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A  novel  manufacturing  strategy  based  on  continuous  processing  integrated  with  online  monitoring  tools
coupled  with  efficient  automatic  feedback  control  system  is  highly  desired  for  efficient  Quality  by Design
(QbD)  based  manufacturing  of  the  next  generation  of pharmaceutical  products  with  optimal  consumption
of  time,  space  and  resources.  In this  manuscript,  an  efficient  plant-wide  control  strategy  for  an  integrated
continuous  pharmaceutical  tablet  manufacturing  process  via  roller  compaction  has  been  designed  in
silico.  The  designed  control  system  consists  of  five  cascade  control  loops  and  three  single control  loops
resulting  in  42  controller  tuning  parameters.  An effective  controller  parameter  tuning  strategy  involv-
ing an  ITAE  method  coupled  with  an  optimization  strategy  has  been  proposed  and  the designed  control
system  has  been  implemented  in  a first principle  model-based  flowsheet  that  was  simulated  in gPROMS
ontinuous processing
imulation

(Process  System  Enterprise).  The  advanced  techniques  (e.g.  anti-windup)  have  been  employed  to  improve
the performance  of  the  control  system.  The  ability  of the  control  system  to  reject the unknown  distur-
bances  as  well  as  to  track  the set  point  has been  analyzed.  Results  demonstrated  enhanced  performance
of  critical  quality  attributes  (CQAs)  under  closed-loop  control  compared  to open-loop  operation  thus
illustrating  the  potential  of closed-loop  feedback  control  in  improving  pharmaceutical  manufacturing
operations.
. Introduction

Pharmaceutical industries are facing enormous challenges to
atisfy regulatory constraints, flexible market demands, oper-
tional complexities and economical limitations. Because of
lobalization, the patents’ life of new discovered drugs has also
een decreased considerably forcing the manufacturer to minimize
he drug development time as well as maximize the throughput and
or this, continuous manufacturing has evolved as an efficient alter-
ative (Singh et al., 2011). However, better process understanding
nd control are vital to minimize the product waste due to manufac-
uring failure and produce product of desired quality with reduced
nd product testing (Charoo et al., 2012). Therefore, a significant
pportunity exists to improve the product quality and to optimize
he production process through the implementation of innovative
olutions for on-line monitoring, analysis and system control (Singh
t al., 2009). The US food and drug administration (FDA/CDER, 2005)
Please cite this article in press as: Singh, R., et al., An engineering study on
pharmaceutical tablets via roller compaction. Int J Pharmaceut (2012), htt

ave taken an initiative for application of Process Analytical Tech-
ology (PAT) and control system to the manufacturing industries.
pplication of PAT systems (FDA/CDER, 2005) in manufacturing
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paves the way for continuous process and product improvements
through improved process supervision based on knowledge-based
data analysis, ‘Quality by design (QbD)’ concepts, and through feed-
back control (Gnoth et al., 2007). The primary goal of PAT is to better
understand the manufacturing process, and to use that knowledge
on-line to achieve better control of the process and thus consistent
product quality. PAT is therefore defined as a system for designing,
analyzing, and controlling manufacturing through timely measure-
ments (i.e., during processing) of critical quality and performance
attributes of raw and in-process materials and processes with the
goal of ensuring final product quality (FDA, 2004; FDA/CDER, 2005).

Automated continuous processes coupled with efficient feed-
back control systems are highly desired for pharmaceutical
production due to high efficiency, enhanced product quality, and
less need of space, labor and resources. However, in the past, the
pharmaceutical industry has been hesitant to introduce innova-
tive systems into the manufacturing sector for several reasons.
One often cited reason is regulatory uncertainty, which may  result
from the perception that the existing regulatory system is rigid
and unfavorable to the introduction of innovative systems (FDA,
 the enhanced control and operation of continuous manufacturing of
p://dx.doi.org/10.1016/j.ijpharm.2012.09.009

2004; Plumb, 2005). As a consequence, the pharmaceutical indus-
try is still dominated by batch processes with the mindset that
products can only be produced by batch processes or a ‘frozen’ man-
ufacturing system, if they are to comply with regulatory quality

dx.doi.org/10.1016/j.ijpharm.2012.09.009
dx.doi.org/10.1016/j.ijpharm.2012.09.009
http://www.sciencedirect.com/science/journal/03785173
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Nomenclature

A surface area [m2]
CAPI API Composition
d50 mean particle size [m]
F PBM density function [particles]
H height [m]
h0 half of ribbon thickness [m]
m mass flow [kg]
n number
P compaction pressure [MPa]
R radius [m]
RSD Relative Standard Deviation
RT residence time [s]
u feed speed [m/s]
W width [m]

 ̨ nip angle [radians]
ı effective angle of friction [radians]
ε porosity
�in inlet angle [radians]
�bulk powder bulk density [kg/m3]
� material stress [MPa]
� rate [particles/s]
ω feeder rotation rate [rpm]
Crc

1 stress-angle empirical parameter
kbreak breakage kernel
Krc stress-angle empirical parameter
� delay
� time constant

Domain
g gas
n component
r particle size
s1 API
s2 excipient
z time delay
z1 axial
z2 radial

subscript
in inlet stream
out outlet stream
P pressure
set point sp
u speed
ω rotation rate

superscript
delayed delayed
disc feed frame disc
f feeder
ff feed frame
m mixer
mil  mill
rc roller compactor
rib ribbon
rol roller compactor roll

r
t
o
i

tp tablet press
Please cite this article in press as: Singh, R., et al., An engineering study on
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equirements (Plumb, 2005). In fact, batch processes are not par-
icularly good for product quality assurance and possess a number
f drawbacks such as poor process understanding, yield, scalabil-
ty, and energy inefficient. In addition, batch processes are also
 PRESS
harmaceutics xxx (2012) xxx– xxx

labor intensive. However, one major advantage of batch processing
is flexibility. Flexibility means that the same equipment can be
used to fulfill more than one purpose. Efforts are being made
in order to render significant flexibility to the continuous pro-
cesses as well (Singh et al., 2011, 2012). There is now a window of
opportunity for the pharmaceutical industry to change the mind-
set and move towards new innovative manufacturing concepts.
Continuous manufacturing processes – naturally eliminating the
batch processing drawbacks – have a major potential to provide an
alternative. There are many other examples in the scientific liter-
ature, where a need to move from batch to innovative continuous
processing is encouraged (e.g. Baumann et al., 2008; Betz et al.,
2003; Buchholz et al., 2010; Lomel et al., 2006; Malhotra, 2009;
Plumb, 2005; Saaby et al., 2005; Schaber et al., 2011; Sedelmeier
et al., 2009; Stitt, 2002; Trout, 2007; Watts and Haswell, 2003;
Wheeler, 2009). This clearly indicates that there is currently an
environment in which pharmaceutical companies can start to con-
sider changes to their processes, but significant cultural change is
still required (Lamb et al., 2010).

In the last few years, very few attempts have been made toward
the control of a tablet manufacturing process. Ramachandran and
Chaudhury (2012) have proposed a control system for a continu-
ous drum granulation process, an important unit operation used
for wet  granulated continuous tablet manufacturing process. Hsu
et al. (2010a, 2010b) have suggested a control system for a roller
compactor, an important unit operation used for dry granulated
continuous tablet manufacturing process. However, a satisfactory
control performance has not been achieved. Ramachandran et al.
(2012) have designed a control system for a direct compaction pro-
cess with emphasis on blending and tableting process. Singh et al.
(2010a) have suggested a monitoring and control system for a batch
tablet manufacturing process. However, no attempt has been made
to design a control system for an integrated continuous tablet man-
ufacturing process with dry granulation (using roller compaction).

In this manuscript an efficient control system for an inte-
grated continuous pharmaceutical tablet manufacturing process
with roller compaction has been designed. The designed control
system has been implemented in a first principle model simu-
lated in a simulation tool (gPROMS, Process System Enterprise). A
dynamic optimization method has been used to tune the controller
parameters. The systematic application of the control system can
enable the manufacturer to achieve the predefined end product
quality consistently.

