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Abstract

The pulp needed to make paper can be done in several ways. At Holmen papermill Braviken
pulp is made by thermomechanical pulping (TMP) where the wood chips are ground to pulp
by refineries powered by large electric motors. In these processes a low concentration refinery
(LC-refinery) is a specific type of refinery.

At Braviken, there is a particular LC-refinery called LCS2. The power of the refinery can
be changed by running a second, smaller motor which is changing the distance between the
two disks where the pulp is going through. The power of the large motor is controlled by
a simple strategy, if the power is unsatisfactory, the small motor runs for two seconds. The
system has a tendency to overreact and oscillate between low and high power. A new type of
controller, a PI (proportional-integral) controller, was proposed which varied the time of the
pulses depending on the amplitude of the error.

The system together with the new and the old controller was rigorously simulated. The
new controller was made sure to be robust, then it was implemented in the real system and
the result was analyzed.

After LCS2, the pulp can go into three different valves. Because changes in the flow of one
valve affect pressure, it can in turn affect the other valves’ flows. The two valves which made
the pulp proceed to the strainer were not controlled by the controllers, but were instead run
manually, to reduce the risk of oscillation. The three valves were viewed as one large system
with three inputs and three outputs. This system was analyzed and simulated, enabling
autonomous operation without human intervention in the real system.



Sammanfattning

Det finns flera sätt att göra den pappersmassa som behövs till papper. Vid Holmens pappers-
bruk Braviken görs det genom en termomekanisk process (TMP). Det innebär att träflis körs
igenom en raffinör som separerar träfiber. En lågkoncentrationsraffinör (LC-raffinör), är en
viss sorts raffinör som har studerats i detta arbete. I Braviken finns det en specifik raffinör
vid namn LCS2. Effekten hos denna raffinör kan ändras genom att en andra, mindre motor,
genom två-sekunders pulser ändrar på avståndet mellan diskarna där träflisorna passerar.
LCS2 har en tendens att överreagera då den oscillerar fram och tillbaka. En annan regula-
tor, en PI-regulator, föreslogs och varierar istället tiden på pulserna beroende på storleken
på effektfelet. Systemet modellerades och den nya regulatorn tillsammans med den gamla
regulatorn simulerades för att verifiera förbättringar med och robustheten hos den nya reg-
ulatorn. Den nya regulatorn implementerades även i det verkliga systemet och resultatet
analyserades.

Efter LCS2 kan pappersmassan gå genom tre olika ventiler. Om en ventil öppnas påverkas
trycket som i sin tur påverkar flödet ur de andra ventilerna. Det fanns två ventiler som
sköttes manuellt och inte styrdes av regulatorer. De tre ventilerna sågs som ett stort system
med tre in- och tre utsignaler. Detta system analyserades och simulerades och sedan gjordes
ändringar i det verkliga systemet så att alla tre regulatorer kunde köras automatisk.
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1 Introduction

1.1 Background

Holmen is a very old company and has been making paper in Norrköping for almost 400
years. It is now one of the largest landowners in Sweden and owns several paper mills and
saw mills [1]. To make paper, it is necessary to separate wood fibers. At Braviken, Nor-
rköping, the thermo-mechanical pulping (TMP) process is used. Numerous TMP
production lines exist, but this thesis focuses on the S-line. The wood chips are sent to a high
concentration refinery (HC-refinery) where the wood chips are ground down by two rotating
discs [2]. A second refinery step, a low concentration refinery (LC-refinery), is used later. Two
LC-refineries, LCS1 and LCS2, are used on the S-line, with this thesis focusing on LCS2.

There is previous work regarding how to model an HC-refinery [3]. There is also prior
work on how to control an HC-refinery using nonlinear control [3] or even a nonlinear MPC
[4]. LC-refineries can also be modeled: how the relationship is between the power, the rota-
tion velocity, the gap distance and its grinding pattern [5]. There is past work showing it is
possible to combine LC-refineries and HC-refineries and to control them together to create an
efficient pulp production using MPC [6]. To make this possible, an effective controller for the
LC-refinery is required.

1.2 Motivation

The production of thermomechanical pulp is a process that requires a lot of resources, espe-
cially electricity. It is also a process that runs most of the time, even during nights and week-
ends. Because of that, a suboptimal controller can be costly in the long run. The LC-refinery is
controlled by pulses, making it an unusual system that requires special attention. At present,
controllers only send out two-second pulses and tend to overreact, especially when operating
at high power. They also do not take into account the size of the error. A controller that varies
the length of the pulses and accounts for the size of the error has considerable potential to be
a better controller.

Two regulators that control the flow were previously inactivated and the valve position
was set by the operators instead, generating the flow to be incorrect for long periods if not
often attended by operators.

2



1.3. Aim

1.3 Aim

The goal of this thesis is to model the system and come up with improvements on the regu-
lator. The main focus is to model the LC-refinery and to implement a PI-step controller with
gain scheduling.

1.4 Research questions

1. How can an LC-refinery be modeled?

2. What is an appropriate controller for an LC-refinery?

3. How can the surrounding controllers be adjusted so that the whole system works as
intended?

1.5 Delimitations

The task is to model a specific LC-refinery, not LC-refineries in general. The reason is that
only one LC-refinery will be modeled and it is hard to know how the result generalizes. No
advanced controllers will be used, only different types of PI(proportional-integral) controllers
and simple control structures. The reason is that the controllers need to be easily understood
for other engineers to adjust later on and they need to exist as a standard block regulator.
Only LCS2 is being modeled and a new controller is being implemented. This is because
the LCS1 performs much better and therefore, its improved performance makes it harder to
model since there are fewer two-second pulses.

1.6 Naming convention

All controllers have the same naming convention, for example FIC 29515. The first letter in-
dicates the category that is being controlled, the second and third are assumed to be standing
for Indicator and Controller. Each controller has a unique five-digit number, which all in this
thesis starts with 295.

1.7 Thesis outline

The theory behind the topics of this thesis is introduced in Chapter 2. A system overview
together with the methods for system modeling and control design are presented in Chapter
3. The results from the simulation of the studied refinery system and the real system are
displayed in Chapter 4. The discussion is provided in Chapter 5. The conclusion is presented
in Chapter 6.

3



2 Theory

This chapter presents the theory needed for this thesis. It mainly covers the fundamentals of
modeling and control theory, as well as related methods for controller design and improve-
ment.

2.1 Basic modeling

A three parameter model might be a good model for a simple system. The three parameter
model is defined as

G(s) =
Kp

1 + Ts
e´sL (2.1)

where L is the time lag of the system, Kp is the gain of the system and T is the system time
constant. The three parameters can be determined by a step response. A step response can
be created by changing the input of the system from one value to another [7]. L can easily
be determined by measuring the time difference between the change in signal and the initi-
ation of system response. Kp can be calculated by taking the steady state change of the step
response and dividing it by the change in the input signal. T can be calculated by measuring
the time elapsed from the start of the system’s response until it reaches 1 ´ e´1 ≈ 0.63 of the
final value [7].

