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A separation process by liquid-liquid extraction is a well-known and widespread
industrial technology implemented to quantitatively recover valuable chemical
elements. In the nuclear industry, such processes have been used for decades to
recover uranium and plutonium from spent fuel. The process is non-linear and
time constants vary over a wide range. Former studies on a simplified model
showed linear controllers such as PID were not adapted to regulate these
separation processes. The objective of this study is to propose process
monitoring by using available physical models within the PAREX code and to
validate the feasibility tomonitor a separation process by using directly the PAREX
code as a black box. The Predictive Functional Control (PFC) command law
manages to monitor non-linear separation processes by liquid-liquid extraction,
when using an existing physicalmodel implemented in the PAREX code. An online
alignment of the model on process values is necessary to keep the model
sufficiently representative to predict the future behaviour of the process. As a
reference benchmark, the PID control loop is also simulated with the physical
model. The PFC and PID regulations are compared to evaluate the gain of using
physical models implemented in the PAREX code. A simulation tool has been
developed to implement the PID and Predictive Functional Control (PFC)
controllers for separation processes by liquid-liquid extraction. The PFC
command law manages to monitor non-linear separation processes, when
using a physical model connected to the PAREX code. Even if the PID
controller may be locally more efficient, the great strength of the PFC
controller is to enable good performances on wider operating conditions,
with an easier parametrization. The PFC algorithm is a mean to deal with the
process characteristic features, like non-linearity and time constant change. The
PFC controller appears to be a good candidate for experimental tests. Amid-term
objective is to include the state estimator tool in the control loop to consolidate
the controlled variable measurements. These developments may be regarded as
an add-on module in a digital factory concept. Results shown in this article are
only from simulation. For the sake of data confidentiality, studies with the PAREX
code cannot be published and numerical parameters of the process are
normalized. These simulations will be validated during further experimental tests.
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1 Introduction

A separation process by liquid-liquid extraction is a well-known
and widespread industrial technology implemented to quantitatively
recover valuable chemical elements. In the nuclear industry, such
processes have been used for decades to recover uranium and
plutonium from spent fuel. The principles, the model used for
the PUREX process and the PAREX code are detailed in
reference (CEA, 2008). The process has been streamlined to
become even more compact and more efficient, with a lower
environmental footprint. An increasing amount of plutonium will
be reprocessed and process margins will be reduced. Disturbances
will evolve more quickly and sharply, making the process become
more sensitive to variation of input parameters (reactive
concentrations, flow rates, etc.). Consequently, the process needs
to be corrected more efficiently to keep it in good operating
condition. In this context, development has been resumed in
order to improve process monitoring by using available physical
models within the PAREX code (steady-state and transitory
simulations). These developments may be regarded as an add-on
module in a digital factory concept.

Results shown in this article are only from simulation. For the
sake of data confidentiality, studies with the PAREX code cannot be
published and numerical parameters of the process are normalized.
These simulations will be validated during further
experimental tests.

1.1 The process and the regulation case

One characteristic feature for solvent extraction is to
simultaneously reach satisfactory recovery rates and
decontamination factors. These criteria are often closely
interconnected. The extraction-scrubbing step is considered,
because it is representative of these competitive targets (see
Figure 1). At the extraction step, in high acidic conditions, fresh
solvent is loaded with recoverable elements (uranium and
plutonium) and a small amount of impurities (fission products).
During the process, these undesirable elements are scrubbed in

lower acidic conditions and, as a fraction of uranium and plutonium
is also removed, the aqueous scrubbing flow is sent back to the
extraction step. The saturation of the solvent is the key point to
ensuring this step works properly. If the solvent is not sufficiently
saturated, impurities are extracted. On the contrary, if the solvent is
too saturated, it is not able to extract uranium and plutonium any
more: a part is lost in the fission product raffinate. This saturation
phenomenon of the solvent led to a strong non-linearity of the
process. It should be noticed that in the extraction step conditions of
the PUREX process, uranium is only present as uranium (VI): in this
article, uranium and uranium (VI) is equivalent.

