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Preface

This report is written to document the design of a controller for a feed water valve located
at a waste incinerator, and is written as the 7th semester diploma project in connection to
the energy engineering studies of Aalborg university Esbjerg. The purpose of this project
is to meet the requirements of the university by showing the knowledge and methods
learned through the time studying at the university.

Aalborg Universitet, May 5, 2023

Instructions for reading

This report has been written using Overleaf, where each chapter has it’s own number and
are afterwards divided into section. For references the method of the Institute of Electrical
and Electronics Engineers (IEEE) has been used. The bibliography has been made with
Mendeley, and BibTex. All citations has been numbered and are stated throughout the
report, either in the beginning of a section/chapter, or in the middle of the text. Citations
for figures are noted in the caption of said figure.
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Abstract

In this report the behavior of the feed water valve located in the system of a waste in-
cinerator located in the city of Esbjerg, has been analysed. The work done in this report
has the goal of lowering the wear and tear of the valve, while still keep inside the bound-
aries of low and high level alarms of the separator tank which are provided with liquid
from the feed water valve. Considering the waste incinerator operators demands to the
system, a controller has been designed for the feed water valve. The new controller is
designed by the internal model control method, with a goal of smooth valve control, this
controller has then been compared to the original system controller.
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Resumé

I denne raport er opførslen af fødevands ventilen der befinder sig på en afflandsfor-
brænding i Esbjerg, blevet analyseret. Målet med arbejdet udført i denne raport er at
nedsætte slitagen på fødevands ventilen, alt imens niveauet for lav og høj alarmerne for
overbeholderen der er forsynet med væske fra fødevands ventilen, overholdes. I betragt-
ning af operatøren af affaldsforbrændnignens krav til systemet er en ny regulering af sys-
temet blevet designet til fødevandsventilen. Den nye regulering er designet ved hjælp af
internal model control metoden, med det formål at opnå en mere jævn ventil regulering,
denne regulering er så blevet sammenlignet med den originale system regulering.
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1 Introduction

A waste incinerator is used to deliver district heating and electricity to around 25.000
households in the danish city of Esbjerg. The facility is build up as a steam cycle with
co-generation. The control scheme of the system is maintaining the level in a water and
steam condensate tank by regulating a level control valve and pump on the tank inlet.
The controller aggressively track the level setpoint deviation, causing the level control
valve, also known as the feed water valve, to continually adjust positioning resulting in
increased equipment wear out. Strict level tracking is not necessary since the condensate
level of the tank needs only to be within a tolerated range and not on the exact setpoint.

1.1 Problem statement

This has led to the following problem statement:

How is it possible to make a control design for the valve and separator system which
ensures the condensate level of the separator tank remains inside the desired range

and at the same time make the valve control less sensitive.

To find a solution for this problem statement the system and its components will be pre-
sented and analysed in chapter 2. Data given by the waste insinuator plant will be pre-
sented in chapter 3. Using the information gathered in the analysis of the system, and the
data from the plant, the system will be modelled mathematically in chapter 4, this model
will be linearized and used to obtain transfer functions which are analysed in chapter 5.
The original control of the system is presented in chapter 6.2 together with the theory
of the control design method used to reach the desired system response. This method is
then utilized in chapter 7 where the results are also analysed.
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2 System Analysis

The waste incinerator is driven like a steam cycle, as seen in Figure 2.1, and produces
both electricity and district heating. The feed water system begins at point 1-2 by raising
the pressure through a pump, after which the water enters the economizers to be heated
up in points 2-3, before entering the separator tank at point 3-4 to be heated up before
moving to the super heaters. [1] The super heaters and the turbine will not be described
since this is out of scope for the problem. All information about the components of the
system is found in the data sheets which are listed in appendix E.

Figure 2.1: Basic principle of a steam cycle including co-generation. [1]

In Figure 2.2 the feed water system of the waste incinerator is shown. Here the system is
simplified by only showing the relevant parts of the system.

• Feed water pumps

• Control valve

• Three way valve

• Economizers

• Separator tank

• DP Level transmitter

2



2. System Analysis
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Figure 2.2: Feed water system at the waste incinerator

2.1 Pump

At the system inlet are three pumps delivering the feed water from the feed water tank to
the condensate tank. These are horizontal ring-section pumps, model HGM 4/5, driven
by a motor with a frequency converter. The pumps have a capacity of 125 m3

h each and
operate in the speed range 1800 1

min to 3600 1
min .

The pump manufacturer has provided the pump curve seen in Appendix C, together
with the power curve. At the current control scheme the pump is set to provide a con-
stant pressure of 74 bar to the system and therefore does not operate at the best efficiency
point for the pump at all times. There is installed three pumps in the system, but when
the facility is in operation only one of the pumps are running, with the two remaining
pumps functioning as spare pumps. If the main pump malfunctions and one of the spare
pumps malfunctions, the entire system is shut down.
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2. System Analysis

To model the pump the model from Yang and Børsting [2] has been used, this model has
the following equations for pump head and power.

H(ω,Qout) = a0ω
2 + a1ωQout + a2Q

2
out

P (ω,Qout) = p0ω
3 + p1ω

2Qout + p2ωQ
2
out + p3Q

3
out

(2.1)

And considering the affinity law which states.

Q1

Q2
=

ω1

ω2

H1

H2
=

ω2
1

ω2
2

P1

P2
=

ω3
1

ω3
2

(2.2)

A derived version of this function can be used to model he pump disturbance in chapter
4

2.2 Control Valve

The first valve the feed water goes through is the control valve. The control valve is a
feed water control valve series 300.05 DN 125 from HORA, which is a z-type globe valve.
The globe valve restricts flow by moving its disc into the seat. This blocks the fluid so that
it can not flow through the valve. [3] The control valve is send signals about the water
level in the separator tank, and is given signals from the system whenever the water level
deviates from the desired level. The control valve operates in the range of 10% to 95%
opening. The control valve is an equal percentage valve, which means the plug of the
valve are shaped differently from the linear and the quick opening valves[4], as seen in
figure 2.3.