2.2 PI controller

A PI controller is commonly used in industrial settings. The PI controller can be divided into
two parts. The P part of the controller controls depending on the current difference between
the desired output (setpoint) r and the current output of the system y, known as the control
error. The output of the controller of the P part (up)is equal to the controller gain multiplied
by the error, i.e.

uP(t) = K(r(t) ´ y(t)) = Ke(t) (2.2)

The integral part of the controller integrates the error over time and the output is

uI(t) = K
(

1
Ti

ż t

0
e(τ) dτ

)
(2.3)

4



2.3. Lambda tuning

F(s) = K(1 +
1

Tis
) (2.4)

which is especially useful in reducing steady state errors. Together, the P part and the I part
consistitute the PI controller

u(t) = K
(

e(t) +
1
Ti

ż t

0
e(τ) dτ

)
(2.5)

by addition. The discrete time version is

um = k(em +
TS
Ti

m
ÿ

j=0

ej) (2.6)

which is also generated by addition [7].

2.3 Lambda tuning

An easy method to determine reasonable control parameters is referred to as Lambda tuning.
The first to be determined is how fast the closed loop system should be; then the parameters
can easily be calculated by the formula [7],

K =
T

Kp(Tc + L)
(2.7)

Ti = T (2.8)

using Tc(closed loop time constant). The main benefit of Lambda tuning is that, if L, T and
Kp are known, the closed loop time constant Tc can be chosen. This is often done in a context
where the goal is not to make the controller as fast as possible, but instead to act slow and
predictable.

2.4 Gain scheduling

If the system is very nonlinear, it can be hard to find a controller that works well in the whole
range. One method that can be implemented is gain scheduling. It is a method where the
control parameters are changing depending on a process variable.

One type of gain scheduling is to choose different points, to linearize the process dynamics
around those points and to design a good linear controller for each point. When the process
variable is between two points, the control parameters are selected by linear interpolation [7].

2.5 MIMO and decoupling

If the system is of multiple input, multiple output (MIMO) type i.e.

y = G(p)u (2.9)
y1(t)
y2(t)

..
ym(t)

 =


G11(p) G12(p) .. G1n(p)
G21(p) G22(p) .. G2n(p)

.. ... ... ...
Gm1(p) Gm2(p) .. Gmn(p)




u1(t)
u2(t)

..
un(t)

 (2.10)

then having an understanding of system behavior is necessary [8].
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2.6. Gain and phase margin

2.5.1 Relative gain array

One method to understand system behavior is to analyze the relative gain array,

RGA(G) = G. ˚ (G´1)T (2.11)

If it is similar to an identity matrix, it means that one input only affects one output. If there
exists non diagonal negative values in the matrix, it may indicate that inputs have an opposite
gain on that outputs compared to the diagonal system [8].

2.5.2 Decoupling

If the relative gain array gives a matrix where there are high values for non-diagonal posi-
tions, i.e.

RGA(G(s)) ȷ I (2.12)

together with a diagonal control strategy it may cause an unsatisfactory result. The input
of the controllers can then be modified to decrease the non-diagonal values. It is possible to
modify the output of the controllers as follows

unew = W1(s)u (2.13)

so that the value of the input can be improved. At the same time, the output could also be
optimized.

y = W2(s)ynew (2.14)

W1 and W2 are matrixes. W1 and W2 together create a new system which

Ḡ(s) =
y(s)
u(s)

=
W2(s)ynew

W´1
1 (s)unew

=
W2(s)

W´1
1 (s)

G(s) = W2(s)G(s)W1(s) (2.15)

if W1 and W2 are chosen wisely, make the new system which has a relative gain array similar
to an identity matrix,

RGA(Ḡ(s)) ≈ I (2.16)

as intended [8].

2.6 Gain and phase margin

In a linear system, each input with a specific frequency results in an output with the same
frequency but with a different amplitude and phase. A Bode plot shows the amplitude gain
and phase lag for each frequency. In order to make the closed loop system stable, the open
loop system has to have a phase lag less than 180 degrees where the gain is one. Similarly,
the gain has to be smaller than one when the phase lag is 180 degrees. If that is true, a good
way to test robustness is to look at the margins until the gain is one at 180° and the system
gets unstable. There are two types of margins. The amplitude margin tells how much the
amplitude has to increase until the system becomes unstable. The phase margin tells how
much the phase lag has to increase before the system becomes unstable. Frequencies and
gain in Bode plot are often displayed in decibels (dB) [9].

2.7 Periodogram

A periodogram gives the power of a signal for each frequency. It tells for a signal, how much
power there is in a specific frequency. It is calculated by taking the square of the discrete
Fourier transform. In order to reduce noise in the estimation, the signal is split up into many
sections where the discrete Fourier transform is calculated. The average of the square is cal-
culated. The average for each subsection gives a less noisy estimation but instead, frequency
resolution will be lower [10].
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2.8. Stiction in actuator

2.8 Stiction in actuator

Figure 2.1: Exemple of stiction [11]

When an actuator, for example a valve, is old and worn down, there can be friction in the
valve and the actuator does not turn for small changes in the desired actuator position, due
to static friction. When it finally starts to move and static friction is overcome, the actuator
tends to move too much and overcompensate. The friction can, together with the integrator
action in the controller, cause the valve to oscillate between two positions, see figure 2.1.

Creating a good controller for a system with a large static friction is very hard and the best
solution is to replace the actuator [11].

2.9 Fuzzy control

Fuzzy control is constituted by if-then rules and can present a user-friendly and understand-
able presentation [12]. Because the controller consists of if-then, compare and AND/OR in-
terpreter, it results in a nonlinear control algorithm [12].

2.10 IFOPDT

An integrating first order plus dead time (IFOPDT) model has the transfer function [13]

G(s) =
K

s(Ts + 1)
e´τs (2.17)

where K is the gain, T is the dominant time constant and τ is the transport delay [13].

In [13] a PD controller with filtering of differential action Tf is used. A PID controller can
also be used due to load rejection and setting nominal regime, but if it is used, Ti should be
large enough

GPID = Kp(1 +
1

Tis
+

Tds
Tf s + 1

) (2.18)

where
Td = T (2.19)

Kp =
µ

Kτ
(2.20)

Parameter µ is µ P (0.32, 0.54).
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2.11. MIMO decoupling control

(a) Simplest decentralized control structure, a
MIMO system.

(b) Ideal decoupling structure

Figure 2.2: MIMO system coupling

(a) Simplified decoupling structure (b) Inverted decoupling structure

Figure 2.3: MIMO system coupling

2.11 MIMO decoupling control

For a MIMO system there are two types of systems, full coupling system and partial coupling
system[14]:

A full coupling system is a system where all inputs affects all outputs, see Figure 2.2a.
Otherwise, the system is a partial coupling system.

There are two types of decoupling: full decoupling and partial decoupling. If the MIMO
system is fully decoupled, each input affects only one output.

A static decoupling can be designed by gains, i.e.

D(s) = G´1(0)M(s) (2.21)

but may not be sufficient due to effect from high frequencies. D Is the decoupling system and
M is the wanted system. Then a dynamic decoupling may be used, see Figure 2.2b,

D(s) = G´1(s)M(s) (2.22)

but in this case, sensitivity to model errors and the large system dimension of ideal decou-
pling are problems.

Simplified decoupling (either full decoupling or partial decoupling) is a method where
only two decouplers are used instead of four decouplers, comparing Figure 2.2b with 2.3a.