2. Systematic framework for the design of an efficient
process control system

The design and implementation of an efficient process control
system is an interactive procedure that involves the identifica-
tion of critical controlled variables, coupling of the controlled
variables with suitable actuators (manipulated variables), selec-
tion of suitable monitoring tools, selection of control strategy
followed by tuning of controller parameters, model-based closed-
loop performance assessment, and finally implementation to the
manufacturing plant through the available sensing and control
hardware (e.g. Delta V, Emerson) and control interface (e.g. OLE
Process Control (OPC)). A systematic framework for design and
implementation of an efficient control system is shown in Fig. 1.
The design methodology consists of 12 hierarchical steps. The first
step is concerned with specifying the product properties that are
desired to be achieved in the considered production process. The
 the enhanced control and operation of continuous manufacturing of
p://dx.doi.org/10.1016/j.ijpharm.2012.09.009

necessary process relates information, such as the raw materials,
their composition and the equipments used in the production pro-
cess are provided in step 2 (process specifications). The information
provided through these two steps of the design methodology act

dx.doi.org/10.1016/j.ijpharm.2012.09.009


ARTICLE IN PRESSG Model

IJP-12858; No. of Pages 20

R. Singh et al. / International Journal of Pharmaceutics xxx (2012) xxx– xxx 3

tation

a
a
a
g
a
t
c
t
n
e
a
s
n
t
a
i
(
f
c
f
o
P
M
t
n
i
t

Fig. 1. Systematic framework for design and implemen

s input data for the design problem. On the basis of the input data
nd with the consultation of the knowledge base, step 3 (process
nalysis) of the methodology generates a list of process points (in
eneral, process equipments are considered as the process points)
nd a list of the corresponding process variables. The outcome of
his step becomes the basis for subsequent analysis steps. The criti-
al process points where monitoring and analysis equipments need
o be placed and the corresponding critical process variables that
eed to be monitored and controlled in order to achieve the desired
nd product quality are then identified through step 4 (sensitivity
nalysis). The identification of the appropriate actuators and the
election of suitable on-line monitoring techniques and tools are
ecessary to successfully implement the control system in order
o control the critical process variables obtained in step 4. The
ppropriate actuator for each selected critical process variable is
dentified through step 5 (interdependency analysis) while step 6
performance analysis of monitoring tools) generates the list of the
easible measurement methods and tools for selected critical pro-
ess variables (Singh et al., 2010b, 2009). The suitable controller
or each controlled variable is then selected in step 7. Depending
n the dynamic response of the process, either basic controllers (e.g.
roportional Integral Derivative (PID)) or advanced controller (e.g.
odel Predictive Controller (MPC)) can be selected. After deciding
Please cite this article in press as: Singh, R., et al., An engineering study on
pharmaceutical tablets via roller compaction. Int J Pharmaceut (2012), htt

he type of controllers the corresponding control parameters that
eed to be tuned can be listed. For example, if the controller selected

s PID then the parameters that need to be tuned are gain (KC), reset
ime (KI) and rate (KD). In step 8, all the control parameters need to
 of control system (extended from Singh et al., 2009).

be tuned for that heuristic methods (e.g. Ziegler Nichols method)
or optimization based method (e.g. ITAE: Integral of Time Absolute
Error) can be used. On the basis of the outcomes of steps 4–8, a
control system is suggested in step 9. The proposed control system
consists of a list of critical process points, corresponding critical
process variables, actuators, monitoring techniques and monitor-
ing tools, controllers and corresponding controller parameters. The
control system is then implemented in a mathematical model to
evaluate its performance (step 10). If the performance is found to be
satisfactory then the final control system is proposed in step 11 that
can be implemented in the plant for experiment based performance
evaluation and plant operation (step 12). The supporting tools
and corresponding outcomes are also highlighted in the figure. An
integrated mathematic model for continuous tablet manufactur-
ing process that used for design of control system is a part of model
library. The model is given in Appendix A. The knowledge base con-
sist the information about the process as well as the information
about the monitoring and control system. The application of the
knowledge base is demonstrated elsewhere (Singh et al., 2010b).

3. Continuous tablet manufacturing process

3.1. Process description
 the enhanced control and operation of continuous manufacturing of
p://dx.doi.org/10.1016/j.ijpharm.2012.09.009

The process considered for the design of a control system is a
pilot plant for continuous tablet manufacturing process situated at
the Engineering Research Center for Structured Organic Particulate

dx.doi.org/10.1016/j.ijpharm.2012.09.009
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Fig. 2. Schematic of a continuous tablet

ystems (ERC-SOPS), Rutgers University. Some details of the
ilot plant have been previously reported (Vanarase and Muzzio,
011) and the open-loop operation has been extensively studied
Boukouvala et al., 2011, in press; Portillo et al., 2010; Vanarase
t al., 2010, 2011). The process flowsheet for continuous tablet
anufacturing process is shown in Fig. 2. As shown in the figure,

here are three gravimetric feeders to provide necessary lubricant,
PI and excipient. The feeders itself contain a hopper that can hold
p to a certain amount of material and a rotating screw to change
Please cite this article in press as: Singh, R., et al., An engineering study on
pharmaceutical tablets via roller compaction. Int J Pharmaceut (2012), htt

he flow rate. These feeds are then fed to a blender to generate a
omogeneous mixer. Outlet from the blender is fed to a hopper
o maintain a certain amount of the materials that need to flow
n roller compactor. Roller compaction is used to make ribbons
facturing process via roller compaction.

from powder blends obtained from the mixer. Roller compactor
is a novel unit operation used for dry granulation, particularly
suitable for the cases where powder feeds are water sensitive (Hsu
et al., 2010a). Ribbons obtained from the roller compactor are then
milled to smaller size ranges in a mill (e.g. hammer mill). Oversized
particle obtained from the mill can be recycled to the mill while
the undersize particle can be recycled to the roller compactor.
Desired granules obtained from the milling machine are then sent
to a hopper. From the hopper, the powder granules are then sent
 the enhanced control and operation of continuous manufacturing of
p://dx.doi.org/10.1016/j.ijpharm.2012.09.009

to a tablet press through a feed frame. Final compacted tablets are
then obtained from the tablet press and among them, few tablets
can be sent for dissolution testing. The process flowsheet has been
implemented into a simulation software gPROMS (Process Systems

dx.doi.org/10.1016/j.ijpharm.2012.09.009
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Table 1
List of controlled variables considered in the overall process.

Critical process points Critical process variables

Blender RSD (CQA)
Total flow rate (CPP)
AP composition (CQA)
API Excipient ration (CQA)

Roller compactor Ribbon density (CQA)
Throughput (CPP)

Milling Granule size (CQA)

Tablet press Tablet weight (CQA)
ARTICLEJP-12858; No. of Pages 20
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nterprise, http://www.psenterprise.com/). The methodology to
evelop an integrated process flowsheet has been described in
oukouvala et al. (in press).

.2. Process models

Extensive research has been undertaken to develop the first
rinciple models of different unit operations involved in the tablet
anufacturing process. A summary of some of these process mod-

ls is previously reported in Boukouvala et al. (in press).  The detail
evelopments of these models are reported elsewhere as sum-
arized here. The mathematical model for powder blending, an

mportant but complex unit operation, has been previously devel-
ped (Sen and Ramachandran, in press; Sen et al., 2012). The model
f roller compactor is adapted from Hsu et al. (2010a, 2010b). The
odel of tablet compression process is previously reported in Singh

t al. (2010a). This model is based on Kawakita powder compres-
ion model (Kawakita and Ludde, 1971). The dissolution model is
dapted from Kimber et al. (2011).  The models of different unit
perations have been developed and included in gPROMS library
o facilitate the integrated flowsheet modeling. The development
f the integrated process flowsheet using individual unit operation
odels has been previously demonstrated (Boukouvala et al., in

ress). The controller models have been selected from the control
ection of the Process Model Library (PML) of simulation software
PROMS. The first principle model, representing the real dynamics
f the process, is used to design the control system of continuous
ablet manufacturing process. The models used for design of a con-
rol system for continuous tablet manufacturing process are given
n Appendix A.

. Design of the process control system

A process control system for the tablet manufacturing process
sing roller compaction was then designed using the methodology
as shown in Fig. 1. The final product specifications include tablet
eight, tablet hardness, and tablet dissolution (step 1). The unit

perations are shown in Fig. 2. API, Excipient and Lubricant are the
mportant feeds to the process (step 2).

