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LAMPIRAN



Lampiran 1. Polinomial Berderajat Enam untuk Solusi Kesetimbangan Sel

yang Tidak Bernilai Nol (Solusi Non-trivial, C** # 0)

> restart : with( PolynomialTools) : with(RootFinding) : with( plots, implicitplot) -
> Pi=al-C®+a2-C’+a3-C* +a4-C* +a5-C* +a6-C + a7 :
> E:= YceC:

Gh C o-C*

Gi=——— — :
p Yeg  p-(Ks+C)

NI (/5 SO N (I G DY (RS R Y (P I R

e (Km—i—G] [1 Gcrit) (1 Ecrit) (1 Ccrit] P

> fl:= simplify(F)

f1:= [,umache(choc—i— p)ZC6 + (Yego + p) /Jmax((—Ccritheoc + Gcrit Ycep

— Ecrita. — 2 Gb Yce) Yeg + 2p (Ks Yce — % Yce Ccrit — % Ecrit) j c’

+ umax [ (Gcrit (-CcritYcea. + Ks Yce oo — Ecrito. — Gb Yce) p — 200 Gb Ks Yce

+ o (Ecrito. + 2 Gb Yce) Cerit + 2 o Gb Ecrit + Gb? Yce) ch2 +2p [Gcrit (Ks Yce
- % Yce Cerit — %Ecritj p + (-Cerit Yce . — Ecrito. — 2 Gb Yee) Ks + (Ecrito.

+ Gb Yce) Cerit + Gb Ecritj Yeg + p2 (Ks2 Yce + (-2 Cerit Yce — 2 Ecrit) Ks

+ CcritEcrit)j ct+ [ [ [ -Gerit ((Cerit Yeeo. + Ecrito. + 2 Gb Yce) Ks + ( -Ecrita.
— Gb Yce) Ccrit — Gb Ecrit) p + 2 Gb ((Ccrit Yee o + Ecrito. + Gb Yee) Ks + [

-0 Ecrit — % Gb Ycej Ccrit — % Gb Ecrit)) umax — Gerit o p2 CcritEcrit) ch2

+p ( (Gcrit (Ks2 Yce + (-2 Ccrit Yce — 2 Ecrit) Ks + CcritEcrit) p—2Gb Yee Ks

+ ((2 Ecrito. + 4 Gb Yce) Cerit + 4 Gb Ecrit) Ks — 2 Gb CcritEcrit) umax

— Gerit p2 CcritEcrit) Yeg — p2 ((Cecrit Yce 4 Ecrit) Ks — 2 Ccrit Ecrit) /Jmasz) c

+ (( (( ~Gb YeeKs* + ((Ecrito. + 2 Gb Yce) Ccrit + 2 Gb Ecrit) Ks

— Gb CcritEcrit) Geritp + Gb* Yee Ks® + (( -2 Ecrit Gb o, — 2 Gb* Yce) Ccrit

—2Gb Ecrit) Ks + Gb? CcrilEcrit) umax — Gcrit p2 CeritEcrit (-Kmp + Ks o,

— Gb) ) ch2 —pKs ( ((Ccrit Yee + Ecrit) Ks — 2 Ccrit Ecrit) (Geritp — 2 Gb) umax
+ 2 Gerit p2 CcritEcrit) Yeg + ,umaszz p2 CcritEcrit) c+ ((Gb ((Ccrit Yce

+ Ecrit) Ks — 2 Ccrit Ecrit) (Geritp — Gb) umax + 2 Gerit p2 CeritEcrit (Kmp + Gb) )
Yeg + Ecritp CeritKs ( (Geritp — 2 Gb) umax — Gerit p2>) YegKs C

— Ecrit (Gb (Geritp — Gb) umax — Gerit p2 (Kmp + Gb) ) Ccrit ch2 Ksz)/

(Ecritp Gerit Cerit ( (Yego +p) c+ ((-Kmp — Gb) Yeg + Ksp) C — Ks Yeg (Kmp
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> 12 = collect(f1, C)
e [#mache(chOL n p)2 C6 + (ch(x + p) umax ( ( -CcritYce 0. + Gerit Yce p

— Ecrito. — 2 Gb Yee) Yeg + 2p (Ks Yce — % Yce Cerit — %Ecrit)) c?

+ umax ( (Gcrit (-CcritYce o, + Ks Yce o — Ecrito. — Gb Yce) p — 2 Gb Ks Yee

+ o (Ecrito. + 2 Gb Yee) Cerit + 2 oo Gb Ecrit + Gb* Yce) ch2 +2p (Gcrit (Ks Yce
— % Yce Cerit — % Ecrit] p + (-Ccrit Yce o, — Ecrito. — 2 Gb Yce) Ks + (Ecrita.

+ Gb Yce) Cerit + Gb Ecrit] Yeg + p2 (Ks2 Yce + (-2 Cerit Yee — 2 Ecrit) Ks

+ CcritEcrit)) ct+ ( ( [ -Gerit ((Cerit Yeeo. + Ecrito. + 2 Gb Yee) Ks + ( -Ecrita.
— Gb Yce) Cerit — Gb Ecrit) p + 2 Gb ((Ccrit Yceo. + Ecrito. + Gb Yce) Ks + (
-oEcrit — % Gb Yce) Cerit — % Gb Ecrit) ] umax — Gcrilocp2 CcritEcrilj ch2

