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W
hat is A

dvanced M
anufacturing? 

•
“The use of innovative technology to im

prove products or 
processes” (w

ikipedia) 
•

“A high rate of technology adoption and ability to use that 
technology to rem

ain com
petitive and add value” (C

TI 
R

eview
s) 

•
“M

anufacturing that entails rapid transfer of science and 
technology into m

anufacturing products and processes” 
(W

hite H
ouse 2014) 

R
TI Int. 
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A
dvanced M

anufacturing Term
inology 

•Sm
art M

anufacturing 

•The cloud 

•C
yber-physical system

s 

•Industry Internet of Things 

•Industry 4.0 

These areas contain m
any system

s &
 control problem

s; 
this talk focuses on process system

s engineering 
4 



Industry 4.0, aka S
m

art Factory 

“the current trend of autom
ation and data exchange 

that includes cyber-physical system
s, Internet of 

Things, cloud com
puting, and cognitive com

puting” 

this talk 
discusses the 

underlying PSE 
research 
problem

s 

D
irk D

ecker, V
D

M
A
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•
P

lant-w
ide 

control system
 

constructed 
from

 first-
principles 

•
R

educed 
production 
costs by ~50%

 
•

M
et all purity 

specs in 2012 

First C
ontinuous P

harm
a M

anufacturing P
lant 

S. M
ascia et al. End-to-end continuous m

anufacturing of pharm
aceuticals: Integrated synthesis, 

purification, and final dosage form
ation. Angew

andte C
hem

ie, 52(47):12359-12363, 2013; R
esearch 

H
ighlight in N

ature, 502:274, 2013 
A. M

esbah, J. Paulson, R
. Lakerveld, R

.D
. Braatz. M

odel predictive control of an integrated 
continuous pharm

aceutical m
anufacturing pilot plant. O

rg. Process R
&D

, 21(6):844-854, 2017 
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A.E. Lu et al. (2015). C
ontrol system

s technology in the advanced m
anufacturing of biologic drugs. IEEE C

onf. on C
ontrol Appl., 1505-1515. 

M
ade 2 drug 

products in 2015 



9 
K.S. Lee and R

.J. R
am

. M
icrofluidic chem

ostat and turbidostat w
ith flow

 rate, oxygen, and tem
perature control for dynam

ic continuous 
culture. Lab on a C

hip, 11(10), 1730-1739, 2011 
M

oo Sun H
ong et al. M

odel-based optim
al design and control of m

icrobioreactors, in preparation 

M
icroscale C

ontrolled C
ell C

ulture 
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A
utom

ated S
ystem

 for K
now

ledge-based 
C

ontinuous O
rganic S

ynthesis 

•
A fully autom

ated m
olecular synthesizer  

that produces, purifies, and characterizes* 

•
Includes 
–

know
ledge-based com

putational tools  
for reaction pathw

ay & process flow
 

diagram
 (PFD

) prediction 
–

process autom
ation and control 

–
interconnected fluidic m

odules for 
continuous synthesis, in-line 
characterization, purification, and 
form

ulation 

•
Speed the pace of m

olecular innovation and 
provide an accessible synthesis platform

 for 
non-specialists 

S
cience, 352(6281):61-67, A

pril 1, 2016 
* http://w

w
w.darpa.m

il/program
/m

ake-it 

M
ade 4 drug 

products in 2015 



A
utom

ated S
ystem

 for K
now

ledge-based 
C

ontinuous O
rganic S

ynthesis 

•
A fully autom

ated m
olecular synthesizer  

that produces, purifies, and characterizes 

•
Fully autom

ating the PhD
 control engineer 

requires solving m
any research problem

s: 

–
how

 to optim
ize startup, w

hen no data 
from

 the system
 are initially available 

for building m
odels for control design 

(stochastic hybrid optim
ization)? 

–
how

 to ensure near optim
al closed-loop 

perform
ance w

hile generating no off-
spec product (stochastic M

PC
)? 

–
how

 to continue to optim
ize operations 

to m
axim

ize yield at specified 
production rate (self-learning control)? 

