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Motivation iontlnuous dynamics
Hybrid dynamics concept: '
* Real systems combine continuous evolution with discrete
events.
Challenges in modelling: —»

» Hybrid systems introduce discontinuities and state-dependent

switching complication simulation and control.
Discrete dynamics

A

a5

Modeling Approach
» Tools such as MATLAB Simulink combined with the Stateflow
toolbox provide a practical framework for representing hybrid X

systems. n
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Generic flowsheet

Product A
Suspended particles B

Product formation Flow stabilization Product purification
Two Batch Reactors
Solid-liquid extraction Buffer Tank Three Filtration Units
Solid feed [ T
» Outlet C and C
CA and CB A,out B,out
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Batch reactor dynamics

(Fil (mode=-2)\ /" React (mode=1) )

No reaction Switch when Dynamic reaction
H dC b h dC ,b h
B Concentration of A Adtatc =0 Vbatch = Vbatch,lim Adtatc = kA,react : CA,batch
Concentration of B dCr porch 0 ™ dCsparen y c
M Tank volume dt dt = Breact” “Bbatch
A ] Volume change Constant volume
F/// : ReaCt :Draln : CIP : \ dVbatch _ - dVbatch =0 /
de i dt
: . f _
, Switch when Switch when
: CA,batch; CB,batch SO ¥ CA,batch = CA,batch,limit
| : —
! /CIP (mode=-1) Drain (mode=0) )
: Cleaning dynamics No reaction
1 dCA,batch S ] dCA,batch —
; dt - cleaning . i dt
Cg batch < . B,batch
d—:‘“ = ~Teleaning Switch when d—;c =0
Volume change Vbaten = 0 Volume change
i i % dvy,
Medium is added \_ Z_c;tch =0 ) \_ d‘;“h = Taran )

18/8-2026 Technical University of Denmark Nordic Process Control Workshop



=
—]
—

I

Batch reactor in Simulink

Stateflow
4551 pf o | out.C_B_batch : |
5
[-C- s , : (FILL A REACT N |
C_B=[0,inf] entry: entry:
C_BO_batch =2 ry: |
—_ —_ I Mode 2, Mode = 1;
I reset = 1; _[V_DatCh}=V_bEltCh_|lm]r:- during: I
during: ) dC_A batch =k_react* C_A_batch; I
| gg_g_gaﬂ: =0; dC_B_batch=k_B*C_B_batch; |
e dV_batch=0;
L _+_1 o o oot A ban | dV_batch=r_fill: - |
. - * out.C_A_ba reset = 0;
5 I :
C- P« , \ 1
C_A=[0,inf] I - ~ :
C_AO_batCh [C_A_batch<=0 && C_B_batch<=0] [C_A_batch >= C_A_batch_lim] I
I I
/4C_A_batch N - [ o RN 3!
I C_A_batch Tial C BO F AR - : v |
T reset ==t | nimal v _ | Mode = -1; [V_batch<=0] Mode = 0;
I I ] C_A_drain=0; C_A_drain=C_A_batch; |
== |9C_B_batchC_B batch ": @‘ I C_B_drain=0; C_B_drain=C_B_batch; |
outC_A_drain C A drain | during: during:
- 1] Mode : dC_A_batch = -r_cleaning; dC_A batch = 0; |
outC_B_drain C_B_drain " | dC_B_batch=-r_cleaning_B: dC_B_batch=0;
Llgv bach  V-batch)4 I @V bateh=0; ) _ @V batch=-r_drain; A
——— ] |
. — . . o S S S S S D e D D D e D D D e e e e e e e s .
[ 1
VO_batch

R _/_ b‘_']/ out.F_out_batch

Only takes draining flow Change to inlet
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Buffer tank dynamics

Simple continuous dynamics for a tank with perfect mixing:

Volume: dr Fin,buf - Fout,buf

dCabuf _ Finbuf

Product concentration: (Capatchdrain — Capus)

dCB,buf _ Fin,buf .

Solids concentration: (Cg patch,arain — Cppus)

Control of volume: Fout,buf(t + At) = Fout,buf(t) + Kbuffer ) (Vbuf(t) _ Vset point)

\ J
Y

Proportional control
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Buffer tank in Simulink

| C_AO_buf |
| ] I
| . ! .
| C_A_drain y ; Concentration of A
) : NINE |
I c_A_drain2 ————»x ;
| I !
C_BO_buf
F ]
C_B_draint Y
6
: | x L
C_B_drain2 X !

