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Abstract

Design of an Alternative Frequency Controller for
Hydropower Stations

Camilla Odelbrink

A periodic oscillation in the grid frequency of the Nordic power system has been
observed. The oscillations, also denoted as a floating, have periods of about 60 to 90
seconds. The reason for the floating is not fully known, and the strength of the
floating has been increasing during the last years. It is assumed that the floating causes
an undesired wear of the systems frequency control equipment.

The aim of the study was to research the possibility of a new control structure in
primary frequency controlling hydropower units. The purpose of the new modified
control structure was to dampen the grid frequency floating. The modified design of
the controller was conditioned to be implemented in a smaller fraction of all
regulating hydropower stations in the Nordic power system. This smaller fraction has
here been assumed to 10 %.

The new structure of the modified controller was designed as a leadlag-filter, where a
shape was assumed as to give the filter high energy in the frequency range of focus.
The parameters of the leadlag-filter were determined according to a set of criteria,
including damping ability, stability margins and preconditions on the control signals
from the modified system.

The study showed that a leadlag-filter could be constructed so that a periodic grid
frequency floating with periods of 60-90 seconds would be significantly reduced in
amplitude. The reduction of the floating did not necessarily require more generated
power compared to the current system, though the modified plants did deliver most
of the power. Both reduction of the amplitude of the floating and amount of required
power depended on the amplitude and frequency of the disturbance causing the
floating.
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Popularvetenskaplig sammanfattning

En periodisk svéngning hos den nordiska natfrekvensen har observerats och
orsaken till svangningen &r inte helt kant. Svéngningens, &ven kallad
svavning, periodtid ligger omkring 60 till 90 sekunder och det antas att
denna svavning orsakar odnskat slitage utav frekvensreglerande apparatur.
Frekvensreglerande verk bestar framst av vattenkraftsverk.

Studiens syfte var att undersoka mojligheten till en ny regulatorstruktur i
primarreglerande  vattenkraftsverk.  Malsattningen  for den  nya
regulatorstrukturen var att dédmpa frekvenssvavningen mer &n den
nuvarande regulatorstrukturen gor. Den nya formen av reglering skulle
implementeras i en mindre andel av alla primarreglerande vattenkraftsverk i
norden. Denna andel antogs i studien till 10 %.

Den nya regulatorstrukturen var designad som ett leadlag-filter, ett vanligt
forekommande filter inom klassisk reglerteknik. Filters parametrar stalldes
in med hjalp av ett antal kriterier, sasom dampningsférmaga och
stabilitetsmarginal samt begransningar géllande systemets styrsignaler.

Studien visade att leadlag-filtret kunde utformas sa att en periodisk
frekvenssvavning minskade avsevért i amplitud. Mangden effekt som
kravdes for att minska svavningens amplitud var inte nédvandigtvis storre
an den som det nuvarande systemet anvander, dock kom storre delen av
effekt fran andelen med den nya formen av reglering. Hur mycket effekt
kom kravdes for att minska svavningens amplitud berodde bade pa amplitud
och frekvens hos den stdrning som orsakade svavningen.
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1 Introduction

As illustrated in Figure 1-1, a slow floating in the grid frequency is often observed,
where the reason for the floating is not fully understood. The term floating is used to
denote a periodic oscillation of the grid frequency. The floating has a period of about 60
to 90 seconds and the strength of the floating is increasing by the year. Since deviations
in the grid frequency will cause the primary frequency control generators to activate, it
Is assumed that the floating causes an undesired wear of the systems equipment.
Primary frequency control generators are mainly hydropower generators [21].

Grid frequency from the morning of 22 November 2013
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Figure 1-1: Five minutes of the Nordic power grid frequency from the morning of 22
November 2013.

It has also been observed how the general frequency quality (going under 49.9 or over
50.1 Hz) has deteriorated during the same time period that the floating has increased.
This can be viewed as being connected and therefore it is believed that the frequency
floating is deteriorating the overall frequency quality [1].

Previous studies have shown that load disturbances, power variations, with a periodic
oscillation will generate relative large frequency deviations, even if the power
amplitude is quite small. Therefore it can be assumed that a periodic frequency floating
negatively contributes to the unbalance of the grid frequency [11].

As the grid frequency floating may result in the primary frequency control being used
unduly and thereby increasing the wear of the controlling units, it would be beneficiary
to find a way of damping the floating. If a new form of controlling were to be
implemented, could this possibly decrease the floating? What could that new controlling
structure be, and how much would the floating be reduced?
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1.1 Project Description

The aim of the study was to investigate the possibility of a new control structure in
primary frequency controlling hydropower units. The purpose of the new modified
control structure was to dampen the grid frequency floating with time periods of about
60 to 90 seconds. By decreasing the floating, the wear of primary frequency controlling
units is assumed to be reduced and the quality of the grid frequency increased. The
modified design of controller was conditioned to be implemented in a smaller fraction
of all regulating hydropower stations in the Nordic power system.

2 Previous Research

In a report from Fingrid, the Finnish equivalent to Swedish Svenska Kraftnét, the nature
of the 60-second frequency floating in the Nordic power system is studied [17]. The
study uses data from the years of 2008 to 2011, but the results focus mainly on 2011.
The report states that it is clear that the frequency floating increases the time outside the
normal frequency band of 49.9-50.1 Hz, which in turn impairs the quality of the grid
frequency and increases the need for frequency control power. It also states that the
frequency floating has slightly been increasing from 2008 to 2011 [17].

By filtering grid frequency data, different characteristics and trends were distinguished.
Yearly variations were identified that shows how the amount of floating is higher during
the summer months, with exception of the month of July. It is also stated that there is a
relation between the amount of oscillations and energy production. When the
production is high, during the winter months, the amounts of oscillations are lower and
the other way around, the amounts of oscillations are higher when the production is low.
Weekly variations shows slightly higher amount of oscillation during weekdays and
smaller amounts during the weekends. No evident variations due to day and night time
could be identified, though a clear increase of floating during change of hour is
observed. During change of hour sudden drops or rises in the grid frequency is
common, due to balance control [17], [12].

The period of the floating varies without any clear trend for the year, week or day. The
median of the period is about 50-55 seconds and the majority of periods lies within 40-
80 seconds [17].

In 2011 the median of the amplitude of the oscillations were 0.02-0.0225 Hz and the
majority of the amplitudes were in the area of 0.015-0.030 Hz. There is a clear
connection between amounts of oscillations and the amplitude of the oscillations. When
there is a higher amount of oscillations, the amplitudes of the oscillations are also higher
[17].

Several experiments have been performed with the purpose of studying the 60-second
floating in the Nordic systems grid frequency. One of these experiments was performed
in the Messaure power station on October 30-31 2013. Two power units were used to
generate a sinusoidal power signal, with period time 40 s, 60 s, and 100 s, that was fed
into the grid. The amplitude of the signal lay between 38 MW and 72 MW. The
responding grid frequency was periodic with amplitude between 18 to 32 mHz [1].
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The purpose of the test was to study the dynamics of the system, such as the turbine and
the controller. The findings of the tests include the fact that rather small periodic power
oscillations will create rather big periodic frequency oscillations [1]. Other results from
the test include confirming the theories connected to hydropower units, where theory
and the measurements show agreement [20].

