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Development of a Jacobian module
for advanced pulp and paper
simulation and control
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ABSTRACT: Pulp and paper processes frequently present nonlinear behavior, which means that process dynam-
ics change with the operating points. These nonlinearities can challenge process control. PID controllers are the
most popular controllers because they are simple and robust. However, a fixed set of PID tuning parameters is gen-
erally not sufficient to optimize control of the process. Problems related to nonlinearities such as sluggish or oscilla-
tory response can arise in different operating regions. Gain scheduling is a potential solution. In processes with mul-
tiple control objectives, the control strategy must further evaluate loop interactions to decide on the pairing of
manipulated and controlled variables that minimize the effect of such interactions and hence, optimize controller’s
performance and stability. Using the CADSIM Plus™ commercial simulation software, we developed a Jacobian sim-
ulation module that enables automatic bumps on the manipulated variables to calculate process gains at different
operating points. These gains can be used in controller tuning. The module also enables the control system designer
to evaluate loop interactions in a multivariable control system by calculating the Relative Gain Array (RGA) matrix, of
which the Jacobian is an essential part.

Application: PID controller performance can be optimized using a Jacobian module developed inside a com-

mercial pulp and paper simulator.

Pulp and paper processes (and chemical processes
in general) exhibit nonlinear behavior; that is, pro-
cess gains and time constants change with the operating
points. These variations have a great impact on PID con-
troller performance and stability and can cause problems
in both product quality and operating costs.

The proper tuning of PID parameters is important to main-
tain acceptable performance over the operating interval to
ensure stability, especially for nonlinear processes. The choice
of robust PID parameters will not guarantee optimal control-
ler performance.

Gain scheduling can be a solution for nonlinear processes
where a set of different PID parameters are used to ensure op-
timal performance over the entire operating region. The tun-
ing parameters of the PID controller can be calculated by dif-
ferent tuning methods [1-3]. In pulp and paper, lambda tuning
is the most popular. The objective is to achieve a smooth re-
sponse to set point changes. PID tuning parameters are calcu-
lated from the process model by performing a bump test on
controller output and then observing the process response.
Process gain, time constant, and dead time can then be esti-
mated and a simple dynamic process model can be obtained.

Generally, the process gain is the most important tuning
parameter [4] and estimation of the process gain at different
operating points can become very valuable. Gain scheduling
is a strategy that makes use of different gain values at different
operating points [5, 6].

In multiple inputs multiple outputs (MIMO) systems, mul-
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tiple variables must be controlled by manipulating several
variables. Control objectives can each be considered sepa-
rately as long as they don’t interact. The pairing of controlled
and manipulated variables that minimize loop interactions
can have a big influence on the overall stability and perfor-
mance of the control system. Bristol [7] has published a quan-
titative method that calculates the relative gain array (RGA)
from the steady state gain matrix. The proper analysis of each
RGA matrix entry is a valuable tool for choosing the best pair-
ing that minimizes interactions.

In light of this need to tune parameters, a design tool that
could evaluate process gains in simulation software would be
useful. The Jacobian module we describe can evaluate gains
between sets of controlled variable y; and manipulated variables
X; to be used in controller tuning. It also serves as the basis for
the computation of the RGA for MIMO systems design.

JACOBIAN MODULE

CADSIM Plus™ is commercial simulation software in which
custom user modules, called dynamically linked modules
(DLM), can be developed. Using a pre-defined syntax, a C++
programmer can incorporate his own computations that are
encapsulated in his own DLM. After compilation and linking,
the DLM becomes part of the software and can interact with
any other simulation module. We developed a Jacobian mod-
ule as a DLM in CADSIM Plus™.

The Jacobian DLM requires the user to specify a number
of variables in the flow sheet drawing interface, which repre-



sents the whole process to be simulated. The Jacobian module
will then compute some other variables during simulation.

The independent variables (manipulated x,) and depen-

dant variables (controlled y,) are the most important. The user
must navigate the flow sheet drawing interface and specify
which process variables are manipulated and which are con-
trolled. For example, if the flow sheet drawing interface rep-
resents a tank with two inlets, an overflow, and an outlet and
the Jacobian module is to be used to design a tank level con-
troller, then the user would probably specify the outlet flow
as the independent (manipulated) variable and the tank level
as the dependant (controlled) variable. In the flow sheet draw-
ing interface, these variables of the tank module icon would
be connected to the Jacobian module icon.