Figure 2.3: Different plugs for quick-opening, linear and equal-percentage valves. [4]

The variation in plug design results in different valve flow characteristics as seen in figure
2.4.
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2. System Analysis

Figure 2.4: Control valve characteristics for different valve types. [5]

Since the feed water valve is an equal percentage valve the flow characteristic for the
valve is an exponential function described in [6] as:

f(x) = Rx−1 (2.3)

Where x is the valve opening and R is a value stated in the data sheet. For the feed water
valve the value is R = 40.
The flow across the valve is determined by the equation described in [6] as.

Qin = Cvf(x)

√
∆P

SG
(2.4)

Where Cv is the orifice coefficient, an imperial unit that express how many gallons can
pass the orifice per minute at a 1 bar pressure loss. To get the metric counter part Kv the
value of Cv has to be multiplied by 0,862. ∆P is the pressure drop over the valve, and SG
is the specific gravity which is 0,99756. With this, the flow equation becomes

Qin = Kv · 40x−1

√
∆P

0, 99756

[
m3

h

]
(2.5)

Qin is the flow across the valve. The valve will be modelled in chapter 4. After the control
valve the water continues to the three-way valve.

2.3 Three-way valve

The three way valve is also a valve from HORA, but is a three-way distribution valve
series 300.06 DN 150, Which is diverging the feed water either into the first economizers
or around the first economizer and into the second economizer. The three-way valve is
controlled by the temperature signal of the flu gasses right before the inlet of the separator
tank. If the temperature of the flu gasses reaches 183 °C the three-way valve will redirect
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2. System Analysis

the water. Since the data shows that the opening of the 3 way valve on average lies
between 9,5% and 10,5 % the three way valve will be modelled as a minor loss of the
system, as described in Appendix A.

2.4 Economizers

Knowledge is from [1]. The economizers are used to preheat the feed water with con-
vective heat transfer surfaces. This helps to extract more heat from the flue gasses. The
economizers are of the non condensing type. The economizers will be modelled as minor
losses of the system, as described in Appendix A.

2.5 Separation Tank

After going through the economizers the feed water enters the water-steam separator
tank. This tank operates at 271 °C and can produce up to 90 tons of steam per hour. The
tank consist of a demister which is used to improve the removal of water droplets in the
vapor steam. In the top of the tank a mesh is added to trap the vapor at the top close to
the outlet going to the super heaters.
An outlet is placed in the bottom of the tank for down comers, which is all the water that
has been separated from the vapor steam. The tank has a operation pressure of 54 bar.
An illustration of the tank is seen in figure 2.5

Down comers

Steam outlet

Feed
water inlet

Dimister

Separated
water

Figure 2.5: Illustration of the steam drum.

A linear function can be derived to describe the volume of the tank as a function of the
level of the condensate [7]. The calculations can be seen in appendix B For this separator
tank it becomes:

A(h) = 14, 658h (2.6)

Volume change inside the separator relates to the flow.

dA

dt
= 14, 658

dh(t)

dt
= Qin(t)−Qout(t) (2.7)

6



2. System Analysis

The liquid height of the tank against the volume of the tank has been plotted in figure
2.6.
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Figure 2.6: Volume as a function of height

2.6 Level transmitter

To measure the liquid level of the tank a differential pressure transmitter is used. This
is a continuous type of level measurement, within a specific range. The liquid level is
measured by having a reference point to take measurements, this is referred to as the
high pressure side, this reference point is at the lower end of the vessel but never at
the bottom. This is to avoid that the vessel become completely drained. The second
measurement is on the low pressure side, this is connected above the expected maximum
level of the liquid.
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2. System Analysis

HP LP

Figure 2.7: Placement of the pressure transmitter on the separator tank.

The pressure transmitter of the system is a DP transmitter ABB Multi Vison 2010TD,
which uses an overload diaphragm, an internal absolute pressure sensor and a silicon
differential pressure sensor.Which s placed on the tank as seen in figure 2.7.
The level sensor has 5 level alarms which turns on if the water level of the tank crosses a
certain level. These alarms are measured away from the setpoint.

• -120mm away from setpoint - Low alarm 2

• -100mm away from setpoint - Low alarm 1

• 70mm away from setpoint - High alarm 1

• 80mm away from set point - High alarm 2

• 100mm away from setpoint - High alarm 3

The setpoint inside the tank is at ≈ 40cm. To calculate the liquid level the following
equation can be used [8].

P =
ρgh

100.000
(2.8)

Where P is the differential pressure range in Bar, ρ is the density of water in kg
m3 , g is the

gravity in m
s2

and h is the water level in m.

2.7 Actuator

The feed water valve is actuated by via a pneumatic diaphragm actuator.

8



3 Data Analysis

Two data sets has been provided by the waste incinerator operator. These data sets mea-
sure the pump speed in percent, the feed water valve opening in percent, the three way
valve opening in percent, and the height divergence from the set point in the separator
tank in mm. In data set 1 the measurements has been running for 6 minutes with 5 second
sampling. Whereas data set 2 has been measured for 3 hours with measurements every 5
minutes.
Because the data has different measurement frequency they also look different. Data set 1
has been used for the modelling of the system and data set 2 will be used for verification
of the model.
Also the pressures of the system has been collected as constants, these are:

P1 = 1, 3bar

P2 = 74bar

P3 = 54bar + Ploss

P4 = 54bar

P5 = 54bar

(3.1)

Because of limited data it has been assumed that P4 = P5 and with the modelling of the
three way valve and the economizers as minor losses P3 = 54bar + Ploss, the placement
of the different pressures can be seen in figure 4.1.