In 2008 an oscillation problem was observed in the power system in Colombia. Unlike
the oscillations in the Nordic power systems, these where low frequency periodic
oscillations of about 0.06 Hz, or 17 s period time. In this case a hydro power plant that
was contributing to the frequency oscillations could be located. In the study of the
oscillations it was established that the models used for analysis of the plants were
inadequate and that the parametric settings used needed to be adjusted. Measurements
were performed to create new models and new parametric settings were tested to reduce
the low frequency disturbance. The study stated that especially the integrating time
constant had an effect on the oscillations and by increasing this, the frequency stability
was improved [4].

3 Background

To fully understand the phenomena described in the previous sections, several concepts
are in need of clarification. In this chapter a brief background on electrical frequency,
frequency control and hydropower is given.

3.1 Electrical Frequency

Every synchronous system has an electrical frequency linked to the oscillations of the
alternating current (AC) transmitting through the system. A synchronous system is
defined as a system where every producer and consumer is connected through
transformers and AC lines. Within the synchronous system there is a balance of the
electrical frequency as the frequency is, on average, the same throughout the system
[18].

Frequency balance is connected to power balance, where power balance means that
produced and consumed power corresponds. When produced power is equal to
consumed power including losses, the electrical frequency will be kept constant. If the
production exceeds or is less than the consumption, the frequency will start to deviate.
When the production is lower than the consumption the frequency will drop, and the
other way around the frequency will rise as the production exceeds consumption [18]. A
highly fluctuating frequency with a large deviation from the nominal value may cause
damage and is not acceptable, and therefore the frequency must be kept stable [3].
Frequency is stabilized through frequency control. Different power systems regulate the
frequency in different ways.

The Swedish electrical grid is connected with Norway, Finland and (east) Denmark and
forms a joint synchronous system, the Nordic power system. The nominal frequency in
the Nordic system is 50.0 Hz [7].
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3.2 Frequency Control

In a power plant the generator converts mechanical energy to electrical energy. Within a
generator there are a number of regulators with different assignments. One of these
regulators operates the turbine, adjusting the flow of mechanical energy to a desired
level. This process can be connected such that the flow of mechanical energy produces a
frequency corresponding to the set limits. This is called frequency control. In the Nordic
power system those set limits are 49.9-50.1 Hz and the transmission system operators
(TSO’s) in each country are responsible for the balance of the frequency. Svenska
Kraftnat is the Swedish TSO and has the responsibility for production and consumption
balance. This is achieved by purchasing frequency control power from producers
[31.[24].

The rotating component in a generator is called a rotor. At stationary operating mode
the rotor rotates with a number of revolutions that corresponds to the power grids
electrical frequency. If the consumption of electrical power exceeds the production, the
rotor will slow down as more energy is taken out of the generator. This is how stored
kinetic energy is used to replace the shortfall in the grid. The stored energy, which is
due to inertia in the machines, is however limited. When the rotor speed is reduced the
frequency will fall and therefore more energy will be produced to cancel the reduction
and regain balance of the frequency. In the Nordic power system this is done by two
steps, primary and secondary frequency control [3].

3.2.1 Primary Frequency Control

Primary frequency control has the ability to respond to sudden changes in the power
consumption and/or production. As described above, balance between production and
consumption in the power grid will give a balanced grid frequency. The balance is
maintained as energy is taken from the stored reserves in the synchronous machines.
Through an increased consumption, taking more electrical energy out of the generator
than mechanical energy is supplied by the turbine, the acceleration of the generators
rotor descends resulting in a decrease in the electrical frequency. As frequency drops
production is increased which is done through primary frequency control [18].

The increase of production is relative to the so called regulation strength, R. The
regulation strength is the slope of the frequency versus production-curve. In other
words, how big the power plants pull is when the frequency falls. The unit for R is
MW/Hz as it tells how much power will be produced relative the frequency deviation.
The same is valid for the other way around, when production exceeds consumption and
the grid frequency increases the production will decrease relative to R. The relation for
difference in produced power through primary frequency control and the grid frequency
is

Ap = —R-Af )

where Ap is the change in power production and Af is the frequency deviation. The
negative sign represents that negative frequency deviation will result in an increased
power production [9].
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To be able to produce power for primary frequency control one must have a reserve that
can be activated when needed, that is when the frequency varies. For normal operation
this is called FCR-N (Frequency Containment Reserves, Normal) and shall be at least
+600 MW in the Nordic power system. The primary frequency regulation is designed to
react to sudden changes in the grid frequency within normal operating limits. These
limits are 49.9-50.1 Hz and therefore a frequency deviation within £0.1 Hz will activate
the FCR-N. This reserve is activated according to the regulation strength. With a 0.1 Hz
frequency deviation, 63 % of the regulating strength should be activated within 60
seconds and 100 % within 3 minutes. With a reserve of 600 MW for a frequency
deviation of 0.1 Hz the regulation strength in the Nordic power system will be 6000
MW/Hz [6], [18].

Plants involved in the regulation will vary how much they will regulate at a frequency
deviation depending on the setting of EP. The EP mode will determine how much of the
machines’ rated power that will be produced for regulation in %/Hz. There are four
different EP modes: EPO, EP1, EP2, and EP3. EPO delivers 20% of rated power per
deviating Hz, EP1 delivers 50%/Hz, EP2 100%/Hz, and EP3 200%/Hz [21]. More on
EP modes can be found in section 4.1.1.

As long as the frequency is decreasing the production will increase until balance is
regained and a new stationary position is reached. Primary frequency control results in a
new stationary position of the frequency that differs from the nominal value, a steady
state error. This is due to that primary frequency control is executed by a P-controller,
see section 4.1.1. Therefore additional power must be added so that the frequency
reaches its set-point value of 50 Hz. This is done by secondary frequency control [18].

3.2.2 Secondary Frequency Control

Primary frequency control is activated when there is an unbalance between produced
and consumed power as measured by the grid frequency. When primary frequency
control has been activated the frequency will have a new steady-state level that differs
from its nominal value of 50.0 Hz. There is also the issue of depleted reserves to handle
new instabilities which is managed by secondary frequency control. The aim of
secondary frequency control is thus to restore the frequency to its nominal value after a
deviation and replace the used primary reserve if a new frequency drop will happen
[18]. Secondary frequency control has other purposes as well, but as this report first and
foremost deals with primary frequency control, other uses will fall outside the aim of
this report. This is also the case for other types of control, and therefore the reader
should be advised that the control mentioned in the rest of this report refers to primary
frequency control, if nothing else is explicitly stated.

To summarize, if the consumption increases or the production decreases the frequency
will fall when the stored kinetic energy in the rotating masses is used instead. As a
response, the primary frequency control will be activated and stabilize the frequency to
a new steady-state level. If that level differs from the nominal value, the secondary
frequency control will be activated to restore the frequency level [18].



Design of an alternative frequency controller for hydropower Camilla Odelbrink
stations

3.3 Hydropower

Hydropower is produced from water by letting flowing water pass through a turbine.
The turbine will rotate as a reaction to the flowing water, and by connecting the turbine
to a generator; the kinetic energy can be used to produce electrical energy. By storing
the water in large dams, the outtake of power can be regulated [25].