On the basis of sensitivity analyses, the concentration of
uranium (VI) in the aqueous outflow from the scrubbing step is
usually one of the best indicators to estimate this saturation. In this
study, the process control aims at monitoring the solvent saturation
by measuring the uranium (VI) concentration (referred to as
controlled variable CV) and adjusting the feed solution flow rate
(referred to as manipulated variable MV), when set point deviation
occurs. The uranium (VI) concentration can be measured by
spectrophotometry or estimated from density measurement.

The process regulation is studied both for set point tracking, and
for disturbance rejection. The rise to the steady-state is chosen as the
application case for set point tracking: monitoring is used to
optimize the saturation level from zero to nominal conditions
during this transient period. The objective of disturbance
rejection is to keep the saturation level as close as possible to the
nominal one, when disturbance occurs. Disturbances are chosen
depending on two criteria. First, they have to significantly impact the
saturation level of the solvent and therefore lower the recovery rates
or the decontamination factors. Secondly, they need to be easily
changed during experimental tests for further qualification. Fresh
solvent flow rate variations fulfill these two criteria and it is why they
are considered in this study as the baseline disturbance (Bisson et al.,
2016). They are simulated by applying a step variation on the fresh
solvent flow rate.

The higher the FP scrubbing aqueous flow rate, the more
sensitive the process is. Time constants also increase with solvent
saturation. In this study, simulations are carried out with two
different saturation levels.

FIGURE 1
Operation principle of the extraction–fission product scrubbing step.
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For this study, process monitoring aims at:

• Speeding up the set point tracking when the process starts up.
• Limiting CV deviations from the set point and corrects it with
a quickly stabilized MV flow rate for disturbance rejection.

In both cases, upper and lower limits are applied to the MV flow
rate, to keep it within a range hydrodynamically acceptable for
each device.

1.2 Process special features

The process is non-linear and time constants vary over a wide
range (see Figure 2). An accumulation of uranium is created due to
the scrubbing step: a small amount of uranium is stripped in the
aqueous phase and then reextracted at the extraction step. The size
of the accumulation depends on the feed solution flow rate.
Accumulation grows when the feed solution flow rate rises. This
explains the increase of the time constant and the uranium (VI)
concentration in the aqueous outflow on the left part of Figure 2. It
takes more time for the accumulation to occur. As the accumulation
grows, the uranium front moves progressively towards the raffinate
outflow. From this point, a part of the uranium (VI) flows directly
out in the raffinate, as the solvent becomes too saturated. When the
accumulation peak is reached, the time constant decreases. The time
constant is 63% of the time necessary to rise from a uranium-free
process to the process at the steady-state.

Separation operations have been simulated by the PAREX code.
Developed since the 80 s, the PAREX code has been used to design
the La Hague plant flowsheets and almost all new CEA processes by
solvent extraction. This code integrates physical models (reaction
stoichiometry, reaction mass action law, hydrodynamics, etc.). The
model is developed and qualified by checking the consistency with

experimental data (batch experiments, R&D experimental pilots) on
different types of contactors: mixer-settlers (Boullis and Baron,
1987) and pulsed columns (Baron and Duhamet, 1988). If
necessary, the model can be extended in order to integrate new
devices (like centrifugal extractor) or new species such as
Neptunium (Dinh et al., 2008). The model has been extensively
used to design experimental and industrial flowsheets (for instance
for R4 at La Hague plant (Baron et al., 1998)). Industrial data are
exploited both at the steady-state and during transient periods. This
experience feedback qualifies the model in real industrial conditions
at La Hague plant (Baron et al., 2008) (Dinh et al., 2013). With this
significant basis, the code may be used to evaluate operating margins
(Bisson et al., 2016), to design state estimator (Duterme et al., 2019a)
(Duterme et al., 2019b) or diagnosis tool (Dinh et al., 2019).
Simulations are performed when the process reached the steady-
state, but also during transient periods, whatever set point tracking
or disturbance rejection (see Figure 3). The PAREX code can be
reliably used to initiate development of correctors.