3.1 Data set 1

In Figures 3.1, 3.2 and 3.3 data set 1 can be seen plotted. The data for the three-way valve
has not been plotted since these data will not be of use.
In Figure 3.1 the liquid deviation from the set point has been plotted, where the setpoint
is set to be 0 and the deviation from the set point is in mm. As seen the liquid level does
not reach a critical point at any time, and are far from all alarm points. Especially far
from the high alarm points.
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3. Data Analysis
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Figure 3.1: Plotted data over the liquid level in the separator tank.

In figure 3.2 the pump speed is plotted in percentage. As seen the pump operation is very
rough, since it operates at either almost off, or near max operation speed. The pump is
currently controlled to maintaining a system pressure of 74bar from the pump and to the
feed water valve.
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Figure 3.2: Plotted data over the pump work.

In figure 3.3 the feed water valve opening is plotted in percentage. Like the pump the
operation of the valve is very rough, and the valve operates mostly between 10% and 90%

opening. The feed water valve is controlled according to the liquid level of the separator
tank.
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3. Data Analysis
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Figure 3.3: Plotted data over the valve opening.

3.2 Data set 2

The plots for data set 2 is not presented here but can be seen in appendix D.
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4 Modelling

To simulate the system a model has to be developed. In this chapter three models will be
made describing the pump, feed water valve and the separator tank. These models are
based on [2], [6] and [7].
In figure 4.1 the different pressures location in the system can be seen.

M M M

Super heaters

Feed water

Three-way valve

Control valve

Economizer

Separator tank

DP

DP

DP Transmitter

P1

P2

P3

P5

P4

Figure 4.1: Illustration of the system and the different pressures of the system.

4.1 Separator model

For the model of the separator tank the focus points are: Flow out of the tank, liquid level
of the tank, and flow in. In [7] a relation between the flow in and out of the tank, the
cross section area of the tank, and the liquid height has been described when assuming
constant density. 4.1

A
dh(t)

d(t)
= Qin(t) +Qout(t) (4.1)
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4. Modelling

This equation is the foundation of the model for the entire system. The flow out of the
separator tank is not controllable, the flow out of the system consist of the vapor which
leaves the separator at a constant flow rate, but it also consist of the down comers of the
system which is at an unknown quantity. Therefor only the flow into the tank can be
affected by the control. There will be made two models which are combined to represent
the flow in to the separator tank this is the feed water valve, and the pump.

4.2 Feed water valve

The equation used for the system is equation 2.4 which has been described in chapter 2

Qin = Kvf(x)

√
∆P

SG
(4.2)

Where ∆P is defined as.
∆P = P2 − P3 +

ρhg

100000
(4.3)

And f(x) is the valve flow characteristic of the equal percentage valve.

f(x) = Rx−1 (4.4)

Where R is a constant for the valve, found in the data sheet. The function for the valve
characteristics become

f(x) = 40x−1 (4.5)

The valve characteristics has been plotted in figure 4.2.
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4. Modelling
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Figure 4.2: Valve characteristics for the control valve in the system

4.2.1 Pump simulation

For the simulation of the pump a equation is derived from equation 2.1. When the first
order of the equation describing head of the pump is used to describe the flow. The flow
equation then become.

Qin = ap∆Pp + aωω (4.6)

Which is from [2]. In this equation the pressure is described as.

∆Pp = P2 − P1 (4.7)

Before being able to use expression 4.6 the parameters ap and aω has to be calculated. To
do this a guess is made by doing a linear regression on the pump data, while keeping
either ∆Pp or ω constant. Since ∆Pp in this case is a constant because no more data is
known this is the term that will be put constant, the guess for the parameter aω is found
with.

Qin = aω + b (4.8)

Where the relation of the parameter ap and b is.

b = ap∆Pp (4.9)
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4. Modelling

With the regression the parameters of the linear regression become.

a = 0, 2162m3

b = 31, 713
m3

hr

(4.10)

And with ∆Pp being 72,7 bar the initial guess for the parameters become.

ap = 0, 4362
m3

s · bar
aω = 0, 2162m3

(4.11)

Now the pump function can be plotted using the newfound parameters and data set 1.
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Figure 4.3: First flow equation plotted using data set 1.

In figure 4.3 the newfound function has been plotted using data set 1. The function fol-
lows the original data very well but the amplitude of the function is noticeably higher
than the amplitude of the original data. Because of this a correction factor should be
added to the function Therefor a correction factor is introduced.

Qin = ap∆Pp + aωω + ac∆Ppω (4.12)

ac is determined so that the simulation fits the data points better. This is when ac is.

ac = −1, 15 · 10−4 (4.13)

When this correction factor is added the simulation and data can be seen in figure 4.4
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4. Modelling
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Figure 4.4: Simulation and data plotted in the same plot, showing very little deviation.

4.3 Linearization

For the linearization three equilibrium points is needed. These are the valve opening, the
liquid level and the pump speed. The liquid level is chosen to be 0, 4m since this is the
setpoint for the tank and therefor the point where the system need to operate. For the
equation describing the valve opening a exponential term is part of the equation. This
term is firstly linearized before setting the system in equilibrium. The linearization is
plottet in figure 4.5.

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Valve opening [%]

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

F
lo

w
 [

%
]

Original

Linear

Figure 4.5: The nonlinear and the linear valve characteristics plotted besides each other.
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4. Modelling

The new expression for the valve characteristics become.

f(x) = 0, 975x+ 0, 025 (4.14)

So the equation to find the equilibrium point become.

