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[0058] ZddZA]o] (Model Predictive Control) & 31719} 1},

[0059] Input Scenario ©HAI(S110): &AA} AlH kollA o12] vl Y& scenarios AZH([A 1] F=x)3d).
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AU™(k) =[Au(k) Au(k+1) --- Au(k+m)]
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[0062] Model Prediction ©A(S120): FAAE DI} k Al A o] SAHXE o] &35lo] nge] &HS dF([4 2] #Fx)S
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[0063] [2 2]

YP(k)=[y(k+1]k) y(k+1]k) - y(k+p|k)]
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[0070] S, WA d]e) A9 adLEe o8 £ .
State Space Maodel ‘
x(t +1) = Ax(t)+ B,u(t) + B,d(1)+w(t) Aeimptions
Ty = A state space model augmented to include the
y(!} E'x(” disturbance dynamic model.
)=y +v()

Derive Difference Form ‘

|+ D= Ax(2) + Bute) + B,d(1)+ w(e)
|¥(6) = Ax(e=1)+ Bu(e= 1)+ B,d(t —1) +wlt 1)
Ax(t +1) = AAX()+ B, Au(r) + B, Ad(r) + Aw(z)

F(t+1)=Cx(i +1)
¥ =)
Fr4+ D) =¥(1)+ CAx(r+1)

=F()+C I:A:i\.:r(f)-i- B Au(t)+ B, Ad (1) + Aw(i))
=T(f) + CAAx(F) + CB, Au(r)+ CB, Ad (1) + CAw(r)

[0071]
Axit+1)] [4 0 axn] [ B, B, I Axlt)
- A : d -
[?{H—]J L’.‘A I]{ () }’[C‘ﬁ,} Hm+[CB‘,]M(”+[C:IAHW wd A= I][ ?(r}}(m
Ax(?) A4 0 B, B, ]
Let X(;j: o b= !1_“: ,I'J: ,T”_: ,.::[ﬂ !']
F(1) ca 1 CB, CB, C
|:> Xt +D=0X()+T Au()+ T Ad(H)+T Aw(r)
’ YUY =EX(0)+v(7)
| P Step Prediction |
Xt +1])=DX(t | )+T Aul(t)+T Ad(t) Assumption :
XU+2|0=0X | )+DT, Au()+ T Awlt + 1)+ (DT, + T, )Ad (1) Ad (1) = constant
a
O
0
X(t+plt)= "X | O+DT, Au() +... T, Ault + p—1)+(D"'T, +..T )AL
f:} Rearrange by Matrix Form
[0072]
I Xir+lln Z0' =r, 0 i 0 D O o Au(r)
wli+2]0) X(r+2(0) Sl T, =r, 0 O O 0O o Au(t+1)
w430 X310 =’ EQT, Er, Er, O O o ® Al +2)
. = E . = | XG0+ u] 0 a] B[, O .
. o a a =, 0 .
. . o a ] Zr, O .
e+ plo) X(t+p|0 ZF =TT, ZOFT, 2T, 0 0 0 = || Aw+p-1)
=r, 0 0 0O 0O 0 o (adw
E0r, =, 0 o o a0 [ adw
=T, =0l =r, 0 O 0 o |[adw
# B o a =z, a .
g a a zr, a
o o a =r, 0O .
0T, EeTT, =0T, O 0 0 Z=r, | adi)
L Y(e+1]|0) =8 X (t|0)+ S AU()+ S‘AD(1)
[0073] o4 o 4 e et o i e A sy s S

_9_



‘ State Correction ‘

X(t|?) :X{t|!~1)+f{y{!)—-E‘.X(I|I——1))
X(t+1)=DX(t| )+, Au(t)+ T, Ad(1) /K

ZIHSd 10-2023-0069840

=X |t-D)+T, Au(t) + T, Ad() + DK (y()-EX (¢] t —1))

| X+ =®X (@) +T,Au(0) + T ,Ad(5) + T, Aw(r)
X(t+1|0)=(@-KE)X(t |11+ T, Au(@) +T,Ad{0) + K (E X () + (1))
(X(t+1)= X (1 +1]0)) = (D - KENX () - X (¢ |1 —1))+ T, Aw(t) — Kn(f)

where [X (t+1) =@ X (6)+ T, Au(t)+T,Ad(2) + T, Aw(t)

