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Abstract: The operation of granulation plants on an industrial scale is challenging. Periodic instability
associated with the operation of the granulation loop causes the particle size distribution of the
particles flowing out from the granulator to oscillate, thus making it difficult to maintain the desired
product quality. To address this problem, two control strategies are proposed in this paper, including a
novel approach, where product-sized particles are recycled back to maintain a stable granulation
loop process. A dynamic model of the process that is based on a population balance equation is
used to represent the process dynamics. Both of the control strategies utilize a double-loop control
structure that is suitable for highly oscillatory systems. The simulation results show that both control
strategies, including the novel approach, are able to remove the oscillating behaviour and stabilize
the granulation plant loop.

Keywords: automatic control; oscillatory behaviour; dynamic simulation; granulation; population balance;
PID controller

1. Introduction

Granulation is a particle enlargement process during which fine particles and/or atomizable
liquids are converted into granules via a series of complex physical processes [1]. Granulation processes
are used in a wide range of industrial applications, including the fertilizer industry.
Fertilizer manufacturing using the granulation process has received considerable research interest
during the last few decades, due to (i) the increasing requirements for efficient production of high
quality fertilizers for increased food production in a growing global population and (ii) difficult process
control and operation, e.g., among others [2–6], have focused their research on granulation processes.

This paper is focused on the last part of NPK (Nitrogen, Phosphorus, Potassium) fertilizer
production. A granulation loop is used in order to produce different grades, i.e., various N:P:K ratios,
of fertilizers. The NPK fertilizer is a high value type of fertilizer containing the three main elements
that are essential for crop nutrition. Various NPK grades are specifically developed for different
crops growing in different climates and soils [7]. The granulation loop that was studied in this paper
consists of a rotary drum granulator, a granule classifier (screens), and a roll crusher. Figure 1 shows a
typical schematic of a granulation process with a recycle loop. Rotary drums, as granulation units,
are frequently used in fertilizer industries due to the ability of rotary drums to handle large amounts
of material.

During the granulation process, a slurry of liquid ammonium nitrate and partly dissolved minerals
is solidified to form granules. Granules that are too small (under-sized particles) are recycled to the
granulation unit and granules that are too large (over-sized particles) are first crushed and then recycled
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back to the granulator. The recycle feed is an integral part of the granulation process. The recycle feed
flow rate, as well as its particle size distribution (PSD), are important for proper process operation.
The recycle of off-spec (under-sized and crushed over-sized) particles is needed in order to seed the
granulator. Another reason to recycle the feed is to follow the regulations: the off-spec granules cannot
be considered as a waste material, and must be recycled from an environmental and economic point of
view [7].

Granulator: 
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drum granulator

Slurry feed
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 Crushed oversized and undersized particles

Screen 1

Screen 2
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Oversized particles

Product-sized 
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Crushed oversized

 particles
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Figure 1. Schematic diagram of a rotary drum granulation loop [7].

For some granulation processes, drum processes are operated below design capacity and the
amount of the recycled material is large. A typical recycle ratio in granulation plants is 4:1. This indicates
a high ratio between off-spec and on-spec particles. Moreover, granulation loops may show oscillatory
behavior for certain operating points. Characteristic oscillatory behavior that is faced in a granulation
process industry is shown in Figure 2. In Figure 2, the PSD is represented while using the particle
median diameter d50 (diameter that corresponds to the intercept for 50% of cumulative mass).

Figure 2. Oscillatory behavior of d50 in an industrial granulation loop plant.

The observed instability (oscillatory behavior) is linked to the entire granulation loop, since the
granulator receives a fluctuating recycled stream as input. This leads to additional challenges in the
fertilizer production industry. The need to guarantee that the product complies with the specifications
motivates the use of process control systems in the operation of the granulation loop. Thus, it is
essential to design a proper control strategy that enables the production and increase the efficiency of
the granulation loop.

