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Abstract: In this study, the effect of process- and online
analyser configuration on pulp quality control is explored.
The following parameters were included: analyser sam-
pling interval, time delay, measurement error magnitude,
and latency chest residence time. Using different values of
parameters in a process model, a range of configurations
were constructed. For each configuration, the achievable
control performance was evaluated using an optimiza-
tion approach. PI controller settingswere chosen based on
minimization of the integrated absolute error (IAE) in pulp
quality after an input step disturbance. The results show
that reducing the sampling interval improves performance
also when the interval is smaller than the chest residence
time or the analyser delay. Moreover, reducing the chest
residence time can reduce the IAE by up to 40%.However,
reducing the residence time to lower than 1/3 of the sam-
pling interval does not improve performance. Further im-
provement is possible if the analyser delay is reduced. The
compromise between reducing the IAE and avoiding creat-
ing variation by acting on measurement error has a strong
influence on the results. In conclusion, pulp quality con-
trol performance can be improved significantly by making
changes to the studied configuration parameters.
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Introduction

Changing the design of a process and its instrumenta-
tion may enable significant improvement of control per-
formance (e. g. Sharifzadeh 2013). The extent to which
re-design is possible will of course differ between appli-
cations. In mechanical pulp production, control perfor-
mance is affected by the choice of e. g. on-line analyser
sampling rate, and the size of the preceding pulp chest
(Hill et al. 1979, Blanchard andFontebasso 1993). The com-
bined effects of such parameters have not been studied
systematically. Following an introduction to refiner pulp
production this study explores the effect of design choices
on pulp quality control performance.

Refiner mechanical pulp production

Although there is a large variety of processes for refiner-
based mechanical pulp production (Sandberg et al. 2020),
the challenge of pulp quality control is similar. As an ex-
ample, a single stage pressurized refinermechanical pulp-
ing process is described in Figure 1. Wood chips are fed
into a pressurised pre-heater, with a metering screw in
the bottom which sets the throughput. Chips are forced to
the entry-zone between a rotating and a stationary disc,
where a coarse pattern of bars create a coarse pulp. Fibres
and fibre bundles are further refined as theymove through
the gap between the discs (Atack 1980). After refining, the
high-consistency pulp is transported by the steam flow via
a blow-line to a steam-separator. At its discharge, hot wa-
ter is added, and the pulp falls into a large chest where it
is mixed to a consistency of 3–6%. After this chest, pulp
is sampled by an online pulp quality analyser. The results
are delayed, infrequent, and include significant random
errors. This can limit their use for control purposes.

The main reason for including a large agitated pulp
chest is that refiner pulp requires disintegration at high
temperature. When fibres exit the refiner, they are gath-
ered in aggregates (Karnis et al. 1986), and individual fi-
bres and fibre fragments are twisted, bent, or distorted
in other ways (Mohlin 1980, Karnis 1993, Gao et al. 2013).
Hot disintegration breaks up aggregates and straightens
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Figure 1: Schematic illustration of a single stage refining process, showing some of the process variables.

fibres. This is called latency treatment, since it releases
the “latent strength properties” of the pulp (Beath et al.
1966). Most of the early refiner lines incorporated a la-
tency chest, often with a residence time around 20 min-
utes (Evans 1978). There has however been a large vari-
ation in chest designs in terms of size, agitation, etc.
Later, smaller chests have been more common (e. g. Tien-
vieri et al. 1999, Mokvist et al. 2005). Latency removal pro-
ceeds faster with higher temperature, impeller power in-
put, and consistency (Gao 2014). This suggests that a rel-
atively small chest can achieve latency removal, perhaps
at lower energy use (Dawson et al. 1978). Some mills seem
to have implemented such designs (e. g. Tamminen et al.
1987, Sikter et al. 2007).

The main objective when operating a refining pro-
cess is to produce pulp with low variation around the tar-
get quality, preferably with as low energy use as possi-
ble. The basic instrumentation and control set-up includes
control of steam pressures, water flows, and disc gap (or
hydraulic pressure), as well as protection systems. Many
processes also include strategies to control refining con-
sistency and/or motor load. The choice of control strate-
gies for the use of continuous process measurements has
a clear impact on the variation of pulp quality (e. g. Roche
et al. 1996, Kortelainen et al. 1997, Eriksson and Karlström
2009, Karlström et al. 2020). However, the topic of this pa-
per is feedback control of pulp quality, and how it is influ-

enced by design choices regarding the pulp tester and the
pulp chest.

