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31 ABSTRACT

35 Continuous manufacturing offers potential opportunities for the improved manufacturing of
pharmaceutical products. A key challenge is the development of an appropriate control strategy.
40 The experimental application of an automated control strategy is presented for an end-to-end
42 continuous pharmaceutical pilot plant. The process starts from an advanced intermediate
compound and finishes with the tablet formation steps. The focus of the experimental results is
47 on the design and performance of the control loops needed to produce a slurry of an active
49 pharmaceutical ingredient and a solvent with specified material properties. The results
50 demonstrate that automated control can successfully keep critical material attributes close to

54 desired set points for a sustained period of operation. This work aims to contribute to the
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development of future continuous pharmaceutical processes by providing a realistic case study of

automated control of an integrated continuous pharmaceutical pilot plant.

INTRODUCTION

The pharmaceutical industry is challenged by the need for more reliable, cost-effective, and
sustainable manufacturing processes. Continuous manufacturing has the potential to provide
substantial improvements to pharmaceutical manufacturing compared to traditional batch-wise
manufacturing.! To facilitate such a transition, research efforts are directed towards
understanding and exploiting the potential benefits of operating pharmaceutical unit operations
in continuous flow mode such as chemical synthesis in flow,” crystallization,”” drying,®
blending,” and roller compaction.*” In addition, system-wide benefits may exist by designing
recycle systems to improve the overall yield of the process. Furthermore, process control based
on real-time understanding of the dynamic development of final product quality can be
harnessed, which in principle allows for corrective action to be taken within the process before
large quantities of product go off-spec. As a result, continuous manufacturing may for certain
applications reduce batch-to-batch variations, rejection of product, ecological footprint, time-to-
market due to easier scale-up, and costs. A recent survey revealed a significant interest in
continuous manufacturing from pharmaceutical companies.10 However, in order for the
pharmaceutical industry to embrace fully continuous manufacturing, numerous challenges have
to be met. One of these challenges is the design of an integrated plant-wide control strategy.

In order to avoid laborious post-batch testing of product quality, pharmaceutical process
development typically defines a so-called design space, which is the multi-dimensional space of

input variables and process parameters for which the final product has been demonstrated to
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meet product quality requirements.11 The control strategy then focuses on monitoring and
possibly controlling the critical process parameters (CPPs) within the design space. Although a
design space provides flexibility in the sense that changes to the process within the design space
can be implemented directly,'® distinct challenges exist, which include scale-up and the effort
needed to identify the complete design space a priori without neglecting attractive regions of
operation.” The challenge of revealing a sufficiently large design space a priori is likely to be
more profound for continuous manufacturing as essentially a high-dimensional parameter space
is created by linking all process units into a single manufacturing system. On the other hand, if
the critical material attributes (CMAs) of streams within the process can be measured online,
active feedback control can be employed by using the CPPs as manipulated variables in
automated control loops. A strategy of actively controlling CMAs is a more intuitive approach,
which is expected to facilitate easier scale-up and would shift the focus of pharmaceutical
process development from the documentation of a design space towards development of an
active control system.13 However, in order to apply an approach based on active control of the
CMAs, the availability of online process analytical technology (PAT) tools is of crucial
importance. In addition, suitable pairings of CMAs with CPPs need to be identified to construct
automated control loops. From that perspective, the use of process modeling and process systems
engineering tools are of interest to, for example, compute sensitivities of CMAs with respect to
CPPs, which can provide a basis for development of a plant-wide control strategy.”'*'> A key
question that remains is how such a control strategy would perform on a pilot-plant scale for an
integrated continuous pharmaceutical process starting from an advanced chemical intermediate

to a final tablet in a fully continuous fashion for a realistic pharmaceutical product.
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The objective of the current work is to investigate the experimental application of an
automated control strategy for an integrated continuous pharmaceutical plant. In prior work, we
studied a plant-wide dynamic model of a process, which was inspired by an end-to-end
continuous pharmaceutical pilot plant.'® Subsequently, the model was used to synthesize a plant-
wide control structure for the modeled process."” Finally, key elements of the synthesized control
structure have been translated to an integrated end-to-end continuous pharmaceutical pilot plant.
In this paper, we present the experimental performance of this control system at the pilot-plant
scale. Although key elements of the control structure that resulted from the model-based design
studies have been implemented in the pilot plant, the implemented control structure is not
identical to the control structure that was obtained from the model-based studies.'® For example,
features such as recycles that were included in the model-based studies were not implemented in
the pilot plant, which simplifies the experimental plant-wide control compared to model-based
studies. In general, plant-wide control is a well-studied topic in process control. The main
contribution of the current work is the experimental application of known design concepts for
plant-wide control to an end-to-end continuous pharmaceutical process.

This paper is part of a series that reports our experimental findings concerning the continuous
pharmaceutical pilot plant that has been constructed within the Novartis-MIT Center for
Continuous Manufacturing at MIT. The pilot plant produces a pharmaceutical product from start
(advanced intermediate) to finish (molded tablets in final dosage form) in a continuous fashion.
The produced tablets passed several tests of product quality.'” This paper presents in detail the
design and performance of the control system that was used to produce these tablets. The focus
of the experimental results is on the performance of the series of control loops that are needed to

produce a slurry of an active pharmaceutical ingredient and a solvent with specified material
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properties. A detailed discussion about the design of the pilot plant itself and product quality
tests is presented elsewhere.!” Furthermore, detailed discussions about the design and operation
of the chemical synthesis including workup steps and of the continuous crystallization of the API

are the subjects of separate papers.'®'’

Finally, a short account of our work has been published in
conference proceedings.?’ The focus of the current paper is on the interactions between various
p g pap

control loops and the ability of the control system to maintain key intermediate CMAs close to a

desired value in the presence of disturbances both on short and long time scales.