Another decoupling strategy is inverted decoupling (either full decoupling or partial de-
coupling) ,as shown in Figure 2.3 b. The advantage is that it acts like it is not decoupled when
it is in manual mode. It can be implemented in a distributed control system (DCS) as feed
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2.11. MIMO decoupling control

forward. When this system changes from manual to automatic, it operates in a bumpless
manner [14].
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3 Method

This chapter presents the method of the thesis work. It contains a detailed system overview,
practical real world information that is needed to understand the thesis and the approach to
solve the problem including detailed descriptions on the method that is used to create the
models and the controllers.

3.1 System overview

The system to be improved is a low concentration refinery. The names of the refineries are
LCS1 and LCS2 and the primary objective is to refine pulp to a finer consistency. The system
has two low concentration refineries, which run in series. The process initiates at a latency
tower from which the pulp is pumped away. The process has two subprocesses, one is related
to LCS1 and the other is related to LCS2. The pulp enters into LCS1 and may subsequently
return to the latency tower or into LCS2, where the pulp is transferred into two separate
strainers. Some proceeds to the beginning of the process, see Figure 3.1 and Figure 3.2. PIC
29503(2) and PIC 29553(5) are two pressure controllers that are almost never used. EIC 29518
is a controller for LCS1 that is similar to EIC 29568 but it will not be modeled or changed.

3.1.1 QIC 29502(1)

The pulp density measures the amount of pulp in a given volume of solution. The first reg-
ulator controls the pulp density by adding water to the solution from a different pipe whose
value is controlled via a controller. The controller is a simple PI controller, where K = 0.15,
Ti = 60s, Ts = 2s. Depending on where the pulp is taken from, the pulp density is sometimes
lower than the set point, and the valve is therefore closed.

The activated controller has a slight oscillating nature, which can be the result of a sticky
valve, see Section 2.8. It can also be the result of a large valve trying to make small changes
at a low opening value, see Figure 3.3.

3.1.2 FIC 29515(4)

To make sure the flow out from the refinery is constant there is a flow controller. It is a PI
controller with the parameters K = 0.15,Ti = 200s, Ts = 2s and it controls a valve.
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3.1. System overview

Figure 3.1: Overview of the system.

Figure 3.2: Overview of the system in process flow diagrams.

3.1.3 EIC 29568(6)

The LC-refinery LCS2 is controlled by regulating the power consumption. The refinery is
powered by a synchronous motor that has the same frequency as the power grid, which can
be approximated as constant. Two discs with a specific mauling pattern are placed close to
each other; one is connected to the motor, while the other one remains stationary. The pulp is
fed in between the discs, and the pulp is ground through it. A second motor can change the
distance between the two rotating discs. That motor can be turned on and off and run in both
directions.

The current controller is a fuzzy controller, see Section 2.9. It controls the power by send-
ing two-second pulses to the distance motor. It works as follows:

If power is above 0.04MW of setpoint for 20 seconds ùñ open = 1 for two seconds
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3.1. System overview

Figure 3.3: Example of possibly sticky valve on QIC 29502.

If power is below 0.04MW of setpoint for 20 seconds ùñ close = 1 for two seconds

Otherwise ùñ close = 0 and open = 0

Open = 1 means that the small motor is on and increasing the gap distance.
Close = 1 means that the small motor is on and decreasing the gap distance.

The LC-refinery has a pumping effect. The pressure before the refinery is lower than after.
When the power is increased, the pressure and flow through the refinery also increase.
The controller tends to overreact, especially to high power. In a single pulse, it can shift
the power from too high to too low, and in the next pulse back again, causing oscillation,
see Figure 3.4.In such cases, the operators who run the plant can manually run the motor to
generate specified power.

Figure 3.4: Problem with EIC 29568, the controller tends to overreact. In a single pulse, it can
shift the power from too high to too low, and in the next pulse back again, causing oscillation.
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3.2. Siemens software

3.1.4 FIC 29565(7)

To make sure the flow out from the refinery is constant there is a flow controller. It is a PI
controller with the parameters K = 0.1,Ti = 50s, Ts = 2s and controls a valve. The activated
controller also has a slight oscillating nature, which can be the result of a sticky valve, very
similar to QIC 29502(1).

3.1.5 FIC 29513(8)/FIC 29563(9)

In the end the pulp goes through filters. The flow out from the system is controlled by two
regulators. These two controllers are run manually, otherwise they would cause oscillations
in automatic mode.

3.2 Siemens software

3.2.1 SIMATIC PCS 7

All the control loops and logic surrounding the systems are run on Siemens SIMATIC PCS7.
It is programmed in a graphic interface where there exist different blocks which can be con-
nected to each other to create controllers and logic. It has obvious similarities to MATLAB
Simulink. Standard controllers with much of the desired logic are also available,
see Figure 3.5.

3.2.2 WinCC

The interface that the operators interact with is called WinCC. The essential values are dis-
played there in a clear graphic way. The most important information for every controller can
also be seen there. It is possible to change control parameters and set points in WinCC, but
major logical changes have to be done in SIMATIC PCS 7, see Figure 3.6.

Figure 3.5: The interface for SIMATIC PCS 7.

3.3 Data collection

There are two ways to collect data from the system, IBA and WinCC.
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3.4. Modeling

Figure 3.6: The interface for WinCC.

3.3.1 IBA

The first system is called IBA. In IBA, the desired signal to be logged can be selected. 32
signals can be logged at the same time. The sampling time is identical to that of the logged
signal. It is fairly easy to export the data as a CSV file and transfer it to a computer. Unfortu-
nately, logging is not possible continuously, because other engineers also need to log to solve
their problems. There is no pre-saved data, see Figure 3.7.

3.3.2 WinCC

The second alternative is to use signals that are always saved in Siemens WinCC. Those are
generally very important signals that the operator of the plant may want to have access to,
such as power or flow. Set point values and input signals are generally not stored in that
system. The sampling time is also longer. All this kind of data is stored for one month, see
Figure 3.8.

3.4 Modeling

FIC 29515 can be modeled with a simple 3-parameter model from a step response. That can
be done by setting the controller in manual mode and increasing the input signal. If the input
signal is logged together with the output signal, a simple model can be made. Exactly the
same thing can be done for FIC 29565. Because FIC 29513 and FIC 29563 are already run
manually, if the system is logged it essentially produces a step response. FIC 29565, FIC
29563 and FIC 29513 can be viewed as a single system with three inputs and three outputs.
The non-diagonal transfer function can be modeled by observing the effect of one input on
the output of the other system.

3.4.1 Modeling EIC 29568

Modeling the LC-refinery is one of the most complicated parts of this thesis. It is important
to collect a lot of data for a long period of time because the system is slowly changing. Due
to its nonlinearity, it is important to know how the system behaves in almost every situation.
If it is possible, the model will be modeled as a dynamic linear system and a static nonlinear
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3.4. Modeling

Figure 3.7: Data collection software IBA

Figure 3.8: Data collection software Wincc

system. A simplified model is necessary and its degree of simplification must be known.
If the uncertainty of the model is reasonably known it can be compared to the controller’s
robustness to see if it is possible to guarantee stability.