W) =EX (@) +v(1)
[0074]

State Prediction Error | Error Dynamics

Rlele-D=(X()-X(t|e—-10

K +10) = (0 —-KE)X(t |t =D+ Awle)— Kv b
(el =C pR = -y == Nl X(+10=(Xt+1)=X{t+1]|6)

SPE Covariance

= Oh iy E{( (t|t—1)—E{X(t|¢-1)

_—

}{X{r\rfl)fE{X’(:hfl]})I}

Assumption

E{X(t|e-1)}=0

E{ Xiele-n)(Xule-n)

—

B = ey ™ E{(,?(r+1| (X +1| r)]r} < [X@+110)= (@ -KE)X (] r=D+T Aw(t)— Kn(r)|

E{(@—KELE(|t—D)X" (|1~ 1)(@ - KEY |+ E{T Aw()an(a)' T, |+ E{Kvirp(e)’ K7}
(@—-KEE{X@ | -DXT (|1 -D}(®-K=E) +T R, + KRKT

]

0075] |B., =(®-KE)R(®-KE) +T RI,7 +KR K|

P,., is Matrix. For Minimizing, Choose arbitrary vector  @nd make scalar

@' Pa=a'{(@-KE)P(@®-KE)" +T RT," +KRK" |

=+l
=o' {(DP'CDT +I Rl —KEP®' —0PE'K" +K(ZPE" + R)K' }a
. o A
=o' [K-®P="(ZPE" +R,)" |(ERE" + R,)[ K —®PE"(EPE" +R,)" ] a
~OPE"(SRE" +R,)"ERO" +®F®" +T R,

| Ricatti difference equation(RDE) I

P

1+l

=OP®" +T R, -®PE"

[I]
‘Ei
R
[1]
o

+
=
L
[1]
g
e
ke

o = =T (mp=’ -~
0076] ‘(K =®PE"(2PE" +R,)")
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Cost(Objective) Function }

MIN [J = (Fe+1]0=Y+1[0) Q¥ (+1]0)= Yt +1] )+ AU (NRAU (1) ]

ALY
Equality constrained : Y(t+1]1) =8 X(t| )+ §*AU(t) + SAD(1)
For simple rearranging, Assume : g() =Y (t+1|)= 8 X (¢ |)—S'AD()
J = (5"AU(t) —(t) O(S*AU() - e(t)) + AU (ORAU(E)
=AUT (R + 5T OSIAU (1) — AU ()57 Qe() — " (NOS AU (O + 7 (D)e(1)

= (AU ()= (R + 5708 V' 5T Qe(0)) (R + S OS" WAUT (1) —(R + 57 05* Y 57 Qs(r))
— & (NOS" (R +5T08" Y ST Qe(n) + &7 (D1e(6)

[AU() = (R+5708")'SQs(t) = u()=u(-D+[l 0 o o 0](R+S705"Y'S"Qs(0))

[0077]
| Inequality Constrained Matrix |
Input magnitude constraints — u. <u(k+I|k)<u
min — ot max
Input rate constraints — [Au(k +J'|k)| <Au, , I=0,,m-1
Output magnitude constraints —_— VoSS yE+ RSy s s J=1lep
We want to express the above constraints as a linear inequality in the form of
C*AU (k) > C(k)
[0078]
| Input Magnitude Constraints |
U Sulk+1K)<u,,, , 1=0,m-1
I
ulk+i|&)zu,, — u(k—lj-?-z.ﬁu(.k +ilk)zu,,,
i=(
I
—ulk+ | Ky z—u,, — (k=13 Aulk i k)2,
=l
E;} Rearrange by Matrix Form
[ [ 0 - o] [ [t —ue-1]] | S -
TN G 1L U, —tlk—1) U — (K —1)
iE Ry Ak | k) : :
gl ] i C—ufk—1
I T e T AUl R ] Lt e [ L }Mﬂ(k}? L~ 011
T -0 : i, —u(k—1) ! 1, — (k1)
I 10 ||| sulk+m—1]k) u_, —u(k-1) - 2
PR L ; : | |t~k —1) ] |
R | Lt — (R —1) ]|
[0079]
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Total mass balance :
Component mass balance :
Mass-transfer rate*:
Energy balance (wall):

