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Abstract

At Siemens, plcs are used to control the gas turbines, and to execute the code in
the plcs cyclic interrupts are used. If the execution time for the interrupt becomes
close to the cyclic time of the interrupt the load of the plc increases. High load
levels can lead to situations were segments of code are not executed on time or
even not executed at all. In this thesis an analysis of the regulators used to govern
a gas turbine has been performed. The purpose of the analysis is to study the
performance of the regulators for different cycle times with the aim to be able to
reduce the load by sampling more slowly.

To determine the load contribution from each regulator a review of the regulators
and their execution times has been made. For the analysis the Matlab program
Simulink has been used to make models of the regulators, which have then been
sampled at different rates. With this information it is possible to determine for
which cycle times each regulator has accepetable performance and how much load
each regulator contributes with. A save of load of approximately 2 percent can be
obtained without loosing too much performance.

Sammanfattning

Siemens använder sig av plc:er för att kontrollera gasturbinerna och i dessa plc:er
används cykliska avbrott för att exekvera kod. Om exekveringstiden för ett avbrott
närmar sig den cykliska tiden kommer lasten för plc:n att öka. Höga laster kan
leda till en situation där delar av koden inte exekveras i tid eller över huvud taget.
I detta examensarbete har en analys av regulatorerna som används för att styra
gasturbinen utförts. Syftet med analysen är att studera prestandan hos regula-
torerna för olika cykeltider, för att i sin tur kunna spara last genom att sampla
långsammare.

För att kunna bestämma hur mycket last varje regulator ger upphov till har en
översikt över regulatorerna och deras exekveringstider utförts. Regulatorerna har
analyserats med hjälp av Matlab-programmet Simulink där regulatorerna har
modellerats och sedan simulerats med olika sampeltider. Med denna information
är det möjligt att bestämma för vilka cykeltider som regulatorerna presterar på
en acceptabel nivå samt hur mycket last varje regulator ger upphov till. Ungefär
2 procentenheter last kan sparas utan att allt för mycket prestanda förloras.

v





Acknowledgments

First of all I would like to thank the people involved at Siemens Industrial Turbo-
machinery AB. Especially my supervisor Tomas Lindgren for initiating this thesis
and for good guidance. I would also like to thank all the staff in the department
GPTC at Siemens for their patience with the seeming endless questions and the
very warm welcome.

At Linköpings Univeristy I would like to thank my supervisor Henrik Tidefelt
and examiner Svante Gunnarsson for a thorough job and for always being ready
with encouraging remarks. They never treated this thesis as just another in the
daily work and for that I am very grateful.

Of course, I would also like to thank Frida Norrby, without you all this would
have been impossible and unthinkable.

vii





Contents

1 Introduction 1
1.1 Purpose . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1
1.2 Background . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2
1.3 Problems and tasks . . . . . . . . . . . . . . . . . . . . . . . . . . . 2
1.4 Limitations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3
1.5 Outline . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4

2 System overview 5
2.1 Simatic . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5

2.1.1 PSC 7 and the Simatic manager . . . . . . . . . . . . . . . 5
2.1.2 PLCSIM . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5
2.1.3 CFC and blocks . . . . . . . . . . . . . . . . . . . . . . . . 6

2.2 The gas turbine . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8
2.3 AS1 and AS2 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9
2.4 Operator station . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10
2.5 Gas turbine governor . . . . . . . . . . . . . . . . . . . . . . . . . . 11

3 Model and regulators 13
3.1 Structure of the governing system for the SGT-800 . . . . . . . . 13
3.2 Model for the gas turbine . . . . . . . . . . . . . . . . . . . . . . . 15
3.3 Transfer of the model from Simatic to Simulink . . . . . . . . . . 15

3.3.1 Block for mass flow . . . . . . . . . . . . . . . . . . . . . . . 16
3.3.2 Block for isentropic efficiency . . . . . . . . . . . . . . . . . 17
3.3.3 Block for enthalpy . . . . . . . . . . . . . . . . . . . . . . . 17
3.3.4 Block for temperature . . . . . . . . . . . . . . . . . . . . . 18

3.4 Brief analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18
3.5 Numerical stability . . . . . . . . . . . . . . . . . . . . . . . . . . . 18

3.5.1 Background theory . . . . . . . . . . . . . . . . . . . . . . . 19
3.5.2 Simulation steplength . . . . . . . . . . . . . . . . . . . . . 20

4 Computational load 21
4.1 Structure of the governing system for the SGT-700 . . . . . . . . 21
4.2 Contribution to the load . . . . . . . . . . . . . . . . . . . . . . . . 23
4.3 Analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24

4.3.1 Main and pilot gas fuel valves — MGFV and PGFV . . . 25

ix



x Contents

4.3.2 Inlet guide vane — IGV . . . . . . . . . . . . . . . . . . . . 26
4.3.3 Power turbine acceleration — PAC . . . . . . . . . . . . . . 27
4.3.4 Gas generator speed limiter — NGGL . . . . . . . . . . . . 28
4.3.5 Maximum main and pilot pressure ratio controllers — MM-

PRC and MPPRC . . . . . . . . . . . . . . . . . . . . . . 30
4.3.6 Maximum load control — MLC . . . . . . . . . . . . . . . 30
4.3.7 Exhaust, average, and inner temperature limiter — T7L

and T7LI . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31
4.3.8 Frequency load control — FLC . . . . . . . . . . . . . . . . 33
4.3.9 Loss of load detection — LLD . . . . . . . . . . . . . . . . 34

5 Results 37
5.1 The simulator . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37
5.2 Result of the analysis . . . . . . . . . . . . . . . . . . . . . . . . . . 37

6 Conclusions and future work 41
6.1 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41
6.2 Future work . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42

Bibliography 43

A Simulink implementation of the regulators 45



Abbreviations

CFC Continuous Function Chart
CPU Central Processing Unit
FLC Frequency Load Controller
FSC Flame Sustain Control
HMI Human Machine Interface
IGV Inlet Guide Vane
LLD Loss of Load Detection
MGFV Main Gas Fuel Valve
MLC Maximum Load Controller
MPC Maximum Fuel Position Control
PCS 7 Process Control System 7
PD Proportional-Derivative Controller
PGFV Pilot Gas Fuel Valve
PI Proportional-Integral Controller
PLC Programmable Logic Controller
RUC Run Up Controller
SGT Siemens Gas Turbine
SPLIT Split Range Control
STC Starting Control
TCON Temperature Controller
TLIM Turbine Inlet Temperature Controller
VGV Variable Guide Vane

xi





Chapter 1

Introduction

1.1 Purpose

This thesis was initiated with the purpose to create a simulator for the Siemens
gas turbine - 800, sgt-800, that should be possible to run on a single laptop using
process control system 7, pcs7, and Plcsim. The simulation of the gas turbine
should follow the real world as well as possible. It should be possible to start and
run the simulated gas turbine up to full load as well as stop/trip the turbine.

Aside from the actual implementation of the simulator it was belived that there
existed a few very narrowing limitations too Plcsim. The limitations were thought
to be:

• A cycle time down to a minimum of one second.

• A limited amount of available memory.

(The plcs used at Siemens are cycled at 20 ms and have a cycle time down to 10
ms.) After some initial work with solving these problems it was discovered that
these limitations did not exist, that is Plcsim has a cycle time down to 10 ms
and memory will not pose a problem. As a result of this the presentation of these
problems and their solution will only be partial.

A new focus of the thesis then became to study the performance of the gov-
erning system in relation to the load of the plcs used for controlling the turbine.
Siemens uses plcs to control a gas turbine, and during the running of the machine
the load of the controllers can become very high. It is therefore of interest to find
out if there is any possibility to reduce the load by modifying the cycle times of
the regulators.
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2 Introduction

1.2 Background

Siemens in Finspång develops and manufactures steam and gas turbines both for
power generation (single, cogeneration, and combined cycle) and for mechanical
drive applications. These turbines have a power output in the range from 18.60
MW up to 47 MW. The sgt-800 is the machine most recently developed with a
power output of 47 MW. According to [15] the sgt-700 is an uprated version of
an older model gas turbine with a power output of 29 MW. The work in this thesis
was performed on an sgt-800 and an sgt-700.