Figure 3-1 shows an illustration of a hydropower plant layout. The dams keep the water
in a reservoir to create needed falling height, called head. The water passes through the
waterways setting the turbine in motion. The rotation of the turbine is turned into
electrical energy by the generator, and then the voltage is regulated by the transformer
to an appropriate level for the power grid [25].

Reservoir

il

Generator

Figure 3-1: Layout of a hydropower plant. Image source: Vattenfall’s media bank.

Every power plant is unique in the sense that the water flow to the reservoir, size of
reservoir, head, waterways and other circumstances differs. There are also different
turbine types used, depending on size of head [16].

3.3.1 Hydropower as Frequency Control

In the Nordic power system mostly hydropower is used as regulating power [6].
Hydropower plants are used for frequency regulation which is controlled by a governor.
The governor, also called controller, shall maintain the grid frequency and the balance
between consumed and produced power, as discussed in section 3.2 [16]. In this study,
frequency controllers of hydropower plants active in primary frequency control are of
interest.

6
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A hydropower facility consists of, in simplified terms, a governor as well as a plant. The
governor is the controlling unit which takes the frequency variation, Af, as input and
the output is a control signal Y of how the vane openings in the water ways of the turbine
much change to remove the frequency variations. This control signal is then the input to
the plant where the action is carried out: the vane openings shift, the selected amount of
water flows through the turbine and power is thereby generated. This power in turn is
fed to the grid where it is consumed. If the amount of power generated does not meets
the amount of power consumed the grid frequency will fluctuate. The frequency
deviation will be used as an input signal to the governor and the regulation continues
[16].

4 Modelling and Control Design

The following sections have the purpose of defining the systems of interest, how they
are modelled and how the design of the new controller is performed. First the current
system model with all its units is described followed by the modified model and
thereafter the method of analysis.

4.1 System Model

The system of interest for this report is defined as consisting of hydropower facilities
active in the primary frequency control and the Nordic power grid. All these
hydropower stations in the Nordic power system are represented as one unit. The
different facilities may have different characteristics, such as different time constants,
different water ways, and so on, but for this work they are all considered identical. The
consequences of this simplification are addressed later in the report.

Figure 4-1shows a representation of the system. f,..r is the reference frequency, which
in the Nordic power system is 50 Hz. The reference frequency minus the actual grid
frequency f tells how much the frequency is differing, Af. The control signal Y
indicates how much the vane openings in the plant will change (unit percent). The
output of the plant, P, is real power which goes into the grid and results in the grid
frequency, f. The grid in Figure 4-1 represents the entire Nordic power grid with all its
connected components.

fref dL

Af Y P4 Pyist _ f
Governor Plant Grid >

4

Figure 4-1: System model.
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The power consumption in the grid is an input to the system that cannot be controlled
and is therefore considered a disturbance signal. Consequently, a load disturbance d;, is
added to the model.

Each block in the system model is described by transfer functions that have been
defined to represent the relation between input and output.

The grid takes power as input and delivers frequency as output. This relationship is
described by the following transfer function

1
. - 2
where M refers to the grids inertia and D, which acts as a small damping constant, refers
to the frequency dependence of the component parts in the grid [8].

The plant, which takes guide vane opening in percent as input and delivers power as
output, is expressed as

—Ty-s+1
Gptant () = —~——— @)
7"" s+1
The time constant T,, is related to the time it takes for the water to move through the
waterways of the plant. As is apparent by the transfer function above, equation (3), this
is of non-minimum phase, as the zero is in the right half plane. This represents the fact
that after the guide vane opening is increased to produce more power, it initially
delivers a lower amount of power before the desired amount can be reached. This is due
to lowered pressures and water accelerations [8], [19], [20].

4.1.1 Governor —the Current Frequency Controller

The governor-block in Figure 4-1 represents the frequency controller of the hydropower
plant with some internal characteristics such as delay and permanent speed droop. The
structure of the controller that is used in Swedish hydropower plants today is partly of
Pl-type. A Pl-controller consist of a proportional (P) and a integrating (I) part, hence the
name PI. The controller as well as internal delay and a feedback of the EP, droop, are
parts of the governor-block which is visualized in Figure 4-2.
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Nf Y
L) j,®_, e ~STdel R
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A _ Kl
e h— —
S

EP

A

Figure 4-2: The system controller. The controller is partly of PI-type with the addition
of a feedback of the EP as well as a time delay.

A Pl-controller consists of the sum of two parts with a proportional and an integrative
term. The ideal Pl-controller is describe with the following equation:

t

u(t) = Kpe(t) + K,f e(t)dt 4)

0

where

Kp: proportional gain

K;: integral gain

e(t): the error between reference and output signal

The proportional term uses the error to construct the control signal to linearly correct
the output. As the proportional part of the controller is driven by the error in the
feedback-loop (difference between the reference signal and the output signal), a steady
state error will occur [10].

The integral term is proportional to the integral of the error and will therefor eliminate
the steady state error [10]. In this case though, due to droop and delay, this is not a true
Pl-controller. With no pure integration a steady state error will remain - hence the need
for secondary frequency control.

Due to the hydraulic and mechanical devices that convert the opening control signal Y
to actual opening, there is a delay in the system. This is modelled by a delay function
with a time delay T,,.; [19], [20]. This delay represents all the mechanical devises in the
plant and how they delay the signal as it moves through this part of the system.

Droop is the feedback loop with EP as gain. EP is the inverse of the regulation strength
in percent of rated power, unit [Hz/%]. For the four different EP modes mentioned in

9
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section 3.2.1, the percentage increase or decrease of for example 20%/Hz in EPO
corresponds to an EP value of 0.05 Hz/%.

As the total of regulating strength in the Nordic power system should amount to at least
600 MW for normal operating state, the sum of regulating machines that are needed
depends on which EP-settings are being used. The EP mode is set for each single
machine [6]. As the simplified model of the system that is used in this report assumes
all regulating machines to be one, using for example the EP3-mode would mean that all
machines are regulating at full speed. If this was to be the case, not all regulating
machines would be in use. Instead, a fraction of all machines would be used to deliver
the regulating strength of 600MW. Therefore a fraction block is added to the model of
the system. This block is visible in Figure 4-3. The fraction depends on the chosen EP
mode.

4.1.2 Model Parameters

The model defined above is per unit-based. The per unit-system is a way of simplifying
power system calculations, where power quantities are related to a base and expressed
in per unit of that base. The per unit-value of a quantity is calculated as

" Lipy = actual value of quantity ©)
per Uit qQUantity = = ase value of quantity

where the actual quantity and the base value has a quantity related unit and the per unit
quantity is dimensionless [9].

All quantities and parameters related to the basic model of the system is summarized
and presented in Appendix A with standard values and bases. A more detailed
explanation of the standard values and definitions of the bases follow below.

The frequency related signals in the above model, Figure 4-1, such as f, Af, and f,..r
have unit Hz and the base value is the nominal frequency of 50 Hz. The control signal Y
(quide vane opening) has unit percent and base value is thus 100 in order be
transformed to per unit.