Other important variables to be specified in configuring

the Jacobian module are:

* Settling time, which is the time required for the con-
trolled variable y; to reach its final value in steady state
after a bump on the manipulated variable x; has been
performed; and

* Bump factor, which represents the amplitude of excita-
tion (bump) of the manipulated variable x;, expressed in
Eq. 1:

x (Bumped) = x (initial value)* (14 Bump factor) (1)

For integrating systems like a tank, the settling time should
be specified carefully to avoid such situations as overflow or
dry out of the tank.

Jacobian module computations
After all necessary variables have been specified, the Jacobian
module can be run during simulation and compute useful in-
formation, in the form of calculated (as opposed to the earlier
specified) variables.

As the module name suggests, a first set of computed vari-
ables are the entries of the actual Jacobian matrix itself, rep-
resenting the partials between each dependant and indepen-
dent variable pair (Eq. 2):
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where:

J =Jacobian matrix
x; = independent variable, i = 1 to m
y; = dependant variable,i=1ton

The Jacobian matrix is obtained during simulation after a
series of bumps have been performed on the set of specified
independent variables x;. Each Jacobian entry is simply com-
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puted according to Eq. 3:
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Once the Jacobian matrix has been obtained, the module
also performs a series of matrix computations to obtain the

RGA matrix (Eq. 4):

lll j"]: 3-],‘
RGA=J®(J'1)T —_ ;{n ;U_r_! ,1:” (4)
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where:
)\ij = Relative gain between dependant variable y, and manipu-
lated variable x; in a MIMO system.

In summary, after a number of specified variables have
been provided to configure the Jacobian DLM in the drawing
interface, a number of calculated variables are obtained as a
result of the execution of this module during simulation.
These calculated variables become valuable information for
the control system designer, assuming simulation is used dur-
ing the design phase.

GAIN SCHEDULING APPLICATION
Figure 1 shows a simulation of a brown stock washing sys-
tem [8]. In this system, the washing water flow and dilution
factor are important parameters for achieving minimal wash-
ing costs. Although high dilution factors minimize the cost
related to the use of chemicals and bleaching, they also in-
crease evaporating costs, which are predominant (Fig. 2).

The process dynamics are such that different optimal dilu-
tion factors exist that minimize washing costs for different op-
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1. Simulation flow sheet of the brown stock washing system.
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2. Partition of washing costs components for a dilution factor
of 2.
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3. Optimal dilution factor (1.96) for a washed pulp production
rate of 2000 t/day at 50% infeed chips consistency.

erating conditions (Fig. 3). Our first task was then to find opti-
mal dilution factor for different chip feed consistencies from
45%-55% (Table I). The resulting perturbations in production
rates have a great impact on washing control performance.
These optimal values were obtained by running the opti-
mization module of the CADSIM Plus™ software [9].

Modifications to the simulation
The original simulation in Fig. 1 has been modified to imple-
ment a PI controller at the final washing stage (Fig. 4). For
demonstration purposes it is assumed that this controller mea-
sures the dissolved solids in the washed pulp (y, in the figure)
and manipulates the fresh washing water accordingly (x; in
the figure). The set point on dissolved solids content is chosen
so that the optimal dilution factor for each consistency is
achieved as per Table 1. We observed that an approximately
constant rate of 16.4 kg of dissolved solids per ton of dry pulp
allows an optimal wash for all operating points in Table I.

The Jacobian module can then be used to compute the
controller gain with the lambda tuning method. The settling
time for this simulation is also very important, because it takes
about 4000 min of simulation time (about 1 min in real time)
to stabilize the quantity of dissolved solids when a perturba-
tion in the fresh water flow is input. The choice of 5000 min
as settling time for the Jacobian module was largely sufficient
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4. Adding a dissolved solids controller to the original simula-
tion.