To simulate a complete gas turbine a simple model of the turbine is used. Apart
from the core model of the gas turbine, there exist several small models that simu-
late the auxiliary systems so that the entire governing program can be tested and
so that all the functionality of the turbine can be simulated. All the controllers,
communication, and user interface are the same when simulating as when control-
ling the actual turbine.

To control a gas turbine Siemens uses two plcs and one operator station. When
simulating the gas turbine the two plcs are also used. This means that in order to
run a simulation, both the plcs have to be set up, as well as the communication
between the plcs and an operator station. If the simulation could be performed
with only a laptop it would for example make education of customers much easier.

The execution of the program in the plcs uses cyclic interrupts, see chapter 2.1.3.
This means that each section of the code must be executed within a limited amount
of time. If the execution of a section of code comes close to its cyclic time the
load of the plc will reach high levels. If the load reaches above 100% sections of
the code will not be executed within the time frame, or perhaps not executed at
all. One way of decreasing the load is to sample the regulators more slowly, or,
in other words, to increase their cycle time. This must however be done without
the governing system loosing too much performance. A study of how much load
can be saved in relation to how the performance of the regulators change when
increasing the cycle time is therefore needed.

1.3 Problems and tasks

The following problems and tasks were identified at the beginning of the work to
successfully develop the simulator. The reader should notice that the first three
tasks proved to be unnecessary during the work with the thesis.

1. Simplify the existing model for the sgt-800 so that it will be able to run in
the Plcsim environment and still be as close to the real world as possible.

2. Alter the controllers so that the closed loop remain stable and do not lose
too much performance when the sample time becomes longer on Plcsim.

3. Test and validate the simplified model against the model currently in use.



1.4 Limitations 3

4. Combine the two plcs into a single node, possible to run on a single simulated
plc.

The first two problems arise due to the believed limitations of Plcsim. Since
both the model and the controllers for the gas turbine have a dynamic behaviour
the stability could be affected when sampling at lower frequency. The planned
solution to the first problem was to transfer the model from Siemens pcs 7 to
Simulink and then study the stability of a linearization of the model. It should
then be possible to determine the amount of approximations necessary to achieve
stability.

To make the controllers stable for the increased cycle time each controller would
have been studied separately and then a course of action decided on. The fastest
feed-back loops that obviously could not be made to work in a slower environment
could for example be approximated with a static relation.

In regard of the work to lower the load of the two plcs the following problems
and tasks were identified.

1. Determine the contribution to the load from the different regulators.

2. Analyze the performance of the regulators when increasing the cycle time.

For the analysis of the load, the regulators were implemented in Simulink and
their performance evaluated with different cycle times. In this way it is possible
to incorporate models for the feedback of the regulators and to easily simulate
different cycle times.

1.4 Limitations

The simulator is based on a single fuel, power generation gas turbine of type sgt-

800. For the actual deliveries of turbines there exist a number of different options
such as a redundant system or extra sensors for critical measurements. None of
these options will be supported in the simulator.

As a result of the discovery that the cycle time for Plcsim would not pose a
big problem the presentation of the related problem will only be partial. Since
the implementation of the simulator then became more of a pure programming
problem some remarks on the results will be presented in the last chapter and the
work with the simulator will not be accounted for.

The study of the load will only be performed on the regulators for a sgt-700,
which at the moment is the machine with the highest load. The sgt-700 has,
when looking at both gas and liquid fuel over 20 different regulators. Partly to
constrain the analysis and also due to the limited potential to save any load from
some of these regulators, only the regulators that at the moment are sampled fast
will be studied.



4 Introduction

1.5 Outline

After this introduction a system overview follows in chapter 2 where the programs,
systems, and technical terms used and mentioned in the thesis will be presented. In
chapter 3 the work to make the model and the regulators for the sgt-800 possible
to be sampled at one Hz will be presented. The following chapter, 4, contains the
analysis of the cycle time for the regulators from the sgt-700. In chapter 5, the
results of the thesis will be presented both for the work with the simulator and
the cycle time for the sgt-700. In the last chapter, 6 ,the concluding remarks and
suggestions on future work are located.



Chapter 2

System overview

This chapter begins with a short introduction to the applications used and fre-
quently mentioned in the thesis. Thereafter follows a brief presentation of the gas
turbines sgt-700, sgt-800, and the auxiliary systems. Only details relevant to
the thesis will be presented and many applications in the Simatic concept will be
omitted.

2.1 Simatic

Simatic is a concept for process control with both software applications and hard-
ware solutions. In this concept there exists a large variety of products. The ones
most important to the thesis will be presented and explained concisely.

2.1.1 PSC 7 and the Simatic manager

Pcs 7 is a software process control system that, among other things, aids the user
in creating and setting up a hardware configuration, implementing the control
system, arranging the communication, and creating an operator station. The
Simatic manager is a utility for managing all the Simatic products and the
core application of Simatic. This is the starting point from which all the other
applications can be launched and managed.

2.1.2 PLCSIM

Plcsim is an application that simulates one, and only one at a time, plc without
the need to connect any additional hardware. It is possible to simulate differ-
ent kinds of plcs from the Simatic concept. Plcsim provides the user with a
graphical interface (see figure 2.1), which allows for viewing and modifying some
parameters used by the program, such as turning inputs on or off. It is possible to
run the plc in single steps controlled by the user, single scan, or in a continuous
scan.
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6 System overview

Figure 2.1. The user interface for Plcsim.

Plcsim is made for evaluating small sections of code in an easy way. It is not
made with the purpose to be equivalent to a real plc. The main difference, ac-
cording [9], is that a simulated plc can be significantly slower than a real plc,
especially when the cpu has other programs running at higher priority. This can
lead to significant timeouts when the program seems to be unresponsive.

2.1.3 CFC and blocks

The actual programming in pcs 7 is blockbased and carried out in a graphical in-
terface much like Simulink. Each block represents an action, such as a mux or a
timer. The blocks are dragged and dropped into a continuous function chart, cfc,
and interconnected to other blocks by linking signals from one block to another.
The cfc can be resembled to a drawing board that the user fills with blocks. Each
chart can only fit a limited amount of blocks, but it is possible to add up to 26
chart partitions (flaps), see [6]. The blocks can be interconnected via different
chart partitions or via different charts. Figure 2.2 shows a chart with some blocks
inserted. In the lower left corner the number of partitions is shown as A, B, and C.

To determine in which order the blocks are executed, pcs 7 uses runtime groups.
Each block must be assigned to at least one runtime group. There exist a multi-
tude of different runtime groups, which are designated OB 1 to OB 100. The most
important groups in this thesis are the cyclic interrupts, OB 30 - OB 38. Apart
from the cyclic interrupts there exist start-up groups, hardware interrupt groups
and time of day interrupts, among others. The runtime groups are executed by
the system when the condition for that group is fulfilled. For example at a cold
restart of the plc the cold restart runtime group is executed. The cyclic interrupt
runtime groups are executed in intervals defined by the user. This means that
the user can for example make all the blocks under OB 30 be executed once each
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Figure 2.2. Continuous function chart with blocks

inserted. To the left the interconnections to other

charts are visible.

Figure 2.3. A OR-block

inserted in a cfc. The

runtime group and the or-

der of execution that the

block has in that group

can be seen in top right

corner of the block

second. Each runtime group has its own priority as shown in table 2.1, where a
higher value corresponds to a higher priority.

The actual order of execution for the blocks is then determined by which run-
time group the block belongs to as well as which position the block has in this
runtime group. The OR-block in figure 2.3 belongs to runtime group OB 34. The
number 3/1 shows in which order the blocks will be executed within the runtime
group. The first number indicates that the block belongs to the third group within
the runtime group (the groups within the runtime group are executed in falling
order) and the second number indicates that the block will be executed first within
the third group. Figure 2.4 shows the runtime sequence where the execution order
of the blocks can be overviewed and changed in an easy way.