Every time the motor is on, the power is constantly increasing. If there is no input, the
power is approximately constant. That makes an IFOPDT system 2.10 appear to be a good
model as follows,

G(s) =
1
s

Kp(P)
Ts + 1

e´sL (3.1)

which illustrates this concept. Because it seems to act differently on different powers, Kp is
assumed to be dependent on power P.
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3.4. Modeling

3.4.1.1 Theoretical work

In order to know Kp(P), knowing how P is changed during the change of the gap distance
can be useful. A formula for determining the power of a LC-refinery is [15],

Pnet

ρω3D5 = 0.03 ¨

(
D
G

)0.8
¨

(
FLin

D

)
¨

(
BEL

D

)0.5
(3.2)

where ρ is the pulp density, ω is the refiner rotational speed, D is the refiner diameter, G
defines the refiner plate gap, FLin is the fibre length measured as the length weighted average
fibre length and BEL is bar edge length. If the variables are rearranged, then

Pnet = ρ

(
1
G

)0.8
¨ 0.03ω3D5.8 ¨

(
FLin

D

)
¨

(
BEL

D

)0.5
(3.3)

and if all the constant parameters can be viewed as a single constant,

k = 0.03ω3D5.8 ¨

(
FLin

D

)
¨

(
BEL

D

)0.5
(3.4)

the formula can be simplified. The net power(Pnet) is equal to the total power(P(G)) sub-
tracted with the no load power(P0),

Pnet(G) = P(G) ´ P0 (3.5)

which means that the formula for power is

P(G) = kρ

(
1
G

)0.8
+ P0 (3.6)

where G is the gap distance. If, on both sides, the derivative is taken with respect to the gap
distance,

P1(G) =
d

dG
P(G) = ´0.8kρ

(
1
G

)1.8
(3.7)

and the variables are rearranged and solved for the gap distance,

P1(G)

´0.8kρ
=

(
1
G

)1.8
(3.8)

G =

(
´

P1(G)

0.8kρ

)´ 1
1.8

(3.9)

then the results are useful. The equation (3.6) is rearranged so it can be solved for the gap
distance,

P(G) ´ P0

kρ
= G´0.8 (3.10)

G =

(
P(G) ´ P0

kρ

)´ 1
0.8

(3.11)

then the two formulas for the gap distance are equal to each other,

(
´

P1(G)

0.8kρ

)´ 1
1.8

=

(
P(G) ´ P0

kρ

)´ 1
0.8

(3.12)
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3.4. Modeling

which is useful. Then the equations are solved for the derivative of power with respect to the
gap distance, which creates the following formula,

´
P1(G)

0.8kρ
=

(
P(G) ´ P0

kρ

) 1.8
0.8

=

(
P(G) ´ P0

kρ

)2.25

(3.13)

P1(G) =
dP(G)

dG
= ´(P(G) ´ P0)

2.25(kρ)´1.25 ¨ 0.8 (3.14)

explaining the relationship between the gap distance and derivative of power with respect to
the gap distance. The change in power(Kp) is

Kp(P) =
dP(G)

dG
¨

dG
dt

(3.15)

which is equal to the rate of change in gap distance multiplied by the derivative of power
with respect to the gap distance. If dG

dt is a constant, i.e. the velocity of the gap distance is
constant when the motor is on, then

Kp(P) =
dP(G)

dG
¨

dG
dt

= knew ¨ P1(G) (3.16)

and if k is redefined as k = knew(kρ)´1.25 ¨ 0.8, then

Kp(P) = (P(G) ´ P0)
2.25 ¨ k (3.17)

which eliminates the gap distance. If dG
dt is not a constant, then this formula is not applicable

because G is unknown.

3.4.1.2 From data

From an impulse response, see Figure 3.9, the following model was created,

Figure 3.9: Impulse response of EIC 29518.

G(s) =
1
s
(

Kp(P)
Ts + 1

e´sL) (3.18)

where T « 2s and L « 2s.
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3.4. Modeling

(a) Power and power difference. (b) Histogram of power difference.

Figure 3.10: Power and power difference from potential pulses.

(a) Power and power difference (b) Histogram of power difference

Figure 3.11: Power (from 0.85 MW to 1.6 MW) and power difference (< 0.5 Mw) from potential
pulses.

3.4.1.3 Estimating Kp(P)

One month of stored data was used, from WinCC, which contained the power of LCS2 with
a sampling time of four seconds. Because the time of the pulses was not known, it had to
be estimated. The power difference between every sample and the third sample ahead of it
was calculated. When there were no larger differences three differences behind or in front of
a difference, then this sample was selected and plotted on a graph. The Y axis is that power
difference and the X axis is the average power, see Figure 3.10. Most of the dots are the power
between 0.85 MW and 1.6 MW and the power difference is between ´0.5 and 0.5, see Figure
3.11. The rest are outliers, most of which are generated when the motor is run manually
rather than when the controller is active. When these outliers are removed, it can be seen that
the dynamic seems to be the same for power larger than 1.2 MW.

Estimating Kp(P) for P ą1.2 MW If power larger than 1.2 MW is only plotted, it seems to
indicate a cluster around small power differences where some are higher with quite a small
amount of dots in between, see Figure 3.12. The same conclusion can be drawn from the
histogram. It seems reasonable to assume every dot which has a power difference lower than
0.07 MW as not being a pulse. If the power difference below 0.07 MW is removed, the result
can be seen in Figure 3.13. The estimation for Kp for power larger than 1.2 MW can be done
if considering each pulse to be two seconds long. It is not a completely normal distribution,
especially since it has some very large values. The estimates are

Kp = 0.085
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3.4. Modeling

(a) Power and power difference (b) Histogram of power difference

Figure 3.12: Power(from 1.2 MW to 1.6 MW) and power difference(< 0.5 MW) from potential
pulses

(a) Power and power difference (b) Histogram of power difference

Figure 3.13: Power(from 1.2 MW to 1.6 MW) and power difference( from 0.07 Mw to 0.5 MW)
from potential pulses

VKp = 0.00119

as displayed.

Estimating Kp(P) for P ă 1.2 MW For power smaller than 1.2MW the power difference
is not constant but instead increases with power, see Figure 3.14. One theory is that the gap
distance velocity is constant for P ă 1.2 MW see, 3.4.1.1 and equation (3.17). Then

Kp9(P ´ P0)
2.25 (3.19)

where P0 is unknown, but if it is compared to other LC-refineries in [15], an estimate may be
P0 = 0.5. Then the relationship

Kp

(P ´ P0)2.25 (3.20)

should be constant. That can be seen in Figure 3.15.
This gives

Kp(P) = 0.236(P ´ 0.5)2.25 (3.21)

which is the estimated Kp(P) for P ă 1.2 MW.
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(a) Power and power difference (b) Histogram of power difference

Figure 3.14: Power (< 1.2 MW) and power difference (< 0.5 MW) from potential pulses.

(a) Power and power difference (b) Histogram of power difference

Figure 3.15: Power (P ´ 0.5)2.25 (< 1.2 MW) and power difference P1(P ´ 0.5)2.25 (< 0.5 MW)
from potential pulses.

(a) Power and power difference (b) Histogram of power difference

Figure 3.16: Power ( < 1.2 MW) and power difference P1(P ´ 0.5)2.25 (0.2 < 0.5 MW) from
potential pulses.
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(a) Peiodogram of LCS2 (b) Peiodogram of FIC29513 and FIC29563

Figure 3.17: Peiodogram using Bartlett’s method

3.4.1.4 Validation of estimation

To make sure that the estimation is appropriate, the algorithm is validated against 20 hours
of collected data from IBA. In that dataset the time of every pulse is known. The algorithm
estimates 212 pulses in total, 210 of these pulses are correct and two are incorrect.