Different power quantities such as produced power P and load disturbance d; in
Figure 4-1 have unit MW and the base is related to rated power of the system. Rated
power in this case is the available power in the system or the regulation strength, which
in turn will depend on the grid frequency as well as the EP-mode of the system.
Regulation strength is 600MW/0.1Hz or 6000MW/Hz at frequency 50Hz and the EP-
mode is set to EPO in per unit. The EP-mode will differ, but this is handled with the EP-
dependent fraction mentioned above and the base is instead kept constant as FCR-N - f -

MW

H

ep0 = 600050 0.1 [*2 - Hz| [14].
The grids inertia M in equation (2) is calculated as

M=2-S-H[MWs] (6)

10
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where S is the total apparent power, unit [MVA], in the grid and H is the equivalent
inertia constant, unit [%] of the grid. The inertia will differ depending on high versus

low load in the grid. For the nominal case a medium load has been estimated giving an
inertia M = 60000 - 4.5-2 [MWs] [15]. With the powerbase defined above the per

unit-value of M equals 18 s.

The load-damping factor D in the grid shows how the load in the grid depends on the
frequency as D = i—;. If the load respectively frequency variations are given in percent

the load-damping factor will be in per unit, where a typical value is D = 1.0 [13].

The two time constants T,, and T,4,.; depends on the characteristics of the different
plants. Typical values for T, lies between 0.5-2 seconds, depending on lengths of

waterways and so on [8]. Therefore an average value of T, = 0542 — 1.25s was

assumed. The delay time constant T,;,; was set to 0.3s as this is a common delay time
[19], [20].

The nominal values of the parameters mentioned above are summarized in Table 4-1
below.

Table 4-1: Nominal values of plant and grid model parameters.

Parameter Nominal value [pu]
M 18 s

D 1

Ty 1.25s

Taer 03s

The EP of the controller can have four different values depending on how much of the
plants rated power should be delivered, that is the plants regulation strength in percent.
As the EP is the inverse of the regulation strength, the base is defined as the inverse of

-1 o\ —1
the base values for the regulating strength, (%) with unit [(ﬁ) ] The four

different EP-modes are presented in Table 4-2 below [19],[21].
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Table 4-2: The values of the different EP-modes are given by the inverse of the
regulating strength. Division with the above defined base gives the per unit-value.

Mode Regulating EP value [E] EP value, per unit
% %
strength [E]
EPO 20 0.05 0.1
EP1 50 0.02 0.04
EP2 100 0.01 0.02
EP3 200 0.005 0.01

The parameters of the controller, K, and K;, varies with the choice of EP-mode. K;
also depends the equivalent time constant T; that must have a maximum value of 60 s,
where K; = ﬁ . Also the amount of regulating machines differs with the EP-mode, as

1

discussed in section 4.1.1, resulting in an EP-fraction. The EP dependent parameters
and their values are presented in Table 4-3 below [23],[19].

Table 4-3: Control parameter values.

Mode K, [pu] K;[s71] EP-fraction
[pu]

EPO 1 1/6 1

EP1 1 1/2.4 0.4

EP2 1 1/1.2 0.2

EP3 2 1/0.6 0.11

4.2 System Model with Modified Control

The aim of the project has been to modify the frequency controller of some hydropower
plants in order to reduce the recurring frequency floating in the Nordic power grid. This
modification was to be employed in a smaller proportion of the regulating plants in the
Nordic power system.

To generate a model of the new system, the current model of the system, visible in
Figure 4-1, has been augmented with an extra regulating branch with a modified
governor structure, as seen in Figure 4-3. The upper branch represents the plants that
regulates in the conventional way and works in the same way as the current model
described above. As some of the total amount of regulation plants were to be used for
the new form of regulation, a scaling factor has been introduced. This scaling factor is
visible in Figure 4-3 as two gain blocks called part and 1-part. The sum of this scaling

12

Camilla Odelbrink




Design of an alternative frequency controller for hydropower Camilla Odelbrink
stations

factor will always add up to one, and the size of the part will decide how many percent,
in per unit, of the regulating plants that will be active in the modified form of
regulation. The remaining plants, of size 1-part, will regulate in the conventional way.

A 1—part fraction Y,
Governor

part Y.
+ Af Governor I: 2 | Plant,
LeadlLag

Figure 4-3: System with the new controller added. The upper branch is regulating in the
conventional way, while the lower branch uses a modified governor made up of a lead-
lag filter.

Plant;

fref Grid

In the new system there is also the addition of the fraction block mentioned in section
4.1.2. The size of this block depends in the EP-mode of choice, according to Table 4-3.

The different signals in the new system have the same physical function as in the basic
case, though with the addition of an extra control signal, Y,, and an additional flow of
power P, that, together with the power P; produced in the conventional plants, is fed
into the grid. The blocks representing the grid and the conventional governor are
identical with the current model, see section 4.1. The plant-blocks have the same
structure, but differ in parametric values. This is discussed further in section 4.2.2.

4.2.1 Modified Frequency Controller

For the design of the new added controller a lead-lag structure was implemented. The
lead-compensator is given by equation (7) and the lag-compensator is given by equation

(8) [10].
_ ps+1
Flead - BTDS +1 (7)
. TS +1
Flag_,[]s_l_y (8)

For the modelling, a time delay block was also added representing the delay time from
the control signal to the actual response of the plant. The modelling design of the new
controller is figured in Figure 4-4.
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Af Tps+1 s+ 1 T Y
b2 =T del
- ftps+1 [ Ts+y — € )

Figure 4-4: Structure of the modified controller.

4.2.2 Modified Model Parameters

In the new model of the system there are two sets of blocks representing the plants. The
two blocks have the same structure as described in Equation (3), though the value of the
parameter T, differs. In the basic case, an average of 1.25 s was assumed as a typical
value as T,, varies between 0.5s to 2 s making the plants faster or slower in their
processes. In the proposal of a modified regulation in a smaller portion of the regulating
plants, it is not farfetched to assume that more rapidly plants would be selected for this
purpose. Consequently, two new parameters were introduced: T, and T, where

Wslow Werast!
the first was given a value of 2 s and the latter a value of 0.5 s. When replacing T, in
Equation (3) with one of the two new parameters, a slow or a fast plant is generated. In
the model of the new system, Figure 4-3, Plant; is assumed to be comprised of slow
plants and Plant, of fast plants.

The delay time T, of the modified controller was assumed to be the same as the one of
the basic controller. As this is due to mechanical devices and such that react to the
control signal this should not differ when the controller design is modified.

A smaller fraction of all frequency controlling plants was, according to the project
description, to be active in the new form of control. The actual amount of plants for the
modified control was not specified, but 10 % of active plants were assumed to be
reasonable. In per unit, the scaling factor part was therefore set to 0.1, and its
counterpart 1 — part to 0.9.

The nominal values of the parameters of the new model are summarized in Table 4-4.

Table 4-4: Nominal values of the additional parameters in the new model. The unit is in

per unit.

Parameter Nominal value [pu]
Twgiow 2s

Tw fase 0.5s

Taer 03s

part 0.1

1 —part 0.9
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The leadlag-structure of the new controller has five new parameters: K, tp, 5, t;, and y.
A typical appearance of a lead-filter in a magnitude Bode plot is figured in Figure 4-5
and a typical lag-filter in Figure 4-6. The relationship between the filters characteristics
and the above mentioned parameters can be seen in these figures [10].

Lead filter
K
B
x
VB
K
1 1 1 w [rad/s]
Tp TD\/? 13,74

Figure 4-5: Typical appearance of a lead-filter.