In order to run the program on a plc, simulated or real, the program must be

OB Priority Cyclic time (ms)
OB 30 7 1000
OB 31 8 1000
OB 32 9 1000
OB 33 10 500
OB 34 11 100
OB 35 12 100
OB 36 13 30
OB 37 14 20
OB 38 15 20

Table 2.1. Priority and cycle time for the cyclic interrupts in as1.
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Figure 2.4. The runtime groups for the cyclic interrupt OB 34 with the third group

opened.

compiled and downloaded. However when the program has been downloaded to a
plc the user can go online and see the parameters for each block and change some
of the parameters.

2.2 The gas turbine

A gas turbine consists of a compressor that drives air into a combustion chamber.
In the combustion chamber a mixture of air and fuel is ignited. The combusted
hot mixture propels a turbine that transforms energy from the hot gas into kinetic
energy. The kinetic energy is then used to drive both the compressor and a gen-
erator for electric production.

The sgt-800, seen in figure 2.5, has a single shaft which means that the compres-
sor and the turbine operate on the same shaft. A generator can also be connected
to the shaft via a gearbox. The first three vanes on the compressor can be ad-
justed, called variable guide vanes, vgv. The angle of the vanes can be altered so
that they propel more or less air into the machine. This feature is used primarily
to change the load of the machine. Once the gas turbine is synchronized to the
electric grid the shaft must have a constant frequency.

The sgt-700, seen in figure 2.6, is a dual shaft machine, with two adjustable guide
vanes (called inlet guide vanes, igv). The compressor and two turbine stages op-
erate on the first shaft while the turbine and the generator, via a gearbox, operate
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Figure 2.5. The sgt-800. The air intake, the compressor and the end of the shaft that

can be connected to a generator are to the left in the figure. To the right the turbine

and the exhaust are located.

Figure 2.6. The sgt-700. To the left in the figure the air intake and the turbine

are located. To the right the turbine, the exhaust and the shaft for connecting to the

generator. Worth noting is that the turbine stages operate on different shafts.

on the second shaft. The compressor and the two turbine stages are called gas
generator or gg and the turbine and generator are called power turbine or pt.
Since only the power turbine is connected to the generator it is the only shaft that
need to have a constant speed when synchronized. The speed of the gas generator
can be changed to suit the load of the machine.

2.3 AS1 and AS2

as1 and as2 are the names given to the two plcs used to control the gas turbine.
Each as contains a power supply, a communication device, and a cpu. All these
components are taken from the Simatic concept. The ases use a Profibus-DP to
communicate with the I/O of the gas turbine and ethernet to communicate with
each other and the operator station. For more information see [11]. It is also
possible to have a redundant system with two as1 and two as2. If so only one is
active and the redundant is used if the first one breaks down. The plcs contain all
of the code required for running and supervising the gas turbine and the auxiliary
systems.
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Figure 2.7. The operator image “Unit Operation” for the sgt-800. From this image it

is possible to start, stopp and change the load of the machine.

As1 is the primary unit assigned to control the gas turbine and the auxiliary
systems while as2 contains most of the gas turbine protection and the failsafe
logic. The failsafe logic is executed twice using different algorithms. The results
are then compared, and if the results differ an error is issued, see [12]. The gas
turbine protection consists of different alarms and trips. The alarms aim to alert
the operator that there is a problem with the machine. The trips shut down the
machine in order to avoid serious accidents.

2.4 Operator station

The operator station is run on a Simatic industrial PC, with WinCC as inter-
face. It is used for the display of important information by means of different
operator images. Through these images the operator can issue a limited amount
of commands such as start, stop and change a number of set points and operat-
ing modes of the machine. All the different warnings and alarms are displayed as
well.[8] Figure 2.7 shows one operator image for the sgt-800, Unit operation, from
which it is possible to start and stop, as well as change the load of the machine.
Important information about the running of the machine is also displayed, some
in form of numbers and others graphically. At the top of the screen the operator
can change between the different displays.
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2.5 Gas turbine governor

Here a short description of the governing thought behind the regulators for the
machines will follow. Due to the physical differences between the sgt-800 and
the sgt-700 the governing systems of the two machines are slightly different. A
more in depth explanation of the respective governing systems will be presented
in chapter 3.1 and 4.1. According to [13] the purpose of the governing system is:

• to control the amount of fuel fed to the gas turbine in order to

– keep the machine at desired speed or load

– avoid running in forbidden operating modes

– avoid flame out

• to control the flame temperature and thereby minimize the emissions

• to control the position of the vgv or the igv in order to

– limit the turbine outlet temperature

– limit the turbine inlet temperature

To achieve this the gas turbine has several small regulators, each designed for
a specified task. There are two kinds of regulators. The first kind is used to
determine the needed heat flow for the machine, and the second kind is used to
execute demanded valve or vane position. The main difference between these two
kinds is that the second kind is always in use and is often sampled at a higher rate
than the first kind.





Chapter 3

Model and regulators

This chapter begins with an introduction to the regulators used on a sgt-800.
Thereafter follows a description of the model used for simulating the sgt-800 and
how the model was transferred to Simulink.

3.1 Structure of the governing system for the SGT-

800

A sgt-800 single gas fuel has eight different regulator systems.

• mgfv, main gas fuel valve. Controls the valve for the main fuel.

• pgfv, pilot gas fuel valve. Controls the valve for the pilot fuel.

• vgv, variable guide vane. Controls the three variable guide vanes on the
compressor.

• tlim, turbine inlet temperature limiter. There are two variants of this con-
troller. One that limits the air temperature after the compressor and one
that limits the transient value of the air temperature after the compressor.

• ruc, run up controller. Controls the rotor speed from start up until nominal
speed.

• flc, frequency load controller. Controls the turbine at nominal speed.

• tcon, temperature controller. Controls the inlet and outlet temperature of
the turbine.

• mlc, maximum load controller. Limits the maximum generator active power.

Figure 3.1 shows the design of the governor system for the sgt-800 in the form of a
block diagram. In the figure there are some additional blocks that are incorporated
with the control system but do not have any dynamics. These four are:

13



14 Model and regulators

• fsc, flame sustain control. Ensures that there is enough fuel for sustaining
the flame in the combustion chamber.

• stc, Starting control. Sets the right amount of fuel required for igniting the
combustion chamber.

• mpc, maximum fuel position control. Limits the maximum fuel input.

• lld, load loss detection. Detects if the rate of change for the load is too
high.

Figure 3.1. The governing system for a power generation sgt-800 running on gas fuel

only.

As described in section 2.5 not all the regulators are active at the same time.
Some, like the stc, are active a very limited time and some, like the flc, become
active only when the turbine has reached its nominal speed. Figure 3.1 also shows
how the input to the fuel valve controllers as well as the input to the variable
guide vane controller is the output from other controllers. This means that the
fuel valve controllers and the vgv controller function as actuators for the other
control systems and need to be rather responsive to not cause poor performance
of the entire regulator structure.

Of the controllers the first three are PD-controllers, which have the same transfer
function, and the rest are PI. The transfer function for the PD-regulators is :

GPD(s) = 1.5 · (1 +
2 · 10−2 · s

1 + 6 · 10−2 · s
)

The PI controllers all have different transfer functions.
tlim1:

Gtlim1(s) = 0.15 · (1 +
1

20 · s
)
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tlim2:

Gtlim2(s) = 0.9 · (1 +
1

20 · s
)

ruc:

Gruc(s) = 10−2 · (1 +
1

2.5 · s
)

flc:

Gflc(s) = 12 · (1 +
1

4 · s
)

tcon:

Gtcon(s) = 0.33 · (1 +
1

20 · s
)

mlc:

Gmlc(s) = 5 · (1 +
1

2.5 · s
)

3.2 Model for the gas turbine

For development aid Siemens has an extensive static solver of the governing equa-
tions for the gas turbine. The static solver can, for a given operating point, solve
the governing equations for the gas turbine and thus produce data on all parts
of the gas turbine for example the temperature in the combustion chamber. A
downsized version of the static solver is used for simulating and training purposes,
referred to as simply the model. In this model some dynamics has been incorpo-
rated making it a quasi-static solver.