Design choices for pulp chest and online
analyser

In Figure 2, the most frequently used chest designs are
shown: A) a large latency chest, B) a standpipe (no mix-
ing), C) a small well-mixed chest. The small chest may be
operated at higher consistency, and higher impeller power
input, especially if it is a “pulper” designwith the impeller
in the bottom. In contrast, there is essentially nomixing in
a standpipe (B). Several mills have added a small “trans-
fer chest” before an existing latency chest, to enable bet-
ter use of online pulp testing (Blanchard and Fontebasso
1993). Some latency chests may be described as a series
connection of a mixed volume and a plug-flow volume
(Tessier et al. 1997, Ein-Mozaffari et al. 2004).

On-line analysers for pulp drainage rate gained
widespread use for mechanical pulp production in the
1980ies (Brewster and Rogers 1985). While the drainage
testmethoddiffers betweenmodels, the results are usually
calibrated to match laboratory results of Canadian Stan-
dard Freeness (CSF) (Roche et al. 1997). Today, the most
popular analysers measure several pulp properties. The
basic tests are drainage rate, and optical analysis of fibre
and shive size distributions.
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Figure 2: Different choices of pulp chest.

The time required for a pulp test is around 1–10 min-
utes, depending on the time used for the analysis step,
and for sample preparation (Dilution, disintegration, sub-
sampling). The transport from the sampling position also
adds a short delay.

When an analyser serves multiple positions, the sam-
pling interval for each position is increased. Connecting
e. g. 4 positionsusually gives an interval in the range 20–35
minutes. While such configurations are common, shorter
intervals are possible (e. g. Tamminen et al. 1987, Roche
et al. 1996, Tessier et al. 1997, Johansson et al. 2018).

Each test result includes a random error due to vari-
ations in sample extraction, preparation and analysis.
Moreover, there is a random“misrepresentation” error due
to infrequent sampling and fast variations. This can be de-
scribed as “sampling noise” (e. g. Alsip 1981), and it can
be explained by the aliasing effect (e. g. Åström and Wit-
tenmark 1997). Variations which are fast, in relation to
the sampling interval, give a contribution to each sam-
ple which is not representable. The presence of fast varia-
tions in pulp quality is known frommanual blow-line sam-
pling and indicated by variations in blow-line consistency
as well as motor load (Strand 1996, Ferritsius et al. 2017).
Since a well-mixed pulp chest smoothens out fast varia-
tions, it can be used to reduce sampling noise.

Automatic control of pulp quality has inmanyapplica-
tions been limited to a single property, often pulp freeness.
Meanfibre lengthhas alsobeen controlled (Karlströmet al.
2015). Pulp quality can be controlled by manipulating one
of the basic process variables, e. g. second stage disc gap,
or by manipulating e. g. refiner motor load or consistency
(e. g. Roche et al. 1996). Some control strategies use the
pulp tester in a model-based approach, where the test re-
sults are used to correct a pulp quality model. Different
forms of model predictive control (MPC) have been stud-
ied and applied, in some cases together with a pulp qual-
itymodel (Strand et al. 1999, Karlströmand Isaksson 2009,

Harinath et al. 2013). In the context of this study, it is not
the under-lying control structure which is of interest.

Although few studies have investigated the impact
of refining process design choices on pulp quality con-
trol performance, the literature contains many short state-
ments that the latency chest is too large or that the sam-
pling rate is too low (e. g. Honkasalo et al. 1989, Blanchard
and Fontebasso 1993). The importance of the sampling
interval was investigated by Hill et al. (1979), based on
logged quality variation from an online analyser. Methods
are available for evaluating control performance of differ-
ent processes at varying sampling interval (e. g. Lennart-
son 1990, Åström and Wittenmark 1997, Horch and Isaks-
son 2001). To better understand the importance of refining
process designparameters, they shouldbe studiedwith re-
spect to suitable indices of control performance, and for
the large range of possible configurations.

Objectives and limitations

The objective of this study is to explore how control per-
formance is affected by the size and design of the latency
chest, as well as the configuration of the online analyser.
Direct feedback control of a single quality property is stud-
ied. Latency treatment is not studied, it is assumed that
it can be achieved with a relatively small chest, see Gao
(2014) and Dawson et al. (1978).

Materials and methods
When comparing different process designs (or control
strategies) it is important that relevant aspects of control
performance and robustness are included. In the case of
pulp quality control, the most relevant aspects are: the re-
sponse to disturbances (such as raw material variation),
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the response to random measurement error, and that the
behaviour of the refiner will change over time.

The effect of process- and instrumentationalternatives
on control performance can be evaluated by removing the
influence of the choice of controller. This can be done by
designing a controller for each configuration using a strict
specification. Several aspects of performance can be in-
cluded by setting the controller to optimize a main per-
formance index, with constraints on robustness and/or
sensitivity to measurement noise (e. g. Kristiansson and
Lennartson 2006).