0 = kv · 0, 975x+ 0, 025

√
P2 − ρhg

100000 + P3

SG
(4.15)

This gives a valve opening of.
x0 = 0, 001 (4.16)

Lastly the equilibrium for the pump speed will be chosen. Since the pump operates
roughly at 10% and 90% of the maximum speed, a pump speed in the middle is chosen,
this is.

ω0 = 2700RPM (4.17)

The rest of the parameters used for the linerization is

P1 = 1, 3bar

P2 = 74bar

P3 = 59bar

ap = 0, 4362

aω = 0, 2162

ac = −1, 15 · 10−4

Assuming that the flow in and out of the tank is equal in size the Taylor approximation
[9] can be used on the system.

g(x) ≈ f(a) + f ′(a)(x− a) + f ′′(a)
(x− a)2

2!
+ ...+ fn(a)

(x− a)n

n!
(4.18)

This expression can be reduced to be linear

f(x) ≈ f(a) + f ′(a)(x− a) (4.19)

First the valve equation is linearized by inserting equation 4.2 into equation 4.1 and af-
terwards linearizing it. This become.

V
d(h0 + h(t))

dt
≈ f(Qout0, x0) + f ′(Qout0, x0)Qout(t) + f ′

x(Qout0, x0)x(t) (4.20)

And when the equation is written out.

14, 658
d

dt
h(t) = Qout(t)− 1, 2771x(t) (4.21)

Q̂invalve
= 1, 2771x(t) (4.22)
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4. Modelling

The same is now done for the pump simulation. So equation 4.12 is put into equation 4.1,
to get the expression.

V
d(h0 + h(t))

dt
≈ g(h0, Qout0, ω0)+g′(h0, Qout0, ω0)h(t)+g′Qout

(h0, Qout0, ω0)Qout(t)+g′ω(h0, Qout0, ω0)ω(t)

(4.23)

14, 658
d

dt
h(t) = Qout(t)− 0, 039109h(t)− 0, 207835ω(t) (4.24)

Q̂inpump = 0, 039109h(t) + 0, 207835ω(t) (4.25)

Finally equation 4.22 and equation 4.25 can be combined to the final linearized model.

14, 658
d

dt
h(t) = Qout(t)− (0, 039109h(t) + 0, 207835ω(t) + 1, 2771x(t)) (4.26)
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5 Model Analysis

By using equation 4.26 three transfer functions can be developed for the system. All three
transfer functions are important to simulate the system response, and they all represent
an individual input into the system.
after the transfer functions has been developed they can be analysed before they are used
in the simulation.

5.1 Laplace transformation

Using the Laplace transformation on equation 4.26 the following term is developed.

14, 658 · 3600sH(s) = Qout(s)− (0, 039109H(s) + 0, 2078ω(s) + 1, 2771X(s)) (5.1)

With equation 5.1 three transfer functions of first order can be developed. The transfer
functions are all a part to get the final output which is the separator liquid height. There
are three different inputs, which are the three factors that determine the separator liquid
height.
The first transfer function is made with the valve opening as input, and is a part of the
flow into the separator tank which is described by two transfer functions. The transfer
function is.

H(s)

x(s)
= G1(s) =

0.000233

s+ 2.373 · 10−8
(5.2)

The second transfer function is also describing part of the flow into the tank, this is the
pump speed, which will be used as a disturbance in the system for the controller to over-
come. The pump speed has the transfer function.

H(s)

ω(s)
= G2(s) =

−1, 969 · 10−6

s+ 3, 706 · 10−7
(5.3)

The last transfer function is the one describing the outlet flow of the separator tank. This
is also going to be used as a disturbance of the system,

H(s)

Qout(s)
= G3(s) =

9, 475 · 10−6

s+ 3, 706 · 10−7
(5.4)

5.2 Analysis of Transfer function

In figure 5.1 a visual representation is made for the three transfer functions describing
the same output.
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5. Model Analysis

Figure 5.1: Block diagram of the transfer functions

None of the developed transfer functions have any zeros, but they all have one pole
placed at −3, 7060 · 10−7. This means that the system is stable.

In figure 5.2 the model of the liquid height of the tank has been plotted against the data
received from the facility. The model do deviate slightly, most noticeably is the tendency
for the model to move upwards the longer the simulation continues, this might be due to
the disturbance from the pump, which is not controlled.
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Figure 5.2: Linerized model compared to the liquid level data.

5.3 Simulation

The system has been simulated in both open loop and closed loop, without any control.
In figure 5.3 the response of the system is seen. The blue graph shows the reference point
which is at 0,4 m, and is the liquid level of the vapor separator tank. The red graph is
the open loop response, this shows the system being unstable and continue to raise the
liquid level. The yellow graph is the closed loop response. Here only a feedback has been
added to the system, which makes the system stable, but the settling time of the system
is very high, and is approximately 1600 seconds or 26 minutes.
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5. Model Analysis
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Figure 5.3: Simulation model against the reference in open loop and with feedback.
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6 Control design

The main goal of the control design is to keep the water level of the separator tank be-
tween the set levels, before reaching the HH or LL alarms of the system.
Second the goal is to make a less sensitive feed water valve controller and make the con-
trol more smooth in operation, in contrast to the very aggressive control of the system
that is implemented at the moment.

6.1 Existing control

For the existing controller a PI controller is used. This consist of

C = Kp +
Ki

s
(6.1)

Here the controller is
C =

429, 2s+ 396, 5

s
(6.2)

In figure 6.1 the system is shown with the original controller.

Figure 6.1: The block diagram of the system using the original PI controller on the feed water valve.

Figure 6.2 shows the system plotted using a step input and with the feed water valve PI
controller.
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6. Control design

0 5 10 15 20 25 30 35 40 45 50

Time [s]

0

0.1

0.2

0.3

0.4

0.5

0.6

H
ei

g
h
t 

[m
]

Original controller

Controller

Reference

Figure 6.2: Response from the original controller at the facility.

