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The need for prediction and reference updating in feedback control of a wet granulation process is addressed. The granulation process is often 
modeled as a multi-input multi-output (MIMO) linear model with dead-time. Industrial implementation of granulation process poses strict 
constraints on the process inputs & outputs. The presence of dead-time and the physical necessity of the input-output constraints are the key 
challenges of the wet granulation control. These challenges motivated the use of model predictive control (MPC) for such processes. In this 
work, a Smith predictor-based proportional-integral (PI) controller is designed for the dead-time compensation. Accompanied with the reference 
updating method to handle the physical constraints. The regulation and reference tracking control problems are assessed via closed-loop 
simulations of the wet granulation model. The ability of the proposed control approach of dead-time compensation and coping with input/output 
constraints is rigorously proved. The current approach is compared to MPC of a similar granulation process and found superior in terms of 
output stability, performance and reference tracking. 
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Introduction 
  

In the last decade, the control of granulation is an active research field for the major benefits associated with pharmaceutical, 
agricultural, and chemical industries. Granulation is a process of making granules of fine particles with controlled properties such as 
attrition resistance, size uniformity, porosity, break-up rates, etc. Granulation process can be classified based on binder nature as dry 
or wet. In dry granulation, solid particles binders are added to the agitated powder then the adherence is stimulated by compaction 
and milling. On the other hand, wet granulation consisting of adding a liquid binder to the agitated powder blend, subsequently, the 
granules are processed and dried. The liquid binder is provided to the powder mixture by spraying, pouring, or dripping. Many 
reviews were reported on wet granulation in terms of granulator technologies, granule attributes, modeling and simulation, 
characterization tools, process control, and kinetics (Suresh et al., 2017; Iveson et al., 2001; Reynolds et al., 2005; Cameron et al., 
2005; Burggraeve et al., 2013; Hansuld & Briens, 2014). The attributes measures of granules are interconnected, mainly, to bulk 
density and particle size distribution (Pottmann et al., 2000). The oversized and undersized granules are crushed and recycled to the 
granulation process again. The oversized granules are those greater than an upper limit and undersized granules are those smaller 
than a lower limit. These limits are typically considered in order to attain a desired product quality (Pottmann et al., 2000). The 
mechanism of moisture and binder addition plays a significant role in average granule size. The spray nozzle locations and the 
moisture and binder ow rates through nozzles influence the particle growth rate and the granulation mechanism (Pottmann et al., 
2000). Rankell et al. (1964) showed that the average granule size relates directly to the spray rate and inversely to the powder bed 
velocity. Tardos et al, (1997) reported that increasing the spray surface area will effectively narrow down the particle size 
distribution. Granulation improves the flow properties, reduces explosion risks, and gives  well other specific performance aspects 
of the granules. The complexity and the difficulties encountered in inline/online measurement of product parameters make control 
of the processes a key difficulty because a small change to one variable affects several process responses. According to Merkus & 
Meesters (2016), model based control overcomes this problem. Efficient process control plays an essential role in realizing the 
preferred attributes of granules. However, it requires complex feedback control approaches and in-line or on-line monitoring of the 
process. One important challenge in granulation process control is finding accurate mathematical models to simulate the entire 
process due to infinite dimensional character of the process (Buck et al., 2015). Thus, in general, a process control needs to be 
achieved through unified use of characterization methods. These methods track the changes in granule attributes with time and 
modifying process parameters accordingly (Suresh et al., 2017).  

