8

aIId i g 9,the Op tittlal cOntrol w ith distu rban ce estim ation is exe―

cuted u nder h aFsh conditiOn s ぉ iII th e ctte for i gs 5 an d 6 T he

folm er is the One fOr th e p Ositive tlan c and p OSitive n aturtt w in d

fOrces,w hile th e latter is fOr bOth fOIces l)ein s nesatiVe B oth re―

sults sh ow  th at quick zln d stable red u ctioII of th e air flow  velocity

is achieved ttere, ProP OrtiOn al gホ■ェみis 10 bet fans/(m /s)]
It o ft e n  o c c u l s t h a t o IIIy  a  fe w  IIu li b e r o f j e t fa n s a re  p O S S ib le

to start in a certaln p eriod of tim e du c tO liln ited cap acity o:

electric facilities  ln flg  10)it is supposed that oniy four jet

fans can be started in each
ヤ
control p eriod , and th at m a対lll■lm

:r」
~白

0         60       120       180       240       300

T irle  s

F ig  9   A il n ow  v elo city con trolled by op tim al co n trol seq u en ce

w ith d istu rb an ce estim atio II

(C aSe fO・n egative 位新比 an d n eg ative n atu rtt w in d )
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Fi3 10  A ir flow  ve10city contld ied by Optiin al control sequence

(un鰹亀鮒古辞8:ず練様青読めH
C tte foI P OsitiVe trattc an d pはitive n atu ral w ind )

■um b er of jet fans is 16 T h is lim dt com es i om  th e 宙ew P oin t

of the satety near the flre p d nt. T h e p ositive distu lb aIIce is

supp osed ats in the case fol n 3 9,an d the sam e cOntrol p aram eter

is u sed  Sim ilar p erfOrm ance is achieved , alth ol18h the d am ping
of the w ind velocity is siow er) fOI w h ich the cOntrol algorythm

is n Ot resp on sible  lt is Fem alkable that there e通sts n o sign of

oversh oot or vib ratOry p henom en a u nder stlch severe restrictions

H ere th e au th oI 、vOuld h ke to discuss ab otlt the u pp er liI■t Of

the contrOl gain in th e prop osed a180rythm  ln the cllrFent Sys―

tem )it is p ossible tO set a m uch larger gain com pared to nOrm al

P ID  algorithm  sO th at a quick red u ctiOn of th e w ind velocity is

realized  B u t〕for stability, th e ch ange Of the w ind ve10city in a

Sind e COntrol peFiOd Should be less than the diference betw cen

the curlent value tt and the target value L ,Or

7 . T O W A R D  A C T U A L  A P P L IC A T IO N

FOr the ap plication Of the curlcIIt a186ry th m  to an actu al sys―

tem , there arises sevelal item s, desci b ed b elow , w hich m ust be

carefully cOnsid cred

l) T he Start up tim e Of the thlust Ofjet fais m ust be consid、

cred ,w hile it is ignored in the sim ulation .

A  p rop er cOntrol p eriOd m ust b e selected ,prOb ably dcP end―

ing on th e ch aracteristics of the aerod yn aH llcs of th e tun llel.

sun cintly reliable p aram eters, such as p ressure rise c。IFi―

cient of the jet falls, Or pip e friction cOefncient and other

flttd dyn aIIIIc ch arttteristics m ust b e available

A  p rop el cou nterm easllre m ust b e p reP ared in ctte Of fallure

of the cOntrol system

5) R eliable and prOperly sm 00thed ぶr iOw  ve10city m ust be

m eぉured ,alld the sensOrs are properly ins↓alled fOr the pur_

p ose,

6) A  cOm p u ter system  w ith th e p erform an ce ab ov e certttn level

is to b e
｀
eq uip p ed in o rd er tO realize th e p Tesen t sy stem

7) T he jet fans m ust b e d u rable for frequent sw itching tO p os―

itive an d negative rotatioll

8) It is necessary to avoid the op eratiOn ofjet fans near the ire

p oint, w hich w Ould distu rb the e↓‐uatiOn cilculnstan ce

8 . C O N C L U S IO N

T h e auth Or has prop osed an op tilllal contrOl w ith disturb aIIce

estim atioII for the em ersency Op eration of a 10ngitu din ally ven―

tilated road tlln nel F Iom  the results of nu m erical siin ulatiOns,

it w as sh O、vn th at quick and staljle red uction of longitudin al air

n ow  w as achieved by m etts of the p resent m ethod  lt b ecam e

also clear th at th ere arises no sclious ef ect flom  th at a jet fan h aAs

no contlol m ech anism  Of blad e an gle nOr rOtation al sp eed . U nder

th e restriction of aval able jet fans an d the nu rnb eI Of start―up

fans, the p rOp osed system  alsO sh Ow ed a good p erfolm ance  For

th e actu』 applicatiOn of th e systen■, p ossible problem s to be

solttd are listed u p M ain reslllts can b e su m m arized as fO1low s

l) W h en a 3 km  tun n el is cOntlolled by th e op tim al control

w ith disttlrbance はtiln ation , the w ind velocity red uces tO

zero w ithin a m inuite  lt is not dep en dcllt oII the c04tFOl

p aram eter for a rath er w ide lange

2) W h en the tu nnel is controlled by th e P ID , the p erform ance

is not desirable tt th at oversh oot is Oほerved even if the

control p araln eters are carefl11ly adJusted

3) T he pはSible m ax im u m  valu e of p rop ortion gぶn is ob tained

in term s of th e tu nn el p aram eters and the control p eriod
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W hen the residutt fOrce is ne81ected and ち iS sm all enou掛,th s

relatiOn can be IOughly iIItelpreted as

(13 )

(14 )

(15 )

T his lneans th at a sm aller control p eFiOd en ables a larger control
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4) T he cu r.ent sim ulatol is a■rttlable fol valiOus tun nels if the

sp ecin cation of th e tu nn el and its veIItilatiOn system  is given .
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