Consistency Dry flow Optimal dilution factor
(%) softwood (t/j) (DF)
55 2444 2.30
54 2348 2.24
53 2255 2.22
52 2167 2.10
51 2082 2.03
50 2000 1.95
49 1922 1.88
48 1846 1.80
47 1774 1.72
46 1704 1.63
45 1636 1.53

1. Optimal dilution factor for different chips consistencies and
production rates.
to compute the gain.

Figure 5 shows that a 10% decrease on fresh water at the
last washing stage (from 52.16 to 46.94 1/s) increases the dis-
solved solids content of the washed pulp by 28% (from 16.4
to 20.92 kg/t of dry pulp). Therefore, the gain calculated by
the Jacobian module is about -0.867 (kg/t/1/s) and the time
constant is about 300 min.

The lambda factor is chosen so that the response of the
controller is fast and stable. Using the lambda tuning equation
for a first order behavior, the PI tuning parameters are calcu-
lated (Eq. 5a):

3
‘ 300 -5.76

K = = =
‘ Kp A —=0.867 *60

When the time constant is large, Skogestad’s half rule meth-
od can be used to limit the value of the integral time T, [10],
as in Eq. 5b:

(5a)

7, =min{7, 4 (A+86) }=240 min (5b)
For a rapid response of the PI controller T, was chosen at 180
min. The major problem of these fixed tuning parameters is
the poor performance observed when load changes in chip
consistency affect the process. A gain scheduling strategy
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5. Dynamic response in dissolved solids content (top) after a
bump on fresh waster flow (bottom).
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6. Comparing washed pulp dissolved solids content for three
types of control, square perturbation.

would be more efficient.
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where:
N, = value of lambda factor when the error is zero (\, = 60
minutes)
a = parameter fixed by the user to increase the speed of the
controller.
The modified simulation works as follows:
 The user specifies the operating conditions of the mill;
* The Jacobian module computes the corresponding
process gain Kp;
* The user also specifies the parameters “a” and “
Eq. 7;
* The modified simulation computes the corresponding
value of A using Eq. 7;
* The modified simulation computes the controller gain
Kc using Eq. 5;
» The new controller gain Kc is dynamically fed to the PI
controller in Fig. 4.

" in

Results from simulations
The following simulations compare the results between or-
dinary control (fixed tuning parameters), gain scheduling
control, and manual control (constant flow value with no
reset at major production changes, which still exists in some
pulp mills [11]).

Chip consistency was allowed to swing in the operating in-
terval of 45%-55% for one day of production (1440 min.). Fig-
ure 6 shows the variability in dissolved solids content. Variabil-
ity is lowest at 7.04% with gain scheduling, higher at 17.08% with
fixed parameter control, and highest at 58.90% with manual
control (Table II).

Another important result is that overall operating costs can
be reduced. In comparison with ordinary control, the gain
scheduling strategy offers a moderate reduction in operating
costs, in the order of US$ 20,440/year (US$ 56/day). The re-
duction is more important in comparison with manual control
(US$ 103,660/year, US$ 284/day). Each mill would have dif-
ferent costs and different optimal dilution factors, so the real
operating cost reductions would be mill specific. Table III
shows a comparison of operating costs for a square chip con-
sistency perturbation signal.

Figure 7 shows clearly that the quantity of washing water
used in manual mode is not sufficient. Gain scheduling uses

In gain scheduling the controller uses
higher gains when the error is greater and
lower gains when the process value is

closer to the set point. Eq. 6 shows how
this is achieved [10]:

K. =K, (1+a|en]) (6)

The lambda factor can be calculated

(Eq. 7) by combining Eq. 5 and Eq. 6:
1

Maximum | Minimum

Control strategy T} g Variability | dissolved | dissolved
solids solids

Ordinary control | 16.22 kg/t | 1.39 kg/t 17.08% 18.72 kg/t | 13.55 kg/t

Manual control 18.84 kg/t | 5.55 kg/t 58.90% 30.13 kg/t | 11.91 kg/t

Gain scheduling 16.24 kg/t | 0.57 kg/t 7.04% 17.20 kg/t | 14.98 kg/t

et)|)

A

:%(l+a 7)

Il. Product quality comparison for a square chip consistency perturbation signal.
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Operating costs
Control strategy (USD/day) Costs (USD/t)
Ordinary control 11457 12.87
Manual control 11685 13.13
Gain scheduling 11401 12.81

lll. Operating costs comparison for a square chip consistency
perturbation signal.