The model can be described as having two modes. One mode is valid during
start-up. The other is valid in the range from minimum load to maximum load
(in other words, when the turbine is synchronized to the electric grid). The main
difference between the two modes is that when the machine is synchronized the
speed of the rotor shaft is constant at 6607 rpm. When the machine is not syn-
chronized the vgv position is constant at 20%. There are of course a number of
approximations that have been made to simplify the model. An approximation
worth noting is that the air is treated as dry with a constant composition, see [7].

The calculations of the model follow a casual order. Using the parameters given to
the model the compressor side can be solved. With the data from the compressor
the turbine side can be solved and at last with all else solved the exhaust and the
generator data can be computed.

3.3 Transfer of the model from Simatic to Simulink

To transfer the implementation from Simatic to Simulink a straightforward ap-
proach was adopted and the transfer was done by simply translating block by
block. This turned out to be more difficult and time consuming than expected
due to the fact that some of the functionality of the model in Simatic is not avail-
able to the user and is rather poorly explained in the documentation.
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An initial attempt was made to do system identification of the algorithms used by
the blocks with hidden functionality. The blocks that lacked documentation were:

1. Calculation of the air mass flow into the compressor given the temperature
and the pressure prior to the compressor, the vgv position and the rpm.

2. Calculation of the compressor isentropic efficiency given the temperature
and pressure prior to the compressor, the vgv position, the rpm and the
compressor pressure ratio.

3. Calculation of the enthalpy for a gas given temperature and the composition
of the gas.

4. Calculation of the temperature for a gas given the enthalpy, pressure and
composition of the gas.

Given the input and output signals for the blocks it can be suspected that the first
and second, and third and fourth blocks are very similar and the unraveling of
one is likely to give the unraveling of the other. During the work to find physical
relations for the blocks it was discovered that such relations are not used, but the
blocks use lookup tables. Some tables are very large, and the solution became to
approximate the blocks. During the approximations it was asumed that the blocks
function as static relations.

Common for all these blocks is that they can be used in a larger domain than
currently done in the model. In fact all the blocks have at least one input signal
that is constant for the entire operating region of the model. In order to make the
approximation as simple as possible it was of interest to find the parameters that
do not change and therefore could be disregarded. The first two blocks have the
temperature and the pressure before the compressor as input signals. As the model
is used with a constant temperature and pressure for the surroundings these pa-
rameters can be disregarded. During start-up the vgv position is constant at 20%
and when the gas turbine is synchronized the rotor speed is constant. Hence the
first two blocks can be separated into two different modes, much like the complete
model.

3.3.1 Block for mass flow

When the rotor speed, the temperature and the pressure before the compressor
have been disregarded the block can be seen as a function of one parameter only.
It is then straightforward to identify what the block calculates for a given vgv

position. According to [7] the vgv position is limited to the range 20 – 85. In
reality however, the position is never greater than 80, even when the turbine works
at maximum load.

The block was approximated with the Matlab function polyfit for 13 points
and a polynomial of the tenth degree. The polynomial will probably not be well
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adjusted to points outside the working area of the block, in other words when the
vgv position is smaller then 20 or greater then 85, but gives a small deviation
for all the values inside the working area. The vgv position varied from 20 to 80
in steps of five and the resulting order was then implemented in Simulink using
the block polynomial. When the turbine is not synchronized the block was ap-
proximated in the same way, but with the rotor speed varying instead of the vgv

position. The correct value is then selected with a switch.

The actual implementation of the block is as a function of a reference mass flow.
The reference mass flow is passed through a mass flow correction matrix and the
result is then multiplied with a function of temperature and pressure. The mass
flow correction matrix is really a lookup table based on the vgv angle and the
rpm.

3.3.2 Block for isentropic efficiency

This block can also be seen as having two completely different modes, one when
the vgv position is constant and one when the position is varying. This gives one
mode with a dependency on the rotor speed and the pressure ratio and one mode
with dependency on the vgv position and the pressure ratio.

Since this block has two input signals it is not possible to use the Matlab func-
tion polyfit. Instead the Simulink block lookup table 2-D can be used. With this
block it is possible to interpolate two different input signals to a single output. By
varying the vgv in steps of 10 from 20 to 80 degrees the output signal has to be
found for the same different pressures in each step. The vgv values will then form
the x-axis and the pressure values the y-axis while the output values will form the
intersection of the two.

During the study of this block it became apparent that it is impossible to use
physics to express the output signal given only the available input signals. The
isentropic efficiency is, according to [7], calculated as ηc = h30S−h20

h30−h20

. Both h30S

and h20 can be calculated using the available parameters. This leaves ηc and h30.
But in order to calculate h30, ηc is necessary. To solve the equation an efficiency
is assumed and a large lookup table, over the relation between the enthalpies and
the efficiency, is used. Iteration is then used to find an soultion that satisfies the
equation above.

3.3.3 Block for enthalpy

The enthalpy is derived using the temperature and the composition of the air.
Since the air composition is considered constant in the model this block can easily
be approximated with a single polynomial function. The procedure was identical
to the approximation of the mass flow, only with temperature as the governing
signal instead.
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The true function of this block is derived from a NASA technical report, see [14].
The report documents a way to calculate the enthalpy for a gas given its tempera-
ture and composition as h = R ·

∑7
n=1

hn
R

where hn = ξn
Mn

(−a1 ·T
−1 +a2 · logT +

a3 ·T +a4 ·
T 2

2 +a5 ·
T 3

3 +a6 ·
T 4

4 +a7 ·
T 5

5 +a8) . The constants a1 to a8 depend on
the component of the gas, R is the ideal gas constant, ξ is the mass concentration
and M is the mole mass. Though this equation, in theory, uniquely determines
the output from the block, all attempts to duplicate the block in Simulink have
failed. The difference between the results produced in Simulink and in Simatic

was at best small and it seems unlikely that the implementation truly corresponds
to the documentation.

3.3.4 Block for temperature

This block calculates the temperature for the exhaust gases given the enthalpy
and the gas composition. Since the air composition is considered constant this
block can also be considered depending of only one signal.

The true functionality is the inverse of the calculation of the enthalpy. This is
done by iterative search. Since the block for calculating the enthalpy could not be
solved no attempt was made to find out if this block really works according to the
documentation.

3.4 Brief analysis

The Simulink implementation of the model is composed of 26 subsystems. Since
some blocks have been approximated it is not reasonable to hope for a perfect
match of the data between the two models. The model works rather well for
static signals, with some deviations in the signals computed with the approximated
blocks, particularly for temperature calculations depending on the isentropic effi-
ciency. There are two such signals, T30 and T70, which are also the signals with
the greatest deviations. For T30 the deviation is about 3 to 5◦C and for T70 about
20 to 50◦C. (The signals operate in the region of 400 to 600◦C and the deviation
thus constitutes about 10% of the total value of the signal.) The deviations in the
signals do not change much depending on point of operation for the model, which
is to say that the deviation is on the same scale regardless if the model simulates
a starting point with no load or synchronized running with full load. For dynamic
behaviour the deviations become a little larger but still within reasonable limits.

3.5 Numerical stability

As the implemented model in reality uses Eulers method to perform numerical
integration, for more information see [7], it is of interest to determine for what
step lengths the model will be stable. This is done by looking at the numerical
stability for Eulers method. A theoretical background on numerical stability is
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presented in chapter 3.5.1 and in chapter 3.5.2 the results for the implemented
model are presented.

