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Abstract 
 

The inherent difficulties in diffuser and milling operations, coupled with variable cane quality and 
preparation, often result in unsteady draft and mixed juice supply to the juice preparation section. It 
is thus not uncommon for juice surges to cause erratic plant control that results in the sub-optimal 
operation of juice heating and clarification equipment being detrimental to the quality of juice 
supplied to the evaporator station. Different control techniques can be utilised to reduce the effects 
of surging, but the dynamics of the plant can prove overwhelming and result in frequent 
interventions by the production staff in an attempt to steady the controls. 
 
This paper presents an approach to juice surge management using plant modelling and predictive 
control techniques, which was developed and practically applied at the Gledhow sugar mill. In an 
attempt to simulate the plant behaviour, a model of the juice plant was developed in terms of juice 
flow rates and juice tank levels. This model was used as a tool to design a control system that 
utilises predictive, rule-based control. The control system�s objectives were to continually maximise 
evaporator throughput while minimising the effects of juice surging by adhering to preset 
constraints on variables such as syrup brix, juice flow rates and juice tank levels. The result was a 
fully automatic control system that required minimal intervention by production staff. 
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Introduction 

 
Among the other sections in a sugar factory the juice section, from draft juice to clear juice, is of 
high importance to the process manager because it represents an opportunity for optimising the 
quality of the cane juice that was expressed, either from the diffuser or milling tandem, or both. 
Major steps used to purify the juice may include heating, liming, flashing and settling, all of which 
have definite places in the juice clarification process (Hugot, 1986). It is thus important to ensure 
that all of these steps are performed properly if a high quality juice is to be supplied to the 
evaporator station. 
 
The juice surges into the process area of the sugar factory present the problem of effectively 
controlling the juice flow rates through the heating and clarification equipment and into the 
evaporator station, so that they can operate at their optimum. Conventional PID control and 
supervisory control can often not handle variable surges and the constraints on the juice flow rates 
that are necessary for effective heating, pH control and clarification, while maintaining the juice 
tanks within their limits. 
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This paper describes a technique that was applied at Gledhow sugar mill, and which involved the 
use of plant modelling and predictive control to minimise the effects of juice surges, by utilising the 
capacities of all the juice tanks. There were six crucial steps that were followed in order to result in 
a supervisory predictive controller that monitored multiple inputs and provided multiple outputs to 
stand-alone PID flow controllers to control the juice plant. These steps included juice plant model 
formation, juice plant model validation, control system design (using the plant model), control 
system verification (on the plant model), control system implementation and commissioning (on 
site) and control system monitoring and enhancing (on site). The steps followed provided valuable 
plant-specific data that was incorporated into the controller and ensured that, before 
implementation, the entire control system could be tested on a valid approximation of the juice plant 
without interrupting factory operation. This provided an opportunity to test different combinations 
of control theory and to test the controller on different plant behavioural scenarios. 
 
The overall objectives of the predictive controller were to prevent sucrose losses due to overflowing 
tanks, prevent pump cavitation due to tanks running dry, maximise utilisation of juice tank capacity 
and to maximise the throughput of high quality juice to the evaporator station. This involved 
minimising the effects of juice surges on the heating and clarification equipment by using the 
capacities and levels in the juice tanks in relation to each other, and by monitoring crucial variables 
such as pH, turbidity, final juice temperature, Kestner levels and syrup brix. Other objectives 
included improving communication between the mill control room and pan floor control room 
operators, as well as to produce a juice management control system that could operate in fully 
automatic mode with minimal intervention by production staff. 
 

Juice plant model formation 
 

Model formation was the crucial first step in the design of a control system for effective juice flow 
and level control. To achieve the objective of controlling juice flows and levels, model formation 
meant creating a mathematical approximation of the juice plant in terms of flow rates and juice tank 
levels. Appendix 1 shows a simplified flow diagram of the Gledhow sugar mill juice section that 
was used for the formation of the model. 
 
The juice plant model was specific to Gledhow and each section was thus dealt with individually, 
due to physical differences, and the final model was then formulated by combining the sub-models 
in the Matlab/Simulink environment. The following sections expand on the formation of the sub-
models. 
 
Assumptions 
It is relevant at this stage to point out that the following assumptions were made when deciding on 
the equipment that required models of volumetric flow rates and juice levels. 
! The diffuser�s draft juice tank and the milling tandem�s mixed juice holding tank were assumed 

to be continuous sources of juice at a flow rate determined by the model simulator�s operator. 
During the simulation stage, these sources of juice were manipulated to reflect load changes 
typical to Gledhow. 

! The fibre removed from the draft juice by the DSM screens was considered negligible and thus 
did not appear in the final juice plant model. 

! Heaters do not require a model of juice flow rates and levels, as it is assumed that the juice in 
equals the juice out. Heaters are grouped with the pipes connecting the juice tanks together and 
formulated as dead times between a change in the juice tank outlet control valve and a noted 
change in the following tank�s level as a result of the flow rate change. 