In this paper, the effect on control performancewill be
investigated for the following configuration parameters:
– Mixed chest time constant (TR), which is deter-

mined by the residence time of the part of the pulp
chest volume which can be considered well-mixed.

– Timedelay (TD), due to sample preparation and anal-
ysis, transport in piping to the analyser, and in some
cases due to a plug-flow region in the pulp chest.

– Sampling interval (TS), of the pulp quality analyser.
– Random error, i. e. deviations of analyser results due

to variations in sample extraction, preparation and
analysis. Sampling noise may also be included, since
it has a similar effect.

The chosen approach is to design a controller for a wide
range of “process designs”, definedby values ofTR,TD and
TS. For each design, PI controller parameters were deter-
mined by optimization (see Garpinger andHägglund 2015,
Soltesz et al. 2017). The main performance index is the in-
tegrated absolute error (IAE) after a step disturbance. Val-
ues of controller parameters were chosen to minimize the
IAE, under constraints for two complementary indices; 1)
The peak amplification of disturbances must be less than
a given level, 2) The sensitivity to measurement error must
be less than a given level.

The effect of TR, TD, and TS on control performance
was compared based on the resulting IAE. The impor-
tance of random error was examined by varying the level
of the second constraint. In the following, the method is
explained in detail. An additional aspect is that a mixed
chest filters out fast variations, reducing “samplingnoise”.
This is treated separately.

Process model and control algorithm

A refining process is modelled as shown in Figure 3. The
manipulated variable, u, is denoted disc gap. The in-
put disturbance represents variations in e. g. chip quality
or throughput. The pulp chest is modelled as “perfectly

Figure 3: Process model for simulation of pulp quality control. Colours are used in simulation results.
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mixed”, i. e. a low-pass filter, with time constant TR. Anal-
yser results are available at discrete instants separated by
uniform intervals set by TS. Results are delayed by TD min-
utes. Note that delay is often mainly in the analyser, but it
is placed before the sampler to simplify calculations. This
has no effect on results (see Appendix). The model can be
used to simulate the pulp quality response to input distur-
bances and measurement error, generated from a normal
distribution with standard deviation σe.

Since the residence time of a refiner is relatively short,
it is modelled without dynamics, according to

yblowline (t) = kdd (t) + kuu (t) , (1)

where kd and ku are the gains from input disturbance and
disc gap. The relative scale of variables is not important in
this study. Therefore, kd and ku are set to 1 unless stated
otherwise.

The character of two different process designs is il-
lustrated in Figure 4 (without controller), showing the re-
sponse to input disturbance (grey) and disc gap (blue).

Figure 4: Response of two different process designs to a step in
input disturbance and disc gap. From t = 250, measurement error is
added. A: TR = 20, TD = 10, TS = 10. B: TR = 5, TD = 10, TS = 20
minutes.

The blow-line quality (red) is directly affected by the
input disturbance. After the pulp chest, the pulp qual-
ity has been filtered (purple). The analyser measurements
(green) are separated by intervals of length TS and are also
delayed by TD = 10 minutes. After the disc gap step in 4B,

nearly the full effect is visible already in the next sample,
while in 4A someof the gradual change is captured. The re-
sponse inmeasured quality in 4A is that of a discrete “first
order with time delay process”. The process in 4B is sim-
pler since TS is large compared to TD and TR.

Proceeding to the controller, a PI algorithm with fil-
ter was chosen for this study. The controller acts on infre-
quent measurement results (samples), given by y in Fig-
ure 3. Each time a new result is presented, the control algo-
rithm decides on a new disc gap, u, based on the deviation
between the measured value and the set-point,

ydev (k) = ySP (k) − y (k) . (2)

A simple control algorithm is to change the disc gap in
proportion to the deviation, i. e.

Δu (k) = KITSydev (k) , (3)
u (k) = u (k − 1) + Δu (k) . (4)

This is referred to as a discrete time integral controller,
whereKI is the integral gain. The sample index k is used to
identify the sample at the time t = k ∗TS. In-between sam-
pling instants u(t) equals the value set by the last control
action.

A proportional controller is tuned by the proportional
gain, KP, and sets gap in relation to the current deviation,

u (k) = KPydev (k) . (5)

A discrete PI controller is given by the sum of the inte-
gral part and the proportional part (in incremental form),

Δu (k) = KITSydev (k) + KP [ydev (k) − ydev (k − 1)] . (6)

The output of the first order low-pass filter,

yfilt (k) = αyfilt(k − 1) + (1 − α) ydev (k) , (7)

is a weighted average of past results, where α sets the
strength of the filter. In Figure 3, a filter on the P-part is
included in the controller (in transfer function form). Fil-
tering the I-part is less motivated, since it is already a form
of filter.