APPROACH

Process and experimental description

The continuous pharmaceutical pilot plant produces tablets with a final dosage of aliskiren
hemifumarate as active pharmaceutical ingredient (API). The design of the pilot plant is
presented in detail elsewhere'” and summarized in this section for completeness. The key
chemical reactions are given in Scheme 1 and a flowsheet of the plant is given in Figure 1. The
process starts by contacting 1 with an excess of 2 in a tubular reactor (R1) with a volume of 2.7
L and in the presence of catalyst 3 at elevated temperature to produce the first intermediate 4.
The conversion of the reaction is equilibrium limited.”’ The reagent 2 and catalyst 3 are
dissolved in water and unreacted 1 and 4 are dissolved in ethyl acetate in a mixer (M2). The
aqueous phase and organic phase are separated by a membrane device (S1).” The intermediate
compound 4 is crystallized in two sequential mixed suspension mixed product removal
(MSMPR) crystallizers (Crl,Cr2) for which two 15 L glass vessels with overhead stirrer
(Heidolph, RZR 2052) are used. Supersaturation is generated by reducing the temperature and by

the addition of an anti-solvent (heptane).” The crystals are separated from the mother liquor by
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an in-house-made continuous filtration stage (W1). The slurry is distributed on a perforated plate
by a weir to create a cake with uniform thickness and ethyl acetate is sprayed on top of the slurry
to reduce the amount of mother liquor that adheres to the crystal surface. In addition, ethanol is
used to remove traces of water from the slurry to prevent accumulation of water downstream.
The filter cake is collected from the plate by a scraper and transported via an auger into a 5 L
well-mixed glass vessel (D1) with an overhead stirrer (Heidolph, RZR 2052) to which ethyl
acetate is added to reduce the concentration of 4.

A T-mixer is used to contact the slurry with 4 with aqueous hydrochloric acid to synthesize 5.
The reaction is brought to completion in several minutes in a tubular reactor (R2) at room
temperature. The acid is neutralized by adding aqueous sodium hydroxide in an in-line static
mixer. The organic phase with 5 is, subsequently, separated from the aqueous phase inside a 5 L
glass settler (S3) and diluted with ethyl acetate in a T-mixer downstream of the settler. A number
of microfiltration membranes (0.45 pum Pellicon XL 50, Millipore) are installed to retain any
solid sodium chloride that may have precipitated (S4). The solubility of the API is known to be
water sensitive, so adsorption with 3A molecular sieves packed in two 35 L dehydration columns
(S5) is used to remove traces of water prior to crystallization. At the end of the column, a 1 L
glass buffer vessel (B1) is used before the mixture with 5 is mixed with fumaric acid in a 2-stage

reactive crystallization (Cr3,Cr4) to crystallize 6 (AP).*"

The crystallizers are 15 L glass
MSMPR crystallizers with an overhead stirrer (Heidolph, RZR 2052). The crystals of API are
separated from the mother liquor in a similar continuous washing and filtration stage (W2) as
used upstream to filter crystals of 4 before being diluted in a 5 L well-mixed buffer tank (D2)

with overhead stirrer (Heidolph, RZR 2052). The slurry with API is mixed with a slurry of

silicon dioxide to improve flowability of the dried powder before being fed to a two-stage in-
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house-made continuous dryer, which consists of a drum dryer (S6) followed by a tubular dryer
with a rotating screw to convey the powder (S7). Finally, the API powder is mixed with 6000
molecular weight polyethylene glycol in an extruder (Leistritz, Nanol6) equipped with two
gravimetric feeders (Schenk, Purefeed DP4). The final tablets are shaped by a custom-made

mold (Mold Hotrunner Solutions) installed at the exit of the extruder (E1).
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Scheme 1. Main chemical reactions occurring within the pharmaceutical process leading to the

active pharmaceutical ingredient 6 (adapted from Heider et al.'®). Compound 7 is a key impurity.
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Figure 1. Flowsheet and control structure of the studied continuous pharmaceutical pilot plant. P
= Pump, M = Mixer, R = Reactor, S = Separator, Cr = Crystallizer, W = Wash and filtration, D =
Dilution tank, B = Buffer tank, E = Extruder, TC = Temperature controller, PC = Pressure
controller, CC = Concentration controller, RS = Ratio station, LC = Level controller, PT =
Pressure transmitter, FT = Flow rate transmitter, CT = Concentration transmitter, EtOAc = ethyl
acetate, HEP = Heptane, EtOH = ethanol, FA = fumaric acid, PEG = polyethylene glycol, CMA

= Critical material attribute (see Figures 3, 14, and 12), PU = Purge, FP = Final product. Figure
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adapted from Mascia et al.'” Copyright ©2013 WILEY-VCH Verlag GmbH & Co. KGaA,

Weinheim. Printed with permission.

Control strategy and equipment

A schematic representation of the control structure that was implemented in the pilot plant is
illustrated in Figure 1. Calibrated volumetric pumps were used to measure and manipulate flow
rates. A model-based analysis of a system inspired by the pilot plant' is the foundation for the
design of the control structure. In general, the control structure consists of a stabilizing and an
optimizing control layer. The stabilizing control loops are designed first and consist of all level
control loops. Subsequently, optimizing control loops are designed that aim to maintain
intermediate CMAs close to desired values. The design of the optimizing control layer is
challenging due to: (1) a large number of material attributes that can be controlled, (2) various
options to install measurement devices, (3) a large number of variables that can potentially be
used as manipulated variables in automated control loops and (4) relevant time scales that span
several orders of magnitude within the integrated continuous pharmaceutical process.
Fortunately, these challenges to design plant-wide control structures are not unique to
pharmaceutical processes and have received considerable attention in the literature for several
decades.” A hierarchical approach was utilized to develop a plant-wide control strategy based on
model-based simulations."” The hierarchical approach facilitates decision making and naturally
disentangles various time scales, which aims to reduce conflicts between short and long-term
control objectives. Several key control loops identified by the model-based studies have been
translated to the pilot plant. In order to satisfy long-term product and process requirements, the
composition of purified slurry with 4 and API (tanks D1 and D2, respectively) and the