! Lime addition was ignored as a factor influencing the volumetric flow rate of juice into the clear 
juice tank, as it was assumed that all lime added was removed with the mud in the clarifier. 

! The flash tank does not significantly affect the volumetric flow rate of juice when comparing its 
input with its output; however, a percentage factor was included for completion. 

! The clarifiers affect the volumetric flow rate of juice when comparing input with output, due to 
the removal of a significant amount of suspended solids and impurities from the juice. A 
percentage factor was therefore included to account for the difference. A large dead time was 
also formulated into the plant model to represent the clarifiers� effect on juice volumetric flow 
rate. 

! One of the project aims was to ensure a consistent, maximised flow and quality of juice to the 
evaporator station, and not to optimise the operation of the evaporator station. The evaporator 
station was thus treated as a dead time between clear juice tank and syrup storage tank, and as 
having a diminishing effect on the volumetric flow rate of juice to result in the syrup flow rate. 

 
Juice tank models 
The required model would express the designated output (tank level) in terms of the designated 
inputs (input and output juice flow rates). The formation of the juice tank model is specific to each 
tank due to their physical shape, volume and dimensions, but the principle behind each one is the 
same. For this reason, only the weighed juice tank is dealt with here. 
 
The basis for the model is the mass balance around the tank: 
 

 ( )i o
dV Q Q
dt

= −∑ ∑       (1) 
 
where: V = volume of juice in the tank [m3] 
 t = time [h] 
 iQ∑  = sum of the volumetric juice flow rates into the tank [m3/h] 
 oQ∑  = sum of the volumetric juice flow rates out of the tank [m3/h]. 
 
From (1): 
 ( )i oV Q Q dt= −∑ ∑∫       (2) 

 
Using the physical dimension of the weighed juice tank, its volume was calculated: 

 
( )

33.865 2.270 3.585 31.45 mMAXWJTV l b h= × × = × × =  
 

Where:   
( )MAXWJTV =  Maximum weighed juice tank volume [m3]. 

 
Assuming that 100% level is 31.45 m3, 0% level is 0 m3, and since the level in percentage is linearly 
related to the volume of juice in the tank in cubic metres: 
 

 100% ( )
31.45

iWJT oL Q Q dt= ⋅ −∑ ∑∫      (3) 

 
where: LWJT = weighed juice tank level [%] 
 t = time [h] 
 iQ∑  = sum of the volumetric juice flow rates into the tank [m3/h] 
 oQ∑  = sum of the volumetric juice flow rates out of the tank [m3/h]. 



Equation (3) gives an indication of the weighed juice tank level in terms of the juice flow rates into 
and out of the tank in the range of 0-100%. A model for the surge tank, clear juice tank and syrup 
tank were similarly formulated. 
 
Juice hopper and juice scale models 
Since Simulink, which has a library of commonly used function blocks, was used, an effective 
model of the two juice hopper and juice scale combinations was developed, which effectively 
simulated the tipping process. Each model consisted of a set of triggers and accumulators that 
would totalise the weight of juice entering the scale, assuming that the juice density was constant, 
and tip this weighed juice into the weighed juice tank. The weights at which the two scales would 
tip are different and were obtained from Gledhow laboratory. 
 
Magnitude of unmeasured variables 
At Gledhow there are a number of feed pipes supplying juice into the weighed juice tank, of which 
only the scales� juices are measured. The unmeasured flow rates were assigned values as 
determined from the experience of mill staff (1personal communication).  
 
These assumptions are listed below: 
! Filtrate return was estimated at 12% of mixed juice supplied to the clarifier. 
! Sweetwater was assumed to be 1 m3/h on average. 
! Sump pump return juice was estimated at 1 m3/h on average. 
! Laboratory washings were assumed to be negligible. 
 

 
 

Figure 1. Draft juice flow control valve installed flow characteristic curve. 
 

Juice flow control element models 
As indicated by Appendix 1, there are four control elements that are required for the plant model, 
namely the draft juice flow control valve, weighed juice flow control valve, surge tank outlet flow 
control element and the clear juice flow control valve. A mathematical model for each of these 
valves was obtained by performing logarithmic regression on data acquired from the control system 
historical archives.  
                                                           
1 Narain Dairam, [his working title], Gledhow Sugar Mill, PO Box 55, Stanger, 4450, South Africa 



Figure 1 shows the relationship between the manipulated variable supplied to draft juice flow 
control valve�s current to pressure converter (I/P) and the resultant flow rate for that valve. It is 
assumed, for the purpose of these final control element models, that the lags and dead times 
inherent in the control elements are negligible and that the resulting equations from the logarithmic 
regression are sufficiently representative of the control element in question. 
 
The curves serve to indicate the installed control element�s characteristic curves and are thus not 
exactly what are expected from common butterfly valves� inherent flow characteristic curves. 
 