Control performance and process design
comparison

For many refining processes, the response to set-point
change is of secondary interest. Themain objective is to re-
duce the variation in pulp quality due to changing rawma-
terial and other disturbances. An additional objective is to
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Figure 5: Response to an input disturbance step at t = 100, and to random measurement error after t = 340. TR = 20, TD = 15, TS =
20minutes. The IAE is given by the shaded purple area. PI controller with KP = 0.26, KI = 0.44. Noise is added to the input disturbance for
graphical reasons.

avoid acting onmeasurement error, since this creates qual-
ity variation. These objectives require a compromise. To il-
lustrate this, a simulation is presented in Figure 5, where a
givenprocess is controlled by aPI controller.Moreover, the
process behaviour can change over time, which also moti-
vates defensive controller settings to achieve robustness to
process change.

A popular index for performance is given by the
shaded purple area in Figure 5, between the pulp quality
curve (purple) and its set-point (which is 0 in this case).
This is the integrated absolute error, and is in this case
given by

IAE =
∞

∫
0

|ySP (t) − ychest (t)| dt, (8)

where ychest is the pulp quality after the chest (Figure 3).
When there is no over-shoot in the step response, the IAE
equals the integrated error (IE).

The chosen method for controller design is based on
minimization of the IAE after an input step disturbance.
For many processes, the lowest possible IAE is achieved at
the cost of other performance objectives. For this reason,
constraints are added to limit the sensitivity to measure-
ment noise, and to ensure robustness (Garpinger and Häg-
glund 2015, Soltesz et al. 2017). This involves performance
indices which are usually defined and calculated using
transfer functions. These indices are presented briefly be-
low, and the calculations are presented in the Appendix.

The sensitivity to randommeasurement error is shown
in the later part of the time series in Figure 5. Although
the step response looks good, the controller creates much
quality variation by acting too strongly on random anal-
yser errors. The random errors are uncorrelated (i. e. white

noise) and generated from a normal distribution. The con-
troller acts on measurement error with standard devia-
tion σe = 0.30, and thereby creates variation in blowline
pulp quality (red) with standard deviation σy,e = 0.225.
An index for the sensitivity to measurement error is the ra-
tio σy,e/σe, here 75% (e. g. Garpinger and Hägglund 2015).
This index is here referred to as the “noise transfer ratio”.

Robustness constraints are often set using a frequency
domain description of the controlled process. When peri-
odic disturbances act on a process under feedback control,
those with low frequency are reduced in amplitude (com-
pared to when the manipulated variable is held constant),
but variations with high frequency are amplified. Since
pulp quality is controlled using sampled (discrete) results,
we use the step-invariant discretization of the process and
study the discrete frequency response (e. g. Åström and
Wittenmark 1997). Details are given in the Appendix.

The peak amplification of disturbances, MS, is a com-
plementary index of control performance, and it also in-
dicates robustness to change in process behaviour (e. g.
Åström et al. 1998). It is common to include a limit on MS
as a part of a controller design specification. For compari-
son of different controllers, the limit has often been set in
the range 1.4–1.7 (e. g. Åström et al. 1998, Kristiansson and
Lennartson 2006, Soltesz et al. 2017).

For a given process design, the optimization problem
to be solved is:

Find values of controller parameters KP, KI and α that
minimize IAE, under the constraintsMS ≤ c, and

σye
σe
≤ d.

The effect of the process design is explored by varying
TR,TD, andTS, while the importance ofmeasurement error
is studied by varying the level of the constraint on σy,e/σe
between 30 and 70%.
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The constraint on MS was set to 1.4. The choice of
controller was either PI (α=0) or PI with filter (all pa-
rameters optimized). Optimization was performed using a
general-purpose interior-point-algorithm, available in the
Optimization Toolbox for Matlab. The values of MS and
σy,e/σe were calculated using transfer functions, whereas
the IAE was calculated based on results of simulation us-
ing Simulink (details are given in the Appendix).

Pre-filtering of fast variation before pulp
sampling

In the previous section the aspect of sampling noise was
not included. A smaller mixed chest time constant (res-
idence time) enables better step response performance
(IAE), but worse pre-filtering (more sampling noise). The
impact of sampling interval and pre-filter time constant
on control performance is complex (Lennartson and Mid-
dleton 2014). Since there is a lack of knowledge about the
character of variations after the refiner, we use a simple
method and estimate that the pre-filtering function can be
made good enough with a small negative impact on the
IAE. The level of sampling noise depends on the choice of
mixed chest time constant and sampling interval. It also
depends on the variance and character of the fast quality
variations after the refiner. The variance of fast blowline
quality variations can be large, but the character of these
variations is less known, since few have studied a large
number of samples (see Ferritsius et al. 2017).