corresponding flow rates are identified as key intermediate CMAs and key process requirements,
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respectively, which aim to ensure the manufacture of a final product with (1) content of impurity
7 below 0.2%, (2) a nominal mass fraction of API of 0.341, (3) solvent content below 5000 ppm
and (4) a desired throughput. An overview of the residence times of each unit operation in the
plant is given in Table 1. Note that typical residence times for reactors and separators range from
several minutes to several hours with a total residence time of approximately 50 hours for the
whole process. A sequential procedure was used for startup in which material out of a certain
unit operation was sent to waste first until the quality of the material was constant and close to
specification such that feeding to the subsequent unit could commence. Such start-up strategy is
expected to shorten the time to steady state at the expense of waste generation during startup.

Table 1. Nominal residence times of unit operations (adapted from Mascia et al.'”)

R1 4 h
S1 <5 min
Crl 5 h
Cr2 5 h
Wil 2 min
Dl 2 h

R2 7 min
S3 2
S5 15
Cr3 4

Cr4 4

w2 2 min
D2 2

S6+7 6

El 12 min
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The feed flow rate of 1 is set to a fixed value. Variations in feed flow rate are unmeasured
disturbances, which have to be compensated for by the sequence of automated level controllers.
The temperature of the first reactor (R1) is maintained constant at elevated temperature in a
temperature-controlled oven (130 °C). The pressure of the organic and aqueous flow rate out of
the membrane contactor are each controlled by a pressure control valve (Proportion-Air
QPV/MPV). The flow rate of organic material leaving the phase separator (S1) is measured by
an in-line flow meter (Omega FPR1501), which is used in a feedforward control loop to dose the
desired amount of anti-solvent to the subsequent continuous crystallizers. The crystallizers are
equipped with feedback temperature control (Thermo Scientific NESLAB RTE Series
Refrigerated Bath and Lauda, Proline RP 845 respectively, equipped with a thermocouple and an
external Pt-100 resistance thermometer, respectively) and feedback level control (calibrated
Omega LVCN414 level sensor). The temperature feedback controllers that use a refrigerated
bath are operated locally (actuator not shown in Figure 1). The level controllers aim to maintain
stable operation and to minimize variations in flow rate propagating downstream. Therefore, the
level controllers of the crystallizers are not tightly controlling the level. Furthermore, the level
controllers use proportional control only since a steady-state offset can be tolerated. The tuning
of the controller gain provides a maximum outlet pump flow rate when the level in the
crystallizer reaches an upper limit, which aims to achieve both stable operation and sufficient
flow filtering to reduce variations in flow rate.**

The impurities that are propagated to buffer tank D1 have a long-term impact on the overall
performance of the process. When the crystals are sufficiently pure, the flow rate of ethyl acetate
used for washing (P9) could in principle be used as an actuator in an automated control loop to

maintain the level of impurities at a desired set point by removing mother liquor adhering to the
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crystalline surface. However, no suitable in-line PAT tool to measure small quantities of key
impurities could be identified after an extensive search for our case. Therefore, the flow rate of
ethyl acetate was set at a high value to satisfy the required levels of impurities even in the
presence of significant disturbances, at the expense of increased solvent usage and reduced yield.
Both the outlet flow rate of tank D1 and the concentration of 4 in tank D1 are key intermediate
CMAss that have a significant impact on long-term performance of the process. The outlet flow
rate of tank D1 is connected to a calibrated level sensor (Omega LVCN414) within a feedback
level control loop providing long-term stability and a desired residence time for buffering. Sharp
changes in flow rate exiting tank D1 would translate into a strongly varying residence time of the
subsequent reaction, which would pose the risk of excessive production of one of the main
impurities, eventually causing the final product to go off-spec. Tank D1 acts as a buffer vessel to
provide back mixing such that short-term high concentrations of undesired compounds do not
propagate. To control the concentration of 4 in the slurry, an on-line density transmitter (Anton
Paar DPRn 417) is used to manipulate a solvent flow rate (P11) via feedback control (CC1).

The flow rate of aqueous hydrochloric acid (P13) is ratio controlled with the outlet flow rate of
the buffer tank D1 (RS2). Note that the upstream density measurement could be used to adjust
the set point of RS2 in case tighter control is required. A feedback control loop (CC2) with an in-
line pH probe (Hamilton Polilyte Plus electrode with Omega DP24-PH panel meter) is used to
maintain the pH close to a desired set point by using the flow rate of aqueous sodium hydroxide
as manipulated variable. A float-type calibrated level sensor (Omega LVRS51) is used to measure
the position of the liquid-liquid interface in the subsequent settler with an additional calibrated

level sensor (Omega LVCN414) mounted in the top of the vessel to measure the total level of the
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vessel. Each level sensor is connected to a pump within a level control loop to maintain the
holdup of both phases each close to a desired set point.