The system has an overshoot which is acceptable since it is inside of the alarms and
therefore close enough to the desired setpoint. Looking at the pole-zero map in figure
6.3, 3 of the system poles are placed in the left half plane while one pole is placed at 0,
which means the system is marginally stable.

Figure 6.3: Pole-zero map for the original controller
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6. Control design

6.2 Internal model control

This section is based on knowledge from [10] and [11]
The internal model control or IMC is a strategy used to design a controller for a system
using a model of the system.

6.2.1 Theory of IMC

The strategy start with the system structure in figure 6.4, where a controller q(s) is shown
together with a plant gp(s) a model of the plant g̃(s), these are the blocks of the system
and are all affected by the system input r(s).

Chapter 7. IMC-Based PID164

7.1  BACKGROUND

As we will show in this chapter, the IMC structure can be rearranged to the standard feedback
structure.
______________________________________________________________________________

Question:  Why do we care about IMC, if we can show that it can be rearranged into the
standard feedback structure?  

Answer:  Because the process model is explicitly used in the control system design
procedure.  The standard feedback structure uses the process model in an implicit fashion,
that is, PID tuning parameters are “tweaked” on a transfer function model, but it is not
always clear how the process model effects the tuning decision.  In the IMC formulation,
the controller, q(s), is based directly on the “good” part of the process transfer function.
The IMC formulation generally results in only one tuning parameter, the closed loop time
constant (λ , the IMC filter factor).  The PID tuning parameters are then a function of this
closed-loop time constant.  The selection of the closed-loop time constant is directly related
to the robustness (sensitivity to model error) of the closed-loop system.

______________________________________________________________________________

The reader should realize that the IMC-based PID controller presented in this chapter will not give
the same results as the IMC strategy when there are process time delays, because the IMC-based
PID procedure uses a Padé approximation for deadtime, while the IMC strategy uses the exact
representation for deadtime.

7.2  THE EQUIVALENT FEEDBACK FORM TO IMC

In this section we derive the feedback equivalence to IMC by using block diagram manipulation.
Begin with the IMC structure shown in Figure 7.1; the point of comparison between the model and
process output can be moved as shown in Figure 7.2.  

u(s)
q(s)r(s)

d(s)

y(s)
 +
+

 +
  -

+
-

~
g (s)  p

d(s)
~

r(s)
~

g (s)  p

y(s)
~

Figure 7.1.  IMC StructureFigure 6.4: Structure of IMC [10]

An unknown disturbance is added to the system, this is d(s), the output of the system
y(s) is compared to the model output ỹ(s) to get the feedback d̃(s). This will be.

d̃(s) = [gp(s)− g̃p(s)]u(s) + d(s) (6.3)

ỹ(s) is used to improve control of the system since this is seen as the missing part of
the model g̃p(s). This is true when the unknown disturbance d(s) is considered equal to
d̃(s) and so the model and the system are equal so gp(s) = g̃p(s). With this feedback the
control signal becomes.

u(s) = [r(s)− d̃(s)]q(s) = r(s)− [gp(s)− g̃p(s)]u(s)− d(s)q(s) (6.4)

Which is.

u(s) =
[r(s)− d(s)]q(s)

1 + [gp(s)− g̃p(s)]q(s)
(6.5)

And since the output of the system can be written as y(s) = gP (s)u(s)+ d(s) The transfer
function for the closed loop system become.

y(s) =
[r(s)− d(s)]q(s)gp(s)

1 + [gp(s)− g̃p(s)]q(s)
+ d(s) (6.6)

With this expression of the closd loop system perfect setpoint tracking and disturbance
rejection can be realized if q(s) = g̃p(s)

−1 and if gp(s) = g̃p(s).
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6. Control design

7.2  Equivalent Feedback Form to IMC 165
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+
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~
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g (s)  p

y(s)
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- +

y(s) - y(s)~

r(s) - y(s) + y(s)
~

Figure 7.2.  Cosmetic Change in IMC Structure

Figure 7.2 can be rearranged to the form of Figure 7.3.
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+
-

~
g (s)  p

g (s)  p
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~
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  ~

+
+

r(s) - y(s)

Figure 7.3.  Rearrangement of IMC Structure

The arrangement shown inside the dotted line of Figure 7.3 is shown below in Figure 7.4.

q(s)

~
g (s)  p

+
+

r(s) - y(s) u(s)

Figure 7.4.  Inner-Loop of the Rearranged IMC Structure shown in Figure 7.5.

Figure 7.4 can be rearranged to the form of Figure 7.5.

Figure 6.5: Rearranged IMC structure with inside loop [10]

6.2.2 Controller design using IMC

The model of the plant g̃(s) will for a first order system be.

g̃(s) =
kp

τps+ 1
(6.7)

To determine the transfer function for the controller the model is used together with a
filter to get.

q(s) = q̃(s)f(s) (6.8)

Here q̃(s) is the inverse of g̃(s), and is therefor expressed as.

g̃(s)−1 =
τps+ 1

kp
and f(s) =

1

λs+ 1
(6.9)

In the end the end the expression for q(s) becomes.

q(s) =
τps+ 1

kp(λs+ 1)
(6.10)

Now the standard feedback controller can be derived with the expression.

qIMC(s) =
q(s)

1− g̃p(s)q(s)
(6.11)

Inserting equation 6.7 and 6.10 the expression for qIMC(s) is found.

qIMC(s) =
τps+ 1

kpλs
(6.12)

Knowing that a PI controller has the transfer function.

qIMC(s) = kc
τIs+ 1

τIs
(6.13)

Equation 6.12 can be rearranged to find the parameters kc and τI . This is done by multi-
plying τp/τp with equation 6.12. Thereby getting.