A simple index of pre-filter performance is its dampen-
ing at theNyquist cycle time, 2∗TS. Awell-mixed chest can
be modelled as a first order low pass filter with time con-
stant TR. At the cycle time 2 ∗ π ∗ TR, this filter reduces the
amplitude to 71% (square root of 0.5), and faster frequen-
cies are damped more. To have 71% dampening at 2 ∗ TS
requires that TR is around 1/3 of TS. With limited knowl-
edge of the character of fast quality variations, it seems
reasonable to estimate that the choice TR > 1/3 ∗ TS will
reduce sampling noise variance to a level where it is small
in relation to the other random errors.

Results

The achievable control performance was determined for a
wide range of configurations,with varying choice ofmixed
chest time constant (TR), analyser time delay (TD), and
sampling interval (TS), all expressed inminutes. For awell-
mixed latency chest, we can interpret TR as its residence

time. Time delay is often mainly due to the analyser but
may also be due to plug flow in a latency chest and sample
transport. The main performance index is the integrated
absolute error (IAE) of the response to an input step dis-
turbance. It has the unit minutes, see (8), which may be
perceived as a strangemeasure of performance. These val-
ues can be related to e. g. the settling time using the exam-
ple in Figure 5, and the results can be used to compare the
relative effect of changes to an existing process.

As seen in Figure 6 and 7, control performance (step
response error, IAE) depends strongly on the chosen sam-

Figure 6: Control performance (IAE) vs sampling interval for different
chest time constants (residence time). Analyser delay = 8min. PI
controller.MS ≤ 1.4. Noise transfer ratio ≤ 50%.

Figure 7: Control performance (IAE) vs sampling interval for differ-
ent analyser delay and chest time constants (residence time). PI
controller.MS ≤ 1.4. Noise transfer ratio ≤ 50%.
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pling interval and chest time constant. In these figures, the
constraint on the noise transfer ratio is set to 50%. The re-
lations change depending on this level, as shown in Fig-
ures 8 and 9. The PI controller without filter is used in Fig-
ures 6–9. Adding a filter had only a small effect on the re-
sults (See Appendix), and therefore we present mainly re-
sults without filter. In the largest part of the studied range,
there is no single parameter which sets a limit for perfor-
mance.

Figure 8: Control performance (IAE) for different levels of constraint
on the noise transfer ratio. Chest time constant = 5min (residence
time), analyser delay = 8min.MS < 1.4, except for the bottom line
whereMS = 1.4.

Figure 9: Control performance (IAE) for different level of constraint
on the noise transfer ratio. Compares two chest time constants (TR).
Analyser delay 8min.MS ≤ 1.4.

Reducing the sampling interval improves perfor-
mance (reduces the IAE) following an almost linear rela-
tionship (Figures 6 and 7). The exception is the curves for
5- and 2-minute chests, which flatten out after small peaks
related to the8-minute analyser delay, in relation toTS (See
Appendix).

Reducing the chest time constant also improves per-
formance significantly, but not when it is small in relation
to the sampling interval. In Figure 6, the IAE improvement
when changing from TR = 20 (and TS = 20) to TR = 5 is
the same as that of changing to TS = 13. However, the im-
provement from further reducing the chest size fromTR = 5
(at TS = 20) is small. A change of TR from 30 to 5 min-
utes can reduce the IAE by up to 40%. Reducing the time
constant to less than around 1/3 of the sampling interval
does not improve performance significantly. Moreover, re-
ducing the time constant to less than the delay does not
improve performance.

The effect of reducing the delay is generally stronger
than that of reducing the time constant by the same num-
ber ofminutes. Reducing TD is especially effectivewhen TS
is less than TD (Figure 7). In practise, this can occur when
there is a latency chest with a plug-flow region, or a very
long sample transport pipe.More commonly, the sampling
interval is larger than the time delay, and the effect of re-
ducing TD is then less pronounced.

The effect of measurement error standard deviation
(σe) can be retrieved indirectly from Figure 8, which has
two important interpretations. The direct interpretation is
that the IAE can be reduced by choosing a less strict limit
on the noise transfer ratio (σye/σe). Indirectly, if σe can be
decreased, the IAE can be reduced. For example, reduc-
ing σe by 30% (σ2e by 50%) without changing the con-
troller settings results in a reduction of the induced qual-
ity error (σye) by 30%. To stay at the same level of σye,
the controller can be set with higher σye/σe. The conse-
quence of this can be seen by comparing the curves of 35%
and 50% (35%/0.70 = 0.50), or those of 45% and 65%
(45%/0.70 = 0.64). From this comparison, the effect of re-
ducing standard deviation by 30% is approximately equal
to that of reducing the sampling interval by 50%.

