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Adaptive On-Line Moisture Control of a Flash Drying Process 

 

Abstract 

This paper describes the application of a model predictive control scheme on a flash drying process. 

Model predictive control relies on a linear dynamic model of process behaviour. In this application 

certain process characteristics including asynchronous batch feed operations, variable feed and 

product specifications and significant variation in feed material constituency invalidate the use of a 

single fixed process model. 

In order to accommodate these variable process characteristics, the application uses an adaptive 

process model as the basis for control. In order to maintain maximum controller availability and 

reliable operation, the adaptive control model is coupled with a fixed process model to provide a 

robust fallback mechanism. A steady state optimiser based on linear programming technology is used 

to drive the dynamic controller and to optimise process operation. A supervisory mechanism is used to 

co-ordinate operation of the complete application.  

The control scheme has been operational for over six months on four dryer installations with service 

factors close to one-hundred per-cent. Audited benefits have been obtained through increased 

throughput, faster start-up and tighter product specification. This application demonstrates how 

advanced control can be applied in industry to provide high level performance whilst integrating within 

a robust and maintainable control environment.  

   

Introduction 

Drying operations are typically energy intensive and can account for a significant proportion of a site’s 

total energy costs. If the material being dried is a final product, then the unit is often required to 

operate to a tight product specification. Accurate control of dryers is therefore critical both to 

minimise costs and to improve process operation1. Model predictive control techniques are 

particularly relevant to these unit operations especially where process time delays or severe process 

disturbances are present.  

Model predictive control technology has been applied successful to a range of drying operations. This 

paper outlines details of an application implemented on a flash drying process. The control problem is 

described along with some of the operational constraints that are imposed by safety and equipment 

capability considerations. A brief study of dryer theory reveals some of the inherent difficulties in 

determining a single fixed process model that will provide robust control under all operating 

conditions, as well as providing an insight into the limitations of some traditional dryer control 

schemes. An overview is given of the control application that was developed in order to overcome 

these difficulties and to meet the project objectives of controlling product moisture content within 

specification as well as optimising process operation by maximising dryer throughput. The control 

scheme was also designed for maximum utilisation and minimum maintenance with limited 

availability of on-site technical support. 

Results are given which show how the implemented solution provides superior control of product 

moisture compared to the existing PID based control scheme. The application has shown operational 

benefits that have been sustained through reliable, continuous operation.  
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The process 

Fig 1 shows a simplified schematic of the flash dryer process. The process consists of three basic 

operations: feed conditioning, drying and separation/post processing. 

In the feed conditioning system slurry is spun down to a wet cake form in a batch de-watering 

centrifuge. This wet cake is then mechanically scraped from the inside of the centrifuge and dropped 

into a mix box which is designed to blend the material and act as a buffer between the batch 

conditioning and continuous drying operations. A variable speed feed screw is used to empty the mix 

box and feed the dryer. Two feed conditioning systems are operated asynchronously with feeds 

entering tangentially at opposite sides of the dryer duct.  

 

Fig 1. Flash Dryer Process 

 

The dryer itself is a longitudinal arrangement, the moisture content of the feed material varying from 

inlet to outlet along the length of the duct. Feed material is conveyed pneumatically through the 

dryer by air drawn by an induced draft fan at the exit and heated by direct gas firing of incoming air. 

After exiting the dryer, the dried product enters a cyclone in which the solid is separated from the 

outlet air stream. The dried product is sent forward for packaging or further processing while the 

effluent air passes through a scrubber and exits through a stack. An infra-red moisture gauge 

measures the moisture of the material exiting the cyclone.  
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Operational Constraints 

A number of product types are processed with a range of specifications determined by product 

moisture content. Operation is divided into two basic regimes; low moisture specification or slower 

drying products in which the dryer operating temperature forms the key process limit and higher 

moisture specification or faster drying products in which the feed conditioning operation is the 

bottleneck.  

In order to prevent the risk of combustion, the dryer is operated with upper limits on inlet and outlet 

temperature. Automatic shutdown systems operate when the dryer exceeds these limits. In the feed 

conditioning systems, the rate of material drawn from the mix boxes must be balanced against 

centrifuge operation. Too fast a rate will cause the mix boxes to run dry before the end of a centrifuge 

cycle, too slow a rate will mean that the centrifuge is unable to discharge at the end of a spin cycle 

forcing it into an idle condition. Centrifuge cycle lengths will vary dependent on slurry constituency 

and solid de-watering properties.  