There are also seven pulses which the algorithm does not find. It cannot be guaranteed
that all the pulses are actually applied to the system, some may have been sent when the
controller was in manual mode.

3.4.2 Estimating measurement noise

One method is to analyze the periodogram of a long stretch of the output. If the measurement
noise is white noise, the power density function is a constant. That means that the power
density function of the measurement noise is, at most, the same as the minimum value of
the power density function of the signal. From Figure 3.17 the variances can be calculated as
follows.

VFIC29513 ă 1.5

VFIC29563 ă 0.015

VLCS2 ă 0.000055

3.4.3 Model for FIC 29565(7)/FIC 29513(8)/ FIC 29563(9)

From step responses, see Figure 3.18, the following model was created,

y = G(s)u (3.22)

y8
y9
y7

 =
1

8s + 1
e´6s

 1.8 ´0.3 ´0.45
´0.3 1.8 ´0.45
0.25 0.25 0.50

u8
u9
u7

 (3.23)

The relative gain array (see section 2.5.1) is also calculated and displayed in matrix form as
follows:

RGA(G(0)) =

 0.8923 ´0.0107 ´0.2132
´0.0107 0.8923 ´0.2132
´0.0658 ´0.0658 0.7632

 (3.24)
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Figure 3.18: Step responses for FIC 29568(7)/FIC 29513(8)

3.4.4 Model for FIC 29515(4)

From a step response, see Figure 3.19, the following model was created,

G(s) =
0.95

1 + 4s
e´6s (3.25)

displayed as a transfer function.

Figure 3.19: Step response of FIC 29515

3.5 Selecting controller

An optimal closed loop time constant may not exist, but a reasonable time constant is 50
seconds (Tc = 50).

3.5.1 Controller design for EIC 29568(6)

Since the system input can only be pulses and a robust, simple controller is required, the
PIDStepL was selected.
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3.5. Selecting controller

3.5.1.1 PIDStepL

The PIDStepL controller is a block with binary output signals. It can be used to control integral
action actuators [16]. To slightly simplify, it works as follows: An important value for the
controller is given the name errorvalue(E). Errorvalue is the difference between reference and
present value multiplied by K. Added to that, each sample is the difference between reference
and present value K Ts

Ti
. If errorvalue is larger than 1, the signal open =1. For each sample open

=1, the errorvalue is also decreased by the sample time. The signal open =1 is sent out as
long as the errorvalue is more than 0.55, but at least as long as the parameter PulseTime. The
time when open = 0 and closed = 0 is at least the time BreakTime. If errorvalue is less than
´1, a signal close = 1 is sent out as long as the value is less than -0.55, but at least as long
as the parameter PulseTime. For each sample close =1, the errorvalue is also increased by the
sampling time [16]. The formula for errorvalue (Ek) is,

Ek = K(ek +
TS
Ti

k
ÿ

j=0

ej) ´

k
ÿ

j=0

Ts ¨ openj +
k

ÿ

j=0

Ts ¨ closej (3.26)

described as sums. The controller can be approximated as a PD controller FI(s) + FK(s) =
F(s), see Figure 3.20,

F(s) = K(
1
Ti

+ s) (3.27)

and will be explained in the following. If both the pulses and the distances between pulses
are viewed as small and if e ą 0, the I-part can be approximated as

open =

#

1 K
Ti

e of the time

0 the rest of the time
(3.28)

and if e ă 0 the I-part can be approximated as

close =

#

1 ´ K
Ti

e of the time

0 the rest of the time
(3.29)

but if u = open is redefined as u = 1 and u = close is redefined as u = ´1 then

u =

#

1 K
Ti

e of the time

0 the rest of the time
(3.30)

which can be approximated as

u =
K
Ti

e (3.31)

and
FI(s) =

K
Ti

(3.32)

which makes the I-part approximated. The P part of the controller only results in an output
if the error changes,

open =

#

1 KTs(et ´ et´1) of the time
0 the rest of the time

(3.33)

if e ą 0, and

close =

#

1 ´KTs(et ´ et´1) of the time
0 the rest of the time

(3.34)
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3.5. Selecting controller

if e ă 0. If u = open is redefined as u = 1 and u = close is redefined as u = ´1 then

u =

#

1 KTs(et ´ et´1) of the time
0 the rest of the time

(3.35)

which can be approximated as

u = K
de
dt

(3.36)

and
Fk(s) = Ks (3.37)

which makes the P-part approximated. That means it can be approximated as a D controller.
In that way the whole system can be approximated as a PD controller, see Figure 3.20.

Figure 3.20: The first system can be approximated as the second.

Calculation shows that the system and the controller can be approximated as a PI controller
on a 3-parameter model.

F(s) = FI(s) + Fk(s) = K(
1
Ti

+ s) (3.38)

F(s)G(s) = K(
1
Ti

+ s)
1
s
(

Kp

Ts + 1
esL) = K(1 +

1
Tis

)(
Kp

Ts + 1
esL) (3.39)

3.5.1.2 Tuning with gain scheduling

Using lambda tuning with Tc = 50 it can be determined that

K =
T

Kp(Tc + L)
=

2
Kp(50 + 2)

(3.40)

and
Ti = T = 2 (3.41)

given that the parameters are correct. The optimal parameter is equal to

Kp =

$

&

%

2
0.236(P´0.5)2.25(100+2) P ă 1.2

2
0.085(100+2) P ě 1.2

(3.42)

since Kp is not a constant. To have an appropriate K for every value of P (power), gain
scheduling was used. It is set as shown in Figure 3.21. It is important to make sure that the
closed-loop time constant of the system is reasonably constant for every power, even though
it is less for small powers because of the uncertainty of the model.

3.5.2 Controller design for FIC 29515(4)

The parameters of the PI controller can easily be determined by lambda tuning for Tc = 50,
which gives the correct closed loop properties.

K =
T

Kp(Tc + L)
=

4
0.95(50 + 6)

= 0.06 (3.43)

Ti = T = 4 (3.44)
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3.5. Selecting controller

Figure 3.21: The optimal gain K(P) (red) and K(P) from the chosen gain scheduling (green).

3.5.3 Controller design for FIC 29565(7)/FIC 29513(8)/FIC 29563(9)

3.5.3.1 Connection for FIC 29565(7)/FIC 29513(8)/FIC 29563(9)

In order to have a good regulator, it may be beneficial to modify the output from the con-
trollers (unew = Wu) before the signal is sent to the system.

In order to compare different W, W was set so that the system, together with W, has a dc
gain 1 at the diagonal elements. The first W is

W0 =

 1
1.8 0 0
0 1

1.8 0
0 0 2

 (3.45)

and then
Ḡ(s) = G(s)W0(s) (3.46)

y = Ḡ(s)u (3.47)

which can be implemented by only modifying the gain in the PID-controllers. The new sys-
tem is y8

y9
y7

 =
1

8s + 1
e´6s

 1 0.1944 ´0.9
´0.1944 1 ´0.9
0.1389 0.1389 1

u8
u9
u7

 (3.48)

and then

RGA(Ḡ(0))) =

 0.8923 ´0.0107 ´0.2132
´0.0107 0.8923 ´0.2132
´0.0658 ´0.0658 0.7632

 (3.49)

which is fairly close to the identity matrix. The second W is obtained from decoupling the
system

W1 = G´1(0) =

 0.4957 0.0306 0.4737
0.0306 0.4957 0.4737

´0.2632 ´0.2632 1.5263

 (3.50)

and then
Ḡ(s) = G(s)W1(s) (3.51)

y = Ḡ(s)u (3.52)
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3.5. Selecting controller

y8
y9
y7

 =
1

8s + 1
e´6s

1 0 0
0 1 0
0 0 1

u8
u9
u7

 (3.53)

and then

RGA(Ḡ(0)) =

1 0 0
0 1 0
0 0 1

 (3.54)

which is the identity matrix. This can be implemented by having a gain, specified by the
matrix, from every controller to each valve.