With a stricter limit on the noise transfer ratio, the im-
portance of the sampling interval increases (Figure 9). This
is illustrated by comparing performance for designs with
TR = 5 and 20 minutes (see also Figure 4). As an exam-
ple, the process in Figure 4A is better than that in 4Bwhen
the noise transfer ratio is less than 50%. Since the random
error of pulp quality tests is often significant in relation
to the real variation in pulp quality (e. g. Hill 1993), the
controller design should not allow transfer of more than
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Figure 10: PI Controller parameter values (KI, KP ) vs sampling inter-
val (TS) for some of the curves from Figure 6, with different chest
time constants, TR .

20–50%. This is a difficult compromise, since the IAE in-
creases stronglywhen thenoise transfer ratio is decreased.

The almost linear relations between performance and
sampling interval in Figures 6–9 are related to the con-
straint on the noise transfer ratio. This nature of the results
is characteristic for the combination of this type of con-
straint and the IAE as the main performance index. The
“robustness constraint” (MS ≤ 1.4) is inactive for most of
the points in Figures 6–9, as shown in Figure 11. In the
rangewhere this constraint is active, it generates the peaks
in the curves, and bends the otherwise relatively straight
curve.

Figure 11 shows the peak amplification and the noise
transfer ratio corresponding to the results in Figure 8. The
constraint on σy,e/σe has a greater influence on the results.
Even if a quite strict constraint with MS ≤ 1.2 is used, the
solution for σy,e/σe is only changed for TS < 10 minutes,
sinceMS is already less than 1.2 for larger TS. Moreover, the
analyser random error may be of significant magnitude in
relation to the actual quality variations. Consequently, for
the major part of the studied range of configurations the
controller settings can be considered limited by the noise
transfer ratio. When a controller is set for a reasonable
compromise between reducing the effect of input distur-
bances and avoiding creation of quality variation by acting
on randommeasurement noise, the robustness properties
(here described byMS) will also be good.

The PI controller settings for the curves in Figure 6 are
shown in Figure 10. The optimal PI controller turns into an
integral-only controller when the sampling interval is rel-
atively long. Also, for the three evaluated chest time con-

Figure 11: Peak amplification (MS) and noise transfer ratio (σy,e/σe)
for the curves in Figure 8, resulting from varying constraint: σy,e/σe.
≤ 30, 50 or 70%.

stants, as the sampling interval becomes relatively long,
the product KI ∗ TS converges to the same value.

A better step response (lower IAE) implies a higher
bandwidth, i. e. that the effect of faster disturbances canbe
reduced. This is important, since raw material variations
often have a stochastic character, with variation in a wide
band of frequencies. The bandwidth for the response to in-
put disturbances can be calculated from the results (See
Appendix). For example, consider the 20-minute chest in
Figure 6 at a sampling interval of 15 minutes. An input dis-
turbance with cycle time of 7.7 hours is reduced in ampli-
tude to 70% using the optimal PI controller. Faster vari-
ations are either only slightly damped or amplified up
to a maximum of 130% (MS). This emphasizes that the
peak amplification is also a performance index, and that it
should not be chosen too high. A fast step response is also
important when disturbances appear as short-term devia-
tions from a relatively constant level.

Pre-filtering of fast variation before pulp
sampling

In the last part of the methods section it is estimated that
the level of sampling noise can be made relatively low
using a mixed chest with time constant (residence time)
of 1/3 of the sampling interval. Together with the main
part of the results, this indicates that pre-filtering can be
achieved without significant reduction of step response
performance. However, sampling noise can be significant
if the pulp chest is notmixed, as in the case of a standpipe.
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Discussion
A wide range of latency chest and analyser configura-
tions are used in mechanical pulping mills, and the range
of possible configurations is even wider. Most mills to-
day usemulti-property analysers which serve several posi-
tions, resulting in long time delay and long sampling inter-
vals. Shorter intervals are possible by using one analyser
for each position, or by using alternative analysers (e. g.
Tessier et al. 1997, Johansson et al. 2018).

A clear result of this work is that control performance
can be improved by reducing the sampling interval. An ex-
ception occurs when themeasurement noise transfer ratio
is high, and the chest is small. Then, performance is lim-
ited mainly by the time delay. However, this exception is
less relevant. In practise, the noise transfer ratio should
not be set higher than 20–50%. Then, there is an almost
linear dependence of IAE on TS (Figure 7). The slope de-
pends mainly on the allowed transfer of measurement er-
ror (Figures 8, 9).