Dryer Theory 

The drying of a wet solid usually requires the removal of free surface moisture as well as moisture 

from the interior of the particles. The rate of drying of a solid can be plotted as a function of moisture 

content to produce a drying rate curve. The exact form of the drying rate curve will vary with the 

structure and type of material; Fig 2 shows a generalised example.  

 

 

 

 

 

 

 

Fig 2. Generalised Drying Rate Curve 

 

Two distinct zones can be seen within the generalised drying curve. In zone AB the particles are 

uniformly wet and the moisture is evaporating directly from the surface. This condition is termed 

constant rate drying because the rate is not influenced by the actual amount of moisture present but 

is dominated by the environmental conditions present within the dryer. In zone BC dry areas appear 

on the particles being dried and the rate of evaporation begins to reduce. This condition is termed 

falling-rate drying. The moisture content at point B is called the critical moisture content. 

The rate of drying in the constant rate zone is a function of driving force, particle surface area and 

heat transfer coefficient; 

 

𝑑𝑊

𝑑𝑡
=

ℎ𝐴

𝜆
(𝑇g − 𝑇𝑤)                           (1) 
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Where: 

dW/dt = drying rate (kg water/hr). 

A = surface area (m2). 

λ = latent heat of vaporisation (J/Kg). 

h = heat transfer coefficient (W/m2K). 

Tg = dry bulb (air) temperature (oC). 

Tw = wet bulb (particle surface) temperature (oC). 

 

Within the falling rate zone the rate of drying is a direct function of particle moisture content. The 

drying rate will be approximately proportional to the ratio of solids moisture to critical moisture: 

  
𝑑𝑊

𝑑𝑡
=

ℎ𝐴

𝜆
(𝑇g − 𝑇𝑤)

𝜒

𝜒𝑐
                           (2) 

Where: 

χ = Average particle moisture (kg h20/kg solid), 𝜒𝑐 = Critical moisture content (kg h20/kg solid). 

Within the constant rate period the drying of the material will be dominated by environmental 

conditions. Given a constant air velocity, the primary effect is through the driving force (𝑇g − 𝑇𝑤). 

These effects can be expected to remain reasonably linear and fairly predictable. In the flash dryer 

operation most of the free surface moisture will be removed in the flash zone when the dispersed 

solid initially contacts the incoming air. 

In the falling rate period, the driving forces in operation will be complex, with possibly several 

controlling mechanisms including diffusion, capillary action and pressure gradients due to particle 

shrinking2. This period of drying will be more difficult to predict accurately and will be sensitive to the 

physical properties of the material as well as environmental conditions. Moreover, the physical 

processes in operation when controlling to one product specification may be somewhat different to 

those prevailing at another. The falling rate zone is likely to represent the drying mechanism taking 

place in the dryer duct where the product is close to exit moisture conditions.  

In this application there is a wide variation in operational demands placed on the dryers. The dryers 

are required to process different feed types to varying product specifications. Given these 

requirements along with variations in dryer loading and feed moisture content is unlikely that a single 

process model can be devised which will be sufficiently robust to meet all operational requirements. 

Given that no direct indication is available of feed moisture content, coupled with the asynchronous 

nature of the feed conditioning operations the use of any given scheduling or fixed model scheduling 

approach can also be ruled out. Adaptive control3 provides a means of maintaining the system model 

throughout all operating regimes.  

Limitations of Traditional Control Techniques 

Traditional schemes for the control of product moisture in continuous dryer operation will typically 

rely on the control of dryer outlet temperature as an indirect means of controlling product moisture 

content. Outlet air temperature is held constant by manipulating heat input or inlet air temperature 

in response to load changes. Dryer throughput may be set by adjusting the rate at which wet material 

is fed to the dryer, the temperature controller will then respond by adjusting the heat addition. As 

these processes can exhibit significant process lags, this technique can often lead to poor response to 

changes in dryer load. 
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In fact, as described above, exhaust temperature is only one of the factors affecting product moisture 

and the relationship between temperature and moisture will vary as a function of material properties 

and dryer load. Recipe tables which supply a temperature set-point for a particular product will still be 

inaccurate when the dryer load is adjusted. 

