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8) Three Takeaways from Pfizer at AWS re:Invent Keynote | AWS for Industries, accessed at Oct 28th, 2025
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Development of an Artificial Intelligence Based Predictive Controller
for a Continuous Pharmaceutical Manufacturing Process

Jianan Zhao', Geng (Michael) Tian', Das Jayanti', Wei Yang?, Abdollah Koolivand?, Xiaoming Xu*
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Abstract

One of the advantages of continuious manufacturing (CM) i that advanced
control tools can be incorporated in the control strategy for
chieving a beter qualiy conrol when compared 1 the traitional bath
procsss. Howser, he uilzatlons of CM with advanced proces control
in the pharmaceutical industry are still ot common. In addition, FDA has
recognized CM and its associated risks on product quality as one of its
research focuses that has been laid down in its strategic plan since
2011, Development of digital twin models has the potential lo enhance
FDA' ity ot e ik asociated wilh st dhanced roces
control systems by providing the pwerful tools that
s T st (oq, robvetas and. relisby) of adsaneed

Materials and Methods

In this work, the NNPC used a feed-forward neural network (Fig. 1) to
represent a nonlinear system for predicting future performance of the
Stem. A digital twin model based on residence time distributon (RTD)
theory vas apled to pertortaning, validation and tstio o the neural
network for a CM process (Fig. 2).

out based on receding horizon method (Fig. 3). A conventional PID

for the CM process compare
with the NNPC model regarding several performance parameers, such as

hoot,rise time, setling . (-5))

imput Layer Layer2

study, a feed-forward
i s g b o+ conratidplant. T dial

twin, which acts as an analog of the actual plant, was construct on
ime distribution (RTD) theory in coninuous i tank

o e NNPC in s of o process control scenarios, ie., set point
Sracking and disturhance relection n comparison wih he raitions PID
controller. The simulation results exhibit the potential of the utilization of

numerical model developed in this work can provide the reviewers with
necessary information and knowledge on the risks of using advanced

Introduction ’

The i i the adoption
of innovative approaches has the potential to improve the efficiency and
quality of production. Continuous manufacturing (CM) is an
innovation that _enables production in an_interconnected process,
potentially reducing production costs, lowering material inventory, and
allowing for smaller-scale productions. The use of digital fwins in CM
allows for the development and application of multi-physics, multi-scale,
probabilistic simulations, leading to growth in modeling and simulation
rt CM applications. urth industri
revolution, or Industry 4.0, brings integrated, autonomous, and self-
organizing production systems that potentially increase output, improve
quality, and reduce waste. Artificial intelligence (AI) is a disruptive
Industry 40 technolog, with Albased advaneed predicive contol
lowing dynamic contral of processes to achieve desired output

Dmduc\ qualty. AL melhods can also e aed 1 develop progess eonirls
that can predict the progression of a process in combination with real-time
measurements of critical quality attributes (CQAS) using process analytical
technology (PAT).

my represent challngestoth inustry. The FDA plays il roe in

T FoA i ing model mg
and simulation tools to assess these applications. As anpnI 2023, the FDA
has approved cight solid oral drug products that utilzed CM,
demonstrating the growing interest and adoption of this approach within

models and maintain high product quality when implementing these
technologies. Development of digital twin models increases the FDA
capacity for evaluating the risks associated with APC systems and provides

oMy T E

Figure 2. Neural network (2)training, (b) validation, and (¢) testing
results

Controller

I )

~ Optimization

ried  disturban

Results and Discussion

Response assessment is required for two main aspects: set-point tracking
(Fig. 4) and disturbance rejection (Fig. 5). In a closed-loop system, set-
point tracking involves the assessment of the controlled variable response
fon changs in deired et point, e, oulet coneentration, vl
 rejection involves the assessment of any process variable's

value, eg., rate.

‘Three mercs were chosen to assess set-point tracking in this study, i, 10

overshoot 6, rise time 7, and settling time 7, (Table 1). Two metrics were £
hosen to asess disturbance rejection, L., peak deviation ¢ and settling £
ime , (Table 2) o
3
o0 0 i
]
7 = T{Contopts = 109G ® i,
o < 2%) ~T(Gige) ®
©)
@ w
fu S
Ju H
H e
B £
o
.