There are different control schemes for controlling granulation process. Pottmann et al., (2000) suggested using the model 
predictive control (MPC) for a drum granulation process. They fitted experimental data to linear discrete-time model for the 
process. Their control objectives are tracking the bulk density to a reference value and keeping the particle diameters within limits. 
Gatzke & Doyle III (2001) controlled the same model of (Pottmann et al., 2000) using MPC with relaxed output constraints and 
prioritized control objectives. Sanders et al. (2009) presented a linear MPC valid for a nonlinear granulation process. The linearized 
state-space model was derived from a nonlinear discretized population balance model. They showed that MPC provides more 
stability than generic PID controller. Burggraeve et al. (2012) designed a feed-forward control strategy for a top-spray fluid bed 
granulation process. They also presented a partial least squares (PLS) model to predict the end product density. Closed-loop 
feedback control for continuous wet granulation in silico was tested by Singh et al. (2014). 
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They coupled controller parameter tuning strategy with an optimization strategy. The tuning strategy includes an integral of time 
absolute error method. The disturbance rejection capabilities were investigated. Model free control approaches such as fuzzy logic 
and artificial neural network were implemented to model and control granulation process (Petrovic et al., 2011). In present work, 
the control problem of a wet granulation process is addressed. A linear MIMO model with dead-time presented by Pottmann et al. 
(2000) is considered. A Smith (1957) predictor-based PI controller is used for dead-time compensation. In addition, the reference 
updating method is used to cope with the input/output constraints.  

1.Materials and Methods 
 
1.1 Problem formulation  

Generally, enlargement of the particle size of the granules is mainly targeted by a granulation process among other physical 
properties of granular material. Figure 1 shows schematic of the wet granulation process studied herein. The spray nozzles flow 
rates of the liquid mixture (u1, u2 and u3) are the manipulated variables of the process. The liquid mixture that contains binding 
agent is introduced into particulate feed. The controlled variables of the process (y1, y2 and y3) are the bulk density of the product 
slurry, the product particle size of particles in the 5th percentile, and the product particle size of particles in the 90th percentile. 
Such process set-up was previously investigated and modelled by a linear MIMO system with dead-time. For example, a black-box 
MIMO model introduced by Pottmann et al. (2000) is considered here. This model was used as a benchmark by Gatzke & Doyle III 
(2001) on which they implemented MPC to control the granulation. The model is represented by: 
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 where k is the steady state gain, τ time constant, θ dead-time, i number of outputs and j number of inputs. The steady state 
values for y1, y2 and y3 are 40, 400, and 1620, and for u1, u2 and u3 are 175, 175, and 245, respectively. The model input and 
output values were normalized in non-dimensional units. More details on the aforementioned model can be found in (Pottmann 
et al. 2000; Gatzke & Doyle III, 2001). 

 

 

Fig. 1 Continuous wet granulation process (Pottmann et al., 2000) 

1.2. Controller design  

The control of granulation process requires the regulation of the bulk density to a certain set-point while keeping the product 
9th percentile below 1650 and the product 5th percentile above 350. Meanwhile, all the nozzles flow rates must be 
maintained between 100 to 340. The control of granulation process suffers from the dead-time problem and the input-output 
constraints. In the following Smith predictor-based PI controller is used for dead-time compensation. Furthermore, a 
reference updating technique is exploited to cope with the input/output constraints. Processes with large dead-time are key 
challenges in the classical control feedback loop as seen in Figure 2(a), this can be attributed to several reasons. Primarily, 
the control effort (u) takes some time to have an effect in the controlled variable (y). Moreover, the control effort that is 
generated based on real-time measurements attempts to correct past events. Furthermore, the effect of the disturbances is not 
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detected by the controller until a significant time has passed. In general, large time-delay decreases the phase margins of 
classical controller that urges the closed-loop system toward instability (Normey-Rico, 2007). 

 

Fig. 2 Closed-loop control structure. 

The Smith (1957) predictor is the most common technique for dead-time compensation. The structure of this predictor is depicted in 
Figure 2. The controller output u is fed through a model of the process and through the same model without dead-time. This way, the 
controller acts on a simulated process which behaves as if there was no dead-time in the process (in the ideal case of a perfect 
modeling). The MIMO granulation model in Eqn. (1) & (2) can be substantially simplified as a MIMO system with single dead-time, 
such as 
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Then, the model is decomposed into rational part (     ) and irrational part (     ). Such decomposition benefits from the 
fact that the time-delays    in the aforementioned nominal model are all equal. From Figure 2(b), the predicted output    in 
the Laplace domain can be written as: 
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That is used to compute the output y, such as: 

                                     

                

where the closed-loop transfer function from r to y is          
 . This extension of Smith predictor to MIMO system with 

single dead-time ensures all the SP benefits for the SISO systems (Normey-Rico, 2007); the delay free characteristic equation 
(            ), output prediction (      ) and ideal decoupled dynamic compensation (         ). 