Dead time calculations 
The dead times that were of importance for the purpose of creating a model of volumetric flow rates 
and levels, were the delays between a step change in the manipulated variables supplied to the flow 
control elements and a notable change in the following juice tank�s level indication. The following 
juice tank�s outlet flow rate had to be constant at the time of the step change. There were four such 
delays that would impact on the effectiveness of the final model. These included the draft juice tank 
to weighed juice tank delay (DSM screens, juice hopper, scales and pipework), weighed juice tank 
to surge tank delay (juice heater and pipework), surge tank to clear juice tank delay (juice heaters 2-
3, flash tank, clarifiers and pipework) and clear juice tank to syrup tank delay (heater, evaporator 
station and pipework). The value of these dead times was retrieved from historical trend data for the 
first three dead times and from retention time calculations for the evaporator station. The dead times 
were assumed constant for the purpose of the model and were determined at average flow rates. 
 
Juice plant model 
This model consists of all the sub-models connected together, and provided the opportunity of 
observing the plant in continuous, real-time simulation. A further advantage was the ability to 
observe the simulation a lot faster than real-time while recording the relevant data, which helped 
speed up the decision making process. 
 

Juice plant model validation 
 

The model formation process provided a mathematical representation of the juice plant at Gledhow 
sugar mill, but it had to be validated to be of any practical use. For a meaningful, controlled 
validation phase the model had to interface with online, real-time plant data and the results trended. 
The trended variables produced by the model would be compared with the corresponding real-time 
plant variables and then the degree of approximation could be analysed. 
 
The model was translated into the function block programming language provided by the control 
system and run in parallel with the active plant for a period of one month, allowing continuous 
monitoring and optimisation of the model. 
 
Complying with equation (3), the real-time variables required from the active plant were the 
volumetric flow rates provided by the magnetic flow meters. The variables that the model provided 
were the calculated juice tank level indications. These calculated level indications were then trended 
along with the actual juice tank level indications and the variables compared. Figures 2-4 in the 
model validation results and discussion section show the results of the model validation phase. 



Model validation results and discussion 
Weighed juice tank. The weighed juice tank was the most difficult to model and provided the 
poorest results, as is reflected in Figure 2. This is largely due to the unmeasured volumetric flow 
rates of juice added to the tank, which were estimated as having an average value of some sort but 
in reality are discrete juice addition events, of which the exact times of addition are unknown. 
Another major problem was the errors introduced by the modelling of the juice flow rate coming 
from the milling tandem, which was obtained from the position of the control valve at the outlet of 
the mixed juice holding tank. If a mill stoppage occurred the model was not aware and continued 
indicating a supply of juice based on the position of the valve. The errors introduced by mill 
stoppages and flow meter indication errors, which are within the error tolerance of the instrument, 
are irreversible and accumulative due to the integrating nature of the tank model. Other sources of 
error could be a non-linearity within the level instrument, slight differences between the 0% and 
100% volume of the tank model and the actual tank, and variations in the volumes of juice tipped 
by the scales because of the assumption that the density of the juice was constant. 

 
Figure 2. Results of weighed juice tank model validation. 

 
Surge tank 
The results for the surge tank are very consistent, as can be seen in Figure 3. This is because there is 
only one inlet and one outlet, of which both volumetric flow rates are known. Inaccurate flow meter 
readings, within the tolerance of the instrument, and differences in the 0% and 100% volumes of the 
model as compared with the actual tank, would account for the accumulative error seen in Figure 3. 
An error in either the inlet or outlet flow meter of 1 m3/h would result in an accumulative error of 
12 m3 in 12 hours. Thus, because the volume of the surge tank is 80 m3, this results in a level 
indication reading error of 15%. 

 
Figure 3. Results of surge tank model validation. 



Clear juice tank 
Figure 4 shows that the model�s level indication closely follows the trend of the actual tank�s level, 
but the magnitude of the error changes as the actual level changes. This can be an indication that 
there is a linearity error present, due either to a non-linearity in the level transmitter�s indication or 
to a difference in the 0% and 100% volume of the model as compared with the actual tank. Another 
source of error could be variations in the dead time used to depict the clarifiers because of one 
clarifier being taken off line. Discrete events such as cold water and hot water make-up and clarifier 
drainage into the clear juice tank, can also cause offset errors. 

 
Figure 4. Results of clear juice tank model validation. 

 
Model validation conclusion 
The purpose of creating a mathematical model of the juice plant at Gledhow was to obtain an 
approximation of the plant upon which control system design could be performed. The model is 
therefore used to provide level indications for the control system, on trial, to use as input variables 
in a simulation environment. The results obtained were considered sufficiently accurate for the task 
to be performed, since the practically implemented control system would use the actual level 
indications provided by the level transmitters. 

 
Control system design 

 
Juice flow and level control 
Based on the findings of Smith (2000), two algorithms were considered for the juice flow and level 
control application at Gledhow. The first was a Linear Quadratic Gaussian (LQG) based controller 
proposed by Love (1999), and the second was a Model Predictive Control (MPC) level controller 
presented by Campo and Morari (1989). Both of these offer advantages when used for level and 
flow control, and they will be dealt with briefly here. 
 