1.3 Approach adopted

To the best of our knowledge, few studies can be found in
literature about monitoring separation processes using liquid-liquid
extraction. A study (Degryse, 1967) optimized the saturation level of
the solvent for a plutonium purification operation in mixer-settlers.
An empirical correlation between plutonium retention and the
saturation level was used to estimate the state of the process. The
correction was a proportional controller. The author pointed out
this worked properly, but only around nominal conditions. First, the
validity of the model is limited and, for instance, interactions of
other species are not considered and can lead to incorrect estimates.
Second, the persistent offset of the proportional controller is
acceptable under limited deviations. Simulation studies were

FIGURE 2
Variation of uranium (VI) concentration (left axis) and time constant (right axis) depending on normalized feed solution flow rate (the value 1.0 being
the nominal flow rate).
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carried out on a liquid-liquid extraction column on the basis of a
modal model (Bonnefoi et al., 1977). In both cases, no physical
model of the process was used and regulation was operated with
linear controllers.

Unpublished studies from the 90 s within the CEA concluded
that process control like Proportional Integral Derivative PID
was not sensitive enough to correct the PUREX process
efficiently. It appears model predictive control is a promising
way to address these special features. The Model Predictive
Control (MPC) appears to be more efficient than classical PID
controllers in most cases, and it allows the process to be
monitored with smoother command. The MPC design can be
applied to complex multiple-input and multiple-output MIMO
systems, with process constraints taken into account (Mayne,
2014). Nevertheless, sign changes of the separation process gains
are not expected, and, as it may be the most commonly used
controller worldwide, PID is therefore used as a
reference benchmark.

Two main control approaches are identified in literature: the direct
use by command law of a physical model (Lee and Sullivan, 1988), with
prior simplification or linearization, or the identification of a model
specifically designed for the control purpose (for instance linear model
(Ionescu et al., 2016) (Serra et al., 2017) or wave model (Lin et al., 2013)
(Yao and Xinggao, 2017)). Few physical models seem to be used to
monitor processes for solvent extraction. Most of the time, models are
mathematically designed, such as transfer functions, or model
identification. As the model already exists and has been qualified,
building a metamodel would need to be checked and an extra step of
development for each new process would be required. In addition, the
PAREX code simulates the process sufficiently quickly, reaching an
accelerating factor of several dozens with standard computers, allowing
direct use without prior simplification.

In an industrial context, to keep the control scheme as simple as
possible is a top criteria for an implementation. A Predictive
Functional Control (PFC) control law was implemented (Richalet
et al., 1987). The implementation of this law can be directly used
with the existing model already implemented in the PAREX code,
and a metamodel is not necessary. This algorithm can be also
implemented in a programmable controller, with no major
modification. It has been successfully implemented in many fields
of industrial applications (Richalet, 1993) (Fulget et al., 1999)
(Abdelghani-Idrissi et al., 2001) (Bouchenchir et al., 2006)
(Farges et al., 2008).

This paper deals with the way how model predictive control is
implemented, the modifications necessary to adapt the PFC control
law to solvent extraction processes, and the simulation results on
two application cases.

2 Method: command algorithm
implementation with the PAREX code

Before carrying out experimental tests, a simulation tool has
been developed with the PAREX code. The objectives are to
simulate how the process can be regulated with the PID and PFC
controllers.

2.1 PID and PFC corrector implementation

2.1.1 Principles
As shown in Figure 1, the objective is to control the aqueous

concentration of uranium (VI) in the scrubbing step outlet CV by
adjusting, at each sampling period Ts, the feed solution flow rate

FIGURE 3
(a-top part) Transient curve of CV during the rise to the steady-state (b-bottom part) concentration profile of uranium (VI) at the steady-state.

Frontiers in Chemical Engineering frontiersin.org04

Vanel et al. 10.3389/fceng.2023.1294784

https://www.frontiersin.org/journals/chemical-engineering
https://www.frontiersin.org
https://doi.org/10.3389/fceng.2023.1294784


MV. For this study, delay time is considered unimportant. Figure 4
shows the simplified control structure.

For the control structure, the sampling period is consistent with
the residence time of phases inside an elementary cell, typically a few
minutes. After each sampling, the difference between CV and set
point SP is evaluated. The controller is modelled with a recursive
equation with the same sampling period Ts as the process. A zero-
order hold is applied to convert MV into a continuous signal: the
MV signal remains constant until the next sampling period. The
PAREX code simulates the process.

2.1.2 PID controller
A mixed structure is taken into account with the integral and

derivative actions in parallel, and the proportional action in series
(see Figure 5).