 

The controller K is chosen as a diagonal matrix of PI controllers, such that: 
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The design of the PI controllers is based on the method presented in Normey-Rico (2007). The controller gain    is selected to be 
proportional to the inverse of the diagonal model gain    . Then it is tuned to have the desired performance characteristics. The 
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integral time    is selected to be equal to the diagonal model time constant    . Then, 

    
   

                 

The control of MIMO system is more difficult when imposing input/output constrains. Generally, controlling constrained 
MIMO systems motivates the use of MPC (Goodwin et al., 2005) or adaptive MPC (Landau et al., 2011). The control of the 
granulation process is a constrained MIMO control problem. Fortunately, only one output (y1) should be regulated to a set point 
while the other outputs (y2 & y3) are constrained within certain limits. This fact makes the granulation process an excellent 
candidate for reference updating method. Figure 3 depicts the fundamental concept of the reference updating method. 
Basically, simultaneous change of the reference of the unregulated output as a function of u, can limit the control action within 
certain bounds, such that 

                         (5) 

The design of the proportional gain    is dictated by the steady state input-output relationship in Eq. (6). Basically,    is 
designed in such a way that when the control action u is approaching towards one of the bounds, the reference is adjusted 
accordingly to drive the control action in the opposite direction. 

 

Fig. 3 Closed-loop control structure with Smith predictor and reference updating. 
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Assuming zero steady state error (     ). 
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For example, if the goal is to minimize    in the case of positive   , one possibility is the following:    and    should be chosen to 
be positive and negative, respectively, as shown from the first raw of Eqn. (7). 

2. Results and Discussion 
 

Assessment of the performance of the proposed control approach requires classic closed-loop simulations of the granulation 
process. The MIMO PI controller parameters were designed as was discussed here. The PI controller parameters are as follows: 
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The closed-loop simulations of the wet granulation process with the Smith predictor-based PI controller and the PI controller are 
shown in Figure 4. The figure depicts the closed-loop response of the controlled variables (y1, y2 and y3) and the control effort (u1, u2 
and u3) against step reference for the bulk density (y1). As shown in Figure 4, the response from the PI controller without prediction is 
on the verge of instability, which proves the need for prediction in the granulation process. Although the Smith predictor-based PI 
controller produces an improved performance stable closed-loop response with zero steady-state error, it significantly violates the 
quality constraint on the first nozzle flow rate u1. 

Apart from the stability improvements due to prediction, the control constraints problem needs further improvements. Since the control 
objective is to regulate the bulk density (y1) while keeping the other controlled variables y2 and y3 bounded. This gives rise to the 
reference updating method, which is a good candidate to limit the controller effort in the control of MIMO process as discussed in 
section 3.2. Assume that          and       , where         , so that    have negative action on    and consequently    is 
decreased. Figure 5 depicts the closed-loop response of the granulation process with the Smith predictor-based PI controller and 
reference updating. Obviously, it can be seen from the figure that this approach is successful to limit the control action    within its 
bounds. The figure also compares the result from the Smith predictor-based PI controller with closed-loop results for the granulation 
system using prioritized objective MPC control (Gatzke & Doyle III, 2001). It is evident that the results from the current method are 
more superior in many aspects: stabilizations, regulation, respecting quality constraints, etc.  

The proposed control approach is examined against reference tracking problem as seen in Figure 6. The controlled variables (y1, y2 and 
y3) were able to track references efficiently, even though the reference     is a function of the control effort   . Meanwhile, all the 
control efforts (u1, u2 and u3) were maintained within the quality constraints. 