Inferential control schemes4 are available which attempt to overcome the limitations of conventional 

exhaust temperature control but these will typically only be valid for single products and steady feed 

conditions. Where on-line measurement of solids moisture is available closed loop schemes which use 

these measurements can prove difficult to tune due to the process lags involved, slow sample periods 

and noisy signals requiring heavy uses of digital signal filters. 

Controller Design 

The model predictive controller uses a linear dynamic process model in order to develop a predictive 

control algorithm that achieves the control objectives. The model structure used for this application is 

shown in Fig 3. Outputs in this diagram represent process measurements and will form control 

variables in the resulting model predictive controller, inputs will be used in the controller as 

manipulated variables or feedforward variables. 

 

 

 

 

 

 

 

Fig 3. Dryrer MVC Model Structure 

 

The software allows a ditinction to be made between those control variables that it is desired to hold 

at an operator determined set-point and those which it is required to hold within constraint limits. In 

this controller configuration dryer outlet moisture and outlet temeprature are set-point type variables 

and so the controller will attempt to hold these variables at a fixed target value. The mix box weights 

are constraint variables and so the controller will only attempt to control these variables when they 

are predicted to fall outside their associated constraint limits within a pre-determined prediction 

horizon. 

The mode form used is a second order ARX (Auto Regressive with exogenous input) model of the 

following generalised form5: 

𝑌1𝑘+1 = [𝛼][𝑌2𝑘] + [𝛽1][𝑈1𝑘] + [𝛽2][𝑉1𝑘]                       (3) 

Where: 

𝑌1𝑘+1   is a vector of predicted values for process outputs. 

𝑌2𝑘       is a vector of current and previous values of process outputs. 

[𝑈1𝑘]    is a vector of previous incremental changes in manipulates variables. 

[𝑉1𝑘]    is a vector of previous incremental changes in feed-forward variables. 
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[𝛼]         is a matrix of auto-regressive model coefficients. 

[𝛽1]       is a matrix of manipulated variable model coefficients. 

[𝛽2]       is a matrix of feed-forward variable model coefficients. 

 

In the model form chosen for this implementation the matrix [𝛼] contains components which predict 

the behaviour of each individual output variable using contributions from all out variables in the 

model. This so called heterogeneous model form is derived directly from the state space 

representation and in this case enables the relationship between dryer outlet temperature and 

moisture to be exploited. 

Adaptive Control 

In order to account for the variable nature of the dryer model, the controller has been configured to 

update the model coefficients for those model paths relating process inputs with outlet moisture and 

temperature. This updating is achieved using the model adaptor. The adaption mechanism uses an 

unbiased recursive least squares (URLS)6 estimator to adapt the process model coefficients to fit the 

changing process characteristics. Masking facilities are used to limit the sections of the process model 

(coefficients within the [𝛼] and [𝛽] matrices) which can be changed by the adaptor. Sections of the 

model which are expected to remain static, such as the effects of feed screw speeds onto their 

respective mix box weights, will retain their fixed model coefficients. 

In order to ensure reliable controller operation, the application has two sets of model coefficients. 

Model set one is a fixed process model and is used whenever the adapted model is not providing an 

accurate prediction of process behaviour (for example during a process start-up or transition from 

one product to another). Model set two is the adaptor model set and it is this model whose 

coefficients will be updated in line with variations in the process response. 

A supervision mechanism is provided which will switch between the two models based on an 

assessment of adapted model performance. This is implemented using an internal programming 

language facility. The supervision mechanism uses a tracking metric based on model residuals to 

evaluate the performance of the adapted model. Switching to the fallback mode of fixed model 

operation also triggers an adjustment to the weighting coefficients used in controller design to 

accommodate a de-tuned mode of operation. 

 

Fig 4. Adaptor Supervison 
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The URLS estimation method allows model coefficients to be updated at each control interval as new 

sample data becomes available. If the updating model is used directly for control then a new control 

matrix must be computed to reflect the changes to the model. Given appropriate excitation the 

adaptive model can be shown to be free of any closed loop bias. In this implementation, sufficient 

independent excitation is provided through natural process disturbances caused by intermittent 

material recycle and feed cyclone operation. A ‘jolt’ facility is used both to reset the model on start-up 

and to refresh the adaptor model-set while the controller is operating. Jolting has the effect of 

adjusting the elements within the covariance matrix of the least squares procedure, this accelerates 

the adaption procedure by forcing the adaptor to place greater emphasis on current rather than 

historical process measurements in determining model coefficients. The performance of the adaptor 

was also found to be sensitive to high frequency process noise on the moisture gauge signal. This was 

eliminated through the use of an appropriately tuned low pass signal filter.    