This is practically possible to implement and would be very similar to Figure 2.2b or Fig-
ure 2.3a but with three inputs and three outputs and in total six connections. Unfortunately,
it would not be a favorable implementation for several reasons.

Firstly, all information that the operators get from the system comes from the PID con-
troller, so if the input signal to the valve is different than the output from the PID controller,
the operators do not get that signal.

Secondly, sometimes the controller is run manually and the value of the valve is chosen
by the operators. Then it is undesirable because that can only be done through the controller
and having logic after the PID controller which changes the input to the valve.

There exists an input to the PID controller that is called feedforward, which changes the
output of the PID controller so it is equal to the normal output from the PID controller added
with the value of the feedforward. That makes it possible for the operators to get the output
signal from the controller and the system can be run manually, see Figure 2.3b.

Analyzing the W1, the most important non-diagonal is from u8 and u9 to y7 in addition to u7
to y8 and y9. Both connections cannot be done at the same time because that will create an
unwanted feedback loop.

If there are connections from u7 to y8 and from u7 to y9, the third W is

W2 =

 1
1.8 0 0.4700
0 1

1.8 0.4700
0 0 1.5300

 (3.55)

and then
Ḡ(s) = G(s)W2(s) (3.56)

y = Ḡ(s)u (3.57)y8
y9
y7

 =
1

8s + 1
e´6s

 1 ´0.1944 ´0.0070
´0.1944 1 ´0.0070
0.1389 0.1389 1

u8
u9
u7

 (3.58)

and then

RGA(Ḡ(0)) =

 1.0378 ´0.0390 0.0012
´0.0390 1.0378 0.0012
0.0012 0.0012 0.9976

 (3.59)

which is close to the identity matrix.

If there are connections from u8 to y7 and from u9 to y7, the fourth W is

W3 =

 0.5231 0 0
0 0.5231 0

´0.1300 ´0.1300 1
0.5

 (3.60)

and then
Ḡ(s) = G(s)W3(s) (3.61)
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y = Ḡ(s)u (3.62)y8
y9
y7

 =
1

8s + 1
e´6s

 1 ´0.1246 ´0.9000
´0.1246 1 ´0.9000
0.0658 0.0658 1

u8
u9
u7

 (3.63)

and then

RGA(Ḡ(0)) =

 0.9477 ´0.0073 0.0596
´0.0073 0.9477 0.0596
0.0596 0.0596 0.8809

 (3.64)

which is also close to the identity matrix.

3.5.3.2 Controller

To determine the parameters of the actual controller, lambda tuning is used. For all controllers
the integration time is Ti = 8s. On matrix form, the controller is

F =

K(1 + 1
8s ) 0 0

0 K(1 + 1
8s ) 0

0 0 K(1 + 1
8s )

 (3.65)

and K is also calculated with lambda tuning method as shown below:

K =
T

Kp(Tc + L)
=

8
(50 + 6)

= 0.142 (3.66)

3.5.4 FIC 29515(4)

The parameters of the PI controller can easily be determined by lambda tuning for Tc = 50,
which gives the following result:

K =
T

Kp(Tc + L)
=

4
0.95(50 + 6)

= 0.06 (3.67)

Ti = T = 4 (3.68)

3.6 Simulation and implementation

3.6.1 Simulation in Simulink

Simulation is key to understanding the regulators without incurring any risks. A simulation
in Simulink will be used extensively because it is an easy system to work with since nearly
everything is organized as blocks and it is possible to write a new block when it is needed in
MATLAB code.

3.6.2 Simulation in control system

It is also possible to simulate in the Siemens PCS 7 3.2.1. There the same PIDStepL can be used
as will be implemented. The only difference is, instead of connecting to real actuator and real
sensors, the system will be simulated using different kinds of blocks. The main reason is to
check that the understanding of the regulator is correct.
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3.6. Simulation and implementation

3.6.3 Robustness testing

Because there will be uncertainties in the models and it is necessary to know how much
margins there are, a lot of robustness testing will be done. Robustness testing will be done
in two ways. The first way is to approximate the system to the extent that it is possible to
calculate robustness analytically.

Due to the limitations of the approximations, rigorous testing of robustness in the simula-
tion is necessary. That can be done by changing parameters in the model and observing when
the controller starts acting inappropriately. For example, it could be increasing the gain until
the system is unstable. It can also be done by adding measurement noise or process noise
until the system starts acting inappropriately. The results can then be compared to estimated
measurement noise, process noise and the uncertainty of the model to see if it is within the
margins.

3.6.4 Implementation on real system

Implementation on the real system involves a lot of risks and careful preparation is needed.
When it comes to testing at the real system, the first step will be explaining to the engineers
and the operators what changes should be done and why. If they understand and think it is
reasonable, changes in the real system may be executed. The parameters of a controller can
be changed gradually. The actual coding should be done by an experienced engineer.
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4 Results

This chapter presents the results of the thesis. The system and the PulseTimecontrollers in
Chapter 3 are simulated and tested for robustness. The controllers were later implemented
on the system and the results are presented in this chapter.

4.1 Simulation

The old system and the new system are built in Matlab R2024b Simulink. They are built
mainly of ordinary blocks, but the controller is built by code, see Figure 4.1.

Figure 4.1: Simulation of EIC 29568(6) in Matlab R2024b Simulink

4.1.1 EIC 29568(6)

First the new controller is compared to a normal PI controller and a 3-parameter model to
validate that they are approximately the same. Different values of PulseTime and breaktime are
tested to see when the two systems are almost equal to each other, see Figures 4.2, 4.3, 4.4 and
4.5. The results show that breaktime has to be at least less than the closed loop time constant.
Pulsetime has to be quite small to reduce steady state error. The selected values are shown
below:

PulseTime = 0.2s

SampleTime = 0.2s

BreakTime = 10s
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4.2. Robustness

Three cases are considered, from 0.9 MW to 1 MW, from 1.5 MW to 1.6 MW and from 0.9 MW
to 1.6 MW. The reason is that these cases cover low power, high power and transitions from
low to high power. The difference of the performance between the new and the old system
can be seen in Figures 4.6 and 4.7.

4.1.2 FIC 29565(7)/FIC 29513(8)/FIC 29563(9)

The system is simulated in Matlab R2024b Simulink for W0, W1, W2 and W3. It is made with
the wanted K = 0.14 and K = 0.5 to fully see how the system acts. Two step responses are
tested, FIC 29563(9) to 10 and FIC 29565(7) to 5, see Figures 4.8, 4.9, 4.10 and 4.11.

4.2 Robustness

4.2.1 Robustness theory

The Bode plot of the open loop system is plotted by MATLAB for all systems. The gain in
phase margin is observed. For the LC-refinery, Bode plot is calculated from the approximated
model, that is PI controller and 3-parameter model, see Figure 4.12.