The concentration of 5 at the inlet of the adsorption column is a local CMA that influences the
operation of the crystallization steps downstream. The concentration of 5 in the mixture has to be
reduced, which is accomplished by a feedforward flow-rate controller (RS3) to dilute the mixture
containing S in a fixed ratio using a solvent flow rate (P17) as manipulated variable.
Furthermore, an additional outer feedback control loop (CC3) with an in-line ultraviolet (UV)
sensor (HR2000+, Ocean Optics) is used in a cascade configuration to adjust the ratio of the flow
rates delivered by pumps P16 and P17, which drives the system close to a desired concentration.
The dehydration column (S5) contains a conservative amount of molecular sieves, which aims to
reject any short-term and long-term disturbances in water content at the inlet of the column by
design. The molecular sieves closest to the exit of the column did not saturate during the run,
which could be verified via the color of the molecular sieves. The buffer tank at the outlet of the
dehydration column is equipped with loosely tuned feedback level control (LC6). The dosage of
fumaric acid to synthesize 6 (API) in the subsequent reactive crystallization step (Cr3) is a local
CMA related to obtaining the desired product identity and a sufficient yield as the solubility of
the API is known to be sensitive to the molar ratio of 5 to fumaric acid in the crystallizers.
Therefore, feedforward control (RS4) has been implemented to adjust dosage for disturbances in
flow rate and concentration of 5 via an in-line UV sensor (HR2000+, Ocean Optics). The flow
rate out of buffer tank B1 is used to set the flow rate of fumaric acid according to a ratio that is
optimal for crystallization. The concentration measurement is used to determine the value of this
optimal ratio of flow rates.”” The remaining control loops used for operation of the API

crystallizers, combined washing and filtration stage (W12), and buffer tank (D2) are identical to
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the crystallizers, washing and filtration device, and buffer tank used for separation of 4 upstream
(Crl, Cr2, W1, D1, respectively).

A flow of a slurry with silicon dioxide (P26) is ratio controlled (RS5) with the outlet flow rate
of tank D2 (P25). The first dryer (S6) uses two convection-heated drums for temperature control.
The second dryer (S7) uses temperature feedback control with an electrical heating element as
actuator (TC6). Furthermore, a number of control valves are installed at the inlet and outlet of the
tubular dryer (S7), which open and close in an automated sequence to create an airlock. The
screws of the tubular dryer operate at a fixed frequency. The system of automatically operated
control valves and feedback temperature controllers allow for continuous uptake of API slurry at
the inlet of the dryer and continuous delivery of dried powder at the outlet of the dryer with
minimal disturbances to the desired temperatures and pressure for drying. A vacuum conveyor
delivers API powder to a gravimetric feeder. The dried powder of API is mixed with
polyethylene glycol with two gravimetric feeders, which are operated at a constant feed flow
rate. Manual adjustments can be made to regulate the throughput. The mixture of API and
excipients are fed into an extruder operated at high temperature to produce a melt of the final
dosage. The extruder is equipped with a number of automated temperature controllers to
maintain constant temperature in a number of zones.

The nominal set points and tuning parameters of the feedback control loops are given in Table
2 and the nominal set points for the ratio control loops are given in Table 3. All control loops are
implemented in a single process control system (Siemens SIMATIC PCS7) equipped with data
archiving with the exception of the control loops around the gravimetric feeders and extruder,

which are implemented locally.
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Table 2. Nominal values for set points and proportional-integral (P(I)) tuning parameters of
feedback control loops. The tuning parameters of concentration control loop CC4 were changed

during operation according to the given time intervals.

©CoO~NOUTA,WNPE

Set point Gain Integral time

Controller value unit value unit value  unit comments

LCI 1.05x107 m’ 8.3x10" s - -

18 LC2 1.15x10%  m’ 8.3x10* s ] _

20 LC3 3.00x10°  m’ 1.7x10° s - -

2 LC4 1.20x10°  m’ 1.7x10% s - -

24 LC5 2.65x10°  m’ 1.7x10° ! _ _

26 LC6 4.00x10% m’ 3.3x10° ¢! _ i

28 LC7 8.00x10° m’ 8.3x10% ¢! i _

30 LC8 8.00x10° m’ 8.3x10* ¢! - -

32 LC9 2.50x10° m’ 8.3x10* ¢! - -

34 CCl 2.62x10"  wit% 4 25x10° ms! - -

36 CC2 1.20x10" - 7.5x10°  m’s' 50 s pH

38 CC3 7.00x10°  wt% 5  5.1x10' - 60 s ratio of RS3
40 CC4 8.00x10°  wt% 6 1.7x10" m’s' - - t<147.5h

42 1.10x10"  wt% 6 1.7x10% m’s' - - 147.5h <t<169 h

1.30x10"  wt% 6 1.7x10% m’s! - - t>169h
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Table 3. Nominal set points for ratio control loops

RS1:  FT1/P6 =1.89
RS2:  PI12/P13 =1.75
RS3: P17/P16 set by CC3

RS4:  Fuoira/Fmos =05
RS5:  P25/P26 =10.0

RESULTS AND DISCUSSION
This section gives illustrative examples of the performance of the control strategy for the
continuous pharmaceutical pilot plant. The integrated pilot plant was run several times. The data
presented in this section correspond to a single run of approximately 250 h of sustained operation
including start-up and shut-down with a nominal throughput of 41 g h™' of API unless noted
otherwise. Results from both long- and short-term performance are presented. Short-term results
cover typically a couple of hours, whereas long-term results cover at least a number of days. The
experimental run produced data with a typical archiving frequency of 10 sec for each sensor and
actuator. To accommodate such a large set of data, characteristic examples are presented by
selecting time intervals during the run in which significant disturbances were acting on the
system to demonstrate the performance of the critical control loops under challenging conditions.
Furthermore, the presented data has been filtered, with details as indicated in the caption of the
figures, to reveal only the trends on the process time scales. In general, fluctuations on shorter
time scales are also present, for example, due to measurement noise, short-term disturbances, or
manual interventions.

The design of an appropriate manufacturing process and control strategy are key parts of a

Quality-by-Design approach to pharmaceutical product and process development.'"'? Both
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automated control loops and design decisions that are implemented to maintain CMAs of the
process within specification are discussed. First, several examples are given of the impact of
disturbances on a number of automated control loops that have a certain hierarchy in priority.
Second, the importance of buffering as a design strategy for robust manufacturing is illustrated.
Third, an example is given on how the combination of feedback and feedforward control in a

cascade configuration can maintain a key intermediate CMA close to a desired value.