S
cience, 352(6281):61-67, A

pril 1, 2016 
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O
verview

 of A
dvanced P

rocess S
ystem

s D
esign 

•
G

reatly increased understanding & optim
ization of  

each unit operation, exploiting process intensification 

•
Autom

ated high-throughput  
m

icroscale technology for fast  
continuous process R

&D
 

•
Plug-and-play w

ireless m
odules  

w
/integrated control & m

onitoring  
to facilitate deploym

ent 

•
D

ynam
ic m

odels for unit operations for  
autom

ated plant-w
ide sim

ulation & control design 

•
Autonom

ous m
odel-based control technologies  

for optim
izing operations including startup,  

changeover, and shutdow
n 

M
.S

. H
ong et al., C

om
put. C

hem
. E

ng., 110:106-114, 2018 
pi-inc.co, w

w
w.pharyx.com

/technology.htm
l, A

ngew
. C

hem
. Int. E

d., 52(47):12359-12363, 2013   
13 



D
esign of C

ontrol S
ystem

s 
B

ased on “Virtual P
lant” 

•C
onstructed from

 first-principles  
m

odels w
herever possible,  

grey-box m
odels w

here necessary 

•H
ighest com

plexity m
odels used for  

the invention and optim
ization of  

process designs and developm
ent 

•Low
er com

plexity plant-w
ide m

odel runs 
in parallel w

ith process operations,  
for process control and quality and 
equipm

ent condition m
onitoring 

•G
oal is “right first tim

e” 
M

icrom
ixer

pH
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P
lant-w

ide C
ontrol A

pproach 

System
 C

haracteristics 
•M

ulti-product m
anufacturing plant 

•C
ontinuous &

 discrete operations 
•D

ynam
ics, nonlinearities, distributions, 

uncertainties, constraints, disturbances 
•N

o S
S

 &
 m

ust align w
ith regulatory  

requirem
ents (no off-spec product) 

A
pproach adapted from

 the chem
ical industry 

•E
m

ploy system
atic &

 m
odular design of plantw

ide control strategies for 
large-scale m

anufacturing facilities (S
tephanopoulos/N

g, JP
C

 2000) 
•E

m
ploy algorithm

s that can handle nonlinearities, distributed states, 
unstable zero dynam

ics, tim
e-invariant probabilistic uncertainties, 

constraints, tim
e delays, and m

ixed continuous-discrete operations 

A.E. Lu, J.A. Paulson, N
.J. M

ozdzierz, A. Stockdale, A.N
. Ford Versypt, K.R

. Love, J.C
. Love, R

.D
. Braatz. C

ontrol system
s technology 

in the advanced m
anufacturing of biologic drugs. Proc. of the IEEE C

onference on C
ontrol Applications, 1505-1515, 2015 
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P
lant-w

ide C
ontrol A

pproach 

•B
uild first-principles dynam

ic m
odels 

for each unit operation (U
O

) 

•D
esign control system

 for each U
O

 
to m

eet “local” m
aterial attributes 

•E
valuate perform

ance in sim
ulations 

and propose design m
odifications 

as needed 

•Im
plem

ent and verify the control system
 for each U

O
 

•D
esign and verify plantw

ide control system
 to ensure that the 

product quality specifications are m
et 

D
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. Love, J.C
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.D
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ontrol system
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onference on C
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W
hat is Available and W

hat is N
eeded in 

A
dvanced P

rocess C
ontrol Technology 

•
The best com

m
ercial plant sim

ulation softw
are handles nonlinearities, tim

e 
delays, unstable zero dynam

ics, constraints, m
ixed continuous-discrete 

operations, and som
e uncertainty analysis m

ethods (e.g., S
i , M

onte C
arlo) 