A small well-mixed pulp chest after refiners offers a
short time constant and thereby enables improved step
response performance, but it should also provide latency
treatment and pre-filtering to reduce sampling noise. La-
tency treatment can be achieved in a short time using high
intensity agitation, but there is a lack of reported mill re-
sults (Dawson et al. 1978, Tamminen et al. 1987, Gao 2014).
If the need for latency treatment does not limit the chest
size, control performance can be significantly improved
by using a smaller chest, especially together with a short
sampling interval. There are also other benefits of having
a small pulp chest. With a relatively small chest and a
short sampling interval, it is possible to detect short-term
variations (Karlström and Hill 2018). These are of interest
when trying to understand the process, and when evalu-
ating control strategies. Moreover, manual control actions
are easier to evaluate, since the final level of the response
is approached faster.

To further improve the use of pulp property measure-
ments in different control concepts, the random error of
measurement results should be reduced. Sampling noise
can be reduced by using a well-mixed chest. Composite
sampling can reduce sample extraction error and to some
extent also sampling noise (see Ferritsius et al. 2017). For
multi-property testers, the random analysis error of each
propertymay be reduced by reconciling the results (Strand
et al. 1989). The random analysis error depends on the
choice of pulp property and analysis method. The strong
trade-off between reducing the effect of disturbances and
avoiding action onmeasurement noise emphasizes the im-
portance of reducing measurement error.

This work shows how the use of pulp quality feedback
control can be improved by changes to the latency chest
and to the configuration of the online analyser. Variation
in pulp quality naturally also depends on the performance
of the continuous control strategies, such as control of re-
fining consistency. The importance of pulp quality feed-
back control in a specific mill depends on the character
of the disturbances which cause quality variations. Fur-
ther assessment of pulp quality control can bemade using
logged values of variation in quality (Hill et al. 1979, Toivo-
nen and Tamminen 1990, Horch and Isaksson 2001). Two
additional aspects on control performance is how fast the
controller can react after a set-point change, and how fast
it can find the right pulp quality after the controller is acti-
vated, e. g. after start-up of the refiner. These functions are
related to the input disturbance step response but can be
modified separately.

Conclusions

In this paper, analysis of a range of simulated process de-
signs has shown that:
– Reducing the pulp chest time constant improves con-

trol performance, down to a limit set by the sampling
interval and the analyser delay.

– Reducing the time delay improves performance, also
when it is only a fraction of the sampling interval.

– Using a pulp chest without mixing results in sam-
pling noise due to fast variations. The study indicates
that sampling noise is not significant for a small well-
mixed chest.

– Reducing the sampling interval improves perfor-
mance, alsowhen the interval is smaller than the chest
time constant or the analyser delay.

– When low sensitivity to measurement error is impor-
tant, the achievable performance depends strongly on
the sampling interval length.
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Appendix

In the following, some additional comments about the
results are provided. But first, a detailed description of
the control performance evaluation used in the study are
given.

The study of a continuous process under feedback
control from discrete samples offer some challenges. Ad-
vanced methods are available for study of such systems,
but a common approach is to form a discrete representa-
tion of the system and study only the behaviour at the dis-
crete sampling instants (e. g. Åström & Wittenmark 1997).
This approach is used in this paper, but it is combinedwith
simulation to evaluate the continuous-time response to an
input step disturbance.

The discrete process model is formed by zero-order-
hold (ZOH) sampling of a continuous process model (Fig-
ure 3),

P (s) = 1
TRs + 1

e−TDs. (9)

Note that the analyser delay is included as a part of
this continuous process model, even though it in practise
occurs after sampling. This makes it easier to form a dis-
cretized transfer function to relate the input disturbance
to the analyser output.

Since the studied range contains configurationswhere
TD is a fraction of TS, the step-invariant-transformation is
slightly complicated (see Åström and Wittenmark 1997).
Functions for step-invariant sampling are available in e. g.
Matlab, through the function c2d. This function also pro-
vides the correct step-invariant discretization in the case
of fractional delay.

Step-invariant discretization of P(s) at the sampling
interval TS yields the discrete pulse transfer function

P (z) = (1 − l) z + (l − k)
z − k

z−m, (10)

where k = e
−TS
TR , l = km−

TD
TS ,

andm is the integer such that (m − 1)TS < TD < mTS .

After the discrete pulse transfer functionP(z)has been
found, analysis of the controlled process is performed in
the same way as for a continuous system. The transfer
functions of interest are formed by combining P(z) with
the controller transfer function C(z), and the refiner gain,
ku, see Figure 12. The gain from disturbance to refiner out-
put, kd, has been dropped from the process description.