Mitigating the effect of disturbances on key intermediate CMAs
To illustrate the interaction between stabilizing and optimizing control loops with different
priorities, the performance of several automated control loops in the first part of the plant, which
includes the crystallizers Crl, Cr2, and buffer tank D1, will be discussed in this section. A
selection of the control objectives within this part of the plant can be stated in descending order
of priority as follows:

1. guarantee long-term stability,

2. maintain the concentration of 1 in buffer tank D1 below a maximum value,

3. maintain the concentration of 4 in buffer tank D1 at a specific value,

4. minimize the variation in outlet flow rate of tank D1,

5. maintain the levels in the crystallizers Crl and Cr2 at a desired value,

6. maintain the level in buffer tank D1 at a desired value.
The automated control loops that are implemented to meet these control objectives consists of
level control loops LC1, LC2, and LC3, and concentration control loop CC1. First consider the
long-term performance of the control loops. The level control loops are part of the stabilizing

control layer, which maintain sufficient holdup in each well-mixed vessel over a prolonged
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period of time despite a number of significant disturbances during the run as illustrated in Figure
2. The observed variations in level seen in Figure 2 are typically caused by plugging of the
tubing around the crystallizers, which has to be resolved manually. In general, plugging of lines
and process equipment is an important practical risk for continuous pharmaceutical
manufacturing for which early warning systems are important (e.g., via in-line pressure
measurements). The concentration and flow rate of the stream leaving buffer tank D1 (P12) are
identified from prior model-based studies as key intermediate CMAs that have a long-term
impact on the performance of the plant."’ The concentration of 4 in buffer tank D1 is kept close
to a set point by an automated feedback control loop (CC1) for a prolonged period of time as
illustrated in Figure 3. The controller has a large gain, which is reflected by a small steady-state
offset and a strongly fluctuating flow rate of the solvent feed stream (manipulated variable) as
illustrated in Figure 4. This aggressive tuning aims to achieve tight control at the expense of
possibly increased wear due to intensive use of the actuator. Furthermore, it can be seen from
Figure 4 that towards the end of the run on average less solvent is required to maintain the
concentration of 4 close to the set point, which indicates slowly changing performance of
upstream units. Possible causes for this observed change in performance could, for example, be a
variation in the performance of the filter (e.g., partial plugging of the filter plate) or changing
properties of the crystal slurry from crystallizer Cr2 (e.g., in shape, size distribution, or solid
content). Nevertheless, the concentration of 4 in buffer tank D1 can be well controlled based on
the in-line density meter to the end of the experimental run, which is expected to be of crucial

importance to maintain the CMAs of the final product within specification.
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20 Figure 2. Dynamic development of the measured level in the crystallizers for separation of 4
(Crl and Cr2) and the subsequent buffer tank (D1) during 220 h of operation (controlled
25 variables of control loops LC1, LC2, and LC3, respectively). Each point represents the median

27 value of a series of data points collected within 167 min with a sampling frequency of 0.1 Hz.

35

30

E
-

25¢

20

w
\I
Concentration of 4in D1/ wt%

44 0 50 100 150 200
45 Time / hours

48 Figure 3. Dynamic development of the concentration of 4 in buffer tank D1 for 220 h of
operation (controlled variable of control loop CC1). Each data point represents the median value
53 of a series of data points collected within 150 min with a sampling frequency of 0.1 Hz. The

55 black dashed line represents the set point of the concentration control loop.
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Figure 4. Dynamic development of the flow rate of ethyl acetate fed to buffer tank D1 (P11) for
220 h of operation (manipulated variable of control loop CC1). Each data point represents the
median value of a series of data points collected within 150 min with a sampling frequency of

0.1 Hz.

Second, we look at the ability of the automated control loops to mitigate disturbances on a
shorter time scale. To that end, a characteristic example of the impact of a significant disturbance
that is observed 3 d after startup is presented. The outlet flow rates of crystallizers Crl and Cr2
after 72 h of operation are illustrated in Figure 5. Note that these flow rates are manipulated
variables in the level control loops around each crystallizer. At the beginning of the time interval,
the flow rates are close to steady-state operation. Then the flow from Crystallizer Cr2 to Tank
D1 comes to a sudden stop at £ = 72.5 h due to unintentional plugging of the transfer line
between both vessels. Consequently, the level in crystallizer Cr2 quickly rises as illustrated in
Figure 6b. Since maintaining the level in Crystallizer Cr2 has low priority, the loose tuning of the
feedback level control loop brings the level of the crystallizer back slowly to the set point.
Consequently, the effect of the disturbance on the level in buffer tank D1 downstream is limited

(Figure 6¢). The concentration of 4 in tank D1 drops after the disturbance (Figure 7), which is
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mitigated by a quick reduction of the solvent flow rate towards tank D1 (Figure 8). The loose
tuning of the level control loops in the crystallizers and buffer tanks and a more aggressive
tuning of the concentration control loops aim at maintaining the concentration close to a desired
set point while the disturbance in flow rate is diverted towards the level of the crystallizer. In
case sharp changes in the solvent flow rate are not desired from an operational point of view,
integral action could be added to concentration control loop CCI1 to reduce the instantaneous and

step-wise response of a proportional controller.
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Figure 5. Dynamic development of the outlet flow rates of crystallizers Crl and Cr2 (P7 and PS,
respectively) within a time interval in which a significant disturbance was observed during an
integrated run of an end-to-end continuous pharmaceutical pilot plant (manipulated variables of
control loops LC1 and LC2). Each data point represents the median value of a series of data

points collected within 2 min with a sampling frequency of 0.1 Hz.
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Figure 6. Dynamic development of the measured level in the crystallizers for separation of 4

