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ABSTRACT 

 

Frying is one of the way for performing drying of food material that permits to obtain very short 

duration. However the control of such operation is difficult because of the immersion of product 

into hot oil bath that imply difficult or impossible sensors implementation. Such problems are 

encoutered for Dehydration Soaking Process (DISP). In the case of Batch drying using frying of 

food stuffs, an original approach is presented. An indirect measurement of moisture content is 

performed as a combination of easy to do oil bath temperature mesasurement and an estimator. 

Validation is provided and performance is well established. Because of the ability of moisture 

content real time measurements, a control strategy is studied and put into practice. An optimal 

predictive controller is proprosed, able to put into practice several kind of control objectives. 

Results are discussed and extension of the strategy is introduced. 



 

 

INTRODUCTION 

 

Drying of solid products (pieces or slices) is possibe using several approaches. One of these is the 

frying based approach which is an interesting one because of the short duration (90 s, depending 

the thickness of the product). Like with dehydration Impregnation soaking process, frying imply 

an immersion into a liquid (hot oil). Due to that fact, it becomes very difficult to perform real 

time measurements. Mainly because the most important variables evolution are not easy to follow 

with sensors. Important variables are moisture and fat content of product pieces, but other quality 

variables (colour for example) are important too. As a consequence the control of such operations 

is hard. If fryer is used as a drying operation, the fat impregnation must be controlled. It is the 

same for nutrionnal point of view. During batch operation, the control, and eventually the 

minimization of the duration of the operation is necessary. It is than important to design and 

validate control algorithm for such processes. 

 

The purpose of the paper is to present an application of control science that permits first to 

estimate unmeasurable variables (moisture content here) from easy to do measurements (oil bath 

temperature), using specific appropriated algorithm. The second objective is to establish the 

ability af optimal control to respect constraints and to reach an optimal behaviour. Application is 

the drying under frying of plantain banana slices. 

 

 

State estimation techniques 

 

In control theory, state estimation means reconstruction of the unmeasured part of the process 

state, in our case the moisture content W and the oil content O, from the available measurements 

(oil temperature T and heating power Q), using a process model, which in our case consists in a 

heat balance and a dynamic model of the drying kinetics. 

 



The classical Luenberger state estimator (Luenberger, 1971) uses a linear dynamic process model 

with a correction term, based on the difference between the predicted and the measured process 

output. A nontrivial task is the selection of the correction gain matrix, in order to achieve the 

desired behavior : convergence speed, robustness with respect to measurement noise and 

modeling error, etc. A widely used version of this observer is the celebrated Kalman filter 

(Kalman et al., 1961), where the gain matrix is calculated to achieve the minimum variance of the 

estimated state, under certain statistical hypothesis on the disturbances. In practice, all required 

statistical information is rarely available, and the noise covariance matrices are regarded as tuning 

parameters (Maciejowski, 1989). 

 

All these techniques use linear process models, but batch processes do not have an operating 

point and the local linear approximation is rarely satisfactory. Nonlinear techniques, like the 

extended Kalman filter, have been developed (Lee et al, 1994; Yu et al., 1994) but they are 

difficult to tune, because the estimator behavior depends on the current state, and the tuning 

parameters do not have an obvious meaning in terms of process variables. 

 

Recently, moving horizon state estimators based on fitting of nonlinear dynamic models to on-

line measurements have been developed (Moraal et al., 1995; Zimmer, 1993). They have good 

robustness properties and are easy to tune, but require more complex on-line computations 

compared to traditional techniques. Boillereaux et al. (1995) show that such estimators can also 

compute upper bounds on the estimation error, which may be very useful in process control. 

 

 

MATERIALS AND METHODS 

 

Frying experiments 

 

Experiments are perfomed using a batch fryer laboratory apparatus. The volume of oil is 5 liter. 

Agitation is provided and a temperature controller is implemented wich permits the control of oil 

bath temperature through a set of electrical heat resistor. Refined palm oil is used. 



 

The product used during experiment are plantain banana (Musa paradisiaca L.) slices (Diaz et al., 

1996). Slices thickness is 2.3 mm . 0.5 kG of products is used in each experiment. 

 

Moisture content is measured with a 24 hours experiment in controlled oven at 105 °C. Oil 

content is measured with a classical hexan soxhlet extraction method. All the calculation are 

performed using the Matlab library. 

 

Estimation algorithm 

 

The principle of the moving horizon state estimation (Boillereaux et al. 1995) is explained in 

figure 1. The model simulates the oil temperature over the time interval τH = 300 s (the estimation 

horizon), where measured values are also available. The simulated oil temperature depends on the 

moisture content, through the heat balance equation (the state W is observable through the 

available measured output Tmes). An optimization algorithm selects the moisture content at the 

beginning of the estimation horizon that best fits the measured temperature evolution, in a 

quadratic sense. 