Optimiser 

The optimiser is designed to calculate a feasible steady state resting point to which the process can be 

driven which satisfies the operating objective of maximising production subject to dryer constraints. 

The steady state linear program optimisation problem is solved every minute and downloads set-

points and manipulated variable target values to the underlying dynamic controller. The linear 

program problem is presented as a linear increment from a valid steady state reference point. This 

reference point is determined by a closed loop prediction using the adaptive process model.  

The operation of the feed conditioning process is optimised by controlling the mix box minimum 

weights which are calculated as the mix box weight at the instant the centrifuge cut-out occurs (and 

therefore the minimum mix box weight observed for a given centrifuge cycle). Forcing this calculated 

parameter to a target value below the cut-out trigger weight will eliminate centrifuge idle time, 

indicating optimal centrifuge operation.  

Results 

The application has been operational for over six months on four dryer installations with service 

factors close to 100 percent. Unusually for this type of advanced control application, the dryer logic is 

configured to select the model predictive controller as the default control mechanism on dryer start-

up, though the operator is able to deselect the controller if required.  

The operation of the moisture controller is illustrated in Figs 5-6. Fig 5 shows a comparison of the 

existing PID based control scheme with the multivariable controller over a 20 hour range. The top 

trend in Fig 5 shows outlet moisture superimposed on moisture set-point, the middle trend is dryer 

outlet temperature and the third trend shows inlet temperature. It can be seen that while the existing 

scheme maintains outlet temperature close to set-point with a reduced standard deviation whilst 

allowing outlet temperature to vary in order to accommodate variations in load. This graph also 

shows the ability of the moisture control scheme to reject a dryer load disturbance, this disturbance 

can be seen most clearly from the movement in inlet temperature which is one of the manipulated 

variables used by the controller. 

Fig 6 shows a comparison of fixed versus adaptive model based control over a 2.2 hour range. Initially 

the controller has a fixed process model and moisture control is poor. When the adaptor is switched 

on, the controller quickly identifies a new process model and brings the moisture to set-point. 

Deviations on the three manipulated variables are also reduced significantly.  
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Audit studies carried out by the customer have shown benefits through increased throughput, faster 

start-ups and reduction in the standard deviation of product moisture. This improvement could be 

used to reduce product ‘give-away’ by allowing the dryer to be operated closer to the moisture 

specification limit. Initial application design and implementation on the first dryer was carried out 

over a period of approximately five weeks with subsequent roll out to the remaining dryers, 

evaluation and operator training completed over a further six-week period. 

 

Fig 5. Comparison of PID and Multi-Variable Control 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 6. Comparison of Fixed and Adaptive Model Based Control 
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Conclusions 

In a number of areas this application can be considered non-standard compared to the vast majority 

of model predictive control applications in current use. Despite the level of sophistication required to 

generate the solution, the application has delivered extremely high service factors with minimal 

engineering supervision. All of the facilities drawn upon within this application make use of standard 

features available within the integrated software environment. This factor had a significant impact on 

the implementation time required. 

Adaptive control was shown in this application to provide a superior level of control to alternative 

mechanisms and in this case is viewed as being the correct response to the ‘robust control’ debate. By 

maintaining a process model that gives a close description of current process behaviour it is possible 

to achieve far tighter control with an associated improvement in delivered benefit. Alternative robust 

control techniques which rely on developing a process model or controller weighting strategy that will 

accommodate the worst case scenario will ultimately provide a more de-tuned controller and 

reduced benefit.  

In the multi-variable context, the implementation of any adaptive control or self-tuning mechanism 

will require a higher level of implementation effort and software security than its fixed model 

counterpart. Software environments that provide all of the facilities for the integration of these 

supervision mechanisms will provide improved application engineer productivity over those in which 

the supervision mechanism has to be ‘bolted’ onto the side. 
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