+p ( (Gcrit (Ks2 Yece + (-2 Ccrit Yce — 2 Ecrit) Ks + CcritEcrit) p—2Gb Yee Ks*
+ ((2 Ecrito. + 4 Gb Yce) Ccrit + 4 Gb Ecrit) Ks — 2 Gb CcritEcrit) umax
— Gerit p2 CcritEcrit) Yeg — p2 ((Cecrit Yce + Ecrit) Ks — 2 Cerit Ecrit) umasz) c
+ ( ( (( ~Gb YeeKs* + ((Ecrito. + 2 Gb Yce) Cerit + 2 Gb Ecrit) Ks
—Gb CcritEcrit) Geritp + Gb? Yee Ks* + ((—2 EcritGb o, — 2 Gb* Yce) Ccrit
—2Gb Ecrit) Ks + Gb? CcritEcrit) umax — Gcerit p2 CeritEcrit (-Kmp + Ks o,
— Gb) ) Yeg? — pKs ( ((Ccrit Yce + Ecrit) Ks — 2 Cerit Ecrit) (Geritp — 2 Gb) umax
+ 2 Gerit p2 CcritEcrit) Yeg + [,lmaths2 p2 CcritEcrit) c+ ( (Gb ((CcritYce
+ Ecrit) Ks — 2 Cerit Ecrit) (Geritp — Gb) umax + 2 Gerit p2 CeritEcrit (Kmp + Gb))
Ycg + Ecritp CcritKs ( (Geritp — 2 Gb) pumax — Gerit p2)> YegKs C
— Ecrit (Gb (Geritp — Gb) umax — Gerit p2 (Kmp + Gb)) Ccrit ch2 Ksz)/
(Ecritp Gecrit Cerit ( (Yego + p) c+ (( -Kmp — Gb) Yeg + Ksp) C — KsYcg (Kmp
+Gb)) (Ks + C) Yeg)

> g:= Ecrithchrithrit((choc +p) c+ (( -Kmp — Gb) Yeg + Ksp) C

— KsYeg (Kmp + Gb)) (Ks+ C) p :
> 13 = simplify(2-g)

3= /Jmache(choc + p)2C6 + (choc + p) /mec[(—Ccritheoc + Gcrit Ycep — Ecrito

—2Gb Yce) Yeg +2p (Ks Yce — % Yce Ccrit — % Ecrit)) 4 umax [ (Gcrit (

-CcritYce o, + Ks Yce o — Ecrita. — Gb Yce) p — 2 o Gb Ks Yee + o ( Ecrit o
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+ 2 Gb Yee) Cerit + 2 o. Gb Ecrit + Gb* Yce) ch2 +2p [Gcrit [Ks Yce — % Yce Cerit

- %Ecritj p + (-Ccrit Yee o, — Ecrito. — 2 Gb Yce) Ks + (Ecrito. + Gb Yce) Cerit

+ Gb Ecrit] Yeg + p2 (Ks2 Yce + (-2 Ccrit Yce — 2 Ecrit) Ks + CcritEcrit)j ct + [ [ (
-Gerit ((Ccrit Yeeo. + Ecrito. + 2 Gb Yce) Ks + ( -Ecrito. — Gb Yce) Cerit
— GbEcrit) p +2Gb ((Ccrit Yeeo. + Ecrito. + Gb Yce) Ks + ( -oEcrit

— % Gb Yce) Cerit — % Gb Ecrilj] ch2 +p (Gcril (Ks2 Yce + (-2 Ccrit Yce

— 2 Ecrit) Ks + Cerit Ecrit) p—2Gb Yee Ks® + ((2 Ecrito. + 4 Gb Yce) Cerit

+ 4 Gb Ecrit) Ks — 2 Gb CcritEcrit) Yeg — p2 ((Cecrit Yce + Ecrit) Ks

— 2 CcritEcrit) Ks) umax — GeritYcg p2 CeritEcrit (Yega. + p) ) c+ ( ( ( (

~Gb YeeKs” + ((Ecrito. + 2 Gb Yce) Ccrit + 2 Gb Ecrit) Ks — Gb CcritEcrit) Geritp
+ Gb* Yee Ks* + (( -2 EcritGba. — 2 Gb? Yee) Cerit — 2 Gb? Ecrit) Ks

+ Gb? CcritEcrit) ch2 — p ((Ccrit Yee + Ecrit) Ks — 2 Cerit Ecrit) ( Geritp

—2Gb) Ks Yeg + Ks* p2 CcritEcrit) wmax — Ecrit ((-Kmp + Kso. — Gb) Yeg

+2Ksp) p2 Gerit Cerit ch) c+ ( (Gb ((Ccrit Yee + Ecrit) Ks
— 2 CeritEcrit) (Geritp — Gb) Yeg + Ksp Cerit Ecrit (Geritp — 2 Gb) ) umax
+ 2Ecritp2 Gecrit Cerit ( (Kmp + Gb) Yeg — % Ks pj ) YcgKs C — Ecrit ( Gb (Geritp
— Gb) pmax — Gerit p2 (Kmp + Gb)) Ccrit ch2 Ks*
> al = coeff(f3,C,6)

al = /Jmache(YCgOﬂ‘i‘p)z
> a2 = coeff(f3,C,5)

a2 == (Yego + p) umax [ (-Ccrit Yce 0. + Gerit Yeep — Ecrito. — 2 Gb Yce) Yeg
1 . 1 .
+2p | KsYce — > Yce Ccrit — > Ecrit

> factor(a2)
-(Yeg o + p) umax (Cerit Yee Yeg oo — Gerit Yee Yeg p + Cerit Yeep + Ecrit Yeg o
+2Gb Yce Yeg — 2 Ks Ycep + Ecritp)

> a3 = coeff(f3,C,4)

a3 = umax ( (Gcrit (-CcritYceo. + Ks Yce o — Ecrito. — Gb Yce) p —20.Gb Ks Yce

+ o (Ecrito. + 2 Gb Yee) Cerit + 2 oo Gb Ecrit + Gb* Yce) ch2 +2p [Gcrit [Ks Yce
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- % Yce Cerit — %Ecritj p + (-Cerit Yee oo — Ecrita. — 2 Gb Yce) Ks + (Ecrita.