.1. Main process points and process variables (step 3)

The overview of the main process variables relevant for pro-
ess control that could potentially influence the end product quality
f a pharmaceutical tablet manufacturing process is shown in Fig.
. Only selected process variables that could potentially influence
he end product quality and may  be relevant for process con-
rol are included in the figure. In principle, most of the variables
ould have an influence on each other in some extent but not all
he process variables can be monitored and controlled. Fig. 3 also
hows the complex interaction involved among the variables. For
xample, feed properties as well as feed flow rates could affect
he Relative Standard Deviation (RSD) that in turn could affect
he ribbon density that could itself affect the composition unifor-

ity of the granules. Composition uniformity of the granules could
ffect the API composition of the tablets that finally could affect
he physiological properties of the tablets. The process parameters
highlighted with red color and dashed line) are potential actuator
andidates while the process variables are potential candidates to
e considered for control. The corresponding unit operations are
lso shown in Fig. 3.
Please cite this article in press as: Singh, R., et al., An engineering study on
pharmaceutical tablets via roller compaction. Int J Pharmaceut (2012), htt

.2. Critical process controlled variables (step 4)

The process variables that could potentially influence the end
roduct quality, plant safety and operation are considered as the
Tablet hardness (CQA)
Tablet thickness (CQA)
Tablet dissolution (CQA)

critical process variables that are desired to be monitored and
controlled throughout the plant operation. Based on experimen-
tation and model based analysis, the critical controlled variables
are selected (from the variables shown in Fig. 3) as listed in Table 1
(Hsu et al., 2010a,b; Ramachandran et al., 2012; Singh et al., 2010a).
A methodology to identify the critical controlled variables is pre-
viously developed (Singh et al., 2009) and implemented into a
software (Singh et al., 2010a).  CPP (critical process parameter) and
CQA (critical quality attribute) of this process as desired buy regu-
larly authority (e.g. FDA) are also indicated in the table.

4.3. Controlled variables and actuators pairing (step 5)

The selection of a suitable actuator for each controlled vari-
able (see Table 1) is essential to achieve satisfactory control loop
performance. However, being a highly interactive system, the selec-
tion of the right actuator for the continuous tablet manufacturing
process is a challenging task. Few potential actuator candidates
corresponding to each controlled variables are listed in Table 2.
The final actuators are selected based on dynamic sensitivity anal-
ysis. The actuator candidates are perturbed and the effect on the
controlled variables is analyzed. The actuator candidates that have
more effect on controlled variable are more sensitive and therefore
can be considered as the suitable actuator. In dynamic sensitivity
analysis, the effects of actuator candidates on a controlled variable
can be analyzed in whole operational period therefore is better
than the methods based on analysis at steady state (e.g. relative
gain array method). The blending process is considered here as a
demonstrative example for actuator selection. In this process, there
are three controlled variables (Total flow rate, RSD, API composi-
tion) and three actuator candidates (rotation speed of API feeder,
rotation speed of lubricant feeder, rotation speed of blender). The
actuator candidates have been perturbed (from +3% to −3% with
step size of 1) and the absolute percentage changes in controlled
variables have been analyzed.

Absolute % change in controlled variable = 100

∣∣∣∣∣Yj
0(t) − Yj

i
(t)

Yj
0(t)

∣∣∣∣∣
where Yj

i
(t) is the value of Controlled variable in ith perturbation of

jth actuator candidate and Yj
0(t) is the base value for the jth actuator

candidate.
The effects of actuator candidates on total flow rate (controlled

variable) are shown in Fig. 4a. As shown in the figure, at steady state
the rotation speed of the feeder that provides the API is much more
sensitive in comparison to other two actuator candidates there-
 the enhanced control and operation of continuous manufacturing of
p://dx.doi.org/10.1016/j.ijpharm.2012.09.009

fore it can be selected as the final actuator. During startup, other
actuator candidates also have significant sensitivity on controlled
variable that makes the blender process control a difficult task. The
sensitivity of the actuator candidates on controlled variable can

dx.doi.org/10.1016/j.ijpharm.2012.09.009
http://www.psenterprise.com/
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e compared at steady state through a two dimensional projected
iew as shown in Fig. 4b. It should be noted that API and excipient
eed to be maintained at certain ratio through a ratio controller
herefore on changing the API flow rate the excipient flow rate will
lso change.

The remaining two controlled variables (RSD and API compo-
ition) have two actuator candidates. As shown in Figs. 5 and 6,
hese two control loops are highly interactive. However, from Fig.
Please cite this article in press as: Singh, R., et al., An engineering study on
pharmaceutical tablets via roller compaction. Int J Pharmaceut (2012), htt

b it can be concluded that the rotation speed of the blender is a
ore sensitive actuator candidate at steady state for API compo-

ition except at higher value of changes (>2%) therefore it could

able 2
ontrolled variables and actuators pairing.

Critical process points Critical process variables Main actuator candidate

Blender RSD Rotation speed of blend
Total  flow rate Rotation speed of blend
API composition Rotation speed of blender
API  Excipient ratio Rotation speed of excipie

Roller compactor Ribbon density Hydraulic pressurea, rolle
Throughput Hydraulic pressure, rolle

Milling Granule size Mill rotation speeda, Mill

Tablet press Tablet weight Feed volumea, Pre-comp
Tablet hardness/Tablet thickness Punch displacementa, Pre
Tablet dissolution Punch displacementa, Pre

a Identified actuators
in process variables.

be considered as the actuator for the API composition control. Fig.
5a shows that during startup the actuator candidates are much
more sensitive in comparison to the steady state. As shown in Fig.
6, the remaining actuator candidate (rotation speed of lubricant
feeder) can be used for the control of the relative standard devi-
ation. It should be noted that the sensitivities of the blender and
lubricant feeder rotation speeds on API composition and RSD are
very small. Therefore, these variables are difficult to control at new
 the enhanced control and operation of continuous manufacturing of
p://dx.doi.org/10.1016/j.ijpharm.2012.09.009

set points. However, the minor adjustment on API composition and
RSD can be achieved by manipulating the rotation speed of blender
and lubricant feeder, respectively. Similarly, the actuator for the

s

er, Rotation speed of lubricant feedera, Rotation speed of API and Excipient feeder
er, Rotation speed of lubricant feeder, Rotation speed of API and Excipient feedera

a, Rotation speed of lubricant feeder, Rotation speed of API and Excipient feeder
nt feedera

r speed
r speeda

 pressure

ression force, Main compression force
-compression force, Main compression force
-compression force, Main compression force

dx.doi.org/10.1016/j.ijpharm.2012.09.009
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hardness does not guarantee a consistent dissolution because dis-
Fig. 4. Selection of actuator for flow rate control: (a) 3D visualization, (b) 2D.

ther controlled variables has been identified as given in Table 2
highlighted with italics).

Some variables listed in Table 2 can be controlled directly via
 single feedback controller and some variables cannot be con-
rolled directly because of the large time delay involved. The final
ontroller configurations highlighting the type of control system
equired is given in Table 3. Cascade control systems are proposed
or controlling of RSD, Total flow rate from blender, ribbon density,
ablet weight and hardness because of larger delay time involved.
ascade control can improve control system performance over
ingle-loop control in many instances, for example when a large
ime delay is involved, when disturbances affect a measurable
ntermediate that directly affects the controlled variable, the gain
f the secondary process including the actuator is nonlinear. In
he proposed cascade control systems, the dynamics of the inner
oops are significantly faster than the outer loops indicating that
he performance of the cascade control system will be better than

 single-loop control system. For other variables the single-loop
ontrollers are sufficient. RSD has been controlled by manipulating
he lubricant flow rate and for changing the lubricant flow rate
Please cite this article in press as: Singh, R., et al., An engineering study on
pharmaceutical tablets via roller compaction. Int J Pharmaceut (2012), htt

he rotation speed of the lubricant feeder need to be changed in
 cascade control scheme. Note that the rotation speed cannot
e directly manipulated to control RSD because of the high time
Fig. 5. Selection of actuator for API composition control: (a) 3D visualization, (b) 2D
visualization.

delay involved. Similarly, the total flow rate from the blender is
controlled by manipulating the API flow rate that itself has been
changed by manipulating the API feeder rotation speed. In roller
compactor, ribbon density is controlled by manipulating the roller
gap that itself has been changed by manipulating the hydraulic
pressure, through a cascade control system. Changing the roller
gap will affect the throughput from roller compactor therefore it
also need to be controlled by manipulating the roller speed (RPM).
In milling process the particle size is controlled by manipulating
the mill rotation speed. In the tablet compaction process, tablet
weight and hardness could be controlled separately by using the
pre-compression force and main compression force. For controlling
the tablet weight the pre-compression force has been manipulated
that itself has been changed by manipulating the feed volume
through a cascade control scheme. Similarly, for desired hardness
the main compression force has been manipulated that itself has
been changed by manipulating the punch displacement. One of the
final product qualities is dissolution that depends on the other vari-
ables including tablet hardness. However, maintaining a consistent
 the enhanced control and operation of continuous manufacturing of
p://dx.doi.org/10.1016/j.ijpharm.2012.09.009

solution depends on other process variables and material attributes
as well. For example, particle size and bulk density of the feed pow-
der, API/Excipient ration, type of excipient used and tablet porosity

dx.doi.org/10.1016/j.ijpharm.2012.09.009
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an also affect dissolution .Therefore, an additional controller is
ncluded to adjust the hardness set point through the measurement
f dissolution by a soft sensor. Table 3 consists of a list of controlled
ariables, controller configuration and corresponding actuators.
Please cite this article in press as: Singh, R., et al., An engineering study on
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.4. Measurement techniques and tools (step 6)

Within the ERC-SOPS, the measurement techniques and tools
or real time measurement of the different variables involved in

able 3
ontroller configuration for controlled variables and their actuators.