-— el |

F_drain
F_drain2 1 v _set Volume

F_out_filt

|
|
!
|
|
!
|
!
wll
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Filtration unit dynamics

fOperation (mode=1)\

dPfiit
o = KrueFraeinPrae

Bl Concentration of A

Concentration of B Cafittout = Ca firein(1 —14)
Cg rirt,our = Co fite,in(1 — M)

Gﬁlt,out = Frittin J

B Pressure in filter

A Operation | CleaningAvailable, 1
Finfite > 0 Prite 2 Pupper limit
\ 4
fAvaiIabIe (mode=-1)\ Cleaning (mode=0) )

4Prie _ Prae _ _
dat 0 j dat ke
Fy; =0 N Fy; =0

Jutout Pfilt < Plower,limit Jutout

CA,filt,out =0 CA,filt,out =0

v

K Cp ritt,out = 0 J k Cp fit,out = 0 J
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Filtration unit in Simulink
e P =
| |
| Y |
I /f}peration N I
enlry:
l mode1=1; |
| during: |
: dP=k_f1*F_in*P; |
C_A_out=C_A_buf*(1-etaA);
T —— i ! C_B_out=C_B_buf*(1-etaB); I
! 4 "“*.: ——»| outPressure | I ke ) |
i dP | . [ ~ . |
CO——Hlonm T s S | P>=P_upper_timi
C_A_buf
- : modet :, I-I outmoded i Foout fit1 | (Available N (Cleaning N
I - entry: entry:
| I : mode1 = -1; mode1=0; I
—I.. F in F_out_filt [ out.F_out_filt | during: during: |
F_out_buf I | 1 | dP=0; dP=-k_c1; |
i 1 C_A out=0; =< C_A_out=0;
: L ! »iout C_A_out filt : C_B_out = 0; [P<=P_lower limit]| C_B_out=0; :
F out filt=0; F out filt=0;
(3 )——®{cBbu I \=ouL w \F_out_filt=0; y
B, buf 10 €6 outfd »lout.C_B_out_fil LD e e e e e - - -——_—- ]
o Lk A
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Supervisor state controlling the active filters

Assumption: Two filters operate simultaneously while one cleans

Fin,filtl = usefilterl ) Fout,buf

Fbuabuf

\4

Fin,filtz = usefilterZ ) Fout,buf

\ 4

Filter 1

Fin,filtS = usefilter3 - Fout,buf

A\ 4

Filter 2

Cleaning filter 1

usefilterl =0

usefilter2 = a

usefilter3=1—a

Technical University of Denmark

v

Filter 3

Cleaning filter 2

usefilterl = a

usefilter2 =0

usefilter3=1—a

Cleaning filter 3

usefilterl = a

usefilter2 =1—a

usefilter3 =0

——

Makes sure 100% of
= Foutpus IS divided between

the operating filters

Nordic Process Control Workshop
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Full flowsheet

P C_A buf I Cleaning_filter_1 [mode2==0] (Cleaning_filter_2 I
F_out_filt1 —— entry: 1 = entry: I
I C B byt l use_f1=0; use_f1 = 1*a; I
> | |use f2=1*a; [mode1==0] use f2=0; :
P F_in _ 4% . —_ q* 2
> Modor | [use_f3=1%*(-a) " | use_f3 = 1*(1-a); :
P use_filter_1 I T T T
Filter 1 | [ 2 ! :
iiter
mode3==0 ==
Batch reactor 1 Buffer tank 1 I [ ] [mode2==0] |
B{C A buf I
_ F_out_batch1 F_draint F out fiz ——I | 2 |
C_A_out_buffer_1 » C_B_buf : I [mode3==0] : ‘.
C_A_draint C_A_drain > | O = Cltianlng_fllter_3 |
X = __ entry:
_ . > MF [mode1==0] e |
C_B_drain1 B C B drainl Mode2 ——] - 1] use_f1 = 1*a;
f2 = 1*(1-a); |
L - C_B_out_buffer_1 P use_filter_2 I use_iz = ( -a),
F_out_batch2 B F_drain2 use_f3=0; I
- Filter 2 |
i C_;.B;_drain2 PCAdrain2 — olc A out : i :
T bal F_out_buf
c.8 aanz|——plo B dan2 3 L osw Rt _____
Batch reactor 2 A % /I
X LF_n
Mode3
P use_filter_3
Filter 3
i i e e e B g
: use_f3 mode3 1
4 - V/
: use_f2 mode2 [
|
: \L_Jse_f‘l modeD-I
|

-
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Simulation results

Two batch reactors running off-set

Time Iminl
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[—BR1-A —BR2-A --e- BR1-B =reee BR2-B |
]
1B , , , , ‘
0 110D 1 200 300 400 500 600 700
I 1111 Time [min]
| 11nl1
(NN [—BR1 —EBR2]
1111
11
| Nyl
I\l
| |
TbbT 200 300 200 800
| (RN Time [min]
| 11l
il |—BR1 outlet flow = BR2 outlet flow
- |
|
- |
|
L . . ‘ \ . J
F4bbT 200 300 400 500 600 700
| 11l Time [min]
| 111=React | 0=Drain | -1=CIP | -2=Fill
F
React] 111 I \
0 100 200 300 400 500 600 700