20 tons less washing water per day than ordinary control strat-
egy. When the consistency is raised from 45% to 55%, the gain
scheduling strategy uses more water than ordinary control to
maintain dissolved solids concentration near the set point,
which is normal because the system now uses more chemi-
cals. Table IV shows a comparison of washing water usage
for a square chip consistency perturbation signal.

RGA APPLICATION
In most chemical processes, many variables must be manipu-
lated and controlled. The controller’s adjustments must take
into consideration the effects of loop interactions that have a
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7. Washing water usage.

Control strategy Mean V\(lla/t:ir usage | Total V\z:/t:;' usage
Ordinary control 54.72 4731.5
Manual control 52.16 4506.6
Gain scheduling 54.49 4711.3

IV. Washing water usage comparison for a square chip
consistency perturbation signal.
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9. Interaction effect on the loop gain.

direct impact on stability and performance of the control sys-
tem. The measure of the interaction ()\ij) by the RGA is very
useful to pair the manipulated and controlled variables to
minimize the effect of interaction and adjust the controller
gain K.

Figure 8 shows the control system of a blending tank
where two flows x; and x, are manipulated to control the flow
y; and the consistency y, of the outlet stream. In this example
x, represents the dilute flow stream (2% consistency) and x,
is the concentrated flow (70% consistency). Two PI control-
lers were used to reach the control goals. The flow controller
manipulates the dilute flow stream x,. The consistency con-
troller adjusts the concentrate flow x,. Lambda tuning meth-
od was used to calculate controller gains and integral times
for the two controllers.

Loop interaction problem
Loop interaction occurs when a manipulated variable affects
more than one controlled variable. In the blending control



system, the manipulated flow variables x, and x, affect both
the outlet flow y, and consistency y,.

Figure 9 shows the response of the controlled variable
y, after a change in the concentrated flow x, with flow con-
troller in manual mode (direct effect) and the interaction ef-
fect caused by switching the flow controller to automatic
mode. It is clear that the loop gain is more important when
the flow loop is closed. From Fig. 9 we can compute the open
loop gain J,, and the closed loop gain J,, between the manip-
ulated variable x, and controlled variable y,.

When the loops are opened, the loop consistency gain
calculated after a 10% change in the concentrated flow x, is
(Eq. 8):

_Av,  60.78-60
2T Ay, 187.6-170.6
The closed loop consistency gain K’,, calculated when the
flow controller is in automatic mode is (Eq. 9):

=0.046 (%/kg /) ®)

65.78-60
JYy = =034 (%/kgls
=7 187.6-170.6 Chikgis) ©)
The relative gain is the ratio of the open loop and closed loop
gains (Eq. 10):

Iy _

=0.135 (10)

L
7

This shows an important interaction since the closed loop
gain is seven times greater than the open loop gain.

The Jacobian module computes the open loop gains J;;,
from which the RGA can be computed using Eq. 4. For the
simulation of Fig. 8 the RGA matrix was computed as (Eq.
1D):

Xl

X2
0.1388 0.8612)
0.8612 0.1388 J

RGA=1, = N
1=y,

11

For a system with two manipulated and controlled variables,
A=A\, and A, =N\,,. Also, the sum of RGA line or columns
elements is unity.

Controller design

The problem at hand is to find a pairing of manipulated-mea-
sured variables for the blending system. RGA calculations
inform us that the pairings y,-x, and y,X, are the best choice
to minimize the interaction effect because A, and A, are
closer to 1. Consequently, the open loop gain is approximate-
ly the same as the closed loop. On the other hand, the pairing
¥1X,; and y,X, is not desirable for good control performance,
due to the importance of the interaction (A, =\,, = 0.139),
which means that the closed loop gain is 7.2 times larger than
the open loop gain, so this pairing must be avoided.

Control system performance
For the initial pairing y,x, and y,X, two PI controllers, one
for consistency and another for flow, were adjusted using the
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10. Set point consistency change (60%—55%) with flow loop in
manual, pairing y;-x; and y,-x,.

lambda tuning:
* PI consistency controller parameters: K. =913, 7, =21
minutes; and
* PI flow controller parameters: K. = 0.33, T, = 1 minute.