Critical process points Controlled variables Controller configuration Interm

Blender RSD (y11) Cascade Lubrica
Total  flow rate (y21) Cascade API flo
API  composition (y3) Single loop control – 

API  Excipient ratio (y4) Ratio controller – 

Roller  compactor Ribbon density (y51) Cascade Roller 

Throughput (y6) Single loop control – 

Milling Granule size (y7) Single loop control – 

Tablet press Tablet weight (y81) Cascade Pre-co
Tablet dissolution (y91) Cascade Hardne
 PRESS
harmaceutics xxx (2012) xxx– xxx

the continuous tablet manufacturing pilot plant is being evalu-
ated and combined with the proposed control system to integrate
into the pilot plant, which is a subject of research and devel-
opment within the center. Some of the monitoring techniques
are reported in the scientific literatures (Blanco and Alcalá, 2006;
Huang et al., 2002; Prats-Montalbán et al., 2012; Roggo et al., 2005;
Singh et al., 2010a, 2010b; Sorokin & Gugnyak, 1973; Vanarase et al.,
2010).

4.5. Controller selection (step 7)

The regulatory/basic control system (PID) has been selected for
this process. The tuning control parameters are gain (KC), reset
time (KI), and rate (KD). As given in Table 3 there are 4 cascades,
3 single-loops and one cascade with three controllers involved in
the process. Therefore, total 14 PID controllers are required and
42 controller parameters need to be tuned. For maintaining consis-
tent API excipient ratio, a ratio controller is required. State of the art
techniques have been used to improve the controller performance.
Some of them are described as below:

• Anti-windup: An anti-windup reset algorithm is included in the
model to ensure that the controller output lies within the speci-
fied upper and lower bounds. If the bounds are violated, the time
derivative of the integral error is set to zero and the controller
output is clipped to the bounds. Once the controller output is
back in the range of the bounds, the integral error will change
according to the current error.

• Bump-less switching: The model algorithm supports bump-less
switching between different classes and modes to eliminate any
undesirable disturbance into the process when changing the
operation mode or the algorithm class.

• Rate limit: To change the value of the derivative part with certain
factor, a term called rate limit has been introduced. If the value of
the rate limit is 1 then it means the calculated derivative term and
the applied derivative term are same while the rate limit value
of less than 1 means the applied derivative term is more than
the calculated value. Similarly the rate limit value of more than
one means the applied derivative term is less than the calculated
value.

• Input and output bounds: To avoid the getting of undesired
controller outputs, minimum and maximum limits of the con-
troller output have been introduced. Anti-windup algorithm will
keep the controller outputs within the specified limit. Similarly,
the minimum and maximum limits of the controller input have
also been introduced that helps to improve the controller perfor-
 the enhanced control and operation of continuous manufacturing of
p://dx.doi.org/10.1016/j.ijpharm.2012.09.009

mance. However, the controller inputs can violate the specified
limits.

• Scaling: Scaling factors for controller input, output and set-point
have been introduced to improve the controller performance.

ediate actuator Final actuator

nt flow rate (y12) Rotation speed of lubricant feeder (u1)
w rate (y22) Rotation speed of API feeder (u2)

Rotation speed of blender (u3)
Rotation speed of excipient feeder (u4)

gap (y52) Hydraulic pressure (u5)
Roller speed (u6)

Mill rotation speed (u7)

mpression force (y82) Feed volume (y8)
ss (y92), Main compression force (y93) Punch displacement (u9)

dx.doi.org/10.1016/j.ijpharm.2012.09.009
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.6. Controller parameters tuning (step 8)

The controller tuning parameters (KC: gain, KI: reset time, KD:
ate) are tuned using the ITAE (Integral of Time Absolute Error)
riteria (Seborg et al., 2004). The objective function has been min-
mized using the optimization routine of gPROMS and controller
arameters have been identified that gives the minimum error.
he first principle model as given in Appendix A has been used to
erform the optimization. The objective function has been formu-

ated as follows (n is the total number of control loops, Vi is the ith
ontrolled variable, Vi

set is the set point of ith controlled variable):

BJ =
n∑

i=1

(∫ t

0

t
∣∣Vi − Vi

set

∣∣ dt

)

rior to performing the optimization, all the control loops were
mplemented in the flowsheet model using the graphical user inter-
ace (GUI) of gPROMS as shown in Fig. 8. In gPROMS, it is possible to
witch between all classes (P, PI, PID, D, PD and I) and modes (man-
al, automatic and cascade) using the appropriate selectors to study
he controller performance in different scenario. Other than tuning
ontroller parameters, there are other control parameters that need
o be specified appropriately to achieve the better controller per-
ormance (see Appendix B). These parameters are minimum input,

aximum input, minimum output, maximum output, bias, rate
imit. In addition to that, it need to be determined if the control
ction should be direct or reverse. The tuned control parameters
ogether with the other specifications are given in Table 4.

.7. Proposed process control system (step 9)

.7.1. Designed control system
The control system is systematically represented as shown in

ig. 7 for easier implementation in manufacturing plant. As high-
ighted (bold letter) in the figure, there are 9 variables (y11, y21, y3,
4, y51, y6, y7, y81, y91) that need to be controlled at their prede-
ned set points (y11 set . . . y91 set). As shown in the figure (see the
ighlighted part), the measured total flow rate (y21) is feedback to

 master PID controller (PID21) that generates the set point of API
ow rate (y22 set) for slave controller (PID22). The measured API flow
ate (y22) is feedback to slave controller (PID22) that generates the
PI feed rpm actuator (u2) signal for the plant. Similarly, the other
ontrol loops has been designed as shown in Fig. 7.

.7.2. Implemented control system
The designed control system (Fig. 7) has been implemented in

 continuous tablet manufacturing process model implemented in
PROMS. The implemented control system is shown in Fig. 8. The
ontrolled variables and corresponding actuators together with the
nput/Output signal from each PID controller is also shown in the
gure. For example, measured RSD is the input for PID11 (master
ontroller). Output (y12 set) of PID11 is the input of PID12 (slave con-
roller). The measured lubricant flow rate (y12) is a second input to
ID12. The output from PID12 is the final actuator (RPM: u1). For
ach controller a set of specifications are provided as shown in Fig.
.1 (see Appendix B). The specifications of all control loops are given

n Table 4.
The performance of the proposed control system is evaluated in

ection 5 (step 10).

. Results and discussion
Please cite this article in press as: Singh, R., et al., An engineering study on
pharmaceutical tablets via roller compaction. Int J Pharmaceut (2012), htt

In this section, the closed-loop performance of tablet manufac-
uring process has been evaluated and compared against open-loop
onditions. The performance of control system for disturbance
 PRESS
harmaceutics xxx (2012) xxx– xxx 9

rejection and set point tracking is analyzed separately as discussed
in the following sections.

5.1. Disturbance rejection

In this section the ability of the control system to reject the
unknown disturbances that could be present in the tablet man-
ufacturing process has been analyzed. The disturbances have been
added to the feed streams to represent inherent feed rate variabil-
ity as well as to the controlled variables directly to represent the
measurement noise. The major disturbances introduced are struc-
tural sinusoidal form (a × sin(t/10)) with different amplitudes as
well as random disturbances. The intensity of the structural dis-
turbances is greater than 5%. The upper and lower control limits of
the variables are also provided which are 2% more and less of set
point respectively. The controller performance is considered good
if it is able to maintain the controlled variables within the provided
control limits.

The performance of flow rate (from blender) controller is shown
in Fig. 9a. The structural disturbances in powder feed property (bulk
density) as well as a measurement error at outlet flow rate from
blender has been introduced. As shown in the figure in open-loop
scenario the flow rate violates the control limits therefore a con-
troller is needed to maintained the flow rates within the specified
control limits irrespective of the disturbances. After introducing
a cascade PID controller, the total flow rate tracks the set point
and is within the control limits meaning that the controller perfor-
mance is satisfactory. Similarly, the performance of the controllers
implemented for RSD and API composition control are analyzed and
found to be satisfactory.