(Crl and Cr2) and subsequent buffer tank D1 within a time interval in which a significant

disturbance was observed during a run of an end-to-end continuous pharmaceutical pilot plant

(controlled variables of control loops LC1, LC2, and LC3, respectively). Each point represents
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the median value of a series of data points collected within 2 min with a sampling frequency of

0.1 Hz. The black dotted lines represent the set points of the level control loops, which are

corrected for a steady-state offset by assuming that the median value of the first 10 data points

during the time interval represents the steady-state level in the tanks.
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20 Figure 7. Dynamic development of the concentration of 4 in buffer tank D1 within a time
interval in which a significant disturbance was observed during a run of an end-to-end
25 continuous pharmaceutical pilot plant (controlled variable of control loop CCI1). Each point
27 represents the median value of a series of data points collected within 2 min with a sampling
30 frequency of 0.1 Hz. The black dotted line represents the set points of the control loop (CC1),
32 which has been corrected for a steady-state offset by assuming that the median value of the first

10 data points during the interval represents the steady-state concentration in the tank.

ACS Paragon Plus Environment
23



©CoO~NOUTA,WNPE

Organic Process Research & Development

8t

0\

Flow rate / ml min~"

N
T

72 73 74 75
Time / hours

Figure 8. Dynamic development of the flow rate of ethyl acetate fed to buffer tank D1 (P11) and
flow rate out of the buffer tank (P12) within a time interval in which a significant disturbance
was observed during a run of an end-to-end continuous pharmaceutical pilot plant (manipulated
variable of concentration control loop CC1 and manipulated variable of level control loop LC3,
respectively). Each point represents the median value of a series of data points collected within 2

min with a sampling frequency of 0.1 Hz.

Figure 9 illustrates a different case, in which a disturbance is observed for several hours that
causes the level in crystallizer Crl to oscillate (Figure 9a). Such disturbance may be caused by
sensor failure or by variations in the flow rates of upstream units. Since the feedback level
control loops utilize proportional control only, oscillations in the outlet flow rate of Crystallizer
Crl are present as well. However, the loose tuning of the level control loop results in relatively
small variations in the outlet flow rate of crystallizer Crl. Consequently, the disturbance and the
observed oscillations are strongly reduced in Crystallizer Cr2 (Figure 9b). The dynamic finger
print of the disturbance essentially disappears after crystallizer Cr2 (Figure 9c). Instead, a

different disturbance can be observed at t+ = 132.5 h in buffer tank D1, which causes the
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concentration of 4 in the tank to be higher for several hours (Figure 10). Such sudden increase in
concentration could, for example, be caused by the release of material that accumulated in the
filter device. Since maintaining this concentration has high priority, the flow rate of solvent feed
to tank D1 (the manipulated variable of the automated concentration control loop) increases
sharply (Figure 11) at the expense of an increased volume in buffer tank D1 (Figure 9c) and
outlet flow rate (Figure 11). The present disturbance results in deviations from the set points of
the level and concentration control loops around tank D1 for a longer period of time compared to
the previously discussed disturbance at ¢t = 72.5 h (Figures 5 to 8), which indicates a larger
deviation in throughput of compound 4. Note that the number of reaction equivalents of HCI is
preserved by the automated ratio control loop RS2 (Figure 1). Therefore, the increase in outlet
flow rate of buffer tank D1 will only result in a decrease in residence time of reactor R2. The
number of reaction equivalents of HCI was chosen such that maximum robustness with respect to
changes in throughput was achieved with minimum product degradation.'® Finally, only
proportional level control was used and it is expected that more advanced control strategies could
further improve the performance of the control loops. For example, model-based studies have
demonstrated for our case that implementation of so-called optimal averaging level control® for
buffer tank D1 can reduce significantly variations in outlet flow rate while the performance of
the concentration control loop (CC1) is still satis’factory.26 Such control strategy aims to
minimize variations in outlet flow rate of a buffer tank while maintaining the level between an
upper and lower boundary instead of at a fixed set point, which for our process would minimize

variations in the residence time of reactor R2 downstream.
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Figure 9. Dynamic development of the measured level in the crystallizers for separation of 4

(Crl and Cr2) and subsequent buffer tank D1 within a time interval in which oscillations were

observed in the first crystallizer during a run of an end-to-end continuous pharmaceutical pilot

plant (controlled variables of control loops LCI1, LC2, and LC3, respectively). Each point

represents the median value of a series of data points collected within 4 min with a sampling

frequency of 0.1 Hz.
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23 Figure 10. Dynamic development of the concentration of 4 in buffer tank D1 within a time
25 interval in which oscillations were observed in the first crystallizer during a run of an end-to-end
o8 continuous pharmaceutical pilot plant (controlled variable of control loop CC1). Each point
30 represents the median value of a series of data points collected within 4 min with a sampling
32 frequency of 0.1 Hz. The black dotted line represents the set points of the control loop (CC1),

35 which has been taken from Figure 7.
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Figure 11. Dynamic development of the flow rate of ethyl acetate fed to buffer tank D1 (P11)
and flow rate out of the buffer tank (P12) within a time interval in which a significant
disturbance was observed during a run of an end-to-end continuous pharmaceutical pilot plant
(manipulated variable of concentration control loop CCl and manipulated variable of level
control loop LC3, respectively). Each point represents the median value of a series of data points

collected within 4 min with a sampling frequency of 0.1 Hz.