The recursive equation of this controller with a zero-order hold
is given by Equation 1:

MV k( ) � MV k − 1( )
+ Gp 1 + Td( )ε k( ) + Ts

Ti
− 1 − 2.Td( )ε k − 1( ) + Tdε k − 2( ){ }

(1)

2.1.3 PFC controller
The MPC controller is a well-known technique based on solving

an optimization problem. Its resolution may imply a high
computational cost. The PFC controller is a low-cost MPC
approach avoiding complex optimization problems (Zhan
et al., 2022).

Like the PID controller, the PFC controller integrates the gap
between the CV concentration and the set point. However,
predictive control is based on a simulation at a given time interval
(Richalet et al., 1987) (see Figure 6). The correction is based on two
principles. First, themodel Sm is used to estimate the future behaviour of
the process when applying the MV signal. Second, an exponential-type
reference trajectory is defined to correct the process more or less
quickly. This trajectory is fixed by only one parameter called the
Closed Loop Response Time (CLRT). This parameter has to be set
to find the best compromise between speed and stability. A
dimensionless speed factor SF is defined as the ratio between the
process time constant and the CLRT. The speed factor should be
between 0.3 and 1.5. Here, the speed factor is usually 0.5.

The PFC command law is defined for a linear system at a time
interval h (see Equation (2) for a first order linear system). The
solvent extraction process is not linear. It is not possible to convert

the target concentration into the feed solution flow rate MV with a
proportional constant.

MV k( ) � lhε k( ) + bpSm k( )
Kbp

(2)

With lh � 1 − e−
3.h.Ts
CLRT and bp � 1 − e−

h.Ts
τ

The PFC algorithm needs to be adapted to a non-linear gain
process. The target concentration is first evaluated with Equation
(2). In this equation, K is taken equal to 1, as it is not possible to
convert the target concentration into MV with a constant K. This
conversion is done by a numerical solver that evaluates the feed
solution flow rate MV corresponding to this target concentration,
considered as a concentration at the steady state. This MV
estimation is initialized with an abacus and then solves with a
Newton method calling the PAREX code.

For this controller, the PAREX code is used twice, first to
simulate the process as a virtual plant (CV), and then for the
prediction part of the PFC command law (Sm). These are two
independent calculations. For instance, the occurrence of a
disturbance (or a mismatch between experimental data and
model) is taken into account only for the CV calculation, not for Sm.

2.2 Comparison protocol between PID and
PFC controllers

Standard methods for PID parametrization (Ziegler-Nichols,
Chien-Hrones-Reswick, Cohen-Coon) were designed mostly to be
applied to linear processes and were not adapted to non-linear
separation processes. Without a standard parametrization for this
process, it appears difficult to compare performances between the
two controllers on a rigorous baseline.

FIGURE 4
Structure of the concentration control loop with a sampling period Ts.

FIGURE 5
The mixed PID controller implemented.
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As the parametrization between the two methods is different, a
standard for comparison has to be defined. With accurate correction
assumed to be acquired, the robustness of the controllers is studied
by evaluating the stability margins.

For linear systems, the stability can be evaluated by using the
gain margin in the Bode or Nyquist diagrams. Most of the time, the
transfer functions should be known in order to apply this
methodology. To preserve the direct use of the physical model
with no intermediate metamodel, it is not envisaged to determine
the transfer functions of the process. The idea is to work with the
initial definition of the gain margin. This should be less than 6 dB to
guarantee a sufficient margin of stability:

20.log | C (jw) · P (jw) | <6 dB (C for the controller, P for
the process).

The module | C (jw) P (jw) | is a function of the controller and
process gains, respectively GC and GP. Ensuring a gain margin of
6 dB is equivalent to doubling the controller or the process gains.
Applying this factor to the controller is simple to implement in the
code. Then, the response of the process is simulated to check the
stability of the process.

To compare the two correctors, the protocol is as follows:

• The PID parameters are adjusted to obtain an equivalent
overrun and response time (time to reach set point +/−
5%) of the two correctors during a disturbance rejection.

• Multiplying or dividing by two the gain of the corrector and
simulation of the closed loop response.

The CV and MV signals are compared to determine the most
robust corrector with the easiest parametrization, including the fact
that few changes of the constants are necessary to make the corrector
operate over a wide range of operational conditions.