Buffer tank
— A ...... B
0 100 200 300 400 500 600 700
Time [min]
Tank volume

0 100 200 300 400 500 600 700
Time [min]
[ = |nlet flow === Qutlet flow
0 100 200 300 400 500 600 700
Time [min]

BR=Batch reactor

F=Filte

r

P iy [bar]

—_—

Mode

\ Three filtration units

[—F1-A —F2A —F3A = F1-B ereen F2-B oo F3-B
11

Time [min]

100 T Zoo 300 400 500 500 700
|
|
|

[—F1 —F2 —F3

[Cower limit

100

Time [min]

== F3 = Total flow

2:00 300 400 500 600 700
|
|
1

] 1 1 1 1

; 2|00 300 400 500 600 700
Time [min]

4 Opeflating | 0=Cleaning | -1= Available

1

I

[

0 100 200 300 400 500 600 700
Time [min
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Conclusions

 Full flowsheet implemented in a single simulation environment

« Continuous and discrete process behavior successfully integrated
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Outlook

* More realistic dynamics
— Parameter values 6

Pressure on filters

— Feed concentration effects g cg i
. \—/4 r N—"
— Constant flow through filters © ©
% @ 2
w2 %)
o o
24:00:00 24:00:00
Duration (h) Duration (h)

Thank you for you
attention!

Edited from Bahner et al., Optimal operation of parallel dead-end filters in a continuous bio-based process, 2019.
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   C  A , o u t  


   C  B , o u t


   C A  


   C B


    d  C  A , b a t c h  d t = 0


    d  C  B , b a t c h  d t = 0


    d  V  b a t c h  d t =  r  f i l l


    d  C  A , b a t c h  d t =  k  A , r e a c t ⋅  C  A , b a t c h


    d  C  B , b a t c h  d t =  k  B , r e a c t ⋅  C  B , b a t c h


    d  V  b a t c h  d t = 0


    d  C  A , b a t c h  d t = 0


    d  C  B , b a t c h  d t = 0


    d  V  b a t c h  d t =   − r  d r a i n


   V  b a t c h ≥  V  b a t c h , l i m


   C  A , b a t c h ≥  C  A , b a t c h , l i m i t


   V  b a t c h ≤ 0


    d  C  A , b a t c h  d t =   − r  c l e a n i n g


    d  C  B , b a t c h  d t =   − r  c l e a n i n g


    d  V  b a t c h  d t = 0


   C  A , b a t c h ,  C  B , b a t c h ≤


   C  A 0


   C  B 0


    d  V  b u f  d t =  F  i n , b u f −  F  o u t , b u f


    d  C  A , b u f  d t =    F  i n , b u f   V  b u f ⋅ (  C  A , b a t c h , d r a i n −  C  A , b u f )


    d  C  B , b u f  d t =    F  i n , b u f   V  b u f ⋅ (  C  B , b a t c h , d r a i n −  C  B , b u f )


   F  o u t , b u f ( t + Δ t ) =  F  o u t , b u f ( t ) +  K  b u f f e r ⋅ (  V  b u f ( t ) −  V  s e t   p o i n t )


    d  P  f i l t  d t =  k  f i l t  F  f i l t , i n  P  f i l t


   C  A , f i l t , o u t =  C  A , f i l t , i n ( 1 −  𝜂 A )


   C  B , f i l t , o u t =  C  B , f i l t , i n ( 1 −  𝜂 B )


   F  f i l t , o u t =  F  f i l t , i n


    d  P  f i l t  d t = 0  


   F  f i l t , o u t = 0


   C  A , f i l t , o u t = 0


   C  B , f i l t , o u t = 0


    d  P  f i l t  d t = −  k c


   F  f i l t , o u t = 0


   C  A , f i l t , o u t = 0


   C  B , f i l t , o u t = 0


   P  f i l t ≥  P  u p p e r , l i m i t


   P  f i l t ≤  P  l o w e r , l i m i t


   F  i n , f i l t > 0


   F  o u t , b u f  


   F  i n , f i l t 1 =   u s e f i l t e r 1 ⋅ F  o u t , b u f


   F  i n , f i l t 2 = u s e f i l t e r 2 ⋅  F  o u t , b u f


   F  i n , f i l t 3 = u s e f i l t e r 3 ⋅  F  o u t , b u f
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  u s e f i l t e r 2 = 0
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  u s e f i l t e r 3 = 1 − a
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