Energy balance :
(Ergun equation, ideal gas law, Wakao equation, empirical equation for ©ax, multi-component isotherm

(LeVan and Vermeulen approach, 1981))
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[ 5]
: T i (:gj — ¥ ]
Linear driving force (LDF) model: B K ["1’.—- q, }
B .
Quadratic driving force (QDF) model: % =K2%(q;" - g }"qu
. E(Jfl _gEf. Lol * Y |
Proposed empirical model: e k(g —q )+ 4 |Q.« -al¢ —a )/

where & = o exp(—8" / T} and k2 = o exp(—8°/ T)

B4 A9 42 A W ke mAbelr] 9e Anawg e ge AN e E o] 1hae Su set
HE mElo] F& o] gHrh

olxbsteta X3 I 33k ~Z ] AHHe = 83 £

olatatetr X F Ao FAY AAZAFSBC)L AAHL = 99 2}

oibsteta X I V&) 71Nk A4S A widwe & 109 Zrh

olitsteta X TAC] A= = 119 v

olabslerAa X FAH odluvA && HAs= [4 6] 2t

[ 6]

nniin JU)=E,+E,
subject to  CO, purity >95% , CO, recovery > 80%
where U= [IAMU, By s PDewm, 5 HPU:I
® Operating cost: blower and vacuum pump
® Flue gas contains 15% CO, — Two-stage PSA process
® 4-step Skarstrom cycle
®

Cost calculation based on the real (non-ideal) blower and vacuum pump

olsteiz EH A oUA EE AHHE AT S AFPE B4 FAe ® L2sh 2uh

olbsheis £ e oUA EE AMHE AT B8 AFPR oA AEE % 133 Pt

olsteta £3 FAY AU BE AHRE AT FH R GF Ae] qUA axe] WAL 4T BHE ¥
145} 2

o3 el B owge u% @gE Ades £ve] o8] dwsglo), ¥ wge grlel Axde] FHHE

Ae ohu, B wno] el Ropld Bakel A4 74 A oled ARYE GIF F4 2 WGl

Assth, dejms, 2owdgel Mot AweE Axdel Fauel AAME ohl Hm, Faett 553
B
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E03
o ol
1. Input Scenario: T AZE k A > - )
2 0I2H & scenar oS M2U512 Tﬂ—ﬁ-ﬁvﬁ-@-@ £33
taee &2 SN
ﬂU’“{k}=[.&u(kj Au(k+1) - i‘.u{k-&—m}] °

& 2scenario
2. Mode! Prediction: 2Z2EIM Kk AR NS J—L,_Ll—ﬂ—
SXTE OGN DI2Ke &HE H=s & _|_|_|_

YP(k)=[v(k+11k) y(k+1|k) - yk+p|k)]

k+m k+p

3. Constrained Optimization: CIS 3 &S SEHEg4E
HAS0lE 22 scenarioE HEIS =

min [Z"v» =y @), +aum ] +Jutc + m) —u“”j]
subject to Y™ <YP(K)< Y™, U™ <U=(k)< U™, etc.

I

4, Receding Horizon Strategy: ®HN YUHQAE

O

0 =25t 92 HIS 2=

Er4
29 7]k o 5 A 0] 7] PIDA ©] (DCS or 7] &2] 0TS)
— set point -~ ~—— set point
— TC1 | \ i — TC1
i 200! i — TC2
i ‘ v
5 $i0
E‘ B & QA s e '
A e i WP =1 = o
5 e 50
% W00 200 300 4000 % 1000
Samples
=85

s exiger) Az ()
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k1
N2

6

@ Typical protocols
Currently Mo Federal

Fueling Protocol " Regulation
Standard All public stations utilize 12601
|« Limit=85% —---=- ¥ Eiciin
a
a E
g 2 g s EN 17127
- g Connechon o o “outdoor hydrogen
& @ | puse = 2 J2601 refuelling points dispensing
@ Py .S EU gaseous hydrogen and
o o th O “Fueling Protocels for incorporating
g L o ; Light Duty Gaseous filling protocols”
£ j:"-l 2 d Hydrogen Surface
E 9 ] Vehicles”
w > Valume Measurament 2 = References 12601
E host Recent Publication
- May 2020 IP
......................... 40°C Regulation - JPEC S-0003
Time Based on SAE J2601