3 Simulation results with a medium-
level saturated solvent

3.1 Disturbance rejection

3.1.1 Simulation with the initial PFC
command algorithm

The simulation starts from the nominal steady-state regime. The
sampling period is 0.05 h. For the PFC controller, the time constant

is determined at 14,000 s and the CLRT parameter is chosen at twice
this time constant. At 0.1 h, a 5% deviation is simulated on the fresh
solvent flow rate.

The PFC controller corrects the process only in the case of a −5%
disturbance from the nominal fresh solvent flow rate. A persistent
offset is observed for a +5% disturbance (see Figure 7). The model
simulation does not take into account the disturbance effect,
supposed to be unknown (Kufoalor et al., 2016). The MV signal
evaluated is applied to both simulations, the model and the process.
As a consequence, the model simulation point shifts towards the left
part of Figure 1 for the −5% deviation (the nearly linear part) and, on
the contrary, towards the right for the +5% deviation (the non-linear
part). In the case of nearly linear systems, no offset is observed when
rejecting a disturbance. The process incremental monitoring works
because the process increment is kept proportional to model
increment. For non-linear separation processes, model and
process correction variations can be widely different.

Here, as a result of the +5% disturbance, the gap between the
process and the model becomes too wide for the model to still be
representative of the process.

This persistent offset is unusual for a PFC controller. The PFC
command law takes into account the process time constant. This is
responsible for an integral effect on the process monitoring,
ensuring an accurate correction and the rejection of disturbances.
When tracking a set point (and consequently with no significant
process-model mismatch), this offset is unobserved. However, such
a persistent offset was reported in (Zabet et al., 2013) (Andrade Neto
et al., 2016) (Lu et al., 2018) (Wu, 2015) (Liu and Li, 2012), and
identified as a consequence of unmeasured disturbances and
modelling errors. A parameter estimation step was developed to
better align the model with the process (Zabet et al., 2013) (Andrade
Neto et al., 2016).

This persisting offset is unacceptable. This deviation cannot be
removed just by adjusting the parameters of the model (time
constant, CLRT). An online alignment of the model has been
developed in order to improve the PFC controller.

The principle is to update the model by varying the extractant
concentration, in order to cancel out the difference between the
model and the process as much as possible. A 10−3 gap is targeted for
this simulation (the CV signal does not need any filtration). This
algorithm is applied as soon as a difference appears for a sampling
period. This model-process mismatch correction does not aim at
diagnosing the process, but at keeping the model representative of

FIGURE 6
Structure of the concentration predictive control loop with a sampling period Ts.
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the process behaviour. The adjustment parameter is selected to be
globally representative of predictable disturbances. For a separation
process by liquid-liquid extraction, the extractant concentration
appears to be the best candidate for the algorithm. Most
disturbances at the extraction step can be modelled as a variation
of the extractant concentration (Bisson et al., 2016). Nevertheless,
during the transient period, this parameter does not accurately
represent the evolution of each disturbance. This can generate
oscillations in the target concentration and in the MV signal. To
avoid this, the extractant concentration and the MV signal must be
filtered (low-pass filter).

With this update of the extractant concentration (see
Figure 7), the correction of the process by the PFC controller
is improved for +/− 5% disturbances (see Figure 8). The PFC
controller reacts to correct the process with no offset. This attests
to the feasibility of accurate process monitoring when using a
PFC controller.

3.1.2 Fresh solvent flow rate disturbance +/− 15%
The simulation starts from the nominal steady-state regime. The

sampling period is still 0.05 h. At 0.1 h, a +/− 15% deviation is
simulated on the fresh solvent flow rate. This scenario is repeated

FIGURE 7
evolution of the extractant concentration to correct the model-process mismatch during a disturbance on the solvent flow rate.

FIGURE 8
simulation of disturbance rejections with the adapted PFC command algorithm.
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TABLE 1 Controller constants for a medium-level saturated solvent.

Disturbance (%) Ts (h) PID PFC

K Ti (h) Td (h) Process time constant (h) Speed factor SF

+15 0.05 14 5.6 0 3.9 0.5

−15 0.05 6.9 4.9 0 3.9 0.5

FIGURE 9
correction of a +/− 15% disturbance on the fresh solvent flow rate with PID and PFC controllers (top: CV signal, bottom: MV signal).
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two times: with a PID controller, and with a PFC controller. The
controller constants are given in Table 1.