Figure 5. Comparison between NNPC and PID models control results

S regarding disturbance rejection: (a) D = 20% and (b) D = 50%,
S Table 2. i
i w1 w1 s
&y PID-2 43 189.7
DL o 218 193 intoa pharmaczlmcal CM process. By dmng so, Lhe developer may achieve
NNPC 0 1549 4562 lhe w»le\vert on the risks of utilizing APCs in CM and their impacts on the
Gy drug product CQAs.
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14) Smart Design and Manufacturing Pilot | FDA, accessed at Sep 16th, 2025,
https://www.fda.gov/emergency-preparedness-and-response/innovative-technologies/smart-design-and-manufacturing-pilot
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15) Joint stakeholders consultation on the revision of Chapter 4 on Documentation, Annex 11 on Computerised Systems and on the new Annex
22 on Artificial Intelligence of the PIC/S and EU GMP Guides, accessed at Sep 16th, 2025, https://picscheme.org/en/news/joint-stakeholders-

consultation-on-the-revision-of-chapter-4

16) Annex 22: The Rise of Artificial Intelligence, accessed at Sep 16th, 2025, https://www.pharmout.net/annex-22-artificial-intelligence/

33

e
ol




or=xofto| | YMEN

(22 7) 201443526 2023K7HX) ETPO £ 8% SARIZT | S8t

60

Number of Accepted Technologies

fda.gov/cdersbia

ETP Accepted Proposals

ETP(Emerging Technology Program)&= 2014
CDER(Center for Drug Evaluation and Research)
A5 OPQ(Office of Pharmaceutical Quality)2]
FE2 A9E9lon, 20224¥ FDORA(Food and
Drug Omnibus Reform Act)E 5af HAISH X
2 Fole}, ETP= 414 AR 7eS EYste=
AR4AI7F ETT(Emerging Technology Team)2} %7
HARE FEsto] 71e4-AA ZAE =9skal
sfad o = EWES AlSRA ETT= CDERY
OPQ, OC(Office of Compliance), OIl(Office of
Inspections and Investigations)= 3% 20~30%
TFEO] t7)s "olt}t. ETTS d4 &2 o]
7140l et At AT 9, A7 |& B A AR
AE 9 & 57t =L, AELR 71 A4 I A

AEHE AFoto 714 A g Adbtol] 24
A&H 02 oot AlE £ ¢ Az #Ad

Tl A Z3tch ETPO 333 ExE 7|&9)
"E"olH, o] ETTS GAE sl 710l st
FES AEE SAYt we o) PRt £
FollE o 71&S 23S A& A=7F GRhEQl
4 97t dAE w2A "k 201449 A9 ol
20239714] AIRKE 148719] 71& Z 119707} ETP
D2 IH] #8EGlom, A& Ax, 3D TdY,
I3 B &, 2 AY 5 gt g413

Xﬂ}_ﬂ%ol ETPCﬂ]/ﬂ q__er_q/;ﬁq_'ﬂ) 18) 19) 20) 21) 22) 23)

17) Inside FDA’s Emerging Technologies Team with Team Chair, Sau Lee, accessed at Sep 16th, 2025, https://www.pharmtech.com/view/inside-

fda-s-emerging-technologies-team-team-chair-sau-lee

18) Monika Jain, Shilpa Rana, (2018), Emerging Technology Integration in FDA's Drug Approval Process, REGULATORY FOCUS

19) Maximizing the Emerging Technology Program (ETP), accessed at Sep 16th, 2025, https://hallorancg.com/insights/2023/03/21/early-
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20) Emerging Technology Program (ETP) | FDA, accessed at Sep 16th, 2025, https://www.fda.gov/about-fda/center-drug-evaluation-and-

research-cder/emerging-technology-program-etp

21) News from Emerging Technology Program (ETP) | FDA, accessed at Sep 16th, 2025, https://www.fda.gov/about-fda/center-drug-evaluation-

and-research-cder/news-emerging-technology-program-etp

22) Examples of Accepted Emerging Technologies | FDA, accessed at Sep 16th, 2025, https://www.fda.gov/about-fda/center-drug-evaluation-
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23) Transcript: Emerging Technology Program | FDA, accessed at Sep 16th, 2025, https://www.fda.gov/about-fda/center-drug-evaluation-and-