+ Gb Yce) Cerit + Gb Ecrit) Yeg + p2 (K52 Yce + (-2 Ccrit Yee — 2 Ecrit) Ks

+ CcritEcrit) ]

> factor(a3)

umax ( -Cecrit Gerit Yce ch2 ap + GeritKs Yce ch2 aop + CceritEcrit ch2 0(2
+ 2 Ccrit Gb Yce ch2 o — Ccrit Gerit Yce Ycg p2 — 2 CcritKs Yce Yego.p
— Ecrit Gerit ch2 ap — Gb Gerit Yce ch2 p—2GbKsYce ch2 o
+ 2 GeritKs Yce Ycg p2 + 2 CeritEcritYcgop + 2 Ccrit Gb Yce Yegp — 2 CeritKs Yce p2
+ 2 Ecrit Gb ch2 o — Ecrit Gerit Ycg p2 — 2 EcritKs Yego.p + Gb® Yee ch2
—4GbKs YceYegp + Ks Yce p2 + Ccrit Ecrit p2 + 2 EcritGb Yegp — 2 EcritKs pz)

> a4 = coeff(f3,C,3)
a4 = [ [ -Gerit ((Ccrit Yee o + Ecrita. + 2 Gb Yce) Ks + (-Ecrito. — Gb Yee) Cerit

— Gb Ecrit) p +2Gb ((Ccrit Yce o + Ecrito. + Gb Yee) Ks + ( - Ecrit

— % Gb Ycej Cerit — % GbEcrit)j ch2 +p (Gcrit (Ks2 Yee + (-2 Cerit Yee

— 2 Ecrit) Ks + Cerit Ecrit) p—2Gb Yee Ks® + ((2 Ecrito. + 4 Gb Yce) Cerit
+ 4 Gb Ecrit) Ks — 2 Gb CcritEcrit) Yeg — p2 ((Ccrit Yce + Ecrit) Ks

— 2 CcritEcrit) Ks) umax — GceritYcg p2 CeritEcrit (Yego + p)

> factor(a4)

-umax Ccrit Gerit Ks Yce ch2 op + umax Ccrit Ecrit Gerit ch2 ap
+ umax Ccrit Gb Gcerit Yce ch2 p + 2 umax Ccrit Gb Ks Yce ch2 o
— 2 umax Ccrit GeritKs Yce Ycg p2 — umax Ecrit Gerit Ks ch2 op
— 2 umax Gb GeritKs Yce ch2 p + umax GeritKs® Yee Ycg p2
— Ccrit Ecrit Gerit ch2 o p2 — 2 umax Ccrit Ecrit Gb ch2 o
+ umax Ccrit Ecrit Gerit Ycg p2 + 2 umax Ccrit EcritKs Ycg o.p
— umax Ccrit Gb? Yee ch2 + 4 umax Ccrit Gb Ks Yce Ycg p — umax CeritKs® Yce p2
+ umax Ecrit Gb Gerit ch2 p + 2 umax Ecrit Gb Ks ch2 o — 2 umax Ecrit Gerit Ks Ycg p2
+ 2 umax Gb? Ks Yee ch2 — 2 umax Gb K< Yee Yegp — Ccerit Ecrit Gerit Yeg p3
— 2 umax Ccrit Ecrit Gb Ycg p + 2 umax Ccrit EcritKs p2 — umax Ecrit Gb* ch2
+ 4 umax EcritGb Ks Yegp — /ylmaxEcrith2 p2
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> a5 = coeff(f3,C,2)
a5 = ((( ~Gb Yee Ks* + ((Ecritoc +2Gb Yce) Cerit + 2 GbEcrit) Ks

—Gb CcritEcrit) Geritp + Gb* Yee Ks® + ((—2 EcritGb o, — 2 Gb* Yce) Ccrit
—2Gb? Ecrit) Ks + Gb* CcritEcrit) ch2 — p ((Ccrit Yce + Ecrit) Ks

— 2 CcritEcrit) (Geritp — 2 Gb) KsYeg + K p2 CcritEcrit) umax — Ecrit ((-Kmp
+ Kso.— Gb) Yeg + 2 Ksp) p2 Gerit CeritYcg

> factor(a5)
umax Ccrit Ecrit Gerit Ks ch2 op + 2 umax Cerit Gb Gerit Ks Yce ch2 p

— umax Ccrit GeritKs Yee Ycg p2 — umax Gb GeritKs® Yee ch2 p

+ Cecrit Ecrit Gerit Km ch2 p3 — CecritEcrit Gerit Ks ch2 o p2

— umax Ccrit Ecrit Gb Gerit ch2 p — 2 umax Ccrit Ecrit Gb Ks ch2 o

+ 2 umax Ccrit Ecrit Gerit Ks Ycg p2 — 2 umax Ccrit Gb” Ks Yce ch2

+ 2 umax Ccrit Gb Ks* Yce Yegp + 2 umax Ecrit Gb Gerit Ks ch2 p

— umax Ecrit Gerit Ks* Ycg p2 + umax Gb? Ks” Yce ch2 + Ccrit Ecrit Gb Gcerit ch2 p2
— 2 Ccrit Ecrit GeritKs Ycg p3 + umax Ccrit Ecrit Gb* ch2

— 4 umax Ccrit Ecrit Gb Ks Ycg p + umax Cerit EcritKs* p2 — 2 umax Ecrit Gb® Ks ch2
+ 2 pmax Ecrit Gb Ks* Yegp

> a6 = coeff(f3,C, 1)
a6 = [ (Gb ((Ccrit Yee + Ecrit) Ks — 2 Cerit Ecrit) (Geritp — Gb) Ycg