Granulation processes have been ubiquitous in the industry for many years with significant
research being undertaken to gain further insight into designing a control strategy for improved plant
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operation. Oscillatory behavior in granulation loops are reported in [8–10]; the authors have analyzed
granulation loop dynamics for fluidized bed spray granulators with internal and external classification.
Drum granulation processes were extensively studied at University of Queensland, Brisbane, Australia.
Some of their published contributions include [5,11,12]. These works focused on the dynamics and
control of the drum granulator itself, not on the entire granulation loop. The control of the granulation
loop using model-based design is reported in [8,13,14], while studies on the stabilization of granulation
loops using H∞-theory and discrepancy-based control are presented in [15–17].

The main objective of this study is to design the control structure to stabilize the granulation
loop process, i.e., to propose possible control structures that would reduce or remove the oscillatory
behaviour and possibly make granulation loops more steady to operate. To achieve this objective,
a feedback control structure using double loop PID controllers reported in [18,19] is applied. In addition,
a novel approach where product-sized particles are recycled back to maintain a stable granulation loop
process is presented.

The paper is organized, as follows: in Section 2, a mathematical model of a granulation loop,
including models of a rotary drum, screens, and a crusher, is given. In Section 3, the system
dynamics of the granulation loop process are studied. Two control strategies to suppress the oscillating
behavior of the process are proposed in Section 4. In Section 5, the double-loop control structure
for composition controller is discussed. Closed loop simulation results and discussions are given in
Section 6, while conclusions are drawn in Section 7.

2. Granulation Loop Model

2.1. Rotary Drum

In this study, a rotary drum was modeled using population balance principles. The developed
models are two-dimensional (2D) models that are discretized in terms of its internal coordinate (particle
diameter) and external coordinate (axial length of the granulator). A mass based population balance
equation (PBE) was used, since in an industrial application, it is relatively easier to work with mass
based PBEs than number based PBEs. The general form of a mass based PBE with particle diameter (d)
as the internal coordinate, spatial variation (z) as the external coordinate and time (t) is represented as

∂m(d, z, t)
∂t

= −d3 ∂

∂d

[
G

m (d, z, t)
d3

]
+ B (d, z, t)− D (d, z, t)− ∂

∂z
[v ·m (d, z, t)] , (1)

where m(d, z, t) is the mass density function, d is the particle diameter, G is the particle growth rate,
B is the particle birth rate, D is the particle death rate, and v is the velocity of the particles in the
granulator [20]. The first term on the right hand side represents the particle growth due to layering,
the second and third terms stand for particle birth and death, respectively, due to agglomeration, and
the last term represents a continuous process and it gives the flow of particles through the granulator.
In this study, the particle velocity is the same for all particle sizes (particle size classes). Equation (1) is
derived by assuming that all of the particles are ideal spheres with a constant solid density.

In this study, the rotary drum model is based on the one-dimensional (1-D) model that was
reported in [21]. However, in this study, a 2-D model reported in [7] is used in simulations. The
extension of the 1-D model to the 2-D model is performed by including the spatial variations in
property through the axial direction of the granulator. For this, the length of the granulator Lg is
divided into equally sized sections (compartments). Detailed formulations for a three-compartment
granulator model is given in [7].

Particle growth G due to layering was modeled while using a size-independent linear growth
model reported in [22,23] and used in [7,21]. The layering term was then discretized using a finite
volume scheme that was extended by a Koren flux limiter function [24]. Particle agglomeration (B and
D) was modeled using Hulburt and Katz’ formulation [25], as given in [7,21]. The discretization of the
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agglomeration term was then performed by applying one of the sectional schemes—the cell average
scheme reported in [26,27].