LQG level controller 
The control equation shown by equation (4) is applied to a tank and is used to continually calculate 
the optimal rate of change of outlet flow. Equation (4) is then integrated to result in the optimal 
flow setpoint. 
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     (4) 

 



where: Q = outlet flow 
 Qsp = outlet flow setpoint 
 h = tank level 
 hsp = tank level setpoint 
 W = weighting factor 
 A = cross-sectional area of the tank. 
 
The setpoint derived from the computation performed by the applied version of equation (4) would 
then be passed to a single loop flow controller, which would acquire the desired flow rate. If 
equation (4) is used, a compromise has to be reached between a well-controlled flow and a well-
controlled level by adjusting the weighting factor W. According to Smith (2000), modifications to 
W when applying equation (4) are necessary to aid in preventing the tank from overflowing or 
running dry. Thus, if the tank level gets to an undesirably low or high state, W is adjusted to bias 
the equation towards controlling level well. When the level is within acceptable limits, W is again 
adjusted to achieve a well-controlled flow. In terms of level control the LQG controller results in an 
offset of level from the desired setpoint under a draft juice flow disturbance due to the compromise 
between an error from the tank level setpoint and an error from the juice flow rate setpoint (Smith et 
al., 2000). 
 
MPC level controller 
Campo and Morari (1989) made use of formulae aimed at minimising the Maximum Rate of 
Change of Outlet flow (MRCO) of the tank to which the formulae are applied, while keeping the 
level between predefined high and low limits. The algorithm contains a model of the tank and is 
thus able to predict the future behaviour of the tank�s level based on the past two level 
measurements and the previous outlet flow.  
 
The discrete equations 5 and 6 show the applicable algorithms. 
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Where: hp = predicted tank level 
 ∆ t = time step used 
  l = quantity of time steps in the future 
 QI,o = inlet and outlet flow rates 
 A = cross-sectional area of the tank 
 P = prediction horizon (time at which the tank would overflow with no controller 

action). 
 
The first flow rate is implemented, and then the future flow rates are chosen so as to minimise the 
MRCO at each time step. A further constraint is that the level should return to setpoint by the 
prediction horizon. As with the first algorithm, there is a variable that can be adjusted to achieve a 
balance between the allowable prediction horizon and the maximum rate of change of the outlet 
flow. This variable is the prediction horizon itself (P). 

 



Resultant control philosophy 
Both the MPC and LQG controllers offer advantages and disadvantages, which were discussed by 
Smith (2000). The LQG controller proved to be simpler to implement than the MPC controller in 
terms of processing speed needed to perform optimisations at each time step, which implies that a 
control system with a fast processor may be required for the MPC controller. Both had only one 
tuning parameter when applied to a single tank, namely the prediction horizon for the MPC 
controller and the weighting factor for the LQG controller, which is an advantage when compared 
with PID control systems. Due to the predictive nature of the MPC controller, it is able to anticipate 
constraint violations and apply corrective action before the violations occur. This also means that a 
warning of future undesirable buffer tanks� levels can be generated and used to inform the milling 
tandem operators to adjust the crush rate accordingly. 
 
Practically, constraints in terms of flow rates and levels are applicable to almost all equipment such 
as tanks, pumps, flow meters and the heating and clarification equipment and thus they need to be 
addressed by the controller for performance optimisation. Based on the importance of constraint 
handling for a juice flow and level control system combined with the advantage of generating 
forecast constraint violation alarms, the MPC control philosophy was used as a basis for the control 
system while aspects of the LQG control philosophy were also used. The ability for the operator to 
manipulate a final control element in a control loop in the face of instrumentation malfunction or 
unique operating procedures, may be quite important at times. Thus the use of single loop flow 
controllers receiving a manipulated setpoint, as suggested by the LQG controller approach, was 
used in conjunction with the MPC controller philosophy. 
 
At Gledhow there are a series of three juice storage/buffer tanks between the diffuser and the 
evaporator station, namely the weighed juice tank, surge tank and clear juice tank, as well as the 
syrup storage tank. In order to use the full capacities of the tanks to absorb juice surges and to 
prevent the actions of one tank�s controller exacerbating the control of an upstream or downstream 
tank, the predictive equations were applied to each vessel and used in a supervisory predictive 
control system. Therefore, for this application at Gledhow, it was impractical to use equation (5) as 
it stands, due to the physical location of the flow meters and the resultant inaccuracies that would be 
introduced by dead times affecting the readings of the flow rates used to predict the tank�s level. An 
example of this would be the dead time affecting the surge tank outlet flow rate reading used for the 
clear juice tank because of the juice travelling through the clarifiers. Through a similar line of 
thinking the predictive equation shown by equation (7) was produced and used to forecast the juice 
tank levels. 
 

 ( 1) ( ) ( ( ) ( 1))p
Th k l h k h k h k

t
+ + = + − −

∆
    (7) 

 
Where: T = time at which the predicted level is required [minutes] 
 ∆ t = scan time of the equation or time step [minutes]. 
 