+ Ksp Cerit Ecrit (Geritp — 2 Gb) ) umax + 2 Ecrit p2 Gecrit Cerit ( (Kmp + Gb) Ycg
1
-5 Kspj ) YegKs

> factor(a6)
(umax Ccrit Gb GeritKs Yce Yeg p + 2 Cerit Ecrit Gerit Km Ycg p3
— 2 umax Ccrit Ecrit Gb Gerit Yeg p + umax Cerit Ecrit Gerit Ks p2
— umax Ccrit Gb> Ks Yce Ycg + pumax Ecrit Gb GeritKs Yeg p
+ 2 Ccrit Ecrit Gb Gerit Ycg p2 — Cecrit Ecrit Gerit Ks p3 + 2 umax Ccrit Ecrit Gb* Ycg
— 2 umax Ccrit Ecrit Gb Ks p — umax Ecrit Gb® Ks ch) Yecg Ks

> a7 = coeff(f3,C,0)
a’ = —Ecrit(Gb (Geritp — Gb) pmax — Gerit P2 (Kmp + Gb)) Cerit Yeg” K"
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Lampiran 2. Plotting Polinomial (4.33) terhadap p dan G,

Setelah memperoleh polinomial (4.33) pada Lampiran 1, lanjutkan dengan

menginput semua nilai-nilai parameter dari Tabel 4.3 ke dalam Maple, kecuali

nilai p dan nilai-nilai parameter pada Gy,.

>  umax = 0.408 :
Km = 0.22:
Gerit == 260 :
Ecrit == 76 :
Ccerit == 23 :
Yeg :==0.5:
Yce := 0.35:
o= 0.84:
Ks = 0.6894 :

> P

0.14280C% (p + 0.420)2 +0.408 C° (p + 0.420) (-0.350 Gb — 38.06742000p — 35.30100)

+ *(26.52000 (-0.35 Gb — 70.39931640) p + 14.36146055 Gb + 125.8056576
+0.0357000 Gb* + 0.4080 ( -10863.76460p + 83.567420 Gb + 1419.646981) p
+665.9695076p°) + C° (~26.52000 (-83.567420 Gb — 1419.646981) p

+0.20400 Gb ( -41.78371000 Gb — 1419.646981) + 0.2040 (4.24392333310° p

— 3264.556411 Gb + 2024.519616) p + 967.0398693 p” — 2.272400 10° p” (p (16)
+0.420)) + C*(26.52000 (-1632.278205 Gb + 1012.259808) p + 166.4923769 Gb*

— 206.5010008 Gb + 483.5199346 (-2 Gb + 260p) p + 338.9566428 p

— 2.27240010° p” (-0.5Gb + 1.2688 p + 0.2895480) ) + C (-241.7599673 Gb (- Gb
+260p) + 169.4783214 (-2 Gb +260p) p + 3.13318512010° p” (0.5 Gb

— 0.2347000000p) ) — 84.73916069 Gb (-Gb + 260 p) + 54000.44554 S (Gb
+0.22p)

Explore( plots| :-implicitplot]((16),p=0.. 1,Gb=0.. 24, labels= [ p, Gb]) , -parameters'= [ C
=0...220.], “-initialvalues'= [ C=13.027] )

Ln
|

0.1 02 03 04 05
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Lampiran 3. Matriks Jacobian Sistem Persamaan (4.20) untuk E; dan E,

> restart : with(VectorCalculus) : with(LinearAlgebra) : with(plots, implicitplot) :
> fl=CupC:f2:=Gb—Gk—p-G:f3:=Eb—p-E:
>

umax-G G E C
=C | =———|.]1- 11— 1= :
Cu ¢ ( Km+ G J ( Gcrit j ( Ecrit ] [ Ccrit )

2
Cu C
k= . :
G Ycg to [ Ks + C]
Eb := Yce-Cu :

> J:= Jacobian([ f1,/2,/3], [C, G, E])

G E C
Ji= 2 Cpmax G (1 Gecrit j (1 Ecrit j (1 Cerit j P

Km+ G

2 G E
1 — 1 —
_ ¢ [JmaxG[ Gerit j [ Ecrit j P
(Km + G) Cerit ’

2 G E C
1— 1— 1—
¢ ,umax( Gerit ) [ Ecrit ) ( Ccrit ) P

Km+ G
2 G E C
1 — 1 — 1 —
¢ [JmaxG[ Gerit j [ Ecrit j [ Ccrit j P
(Km + G)?

2 E C
1 — 11—
" pmax G [ Ecrit ) ( Ccrit ) P
(Km + G) Gerit ’

2 G C
11— 11—
~ ¢ [JmaxG[ Gerit j ( Ccrit j P
(Km + G) Ecrit ’

G E C
_,umaxG[l— Gcrit) [1_ Ecrit) (l_ Ccrit)

(Km + G) ch

C G|1—
4 pmax ( Gcritj[ Ecrlt

20.C o C?
+

CKs+C (Ks-i-C)ZE_p

(Km + G) CcritYcg

a1 8] [1-

11—
Gerit Ecrit ] ( Ccrit ]
(Km + G) ch
G
4 C pmax G [1 Gerit ] [ Ecrit ) [ Ccrit )
(Km + G) ch
E G C
i C pmax G [1 " Ecrit ) ( Ccrit J C,umaxG[ Gerit j [1 " Cerit j
(Km + G) Gerit Yeg (Km + G) EcritYcg
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G E C
Ye 1 — 11— 11—
ce max G ( Gerit j ( Ecrit ] ( Ccrit )
Km+ G

G E
Yce C G|1-— 1—
_ cet Hmax [ Gerit ] ( Ecrit ]
(Km + G) Cerit ’

G E C
Y 1— 1— 1—
ceC/,lmax( Gerit ) [ Ecrit ] [ Ccrit j

Km+ G
G E C
_ Yee € pimaxG [1 Gcerit ] (1 Ecrit j (1 Cerit )
(Km + G)?
E C
_ Yee € pmax G [ ! Ecrit ) [1 Ccrit j

(Km + G) Gcrit .