3.5.1 Background theory

To describe the theory behind the concept numerical stability the general linear
multistep method

∑k
j=0 αjyn+j = h

∑k
j=0 βjfn+j will be considerd, for more infor-

mation see [3]. Linear multistep methods is a class of methods used for numerical
integration with the aim to solve the differential equation y′ = f(x, y). The index
n+j is used to describe the discrete interpolation points of the solution, while α and
β are constants depending on the method. The theoretical solution y(x) to the ini-

tial value problem satisfies
∑k
j=0 αjy(xn+j) = h

∑k
j=0 βjf(xn+j , y(xn+j)) + Tn+k

where Tn+k is the local truncation error, see [3]. A truncation error arises becouse
the continuous infinite dimensional signal is approximated with a discrete finite
dimensional.

Let ỹn denote the solution to the multistep method when a round-off error,Rn+k, is

committed at the nth application. Then
∑k
j=0 αj ỹn+j = h

∑k
j=0 βjf(xn+j , ỹn+j)+

Rn+k. Subtracting ỹn from yxn and defining the global error as ẽn = y(xn) − ỹn
the result becomes

∑k
j=0 αj ẽn+j = h

∑k
j=0 βj [f(xn+j , y(xn+j))−f(xn+j , ỹn+j)]+

Φn+k where Φn+k = Tn+k −Rn+k.

According to [3], by making the assumptions that the partial derivative ∂f
∂y

ex-
ists for a given interval and is equal to λ constant and that Φn = Φ constant the
equation for ẽn can be reduced to

∑k
j=0(αj−hλβj)ẽn+j = Φ, which has the general

solution ẽn =
∑k
s=1 dsr

n
s −Φ/hλ

∑k
j=0 βj . Here, ds are arbitrary constants and rs

are the roots, assumed distinct, of the polynomial equation
∑k
j=0(αj−hλβj)r

j = 0.

With the use of h̄ = hλ the definition for numerical stability can then, according
to [3], be written as follows.

Definition 3.1 The linear multistep method is said to be absolutely stable for
a given h̄ if, for that h̄ all the roots of rs satisfy |rs| < 1, s = 1, 2, . . . , k and to be
absolutely unstable for that h̄ otherwise.

Eulers method can be written as
∑2
j=0 αjyn+j = h

∑2
j=0 βjfn+j with α0 = −1,

α1 = 1, β0 = 1 and β1 = 0. This is really a linear one-step method that is con-
vergent of the first order, which means that the global truncation error decreses
towards zero asO(h). It has only one root, r1 which becomes

∑2
j=0(αj−hλβj)r

j =

(α0 − hλβ0)r0 + (α1 − hλβ1)r1 = (−1 − hλ) + r = 0 ⇒ r = 1 + hλ. The test for
numerical stability for Eulers method then becomes |1 + hλ| < 1.

For a multivariable system there exist several λ where each is a, assumed distinct,
eigenvalue for the Jacobian J where ∂f

∂y
= J. The test for numerical stability will

still be |1 + hλ| < 1 with the difference that the test must be passed for all the
eigenvalues of J. See [3, 8.2 Application of linear multistep methods].
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3.5.2 Simulation steplength

To be able to determine the possible steplengths for the implemented model the
Matlab command linmod was used. This gives a state-space model with seven
or five states depending on the point of linearization. The eigenvalues for the
A-matrix of the state-space model gives the sought λ. The eigenvalues are all
real and located in the left half plane, the one furthest to the left is located at
−2.5. This gives that the maximum steplength for a numerical stable intergration
is h < 0.8.



Chapter 4

Computational load

This chapter covers the analysis of the computational load that the regulators
give rise to and how this load can be reduced. First the general structure of the
governor for the sgt-700 is presented. That will be followed by the theory and
work to find the contribution to the load from the various regulators. The chapter
ends with the analysis of the different regulators in regard of cycle time. As to
not clutter the presentation all the pictures of the Simulink implementation of
the regulators are placed in appendix A. Plots of the results from simulations are
however included in the text in order to not force the reader to jump back and
forth.

4.1 Structure of the governing system for the SGT-

700

For the sgt-700 there exist a number of different regulators. In order to make the
work as efficient as possible, focus of the analysis has been on those regulators,
which at the moment have a high sample rate. The regulators studied were:

• mgfv, main gas fuel valve. Controls the valve for the main fuel.

• pgfv, pilot gas fuel valve. Controls the valve for the pilot fuel.

• igv, inlet guide vane. Controls the two variable guide vanes on the compres-
sor.

• pac, power turbine acceleration control. Accelerates the power turbine at a
limited rate initially.

• nggl, gas generator speed limiter. Controls the gas generator speed from
5 800 rpm to nominal speed at 10 000 rpm. It also ensures that the gas
generator will not exceed maximum allowed speed during the running of the
machine.

21
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• mmprc, maximum main pressure ratio control. Limits the stroke of the main
gas fuel control valve to avoid a too small pressure drop over the valve.

• mpprc, maximum primary pressure ratio control. Limits the stroke of the
pilot gas fuel control valve to avoid a too small pressure drop over the valve.

• mlc, maximum load control. Limits the maximum active power delivered
by the generator.

• t7l, exhaust average temperature limiter. Limits the exhaust temperature.

• t7li, Exhaust inner temperature limiter. Limits the inner exhaust temper-
ature.

• flc, frequency load controller. Controls the turbine at nominal speed.

• lld, loss of load detection. Detects if the rate of change for the load is too
high.

Of these 12 regulators nine have PI-characteristics. The lld has no dynamics but
is included as an example of how there are other limitations in the system than
from the regulators.

Figure 4.1. The structure of the regulators analyzed for a power generation sgt-700

running on single fuel only.

As described in chapter 2.1.3 the execution of the code is done by cyclic inter-
rupts. This means that the code is executed with set intervals. For the as1, where
the regulators are implemented, the cyclic interrupts and priority of the cyclic
runtime groups are in accordance with table 2.1 on page 6. Of the regulators
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Regulator Execution time (µs)
MGFV 193
PGFV 189
IGV 262
PAC 102

NGGL 77
MMPRC 87
MPPRC 87

MLC 89
T7L 80
T7Li 80
FLC 345
LLD 134
Split 159

Table 4.1. The calculated execution time for the different regulators in a sgt-700.

described above pgfv, mgfv, igv, and lld all belong to OB 38 and are executed
every 20 ms. All the other regulators belong to OB 36 and are thus executed every
30 ms. The structure of the regulators analyzed can be seen in figure 4.1 where
it is clear how the regulators can be divided into two different kinds. The first
kind calculates the needed heat flow for the machine and the second kind actuates
valve and vane position. It is apparent that most of the regulators are of the first
kind and only the pgfv, the mgfv, and the igv are of the second kind.

4.2 Contribution to the load

How much load a single regulator gives rise to depending on its cycle time and
execution time is approximated by the simple formula (ignoring scheduling issues)

execution time

cycle time
(4.1)

In order to determine the contribution to the load from each regulator the method
of choice was to first find out which blocks were included in the regulators and
then to find out how long execution time each of the different block has. The first
problem with this method is to decide what actually belongs to the regulators.
Since the programming is preformed in charts it is tempting to simply decide that
all the blocks in the chart where the actual regulator is implemented belong to that
regulator. This will not give a very good result as for example many blocks from
other charts are used to calculate the set point of the regulators. If the regulator
is sampled at 30 ms there is little need for the set point of the regulator to be
updated every 20 ms. This is clear in figure 4.1, where the set point for both pgfv

and mgfv come from a max, a min, and a split. If both pgfv and mgfv have a
slow sample rate the max , min, and split selector can all have a slow sample rate.
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So in order to find the relevant blocks that easily can be accredited to a single
regulator quite a bit of code had to be reviewed.