This equation is used under the assumption that the flow rates stay constant during ∆ t. T is defined 
as the combination of two parameters: 
! The dead time described under the model formation section, on the inlet side of the tank because 

the dead time is assumed negligible for the outlet side due to the close proximity of the outlet 
juice flow control valve to the tank. 

! The time needed to reach a balance of the inlet and outlet flow rates, taking into account the 
constraints on the rate of change of inlet and outlet flow rates in terms of m3/h/minute. 



The equation is thus used to determine whether the tank will overflow or run dry within the time 
available (T) to reach a balance point between inlet and outlet flow rates while complying with the 
constraints on the level and flow rates. If the prediction were that the tank level limit would be 
exceeded within T, corrective action would have to be taken. The corrective action supplied to the 
single loop flow controllers was calculated using the formulae below. 
 
If  hp(k) < hl : 
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hence: 
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where: hp = Predicted tank level [%], 
 hl = Tank low limit [%], 
 hh = Tank high limit [%], 
 QI(k)= Inlet flow rate [m3/h], 
 Qo(k)= Outlet flow rate [m3/h], 
 t(k) = Retention time at the current level and inlet and outlet flow rates [minutes], 
 Vt = Volume of the tank [m3], and 
 ( )F k∆ = Rate of change in flow rate [m3/h/minute]. 
 
A similar derivation can be done for the case of If hp(k) > hh. 
 
The predictive equations 7 and 10 were applied to the weighed juice tank, surge tank, clear juice 
tank and syrup tank, combined with a different set of rules of operation for each tank. These rules of 
operation included the constraints on the rate of change of the flow rates, flow rate setpoint limits, 
tank level limits and others. The resultant controller was in the form of a supervisory model 
predictive controller, which monitored multiple inputs from the plant and provided multiple outputs 
in the form of remote setpoints to the single loop flow controllers. The inputs that were monitored 
are the juice flow rates and the levels of the relevant tanks. Based on the experience of mill and 
head office personnel, it was agreed at a control system design meeting held at Gledhow mill, that a 
well-controlled juice flow rate would have a positive effect on the efficiency of the heating and 
clarification equipment in its path. Thus it was assumed that if the effects of juice surges were 
controlled, the rest of the existing control parameters in the juice plant would be controlled more 
efficiently. These existing control parameters include pH, turbidity and final juice temperature. 
 
An entire control strategy in terms of juice flow rates and levels was developed and coded into the 
Matlab/Stateflow language, which offers several advantages to the programmer. The ability to 
combine the plant model with the control system in a simulation environment provided an 
opportunity to refine the MPC system and judge the effectiveness before implementation. The 
following section discusses the control system verification. 



Control system verification 
 

The purpose of the control system verification was to verify the effectiveness of the newly designed 
controller on the juice plant model, subject to load changes typical to Gledhow, before 
implementation in the real plant. The software tools used were Matlab, Simulink and Stateflow. 
Simulink and Stateflow are fully integrated with one another and this allowed a simulation to be run 
in real-time to monitor the results. Several steps were followed to simulate real conditions as closely 
as possible, and the following sections will expand on these. 
 
Typical load changes 
To effectively test the MPC controller on the simulator for use at Gledhow, a number of typical load 
changes were developed and applied to the model.  
 
The major load changes that were observed from the historical trends are listed below. 
 
! Realistic throughputs: The main inputs to the model are of course the flow rates of juice from the 

front-end sections. Thus realistic figures common to Gledhow were used for the throughputs. An 
average throughput of 200 m3/h was used for the milling tandem, and an average throughput of 
100 m3/h was used for the diffuser. Appendix 7 shows the large fluctuations in juice flow 
obtained from the milling tandem. 

! Mill juice outlet flow rate disturbances: From the trends it was noticed that the flow rate of juice 
from the mixed juice holding tank to the weighed juice tank varied in a cyclic pattern, possibly 
due to the size of the holding tank and variable cane preparation rates. Thus the resultant flow 
rate varied approximately every 10 minutes, from about 280 to about 150 m3/h. 

! Tandem stoppages/start-ups: A milling tandem or diffuser stoppage or start-up is a large load 
change that occurs. 

 
Evaporator station bottleneck: Setting the clear juice flow rate to zero and noting the results 
simulated this. 
 
Control system verification results and conclusion 
The MPC controller was tested with the aid of the load changes and inputs that were described in 
the �typical load changes� section. Figure 5 shows the simulation results that were captured after a 
simulated mill stoppage for a period of about 50 minutes and a mill start-up thereafter. Each tank 
has its own trend showing the inlet and outlet flows to that tank, as well as the level indication. 



 

 
 

Figure 5. (a) Weighed juice tank trends relating to a mill stoppage and start-up; (b) surge 
tank trends relating to a mill stoppage and start-up; (c) clear juice tank trends relating to a 
mill stoppage and start-up; (d) syrup tank trends relating to a mill stoppage and start-up. 