G C
_ Yee € pmax G [1 Gcrit ] (1 Cerit )

(Km + G) Ecrit

> Jl = subs(C=0,G= @,E=0,J)

p
0 0 0|
,umaxGb{l __Gb ]
p Gerit
i Gb P 0
p [Km + —] Yeg
J1 = p
Yee umaxGb | 1 — Gb
p Gerit .
p [Km + G—bj
p
> Eigenvalues(J1)
0
-p
-p
) 2
> 2= subs| c=cli =80 — €l __e(Cl”  p_y o
P Yeg p-(Ks + C[i])
G _ci__ocr )

) Gh  Ci ac ) p Teg  p(Ks+Ci) YeeC 1) Ci)
oy EC—IMM[T_E_ p(Es+Ci) ) - Gerit ¥, [1_ Ecrit ,|[ - Cerit )
a ons Gb_Ci__ oC?

P Yeg  p(Es+CJ)
G _ci__oCf )
c 2 [G:' Ci aC p Yeg  p(Ks+Cd) [1_ YeeC i)
_ - p Yeg plEs+Ci) ) Gerit ¥, Ecrit )
[Km+G—b—g— oCr Cerit
P Yeg  p(Es+CL))
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’ P Yeg  p(Ks+Cl) [ y‘cgc;'\[ Ci)
ci 1- 1— — _
I pmex Gerit ) Ecrit ,| Cerit ) P
2
L i c i
Emy oL _Ci el
P Yeg  p(Es+Ci)
1 2 A
Gb C i ol i
. _ _
cr Gh _ i oc? |, __p Yog p(Ks+Ci) [ YeeC i \| [ Ci)
- p Yeg p(Es+Ci) ) Gerit ¥, Ecrit ) Cerit ) P
ol W2
; i ci
s Gb_CL__oCP )
P Yeg  p(Es+Ci) )
2 5
3 Gh Ci aC @ _ YeeCiY[,  Ci)
C_FMM[T " Yez p(Es+Ci) ) [1 Ecrit ,| [1 Cerit /|
1 N 2 3
PR RTR .
P Yeg  p(Ks+Ci) )
Gh _ci___actd )
3 Gh  Ci ac p Feg  p(Es+C) C i
B C_rmax[ p Yeg  p(Ks+Cd) ) Gerit } [ Cerit ) e
[Km+ G _Ci_ el g,
l Yeg  p(Ks+cC) )
G ci _oecl )
G _ci _ec? )| p T pk+C)) [I_Ycec‘_;"'[l_ ci )
~ M p Yeg plEs+C) ) Gerit J Eerit |} Cerit
i N 2 \
[Km+ﬂ— C_‘_}_ ol [ | vee
p Teg  p(Ks+Ci) )
2 AY
Gh _ Ci _ oI
. Gb i ClC_f:" A p Yeg p(Ks+ C_i) [ YeeC i)
C fumax| — — —— — - - — : ,
4 Teg  p(Ks+Ci) ) Gerit ) Eoit ) 2aC1 el
: i 2 Ks+Ci 02
Km + Gh_ —Cj—j __ecr Cerit Yeg - (Ks+C1)
p Feg plEs+C) )
2 3
Gh_Ci__oCr
. p Teg  p(Ks+C) [ YeeC 1) [ Ci)
C 1- 1— ! _Lr
_ e Gerit Ecrit ,| Cerit )
1 - 2 A
Km+@7 Ci_r - al i |Ir"cg
Yeg  pilEs+cCi) )
G ci  eci )
] cr ) Ye Ks+ C 1 e 1 .
C iwmax ﬂ_g_ o __p g pl i) [1 _ }’CQCj_f |[1_ C_}-
" Yeg  p(Ks+Ci) ) Gerit ) Ecrit ) Cerit )
2 A
L i o
[Km+ﬂfc—r7 oL | Yeg
P Yeg  piEs+cCi) )
2 A
. Gh C i oC I YeeC i) Ci
C iumax| — — ——— — — . | 1— |
4 p Yeg  p(Es+C) ) Ecrit ) Cerit )
2 Y 2
b i ci
Km+ G2 Ll 96T Goiv
P Yeg  p(Es+cCa) )
Gb  Cli ac )
1 —_——— =
L i ci Ty Es+Ci ;
C_jumax ﬂ—&— ot | 1— P g p( )| [ _ C_i-
P Yeg  piKs+Ci) ) Gerit ) Cerit )
3
; cr
Km + G _ i > Ecrit Yeg
p Yeg  p(Es+cC) )
2 A
Gh Ci ol i~
. =
- Gb C i oC i~ \ p Yeg p(Ks+ C i) YeeC i) Ci )
Yeeumax | — — — — 11— 11— » | - -
P eg  p(Ks+C) ) Gerit J Ecrit Cerit )
5
i i
Emy 82 _C1_ o
Yeg  p(Ks+Ci)
1 2 A
Gh Ci ol
2 N\ - — -
k i C i ¥e, Es+C i 7 iy
Yee C_f pmax b Q — ot __P £ P ( i) [ Ir’ceCj_f
P Yeg  p(Ks+Cd) ) Gerit ) Ecrit )
2 A
G C i ol i
[Km + 2 L= Com
P Yeg  p(Es+Cl) )
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[1 _ YeeC i ‘|[ _Ci)