World wide < SAE J2601

Japan = JPEC 5-0003 # All protocols are based on SAE J2601

Europe * EN17127

EH7

Matural gas (from well)

k4

Desulphurization

——» Water

L4

Steamn —»| Reformer —» WGS —| Flash drum —» PSA —» H2

Burner
| » Off-gas
Desulphurization
T |—> Water ’—b M2 (purge)
i h i
Ar ‘ Cooler » Flash drum »  P(T)sA g 0= — CO2
| = "| liquefaction
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Pie(Zp) = Piea(Ziy)
P ' (Zh) = Pry ' (24,)
Pi " (Z11) = Pra (Za)

ODE +
PDE
» Algebraic eq.
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Conventional BC: |
Weo, (1.2=1)
oz -
FSBC:
o il 2)| otz=zp)
Oz ‘:_,:x oz
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- fa) I=.51:J'U. e

Current grad. Predicted grad.

§ = : H H
= o= 000000 CO000000Y
; E S it
3 8 == =
=11 5
5 =
2 S
o] =)
é Ll | L )

[T T 1 g

-1 I 1+17 subdomain

Axial position

CPU time (sec)
Fixed-grid Adaptive-grid

CO0, mass transfer
cient (1/sec)

C

0.06 98 24
0.2 812 85 —» 90% decrease!!
EH]I
Wacuum pump - Gas-OUT
i CQ? 1 -
analyzer [ s =
[ «— =1(70cm)
@’j ||~ Packed region
-—— Heating jacket
+— =0 (0cm)
MFC CO

Bed inner diameter: 2.5 cin
Bed outer diameter: 3.4 cm
Particle size: 0.16-0.26 cm

Line heater
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Suction pressure (mbar)

50

80 100 120 140 160

1000

800

600

400

200

5000 5500 6000 6500 7000 7500
Flow rate at suction pressure {ma.fhr:l

k-l

X (& \(B)F
FIszﬂ'R]I(ﬁ —1:"1* -1
v 1

Suction pressure (mbar)

where

Travaini Pmups USA; TRVE3003

10 20 30 40 50 60
= & Efficiency (%)

5500 6000 6500 7000 7500

5000
Flow rate at suction pressure {msa’hr]

F :suction press., B, :discharge press.
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EHIY
E% 5L 2H A ZHO] o K] =0 095
ol%|E g% 2
0.94
z
topp = 20 sec =
g3
Piesarp = 5.07 kPa ] i
iy, = 83.3 cmy/sec o
0.92
iy = 41.7 cm/sec f ‘ll,
0.9
150 200 250 300 350 400
é 1.03 § 022
E 1.02 E
4 =z
z £0215 o
£ 101 s =
51 5 0.21
5 B
5 0.9
3 ﬁiyﬂ 7 Z 0.205H
8 0.98 { .
;Eo.gr T s E O'T
$ 10 200 0 300 360 400 3 150 200 250 300 350 400
tppy (582 tap.py (5€C)
EWI5
® Cyclic steady state (CSS): about 20 cycles ® Real cost: 0.69 kWh/Nm?-C0O,

@ CPU time for CSS: 15 min (Intel i7, 2.8GHz) ® [deal cost: 0.18 kWh/Nm?-CO,

. ks vl [mitial Optimized
o 0.95 L condition condition
= o 0-9\\ ADE&PU time {sec) 280 251
25 o085 : =
£ % \ PR&BL time (sec) 40 75
8E os
55 0rs \\ Desorp. P (kPa) 507 24.2
2 __35 0.7 i Feed gas velocity 833 674
E 065 {emy'sec)

Purge gas velocity 417 518

1 2 3 4 5 G {cm'sec) =
lterations
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