Lag filter

IR

Y 1 w [rad/s]
71

Figure 4-6: Typical appearance of a lag-filter.

As the aim of the modified controller is to damp load disturbances with energy content
in a certain frequency range, a first notion was made that the leadlag-controller should
focus on that range. Therefore an assumption of a shape for the leadlag-filter was made
according to Figure 4-7.
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Leadlag filter

Figure 4-7: Desired appearance of the leadlag-filter.

To design the new controller, instead of determining the above mentioned five leadlag-
parameters, the known relationship of the filters characteristics and the parameters were
put to use and could thereby be defined according to frequencies as follows:

1
w1 = — )
Tp
1
Wy =—3 (10)
B
_r
wg = (11)
1
T
The gain of the controller, K, becomes
JB
K= - (13)
1G]

where |G| is the system to be controlled [10]. To achieve a controller of the shape seen
in Figure 4-7 it is also clear that
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K 1 (14)
B v
To determine the five unknown leadlag-parameters it was thus enough to determine the
first three frequencies w4, w,, and w; making equation (12) obsolete. To narrow down
five unknown parameters in to a combination of only three was important to simplify
the design process.

Starting points for the three unknown frequencies were set to w; = 0.006, w, = 0.15,
and w; = 1.5. These were then varied both up and down so that five possible settings
for each frequency were attained, according to Table 4-5. With five possible setting for
three different frequencies, 125 (53) different cases were created and tested by
simulations, see section 5.2.

Table 4-5: Variation of the frequencies used to determine the leadlag-parameters. Each
frequency was given five different variations making the total amount of 125 cases.

Frequency

wq 0.002 0.004 0.006 0.008 0.01
w, 0.05 0.1 0.15 0.2 0.25
w3 0.5 1 15 2 2.5

4.3 Method of Analysis

The study to determine the leadlag-parameters and evaluate the performance of the
modified design is performed in several steps. The method of analysis is described in
the following sections.

4.3.1 Frequency Domain Analysis

Analyses in the frequency domain are useful to understand the dynamics of a system
and how it responses to input with different frequency contents. For the sake of this
project, several aspects have been studied in the frequency domain where instruments as
Bode plots and concepts like bandwidth and phase margin have been utilized as
performance measures.

Bode Plots

A bode plot is a representation of a system’s magnitude and phase as a function of
frequency. Usually the magnitude is given in decibel, the phase in degrees and the
frequency in radians per second, though the units can be chosen differently to illustrate
different aspects. In this study, the magnitude is most commonly given in absolute
values, the phase in degrees and the frequency in Hz. From a bode plot one can obtain
information about the systems dynamics. The Bode plot illustrates how the system
responds from input to output [10].
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In this report Bode plots are mainly treated as a mean of examining how inputs amplify
outputs depending on frequency. First and foremost Bode plots displaying magnitude
from the load disturbance-signal d; to the grid frequency f, see Figure 4-3, are used.
These types of plots demonstrate which frequencies in the load disturbance that will
amplify, or not amplify, the output frequency. The control is designed to smoothen out
the highs and lows in the grid frequency that results from load disturbances. This also
implies that Bode plots, demonstrating gain from disturbance signal to grid frequency,
should in a perfect regulating sense show no peaks. To reduce the grid frequency
floating, it is thus of great importance to enhance the regulating abilities in this area. To
evaluate how well the modified system regulates this type of disturbances a damping
factor is introduced. This damping factor will tell how peaks in the Bode plot is reduced
when comparing the current system to the new and modified. This is the first of several
criteria established to determine the performance of the new regulation and, ultimately,
the damping of the slow floating in the grid frequency. The definition of the damping
factor as well as the other criteria is presented in the section Performance Criteria
below.

Furthermore it is important to confirm that the new type of regulation do not demand
excessive amounts of regulating power. This is often a tradeoff that needs to be done.
An increase in regulating power will most likely be necessary to dampen the floating, at
least in the plants that are dedicated to perform the new method of regulation. For this
purpose it is important to observe how inputs affect the control signals Y; and Y,, see
Figure 4-3, as these control how much power that is generated. When constructing a
controller that provides a system with a good damping factor, one must make sure that
any peaks in the Bode plots showing magnitude from the load disturbance signal and
the control signals are not too large. This would mean that the controller reacts with a
high amount of power for load disturbances with frequencies for where the top lies. This
constitutes the second criteria where peaks in the magnitude-Bode plots from load
disturbance to control signals should be held at a minimum.

Another aspect is the case of measurement noise, denoted as n. The grid frequency is
fed back into the system by a feedback loop, as seen in Figure 4-3, so that the
controllers can react to frequency deviations. If these deviations are a result of
measurement noise, and not actual fluctuations in the grid frequency, it is not desired
that the controllers react with unnecessary power. The reaction to measurement noise
needs to be kept at a minimum and it is important that measurement noise gives
moderate response from the controllers. This is handled in the same way as with the
relation between load disturbance and control signals. Peaks in the magnitude-Bode
plots from measurement noise to control signals should be held at a minimum.

The feedback signal is sampled when it is taken as input to the controller. When a signal
is sampled it is inevitable that information is lost, such as frequencies higher than some
frequency w. According to the Sampling theorem, see [26], this frequency is the nyquist
frequency wy which is defined as ws/2 and where w, is the sampling frequency
[10],[26]. The sampling frequency of a hydropower controller is approximately 25 Hz
[5]. The consequence of this is that signals with energy levels in the frequency area
beyond wy, will not be taken into the controller, and therefore not processed. So, if a
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peak, in any of the Bode plots examined as mentioned above, is present at a frequency
larger than wy this peak could be considered as irrelevant.

Bode plots can also be used to determine the bandwidth and phase margin.

Bandwidth

The bandwidth frequency wg can be explained as the upper frequency of a frequency
range of a signal where the input signal has a significant impact on the output. The
bandwidth can in other words be interpreted as stretching from steady state level, where
w = 0, to w = wg. The bandwidth frequency can be identified in the Bode plot as the

frequency w where the magnitude goes below 1/v/2 (-3 dB) the first time [22].

Bandwidth gives information about the systems speed. In general, a smaller bandwidth
represents a slower system with larger rise times. On the contrary, a large bandwidth
corresponds to a faster system with smaller rise times [22]. The speed of a regulated
system impacts the robustness of that system, where the fastness of the system makes it
more sensitive to noise.

When considering how the control signals in the system responds to load disturbances it
is unwanted with a high sensitivity to noise. Control signals that react too much to the
disturbances are an issue that must be taken into account. Hence another criterion is
defined, where a controller design should not give an excessive bandwidth from the
disturbance signal to the control signals. In other words, the bandwidths from d; to Y;
and Y, should be held at minimum.

Phase Margin

The phase margin ¢,, indicates how far the phase in the open-loop Bode plot can be
shifted before instability of the closed loop system occurs. ¢,, is defined as the distance
between the phase graph and -180°, for the frequency where the magnitude graph equals
1 (0 dB).

Pm = arg Go (iwc) - (_1800) (15)

where G, is the open-loop system and w,. is the frequency for which |GO (ia)c)| =1.The

unit of ¢,, is the same as for the phase curve. This definition is however only valid if
the amplitude curve crosses 1 and is decreasing in that location [10].