The performance of the controller for ribbon density (from roller
compactor) control is shown in Fig. 9b. The disturbances introduced
in the blending process have been propagated to the roller com-
paction process. Additional disturbances to represent the unknown
disturbances and measurement errors have been also introduce in
the roller compaction operation. As shown in the figure, in the
open-loop scenario, the ribbon density violates the control lim-
its signifying the needs of a suitable control system. Therefore a
cascade PID controller to control the ribbon density has been imple-
mented. The implemented control system as shown in the figure is
able to reject the disturbances and maintained the ribbon density
within the control limit.

The performance of control system for controlling the
throughput from roller compactor is shown in Fig. 9c. Several dis-
turbances are affecting this control loop. For example, disturbances
introduced in blending operation and in ribbon density propa-
gates to this control loop. Addition to that, some disturbances
is also introduced in throughput to accommodate the measure-
ments error. As shown in the figure, without controller throughput
violates the specified limits because of disturbances. Therefore a
single-loop PID controller is implemented to reject the disturbances
and to maintain the throughput at a given set point. The figure
shows that the controller performance is satisfactory.

The performance of tablet weight controller is shown in Fig. 9d.
As shown in the figure, in closed-loop scenario the tablet weight is
consistent at pre-specified set point while in open-loop scenario the
tablet weight violates the upper and lower control limits. The oscil-
latory response is because of structural disturbances introduced in
powder feed as well as in weight measurement. Addition to that
the disturbances introduced in the unit operations before the tablet
press also affects the tablet weight. A cascade PID controller imple-
mented for weight control efficiently rejects the disturbances.
 the enhanced control and operation of continuous manufacturing of
p://dx.doi.org/10.1016/j.ijpharm.2012.09.009

The performance of the dissolution controller is shown in Fig. 10.
The disturbances from the upstream affect the dissolution. The local
structural dissolution measurement noise has also been added. As
shown in the figure in open-loop scenario, the dissolution violates

dx.doi.org/10.1016/j.ijpharm.2012.09.009
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Table 4
Controller parameters.

Control-loop Controller Gain (KC) Reset time (KI) Rate (KD) Minimum
input

Maximum
input

Minimum
output

Max output Bias Rate limit Control
action

RSD C1,1 0.01 1 0.5 0 0.01 0 20 0 1 Direct
C1,2 0.01 1 0.5 0 1 0.00001 1 0 1 direct

Flow  rate C2,1 0.8 0.001 10 15 25 0.01 10 0 1 Direct
C2, 2 2 0.0005 0.5 9 11 0.6 0.8 0 1 Direct

API  composition C3 0.02 0.01 0.01 0 1 0.001 6 0 1 Reverse

Ratio C4 – – – 0 1 0 1 0 – –

Ribbon density C5,1 1 10 0 800 1200 1E−5 1E−2 0 1 Reverse
C5, 2 1 10 0.1 0 1E−2 1E5 1E7 0 1 Reverse

Throughput C6 1 10 0 0.1 0.4 0.1 100 0 1 Direct

Granule size C7 1 10 0.1 1E−6 1E−4 0 1E6 0 1 Reverse

Weight C8,1 1 10 0 2E−4 4E−4 5 20 0 1 Direct
C8,1 1 10 0 14 16 2E−6 3E−6 0 1 Direct

Dissolution C9,1 10 0.01 0 0.89 0.95 50 160 0 1 Reverse
C9, 2 10 0.01 1 100 140 0.001 30 0 1 Direct
C9, 3 5 10 10 0.001 0.02 1E−7 2.3E−3 0 1 Direct

 (revo
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cade control system therefore the result shown is based on the
performance of two  PID controllers. As shown in the figure, the
total flow rate follows the given set point. However, the flow rate

Table 5
ITAE value of main control loops.

Controlled variables ITAE

Flow rate 2.31E8
API composition 2.26E8
RSD 2.30E6
Fig. 7. Designed control system. rpm

he control limits while in closed-loop scenario the dissolution is
ithin the limits. A small overshoot can be seen at initial phase of

peration. The performance of dissolution control depends on the
erformance of three controllers implemented in cascade scheme:
1) Master controller for dissolution, (2) Slave controller for hard-
ess, (3) Slave controller for main compression force.

.2. Set point tracking

To analyze the ability of the controller to track the provided
et point, the step changes in the set point have been made in
nal product quality (dissolution) and all the throughputs. There
re also minor random and structural disturbances to account for
Please cite this article in press as: Singh, R., et al., An engineering study on
pharmaceutical tablets via roller compaction. Int J Pharmaceut (2012), htt

nknown disturbances in the plant related to feeds and measure-
ents. In open-loop scenario, the set points of the variables can

ot be tracked; therefore the open-loop responses have not been
hown in this section. However, to quantify the performance of
lution per minute): rotation speed.

controllers, the ITAE value of each master control loop is calculated
and given in Table 5.

The closed-loop response of total flow rate at blender outlet is
shown in Fig. 11.  The total flow rate is controlled through a cas-
 the enhanced control and operation of continuous manufacturing of
p://dx.doi.org/10.1016/j.ijpharm.2012.09.009

Ribbon density 8.04E5
Throughput 2.30E3
Tablet weight 2.89
Tablet dissolution 5.11

dx.doi.org/10.1016/j.ijpharm.2012.09.009
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iolates the control limits. The oscillatory response of this control
oop may  be because of large delay time involved; therefore model
redictive controller for this control loop could enhance the control
erformance. The ITAE vale of the master control loop is found to
e 2.31E8.

Fig. 12a shows the closed-loop response of API composition at
lender outlet. As shown in the figure, the controller maintains the
PI composition at desired set-point by manipulating the rotation
peed of blender. A very smooth control performance with very
mall oscillation and no overshoot as well as less settling time can
e seen in the figure. However, the control system is sluggish and
herefore the ITAE value (2.26E8) is higher.

The control loop performance of RSD, an important variable
o quantify the homogeneity of the powder at blender outlet, is
hown in Fig. 12b. Blender is divided in small compartments and
n each compartment the powder mixing is modeled through com-
lex PBM equation (model is given in Appendix A). The RSD is a
Please cite this article in press as: Singh, R., et al., An engineering study on
pharmaceutical tablets via roller compaction. Int J Pharmaceut (2012), htt

ighly correlated variable and could depends on several other oper-
tional parameters including feed rate, residence time of powder
n blender, blender speed and therefore is one of the difficult con-
rolled variables. Fig. 12b shows a satisfactory performance of RSD
eet. CF: Compression force.

control loop. The RSD settled down at given set point with reason-
able settling time and small oscillation. ITAE value of this control
loop is found to be 2.30E6. A very high overshoot at the beginning
has been observed that could be because of the complexity of very
high interactive system. The high value of ITAE value is because of
this overshoot. It should be noted that RSD is controlled through a
cascade control system with rotation speed of lubricant feeder as
the final actuator.

The performance of controllers implemented in roller com-
pactor is also shown in Fig. 12.  The ribbon density is controlled very
well at the given set point as shown in Fig. 12c. The settling time
is very less meaning that the controller is very robust in this case.
A very small overshoot has been observed. Ribbon density is con-
trolled through a cascade control system with final actuator being
the hydraulic pressure. Slave loop control the roller gap set point
generated through master loop that controls ribbon density. The
ITAE value of the master control loop is found to be 8.045E5. Change
 the enhanced control and operation of continuous manufacturing of
p://dx.doi.org/10.1016/j.ijpharm.2012.09.009

in roller gaps affects the throughput therefore to compensate that
effect a second PID controller is also implemented. The step change
in the set point of throughput has been made. This PID controller as
shown in Fig. 12d, track the set point by manipulating the roll speed.

dx.doi.org/10.1016/j.ijpharm.2012.09.009
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ig. 9. Closed-loop process performance (disturbances rejection): (a) total flow rate f
d)  tablet weight.
Please cite this article in press as: Singh, R., et al., An engineering study on
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he performance of this controller is good with no overshoot and
scillation. The ITAE value for this control loop is found to be 2.30E3.