Both controllers manage to reach the set point. For similar
performances (overrun and 95% time), the PFC controller is more
stable, with no parameter change needed (see Figure 9). Through the
model, the MV signal to reach the set point is more quickly
determined and avoid the process oscillating. Although the
variation of the fresh solvent flow rate is the same (15%), the
corrections are not symmetrical, due to the difference of the
process constant times.

To further compare the two controllers, the approach
described in paragraph 2.3 is applied (see Figure 10). It

appears that the PFC controller has wider stability margins for
the two disturbances, although the PID controller constants are
manually adapted for each disturbance. When the gain was
doubled, the PID controller began to oscillate. A decrease of
constant times helps dampened the oscillations and avoided
instability. The PFC controller can reject a wider range of
disturbances, with parameters remaining unchanged and with
smoother changes of the MV signal.

It should be noted that the PID controller is muchmore sensitive
to the sampling period than the PFC controller. As the sampling
period increased, the process becomes less stable, with the
appearance of dampened oscillations.

FIGURE 10
PID and PFC controller comparisons through stability margins (top: +15% disturbance, bottom: −15% disturbance).
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3.2 Set point tracking

The simulation starts with a uranium-free process flow. At the initial
time (t = 0 h), the process is fed with a solution containing uranium (VI).

At t = 40 h, the set point is changed from1 to around 0.8. This scenario is
repeated four times: without any controller, with a PID controller (2 sets
of constants), and with a PFC controller. The sampling period is still
0.05 h. The controller constants remain those given in Table 1.

FIGURE 11
Set point tracking with PID and PFC controllers (top: CV signal, bottom: MV signal).

TABLE 2 Controller constants for a high-level saturated solvent.

Disturbance (%) Ts (h) PID PFC

K Ti (h) Td (h) Process time constant (h) Speed factor SF

+15 0.05 9.5 8.5 0 12.5 0.5

−15 0.05 7.6 8.0 0 12.5 0.5
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The PFC controller proves to be useful to speed up the starting
procedure (see Figure 11). When the set point is changed, the PID
controller reaches the new set point a little quicker, but at the cost of
damped oscillations on CV and MV signals. Despite the
optimization of the PID settings, its behaviour appears here to be
less efficient than the open loop. This is linked to the large saturation
change of the solvent, which is far beyond its nominal
operating point.

The absence of integral action in the predictive control enabled
the process to avoid concentration overruns while reaching a zero
residual difference. Once again, the PFC controller shows good
performances with extended stability margins.

4 Simulation results with a high-level
saturated solvent

In order to broaden the validity of the PFC control law, the
second application case is to simulate a process with a more highly
saturated solvent. The process is slower, with its constant time rising
from 3.9 h to 12.5 h. As the model defines a slower reference
trajectory, can the PFC controller still correct the process
efficiently? The simulation scenarios follow the same logic as
previously described.

Minimal and maximal feed solution flow rates are implemented.
Here, this flow rate can vary around the nominal flow rate +/−50%.

FIGURE 12
Correction of a +/− 15% disturbance on the fresh solvent flow rate with PID and PFC controllers (top: CV signal, bottom: MV signal).
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Similar limits are already fixed for the previous case, but never
reached in any simulation.

4.1 Disturbance rejection

The simulation starts from the nominal steady-state regime. The
sampling period is still 0.05 h. At 0.1 h, a +/− 15% deviation is
simulated on the fresh solvent flow rate. This scenario is repeated
two times: with a PID controller, and with a PFC controller. The
controller constants are given in Table 2.

The PFC controller manages to efficiently reject the disturbance
in both cases (see Figure 12). The correction appears to be less
dynamic than in the previous case, coherent with the higher time
constant. The PID constants reflect this fact (higher proportional
constant, lower integral constant). This explains why the stability
margins are wider for both controllers (see Figure 13). The time
constant does not have a sufficient impact on the PFC control law to
speed up the correction. One solution tested wiss to double the
correction gain, as explained in paragraph 2.3. With this small
adaptation, it is feasible to correct the process more quickly, while
maintaining adequate stability margins.

FIGURE 13
PID and PFC controller comparisons through stability margins (top: +15% disturbance, bottom: −15% disturbance).
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As previously observed, the PFC controller offers more stability
margins and a smootherMV signal, even if it is less marked in this case.