The phase margin is in other words a measurement of the closed loop stability. A
common rule of thumb for the phase margin is that it should not be less than 30° [22].
This was used as the final criteria: to assure a stable closed-loop system, the phase
margin should not descend below 30°.

Performance Criteria

The performance of the modified form of regulating was assessed according to a set of
criteria in the frequency domain. These are put together in Table 4-6 as follows:
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Table 4-6: Performance criteria for the modified form of regulation, their definitions
and the aim of the criteria.

Criteria Definition Aim
Damping factor 1 _ max(Gain curveaifnew system) Maximize
max(Gain curveqr ¢ pasic system)
Max gain: load disturbance . . Minimize
. maX(Galn curvedL_,Y,), i=1,2
to control signals i
Max gain: measurement . ) Minimize
. . max(Gam curven_)y.), =12
noise to control signals i
Bandwidth: load Minimize
disturbance to  control WBgy Ly, i=12
signals
Phase margin: reference > 30°

¢, for the open loop system from

fref to f

signal to output frequency
(closed loop stability)

4.3.2 Time Domain analysis

For time simulations the models were implemented in the MATLAB toolbox Simulink.
The Simulink-models can be found in Appendix B.

By generating a disturbance signal used as input to the model of the system, a response
in the time domain is produced. This tells how the system responds to different forms of
signals. As the aim of the project was to modify the regulation to damp the floating
which has a period of about 30-90 seconds, three sinusoidal disturbance signals were
generated. Each signal had an amplitude of 50 MW and the frequency of the signals
were 1/30, 1/60, respectively 1/90 Hz. These signals were used as inputs to the
current model of the system, see Figure 4-1 and Figure B-1 Appendix B, as well as the
modified model, see Figure 4-3 and Figure B-2 Appendix B. Thereby the different
responses to the disturbance signals could be compared, and the damping-ability of the
modified model relative the current model could be assessed.

The time simulations were used to evaluate and ensure the performance of the new
control that had been generated according to the set criteria, see the section Performance
Criteria below. In addition, the time simulation plots were used as an illustrative way of
demonstrating the modified systems response in comparison with the current system.

As only the frequency deviation from the nominal value was of interest for the
modelling, the reference frequency f,..r was set to zero for time simulations.

4.3.3 Robustness Analysis

As a model of a system is never more than just a model, and rarely the true system, it is
important that the model is robust. Robust, in this case, means that the model has some
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robustness with respect to modeling errors. Will the system still be stable and perform
as desired even if some of the parameters are varied?

To test the models robustness three system parameters were varied: the inertia M of the
grid, the frequency dependence D of the grid and the delay time T, of the plants.

The inertia of the grid M will vary with the loads connected to the grid. A nominal case
of medium load was chosen, see section 4.1.2, and a low load and a high load case was
applied for the robustness tests. The low load case has an estimated inertia of M = 2 -
50000 - 4.0 [MWs] and the high load case has an estimated inertia of M = 2 - 80000 -
4.5 [MW's] according to Equation (6) [15]. With the base defined in section 4.1.2 the
per unit values are 13.3 s for the low load case and 24 s for the high load case. In
percentage of the nominal value of 18 s the low load corresponds to about 74 % and the
high load of about 133 %.

The nominal value of the frequency dependency of the grid D and the delay time Ty,;
are uncertain in the sense that possible variations are unknown. A variation of +25%
was therefore assumed giving values according to Table 4-7:

Table 4-7: Parameter variations for the robustness cases.

Camilla Odelbrink

Parameter Nominal value | Variation low Variation high
[pu]
% [pu] % [pu]
M 18s 74 13.3s 133 24s
D 1 75 0.75 125 1.25
T el 0.3s 75 0.225s | 125 0.375

During the robustness tests one parameter at a time was varied and the others were kept
at their nominal value.

4.3.4 Course of Controller Design and Performance analysis

Determining the leadlag-parameter settings for the new controller was done in an
iterative manner, where the performances were assessed according to the criteria. When
analyzing appropriate leadlag-parameter settings, the following steps were followed for
each EP-mode:

1. Starting values for the unknown parameters was chosen and then varied so that
multiple cases were formed and tested, see section 4.2.2. The variations of
leadlag-parameters were used to generate systems for both the nominal cases
and the robust test-cases.

2. The resulting systems from the choices of parameters were first evaluated
according to damping factor and stability. Any choices of parameters that lead to
a system with negative damping factor (no improvement compared to the current
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model) or negative phase margin (unstable system) was excluded from further
evaluation.

3. The results from the remaining systems with their related sets of leadlag-
parameters were then compiled in Excel sheets. These sheets were designed as
figured in Table 4-8 for the nominal case and all of the robustness cases
respectively. The complete results from this part can be found in Appendix C.

4. The different parameter cases were then sorted with respect to the damping
factor for the nominal case, from the highest damping factor to the lowest. The
sorted data was then used to generate plots with the purpose of deciding on a
possible choice of parameter-settings that gave favorable results according to the
set criteria.

5. The selected set of parameters was then subjected to further investigation,
including time simulations, to ensure results.

Table 4-8: Example of some of the compiled data generated with EP-mode 0. This was
done for each possible combination of chosen leadlag-parameters and for all four EP-
modes. The structure was used for the nominal case as well as the robustness cases. The
example displays data from the nominal case. Any combination of leadlag-parameters
that resulted in negative damping factor and/or negative phase margin was excluded
from the data before the compilation.

Leadlag- Damping | Bandwidth | Bandwidth | Max Max Max n | Max n | Phase
parameter factor dLto Y1 dLto Y2 dL to|dL to|toYl |toY2 | margin
combination | [%] Y1 Y2

w1=0.002, 82.5553 | 0.1030 112.0441 0.7346 | 1.0572 | 0.0235 | 0.6927 | 12.0418
w2=0.25,

w3=2

w1=0.002, 82.5493 | 0.1031 120.0916 0.7346 | 1.0600 | 0.0230 | 0.7565 | 12.1813
w2=0.25,

w3=2.5

w1=0.006, 53.9890 | 0.3585 23.9040 0.9164 | 1.3397 | 0.5688 | 1.0033 | 0.6411
w2=0.15,

w3=0.5

w1=0.0086, 53.2852 | 0.3636 31.6490 0.9260 | 1.3926 | 0.7389 | 1.0431 | 0.8356
w2=0.15,

w3=1

5 Simulations and Results

As the basic governor-parameters differ with the EP-mode, it is assumed that the setting
for the lead-lag parameters can be adjusted according to EP-mode. Therefore the four
different EP-modes will be handled as four different cases when evaluating appropriate
leadlag-settings.
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First an analysis of the current systems characteristics according to the criteria is
presented. Thereafter follows the work of establishing appropriate leadlag-parameter
settings for the modified system and analyzing the results of these choices. An analysis
in the frequency domain was firstly performed and followed by the time domain.

5.1 Simulations with the Current Control

The findings of the current system simulations were used as baseline for the following
analysis of the new, modified design. Thus when analyzing the performance of the
modified controlled system this was done in relation to the current system, also referred
to as the basic system.