qIMC(s) =

(
τp
kpλ

)
τps+ 1

τps
(6.14)
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6. Control design

Equating the term the parameters can be found.

kc =
τp
kpλ

and τI = τp (6.15)

With kp and τp known there is only one tuning parameter left, this is the IMC filter factor
λ.
With the controller designed the closed loop transfer function becomes.

y(s) =
qIMC(s)gp(s)r(s) + [1− qIMC(s)g̃p(s)]d(s)

1 + [gp(s)− g̃(s)]qIMC(s)
(6.16)

26



7 Simulation

Using the method described in section 6.2, a controller ha been designed for the feed
water valve, with the pump output and the flow out of the tank as disturbances. Using
equation 6.14 the controller is designed with the transfer function 5.1 to be.

gIMC(s) =
4291.85s+ 1

λs
(7.1)

In figure 7.1 the block diagram of the system is shown with the controller. Here the
filter coefficient λ is unknown and described as l in the controller block. The disturbance
consist of the pump flow and the flow out of the vapor separator tank.

Figure 7.1: The block diagram with the IMC designed controller implemented.

7.1 Analysis

Starting of with an initial guess for the filter coefficient λ to be τp
2 , see figure 7.3. This gives

a stable system which also has a lower settling time than the system with only feedback.
The system is still far from perfectly controlled. Therefor the filter coefficient is tuned.
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7. Simulation

Figure 7.2: Pole zero map for the IMC designed controller.

In figure 7.2 the pole zero map for the closed loop transfer functon of the system and the
controller is shown. The closed loop IMC system has both a pole and a zero in 0, which
makes the system marginally stable. No poles or zeros are located in the right half plane.

7.2 Simulation
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Figure 7.3: The step response using the initial λ value.

In figure 7.3 the step response of the system is shown when the initial filter value is
λ = 4909. The system settles slightly above the setpoint and it the settling time is very
large at 20000 seconds. The λ value is tuned to match the criteria of the system better.
Using λ = 500 it is possible to keep the valve output smooth and have a slightly faster
system than with the initial value.
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7. Simulation
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Figure 7.4: Response of the system after the filter coefficient has been tuned.

In figure 7.4 the step response is shown when λ = 500, and this response is plotted
against the step response of the original controller. The IMC designed controller is now
faster than the initial guess and settles at the setpoint after 2700 seconds. The original
PI controller is still much faster, but since a fast response is not the main objective the
obtained response time is acceptable for the IMC designed controller.

A new disturbance is now added to the system in the form of varying liquid level, this
disturbance is from data set 2, and has been repeated to get a disturbance for a longer
period of time. The disturbance has been plotted in fig. 7.5.
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Figure 7.5: Level disturbance added to the system.

Now the IMC designed controller can be compared to the original controller when there
is actual disturbance to respond to.

In figure 7.6 the valve opening is plotted for the original controller and for the IMC de-
signed controller. The original PI controller is very aggressive compared to the IMC de-
signed controller. These openings of the feed water valve is not realistic in real life since
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7. Simulation

the valve is only able to open 100% which on the plot would be 1 on the y axis. This
is a problem for both controllers, and therefor a saturation block should be added when
looking at the nonlinear system.
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Figure 7.6: Valve opening of IMC and original controller

In figure 7.7 the liquid height is plotted for both the original and the IMC designed con-
troller. Since the IMC designed controller had less valve opening varying the amplitude
of the liquid height is also larger than that of the original controller. This is not a prob-
lem though since the liquid height stays inside of the boundaries of the alarms in the
separator tank.
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Figure 7.7: Liquid height with IMC controller and with original controller

In figure 7.8 a step response is made at 300 seconds for both controllers, and at the same
time the disturbance of the liquid height is also added. Again the IMC controller is slower
than the original controller, and has a bigger amplitude, but for the purpose of the valve
control desired for the system this response is acceptable.
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Figure 7.8: IMC designed controller plotted with the original controller, both with added disturbance and
step input.

Lastly the controller has been added to the nonlinear model of the system. In figure 7.9
the liquid height of the system is seen when a step is added at 100 seconds together with
the level disturbance from fig 7.5. A saturation block was added after the controller to get
a realistic response where the valve maximally opens 100%. Because of the disturbance
the liquid level for the IMC designed controller is below zero. After the step input at 100
seconds there is only very little disturbance in the output, but the liquid level for the IMC
designed controller never reaches the setpoint of 0,4 m. However it does stay inside of
the low alarm set point of 100 mm. Compared to figure 7.8 the nonlinear system respond
immediately, and is just as fast as the original controller.
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Figure 7.9: IMC designed controller and original controller used on the nonlinear model.

In figure 7.10 the valve opening is shown when a step response is used on the nonlinear
system. Here the IMC designed controller start out in a undesired manner of fluctuating
a lot compared to the original controller. After the step input, both controllers behave
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7. Simulation

alike, and stays within acceptable valve opening.
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Figure 7.10: Valve opening for the IMC designed controller and the original controller.

Even though the system stays inside the desired boundaries the output of the nonlinear
model is not desirable, since it seems that the original controller performs better than the
IMC designed controller.
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8 Discussion

The problem examined in this report was the aggressive control implemented on the feed
water valve of a waste incinerator. As the waste incinerator is running in the current state
this problem was not of critical nature, but rather it was a proposal to improve the possi-
ble life of the feed water valve. To find a solution to this problem a model was made to
describe the systems, pump, feed water valve and separator tank.

System model
With limited data concerning the system some data has been assumed to make the three
models. This makes the models slightly incorrect when describing the system.
However the models has been made and linearized to get three transfer functions with
three different input but the same output, which means that put together this would give
the desired output, the liquid level of the separator tank. To get the desired liquid level
in the tank the input flow and the output flow should be of the same size wich are not the
case when the three transfer functions are added, there are still a tendency for the liquid
level to keep rising when a step is added to the three transfer functions, which makes the
model incorrect.