Further downstream, a similar automated control strategy is used to keep the concentration of 6
(API) in the buffer tank D2 close to a set point. Figure 12 illustrates the concentration of 6 during
several days of operation including two changes in the set point of control loop CC4. The figure
shows that the control system is well capable to keep the concentration of 6 close to all of the
tested set points. Note that there is no active mechanism to increase the concentration in the
vessel as the manipulated variable dilutes the slurry. As a result, the system responds slowly
when the measured concentration is below the set point and rapidly when the concentration is too
high, which can be seen during the set point changes and the disturbance that is shown in the
inset of Figure 12. This disturbance was caused by the performance of the filter device upstream,

which caused the concentration in the buffer tank D2 to drop over several hours, which
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eventually saturated the control loop (i.e., no solvent flow rate into buffer tank D2). The
performance of the filter degraded sharply due to a measured loss of vacuum on the permeate
side of the filter around ¢ = 178 h. The vacuum was restored around ¢ = 185 h, which caused the
continuous filter device to produce a thicker slurry again. Subsequently, the concentration of 6
increased and solvent was added when the set point was reached, which closed the control loop
again and kept the concentration of 6 close to the set point for the remainder of the run.

In summary, the automated control loops in the first part of the pilot plant allowed for
production of a slurry with an intermediate compound for a prolonged period of time with CMAs
close to desired set points. Close inspection of several observed disturbances during the run
demonstrates how disturbances can be diverted from critical to non-critical process parameters
(i.e., from flow rate to residence time). A similar control strategy proved to be effective further
downstream for the automated control of the concentration of API in the slurry being fed to the

continuous drying stage.
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Figure 12. Dynamic development of the concentration of 6 (API) in the buffer tank D2 as
obtained from an online density measurement device during several days of operation (controlled

variable). The data points represent the median value taken within a measurement period of 30
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min with a sampling frequency of 0.1 Hz. The dashed black line represents the set point of the
automated concentration control loop (CC4). The inset of the figure illustrates the dynamic
development of the concentration during a significant disturbance from upstream in detail
(median value taken within 6 min of data collection with a sampling frequency of 0.1 Hz). Note
that the control loop is saturated when the measured value of the concentration is below the set

point, as there is no active mechanism to increase the concentration.

Mixing to reduce process variability

The concentration of 1 in the slurry leaving buffer tank DI is an intermediate CMA of the
process as the compound is a precursor for the main impurity (7) in the final product (Scheme
1)."” Design strategies can be employed to maintain the concentration at a low value and to
prevent strong fluctuations in concentration. First, the solvent flow rate used for washing is set at
a high value to meet specifications even in the presence of challenging conditions such as a high
slurry load. Second, instead of using a mixing device with a short residence time for dilution, a
buffer tank with a residence time of several hours is used, which provides back mixing to dilute
material originating from the filter with an overshoot in the concentration of 1. Throughout most
of the run, the fraction of 1 on the filter plate, expressed by HPLC area, shows a similar variation
compared to the fraction of 1 within the buffer tank (Figure 13a). Towards the end of the run, the
performance of the filter goes down and two events can be detected where temporarily a high
fraction of 1 is present on the filter plate. However, the back mixing in the dilution tank prevents
propagation of a small quantity of material with high impurity content into units downstream
(Figure 13a). Note that the concentration of 1 in the buffer tank steadily goes up towards the end

of the run, which is likely caused by propagation of additional mother liquor from the
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crystallization steps as the trend coincides with a reduction in solvent addition dictated by
concentration control loop CC1 as discussed in the previous section (Figure 4).

The dynamic development of the fraction of the main impurity (7) within the slurry on the
filter plate W2 and in the dilution tank D2 downstream the process, expressed by HPLC area, is
illustrated in Figure 13b. Although less data is available for filter W2 due to the longer time
needed to approach steady state for filter W2 compared to filter W1, a similar trend as in Figure
13a can be observed. For most of the measurements, a low fraction of 7 in both the slurry on the
filter plate and in the slurry present in dilution tank D2 is measured. However, two events can be
noticed when the fraction of impurity within the slurry on the filter plate is significantly higher
compared to the slurry in the dilution tank. Such events are unlikely in the dilution tank due to
the back mixing, which provides a buffer for propagation of small amounts of material with an
excessive high concentration of impurities into the dryer. Note that knowledge on the mixing in
all units downstream is required to quantify the acceptable levels of impurity compound 7 at this
part of the process. In the period from approximately ¢ = 135 h to # = 152 h, vacuum was lost at
the permeate side of Filter W2 (measured by PT2), which reduced the mother liquor removed
and explains the higher fraction of 7 within that period. Once vacuum was restored, filtration
performance improved and the impurity level decreased. The fraction of 7 steadily increases
towards the end of the run, which may be caused by decreasing performance of the filter or by
additional supply of 7 that results from the increasing concentration of 1 in the dilution tank D1

upstream (Figure 13a).
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Figure 13. The upper graph, labeled with (a), illustrates the dynamic development of the
concentration of 1 in the slurry leaving the filter plate (W1) and in buffer tank D1 during an
integrated run of an end-to-end continuous pharmaceutical pilot plant expressed by HPLC area.
The bottom graph, labeled with (b), illustrates the dynamic development of the concentration of
the main impurity (7) in the slurry leaving the filter plate (W2) and in buffer tank D2
downstream. Note that 1 is a precursor for 7 (Scheme 1). Each data point represents, with few
exceptions, the average value of two samples. Measurements that could not be reproduced are

removed from the data set.