research-cder/transcript-emerging-technology-program

34



{  KPBMA Brief Vol. 29

(E 1) 03 FDAQ| HIZX7|& X|2d Z273 Hlw

2HedIE] CDER CBER CDER ¥ CBER 5&
_ FDA Lt Z2 oz 5
R /SRR 201*4H o FDA Lt ;2 J#oz 2022 FDORAOIA] x5}
=2 ST 2019 & 2032 Z= o™
- 2022 FDORAOIA X3t = ( 5201
ChAs 71 271-371 271-37| 571-%7|
ae (71 EE 7IE 7% (712 = RIS 20| (Y42 7t 3t $E0
2
° Mze =g A= 712) Mz TE)
romn | HUENZVISEYSNYFH  EV-EV| MU HME IS =Y BN, KME MU HE Va0 =Y Jiast
A EEEES L MY 25 U 7R 1SN B }
re
fok
- B XY -
£7| Hof £7) MR8 - 2H BN
sAsE Y - HEHEE e - A4 B}
#t Tl "B & Yutsol 21 Chst Z2 R 71 2l e
Lot HOR O - 9l o151 X|@) - XIE AMT2| HOJE] 2 His
S HD YRS
e = FDA2IQ| AVH 258 H0|22IoFZ HIZ T AR CHE = ER
}—I:I = = =
o S EC RS HIAE 7|0| 341 olofE BZ E7H/RX

CBER Advanced Technologies Program< H}o] tigh =0)= Agshgpct ) 2

Q OJoRE Hopo] Hd A% 7|& LY FXok=s IR
ZIfolc}. o e e YR 9 o X7 A &
o, A4 /g 233t CATT(CBER Advanced
Technologies Team)& &35 88 A1 33E Bl &
5kl Qirt. CATTS= 20191 CBER A1¥E 7, 1]
11 CBERS}F et A= 71 7 719 7He] tis), ws,
ofd wehe FXI517] ffsl AP = Uch CATTS] 4
= AR AL Az 57 E Ao} Aol Jgke A 5
U Al7IEo] theh 2] 2 31915 s, of7]ofl=
Az T 7 3gollA] CBERS] o] Alg&Ql A|
Z 9 24 Hiro] TR CATTE= ¥4l AAV 9,
AF0| A% Az, 2wl st 7hs-d
Alo] ¥H4]9] oRE 9 SJoRE AR T TRl 7|9

AMTDP(Advanced Manufacturing
Technologies Designation Program)= 20224
FDORA Section 506()°1 oJsf ®HASHE s ==
o2 20324 109 197K +F=e 4=
o] 2170} Stk AMIDPE 9JoFE E4S AotA
7|4 koA AFARE FAS] sk ATAIR &
(AMD9] =& st sl AF=ch AMT A
712 Ve T8 B VIR Ve MEE 88
= &9l Az F78S AdH =R Fjdsk= AolH, 9
OFE 7 AIZF TEolu P OJoRE = B 9|9F
F9 33 37HH 74 5 ok ol aaks xSt
of gttt XAH AMTO] 87| B2E FIsl AMT
HEA= 719 8 HAARF WA A] o] FDAC]

it
)

A

ofr

l.

o e

24) CBER Advanced Technologies Program | FDA, accessed at Sep 16th, 2025, https://www.fda.gov/vaccines-blood-biologics/industry-biologics/
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Manual & paper-based Some manual processes High-level automation, Integrated plant network Plant of the future,
processes and automation system standardization with real-time analysis fully-automated

ZX : BioPhorum Operations Group. 2019.
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5) Pharma Manufacturing, “Editor’s (re)View: APl makers in China, India flagged by FDA are reminder of ongoing quality

concerns and US dependence”, 2025.2.14.

6) Wilson Center, “Strengthening US-Mexico Quality Pharmaceutical Supply Chains”, 2024.6.11.

7) LGM Pharma, “Tariffs and Geopolitics: Developing API Supply Chain Resilience in 2025”, 2025.2.25.
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12) China Observers, “How to Address Europe’s Dependence on Medicine Imports from China”, 2023.7.18.

13) 20259 & f-olAtglofA] &¢= 7t EU 9JekER /WAt 9] o4} (Regulatory Pharma Net, “EU Pharma Legislation Reform:
Latest Developments and What Comes Next”, 2025.7.14.)

14) A oJFEH o= 2024 &3 A4 ) FEATH Critical Medicines Alliance, CMA)2] A|Qto] wha} ABG=0JFE A ATFH v
ARG A 2" WS AAPT 9 OJ9FE )& Go] g

15) HABAGA AT, FAE, " DR FE(AP]) A3 = T3 AAR", 2024.7.11.

16) Cherian et al., “India’s Road to Independence in Manufacturing Active Pharmaceutical Ingredients: Focus on Essential
Medicines”, Economies, 9(2), 2021.5.3.

17) The White House, “Building Resilient Supply Chains, Revitalizing American Manufacturing, and Fostering Broad-based
Growth, 100-Day Reviews under Executive Order 14017”, 2021.6.

18) CMIE, Economic Outlook DB, 2024.5.3.
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20) Government of India, Department of Pharmaceuticals, “Monthly summary report in respect of Department of
Pharmaceuticals for the month of April-2024-reg.”, 2024.6.5.
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