IMC designed controller
The IMC method has been used to design a controller that would have the ability to
make the valve input more smooth, to relive the feed water valve if even just a little. This
method was used because of it’s robustness and because there is only one tuning param-
eter, making the tuning process of the controller easier.
The controller was only designed for the transfer function describing the valve since the
output of the tank it not controllable, and control of the pump is not in the scope of this
project.
Using the controller on the linear model with the initial guess for a filter constant λ

showed a system which where very slow, and used around 30.000 seconds to settle after
a step input. The filter coefficient was then tuned to the value of 500, which made the sys-
tem much faster and settling after only 3000 seconds. Not only where the system faster
but the valve had a very desired smooth behavior, which where the goal of the controller.
Together with the liquid level of the tank being inside the alarm set points, the controller
seemed very promising.

33



8. Discussion

Nonlinear system
Using the new designed controller on the nonlinear system showed a non desired out-
put, the liquid level might have been inside of the alarm boundaries, however the valve
behavior showed a much faster system when implemented on the nonlinear system and
also showed a very aggressive valve behavior before a step input was implemented. This
could be expected knowing from the start that the model was not very accurate because
of assumed data values and because of the response of the three transfer functions added.
The fact that the exponential term of the valve characteristics had to be linearized before
finding a operation point could also have an impact on the model accuracy.

Future work
For future work, the model describing the system should be improved since the controller
designed showed promising results when used on the linear models.
Also working with control of the pump in the system would be interesting, the pump of
the system is controlled by the pressure of between the pump and the feed water valve,
and the pump is at the moment working at 10 % capacity or 90 % capacity. By imple-
menting control of the pump the control of the pump and valve could be coordinated to
make the system more energy efficient, while also making wear and tear minor for both
components.
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9 Conclusion

The major goal of this report was to design a controller which would make the behavior
of the valve more smooth. This was done my making a model of the system and with
this model designing a controller for the system using the IMC method. The controller
designed showed promising results after tuning the filter coefficient to be 500. The valve
behavior plotted where smooth and the liquid level of the separator tank where inside
the desired level.
However the use of the controller on the nonlinear model showed results which where
not desired, with a very fluctuating valve opening.

Concluding that the IMC method is a suiting method to solve the problem of this report,
however the model developed to describe the system as a linear model has not been
good enough or close enough to the actual system to give the correct results. Therefor
the model shall me remade before making a new attempt at a IMC designed controller.
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A Appendix

Based on knowledge from [12].
The minor losses of the system are defined by the equivalent length, which is calculated
by.

leq = ζ
D

f
(A.1)

This is the bends, the three way valve and the economizers of the system. Here ζ is the
minor loss coefficient, which is a set value for different components in the system. This
equivalent length can then be added to the total length of the system when calculating
the major losses with equation.

hL = f
L+ Leq

D
· V

2

2g
(A.2)

To calculated both the minor losses and the major losses the friction factor f has to be
known. The friction factor is based upon the Reynolds number of the system. The
Reynolds number determine if the fluid in the system is laminar, transitional or turbulent,
and is found with the equation:

Re =
ρvD

µ
(A.3)

Here ρ is the density of the fluid, v is the velocity of the fluid and µ is the dynamic
viscosity of the fluid.
In this case the flow is turbulent, which means that to determine the friction factor the
Colebrook-White equation is used.

1√
f
≈ −2log

(
ϵ

3, 7D
+

2, 51

Re
√
f

)
(A.4)

Where ϵ is the material roughness, here the value for stainless steel is used which is
0.002mm. When the friction factor is calculated the minor and major losses of the system
can be found, and then the dynamic loss coefficient kloss can be determined.
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B Volume calculations

To determine the volume characteristics the theory of circle segments are used. Written
with knowledge from [13].

Figure B.1: Visual representation of the circle segment [13]

First the length of r is.

r = Rcos(
1

2
ϕ)

=
1

2
a · cot(1

2
ϕ)

=
1

2

√
4R2 − a2

(B.1)

And the arc length a is.

a = 2Rsin(
1

2
ϕ)

= 2rtan(
1

2
ϕ)

= 2
√

R2 − r2

= 2
√
h(2R− h)

(B.2)
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B. Volume calculations

The angle ϕ has the relation.

ϕ =
s

R

= 2cos−1 r

R

= 2tan−1 a

2r

= 2sin−1(
a

2R
)

(B.3)

To get the desired area a simple equation is set up.

A = Acircularsector −Atriangle (B.4)

This is the entire area of the wedge where the yellow part is located, from this area the
area of the triangle below the desired area is subtracted. Using the earlier equations we
get.

A =
1

2
R2(ϕ− sin(ϕ))

=
1

2
(Rs− ar)

= R2cos−1(
r

R
)− r

√
R2 − r2

= R2cos−1

(
R− h

R

)
(R− h)

√
2R− h− h2

(B.5)

To get the volume of the tank, the length is multiplied on the equation to get.

V = R2cos−1

(
R− h

R

)
(R− h)

√
2R− h− h2L (B.6)

Using equation B.6 the volume of the tank can be shown as a function of the liquid height.
Using the data for the tank..

R = 0, 8m L = 11, 8m (B.7)
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Figure B.2: The plot of volume vs height of the liquid of the tank.
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C Pump curveInquiry / PO. No. L90 Esbierg Page No. 2
Customer Gronbech & Soenner A/S Date
Code name L90 Esbierg
KSB reference No. 4003011122-05 Pump. HGM 4/5
Dept. / In charge TSS Eng.PP FT Manuel Di Bella Product No.