2.2. Screens

The mass flow rates out from the screens are described while using probability function Υupp and
Υlow from [28]. The mass flow rates from the screen are then calculated as

ṁoγo = Υuppṁeγe, (2)

ṁuγu =
(
1− Υupp

)
(1− Υlow) ṁeγe, (3)

ṁpγp =
(
1− Υupp

)
Υlowṁeγe. (4)

Here, ṁo, ṁu, ṁp are the mass flow rates of over-sized, under-sized, and product-sized
particles, respectively. The corresponding distribution functions of the over-sized,
under-sized, and product-sized particles are denoted with γo, γu, and γp, respectively. The screening
probability functions Υupp and Υlow defined by [28] and also given in [29] are calculated while using
Equations (5) and (6)

Υupp, low =
1

1 +
( dscreen, upp, low

d

)2
exp k

(5)

and

k =

Keff, upp, low

1−
(

d
dscreen, upp, low

)2
 , (6)

where dscreen is the mesh size of the screen (sieve diameter), d is the particle diameter, and Keff is the
screen separation efficiency.

2.3. Crusher

A mathematical model of the crusher is the distribution function (Equation (7)) that re-distributes
the total over-sized mass flow (ṁoγo). Thus, over-sized particles with γo distribution flowing into
the crusher, leave the crusher with the γcrush distribution. Having a crusher gap spacing and a
standard deviation as the design choices, the crusher distribution function is defined as a Gaussian
distribution, as

γcrush =
1√

2πσ2
crush

exp

(
− (d− dcrush)

2

2σ2
crush

)
. (7)

Here, σcrush is the standard deviation and dcrush is the crusher diameter, which is the mean size of
the crushed particle distribution. The total over-sized particle flow rate is then calculated as

ṁcrushγcrush =
(
∑ ṁoγo

)
· γcrush. (8)

The mass flow rate that is recycled back to the granulator, i.e., the mass flow of the off-spec
particles, is given as

ṁiγi = ṁcrushγcrush + ṁuγu. (9)

An elevator that is used to transfer under-sized particles, together with the crushed over-sized
particles to the recycle belt, is modeled as a transport delay.
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3. System Dynamics

3.1. Simulation Setup

For studying the system dynamics, particles are classified into 80 size classes and the drum length
is divided into three equally sized compartments. The PDE given by Equation (1) is transformed into
a set of 240 ODEs by applying the Koren flux limiter scheme [24] for the layering term discretization
and the cell average scheme [26,27] for the agglomeration term discretization. Obtained ODEs are then
solved using a fourth order Runge–Kutta method with fixed time step. The simulations are performed
using MATLAB and Simulink [30]. The parameters used to simulate the granulation loop process are
listed in Table 1.

Table 1. Simulation parameters.

Parameter Value

Range of d [mm] 0–8
Number of particle classes 80
Grid type linear
Length of granulator [m] 10
Number of compartments 3
ρ [kg·m−3] 1300
β0 [s−1] 1.0× 10−13

ṁsl,i [kg·h−1] 1000
dscreen, upp [mm] 3.3
dscreen, low [mm] 1.9
Keff, upp 45
Keff, low 45
dcrush [mm] 2.0–1.3
σcrush 0.25
TR [s] 600
Transport delay [s] 600
Time step for RK4 [s] 20

The initialization of the mass distribution function inside the granulator is performed using a
Gaussian normal distribution function given by Equation (7). For a comparison of simulation results,
the evolution of the average size of the particles is represented by their d50 diameter.

3.2. Effect of Crusher Gap Parameters on Process Dynamics

During granulation, the particles are growing inside the drum granulator, and as a result, the
average diameter d50 of the particles leaving the granulator (effluent) is larger compared to the d50 of
the particles that are sent to the granulator with the recycle feed (influent). In Figures 3–5, a step-by-step
change of the crusher gap spacing (dcrush) is given to the system.

At larger crusher gap spacings, a stable granulation process is observed (dcrush ≥ 2 mm in
Figure 3). However, as the crusher gap spacing is reduced (dcrush < 2 mm in Figures 4 and 5),
the granulation loop starts to show oscillatory behavior and, at a certain reduced crusher gap spacing
(dcrush = 1.3 mm), sustained periodic oscillations occur. Oscillations occur not only in the product
quality, i.e., d50, but also in the product-sized, off-spec, and total mass flow rates (Figures 4–6). Thus,
the dynamic behavior of the granulation loop is inevitably connected with the crusher parameter,
i.e., with the crusher gap spacing.