•
M

ore advanced uncertainty analysis tools can be 
w

rapped around or integrated into such softw
are 

•
D

istributed states facilitated by m
om

ent analysis,  
transform

s, characteristics, finite volum
e m

ethods  

•
R

esearch needed on autom
ating controller design,  

reducing on-line com
putations, proving stability,  

and optim
izing startup/changeover/shutdow

n 
   →

 especially for tim
e-invariant probabilistic uncertainties 

17 



O
utline 

•R
ecent Trends in Process M

anufacturing System
s 

•Prototype Process M
anufacturing System

s 

•Process System
s D

esign 

•Process C
ontrol Theory 

•M
ore O

pen R
esearch P

roblem
s 

18 



C
om

m
on C

haracteristics of Advanced Process System
s 

•
H

igh to infinite state dim
ension 

•
M

odel uncertainties: non-LFT, TI, p(θ) 
•

Tim
e delays 

•
U

nstable zero dynam
ics 

•
A

ctuator, state, and output constraints 
•

S
tochastic noise and disturbances 

•
P

henom
ena described by algebraic, ordinary and 

partial differential, and integral equations 
•

M
ixed continuous-discrete operations 

•
N

onlinearities 

19 

R
esearch needed on the analysis, design, and control of 
process system

s that have all of these characteristics 



PD
F 

~ 

W
orst-case vs. P

robabilistic Form
ulation 

20 

1
2

(
,

)
p
θ

θ

W
orst-case 

Probabilistic view
 has 

m
ore inform

ation 

•
M

in-m
ax optim

izes highly unlikely w
orst-case & is conservative 

•
Stochastic approach exploits the probabilistic inform

ation, 
resulting in m

uch better perform
ance for alm

ost all θ 

1
θ

2
θ
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YES 

Is m
odel 

accurate? 

M
odel 

Selection 

M
ultiple 

M
odels 

B
ayesian 

Param
eter 

Estim
ation 

prior param
eter estim

ates    

Experim
ental 

D
ata 

C
ollection 

D
-optim

al 
Experim

ental 
D

esign 

experim
ental 

constraints 

U
ncertainty 

descriptions 
throughout 

B
raatz et al., Journal of P

rocess 
C

ontrol, 17, 229-240, 2007 

(
)

p
θ

•
H

as been applied since 
the early 1970s 

•
A

lgorithm
s and 

com
puters are faster 

•
S

o p(θ) can be assum
ed 

to be available 

21 

Tim
e-invariant P

aram
eter U

ncertainty E
stim

ation 
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m
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haracteristics of Advanced Process System
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•
H
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ension 
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M
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M
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s that are able to 
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ultaneously address m
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C
om

m
on C

haracteristics of Advanced Process System
s 

•
H

igh to infinite state dim
ension 

•
M

odel uncertainties: non-LFT, TI, p(θ) 
•

Tim
e delays 

•
U

nstable zero dynam
ics 

•
A

ctuator, state, and output constraints 
•

S
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P
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M
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N

onlinearities 
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D
eveloping S

tochastic C
ontrol A

lgorithm
s on 

W
iener’s P

olynom
ial C

haos Theory (P
C

T) 
•

R
eplace m

apping betw
een uncertain system

 variables w
ith a series of 

orthogonal polynom
ial functions of the m

odel param
eters 

   

•
P

olynom
ials from

 A
skey-schem

e achieve optim
al convergence 

    

•
E

xpansion m
ust be truncated for practical reasons 

•
C

oefficients can be com
puted from

 collocation, regression, G
alerkin 
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M
ultivariate polynom

ials m
ade 

of univariate polynom
ials in θ

i 



Polynom
ial C

haos Expansions Q
uantify State PD

Fs 

System
 state x
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K
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 et al., IE

E
E
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ontrol S

ystem
s, 33(5):58-67, 2013 
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E
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ent E
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ontrol S

ystem
s, 33(5):58-67, 2013 

•
O

rthogonality of polynom
ials enables efficient 

m
om

ent evaluation using P
C

E
 coefficients 

can use to 
reduce online 
control costs 

27 



G
alerkin P

rojection (w
hen applicable) 

•
For linear index-1 D

A
E

s, approxim
ate states w

ith P
C

E
 

and project error onto basis functions to obtain 
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M

ap u(t) to Y
(t) has sim

ilar structure as u(t) to y(t) 
•

E
xploit in P

C
T-based optim

al control form
ulations 

–
m

atrix inequalities →
 m

atrix inequalities 
–

step response →
 step response 

J.A
. P

aulson et al., IE
E

E
 C

D
C

, 2802-2809, 2014  
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E
xam

ple R
eceding H

orizon Form
ulation 

S
olve an optim

al control problem
 at every sam

pling instance tk : 