YeeC ipmax|1— Gt J T ) =7
_
Km_'_ﬂ_ Cr_r _ o
P Yeg  p(Ks+ )
2 A
G Ci  aCr
i e’ ) ¥e, Ks+C i e 1) N
Yee C_iumax G @ __F £ P( i) [ _ TeeCi |[ _ <
_ P Teg  p(Ks+C) ) Gerit J Ecrit ) Cerit )
ol W2
xm+ G2 _C1 __ oCr
p Yeg  p(Ks+C1) )
o Gb  Ci ac i ) YeeC i\ i
Yee C jpmax| — — — — — : | _ _ |
_ P Yeg  p(Ks+C) ) Ecrit ) Cerit )
2l hY 2
L i olig
[m+ﬂ—g—7a— Gerit
p Yeg  p(Ks+Cd) )
Gh i aC i )
. Lo L
i cir Te, Es+C i i
Yea C_ipmarx G ol __F g F‘( ) [ _ C_}-
_ p Yeg plEs+C_i) ) Gerit J Cerit )
2 A
£ i cr
Kmy S2 1 oC Eerit
P Yeg  p(Ks+Ci) )
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Lampiran 4. Tampilan Lengkap Matriks Jacobian untuk Sistem Persamaan (4.20) yang Dievaluasi pada E;,

df1 df1 df1
P afa afa
]2 aC(t)( i i i ) 6G(t)( i i i ) aE(t)( )
af3 * % *% *% af3 * % *% *% af3 *% *% * %
_aC(t) (Cl rGi rEi ) aG(t) (CL IGi rEi ) aE(t) (Cl )Gi ;Ei )_
dengan
/ Gp _G"_ _alG)? \
(G_b _ C;** _ a(ci**)z ) 1 P YCQ p(KS + C**) YceC**) (1 — Ci** )
max p ch p(Ks + C**) \ Gcrlt / crLt Ccrit
ofh __
ac; PR G
P Yeg pKs+C)
/ Gp G _alG)? \
c; (G_b _Gr__a(@)? ) [P Yoy pKs+CD YceC**>
Hmax p ch p(Ks + C**) \ Gerit / Ecrit
B G & ol ) ’
Ccrit (Km + p ch P(Ks + Ci**)

88



[ GGG \
p Yy p(Ks+C™) YceC**

- 3 _ G- )
Ci Umax \1 Gcrlt cnt )(1 CCTif
fi
G G, C~ a(C)?
Kp+-2-—34——-—"1 "
p Yy p(Ks + C; )
/ Gy _ G “(C**)Z \
{ Hmax p ch p(K; + C**) \ Gcrlt Ecrie Cerit
) (s + G- 5 &)
p ch (Ks + Cl**)
C** (__;_ l **><1_ ce l)(l_ l )
_ i Hmax 1% ch P(Ks + Ci ) Ecric Cerit
G G _ M) ’
Gerie <Km + p Yeg p(Ks+C)
/ Gp _ G _alG)? \
cr <G_b o alc)? ) [P Yoy pKs+CD )
Hmax P ch p(K + C**) \ Gcrlt CTlt
of _
oE;* ’

Ecrit<K +__y__

cg p(Ks + Ci**)
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/ Gy G alG7)? \
) p Yy pKs+ (D YceC**)(l_Cﬁ*)

(G_b _Gr el N[
Hmax p ch ,D(KS + Ci**) \ GCT‘lt / crlt Ccrit
of,
ac;” ( G, C* a(Cr)? )
Yeg\Km+— —v—— % 1
cg \Fom F p Yy pKs+C)
Gp G _alG)?
C U (G_b _ LM _ a(C**)Z ) 1— P ch (KS + C**) YceC**
max P ch p(K + C**) Gcrlt CTlt
. 20(Cl-** N a(Ci**)Z
P POVl i e T
crittcg m p ch ,D(Ks + Ci**)
Gp G _alG)? \
G i | 1 = £—Yea P +CT) Ll )(1 . )
\ GCTlt crlt Ccrit
f;

G~ ( G, C~ a(C)? )
Yoo (K + 2 — 34— 0~
p ch p(Ks + C; )
[ a.g_ sy
Gh C* a(Ci**)z )) p ch p(KS + Ci**) <1 _ YceCi**> <1 B Ci** )

c* (— - )| 1-
i Hmax p Y p(Ks + C; \ Gerit Ecrie Cerit

g
Y. <K +-b =L
p Y P(K5+Ci)

2

+



c (G_b_CL**_a(C—**)Z) (1 _ YceCi**) (1 _ C{‘*)
Hmax p ch p(K + C**) Ecrit Ccrit
Geen (Ko + =5, k)
Gb Ci** a(Ci**)Z

Gb _ (" _alGr)? ) [P Yeg p(Ks+ () (1_Ci**>

+

C Hmax (? B Tg B P(K + C**) Gcrit Ccrit
of _ i
E 6 G _aCr :

2 Ecrithg (Km + p ch p(Ks + Cl**)
/ Gp _C7_ _alG)? \
Y (G_b _ C__a(C_V> P Yo pKs+C YceC**) (1 _ C_)
ceHmax p Yeg p(Ks + C™) \ Gerit Ecrie Cerit

ofs _
T PR A G

p Yo pKs+C)

/ Gp G _a(C)? \
Y C <G_b_CL**_—a(C**)2 ) 1-— P YCQ p(KS + C**) YceC**)
ce Umax J) ch ,O(K + C**) \ Gcrlt crlt

CCTit (K + ? - Tg - p(Ks + Cl**)



a(C**)Z
p(Ks +C™) \

C*

*

* ok YCQC** i

YeeCi Umax \1 - Gerit E. it ) <1 - Cerit

0fs
aGl** - Gb C** a(Cl’**)Z
K+ =2 — = — — oy
p cg p(Ks + C; )
Gy G _alG)?
Gb C*  a(C))? p_Yg pKs+() Y G Ci
e @5 a7 ) -y - )
cei Hmax p ch P(KS + Ci ) \ Gerit / Ecrie Cerit