The probable reason for the occurrence of oscillations is the off-spec (over-sized and under-sized)
particle flow that is recycled to the granulator and acts as nuclei for the new granule generation.
At smaller crusher gap spacings, the granulator receives a large amount of fines with the recycle feed.
In the granulator, a large amount of fines has a large total particle surface area that slows down the
particle growth. Thus, the growth rate and d50 of particles decreases. On the other hand, slower growth
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rate contributes to the rapid drop in the production of coarse (over-sized) particles, which, in turn,
reduces the total recycle feed to the granulator. As a result, the granulator receives smaller amounts of
fine particles that now have lower total surface area. Thus, the growth rate and d50 of particles again
increases and gives the start of the new cycle of oscillations [7].

40 80 120 160

2

3

4

40 80 120 160

2

2.5

3

Figure 3. d50 of the influent/effluent as a response to the step-by-step change of the crusher gap
dcrush = 3.0→ 2.7→ 2.4→ 2.1→ 2.0 mm.
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1.7

1.9
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Figure 4. d50 of the influent/effluent as a response to the step-by-step change of the crusher gap
dcrush = 2.0→ 1.7→ 1.5→ 1.3 mm.
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Figure 5. Total mass flow rates of the influent/effluent as a response to the step-by-step change of the
crusher gap dcrush = 2.0→ 1.7→ 1.5→ 1.3 mm.
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Figure 6. Mass flow rates of over-sized, product-sized and under-sized particles as a response to the
step-by-step change of the crusher gap dcrush = 2.0→ 1.7→ 1.5→ 1.3 mm.

3.3. Recycle of Product-Sized Particles

In these open loop simulation, some of the product-sized particle flow was recycled back to the
granulator. In particular, some fraction of the product-sized particle flow was sent to the recycle belt
and then added to the off-spec (crushed over-sized and under-sized) particle flows.

In Figure 7, after obtaining the sustained oscillations, 20 % of the product-sized particle flow is
recycled. As a result, a stable operation of the process was obtained (Figure 7). A stable operation
is achieved, since the PSD distribution, measured as particle d50, becomes more narrow when some
fraction of product-sized particles are combined with the off-spec particles and the recycle stream
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contains less (proportion wise) under-sized particles. One of the aims of the paper is to exploit this
particular dynamic behaviour of the process in order to design a control structure for stabilizing the
granulation plant.

100 150 200

1.5

2

2.5

3

100 150 200

0

0.1

0.2

0.3

Figure 7. d50 of the influent/effluent as a response to the step change of the product-sized particle flow:
between 92 < t < 165 20% of the particle-sized flow rate was recycled.

4. Control Strategies

4.1. Background

The main goal of controlling the granulation plant is to stabilize the process operation by reducing
or removing the oscillatory behaviour that occurs in the product quality (PSD) and quantity (mass
flow rates), as stated in Section 1. In this paper, two control strategies (CS) are designed. In both
CSs, the controlled variable is the granule PSD distribution, as measured by d50, coming from the
rotary drum (effluent from the granulator). The choice of manipulatable variable depends on the plant
configuration. In some industrial-scale rotary drum granulation loop plants, the crusher gap spacing
can be easily manipulated by operators from the control room. In other rotary drum granulation
loop plants, the crusher gap spacing can only be changed manually by operators on the plant itself,
and, thus, the crusher gap spacing can not be chosen as manipulatable variable. A novelty of this
paper is to show that product-to-recycle ratio can also be used as a manipulated variable in order to
stabilize the granulation plant.