 

Let [ ]y T T Tmes mes i mes i mes n
T

M
=

1 2
  be the set of nM measurements available between tP  

and tP H−τ . Let µe be the function expressing the dependence of the oil temperature T, at the 

moments when measurements are available, on the moisture content W, at the beginning of the 

estimation horizon. It is in fact the process model, where the independent variable is the moisture 

content, and the predicted variable the oil temperature at some fixed moments. The estimated 

moisture content is the value which minimizes the following quadratic criterion : 

 ( ) ( )W W y W yest i e i mes

T

e i mes1 1 1
= − −arg min ( ) ( )µ µ               nM ≥ 4  

After the determination of W at the moment  tP H−τ , the simulation of the model up to tP  gives 

an estimation of the full state [ ]x T W O
T

=  at the present moment. The oil temperature T is 

filtered, as opposed to taking the last available measurement, which is more affected by noise. 

The oil content O is simply simulated, because it is unobservable from the given process output. 



This means that modeling errors concerning oil content evolution and errors in initial oil content 

can not be corrected on line. 

 

Frying model 

 

Hypotheses 

 

A black box model is used for the water loss and oil gain kinetics, and a simplified heat balance 

for the oil temperature. The following hypotheses are used : (a) The heat comes exclusively from 

the heating resistance; (b) The heat is used only for water evaporation; (c) The total heat capacity 

of the product is negligible compared to that of the frying oil; (d) The water loss and oil gain 

kinetics are first order and independent; (e) At constant temperature and agitation, the water loss 

and oil gain are linear, but their parameters linearly depend on the operating conditions. The 

overall model is thus bilinear. Most of this hypotheses are consistent with previous results (Diaz 

et al., 1996). 

 

Process variables 

 

The process state x consists of the oil temperature T, the moisture content W, expressed in dry 

basis without oil, and the oil content O expressed in dry basis without oil. The model is valid for 

temperatures comprised between 130 and 170°C. The control inputs u consist of the heating 

power Q, comprised between 0 and 1000 W, and the agitation A, comprised between 0 and 100%. 

The only measured output y, which gives information on the process state, is the oil temperature 

Tmes. 

[ ] [ ]x T W O u Q A y T
T T

mes= = =, ,  

Possible disturbances include product properties (model coefficients), the amount of frying oil 

and of product, heat loss other than by water evaporation, interdependence between moisture and 

oil kinetics, initial product state, initial oil temperature, etc 

 

Model equations 



 

Let τe =15 s be the sampling time, i the number of the sampling instant and h the model 

parameter matrix. The discrete-time dynamic model is: 
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Numerical values used are : T0 =  130 to 170°C depending on the experiment, W0 18= .  kg water 

by kg of dry product without oil, O0 0 05= .  kg water by kg of dry product without oil, 

MSWO0 01= .  kg, initial product mass (including moisture and oil), M M W OS SWO= + +0 0 01/ ( )  

mass of dry product without oil, CWvap = 2443000  J/kg water, MO = 5  kg frying oil and 

CO =1800  J/(kg K), specific oil heat capacity. The model coefficient matrix, computed using 18 

frying kinetics, is : 

 

h =
− ⋅ − ⋅ ⋅ ⋅
− ⋅ ⋅ ⋅ − ⋅











− − − −

− − − −

58894 10 12320 10 16016 8 0489 10 31378 10
17585 10 2 2005 10 11718 4 6999 10 35778 10

3 4 5 3

3 4 4 2
. . . . .
. . . . .

 

 

Optimal controller 

 

The control variables are the heating power P and the agitation A. Their evolution is piecewise 

linear. At every sampling time, the control algorithm optimizes the power and the agitation at 5 

future moments, as well as the stop time, that is 11 parameters (Trelea et al., 1998). Before the 

frying begins, the initial oil temperature is optimized as well (12 parameters). 

 

Optimal control in ideal conditions 

 

Two scenarios A and B are discussed in the following, corresponding to two different goals : 

A Minimize the final oil content, subject to 

a final moisture content lower than a 

min OStop  

WStop ≤ 0 05.  kg/kg 



specified limit. 

B Minimize the processing time, subject to 

specified final moisture and oil contents. 

min tStop  

WStop = 0 07.  kg/kg 

OStop = 0 50.  kg/kg 

In all cases, the control variables and the processing time must stay between specified limits : 

0 1000≤ ≤Q  W,  0 100≤ ≤A  %,  130 170≤ ≤T °C,  15 600≤ ≤tStop  s 

The optimal control strategy, in the case of a perfect model and without disturbances, is shown in 

figure 2. 

 

In the case of goal A, the optimal strategy consists in maintaining zero agitation and oil 

temperature as close as possible to its upper limit, which insures fast water evaporation 

(3 minutes) and a low oil content. At the beginning, the heating power is maximum, in order to 

compensate for the evaporation heat. At the end, the power is reduced in order to satisfy the upper 

temperature bound. 