 



Implementation and commissioning 
 

Once it was verified that the control system controlled in a determinate manner in a simulation 
environment, under the influence of typical inputs and load changes common to Gledhow, the next 
step was to implement the MPC controller at Gledhow on an existing installation of a Siemens/Orsi 
Distributed Control System (DCS). The newly formed control system was implemented at Gledhow 
during November 2001. 
 
Appendix 2 shows a simple sketch of the layout of the equipment that was installed at Gledhow to 
enable the MPC controller to integrate into the current control system. Additional workstations were 
installed in the pan floor control room and the mill control room. The workstation was installed in 
the mill control room to aid in the essential communication between the front and back-end 
operators and was used as a �view-only� console. 
 
Pop-up graphical pages were used at the mill control room workstation to inform the operator when 
the crush rate needed to be increased or decreased. The basis for these decisions was the 
combination of the state of the levels in the juice tanks and the forecasts obtained from the 
predictive equations. The required end result was that the mill control room operator would be 
alerted to the state of the factory and that a correction would be made to the throughput before 
undesirable level conditions were reached. 
 
Problems encountered and enhancements 
Problem areas at start-up included the weighed juice tank and the clear juice flow controller. Some 
problems were experienced with the control of the weighed juice tank level, where the juice level 
violated the level limits of the tank. This was attributed mainly to insufficient filtering on the level 
indication that was used for the prediction equation and the rate of change of the weighed juice flow 
rate setpoint that was too slow. These problems were corrected by increasing the filter time to 
obtain a more average level indication for prediction purposes and increasing the limit on the rate of 
change of the weighed juice flow rate setpoint. 
 
When the clear juice flow controller was placed in remote setpoint mode, receiving a setpoint from 
the MPC controller, the resultant rate of change of the clear juice flow controller�s setpoint was too 
fast. This meant that the flow rate of juice into the evaporator station was changing too fast. 
Secondly, the juice flow rate suggested by the MPC controller was often too high for the evaporator 
station, due to fouling and its influence on the juice throughput. The rate of change of the clear juice 
flow rate setpoint was therefore limited, and an operator adjustable high and low limit was enabled 
for the clear juice flow rate. 
 
Other enhancements included the addition of the Kestner levels, as an implication of the separator 
level, and the exhaust steam pressure in the controller. All of these were used to assist in the 
protection against carry-over and entrainment in the case of exhaust steam fluctuation when a mill 
stoppage or some other steam load change occured. 
 

Results and discussion 
 
Control Improvements 
Juice tank level control: The previous control system made use of a combination of cascade gap 
level control and single loop flow PID control in an attempt to maintain the tank levels within 
certain limits.  



Appendix 6 shows how this type of control was ineffective most of the time for various reasons, and 
resulted in the weighed juice tank and surge tank and/or surge tank often running empty and causing 
cavitation to take place in the outlet juice pumps. The cavitation would severely distort the weighed 
juice flow rate signal, because the magnetic flow meter could not operate properly with air bubbles 
in the juice, and the control system would be rendered ineffective. Appendix 4 shows an example of 
how the weighed juice flow rate signal would fluctuate between the actual value and other random 
lower values, due to air bubbles in the juice caused by pump cavitation. The indicated result is that 
the weighed juice tank overflowed and the mills had to be slowed down or stopped, and the surge 
tank and clear juice tank capacities were not utilised to their optimum. Process trend data for 2001 
reveals that the weighed juice flow rate signal was often distorted due to low weighed juice tank 
level violations and hence pump cavitation. This is an example of inadequate tank level control and 
tank capacity utilisation. 
 
The MPC system makes use of predictive equations and the rate of change of the tanks� levels and 
the relationship between the levels to predict the future behaviour of the tanks� levels and apply 
corrective action to the flow rates before level limit violations are realised. Appendix 11 shows the 
arrangement of the MPC in conjunction with the single loop PID flow controllers. Appendix 5 
shows a typical 12 hour duration where the juice tank levels are controlled within their respective 
high and low limits. The result is that cavitation is prevented and reliable flow rate signals are 
provided for use by the control system. Appendix 3 shows an example of the weighed juice tank 
overflowing while under the control of the MPC system. The difference is that all the juice tanks are 
full due to maximum capacity utilisation, and the reason for overflowing is that the operators were 
too slow in reacting to the alarms generated by the MPC system. As indicated in Appendix 3, about 
10 minutes before the overflow a pop-up message, similar to that shown in Appendix 10, was 
generated, advising the operator to crush slower. The trend shows how first the clear juice tank fills 
up and then the surge tank and then the weighed juice tank. This is an example of good level 
control, good tank capacity utilisation and predictive control as opposed to reactive control. 
 
Appendix 8 shows a typical graph of the surge tank outlet flow rate, limed juice pH and clear juice 
turbidity trended together. This graph shows that the chosen rate of change of the juice flow rate 
into the clarifiers has minimal effect on the pH and turbidity of the clear juice. In the trend shown 
the turbidity has an average value of 0.75 Absorbance where a reading below 1 Absorbance is 
considered good. 
 