The performance of the control loop for tablet weight control
s shown in Fig. 13a. As shown in the figure, the tablet weight is

Fig. 10. Control of dissolution 
lender, (b) ribbon density in roller compactor, (c) throughput from roller compactor,
 the enhanced control and operation of continuous manufacturing of
p://dx.doi.org/10.1016/j.ijpharm.2012.09.009

maintained at the given set point. The tablet weight is controlled
through a cascade control system. The master loop provides the set
point of pre-compression pressure while the slave loop track the
pre-compression pressure set point by manipulating the powder

(disturbances rejection).

dx.doi.org/10.1016/j.ijpharm.2012.09.009
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eed rate. The ITAE value for master loop is found to be 2.89 that
how a good set point tracking.

In order to control the dissolution, three controllers have been
mplemented. The step change in the set point of dissolution has
een made as shown in Fig. 14.  The master controller tracks the set
oint of dissolution and generates the hardness set point as shown

n Fig. 13b. As shown in Fig. 14,  a small overshoot has been observed
t the starting point and except that the controller performance is
atisfactory for dissolution control. The ITAE value of the master
ontrol loop is found to be 5.11. Hardness is control through a slave
Please cite this article in press as: Singh, R., et al., An engineering study on
pharmaceutical tablets via roller compaction. Int J Pharmaceut (2012), htt

ascade controller. The performance of the hardness control loop
s shown in Fig. 13b. The set point for this control loop is gener-
ted by a master controller. As shown in the figure, during startup
hase the set point obtained by master controller is too high that

Fig. 12. Closed-loop performance (set point tracking): (a) API Compositi
ate (set point tracking).

has not been tracked by the slave controller. However, after this
point, the performance of the controller is satisfactory. The hard-
ness controller also has a slave controller for controlling the main
compression pressure by manipulating the punch displacement.

The performance of the proposed control system (shown in Fig.
7) is found to be satisfactory, therefore this control system can be
considered for implementation in the plant (step 11). The advanced
techniques (discussed in Section 4.5) that have been integrated
with the proposed control system enhanced the performance of the
controllers. The proposed control system is being implemented in
 the enhanced control and operation of continuous manufacturing of
p://dx.doi.org/10.1016/j.ijpharm.2012.09.009

a pilot plant described in Section 3.1 (step 12). The integration of
the pilot plant with sensors, control softwares and hardware is dis-
cussed in this section. The process variables are measured online
using the appropriate sensors (e.g. NIR for composition or RSD

on, (b) RSD, (c) ribbon density, (d) throughput of roller compactor.

dx.doi.org/10.1016/j.ijpharm.2012.09.009


ARTICLE IN PRESSG Model

IJP-12858; No. of Pages 20

14 R. Singh et al. / International Journal of Pharmaceutics xxx (2012) xxx– xxx

Fig. 13. Closed-loop performance (set point tracking): (a) tablet weight and (b) tablet hardness.
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Fig. 14. Control of tablet 

easurements). The sensor output is connected with a computer
n which the monitoring and control softwares are installed (e.g.
ynTQ (synchronized Total Quality, Optimal Industrial Automa-
ion), SIMCA QP (Umetrics)). PAT Data Management tool synTQ
ses SIMCA QP to convert the measured spectrum into a mean-

ngful signal (e.g. composition). The signal conversion is needed
nly for spectroscopic sensors and for other sensors, the signal can
e directly sent to the control hardware. The controllers (e.g. PID)
nd the corresponding control parameters are provided through
he user interface to calculate the actuators. The signals are then
Please cite this article in press as: Singh, R., et al., An engineering study on
pharmaceutical tablets via roller compaction. Int J Pharmaceut (2012), htt

ent by synTQ to the control hardware (deltaV, Emerson) using the
PC communication protocol. DeltaV communicate with the plant

hrough digital communication cards (e.g. DeviceNet or Profibus)
nd manipulate the actuators.
tion (set point tracking).

6. Conclusions

To produce the pharmaceutical product of consistent prede-
fined end product quality is of crucial importance. A well-designed
control system is essential to obtain the desired product quality
consistently. In this work we  designed a control system combining
feedback and cascade strategies for a continuous tablet manufac-
turing process. The manufacturing process uses a roller compactor
as a means of dry granulation. The control system has been imple-
mented in a first principle model simulated in gPROMS. The first
 the enhanced control and operation of continuous manufacturing of
p://dx.doi.org/10.1016/j.ijpharm.2012.09.009

principle model has also been reported. An effective controller
parameter tuning strategy involving ITAE methods coupled with
optimization routine of gPROMS has also proposed. The state of the
art techniques (e.g. anti-windup) have been employed to improve

dx.doi.org/10.1016/j.ijpharm.2012.09.009
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he performance of the control system. The ability of the control
ystem for disturbances rejection and set point tracking has been
nalyzed. The performance of the control system is found to be sat-
sfactory and able to reject the unknown disturbances as well as
ble to track the set points. The response of the controller to track
he set point of total flow rate from blender is found to be oscilla-
ory and less satisfactory that could be improved using advanced

odel predictive controller (MPC). The proposed control system
as a wide range of applications in pharmaceutical industry to run
he plant safely, reduce the number of rejected batches, to achieve
he predefined end product quality consistently and to satisfy the
egulatory requirements. Future work includes the development of
ore advanced control system (e.g. MPC) and its implementation in

ur continuous tablet manufacturing pilot plant through the com-
ercially available hardware (e.g. Delta V) and control interface

e.g. OPC).
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ppendix A. Continuous tablet manufacturing

.1. Feeder

The parameters of the feeder unit operation model consist of the
rocess gain parameter (kf

g), the time constant (�f), and the time

elay factor (�f
d
) (Eq. (A.1)). The optimum parameter values were

btained through minimization of the least-squares error of the
bserved versus predicted flowrate values. As described in Section
, the inlet bulk density and mean particle size are assumed to be
onstant and are input specifications of the material being fed to
he model (Boukouvala et al., in press).

�f dmout(t)
dt

+ mout(t) = kf
gωf

�f
d

∂mdelayed
out (t, z)

∂t
= − ∂mdelayed

out (t, z)

∂t
with I.C. mdelayed

out (t, z = 0) = mout(t)

�bulk in(t) = �bulk out(t)

d50 in(t) = d50 out(t)

(A.1)

here ωf is the feeder screw rotation rate, z is the time delay
omain, and mdelayed

out is the actual output feed rate of the material

ased on the experimentally observed time delay �f
d
.

.2. Blender

.2.1. Process model
A multi-dimensional population balance model is constructed

o model blending processes that accounts for n solid components
nd two external coordinates (axial and transverse directions in
he blender) and one internal coordinate (size distribution due to
egregation). The detail of the blending process model is previously
eported (Sen and Ramachandran, in press; Sen et al., 2012). The
quation is shown below:

∂F(n, z1, zz, r, t) + ∂
[

F(n, z1, z2, r, t)
dz1

dt

]

Please cite this article in press as: Singh, R., et al., An engineering study on
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∂t ∂z1

+ ∂

∂z2

[
F(n, z1, z2, r, t)

dz2

dt

]
+ ∂

∂r

[
F(n, z1, z2, r, t)

dr

dt

]
= �formation(n, z1, z2, r, t) − �depletion(n, z1, z2, r, t) (B.1)
 PRESS
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In Eq. (B.1), the number density function F(n, z1, z2, r, t) rep-
resents the total number of moles of particles with property r at
position z = (z1, z2) and time t. In addition, z1 is the spatial coordi-
nate in the axial direction, z2 is the spatial coordinate in the radial
direction, r is the internal coordinate that depicts particle size and
z2 to indicate presence of two  components (Active Pharmaceutical
Ingredient and excipient). Hence dz1/dt  and dz2/dt  represent the
axial and radial velocity respectively.∑

z1

mi
in(n = 1, z1, z2 = 0, t) = mi

in(t) for i = 1, .., n

mi
out(t) =

∑
z1

mi(n = 1, z1, z2 = L, t) for i = 1, .., n

�bulk out(t) =
n∑
i

C(n = i, z1, z2 = L, t)�i
bulk in

d50 out(t) =
n∑
i

C(n = i, z1, z2 = L, t)di
50 in

RSD(t) = SD(n = “API”, z1, z2 = L, t)
mean(n = “API”, z1, z2 = L, t)

(B.2)

The group of Eq. (B.2) is included in the mixing model for the calcu-
lation of the inlet mass flow rates of each material, the outlet bulk
density, mean particle size and RSD, which are passed on the next
unit operation. These equations are necessary for the connection
of the population balance equation with preceding and subsequent
unit operations.