In the refining process in Figure 3, pulp quality is de-
fined after the refiner (in the blowline) and after the mixed
chest. We will consider quality in the blowline to be the
output of the process. Then, themixed chest and the delay
can be regarded as a part of the sensor. With this perspec-
tive, the disturbance enters at the output of the process.
The transfer from disturbance, d, to blow-line quality, x, is
described by

x (z) = Gxd (z) d (z) =
1

1 + P (z) kuC (z)
d(z), (11)

Note that Gxd is also the transfer function from a dis-
turbance entering at the chest output, to quality after the
chest. This is recognized as the sensitivity function, S. The
peak of S, MS, describes the peak amplification of input
disturbances to blow-line quality, and is given by

MS = max
ω

S (eiωTS) = ‖S‖∞ =
"""""""

1
1 + PC
"""""""∞
, (12)

Figure 12: Discrete representation of the controlled refining process. Blowline quality and quality after chest are here denoted x and q re-
spectively, for clarity when denoting transfer functions.
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Figure 13: Simulink model used for determining step response error.

where ω is the angular frequency, i. e. by the maximum
value of the discrete frequency response function.

From the discrete frequency response of S, the band-
width is here defined as the highest frequency which is
damped to an amplitude of 0.70 (the 3 dB bandwidth). The
bandwidth can be expressed in terms of cycle time instead
of frequency.

The transfer from measurement error, e, to blowline
pulp quality, x, is given by

x (z) = Gxe (z) e (z) =
kuC (z)

1 + P (z) kuC (z)
e (z) . (13)

When e is a white noise signal with variance σ2e, the
standard deviation in blowline quality due to e is given by

σxe =
""""""""

kuC
1 + PkuC

""""""""2
σe. (14)

The ratio

σxe
σe
= ‖Gxe‖2 (15)

is a measure of the sensitivity to randommeasurement er-
ror. This index is here referred to as the noise transfer ratio.

Since measurement error enters as a discrete signal,
Gxe is an accurate representation of the response to mea-
surement error (at the sampling instants). In contrast,
the discrete frequency response of e. g. S is only an ap-
proximation of the response to a continuous periodic sine
wave. The accurate response can be given as a sum of
the response to the input (fundamental) frequency and its
aliases. This may cause the calculatedMS to be inaccurate

(too low), especially when the chest (pre-filter) time con-
stant is small. Other approaches to robustness are avail-
able (e. g. Toivonen and Tamminen 1990, Lennartson and
Middleton 2014).However, the approximationusedmaybe
sufficient for most of the studied range of configurations
and levels of constraints. It was found that the constraint
on noise transfer ratio was more important, and the IAE
was calculated for the continuous-time step response.

Figure 13 shows the implementation of the model in
Simulink, used to evaluate response to input step distur-
bance. The transfer of measurement error was calculated
using theMatlab Control Toolbox function norm, whileMS
was calculated using the function getPeakGain.

The simulations were performed using a numerical
solver (ODE45), with maximum step size set to 2 minutes
and relative tolerance set to 0.001. The timing of the sam-
pling instants is such that the first sample is at time 0,
where also the step disturbance occurs.

Additional results and comments

Although the PI controller was complementedwith a filter,
it was decided to leave this out from the results section,
since the improvement was small. Optimization with the
filter parameter includedwas also less robust and required
some restarts with changed initial guess. A few results are
shown in Figure 14.

The addition of a filter on the P-part of the PI controller
enables reduced IAEwhen the chest time constant is large,
but not otherwise. To minimize the IAE requires high val-
ues of KI . A step disturbance does not motivate the use of
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Figure 14: Control performance (IAE) vs sampling interval for differ-
ent chest time constants, with or without filter in the PI controller.
Analyser delay = 8min. PI controller.MS ≤ 1.4. Noise transfer ra-
tio ≤ 50%.

a filter, but a filter is motivated by the mixed chest when
there is a large time constant. However, such large chests
in relation to the sampling interval should not be used,
since performance can be improved by choosing a smaller
chest. Consequently, the PI controller without filter was
used, which also leads to simpler optimization.

The response to an input stepwas chosen for themain
measure of performance because it is simple. However, it
comes with some difficulties. The timing of the input step
in relation to the equally distanced sampling instants in-
fluences the results. This is especially evident where TD is
around the same size as TS. In the results presented, the
step occurs at time 0, together with a sampling instant. If
the timing of the input step is set so that it occurs between
two sampling instants, the resultingminimized IAEwill be
different. This is apparent for the result curveswhich show
peaks. Thepositions of thepeaks changedependingon the
input step timing. The difference is however small for the
result curves without peaks, and these can be considered
more relevant. The peaks appear also when the constraint
onMS is excluded, but to a lesser extent.
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