4.2. Control Strategy 1

The first control strategy (CS1) is based on the open loop simulations that are given in Section 3.2
and can be applied in the granulation plants where crusher gap spacings can be controlled by operators
from the control room. In this control strategy, the controlled variable is the PSD distribution, as
measured by d50, of the granules coming from the rotary drum before the granules are sieved. The
manipulatable variable is the crusher gap spacing. Figure 8 shows the schematic diagram of the
proposed CS1.
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Granulator Sieves

Oversized particles

Recycle belt

Undersized
 particles

CT CC

Product

Product belt

slurry

Crusher

Set Point

Figure 8. Schematic diagram of CS1. CT—composition (d50) transmitter; CC—composition (d50) controller.

4.3. Control Strategy 2

In the second control strategy (CS2), the control of the granulation loop is performed by recycling
some of the product-sized granules. Figure 9 shows the schematic diagram of the proposed CS2.
Similarly to CS1, the controlled variable is the granule PSD distribution, as measured by d50, on the
elevator coming from the rotary drum before the granules are sieved. However, here, unlike CS1,
the manipulatable variable is the three-way valve opening α in Figure 9. When the valve is closed
(α = 0), none of the product-sized particles are recycled; when the valve is opened (0 < α ≤ 1)—some
fraction of the product-sized particle mass flow rate is added to the recycle stream, i.e., mixed with the
crushed over-sized and under-sized particle mass flow rates.

Granulator Sieves

Oversized particles

Recycle belt

Undersized

 particles

CT

Granulator Sieves

CC

Product

Product beltProduct belt

slurry

Set Point

Crusher

Figure 9. Schematic diagram of CS2. CT—composition (d50) transmitter; CC—composition (d50)
controller; α—valve opening.
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5. Double-Loop Control Structure for CC Controllers

The proportional-integral-derivative (PID) controller is still the most used control algorithm in the
industry, due to its simple structure and easiness in operation. In this paper, the CC – composition (d50)
controllers for both control strategies 1 and 2 are designed as a double-loop control structure [18,19]
for oscillatory systems.

The main idea of the control structure is to convert a given underdamped (oscillatory) system
to an overdamped system while using a proportional controller (Pdc(s)) and then use an outer PI
controller (Pc(s)) to this overdamped system to track the specified reference point. Figure 10 illustrates
the double-loop control structure.

Oscillatory 

Process

P(s)+ -

yur

+ -

Outer controller

(PI controller)

Pc(s)

Inner controller  

(P controller)

Pdc(s)

Figure 10. The proposed double-loop control algorithm. u—control signal, y—controlled variable,
r—reference point [18].

The granulation plant can be represented as an oscillatory process (a 2nd order plus time delay
process) having a transfer function

P(s) =
Kpe−τs

1 + 2ζs
ω0

+
(

s
ω0

)2 , (10)

where P(s) is the transfer function of the underdamped (oscillatory) process, Kp is the process gain, τ

is the process time delay, ω0 is the natural frequency, and ζ is the damping factor. Process parameters,
Kp, τ, ζ and ω0 were found using a simulated step-response of the granulation plant at a stable
operating range.

5.1. Inner Controller

The first step in applying the double-loop control structure is to design the inner controller, which
is a damping controller (Pdc(s) in Figure 10). In our case, a P-controller to change an underdamped
system to an overdamped system. The process parameters of the overdamped system can be found
while using the combined transfer function from u to y in Figure 10, i.e.,

Po(s) =
P(s)

1 + P(s) · Pdc(s)
, (11)

where Po(s) is the transfer function of the overdamped system and Pdc(s) = Ki
c is the

damping controller.
By approximating the time delay with exp(−τs) ≈ 1− τs and specifying the inner loop damping

factor ζi > 1, the required P-controller gain Ki
c is,

Ki
c = 2 ·

(
ζ2

i + ζτω0
)
±
√(

ζ2
i + ζτω0

)2
+ τ2ω2

0
(
ζ2

i − ζ2
)