Entrainment protection: It is well known that a sudden drop of the exhaust steam pressure applied 
to the Kestners along with a high level of juice in the separator may result in entrainment of juice 
particles into vapour 1. Previously a high separator level signal obtained from a level switch would 
trip the clear juice pumps. In the MPC system high Kestner levels are used to infer a high level in 
the separator and, if the exhaust steam pressure drops below a preset value, the clear juice flow rate 
will be decreased at a rate that will decrease the possibility of juice entrainment, before tripping the 
clear juice pumps becomes necessary. 
 
Syrup brix versus throughput: At Gledhow a bottleneck exists at the evaporator station when the 
front-end produces more mixed juice than the evaporator station can handle if high imbibition flow 
rates are used to maximise extraction. This often results in sacrificing extraction for throughput if 
high crushing targets are to be achieved and evaporator station fouling hinders the evaporation rate. 
The MPC system provides the facility to constantly maximise throughput at the evaporator station 
by monitoring the syrup storage tank level and then increasing the throughput accordingly while 
maintaining the syrup brix close to setpoint.  



Appendix 9 shows the ability of the system to constantly increase the throughput as long as the brix 
has not deviated from setpoint by a preset amount. The beginning of the trend shows that the syrup 
brix is above setpoint while the V2 steam valve is not yet fully open. The flow rate was 
automatically increased and maximised until the brix deviated below the setpoint by a preset 
amount and the V2 steam valve reached maximum open for a preset period of time. The flow rate 
was then reduced marginally to bring the brix within the preset deviation of the setpoint. In this way 
the flow rate is always maximised. 
 
At the end of the third week of operation when the V2 steam valve is constantly 100% open trying 
to achieve the brix setpoint, at the current throughput, slack syrup is often produced because the 
throughput is too high. The MPC system will automatically reduce the flow rate to ensure that the 
brix is kept at its setpoint. On the other hand, if the process can handle more syrup and throughput 
is desired, the brix setpoint can be decreased and throughput will increase at an allowable rate. This 
requires operator intervention but the facility exists to enable automatically decreasing the syrup 
brix setpoint if there is space in the syrup storage tank. 
 
Operational improvements 
Automatic plant operation: The implementation of the MPC system has given the operators the 
confidence to allow the system to control operations in fully automatic mode with minimal 
intervention. This gives the operators the opportunity to focus on other tasks and not have to 
constantly intervene with the control system due to tank levels violating the high and low limits. 
 
Communication: The placement of the operator workstation in the mill control room has improved 
communication between the mill operators and the pan floor operators. The mill operator can now 
see the state of the plant and, with the aid of the pop-up messages, is able to correct the crush rate 
before the weighed juice tank overflows. The result is a reduction in the amount of times the 
weighed juice tank has overflowed in 2002 compared with 2001. As the operators get used to the 
system and realise that the system is there to help them, overflows will decrease and result in a cost 
saving due to a decrease in sucrose losses. 
 
The improved human machine interface (HMI) presents the plant in a user-friendly manner that 
promotes an understanding of the plant�s operation. It also assists in familiarising the operators with 
the trend in plant automation technology using modern computers as the operator interface or 
workstation. 
 
System requirements for effective implementation 
The control philosophy described in the preceding text requires an efficient amount of processing 
power in order to run effectively and determinably. This type of rule-based, predictive control 
cannot be implemented on conventional stand-alone controllers or proprietry, �closed� control 
systems because either they do not provide the high level programming language required to 
implement the control philosophy, or they cannot provide the necessary interaction between the 
single loop controllers and the supervisory program. 
 
In the design stage it was crucial to have an �open� control system, which allowed easy information 
transfer between the applications used by means of Dynamic Data Exchange (DDE), Open 
Database Connectivity (ODBC) or Application Program Interface (API) functions. An effective 
trending facility is also needed from which important data can be extracted for the design phase and 
as a controller tuning tool when the system has been implemented. 



Implementation time 
Part-time research, development and design work started in April 2001 and ended in October 2001. 
During this time period the following steps were completed: research of previous work performed, 
selection and purchase of a simulation software package, model formation, model validation, 
control system design and control system verification. In November 2001, the control system was 
commissioned at Gledhow and ran under fluctuating throughput conditions until the end of the 2001 
season. During this period necessary enhancements were identified, and these enhancements were 
implemented at the beginning of the 2002 season. During the 2002 season the controller was 
continually monitored and �fine-tuned� on a part-time basis until the required objectives were met. 
 
Were a similar predictive control system to be implemented in the juice preparation plant at another 
sugar factory, the time from design to commissioning would be considerably less. If the mill had an 
existing control system with the correct requirements as described above, the time from design to 
commissioning could be less than a month, excluding delivery of hardware and software. The time 
required for �fine-tuning� would depend on the range of throughput disturbances experienced by the 
factory. 
 