—_ C** C** 2 2

(K LG G M)
m p ch P(Ks + Cl**)
(- 1 )0 £
_ cert rmax\ p Y., p(Ks+ C) Ecrie Cerit
Gy G “(C—JZ) ’
Gerit (Km + P ch p(Ks + Ci**)
Gp G _alG)?
ce max\"p" " Y,, (K; + C™) Gerit
Of ___
9E;" ( Gy G M)
Ecrie \ Km + P ch p(K, + Ci**)



Lampiran 5. Script (m-file) Matlab R2015a untuk Simulasi Numerik Model
Matematika (4.16)

» modelmatematika.m

function y = modelmatematika (t, x)

global umax Km Gcrit Ecrit Ccrit rho Gs A Ycg alpha Ks Yce F
C=x(1);

G=x(2);

E=x(3) ;

omega=2*pi*F; %omega: frekuensi gangguan (jumlah gelombang sinus
yang terbentuk dalam 1 jam)

y = [C* (umax*G/ (Km+G)) * (1-(G/Gecrit))* (1-(E/Ecrit))* (1-(C/Ccrit)) -
rho*C; rho*Gs+A*sin (omega*t) - (C* (umax*G/ (Km+G) ) * (1-(G/Gecrit)) * (1-
(E/Ecrit))* (1-(C/Ccrit)))/Ycg-alpha* (C"2/ (Ks+C))-rho*G;

Yce* (C* (umax*G/ (Km+G) ) * (1- (G/Gecrit) ) * (1-(E/Ecrit))* (1-(C/Ccrit))) -
rho*E];

end

> SimNum.m

clc; clear; close all;

%$DATA PARAMETER

global umax Km Gcrit Ecrit Ccrit rho Gs A Ycg alpha Ks Yce F
umax=0.408; %$Laju pertumbuhan spesifik maksimum sel
Km=0.22; %Konstanta Monod

Gcrit=260; %"Konsentrasi Jjenuh yang terukur" dari glukosa
Ecrit=76; %$"Konsentrasi jenuh yang terukur" dari etanol
Ccrit=23; %Daya muat sel

rho=0.084; %Laju dilusi glukosa

Gs=150; %Konsentrasi pemberian glukosa

Ycg=0.5; %Faktor yield sel terhadap glukosa yang diberikan
alpha=0.84; %Laju penyerapan spesifik glukosa

Ks=0.6894; S%SKonstanta Michaelis

Yce=0.35; %Faktor yield sel terhadap etanol yang terbentuk
A=1; %Amplitudo gangguan (PARAMETER YANG DIATUR)

SNILATI AWAL

y0 = [10; 8; 0]; 3C(t); G(t); E(t)

$INTERVAL WAKTU

tspan = [0 24]; %Pengamatan dilakukan dalam 24 jam

$UNTUK MENAMPILKAN C(t), G(t), E(t) DALAM 1 PLOT

figure (1)

F=1; %Frekuensi untuk omega (PARAMETER YANG DIATUR)

[t,v] = oded5 (@modelmatematika, tspan,y0); SRUNGE-KUTTA ORDE 4-5
Titik Kesetimbangan = y(end, :)

grid on

hold on; plot(t,y(:,1),'-b'", 'LineWidth',1); hold off;
hold on; plot(t,y(:,2),"':r', "'LineWidth',1.5); hold off;
hold on; plot(t,y(:,3),'-.m', 'LineWidth',1);

xlabel ('t (jam)"'");

ylabel ('Konsentrasi Sel, Glukosa, dan Etanol (g/L)");

legend ('Konsentrasi Sel (C(t))','Konsentrasi Glukosa
(G(t)) ', "Konsentrasi Etanol (E(t))"'):;

hold off

figure (2)

F=2;

[t,y] = oded5 (@modelmatematika, tspan, y0);

Titik Kesetimbangan = y(end, :)

grid on
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hold on; plot(t,y(:,1),'-b', 'LineWidth',1); hold off;
hold on; plot(t,y(:,2),"':r','LineWidth',1.5); hold off;
hold on; plot(t,y(:,3),'-.m', 'LineWidth',1);

xlabel ('t (jam)"'");

ylabel ('Konsentrasi Sel, Glukosa, dan Etanol (g/L)");

legend ('Konsentrasi Sel (C(t))', 'Konsentrasi Glukosa
(G(t)) ', "Konsentrasi Etanol (E(t))"'):;

hold off

figure (3)

F=3;

[t,v] = oded5 (@modelmatematika, tspan, y0);

Titik Kesetimbangan = y(end, :)

grid on

hold on; plot(t,y(:,1),'-b', 'LineWidth',1); hold off;
hold on; plot(t,y(:,2),"':r', "'LineWidth',1.5); hold off;
hold on; plot(t,y(:,3),'-.m', 'LineWidth',1);

xlabel ('t (jam)"'");

ylabel ('Konsentrasi Sel, Glukosa, dan Etanol (g/L)"'");

legend ('Konsentrasi Sel (C(t))', '"'Konsentrasi Glukosa
(G(t)) ', "Konsentrasi Etanol (E(t))"'):;
hold off