4.2.2 FIC 29565(7)/FIC 29513(8)/FIC 29563(9)

For W0, W1, W2 and W3, k is increased until the system becomes unstable, and the result is
shown as follows:

(a) PulseTime = 0.1, BreakTime = 0.1 (b) PulseTime = 0.1, BreakTime = 1

Figure 4.2: Comparison between the closed-loop system with the new controller (red) and a
3-parameter model with a PI-controller (black).

(a) PulseTime = 0.1, BreakTime = 10 (b) PulseTime = 0.1, BreakTime = 20

Figure 4.3: Comparison between the closed-loop system with the new controller (red) and a
3-parameter model with a PI-controller (black).
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4.2. Robustness

(a) PulseTime = 0.1, BreakTime = 30 (b) PulseTime = 1, BreakTime = 1

Figure 4.4: Comparison between the closed-loop system with the new controller (red) and a
3-parameter model with a PI-controller (black).

(a) PulseTime = 1, BreakTime = 1.5 (b) PulseTime = 2.5, BreakTime = 1

Figure 4.5: Comparison between the closed-loop system with the new controller (red) and a
3-parameter model with a PI-controller (black).

(a) from 0.9 MW to 1.6 MW (b) from 0.9 MW to 1 MW

Figure 4.6: Comparison between the new closed-loop system (blue) and the old system
(green) for the desired output (red)

(a) from 1.5 MW to 1.6 MW (b) from 1.5 MW to 1.6 MW inzoomad

Figure 4.7: Comparison between the new closed-loop system (blue) and the old system
(green) for the desired output (red)
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(a) K = 0.14 (b) K = 0.5

Figure 4.8: Two step responses FIC 29563(9) to 10, then FIC 29565(7) to 5 with W0. Red is FIC
29563(9), blue is FIC 29513(8) and green is FIC 29565(7).

(a) K = 0.14 (b) K = 0.5

Figure 4.9: Two step responses FIC 29563(9) to 10, then FIC 29565(7) to 5 with W1. Red is FIC
29563(9), blue is FIC 29513(8) and green is FIC 29565(7).

(a) K = 0.14 (b) K = 0.5

Figure 4.10: Two step responses FIC 29563(9) to 10, then FIC 29565(7) to 5 with W2. Red is FIC
29563(9), blue is FIC 29513(8) and green is FIC 29565(7).

(a) K = 0.14 (b) K = 0.5

Figure 4.11: Two step responses FIC 29563(9) to 10, then FIC 29565(7) to 5 with W3. Red is FIC
29563(9), blue is FIC 29513(8) and green is FIC 29565(7).
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4.3. Implementation on real system

Table 4.1: Maximum possible k for a stable system.

W k
W0 1.4
W1 2.1
W2 1.76
W3 1.64

(a) EIC 29568 (b) FIC 29515

Figure 4.12: Bode plots showing the gain and phase margins.

(a) for green T = 20s, black T = 2s, blue T = 0.2s (b) for green L = 20s, black L = 2s, blue L = 0.2s

Figure 4.13: Comparison of closed-loop step responses for different values of time constant
(T) and delay (L).

4.2.3 Robustness simulation

Because the model for the theoretical robustness testing for the LC-refinery is approximated,
extensive simulated robustness testing is conducted. Each parameter is varied and the step
response between 0.9 MW and 1.6 MW is observed, see Figures 4.13, 4.14, 4.15 and 4.16.
Unless otherwise specified then L = 2, T = 2, Vm = 0, VKp = 0, Kp = 0.085 is used.

4.3 Implementation on real system

The gain is normalized after the largest and the smallest process values and the input values.
For the step controller

GainE f f =
100

(NormPV.High ´ NormPV.Low)
¨ Gain (4.1)

is used and for the rest of the controllers

GainE f f =
NormMV.High ´ NormMV.Low
(NormPV.High ´ NormPV.Low)

¨ Gain (4.2)
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4.3. Implementation on real system

(a) For green VKp = 0.001, black VKp = 0, blue
VKp = 0.01

(b) For green VKp = 0.1, black VKp = 0, blue
VKp = 0.5

Figure 4.14: Comparison of closed-loop step responses for different variances of gain Ks.

(a) For green Kp = 2Kp, black Kp = Kp, blue
Kp = 0.5Kp

(b) For green Kp = 4Kp, black Kp = Kp, blue
Kp = 10Kp

Figure 4.15: Comparison of closed-loop step responses for different values of gain Ks.

(a) For green Vm = 0.01, black Vm = 0, blue
Vm = 0.001

(b) For green Vm = 1, black Vm = 0, blue
Vm = 0.1

Figure 4.16: Comparison of closed-loop step responses for different variances of measure-
ment noise.

34



4.4. Results from real system

is used.

Figure 4.17: The implemented controller for EIC29566(6) including gain scheduling.

Figure 4.18: All important GUIs for the EIC29566(6) controller.

4.3.1 Implementation of EIC 29568(6)

Firstly, the new controller is implemented in parallel with the old controller and without the
output being connected, see Figure 4.17. The output is observed to verify that it is as assumed.
The deadband is set to 0.01MW to reduce small oscillations.

4.4 Results from real system

4.4.1 Results from EIC 29568(6)

The controller is implemented and its behavior can be seen in Figure 4.19. It is compared to
EIC29568(3) which has a controller and system similar to the old EIC 29568 but Kp is smaller.
During the recording the pulp density is constantly increasing, which increases the power.
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That can be seen as a constant disturbance. LCS1 makes very long pulses and overreacts a
bit compared to the controller EIC 29568. The new controller makes small pulses and is very
slow to suppress errors. Some pulses do not seem to affect the system. It has some problems
suppressing the disturbance, but seems to be able to reduce the error much better. Compared
to the old regulator (see Figure 4.20) all the big oscillations are eliminated, see Figure 4.19.
The controller does a high number of small adjustments. To solve this, the deadband is set to
0.02MW and to resolve that some pulses do not seem to have an affect, PulseTime was set to
0.4, the result of which can be seen in
Figure 4.22. The average error when using the old regulator for one day for the old EIC 29568
is 25 kW (see Figure 4.20), and when using the new EIC 29568 it is 12.9kW (see Figure 4.22)
and for EIC 29518 it is 18kW (see Figure 4.23).

Figure 4.19: New EIC29568(6) (bottom) compared to EIC29518(3) (top) under disturbance
from changing pulp density (middle).

Figure 4.20: The output when using the old controller EIC29568(6).

4.4.2 QIC 29502

The valve is checked and it has a built-in deadband which does not move the valve position
when the request is less than 2% of the former move. That is changed to 0.2% and the results
can be seen in figure 4.24. There is still action that looks like stiction but it is smaller.
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Figure 4.21: The output when using the new controller EIC29568(6) over one day, deadband
is 0.01MW and PulseTime = 0.2.

Figure 4.22: The output when using the new controller EIC29568(6) over one day, deadband
is 0.02MW and PulseTime = 0.4.

Figure 4.23: The output when using the new controller EIC29518(3) over one day.