τ2w2
0Kp

. (12)
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Here, ζi can be viewed as a design variable that should be selected appropriately. In this study,
ζi = 1.5 was used. The resulting inner loop natural frequency is

ωi = ω0

√
1 + Ki

cKp. (13)

5.2. Outer Controller

A simple PI controller was used as the outer controller. Tuning of the PI-controller was performed
while using the SIMC tuning rules for PID controllers [31]. It is possible to directly apply SIMC
tuning rules for our second order system. However, it is easier to work with a first order system.
Thus, in this paper, the 2nd order overdamped system Po(s) was changed to a 1st order system using
Skogestad’s half rule reported in [31]. According to the half rule, the 2nd order overdamped system
was approximated as a 1st order system plus time delay as

Po(s) ≈
Ki

p(1− τeffs)
(Teffs + 1)

, (14)

where the effective time delay τeff and the effective speed of the response Teff were calculated while
using expressions summarized in Table 2.

Table 2. Expressions used to find the controller parameters.

Parameter Expression

τeff τ + 0.5T2
Teff T1 + 0.5T2

T1
ζi+
√

ζ2
i −1

ωi

T2
ζi−
√

ζ2
i −1

ωi

Kc
Teff

Ki
p(Tc+τeff)

Ti min(Teff, 4(Tc + τeff))

Ki
p

Kp

1+Ki
cKp

Tc −τeff < Tc < ∞

Tuning of the PI-controller, i.e., finding controller parameters Kc and Ti in Equation (15), was then
performed using SIMC PI tuning rule for the 1st order plus time delay system. The PI controller
equation in frequency domain is

Pc(s) = Kc

(
1 +

1
Tis

)
, (15)

where Kc is the proportional gain of the PI controller and Ti is the integral time constant of the PI
controller that were calculated while using expressions summarized in Table 2.

6. Simulation Results and Discussion

6.1. Control Strategy 1

In this case, the crusher gap spacing is chosen as manipulatable variable and d50 of the particles
leaving the granulator as the controlled variable. The double-loop controller was turned on when the
sustained oscillations in the controlled variable were observed. The controller was again turned off,
as the stability in the controlled variable was achieved. Figure 11 shows the simulation results when
the controller was turned on at the maximum point of the cycle, while in Figure 12, the controller was
turned on at the minimum point of the cycle.



Processes 2020, 8, 1423 12 of 17

25 50 75 100

2

2.2

2.4

2.6

2.8

25 50 75 100

1.2

1.3

1.4

1.5
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Figure 11. Simulation of CS1: manipulatable variable—crusher gap, controlled variable—d50 of the
effluent. Controller is turned on at the maximum point of the cycle at t = 13 h and turned off at
t = 46 h.
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2.2

2.4

2.6

2.8

25 50 75 100

1

1.2

1.4

1.6

1.8

Figure 12. Simulation of CS1: manipulatable variable—crusher gap, controlled variable—d50 of the
effluent. Controller is turned on at the minimum point of the cycle at t = 11 h and turned off at t = 47 h.

Both of the simulation scenarios showed similar results: after the controller was turned on, a
steady state value (the set point) was reached after around 6 h in both simulation scenarios. For these
two cases, identical controller parameters were used. The simulation results show that the control
structure was able to eliminate the oscillatory behaviour. This resulted in a stable PSD, d50 of the
effluent and mass flow rates of both the product-sized and off-spec particles. Overall, the total mass
flow rates in and out of the granulator was stabilized (Figure 13).
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25 50 75 100

1.3
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25 50 75 100

0

1
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1
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Figure 13. Simulation of CS1: stabilization of granulation loop process. Controller is turned on at the
maximum point of the cycle at t = 13 h and turned off at t = 46 h.