In order to test the controller robustness and the ability of the predictor to cope with the mismatched time-delay. A mismatched model 
is introduced via perturbing the time-delays (  ) by 33% of its nominal values, and the process parameters (       ) are increased by 
10% of its nominal values. Figure 6 also compares the closed-loop response based on the nominal model (see Eq. (2)) with closed-
loop response based on aforementioned mismatch model using the same control technique. In one hand, the figure shows that the 
proposed controller is robust against the specified model mismatch. But, on the other hand the control effort    is trying to violate its 
lower bound due to model uncertainty. Hence, the robustness of such approach still needs further investigations. 

 

 

Fig. 4 Closed-loop response of the granulation system with/without            Fig. 5  Closed-loop response of the granulation system with SP and 
           Smith predictor.                                                                                   reference updating compared to MPC (Gatzke & Doyle, 2001). 
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Fig. 6 Aspect ratio closed-loop response of the granulation system with SP and reference updating for the nominal and mismatched case. 

Conclusions 

 

A successful MIMO controller design of a wet granulation process is achieved. The MIMO control approach involves the design of 
Smith predictor-based PI controller for dead-time compensation. A long with the reference updating method that is introduced to 
cope with the input/output physically imposed constraints. The performance of the suggested control approach is examined and 
verified through closed-loop simulations. The proposed control approach was found more efficient than other widely used control 
techniques for the granulation process such as model predictive control. Although the promising model uncertainty robustness of the 
controller is achieved, a complete robustness analysis still needs further investigations in the future work. 

Nomenclature 
 
G = controller gain    [—] 
G(s) =granulation model transfer function  [—] 
      =rational part of G(s)    [—] 
k =steady state gain    [—] 
K =controller transfer function    [—] 
Kr =reference updating gain   [—] 
r =reference     [—] 
s  =Laplace operator    [—] 
T =integral time    [min] 
u1,2,3  =dimensionless nozzles flow rate  [—] 
y   =dimensionless model output   [—] 
   =dimensionless predicted output   [—] 
y  1 =dimensionless bulk density of the product slurry [—] 
y  2 =product particle size in the 5th percentile   [—] 
y  3 =product particle size in the 90th percentile  [—] 
y  ss =steady state output    [—] 
τ =time constant    [min] 
θ =dead time     [min] 
   =nominal dead time     [min] 
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In order to test the controller robustness and the ability of the predictor to cope with the mismatched time-delay. A mismatched model 
is introduced via perturbing the time-delays (  ) by 33% of its nominal values, and the process parameters (       ) are increased by 
10% of its nominal values. Figure 6 also compares the closed-loop response based on the nominal model (see Eq. (2)) with closed-
loop response based on aforementioned mismatch model using the same control technique. In one hand, the figure shows that the 
proposed controller is robust against the specified model mismatch. But, on the other hand the control effort    is trying to violate its 
lower bound due to model uncertainty. Hence, the robustness of such approach still needs further investigations. 

 

 

Fig. 4 Closed-loop response of the granulation system with/without            Fig. 5  Closed-loop response of the granulation system with SP and 
           Smith predictor.                                                                                   reference updating compared to MPC (Gatzke & Doyle, 2001). 
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Fig. 6 Aspect ratio closed-loop response of the granulation system with SP and reference updating for the nominal and mismatched case. 

Conclusions 

 

A successful MIMO controller design of a wet granulation process is achieved. The MIMO control approach involves the design of 
Smith predictor-based PI controller for dead-time compensation. A long with the reference updating method that is introduced to 
cope with the input/output physically imposed constraints. The performance of the suggested control approach is examined and 
verified through closed-loop simulations. The proposed control approach was found more efficient than other widely used control 
techniques for the granulation process such as model predictive control. Although the promising model uncertainty robustness of the 
controller is achieved, a complete robustness analysis still needs further investigations in the future work. 