The analysis of the regulators showed that all the regulators consist of no more
than 36 different block types. The execution times for 10 of these blocks can be
found in [10] the documentation for psc 7. To determine the execution time for
the remaining blocks a large number of identical blocks were loaded into a plc and
the time it took to execute these blocks was measured. This can be done rather
easily in pcs 7 with the aid of the two blocks time_beg and time_end, which
measure the time it takes from the execution of time_beg to the execution of
time_end. However, this has got one major drawback, which is that the accuracy
of the time measured is at best 1 ms. A block in pcs 7 takes between 0.3 µs to
100 µs to execute. This of course leads to that the number of blocks needed to
have an acceptable accuracy for the execution time is very large. The aim for the
measurements was to at least have two essential numbers, in other words to force
the execution of the blocks to take at least 10 ms.

The result of the calculations for the regulators can be seen in table 4.1. In
the table there is one additional entry that is not a regulator. The entry comes
from the min, max and split control prior to the mgfv and pgfv in figure 4.1 and
is presently run with a cycle time of 20 ms.

4.3 Analysis

The analysis of the regulators was done with the aid of the Matlab program
Simulink. The transfer of the regulators was done much in the same way as
the model was transferred, by simply translating block by block. However, in the
model almost all the blocks in the Simatic version were relevant to transfer, but
this is not the case with most of the regulators. The charts with the regulators
contain many blocks that are not needed for the regulator to work, but only used
to give the regulator additional functionality. These extra blocks have not been
transferred into the Simulink version of the regulators since the aim has been to
study the performance during normal operation.

To get a correct transfer function in Simulink the Matlab command c2d was
used with different sampling times. The transformation is done by zero order hold
and not Tustin since, according to [1], Tustin requires fast sampling to ensure a
good approximation of the continouos regulator. The blocks in the simulation have
then been sampled with the same sampling time as the calculation for the transfer
function while the simulation has been run with a variable discrete step with a
maximum step size of 1 · 10−4 s in order to achieve a good resolution of the signals.

Many of the regulators that set a desired heat flow have a rather complicated
feedback based on the actual heat flow. In the real gas turbine the heat flow is
divided between the main and pilot gas valves, see figure 4.1, which leads to an
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actual heat flow. But in order to not make the simulation of the feedbacks too
complex this has been simplified in the models into only one valve. This valve
is based on the main gas fuel valve and transforms desired heat flow into desired
valve position and then back into heat flow again. Most of the feedback in the sim-
ulation is based on the model used by Siemens to test the system. The exception
are the feedback for the valves and the igv position. Here the models are based
on measurements made on the actual components. This can unfortunately not be
done for the rest of the regulators as this would involve the entire gas turbine.

The cyclic interrupts are between 20 ms and 1000 ms. The analysis of the reg-
ulators has in all cases started with the sampling time that the regulator has at
the moment. Then the sampling time has gradually been increased in the same
steps as the cyclic interrupts namely 20 ms, 30 ms, 100 ms, and in the cases when
its been reasonable 500 ms.

4.3.1 Main and pilot gas fuel valves — MGFV and PGFV

The mgfv and the pgfv are both used to control gas fuel valves. They are iden-
tical in all aspects except one block, hence the slight difference in execution times
in table 4.1, and the analysis of either one would yield the same result. Here only
the mgfv will be presented but the results will apply to the pgfv as well.

The regulator has desired valve position as set point and the actual valve po-
sition as feedback. The regulator works as an approximate PD-regulator and the
continuous transfer function is Gmgfv = 0.08 · s+1

0.06 · s+1 . To simulate a feedback the
valve has been modelled based on measurements done by Siemens. The valve has
a dead time of 0.1 ms and is approximated with Gvalve = 1

0.15 · s+1 · e
−0.1 · s as

transfer function.

Figure 4.2 shows the modelled valve position for a step when the regulator is
cycled with 20, 30, and 100 ms. At a glance it is obvious that it is not advisory to
sample the regulator with 100 ms interval. Even though both the step responses
for 20 and 30 ms seems alike to the eye there are some slight differences in per-
formance. The overshoot for the step sampled with 20 ms is almost 60% while
the overshoot for the regulator sampled with 30 ms are 62% and the settling time
grows from one second to almost 1.2 seconds. These differences are not big enough
to justify a decision on their own but should be included when making a decision
about the cycle time.

According to table 4.1 the execution time for the mgfv is 193 µs, which by equa-
tion 4.1 becomes about 0.97% of the load. Since the step response when sampled
with 100 ms seems to be almost unstable while the both step responses for 20 and
30 ms have a quite nice look the question is how much load would be saved by
sampling with 30 ms. For the blocks belonging to mgfv alone this would give
about 0.32 percentage points saved. However since the result for mgfv is valid
for the pgfv as well this would lead to a save of 0.63 percentage points. If it is
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Figure 4.2. Modelled valve position during a step for the set point of the mgfv.

possible to run both the mgfv and the pgfv with a lower sample rate it would
also be possible to run the selectors prior to the regulators at a slower rate. The
selectors would then yield a save of load at 0.26 percentage points when cycled
with 30 ms and in total 0.89 percentage points would be saved.

4.3.2 Inlet guide vane — IGV

The igv is regulated based on the gas generator speed. As set point the regulator
has desired igv position and as feedback the actual igv position. The set point is
only dependent on the gas generator speed and not on any other regulator. The
actuator for the variable vanes increases the angle on the vanes as long as the reg-
ulator has a positive value, and decreases the angle when the regulator produces
a negative signal. The model for the feedback then becomes Gvane = 1

0.1 · s . The
igv works with a PI-regulator with a continuous transfer function Gigv = 2.5 · s+1

1.5 · s .

The igv is not included in the feedback of any other regulator and there is hence
no direct need for the igv to be sampled fast. Figure 4.3 shows the step response
for the modelled inlet guide vane position for three different sampling times. As
with the mgfv it seems that the system is almost unstable when sampled with
100 ms. This is clearly a behaviour that is undesired.

According to table 4.1 the execution time for the igv is 262 µs, which leads to
1.31% of the load when sampled with 20 ms and 0.88% of the load when sampled
with 30 ms; a difference of 0.44 percentage points. According to figure 4.3 the step
responses for both 20 and 30 ms are similar and other methods of investigating the
two bring nothing new to the picture; the overshoot, rise time and settling time
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are all close to identical for the two different sampling times.
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Figure 4.3. The postition of the igv during a step in the set point.

4.3.3 Power turbine acceleration — PAC

The pac limits the power turbine acceleration. A too high acceleration leads to
an uneven distribution of the heat which leads to thermal stress on the turbine.
The regulator has a fixed set point and has the power turbine speed as feedback.
The regulator sets the desired heat flow for the gas turbine and therefore belongs
to the first kind of regulators. There are two different set points for the regulator,
the low set point is used to limit the acceleration during start-up, while the higher
set point is used to ensure that the regulator does not interfere during normal
operation.

To model the feedback the demanded heat flow is passed through the simpli-
fied valve and the generator speed based on the heat flow is then calculated. To
influence the speed and increase the acceleration a ramp has been added to the
calculation of the turbine speed. At 15 s the ramp adds 100 to the speed of the
turbine.

Figure 4.4 shows the result of the simulation in the form of the demanded heat
flow from the regulator. Apparently there is no problem with the stability even
for longer sample times and the performance of the regulator seems to be on the
same level of performance regardless of the sample time. If the acceleration of
the power turbine is calculated by forward difference, and plotted, see figure 4.5,
the result becomes a clearer. The acceleration looks smooth, apart from when the
ramp starts, for the sampling times 30 and 100 ms, while for 500 ms it seems as
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Figure 4.4. The demanded heat flow from the pac when artificially adding a ramp

disturbance to the speed measurement.

the regulator has some problems in the form of an oscillating acceleration. The
oscillations are however not very large.

As the execution time for the regulator is 102 µs the contribution to the load
is 0.34% for a sample time of 30 ms and 0.1% for a sample time of 100 ms.

4.3.4 Gas generator speed limiter — NGGL

The nggl controls the gas generator speed from 5 800 rpm up until synchroni-
sation, and thereafter ensures that the gas generator does not exceed maximum
allowed speed. During the acceleration of the gas generator from 5 800 rpm the
set point for the nggl is ramped up to a max setting that corresponds to 10 000
rpm. The feedback of the nggl is the gas generator speed and the output from
the regulator is the desired heat flow.