6.2. Control Strategy 2

Here, the closed loop simulations were performed using Control Strategy 2 (CS2), as described in
Section 4.3 and illustrated in Figure 9. The stabilization of the granulation loop (stabilization of the
oscillatory behaviour) is achieved by controlling the PSD of particles leaving the granulator. This is
achieved by recycling some of the product-size particles back to the granulator, i.e., by adding some
of the product to the recycle feed by adjusting the valve opening. Thus, the controlled variable is the
d50 of the particles leaving the granulator and the manipulatable variable is the valve opening that
controls the recycled product flow.

In Figures 14 and 15 , the controller was turned on when the granulation plant exhibited
sustained oscillations, i.e., at t = 20 h with dcrush = 1.3 mm. The oscillations were quickly damped
when the controller was turned on and the controller was able to track the d50 to its desired set point.
A stable (non-oscillating) PSD of the effluent (and hence a stable d50 of the effluent) was obtained
(Figure 14). In addition, a stable flow rate of the product-sized, over-sized, and under-sized particles
was also obtained (Figure 15). As expected, when the controller was turned off (at t = 60 h), the
sustained oscillations reappeared. A similar stabilization of d50 of the effluent, and in the mass flow
rates can be also obtained for the smaller crusher gap spacings, i.e., when dcrush < 1.3 mm. In the
case when dcrush < 1.3 mm, the controller should be re-tuned. Thus, it is possible to stabilize the
oscillatory behaviour by recycling some of the product-sized particles (control input signal in Figure 14).
Even though some of the product is recycled, it is still economically favorable: unstable operation can
lead to an increase in operational expenses due to occurances of peaks in recycled mass flow rates
(both total and product mass flow rates). This, in turn, results in higher energy consumption, i.e., cost.
In addition, unpredictable operation also increases safety concerns and may increase maintenance
costs in industrial scale plants.
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Figure 14. Simulation of CS2: manipulatable variable—valve opening, controlled variable—d50 of the
effluent. Controller is turned on at t = 20 h and turned off at t = 60 h.
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Figure 15. Simulation of CS2: mass flow rates. Controller is turned on at the minimum point of the
cycle at t = 20 h and turned off at t = 60 h.

For further understanding of the controller behavior, the controller was turned on at different
points of the sustained oscillating behaviour, at the minimum and the maximum points of the cycle.
In Figure 14, the controller was turned on at the minimum point of the cycle, while, in Figure 16 at
the maximum point of the cycle. Comparison of the controller behaviours for these two cases showed
that the steady state value after the controller is turned on can be reached faster if the controller is
turned on at the maximum point of the cycle. It took around 7 h to reach steady state value when the
controller was turned on at the minimum point (Figure 14) of the cycle, while it took around 6 h when
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the controller was turned on the maximum point of the cycle (Figure 16). In both these cases, identical
controller parameters were used for fair comparison.
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Figure 16. Simulation of CS2: Controller is turned on at the maximum point of the cycle at t = 10 h
and turned off at t = 44 h.

7. Conclusions

The dynamic model that was developed for the rotary drum granulation loop used in fertilizer
production is able to capture the main dynamics of the granulation process. Through dynamic
simulations, the model was found to reproduce unstable operation typically seen in granulation loops.
In particular, the model is able to reproduce oscillating behaviour in the particle size distribution. Two
feedback control strategies are designed in order to suppress the oscillations and remove the oscillating
behaviour. One possible and novel implementation is to recycle the product-sized particles in order to
obtain a desired PSD distribution, as measured by d50, of the granules leaving the granulator. This
novel control strategy is particularly useful in these granulation plants where the crusher gap spacing
cannot be directly manipulated. Another possibility is to control the PSD of the granules leaving the
granulator by manipulating the crusher gap spacing. If a plant configuration allows for choosing
between these two control strategies, i.e., if it is possible to manipulate the crusher gap spacing from
the control room, then the CS1 seems a better choice for obtaining stability in operation, since the
stability in the produced d50 is obtained faster with the CS1 than with CS2. Both control strategies
utilize a double-loop structure consisting of P and PI controllers, which are widely accepted and used
in process industries.
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