(
)

m
in

(
(

),
(

))
u

t
J

y
t

u
t

subject to: 

()
(

(),
())

x
t

f
x

t
u

t
=

�()
(

(),
())

y
t

g
x

t
u

t
=

ˆ
(

)
(

)
k

k
x

t
x

t
=

(
(),

())
0,

[
,

]
k

k
P

h
x

t
u

t
t

t
t

T
≤

∈
+ U
pdate based on 

latest 
m

easurem
ents 

>
x

u
n

n
typically 

•
M

odel 

•
Initial condition 

•
C

onstraints 

Inputs 

S
tates 

29 

O
utputs 



Fast P
C

T-based M
P

C
 A

lgorithm
 as Q

P
 

1
(

)
(

)
(

);
n

i
n

i

k
S

u
k

i
S

u
k

n
Y

=

=
∆

−
+

−
∑

1,1,
1,2,

1,
,

2,1,
2,2,

2,
,

,1,
,2,

,
,

uuu

k
k

n
k

k
k

n
k

k

n
k

n
k

n
n

k

s
s

s

s
s

s
S

s
s

s
Y

Y
Y

ª
º

«
»

«
»

=
«

»
«

»
«

»
¬

¼

""

#
#

%
#

"

H
olds for stable system

s, i.e., S
n  ≈ S

n+1  ≈  ∙∙∙ ≈ S
∞

 

O
utput P

C
E

 coefficients are linear in Δ
u

 

Linear in Δ
u

 
Q

uadratic in Δ
u

 

T

1
(

;
)

(
)

(
;

)
(

)
(

;
)

(
)

k
p

i
i

i
i

i
i

i
k

J
y

t
r

t
y

t
r

t
w

y
t

r
t

θ
θ

θ
+=
+

=
−

−
+

−
ª

º
ª

º
ª

º
¬

¼
¬

¼
¬

¼
∑
E

E
V
ar

(
1)

y
x

n
n

L
n

Y
=

+
<<

Q
uadratic program

 (Q
P

) 

(
)

(
)

(
1)

u
k

u
k

u
k

∆
=

−
−

typically
 

J.A
. P

aulson et al., IE
E

E
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D
C

, 2802-2809, 2014  
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Ex: C
ontinuous Pharm

aceutical M
anufacturing Plant 

   
  

B
lock A

 

Synthesis and purification of 
interm

ediate com
pound  

B
lock B

 

Synthesis and purification of A
ctive 

P
harm

aceutical Ingredient (A
P

I) 

B
lock C

 

Solvent rem
oval and tablet 

m
anufacturing 

J.A
. P

aulson et al., IE
E

E
 C

D
C

, 2802-2809, 2014  
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Ex: C
ontinuous Pharm

aceutical M
anufacturing Plant 

•
Flow

sheet for plant designed and constructed at M
IT 

•
D

etailed first-principles m
odel of the pilot plant has 

–
3 outputs, 9 inputs, and 7613 states! 

–
O

utputs: production rate, A
P

I dose, and im
purity content 

•
U

sed fast (<1s) P
C

T-based M
P

C
 to suppress adverse 

effects of uncertain kinetic param
eters on operation 

•
Low

er-level regulatory controls (e.g., level and recycle) 
used to ensure stable operation** 

J.A
. P

aulson et al., IE
E

E
 C

D
C

, 2802-2809, 2014  
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R
esults: S

etpoint C
hange in the P

roduction R
ate 

   
  

J.A
. P

aulson et al., Fast stochastic m
odel predictive control of high-dim

ensional system
s. IE

E
E

 C
D

C
, 2802-2809, 2014 

200 closed-loop sim
ulations →

 each has different param
eter values  

Fast S
M

P
C

 closer to 
specification →

 less variation 

N
om

inal Q
D

M
C

 

Fast S
M

P
C
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R
esults: S

etpoint change in P
roduction R

ate 

   

  