A.3. Controller model

A.3.1. Total flow rate from blender (cascade PID controller)
The deviation from the set point of total flow rate is calculated:

errormout = mout set − mout

The set point for the slave controller (for API flow rate) is calcu-
lated on the basis of the deviation from the set point of total flow
rate, using a PID control law:

FAPI set = Kmout
C errormout + 1

Kmout
I

t∫
0

errormout dt+Kmout
D

d(errormout )
dt

The deviation from the set point of the API flow rate is calculated
as follows:

errorFAPI = FAPI set − FAPI

The final actuator setting (RPM of API feeder) is calculated on
the basis of the deviation from the set point, using a PID control
law:

rpmAPI = KFAPI
C errorFAPI + 1

K
FAPI
I

t∫
0

errorFAPI dt + KFAPI
D

d(errorFAPI )
dt
 the enhanced control and operation of continuous manufacturing of
p://dx.doi.org/10.1016/j.ijpharm.2012.09.009

A.3.2. RSD at blender outlet (cascade PID controller)
The deviation from the set point of RSD is calculated:

errorRSD = RSDset − RSD

dx.doi.org/10.1016/j.ijpharm.2012.09.009
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A.5.2. Throughput (PID controller)
The deviation from the set point of throughput is calculated:
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he set point for the slave controller (for lubricant flow rate) is
alculated on the basis of the deviation from the set point of RSD,
sing a PID control law:

Lub set = KRSD
C errorRSD + 1

KRSD
I

t∫
0

errorRSD dt + KRSD
D

d(errorRSD)
dt

The deviation from the set point of the Lubricant flow rate is
alculated as follows:

rrorFLub
= FLub set − FLub

he final actuator setting is calculated on the basis of the deviation
rom the set point, using a PID control law:

pmLub = KFLub
C errorFLub

+ 1

K
FAPI
I

∫ t

0

errorFAPI dt + KFAPI
D

d(errorFAPI )
dt

.3.3. API composition (PID controller)
The deviation from the set point of API composition is calcu-

ated:

rrorCAPI
= CAPI set − CAPI

he actuator setting is calculated on the basis of the deviation from
he set point, using a PID control law:

pmblender = KCAPI
C errorCAPI + 1

K
CAPI
I

∫ t

0

errorCAPI dt + KCAPI
D

d(errorCAPI )

dt

.4. Roller compaction

.4.1. Process model
The model introduced in (Hsu et al., 2010a,b) is adapted in order

o relate the input powder bulk density (�bulk in) of the powder
nd process parameters such as compression pressure (Prc

h
), rotat-

ng roll speed (ωrc) and inlet powder feed speed (m ) to average

d
dt

(
h0(t)
Rrol

)
=

ωrc
[
�bulk in(t) cos �in(1 + h0(t)

Prc
h

(t) = Wrol

Arol

�out(t)Rrol

1 + sin ı

∫ a

0

[
h0(t)/R

(1 + h0(t)/Rrol −
�out(t) = Crc

1 (�rib
out(t))Krc

�rc
P

dPh(t)
dt

+ Ph(t) = Prc
sp

�ω
rc

dωrc(t)
dt

+ ωrc(t) = ωrc
sp

�rc
u

durc(t)
dt

+ urc(t) = urc
sp
Please cite this article in press as: Singh, R., et al., An engineering study on
pharmaceutical tablets via roller compaction. Int J Pharmaceut (2012), htt

in
ensity (�rib

bulk out) and thickness (h0) of the produced ribbon. The
oller compactor is divided into two regions, the slip region—within
hich the powder is assumed to flow between the rolls, and the nip

egion—inside which the powder is compressed to form ribbons.
he first equation is the material balance of the powder entering
he nip region which is exiting in forms of ribbons. An empirical cor-
elation is used between applied ribbon stress and density, using
he values of the parameters Krc and Crc

1 in the original publication.
 PRESS
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Design parameters such as roll radius Rrol, roll width Wrol, com-
pact surface area Arol, effective angle of friction ı, inlet angle �in
and nip angle  ̨ need to be specified based on the geometry of the
equipment and the material properties of the powder mixture. The
dynamics of the process in the case of step changes in the pressure,
rotation speed and feed speed are captured by the final three first
order differential equations.

− cos �in)(uin(t)/ωrc(t)Rrol) − �rib
out(t)(h0(t)/Rrol)

]
in

�(�) cos(�) d�

�) cos �

]Krc

cos � d�

(C.1)

A.5. Controller model

A.5.1. Ribbon density (cascade PID controller)
The deviation from the set point of ribbon density is calculated:

error� = �rib
out set − �rib

out set

The set point for the slave controller (for roller gap) is calculated
on the basis of the deviation from the set point of ribbon density,
using a PID control law:

h0 set = K�
C error� + 1

K�
I

∫ t

0

error� dt + K�
D

d(error�)
dt

The deviation from the set point of the roller gap is calculated
as follows:

errorh0
= h0 set − h0

The final actuator setting (hydraulic pressure) is calculated on
the basis of the deviation from the set point, using a PID control
law:

Prc
h = Kh0

C errorh0
+ 1

K
h0
I

∫ t

0

errorh0 dt + Kh0
D

d(errorh0
)

dt
 the enhanced control and operation of continuous manufacturing of
p://dx.doi.org/10.1016/j.ijpharm.2012.09.009

errorTh = Thset − Th

The actuator setting is calculated on the basis of the deviation
from the set point, using a PID control law:

ωrc = KTh
C errorTh + 1

KTh
I

∫ t

0

errorTh dt + KTh
D

d(errorTh)
dt

dx.doi.org/10.1016/j.ijpharm.2012.09.009
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.6. Milling

.6.1. Process model
The population balance model is characterized by the internal

oordinates API volume (s1), excipient volume (s2) and gas volume
g) (Boukouvala et al., in press). (see Eq. (D.1)):

∂

∂T
f (s1, s2, g, t) = �break(s1, s2, g, t)

�break(s1, s2, g, t) = �formation
break − �depletion

break

�formation
break =

∫ ∞

s1

∫ ∞

s2

∫ ∞

g

kbreak(s′
1, s′

2, g′)b(s1, s2, g, s′
1, s′

2, g′) × F(s

�depletion
break = kbreak(s1, s2, g)F(s1, s2, g, t)

Similarly to the mixing model, density function F(s1, s2, g, t) rep-
esents the number of moles of particles of API, excipient and gas
n time. Here, �break is the breakage rate, which is described by the
ifference between the rate of formation of new daughter parti-
les and the rate of depletion of the original particle. In Eq. (D.1),
he breakage rate is described by the breakage function (b) and the
reakage kernel (kbreak). As an initial condition, the mean particle
ize of the material that enters the mill is set to a really large value,
esembling the size of broken ribbons.

The breakage kernel used in this study was a modified kernel
ased on the work by Matsoukas et al. (2009),  where kbreak has a size
nd composition (c1, c2) dependency, where different weights are
ssigned to the different components in order to introduce compo-
ition asymmetry in the model. The current kernel in the literature
s symmetrical and as a result deviations in the API composition
rom the desired value cannot be observed. The outputs of the PBM
re particle size (d50), bulk density (�bulk out) and API composition
CAPI), which are defined as follows:

d50(t) =
[

6(s1(t) + s2(t) + g(t))
	

]1/3

�bulk out(t) = Mass of solid(t)
Total Volume (t)

CAPI(t) =
∑

(F(t)s1(t))/(s1(t) + s2(t))∑
F(t)

(D.2)

ote that in this model the evolution of the average particle diam-
ter is tracked for all particle size ranges (i.e., fines, product and
versized particles).

.6.2. Controller model

.6.2.1. Granule size (PID controller). The deviation from the set
oint of granule is calculated:

rrord = d50 set − d50

The actuator setting (mill speed) is calculated on the basis of the
eviation from the set point, using a PID control law:

illspeed = Kd
C errord + 1

Kd
I

∫ t

0

errord dt + Kd
D

d(errord)
dt

.7. Hoppers

A mass balance on the hopper system will be of the following
orm (Boukouvala et al., in press) (Eq. (E.1)):
Please cite this article in press as: Singh, R., et al., An engineering study on
pharmaceutical tablets via roller compaction. Int J Pharmaceut (2012), htt

dm

dt
= min − mout (E.1)

here ṁ the mass holdup inside the hopper. Assuming constant
ulk density throughout the hopper the height of the material
 PRESS
harmaceutics xxx (2012) xxx– xxx 17

, g′, t) ds′
1 ds′

2 dg′
(D.1)

inside the hopper can be correlated to the mass holdup through
(Eq. (E.2)):

ṁ(t) = Hhop(t)Ahop�bulk(t) (E.2)

The area of the conical hopper is not constant and it is assumed
to be a linear function of the height. This correlation can be easily

found from measuring the actual dimensions of the hopper. The
propagation of individual component concentrations and RSD are
captured taking into account the time delay caused by the mean
residence time of the material inside the hopper (Eq. (E.3)).