5.1.1 Frequency Domain

How the current system is affected by disturbance signals is of great importance and the
analysis of this was one of the key issues for this project. Figure 5-1 shows the Bode
plot of the basic system from the disturbance signal d; to the grid frequency f, or more
accurate the frequency deviation from its reference value. There are four curves
representing the four different EP-modes. The upper plot shows the magnitude curves,
and the lower shows the phase curves. As is obvious from Figure 5-1, the gain has a
peak for a frequency range of about 0.005 to 0.05 Hz, which increases slightly with EP-
mode. The maximum peak for all four curves appears around a frequency of roughly
0.016Hz, which corresponds to a period time of ~60 seconds. Clearly the basic system
has poor damping in the frequency area that is related to the floating in the grid. In other
words, load disturbances of frequencies in the range mentioned above will not be
reduced as efficient as disturbances of other frequencies. Hence this is the goal of the
modified control. This is directly connected to the criteria of the damping factor, where
the damping factor will tell how well the peak in the Bode plot is reduced.
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Bode plot from load disturbance to grid frequency, current system
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Figure 5-1: Bode plot from the load disturbance d; to the grid frequency f for the
different EP-modes for the current system. The upper plot displays the gain and the
lower plot the phase.

Moreover it is clear from the magnitude plot in Figure 5-1 that the steady state-level
does not approach zero, instead there is a steady state control error. This is due to the
reasons discussed in section 3.2.2.

In Figure 5-1lit was observed how a disturbance signal affects the output frequency.
Figure 5-2 shows how a disturbance signal affects the magnitude of the control signal Y,
the output of the controller in the system. As discussed in section 4.1, this control signal
specifies how the guide vane openings should adjust their positions so that the desired
power can be generated. In Figure 5-2 there are peaks for the four different EP-modes in
approximately the same frequency area as in Figure 5-1. These maximum peaks as well
as the bandwidth frequency of these basic systems were used as base when evaluating
the modified systems, resulting in the maximum peaks and the bandwidths of the basic
systems having a value of 1 pu. This made the assessment of the modified system
related to the current system.
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Bode plot from load disturbance to control signal, current system
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Figure 5-2: Bode plot showing gain from load disturbance d; to the control signal Y for
the current signal.

Figure 5-3 shows the magnitude Bode plot of the control signal response from the
measurement noise n. The peaks shows a similar behaviour as in the previous
magnitude plots in Figure 5-1 and Figure 5-2, only with a much higher gain with a
maximum ranging from about 2 to 3.3. As with the bandwidth and maximum peaks
from the load disturbance d; to the control signal Y, the basic cases for maximum peaks
from the measurement noise n to the control signal Y were used as base values.
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Bode plot from measurement noise to control signal, current system
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Figure 5-3: Bode plot showing gain from measurement noise n to the control signal Y
for the current signal.

The actual values of the maximum peaks, the bandwidths and the phase margins of the
four base cases with different EP-modes are presented in Table 5-1. The per unit values
of these measures, except for the phase margin, are 1 pu.

Table 5-1: Analysis results for the criteria-quantities, current system.

maxgy;_y [abs] max,_y [abs] | wg,  [rad/s] | @, [°]
EPO 1.0549 1.9814 0.1432 58.8512
EP1 1.3280 2.5768 0.1439 44.2558
EP2 1.5240 3.0046 0.1459 38.4766
EP3 1.6190 3.3188 0.1539 36.1657

As seen in Table 5-1, the maximum peaks as well as the bandwidths increases with the
EP-mode. The phase margin decreases with increasing EP-mode, making the margin for
stability less.

The peaks in the figures above are all within the frequency limits discussed in section
4.3.1, Bode Plots, and therefore all the peaks are considered as relevant.
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5.1.2 Time Domain

By creating a disturbance signal, the time domain response of the basic system could be
observed. To be able to examine the characteristics of interest for this study, the signals
used has been sinus signals with frequencies varied between 1/30 Hz, 1/60 Hz, and
1/90 Hz. The amplitude was 50 MW, as this was deemed as a reasonable size that
would give visible and clear response in the grid frequency. The response of the grid
frequency as well as the control signal Y and the generated power (unit MW) for the
four EP-modes are displayed in Figure 5-4. The upper plot contains the grid frequency
response and the lower plot contains both the control signals (dashed lines) as well as
the generated power (solid line). Increasing EP-mode will result in larger control signals
as well as higher amounts of generated power. The grid frequency deviation will also

increase with the EP-mode.

Response from sinus formed load disturbance of amplitude 50MW and frequency 1/60Hz
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Figure 5-4: One example of a time simulation with a load disturbance with amplitude

50 MW and frequency 1/60 Hz. The upper plot is showing the grid frequency response
for the different EP-modes. The lower plot, which has two axes, displays the generated
power, solid line left axis, and the control signal, dashed line right axis.

The time simulations for the basic cases were used for comparison with the modified
system in the following sections.
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5.2 Simulations with the Modified Control

The new model of the system was simulated with 125 (53) leadlag-parameter
variations, see section 4.2.2. In order to establish appropriate parameter settings
according to the set criteria in Table 4-6, and regarding robustness according to Table
4-7, the simulations for both the nominal case as well as the robustness cases were made
in parallel. Thereafter leadlag-parameters could be selected and subjected to further
investigation.

5.2.1 Frequency Domain

Data was created and collected for each EP-mode in Excel files, see Appendix C. Next
the data was sorted with respect to damping factor of the nominal case, from highest to
lowest value. Suitable signals were then selected to be displayed and used as a first step
in the selection process. These signals were the damping factors, the bandwidths from
the load disturbance d, to the control signal Y, from the modified controller, the
maximum peaks from d; to Y,, and the maximum peaks from the measurement noise n
to Y, for the nominal case and the robustness cases. These signals were selected as they
were considered most critical. The remaining signals were put to use in the second step,
when a first selection of leadlag-parameters had been made.

For each EP-mode plots were generated displaying the signals considered as most
critical. The first example with EP-mode EPO is seen in Figure 5-5, showing two plots.
In the upper plot the solid lines are graphs of the damping factor where the different
colors represent the different cases of nominal and robustness settings according to the
legend. The legend is valid for both upper and lower plots. The dashed lines in the
upper plot are graphs of the bandwidth from d; to Y,. In the lower plot the solid lines
are graphs of the maximum gains from d; to Y, and the dashed lines are of maximum
gains from the measurement noise n to Y,. Note that the lower plot is plotted with two
y-axes where the left side is related to the solid lines and the right side to the dashed
lines. The x-axes in the upper and lower plots are linked in the sense that for example
point 5 in the upper plot is the same as point 5 in the lower plot. The points in the x-axes
represent the different leadlag-parameter combinations and for EPO, as seen in Figure
5-5, 48 combinations of the initial 125 gave results with both positive damping factor
and positive phase margin.
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Analysis results for EPO
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Figure 5-5: Results from simulations using EP-mode EPO. The solid lines in the upper
subplot are graphs of the damping factor and the dashed lines are graphs of the
bandwidth from the load disturbance d, to the control signal Y, from the leadlag-
controller.

The solid lines in the lower subplot are related to the left y-axis and are graphs of the
max peaks from di_ to Y,. The dashed lines are related to the right y-axis and are graphs
of maximum peaks from the measurement noise n to Y,. The legend belongs to both
subplots and what case the different line colors represents.