ACS Paragon Plus Environment
32



Page 33 of 44

©CoO~NOUTA,WNPE

Organic Process Research & Development

Combined feedforward and feedback in cascade control loops
Feedforward control has the ability to reject disturbances before a controlled variable is affected.
One of the most common forms of feedforward control is ratio control, which typically involves
specifying the flow rate for one stream as a ratio of the measured flow rate of another stream. In
contrast, feedback control relies on deviations of a controlled variable from a set point, which
has the advantage of keeping the controlled variable close to its desired set point. A
configuration that combines ratio control with feedback control is ratio cascade control,”’ in
which an outer feedback control loop manipulates the ratio in an inner ratio control loop. This
section demonstrates the importance of this strategy for the integrated continuous pharmaceutical
pilot plant with an example to maintain a CMA of a process stream close to a desired set point in
the presence of fast and slow disturbances. The control loops of interest (RS3,CC3) are installed
around settler S3 and dehydration column S5 (Figure 1). A liquid with § dissolved in an organic
phase is separated from an aqueous phase and fed into a dehydration column after dilution. The
concentration of 5 has to be maintained close to a desired set point before entering the
dehydration column. Typical disturbances that can be expected are variations in the flow rate and
concentration of the mixture from the settler. The impact of variations in flow rate on the
concentration after dilution can be mitigated by manipulating the flow rate of the solvent feed
stream with a ratio control loop (inner feedforward loop). Furthermore, an outer feedback control
loop ensures that the concentration after dilution is close to a desired set point by manipulating
the set point of the ratio control loop, which mitigates variations in the concentration of the
mixture from the settler.

The feedback concentration control loop is complicated by a significant delay time between

the mixing point and the UV sensor, because possible salt crystals have to be removed first after
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mixing to obtain a signal of sufficient quality from the UV sensor. An appropriate tuning of the
control parameters that takes into account this delay time is of crucial importance. Therefore,
prior to the run, two process reaction curves®' were experimentally measured by applying step
inputs of the set point of ratio controller RS3 from which the effective delay time, the process

time constant, and the steady-state gain were estimated. Subsequently, recommended tuning

28,29 d 30,31
2

parameters, which are based on the Internal Model Control design metho were used to
obtain an estimated value for the controller gain and integral time of controller CC3.

To compare the performance of feedforward control alone with the performance of the
combined feedforward and feedback control loop, two sets of data from different experimental
runs are compared. In both cases, a time interval of 20 consecutive hours was selected in which
the main control loops upstream are all closed. Figure 14a illustrates the concentration of 5
before entering the dehydration column when only the feedforward control loop is implemented
(i.e., with a fixed set point for the ratio control loop). In contrast, Figure 14b shows the same
concentration from the run where both the feedforward and feedback control loops are combined
in an automated cascade control loop. The figure shows that, at least for the illustrated time
interval, slow variations in concentration are observed when only feedforward control is
implemented and a more uniform concentration is achieved when feedforward and feedback
control are combined. Note that several outliers can be observed in the measured data, which are
likely the result of temporary manual operation to clean the salt filters (S4) upstream of the UV
measurement device. In the case of Figure 14a, no set point for the concentration can be set,
which complicates the optimization of downstream units and may result in a persistent drift in

concentration during a sustained period of operation. In contrast, adding an outer feedback

control loop allows for the concentration to be kept close to a set point.
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Figure 14. Dynamic development of the concentration of 5 after dilution and before entering the
dehydration column (S5) for a representative time interval. The upper graph, labeled with (a), is
taken from a different run compared to the bottom graph, labeled with (b), in which a different
control strategy was tested. The upper graph is from a run in which the outer concentration
feedback control loop (CC3) was not implemented and only a feedforward ratio controller (RS3)
was used. The lower graph corresponds to a run in which both the outer concentration feedback
control loop (CC3) and inner ratio control loop (RS3) were implemented in a cascade
configuration. The black dashed line represents the set point of the outer loop. The data points in
both (a) and (b) represent the median value taken within 10 min of data collection with a

sampling frequency of 0.1 Hz.

CONCLUSIONS

The experimental application of an automated control strategy is presented for an end-to-end
continuous pharmaceutical pilot plant. The results demonstrate the ability to control critical
material attributes (CMAs) related to the properties of slurries with an intermediate compound or

the active pharmaceutical ingredient for a sustained period of operation at least for the tested
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conditions, which included set point changes. Detailed inspection of the performance of several
control loops within shorter time intervals reveal insights about the interaction between
automated control loops, the importance of buffering, and the performance of a combined
feedforward and feedback cascade control. In particular, the interaction of several automated
level control loops and a concentration control loop around two continuous crystallization units,
filter, and buffer tank shows the diversion of key disturbances to non-critical process parameters.
The filtered slurry can contain relatively small amounts of material with a high impurity content,
which can be mitigated via back mixing in a buffer tank. In general, back mixing has an impact
on the dynamics of product quality and, for example, poses challenging questions for a sampling
strategy. Therefore, there is an increased need to understand the impact of residence time
distribution for continuous pharmaceutical manufacturing.*> Finally, comparison of the
performance of a concentration control loop with only feedforward control and the same
concentration control loop with combined feedforward and feedback control -clearly
demonstrates the effectiveness of the latter strategy for tight control of an intermediate CMA
within the process.

The experimentally tested control strategy consisted only of conventional feedback and
feedforward automated control loops. However, it is expected that advanced control strategies
such as model-predictive control (MPC) would offer significantly improved control performance
as was recently demonstrated for our application via model-based studies.” In addition, the
benefits of MPC have been demonstrated clearly for other configurations of continuous
pharmaceutical processes via model-based studies such as a continuous pharmaceutical tablet
manufacturing process via direct compaction.”® A key advantage of MPC is that process

constraints can be taken into account explicitly. Experimental implementation of MPC requires a
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validated process model, which could also be used to investigate the allowable variation in
controlled variables in a quantitative way. In addition, process models can be used to investigate

the impact of residence time distribution of a train of unit operations on the final product quality.

©CoO~NOUTA,WNPE

Advanced control strategies and dynamic process models for continuous pharmaceutical

13 manufacturing provide in general interesting directions for future research.
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