�rt
∂Ci

out(t, z)

∂t
= ∂Ci

out(t, z)

∂z
with I.C. Ci

out(t, z = 0) = Ci
in(t), for i = 1, . . . , n

�rt
∂RSDout(t, z)

∂t
= ∂RSDout(t, z)

∂z
with I.C. RSDout(t, z = 0) = RSDin(t)

(E.3)

where Hhop is the height, Ahop is the area of the hopper, �bulk is the
bulk density and �rts the mean residence time of the material inside
the hopper. In other words, since it is assumed that all the material
entering the hopper flows out at a constant flowrate, it is safe to
deduce that the material is no further mixed and according to its
mean residence time all properties of the blend will propagate at
the output of the hopper accordingly.

A.8. Tablet Press

A.8.1. Process model
The model of tablet pressing process is adapted from Singh et al.

(2010a). The base area of a tablet is calculated as follows, assuming
that the tablet has a cylindrical shape:

A = 3.14d2

4

The volume of a tablet is calculated as follows:

V = AL

The pre-compression volume is given by:

Vpre = ALpre

A noise term is assumed to take into account the variation in
porosity, and is implemented as given below:

n tε = A × sin(t/10)

The porosity of feed with added noise is then obtained as:

ε = ε0+n tε

A noise term is assumed to show the variation in feed volume,
as given below:
 the enhanced control and operation of continuous manufacturing of
p://dx.doi.org/10.1016/j.ijpharm.2012.09.009

n tε = A1 × sin(t/10)

The feed volume with added noise is then:

V0 = Vm + n tF

dx.doi.org/10.1016/j.ijpharm.2012.09.009
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The weight of a tablet is calculated:

 = (1 − ε)V0�

The height of the powder in the die is calculated as follows:

depth = V0

A

The displacement of the upper punch in the compression pro-
ess is calculated as follows.

punch displ = Ldepth − L

The dwell time is calculated as follows:

dwell = Lpunch displ

u

All the expressions for compression pressure are derived from
he Kawakita compression equation (Kawakita and Ludde, 1971).
n intermediate term used for calculation of pre-compression pres-
ure is first computed:

pre = b(V0(ε − 1) + Vpre)

The pre-compression pressure is given by:

 Ppre = b(V0 − Vpre)

pre

The pre-compression force is given by:

Fpre = 106C PpreA

he right hand side of the above equation is multiplied by 106 to
djust the unit of force.

The porosity of the powder after the pre-compression is then
alculated:

main = 1 − (1 − ε)V0

Vpre

The intermediate term used for calculation of the main com-
ression pressure is given by:

main = b(Vpre(εmain − 1) + V)

The main compression pressure is given by:

 Pmain = b(Vpre − V)

main

The main compression force is obtained as:

Fmain = 106C PmainA

The solid volume of powder is given by:

s = (1 − ε)V0

The relative density is defined as follows:

r = Vs

V

An intermediate term used for hardness calculation is then
ntroduced:

H = ln
(

1 − �r

1 − �rc

)
The hardness of a tablet is calculated as (Kuentz and

euenberger, 2000):

 = Hmax(1 − exp(�r − �rcr + 
H))
Please cite this article in press as: Singh, R., et al., An engineering study on
pharmaceutical tablets via roller compaction. Int J Pharmaceut (2012), htt

The tablet production rate is given by:

d(NTab)
dt

= rTab
 PRESS
harmaceutics xxx (2012) xxx– xxx

A.9. Controller model

A.9.1. Tablet weight (cascade PID controller)
The deviation from the set point of tablet weight is calculated:

errorM = Mset − M

The set point for the slave controller (for pre-compression pres-
sure) is calculated on the basis of the deviation from the set point
of tablet weight, using a PID control law:

C Ppre set = KM
C errorM + 1

KM
I

∫ t

0

errorM dt + KM
D

d(errorM)
dt

The deviation from the set point of the pre-compression pres-
sure is calculated as follows:

errorC Ppre = C Ppre set − C Ppre

The final actuator setting (feed volume) is calculated on the basis
of the deviation from the set point, using a PID control law:

Lpunch displ = Kmain
C errorC Pmain

+ 1

Kmain
I

∫ t

0

errorC Pmain
dt + Kmain

D

d(errorC Pmain
)

dt

A.9.2. Tablet hardness (cascade PID controller)
The deviation from the set point of tablet hardness is calculated:

errorH = Hset − H

Hset is calculated in Section A.10.2 based on error in dissolution. The
set point for the slave controller (for main-compression pressure)
is calculated on the basis of the deviation from the set point of
tablet hardness, using a PID control law:C Pmain set = KH

C errorH +
1

KH
I

∫ t

0
errorH dt + KH

D
d(errorH )

dt

The deviation from the set point of the main-compression pres-
sure is calculated as follows:

errorC Pmain
= C Pmain set − C Pmain

The final actuator setting (punch displacement) is calculated on
the basis of the deviation from the set point, using a PID control
law:

Vm = Kpre
C errorC Ppre + 1

Kpre
I

∫ t

0

errorC Ppre dt + Kpre
D

d(errorC Ppre )

dt

A.10. Dissolution model

A.10.1. Process model
Dissolution of each component i at the solid–fluid interface is

modeled as a first order rate process and its subsequent diffusion
in the surrounding fluid phase is modeled using Fick’s second law
with a variable diffusion coefficient. The following set of partial
differential equations governs the dissolution process (Kimber et
al., 2011):

∂Ci

∂t
= −∇ · (−Di∇Ci) + Si (G.1)
 the enhanced control and operation of continuous manufacturing of
p://dx.doi.org/10.1016/j.ijpharm.2012.09.009

Si(x) =
{

ki(Csat
i

− Ci(x)), ∀x : �i (x) > 0

0, otherwise
(G.2)

dx.doi.org/10.1016/j.ijpharm.2012.09.009
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compaction for pharmaceutical manufacturing. Part I: Process dynamics and
control framework. J. Pharm. Innov. 5, 14–23.
Fig. B.1. Input control parameters (user interface).

.e. the source term is nil if the ith component is not present in
 given voxel as a solid. The diffusion coefficient is related to the
verall solids volume fraction via following equation:

i = Di0

⎛
⎝1 −

n∑
j=1

�j

⎞
⎠

˛i

(G.3)

his means that diffusivity is zero for a completely solid voxel and
qual to the component’s bulk diffusivity when the voxel contains
nly the fluid phase. The parameter  ̨ can be used to account for
on-linearity.

The diffusion of each component is coupled with a local change
f its phase volume fraction in the tablet via following equation:

∂�i

∂t
= − Si

�i
(G.4)

o solve the model, the tablet has been discretized using cubic vol-
me  elements or voxels on a Cartesian grid using phase volume
raction of the tablet solid components �i ∈ (0 : 1). A volume frac-
ion of unity corresponds to a completely solid voxel whereas voxel
f zero contains only liquid phase. Eqs. (G.1)–(G.4) are applicable for
ach voxel but the boundary initial conditions of outer and inner
Please cite this article in press as: Singh, R., et al., An engineering study on
pharmaceutical tablets via roller compaction. Int J Pharmaceut (2012), htt

oxel will be different taking into account that the substance in
uter voxel will dissolve before inner the substance in inner voxel.
 PRESS
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At  any time during dissolution, the dissolution of substance i is
the summation of substance dissolved from all voxels and can be
calculated as follows:

desi =
n∑

j=1

fi(1 − ε) − �i

where n is the number of voxels, fi is the fraction of ith substance,
ε is the porosity. With respect to time the dissolution (fraction of
the substance dissolved) will increase, therefore the dissolution at
certain time (e.g. 30 min) is given as follows:

desi(t30) =
n∑

j=1

fi(1 − ε) − �i(t30)

A.10.2. Controller model
The deviation from the set point of tablet dissolution is calcu-

lated:

errordes = des(t30)set − des(t30)set

The set point for the slave controller (for hardness) is calculated
on the basis of the deviation from the set point of tablet hardness,
using a PID control law:

Hset = Kdes
C errordes + 1

Kdes
I

∫ t

0

errordes dt + Kdes
D

d(errordes)
dt

Hset is used in F2.2 for hardness control.

Appendix B. Controller specifications

See Fig. B.1.
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