  

Type / size  Speed  [1/min] Temperature  [°C] Density  [kg/dm3]

HGM 4/5 7.1 S 6.2 N 3600 140 0.926
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Figure C.1: Pump curve and power curve for the system pump
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D Data set 2

0 20 40 60 80 100 120 140 160 180

Time [min]

-100

-50

0

50

100

L
iq

u
id

 d
ev

ia
ti

o
n
 [

m
m

]

Liquid deviation

Low alarm 1

Low alarm 2

High alarm 1
High alarm 2

High alarm 3

Figure D.1: Liquid level of the separator tank.
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Figure D.2: Pump work presented in %.
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D. Data set 2
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Figure D.3: Valve opening in %.
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E Data sheets

• 3.0 HORA Fødevandsventil DN 125

• 4.0 HORA 3-vejs-ventil DN 150 LAB51AA301

• Operating data HGM 4-5 (rev 2)

• Multi vision, digital transmitter 2010TD
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Inquiry / PO. No. L90 Esbierg Page No. 1 

Customer Gronbech & Soenner A/S Date  

Code name L90 Esbierg   

KSB reference No. 4003011122-05   Pump. HGM 4/5 

Dept. / In charge TSS Eng.PP FT 
Stand. 

Manuel Di Bella Product No. 
 

Pump size/Stages: HGM 4/5 Pump type: Horizontal ring-section pump   
Drive: Motor with frequency converter 
 

Application/Medium handled: Boiler feed water  
Conditioning AF Alkaline composition with salt-free water  
pH value at 25°C >9.0 O2 contents mg/l <= 0.02 

 

Operating Data (tapping closed) 
 

Operating point  Guarantee point 

 Unit Design point to ISO 9906 / 2B Qmin, thermal 

Operating temperature °C 140  140 

Density kg/dm3 0.926  0.926 

Pressure in inlet vessel bara 3.614   

NPSH available m 10   

 bar 0.908   

NPSH required at Qs **) m 4.939   

 bar 0.448   

Pressure at suction nozzle bar g 3.522   

Mass flow rate at disch. nozzle t/h 115.72   

Capacity m3/h 125  53.51 

Overall head m 810.73  892.24 

 bar  73.61  81.01 

Pump discharge pressure bar g 77.13   

Efficiency *) % 73.28   

Pump input power kW 352.07   

Pump speed 1/min ~3600  ~3600 

Direction of rotation clockwise as viewed from the driven end      
 

Operating Data in Case of Tapping 
 

Operating point Unit Design point 

Total disch. Pressure bar  75 

Total power kW 372.78 

Total efficiency % 74.73 

 
Stages  1. - 4. 5. - 6.  

Flow rate m3/h 148 125  

Flow rate at tapping m3/h 23   

Discharge head m 500.84 787.36  

 bar  45.47 71.48  

 
Tapping pressure bar g 48.99   

Shut-off pressure bar g 56.21 85.64  

Efficiency *) % 74.45 74.41  

Pump input power kW 253.28 119.5  
 

ADDITIONAL DATA 
 

Pump discharge pressure at Q = 0, cold water 
36001/min 

 Pump discharge nozzle Tapping nozzle 1 

bar g (+/- 3%) 88.56 56.82 
 

Permissible minimum operating speed 1800 1/min   

*) Efficiency improvement acc. to Karassik  
**) without strainer loss 



 
Inquiry / PO. No. L90 Esbierg Page No. 2 

Customer Gronbech & Soenner A/S Date  

Code name L90 Esbierg   

KSB reference No. 4003011122-05   Pump. HGM 4/5 

Dept. / In charge TSS Eng.PP FT 
Stand. 

Manuel Di Bella Product No. 
 

 
 

  

Type / size  Speed  [1/min] Temperature  [°C] Density  [kg/dm3] 

HGM 4/5 7.1 S 6.2 N 3600 140 0.926 
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L90 Esbierg 4.4.2017

4003011122 HGM 4/5 7.1 S 6.2 N

140 925.8
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HGM 4/5

1: 3600 [1/min]
2: 3300 [1/min]
3: 3000 [1/min]
4: 2700 [1/min]
5: 2400 [1/min]
6: 2100 [1/min]
7: 1800 [1/min]

Code name Item No. Date

Project No. Hydraulic

Temperature [C] Density [kg/m3]Type - size

Operating range diagram

Speeds

Minimum permissible speed

Closed tapping



 
Inquiry / PO. No. L90 Esbierg Page No. 4 

Customer Gronbech & Soenner A/S Date  

Code name L90 Esbierg   

KSB reference No. 4003011122-05   Pump. HGM 4/5 

Dept. / In charge TSS Eng.PP FT 
Stand. 

Manuel Di Bella Product No. 
 

 

Pump Design 
 
Nozzle Design DN Class Drilled acc to Position [°]   *) 

      Inlet Flange 6 in 300 ANSI B 16.5 RF vertically upwards 

Outlet Flange 4 in 600 ANSI B 16.5 RF vertically upwards 

Tapping Flange 2 in 600 ANSI B 16.5 RF 60.0 

      

      

      

      

 
*) clockwise viewed from the driven end ( 0° = top) 
 
 
Shaft Seal Manufacturer Type Material Cooling 
 

   GLRD BURGMANN KB065-
H75VN16 

AQ1EGG Air cooled 

    

 
Axial thrust balancing Hydraulically by means of Disc 
 
Bearing Design Lubrication Cooling 
    

Radial Plain bearing By medium No 

Thrust - - - 

    

 
Pump Feet Arrangement Foot 
 

Accessories 
 
Balancing water pipe return to the first stage 

Instrumentation acc. to list of measuring points 
 
 
Intake elbow - ANSI 

Baseplate for pump and motor (with foundation bolts) 

Wiring & Terminal Box 
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