4.4.3 Results from FIC 29565(7)/FIC 29513(8)/ FIC 29563(9)

The controller FIC 29565(7) still acts like a sticky valve and the parameters are not changed,
mostly because an increase in the integrator action may cause faster oscillation. Controller
FIC 29513(8)/FIC 29563(9) is set to the values K = 0.05, Ti = 10s and the control flow remains
in automatic mode most of the time. For an example of values from the system for one day,
see Figure 4.25.
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Figure 4.24: The output and control signal when using QIC 29502 with no valve deadband.

Figure 4.25: System outputs for FIC 29565(7)/FIC 29513(8)/FIC 29563(9) in one day, FIC
29565(7) still acts like a sticky valve, but controllers are in automatic mode.
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5 Discussion

This chapter presents the discussion for this thesis. It is divided into a section on the result, a
section on the method and a section on the wider context.

5.1 Results

The simulation showed that a PIDStepL controller, together with a system with a pole at 0, can
be approximated as a PID control with the system without the pole at 0, as long as PulseTime
and breaktime are small in relation to the time constant of the closed system. The simulation
shows a significant improvement compared to the former controller, especially when it comes
to reducing oscillations from overreaction. The system acts more similar to a linear system.

This simulation also shows robustness in the general case. Robustness in the general case
means that even with large model errors or substantial measurement variance, the controller
will still perform reasonably well. The estimated measurement noise is small enough not to
affect the controller significantly.

The simulation of the MIMO system showed results using full/partial decoupling. Loop
performance did increase and robustness did increase somewhat. In all cases it was very ro-
bust so the importance of the improvement in robustness may be questioned, but with the
given closed loop time constant, the improvements are too small to be worthy of implemen-
tation.

Implementation in the real system shows promising results and is similar to the simula-
tion. Results from the real system shows major improvements in reducing average errors but
especially in dealing with large unnecessary oscillations. Very short pulses do not always
make any difference in power, therefore a longer PulseTime and deadband than expected are
needed.

For the three controllers FIC 63/13/15 it is not possible to calculate the improvement.
That is because two controllers (FIC63/13) are previously run in manual mode and therefore
the setpoint is not known. The whole system experiences oscillations probably due to friction
in a valve. The variance of the error is mostly due to friction and not caused by insufficient
controllers. Because of that, the improvement can not be measured. The fact that it remains
in automatic mode after the implementation most of the time can indicate that the operators
are satisfied with it. Three possible reasons for not using automatic mode before might firstly
be that the reduced controller gain led to less oscillation. Secondly it might be that LCS2 was
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constantly increasing and decreasing the power which led to oscillation in flow which gave
the illusion of a not working controller. Thirdly, there might have been changes in the system
that solved the problem but the operator had not been testing it in automatic mode before.

5.2 Method

This study provides a clear explanation of major parts of the process and demonstrates high
applicability. Some methods are not explained in detail and may be hard to replicate. No
specific testing of how accurate the model is is made. Only the data on how the system
reacts to two-second pulses is known, because it is used when the estimation was done. An
appropriate controller was selected; no alternative that produces the right output was found.
The simulation part of the thesis has high reliability, because it is based on calculations on a
computer and is not concerned with the real world. When the controllers are actually imple-
mented on the system, the results have low reliability. That is due to lack of testing. Since the
process always has to be running and producing the requested pulp, a fully controlled test is
not possible. Due to different types of pulp is being made at different times, it is not possible
to guarantee that the system will always act the same way.

In the process of ascertaining a better controller, a lot of approximations and assumptions
were adopted. The goal is not to make a very accurate model or a very fast optimal control.
Examples of approximations are: approximating some systems as 3-parameter models, the
model for LCS2 involved estimating Kp as a constant for high power and estimating the step-
controller together with the system as a 3-parameter model and PI controller.

5.2.1 Source discussion

The suggested controller in [13] is a PD controller which is similar to a PIDStepL. Ti is identi-
cal, but the tuning of K is not the same because the goal is not to make the controller as fast
as possible.

For the same reason stated in the report [14], inverted decoupling with feedforward is
needed to implement decoupling. Static decoupling and dynamic decoupling are the same
in this case, mostly because of a simple model. Doing a full decoupling would need six
feedforwards, which would be unnecessarily complicated.

5.3 The work in a wider context

One thing that is made clear by working at Holmen and having conversations with the su-
pervisor is that spending time and optimizing already acceptably working controllers are not
done in a large extent. That can partially be explained by the difficulty in measuring their im-
provements in terms of factors that are important to the management. Those factors could be
reduced use of resources like electricity and water, better quality, less maintenance or fewer
unplanned stops.

It is assumed that the average power of the old and new controller for EIC 29568(6) during
very long time is the same as the average setpoint, and it is also assumed a 90 percent uptime.
The total excess energy used over a year, being the power over the setpoint over time, is
around 25kW ¨ 24h ¨ 365 ¨ 0.5 ¨ 0.9 « 100MWh for the old controller and around 12.9kW ¨ 24h ¨

365 ¨ 0.5 ¨ 0.9 « 50MWh for the new controller. Under the same operating conditions, the total
lacking energy is 100 MWh for the older controller and 50MWh for the new controller.

The average cost of electricity before any taxes or transfer fees the last five years is around
0.5 SEK/kWh [17]. Therefore the total savings are around 25 000 SEK per year. The benefits
of less lacking power are not known, but it is not unreasonable to assume it would at least
improve the quality of the pulp, especially because of the reduced oscillations. Although
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benefits from the other controllers are hard to calculate, they could come from better flow
accuracy, due to the controller running in automatic mode, and from less wear on the actuator,
due to reduced actuator action.

One social aspect which this thesis has not mentioned is the user interface of the LCS2
controller. LCS2 used to have a fuzzy controller which in theory should be easy to under-
stand for someone that is not knowledgeable in control theory. However, in the way it is
implemented it is nearly impossible for the operators to understand how it works. It is im-
plemented using a normal PID controller which has everything needed including an output.
The interface which the operator has access to only showed that PID controller. However, the
output is not used, instead the only thing that is used is the error calculation. The real fuzzy
controller is after the PID controller and the blocks can only be accessed by an engineer. That
has resulted in no operator that has been interviewed knowing how the controller actually
works, even though it is fairly simple. That may be one of the reasons why the controller is
not adjusted before.

After the change, the actual calculations for creating pulses are much harder, but it is
displayed much better and as has been shown in the report, the system acts very similar to
a normal system (3-parameter model and PI controller) so it should be relatively simple to
do small changes on the controller, for example, changing the gain or the deadband without
being very knowledgeable about the whole controller.
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6 Conclusion

6.1 Conclusion

The purpose of this thesis was to model an LC-refinery, to find an appropriate controller for
an LC-refinery and to adjust the surrounding controllers.

This is achieved by modeling an LC-refinery as a nonlinear IFPDT system and estimating
the system gain by observing a large number of two-second pulses. PIDStepL is chosen as
a controller and is tuned using lambda tuning and gain scheduling to be robust. The sur-
rounding controllers are improved. The three controllers after LCS2 are analyzed and the
two controllers set in manual mode could be set in automatic mode. The implementation in
the real system gives a positive result.

Overall, the work in this thesis can be viewed in a positive way, where all three questions
raised in the beginning are answered and the results are implemented in a real system with
promising results.

6.2 Further work

One example of further work is a more rigorous system modeling, especially when it comes
to low power. A more general system modeling of LC-refineries can also be explored. An
analysis of how different powers of LC-refineries affect the quality of the pulp may also be
interesting.
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