4.2 Set point tracking

The simulation starts with a uranium-free process flow. At the
initial time (t = 0 h), the process is fed with a solution containing
uranium (VI). This scenario is repeated four times: without any
controller, with a PID controller (2 sets of constants), and with a
PFC controller. The sampling period wis 0.05 h. The controller
constants remain those given in Table 2.

The results from this starting procedure are interesting (see
Figure 14). As the scrubbed uranium accumulation is bigger, more
uranium is needed. The “boost” period observed during the first 1.5 h is
therefore logical. The PFC controller is limited by themaximalflow rate.
In that case, the variation of the MV signal is sharp at the end of the
“boost” period, and it creates a transient reflux of the CV signal. The rise
to the steady-state is reduced from 35.85 h (open loop) or 23.4 h (PID
controller) to 17.35 h (PFC controller). This is a significant reduction,
with no set point overrun in any cases. The PFC controller’s behaviour
is more consistent with the standard process monitoring. When the set
point is changed, the PID controller reaches the new set point more
quickly. It is the same situation as for the disturbance rejection, and it is

FIGURE 14
Set point tracking with PID and PFC controllers (top: CV signal, bottom: MV signal).
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possible to improve this by adjusting the gain of the PFC control law.
But the differences in the stability margins are lower for set point
tracking (see Figure 14), especially for the initial rise from a uranium-
free process (time from 0 h to 60 h). In fact, when the gain is greater
than one, the “boost” period is too long, and the PFC controller
compensates by reducing the feed solution flow rate to the minimal
level. It is necessary to differentiate between a set point tracking from
zero and a set point tracking from an already established steady-state.
The gain can be respectively one, and two or three, to have good
performances for the PFC controller.

5 Discussion, conclusions
and prospects

A simulation tool has been developed to implement the PID and
Predictive Functional Control (PFC) controllers for separation
processes by liquid-liquid extraction. The PFC command law
manages to monitor non-linear separation processes, when using
a physical model connected to the PAREX code. An online
alignment of the model with the process values is necessary to
keep the model sufficiently representative to predict the future
behaviour of the process.

Even if the PID controller may be more efficient locally, the
great strength of the PFC controller is to enable good
performances on wider operating conditions, with an easier
parameterization. For slow processes with the time constant
process in hours, the PID parametrization would be very long
to achieve because it often needs iterative adjustments. In
addition, the PID controller requires to set two coefficients for
the proportional and integral actions, instead of only one for the
PFC controller: the speed factor. The speed factor is more
intuitive for operators to handle: it has a clear physical meaning.

In the case of the PFC controller, implicitly, the physical model
intervenes in the automatic settings of the parameters. The PFC
controller can regulate the process with more smoothly manipulated
variables, whatever the set point tracking or the disturbance
rejection. In the absence of an integral action, the PFC controller
has wider stability margins, enabling an increase in the correction
gain to speed up the correction, especially in the case of a slow
process. Such conclusions are already reported for dividing wall
columns for different MPC controllers (Adrian et al., 2004) (Qian
et al., 2016) (Jianxin et al., 2018).

This article shows the feasibility to regulate solvent saturation
at the extraction step of the PUREX process in different conditions
of saturation, with a PFC algorithm using predictions from the
PAREX code, without any intermediate metamodel. Thus, the PFC
controller appears to be a good candidate for experimental tests.
Future experimental tests are foreseen to validate the simulation of
a separation process in mixer-settlers with a surrogate feed
solution. This experimental program aims at testing the PFC
algorithm during different phases of operation of the process:

starting procedure, nominal operation and flushing procedure.
The first objective is to boost the starting procedure by rising the
process to the steady-state more quickly than the current
procedure (open loop in this article). Secondly, when the set
point is reached, a disturbance is applied on the process to test
the ability of the algorithm to keep the set point at its nominal
value. An example of disturbance is a decrease of the solvent flow
rate. The final objective is to speed up the uranium flushing of
the process.

A mid-term objective is to include the state estimator tool in the
control loop in order to consolidate the controlled variable
measurements (Duterme et al., 2019a) (Duterme et al., 2019b)
(Hovd and Bitmead, 2005) (MengLing et al., 2015).
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