P
C

T-based 
M

P
C

 25x low
er 

variance 

J.A
. P

aulson et al., IE
E

E
 C

D
C

, 2802-2809, 2014  

N
om

inal 
M

PC
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200 closed-loop sim
ulations, each having different param

eter values  



C
om

m
on C

haracteristics of Advanced Process System
s 

•
H

igh to infinite state dim
ension 

•
M

odel uncertainties: non-LFT, TI, p(θ) 
•

Tim
e delays 

•
U

nstable zero dynam
ics 

•
A

ctuator, state, and output constraints 
•

S
tochastic noise and disturbances 

•
P

henom
ena described by algebraic, ordinary 

and partial differential, and integral equations 
•

M
ixed continuous-discrete operations 

•
N

onlinearities 

35 

R
esearch needed on the analysis, design, and control of 

system
s that sim

ultaneously addresses all of these properties 

} 



O
utline 

•R
ecent Trends in Process M

anufacturing System
s 

•Prototype Process M
anufacturing System

s 

•Process System
s D

esign 

•C
ontrol Theory 

•M
ore O

pen R
esearch P

roblem
s 
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M
ore O

pen R
esearch P

roblem
s 

•
P

ractical algorithm
s for dealing w

ith tim
e-invariant 

probabilistic uncertainties have been published 
–

A
lgorithm

s show
 im

proved perform
ance over  

robust and nom
inal control in specific case studies 

•
Theoretical issues are largely unresolved 

–
H

2 - and H
∞ -control algorithm

s are available w
ith proven 

stability and perform
ance for unconstrained system

s 
–

S
tability, feasibility, m

ism
atch in P

D
Fs, and truncation error 

associated w
ith P

C
E

s not yet w
ell resolved theoretically 

•
M

any papers have incorporated chance constraints into 
M

P
C

 w
ithout any guarantee of their satisfaction by the 

closed-loop system
 (N

M
P

C
 2015) 

–
U

seful control theory for stochastic M
P

C
 is still an open field 

37 



C
om

m
ents on M

ore O
pen R

esearch P
roblem

s 

•
R

ecom
m

end balancing practicality of control algorithm
s 

w
ith rigorous theoretical guarantees 

•
A

nalysis and design m
ethods for arbitrarily fast  

tim
e-varying (TV

) param
eters are m

uch easier to derive 

•
D

istributed param
eter and m

ixed continuous-discrete 
(aka hybrid) system

s w
ith probabilistically uncertain 

tim
e-invariant param

eters are fairly unexplored 
–

S
tatem

ent holds for analysis, design, m
onitoring, control 

–
Im

portant due to being com
m

on in process m
anufacturing 

•
N

ew
 better w

ays to handle nonlinearities  
–

O
ne approach is to em

ploy polynom
ial m

ethods  
(e.g., P

aulson et al., H
andbook of M

P
C

, 2018) 
38 



A
cknow

ledgem
ents on P

C
T-based C

ontrol 

•
Prof. Zoltan K. N

agy, Purdue U
niversity 

•
Prof. Ali M

esbah, U
C

 Berkeley 
•

Prof. R
olf Findeisen, O

tto-von-G
uericke U

 M
agdeburg 

•
Prof. Sergio Lucia, TU

 Berlin 
•

Prof. Stefan Streif, TU
 C

hem
nitz 

•
Prof. Kw

ang-Ki Kim
, Inha U

niversity 
•

Prof. Yim
ing W

an, H
uazhong U

 of Science & Technology 
•

Prof. Joel A. Paulson, O
hio State U

niversity 
•

D
r. Eranda H

arinath, Sanofi 
•

D
r. D

ongying Erin Shen, C
ontinuus  

•
M

atthias E. Freiherr von Andrian-W
erburg, M

IT 
•

Anastasia N
ikolakopoulou, M

IT 



A
cknow

ledgem
ents 

 "This m
aterial is based upon w

ork supported by N
ovartis, 

the D
efense Advanced R

esearch Projects Agency, and 
SPAW

AR
 System

s C
enter Pacific (U

.S. N
avy). Any 

opinions, findings and conclusions or recom
m

endations 
expressed in this m

aterial are those of the authors and do 
not necessarily reflect the view

s of the sponsors." 