 

In the case of goal B, the optimal strategy consists in maintaining maximum agitation and a 

relatively low oil temperature for a long time (8 minutes), in order to get higher water and oil 

contents. It must be stressed that the final oil content is higher at lower temperatures, as 

confirmed by experimental data in figure 3. Initial oil temperature and the heating power are 

adjusted to get the best temperature profile, while satisfying the constraints. 

 

RESULTS AND DISCUSSION 

Frying model validation 

 

Figure 3 shows the simulated frying kinetics, together with the corresponding experimental data 

(3 repetitions of each experiment), for different combinations of operating conditions 

(temperature and agitation). The kinetics are simulated using a constant temperature hypothesis 

(small amount of product in a large amount of frying oil). It appears that model accuracy 

corresponds to the repeatability of experiments. The moisture content model is significantly better 

than the oil content model, due to a smaller dispersion of experimental points. Both models 



appear satisfactory for the assigned goal, namely state estimation and control of the frying 

process. 

 

State estimation 

 

The state estimator is tested in the following conditions : 

−The "true" state values are supplied by a perturbed model hP, with coefficients selected 

randomly, with mean h and standard deviation σh, estimated from the experimental data in 

figure 3. 

 hP =
− ⋅ − ⋅ ⋅ ⋅
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


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. . . . .

 

−The true initial moisture content is 2.5 kg/kg, rather than 1.8 kg/kg as assumed by the estimation 

algorithm. 

−The true initial oil content is 0.15 kg/kg, rather than 0.05 kg/kg as assumed by the estimation 

algorithm. 

−The oil temperature measurement is affected by a random noise, with standard deviation of 1°C. 

Despite modeling errors, initial state error and measurement noise, the state estimation works 

satisfactorily, as shown in figure 4. The oil temperature measurement appears filtered. The 

moisture content estimations gradually converge to their true values, despite the large initial error. 

Oil content estimations do not converge to their true values. This is expected, because the oil 

content is unobservable from the oil temperature measurement alone. The impact on the control 

strategy depends on the control goal, as discussed below. 

Optimal control 

 

The impact of various disturbances on the optimal control strategy is shown in figure 5. In the 

example A1, the initial oil temperature is lower than expected (160 instead of 170°C). This is 

immediately detected through the temperature measurement and compensated by a longer heating 

time. The estimated state coincides with the true one. The constraints are satisfied but the oil 

content is slightly higher (5.7%), because of the lower average temperature. 



In the example A2, the "true" process is represented by the parameters hP. The temperature and 

the moisture content are well estimated, because the uncertainties are small (figure 3) and the 

states are observable. The oil content model is less accurate, and the temperature measurement 

does not help in detecting modeling errors. The constraints are satisfied and the control strategy 

used is still optimal (it minimizes indeed the oil content), but the estimated value of the optimum 

is wrong. 

 

In the example B1, more product is processed than initially assumed (MSWO0 = 0.12 kg instead of 

0.10 kg). The moisture content is slightly overestimated. The faster temperature decrease due to 

extra product is interpreted as a higher moisture content. The oil is slightly heated at the 

beginning, in order to satisfy the 130°C constraint. The constraints are satisfied and the cost 

function optimum is unchanged. 

 

 

In the example B2, the initial moisture content is higher than assumed (2.5 kg/kg instead of 1.8) 

and the temperature sensor is disconnected during the first 200 s. The sensor "failure" prevents 

detecting the disturbance from the very beginning. The temperature is overestimated, because 

there is more water to evaporate than expected, and the moisture content is underestimated. The 

estimated values are improved as soon as measurements become available. The final heating 

starts earlier. The constraints are satisfied and the cost function optimum is unchanged. 

 

CONCLUSIONS 

 

Two kind of results must be highlighted.  

 

First the drying of food material is possible using fryers and the control of such operations 

becomes possible. Short drying duration are observed. A simple bilinear model is validated and 

optimal under constraint automatic control is performed.   

 



Second, an interesting approach is presented for the on line measurement of not easy to do 

measurement. Even if sensors are not available, it is possible to use simple sensors, like here 

temperature sensor, and to rebuild the information which the most interesting one. The 

application presented here, dealing with moisture content measurement using an estimation 

technique can be extended to many other drying processes, performed as batch or continuous 

operations. 
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Figure 1. Moving horizon state estimation. Measured (o) and predicted () oil temperature, for 

various moisture contents. tP : present time. τH : estimation horizon.  
 
 

Figure 2. Optimal control in ideal conditions. Evolution of the predicted variables (), measured 
values (♦), estimated values (o) and constraints (- - -). 

 

Figure 3. Comparison of experimental kinetics (o) of moisture and oil content with model 
simulations (), for different temperature − agitation combinations. 

 

Figure 4. Validation of the moving horizon state estimation. Measured values (•), true values not 
seen by the estimation algorithm (o), estimated values (), constraints (- - -). 

 

Figure 5. Optimal control in presence of disturbances. Predicted (), measured (♦), true (⋅ ⋅ ⋅) 
and estimated (o) values.  Constraints (- - -). 
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