$PLOTTING FUNGSI Gb (LAJU PEMBERIAN GLUKOSA SECARA KONSTAN &
SECARA PERIODIK)

figure (4)

tx=0:0.01:2;

grid on

hold on; A=0; F=0; omega=2*pi*F; Gb=rho*Gs + A*sin (omega*tx);
plot (tx,Gb, ":b', 'LineWidth',1.5); hold off;

hold on; A=0.5; F=1; omega=2*pi*F; Gb=rho*Gs + A*sin (omega*tx);
plot (tx,Gb, '-m', 'LineWidth', 1) ;

xlabel ('t (jam)"'");

ylabel ('Laju Pemberian Glukosa (g/L/h)");

ylim([9 15]);

legend('Secara Konstan (A=0)"', 'Secara Periodik (A=0.5,
\omega=2\pi) ") ;

hold off

figure (5)

tx=0:0.01:2;

grid on

hold on; A=0; F=0; omega=2*pi*F; Gb=rho*Gs + A*sin (omega*tx);
plot(tx,Gb, ':b'", '"LineWidth',1.5); hold off;

hold on; A=0.5; F=2; omega=2*pi*F; Gb=rho*Gs + A*sin (omega*tx);
plot (tx,Gb, '-m', 'LineWidth', 1) ;

xlabel ('t (jam)');

ylabel ('Laju Pemberian Glukosa (g/L/h)");

ylim([9 15]);

legend ('Secara Konstan (A=0)"', 'Secara Periodik (A=0.5,
\omega=4\pi) ') ;

hold off

figure (6)

tx=0:0.01:2;

grid on

hold on; A=0; F=0; omega=2*pi*F; Gb=rho*Gs + A*sin (omega*tx);
plot (tx,Gb, ":b', 'LineWidth',1.5); hold off;

hold on; A=0.5; F=3; omega=2*pi*F; Gb=rho*Gs + A*sin (omega*tx);
plot (tx,Gb, '-m', 'LineWidth', 1) ;

xlabel ('t (jam)'");

ylabel ('Laju Pemberian Glukosa (g/L/h)'");

ylim([9 15]);
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legend ('Secara Konstan (A=0)"', 'Secara Periodik (A=0.5,
\omega=6\pi) ") ;

hold off

$UNTUK MENAMPILKAN C(t) DAN E(t), MASING-MASING TERHADAP t
F=1;

A=0;

[t,v] = oded5 (@modelmatematika, tspan,y0);

figure(7); grid on; hold on; plot(t,y(:,1),"':r'", 'LineWidth',1.5);
xlabel ('t (jam)'); ylabel ('Konsentrasi Sel (g/L)");

figure (8); grid on; hold on; plot(t,y(:,3),"':r'", 'LineWidth',1.5);
xlabel ('t (jam)'); ylabel ('Konsentrasi Etanol (g/L)");

figure (9); grid on; hold on; plot(t,y(:,1),"':r"', 'LineWidth',1.5);
xlabel ('t (jam)'); ylabel ('Konsentrasi Sel (g/L)

figure (10); grid on; hold on; plot(t,y(:,3),"':r', 'LineWidth',1.5);
xlabel ('t (jam)'); ylabel ('Konsentrasi Etanol (g/L)

figure(11l); grid on; hold on; plot(t,y(:,1),"':r', 'LineWidth',1.5);
xlabel ('t (jam)'"); ylabel ('Konsentrasi Sel (g/L)

figure (12); grid on; hold on; plot(t,y(:,3),':r', 'LineWidth',1.5);
xlabel ('t (jam)"'"); ylabel('Konsentrasi Etanol (g/L)

fprintf ('Jumlah konsentrasi sel saat A=%.1f

adalah %.4f\n',A,trapz(t,y(:,1)));

fprintf ('Jumlah konsentrasi etanol saat A=%.1f

adalah %.4f\n\n',A,trapz(t,y(:,3)));

A=0.5;

[t,v] = oded5 (@modelmatematika, tspan,y0);

figure(7); plot(t,y(:,1),'-b', 'LineWidth',0.8);

legend ('A=0", "A=0.5, \omega=2\pi'); hold off;

figure (8); hold on; plot(t,y(:,3),'-b', 'LineWidth',0.8);

legend ('A=0"', 'A=0.5, \omega=2\pi'); hold off;

fprintf('Jumlah konsentrasi sel saat A=%.1f dan omega=2pi

adalah %.4f\n',A,trapz(t,y(:,1)));
(

fprintf ('Jumlah konsentrasi etanol saat A=%.1f dan omega=2pi
adalah %.4f\n',A,trapz(t,y(:,3)));

A=1;

[t,v] = oded5 (@modelmatematika, tspan, y0);

figure(9); plot(t,y(:,1),'-b'", 'LineWidth',0.8); legend('A=0', 'A=1,
\omega=2\pi'); hold off;

figure (10); hold on; plot(t,y(:,3),'-b', 'Linewidth',0.8);

legend ('A=0", 'A=1, \omega=2\pi'); hold off;

fprintf ('Jumlah konsentrasi sel saat A=%.1f dan omega=2pi

adalah %.4f\n',A,trapz(t,y(:,1)));

fprintf ('Jumlah konsentrasi etanol saat A=%.1f dan omega=2pi
adalah %.4f\n',A,trapz(t,y(:,3)));

A=1.5;

[t,y] = oded5 (@modelmatematika, tspan,y0);

figure(11l); plot(t,y(:,1),"'-b', 'LineWidth',0.8);

legend ('A=0", '"A=1.5, \omega=2\pi'); hold off;

figure(12); hold on; plot(t,y(:,3),'-b', 'Linewidth',0.8);
legend ('A=0", "A=1.5, \omega=2\pi'); hold off;

fprintf 'Jumlah konsentrasi sel saat A=%.1f dan omega=2pi

(
adalah %.4f\n',A,trapz(t,y(:,1)));
fprintf ('Jumlah konsentrasi etanol saat A=%.1f dan omega=2pi
adalah %.4f\n',A,trapz(t,y(:,3)));
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