Figure 4.6 displays the calculated gas generator speed when the regulator is con-
trolling the speed from 5 800 to 10 000 rpm with a step added to the feedback of
the heat flow. The step starts at time 100. Apparently the gas generator speed is
not greatly effected by a change in sample time.

According to table 4.1 the execution time is 77 µs that can lead to a change
of load from 0.26% for 30 ms to 0.08% for 100 ms and to 0.02% for 500 ms.
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Figure 4.5. Calculated acceleration of the power turbine for pac when artificially adding

a ramp disturbance to the speed measurement.
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Figure 4.6. Gas generator speed when run by the nggl from 5 800 up to 10 000 rpm

with an added step to the heat flow at time 100 s.
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Figure 4.7. Demanded heat flow from the mmprc during a drop in the calculated main

gas fuel valve position.

4.3.5 Maximum main and pilot pressure ratio controllers —

MMPRC and MPPRC

The mmprc and the mpprc are two very similar regulators. They limit the stroke
of the main and pilot gas valves in order to prevent a situation where it is no longer
possible to control the flow through the valves due to a low differential pressure.
The regulators have a fixed set point and takes the calculated differential pressure
drop over the fuel valves as feedback. Here only the mmprc will be presented, but
the results will apply to the mpprc as well.

As the regulator is a limiter that works to prevent a specific situation it is im-
portant that the regulator is fast enough to detect and act on the problem. As
seen in figure 4.7 the ability of the regulator to rapidly lower the demanded heat
flow varies with the sample time. It seems to be the actual sample time that causes
the problem. For a sample time of 500 ms the regulator takes 500 ms to request
a new lower heat flow while for a sample time of 100 ms it takes 100 ms and for a
sample time of 30 ms it takes 30 ms.

In table 4.1 the execution time of the regulator can be found to be 87 µs and
with equation 4.1 the contribution to the load becomes 0.29% for 30 ms, 0.09%
for 100 ms, and 0.02% for 500 ms.

4.3.6 Maximum load control — MLC

The mlc works to limit the active power delivered by the generator. It has a
fixed set point and takes the active power as feedback. During the analysis of the
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Figure 4.8. Demanded heat flow from the mlc when cycled with 30 and 100 ms. A

step is added to the feedback of the regulator at time 20.

regulator a step has been added to the active load and the demanded heat flow
from the regulator plotted. The results for a cycle time of 30 ms and for 100 ms
are seen in figure 4.8. It is rather clear that the regulator does not work well
when cycled more slowly than 30 ms. The reason that the demanded heat flow
does not climb up to the same level after the step as before is of course that the
step remains active. The step works as a offset and makes the load higher for the
current heat flow than the model alone would.

4.3.7 Exhaust, average, and inner temperature limiter —

T7L and T7LI

These two regulators are not identical, neither in feedback nor in set point, but
have many similarities and are therefore presented together. The difference in
feedback is not large and the set point can for various reasons not be modelled,
so the analysis of the two regulators will yield similar results. They are used to
limit the exhaust temperature, average and inner, through a complex set point.
The feedback is the respective temperature and they are both sampled with 30 ms
intervals.

The set point for the t7l is a function of ambient conditions, the compressor pres-
sure and the exhaust gas pressure. To make a model for all these signals would
require an almost complete model of the gas turbine. The set point for the t7li

is dependent on the t7ls set point and the exhaust temperature. Instead of these
complex set points a constant has been used as set point for the regulators. This
must of course be taken into account when considering the validity of the analysis.
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Figure 4.9. The calculated average exhaust temperature for the t7l. A step is added

to the temperature at the time 40 s.
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Figure 4.10. The calculated inner exhaust temperature for the t7li. A step is added

to the temperature at the time 40 s.
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Figure 4.11. The demanded heat flow from the flc during a step in frequency from 49

to 50 Hz.

Figure 4.9 and 4.10 show the calculated average and inner temperature for the
two regulators when run with different cycle times. The change in cycle time does
not seem to effect the performance of the regulators very much. The only indica-
tion of the longer sample time seems to be the time it takes for the regulator to
react to the added step. The execution time for the regulators is 80 µs and the
contribution to the load is subsequently 0.27% for 30 ms, 0.08% for 100 ms, and
0.02% for 500 ms.

4.3.8 Frequency load control — FLC

flc controls the turbine during normal operation by controlling the active load and
the generator frequency. flc takes over from the nggl and controls the turbine
speed before synchronisation in order to synchronize. After the synchronisation
the active power is controlled. Set point for the regulator is either the frequency
or a function of the output voltage from the generator, called droop. As feedback
the regulator takes the droop and the frequency calculated from the turbine speed.

When the regulator controls the frequency the goal for the regulator is to achieve
the same frequency as the electric grid. In the analysis a frequency of 50 Hz has
been used. This is also the only mode of the regulator that has been studied due
to the fact that to simulate the droop an unacceptable number of blocks have to
be modelled. It is not very probable that the analysis of the droop would yield a
different result than the analysis of the frequency.
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Figure 4.12. The calculated power generator speed for the flc during a step in fre-

quency from 49 to 50 Hz.

In figure 4.11 the desired heat flow, calculated by the regulator, when the fre-
quency goes from 49 to 50 Hz is shown. It is quite clear that a too long sample
time will affect the performance of the regulator much. This is also visible in figure
4.12, where the power turbine speed is shown, as a small oscillation in speed after
a change in frequency. The oscillations have an amplitude of about 20 rpm at
most for a sample time of 500 ms.

The flc and the blocks that can be associated with the regulator is quite ex-
tensive so the execution time for the flc becomes quite long or 345 µs according
to table 4.1. With equation 4.1 the contribution to the load becomes 1.15% for
30 ms, 0.34% for 100 ms, and 0.07% for 500 ms. Hence sampling the regulator
more slowly will yield relatively large load savings.

4.3.9 Loss of load detection — LLD

The lld is really not a regulator; it is, as the name indicates, a detector. It is
included here to give an example how the sample time of different parts of the pro-
gram can effect each other. The lld is constructed to detect a too rapid change of
load from the generator. If for some reason the generator would lose its connection
to the electric grid and run free the turbine would surge. The lld then closes all
the fuel valves to flame sustaining and opens bleed valves to break the gas gen-
erator speed. The detection is done by taking the difference of two consecutive
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samples of the active load. This means that the time for the detector to react is
at least the time it takes between two samples.

The requirement for the shut down time is that is should be done as fast as
possible. The demanded heat flow must pass through the min, max, and split
before it can reach the controllers for the valves, see figure 4.1. Since the selectors
are currently cycled with the same interval as the lld it is possible to ensure that
the signal can be propagated through all components in the same cyclic interrupt
as the detection are done. This means that if the selectors is cycled more slowly
than the lld it will affect the closing time for the valves. This effect will of course
be even greater if the controllers for the valve also were to be cycled more slowly.





Chapter 5

Results

In this chapter the result of the work with the simulator and the result of the
analysis of the runtime properties for the regulators will be presented.

5.1 The simulator

The simulator for the sgt-800 works on a laptop using only Plcsim. It is a down-
sized version of the program used to control the gas turbines. Logging of data has
been removed to save computational load for the simulated plc and many signals
used for measuring performance of the gas turbine have been removed. The simu-
lator also suffers from short timeouts when the program is unresponsive. During
these timeouts the interface temporarily loses connection with the simulated plc.
Despite this the simulator works as intended and it is possible to start and run
the machine up to full load as well as trip or stop it.

5.2 Result of the analysis

When looking at the result for the analysis it is important to remember that it is
a tradeoff between the amount of load that can be saved and the performance of
the regulators, and in the end the performance of the complete gas turbine. When
looking at the performance of the regulators for the different cycle times it does
seem like it is possible to move many of the regulators to a cyclic interrupt with
longer cycle time.