Implementation cost 
Justification of the MPC system for the juice preparation section in terms of capital gain is difficult, 
but the benefits are evident and are summed up in the conclusion. Hence it would be very difficult 
to justify installing an entire distributed control system (DCS) only to implement the MPC system 
for the juice preparation section. If the necessary control system infrastructure is in place, or if a 
DCS justification had already been done for a section of the plant, which had spare capacity, the 
cost of implementing the MPC system would effectively be the cost of two computers, associated 
software, network equipment and engineering time. Table 1 shows typical costs of hardware and 
software purchased for Gledhow, where a single workstation was required. 
 

Table 1. Cost for a single workstation added to an existing DCS infrastructure at Gledhow. 
 

Operator station software � Pan floor control room Qty Est unit 
(Rand) 

Estimate 
(Rand) 

Foundation software 1 8 136,94 8 136,94 
Graphic user interface 1 8 136,94 8 136,94 
Historian data display 1 4 068,47 4 068,47 
Alarm manager display 1 4 068,47 4 068,47 
Operator station hardware � Pan floor control room    
IBM P4 2.0GHz, 256Mb RAM, 40GB HDD, 48xCD, XP, 
Eth(I) 1 10 953,80 10 953,80 

21� Philips Brilliance monitor 1 7 128,00 7 128,00 
Network and instrumentation cable    
Arcnet cable 450 4,30 1 935,00 
12 Pair cable 300 18,00 5 400,00 
8 Pair cable 300 15,00 4 500,00 
  Total 54 327,62 

Note:  1) The MPC graphic for the mills control room is displayed on an existing workstation. 
 2) Prices worked on an exchange rate of ZAR to Euro of 9.3528 at the date of purchase. 
 



Conclusion 
 
A practical application of using predictive equations to aid in controlling juice surges at Gledhow 
sugar mill was presented. Various steps were followed, including modelling and simulation to 
produce a supervisory type model predictive controller that would surpass conventional single loop 
controllers in terms of being able to handle constraints on some of the controlled variables and 
predict undesirable violations of tank level limits. The MPC monitored multiple inputs such as juice 
flow rates and tank levels, and supplied multiple outputs to single loop flow controllers in an 
attempt to maximise the use of juice tank capacities. The result was that effects of juice surges that 
are common due to variable cane preparation rates, variable percolation rates through the diffuser 
and variable juice supply rates from the milling tandem were minimised. This meant that the 
consistency of juice quality supplied to the evaporator station was improved by steadier juice 
control. Enhancements made to the controller ensured that throughput maximisation was one of the 
priorities while monitoring syrup brix. 
 
MPC displayed pop-up messages to the mill control room operator, on the new workstation, to 
adjust the speed of the mills according to the condition of the juice tank levels. This is, however, not 
easy for the mill operator to do as he has little idea of how much to slow down or speed up. Direct 
control of the mill speeds is difficult when the measured variable is the juice flow rate after the 
mixed juice holding tank due to the delays involved. There are also many load variations, such as 
the quality of the cane and the imbibition flow rate, which affect the mixed juice flow rate for a 
constant mill speed. The operators would adjust the crush rate based on experience with the system 
in an attempt to avoid weighed juice tank level violations. 
 
The model predictive controller implemented and developed at Gledhow has proven useful in many 
aspects, which have been expanded on in the preceding text and are summed up here. The juice tank 
level control has improved in terms of keeping the levels within their high and low limits, thus 
significantly reducing the amount of cavitation in the juice pumps. The juice tank capacity 
utilisation has improved greatly, such that unnecessary mill stoppages due to poor tank capacity 
usage, are avoided. The ability of the system to constantly maximise throughput at the evaporator 
station can ensure that the maximum amount of juice is pushed through at all times as long as the 
syrup brix is maintained and the upstream process have the capacity. The communication between 
the mill control room and pan floor control room operators has improved due to a new workstation 
being installed in both control rooms, and the predictive nature of the system provides forecast 
alarms of full juice tanks. The operators use the system in fully automatic mode with minimal 
intervention and have the confidence to concentrate on other tasks while the system controls the 
plant. 
 
The resultant control system was designed to achieve certain objectives and, in so doing, many 
other opportunities have been identified throughout the duration of the project. The structure of the 
system is such that there is always the facility to enhance and optimise the operation of the plant, 
and it can be extended to include other optimisation opportunities. 
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Appendix 1. Flow diagram of the Gledhow Sugar Mill juice preparation plant. 
 



Appendix 2. Simplified illustration of the control system architecture. 
 

 
 



Appendix 3. MPC control of juice tank levels. 



Appendix 4. Juice level and flow control prior to the installation of MPC. 



Appendix 5. Juice tank levels controlled within their limits. 



Appendix 6. Juice level control prior to the installation of MPC. 



Appendix 7. Illustration of mixed juice flow and juice tank levels. 



Appendix 8. Clear juice flow rate vs pH and turbidity. 



Appendix 9. Clear juice flow rate maximising capabilities of MPC. 



Appendix 10. Juice preparation graphic user interface (GUI). 



Appendix 11. MPC and single loop flow controllers arrangement. 
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