Figure 10 shows good performance of the consistency
controller when a set point change from 60% to 55% is made
with flow controller in manual. But when the flow controller
is switched to automatic, the control performance for the
same set point change is poor (Fig. 11). Manipulated variable
x, changes rapidly, which results in an overshoot of the con-
trolled variable y;.

Figure 12 shows much better controller performance
after the same set point change with both loops on automatic
mode when the new pairing (y,X,) and (y,X,) is used instead.
The controlled variable y, reached the set point without over-
shoot of the manipulated variables x, and x,, while flow y,
remained practically unchanged.

Pairing choices at different operating points
Process nonlinearities influence the value of the gain at differ-
ent operating points. This leads to changes in the open loop
gain matrix J and consequently to differences in the RGA ma-
trix. For the blending system, which is a nonlinear process, the
RGA matrix can be formulated symbolically as (Eq. 12):

Xl X2

—_% __%
1 _N & X +x, ’ X +x,
;= M M (12)
}}Z ’l_‘ = 2 L= ]
B X, +x, Toxtx,

The relative gains are shown as functions of the operating
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11. Set point consistency change (60%—55%) with flow loop in
automatic, pairing y,-x, and y,-x,.

points, so the best pairing depends on operating condi-
tions [12].

Table V confirms that open loop and relative gains calcu-
lated by the Jacobian module change with different operating
points. Therefore, the designer should select the pairing of
variables to minimize interaction effects and also analyze dif-
ferent “optimal” pairings found depending on the operating
conditions. In this context the Jacobian module developed in
simulation is a design tool that can help speed up the analysis
of the different combinations of optimal pairings at different
operating points.

CONCLUSIONS
We described possible simulation and control applications of
a newly developed Jacobian module. The module performs
automatic bumps of the manipulated variables and computes
controller gains at different operating points in the form of a
Jacobian matrix. The RGA matrix is also automatically ob-
tained as a result.

In a simulated brown stock washing system, where wash-
ing efficiency is continuously perturbed by chip feed consis-
tency, the Jacobian module was used to implement a gain
scheduling strategy. More efficient washing, less variability,

12. Set point consistency change (60-55%) with both loops on
automatic, pairing y,-X, and y,-x,.

and lower operating costs resulted in comparison with ordi-
nary and manual control.

In the multivariable control example, the RGA matrix
computed by the Jacobian module helped in the design of a
control system that minimizes loop interactions in order to
achieve the best control performance. The blending system
example showed the utility of the Jacobian module in evalu-
ating loop interactions as well as choosing pairings of vari-
ables that optimize control performance. The module also
made it possible to analyze different optimal pairings at dif-
ferent operating points.

In its current version the Jacobian module performs simple
single bump tests, the characteristics of which are user-de-
fined. Future work would include the use of automated pseudo
random bump sequences and automatic identification of the
settling time. TJ
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INSIGHTS FROM THE AUTHORS
Process control is a great challenge for the industry.
When measurements become more accurate and so-
phisticated, the PID controller must be optimal to re-
spond accurately to process disturbances. Tuning pa-
rameters must be recalculated at different operating
points to maintain the desired quality of the products
and to minimize costs.

Gain scheduling and adaptive control have been
widely researched and in our research group, these
topics are part of a larger project on MOSOC
(MOdeling, Simulation, Optimization, Control). The
goal is to speed up new product/process develop-
ment time by testing different designs in the virtual
space. We used simulation to test controller design al-
ternatives in the context of operational changes (gain
scheduling) or in the context of new product/process
control analysis (RGA).

Our challenge was to demonstrate the generic na-
ture of the developed Jacobian module and the bene-
fits that it could provide in very different simulation
contexts. The Jacobian partials had to include pro-
cess variables that were known to have an impact on
key parameters such as cost, variability, or water
usage. The values then had to be compared in control
with and without activation of gain scheduling. We
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were surprised
by the difference
that simple cal-
culations can
make in mini-
mizing costs and
tightening
variability.

Mills could
benefit from the
use of this mod-
ule if they simu-
late their pro-
cess in parallel with real production conditions.
Various controllers can be optimized by simple com-
munication of the DCS (or the historian) with the sim-
ulator to achieve their objectives. Further work would
introduce more advanced process bumping tech-
niques like PRBS, as well as automated process iden-
tification of the main dynamic parameters.
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