Nomenclature 
 
G = controller gain    [—] 
G(s) =granulation model transfer function  [—] 
      =rational part of G(s)    [—] 
k =steady state gain    [—] 
K =controller transfer function    [—] 
Kr =reference updating gain   [—] 
r =reference     [—] 
s  =Laplace operator    [—] 
T =integral time    [min] 
u1,2,3  =dimensionless nozzles flow rate  [—] 
y   =dimensionless model output   [—] 
   =dimensionless predicted output   [—] 
y  1 =dimensionless bulk density of the product slurry [—] 
y  2 =product particle size in the 5th percentile   [—] 
y  3 =product particle size in the 90th percentile  [—] 
y  ss =steady state output    [—] 
τ =time constant    [min] 
θ =dead time     [min] 
   =nominal dead time     [min] 
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The most important challenge in a natural gas liquefaction plant is to improve the plant energy efficiency. A process topology should be implemented, which results in a 
considerable reduction of energy consumption as the natural gas liquefaction process consumes a large amount of energy. In particular, system design focusing on configuring 
cold part cycle is an attractive option. In this study, various energy recovery-oriented process configurations and the potential improvements of energy savings for small- & mid-
scale liquefied natural gas plants were proposed and compared with almost exclusively commercial trademarks processes. These improved simulation based investigations were 
validated under the variation in feed gas pressure, mixed refrigerant cooling reference temperature and the pinch temperature of cryogenic plate fin heat exchanger. The 
simulation results exhibited considerable reduction of specific total energy consumption. Therefore, the proposed liquefaction cycles have a simple topology, hence lower capital 
cost and compacter plant layout, which is compatible for power-efficient, offshore, floating liquefied natural gas liquefaction plants. 

Keywords:  Liquefaction, natural gas, mixed refrigerant cycle, power-efficient, design criteria  
 
 

Introduction 
  
Liquefaction process of natural gas includes the physical conversion of NG from gas to liquid phase.  Liquefied natural gas takes up a 
factor of about 1/600th the volume of natural gas in the gaseous state. The natural gas is then condensed into a liquid phase at close to 
atmospheric pressure by cooling it to approximately −160°C (−260 °F) (Smith et al . (1996), Cengel and Boles (2002), Jacobson (2009)). 
Cryogenic LNG carriers or cryogenic road/trail tankers are used for its transport. LNG is principally used for transporting natural gas, 
where it is then re-gasified and distributed to the markets. 

The natural gas fed into the LNG plant will be treated to remove condensate, Mercury, H2S, COx and NOx that will freeze under the 
cryogenic temperature ranges (Devold (2013), Metz and Davidson (2005)). A typical LNG process is shown in Figure 1. NG is first 
extracted and transported to a processing plant, where the feed gas pressure is presumed at a certain value. After that NG is treated 
against any heavy hydrocarbons and mud/ slug, it is then purified by removing acid gases such as CO2, NOx and H2S by utilizing an 
Amine washing solvent. This solvent is regenerated by introducing it to stripper column (by products like sour gas and waste water are 
obtained and disregarded to a battery limit). At this stage the sweet NG stream is wet and still might contain traces of Mercury, LNG 
process train is designed to remove any Hg content to prevent mercury amalgamizing with aluminium in the cryogenic heat exchangers, 
while the water content is adsorbed in a special dehydration unit. The drier is regenerated by the boil off gas obtained from downstream 
LNG storage unit.  The gas is then cooled down in stages until it is liquefied. LNG is finally stored in storage tanks to be loaded and 
shipped. The heart of a LNG plant, as highlighted in Fig. 1, is NG liquefaction and refrigeration cycle, where these stages are the highest 
energy density units of a LNG plant. Hence then designing these units will have the major impact on the capital and operating costs of 
the plant. In order to reach the cryogenic temperature ranges for liquefying NG, a mixture of Nitrogen and light hydrocarbons mainly 
Methane, Ethane and Propane is implemented as refrigerant.  

As shown in PT curve for different gases, presented in Figure 2, where the vapour pressure is plotted as a function of gas temperature. 
Such a refrigerant mixture can reduce the process temperature to a cryogenic range lower than -190°C at 1 bar, which is quite enough for 
liquefying NG. The composition of MRC is subject to alternation depending on the NG composition as well to the feed gas operating 
pressure (shown in the variation of NG condensation curves at pressure of 1 bar and 25 bar) and the reference cooling refrigeration 
temperature 
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