The main and pilot gas fuel valves need to be considered a bit differently than
the rest of the regulators due to the fact that they form an inner loop for the
other regulators. It may not be possible to make the inner loop fast enough so
that it can be considered a static gain but it must in all cases be fast enough
so that the outer regulators do not experience too much dead time. Since both
the regulators almost become unstable when cycled with 100 ms it seems to be
a reasonable demand that they must at least be sampled with a 30 ms interval.

37
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Regulator Cycle time (ms) Load saved
Old New (percentage points)

MGFV 20 20 0
PGFV 20 20 0
IGV 20 30 0.44
PAC 30 100 0.24

NGGL 30 500 0.24
MMPRC 30 30 0
MPPRC 30 30 0

MLC 30 30 0
T7L 30 100 0.19
T7Li 30 100 0.19
FLC 30 100 0.81
LLD 20 20 0
Split 20 20 0

Table 5.1. The suggested cycle time and the load saved for the different regulators.

However since there are additional demands on the controllers for example, the
lld it is not suggested to cycle neither the pgfv nor the mgfv slower than 20 ms.

When looking at the outer regulators it is most convenient to look at each regula-
tor on its own as they all work rather separately. The pac can without much loss
of performance be run with 100 ms cycle time. The oscillations in the acceleration
for a cycle time of 500 ms are concerning but not big. The acceleration becomes
much higher after the ramp has been adjusted for. However it is important to
remember that the feedback is based on a model and the results should therefore
be treated carefully.

For the mmprc and the mpprc, the reaction time must be considered to find
a suitable sample time. Since the consequences of failure for the regulators are
dire it is best to ensure that there are some margins in the operation of the regu-
lators. It would therefore be best to cycle both the mmprc and the mpprc with
30 ms cycle time.

Both the t7l and the t7li are also limiters and here also the reaction time of
the regulators is the main thing to consider and it is not advisable to cycle with
500 ms. When adding a step the signal does not look so bad but if the temperature
starts to run out of control it will not hold at a certain value and it is important
to limit the heat flow as soon as possible.

As for the igv, nggl, flc, and the lld the results can be taken directly from
chapter 4.3. The suggested cycle times and the load saved for the different regula-
tors are given in table 5.1. The contribution to the computational load from these
regulators sums up to 7.87% of the total computational power available in a single
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plc. If all these regulators would be cycled with the times in table 5.1 it would
save 2.11 percentage points of load. This without loosing to much performance
for the gas turbine.





Chapter 6

Conclusions and future work

In this chapter the concluding remarks and some suggestions on future work are
located.

6.1 Conclusions

As the thesis was initiated with the aim to solve problems that did not exist the
work of the thesis was split in two parts. As a result, neither of the two different
parts in the thesis became very profound. In regards of the simulator there did not
really exist that much more to do than to implement the simulator. Due to the
limited time available not all the regulators could be analysied, as would have been
the ideal, but the report still produced some suggestions on how load can be saved.

Even though Plcsim was not as limiting as first thought it is still not constructed
to run as much code as currently done. This results in a situation where the funda-
mental performance of Plcsim sets the limits for the performance of the simulator.
This situation is of course not good but a solution to the problem could to be to
construct a new plc simulator able to run the amount of code necessary.

During the analysis of the cycle times focus has been on managing to make the
analysis as good as possible of the regulators studied. The analysis must still be
considered with a portion of scepticism due to the fact that when modelling some
of the feedbacks a rather simple model has been used. The result that 2.11 per-
centage points of load can be saved by changing the cycle time of six regulators
is good but it would of course be desirable that more of the regulators could be
sampled more slowly than at the moment. To be able to do this however one
would have to look at alternative methods of for example shutting the fuel valves
for a loss of load. If this could be done in a fast way even though the regulators
are sampled slowly it would be possible to save some additional load. When the
machine is synchronised to the electric grid only some of the regulators are used,
while some like the pac and the nggl have no purpose in this operating area.
If it would be possible to stop these regulators from being executed under such
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circumstances much load could be saved.

6.2 Future work

Since Plcsim does not work well enough it would be a good idea to construct
an simulator for a plc. When constructing the simulator focus should be on the
ability to run large quantities of code. The work can be divided into several sub-
sequent theses. For example a group of two master’s thesis students can be given
the task to design and implement a simulator able to run quite much code. This
can then be followed up by another master’s thesis student that can design and
implement communication between simulated plcs. In this way Siemens would
get a good alternative to in an easy way use simulated plcs to educate customers
and staff.

As the analysis of the cycle times due to the limited amount of time available
did not become very extensive, a natural extension of the work is to perform a
whole thesis dedicated to the study of cycle times for all the regulators for the
different gas turbines. Since the purpose of the analysis was to reduce the load
of the plcs a possible thesis could be to study if there are any alternative ways
of accomplishing this. If this could be done without making compromises to the
performance it would of course be of great use to Siemens.
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Appendix A

Simulink implementation of

the regulators

Here all the Simulink implementations of the regulators and the models used to
evaluate performance will be presented with some short comments and descrip-
tions.

MGFV and PGFV

The Simulink implementation of the mgfv and the pgfv feedback loops are iden-
tical in all aspects. The actual regulator is formed by the DIF_P and the PT1_T.
The Integer delay and the Valve block form the model for the valve modelling a
dead time and the valve position as a first order system.

Figure A.1. The Simulink implementation of the mgfv.

IGV

The implementation of the igv is rather straightforward and consists of a block
for the regulator and a block to model the position of the variable guide vanes.

45
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Figure A.2. The Simulink implementation of the igv.

PAC

As seen in the figure for the pac, the regulator has two different set points, one
low for when the regulator should limit the acceleration of the power turbine and
one high set point for normal operation. During the analysis of the regulator the
low set point has been used. The Valve block transforms the desired heat flow
into an actual heat flow with the aid of the block Lookup Table2. From the actual
heat flow the power turbine speed and the acceleration of the turbine are then
calculated.

Figure A.3. The Simulink implementation of the pac.
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NGGL

In the feedback for the nggl the gas generator speed is calculated and as set point
there is a set value of 5 700 rpm. With the step added along with the block Rate
Limiter the set point for the speed is ramped up to 10 000 rpm. A step is added
to the demanded heat flow when the gas generator speed has reached 10 000 rpm
forcing the speed into a forbidden area.

Figure A.4. The Simulink implementation of the nggl.

MMPRC and MPPRC

Both the implementation of the mmprc and of the mpprc consist of rather many
blocks, most of them used to calculate the feedback for the regulator. The model
also contains a lot of different constants, which for the feedback can differ slightly
during the actual turbine operation. The feedback calculates the pressure drop
over the valve. A step is added to the calculated pressure.

Figure A.5. The Simulink implementation of the mmprc. The implementation of the

mpprc is identical.
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MLC

The implementation of the mlc is not very complex; the active load of the turbine
is calculated and used as feedback while the set point is the maximum active load.
A step is added to the load in order to see the regulator handle a too high load.

Figure A.6. The Simulink implementation of the mlc.

T7L

The t7l is evaluated with a fixed set point although it would be changing during
normal operation is variable. The set point is a desired exhaust temperature. In
the feedback the average exhaust temperature is calculated. In the model this is
done by simply simulating one measurement while in the real turbine there exist
several sensors.

Figure A.7. The Simulink implementation of the t7l.
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T7LI

The t7li is very similar to the t7l but has some slight differences such as the
set point being much lower and there are some slight differences in the feedback.
The t7li works to limit the inner temperature of the turbine, that is prior to the
combustion chamber.

Figure A.8. The Simulink implementation of the t7li.

FLC

Similar to the mgfv and the pgfv, the flc is constructed from two different
blocks; the DIF_P and the PT1_P. The set point for the flc is the frequency
with a limit to how fast it can change. The power turbine speed is calculated in
the feedback and from this the frequency for the generator is calculated.

Figure A.9. The Simulink implementation of the flc.