According to the set criteria, see Table 4-6, the damping factors should be maximized
while the other signals should be kept at a minimum. By inspecting the results in Figure
5-5, two different leadlag-parameter combinations were selected where the tradeoffs
between the criteria were deemed as reasonable. These points were point 13 and
point 18, as these were considered as relatively similar in the first step of selection. In
the next step, the complete individual data of point 13 and 18 with information from all
signals were examined. These results are presented in Figure 5-6 to Figure 5-9.
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Figure 5-6 shows the damping factor, left plot, and the phase margin, right plot. The
damping factor should be maximized and the phase margin should be kept above 30°
according to the criteria. The left plot shows that point 13 is a better choice out of
respect to damping ability. On the other hand the right plot shows that the stability
margin for point 13 comes quite close to the limit of 30° for one of the robustness cases.
This was for the low grid load case, where the inertia of the load in the grid only comes
to 74 % of the nominal case with medium load.

Damping factor [%] Phase margin
EPO EPO
60 T T T T T 80 T T T T T T T
I Foint 13 I roint 13
I Foint 18 70k I Foint 18 |

- 0
Nominal Tdel 75%del 125% M 74% M 133% D 75% D 125% Nominal Tdel 75%del 125% M 74% M 133% D 75% D 125%
Case Case

Figure 5-6: Damping factor and phase margin for the two selected points for EPO.

Figure 5-7 shows the bandwidth from the load disturbance d; to the two control signals
Y1, left plot, and Y5, right plot. According to the criteria the bandwidth should be kept at
a minimum. The two points minimizes one control signal each, but as the bandwidth to
control signal Y, is of greater magnitude point 18 is seen as a better choice.

Bandwidth dL to Y1 Bandwidth dL to Y2
El?o I Foint 13| 25 EI?O

I roint 18 I oint 13
i I Foint 18

20

15

Per unit
Per unit

10

- 0
Nominal Tdel 75%del 125% M 74% M 133% D 75% D 125% Nominal Tdel 75%ddel 125% M 74% M 133% D 75% D 125%
Case Case

Figure 5-7: Bandwidth from load disturbance to conventional control signal Y;, left
plot, and to modified control signal Y,, right plot. The values are in per unit.
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Figure 5-8 shows the maximum gains from the load disturbance to the two control
signals. The peaks in the gains should be minimized according to the set criteria. Point
18 gives smaller maximum gains for both control signals.

Max dL to Y1 Max dL to Y2
EPO EPO
1 . - Point 13 . 15 . . . . . . .
I Foint 18 I Foint 13
0.9F 7 I Foint 18

0.8 *
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0.6 b

0.5 *

Per unit
Per unit

0.4r *

0.3 |

0.2 *

0.1p *

Nominal Tdel 750 del 125% M 74% M 133% D 75% D 125% Nominal Tdel 750 del 125% M 74% M 133% D 75% D 125%
Case Case

Figure 5-8: Max gain from load disturbance to conventional control signal Y;, left plot,
and to modified control signal Y5, right plot. All values are in per unit.

Figure 5-9 shows the maximum gains from the measurement noise to the control
signals. These should also be minimized according to the criteria, and point 18 gives
smaller maximum gains for both control signals.

Maxnto Y1 Max nto Y2
EPO EPO

1.4 T T T T 8 T T T T

: : : :
I Foint 13 I ~oint 13
12 I Foint 18 || 7+ I Foint 18

Per unit
Per unit

- 0
Nominal Tdel 759 del 125% M 74% M 133% D 75% D 125% Nominal Tdel 75%del 125% M 74% M 133% D 75% D 125%
Case Case

Figure 5-9: Max gain from measurement noise n to conventional control signal Y;, left
plot, and to modified control signal Y, right plot. All values are in per unit.

As all results in Figure 5-7 to Figure 5-9 are per unit values, with the current system as
baseline, values below 1 means that the modified alternative is lower than the current
one. In the same way, per unit-values above 1 are results higher than the current
systems. Results equaling 1 would give the exact same results as the current system
does.
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When comparing the data of point 13 and 18 it is clear that point 13 offers a higher
damping ability but at a higher cost in the form of bandwidth and maximum peaks for
the control signal Y, from the modified branch and also a lower phase margin. When
weighing the results of the two points, it was decided that the difference in damping
factor was not sufficient enough but instead the bandwidth, peaks, and stability margins
were considered as more crucial. Therefore point 18 was considered as the best choice
for this case. The results displayed in Figure 5-6 to Figure 5-9 are summarized in Table
D-1 and Table D-2 in Appendix D. The leadlag-parameter settings of the selected point
18 are presented in Appendix D, Table D-3.

For the following EP-modes, the selection process of appropriate leadlag-parameters
was done in the same way as for EP-mode 0. The results from EP1 can be found in
Appendix E, EP2 in Appendix F, and EP3 in Appendix G.

Collected Results

For all four EP-modes appropriate parameter settings were selected giving their
performances according to the set criteria. All leadlag-parameters, as well as the
average results from the nominal and the robustness cases according to set criteria are
summarized in Table 5-2.

Table 5-2: Chosen parametric settings and results for the set criteria as average of
nominal and robustness cases.

EPO EP1 EP2 EP3
K 0.5405 0.6470 0.6638 0.6034 .
0.0667 0.0667 0.0667 0.0667 g
T 100 100 100 100 5
T 0.2467 0.2061 0.2009 0.2210 ‘g
y 0.1233 0.1030 0.1004 0.1105 §
Damping factor | 47.27 63.27 68.19 66.27
[%0]
W5,y [PU] 0.44 0.41 0.41 0.44
®g,, _y, [PU] 18.76 18.40 18.13 18.14 é
maxg;y, [pu] 0.90 0.74 0.65 0.65 E
maxgy_y, [pu] 0.80 0.87 0.79 0.62 :S
max,_y, [pu] 0.75 0.45 0.39 0.40 §
max,_y, [pu] 3.72 4.42 3.97 2.73
Om [°] 60.14 49.30 49.20 57.97
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The results in Table 5-2 are the average results for the nominal and robustness cases for
each EP-mode. In the following plots, the nominal cases for the modified controlled
system are presented.

Figure 5-10 shows gain and phase from load disturbance to grid frequency for all EP-
modes. The solid lines are the current systems and the dashed lines shows the modified
systems with the determined parameters from Table 5-2. It is clear that the peak in the
gain is significantly reduced with the modified system.

Bode plot from load disturbance to grid frequency
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Figure 5-10: Gain and phase from load disturbance d; to the grid frequency f for the
nominal case for each EP-mode. The solid lines represents the current system and the
dashed lines the modified system.

In Figure 5-11 the gain from the load disturbance to the different control signals in the
systems are displayed. Each EP-mode has its own plot where the blue line represents the
current system, which has one controller and one control signal Y. The modified system
has two control signals where the green line represents the control signal from the
conventional controller Y; and the red line represents the control signal from the
modified controller Y,. The plots shows that the peaks are reduced for both control
signals Y; and Y, in the modified system, whilst the bandwidth is increased Y, and
reduced for Y;, compared to the current system.
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Figure 5-11: The plots are displaying the gain Bode plot from the load disturbance d;,
to the control signals. The blue line is the control signal Y in the current system, the
green line is the control signal ¥; from the conventional controller in the modified
system, and the red line is the control signal Y, from the modified controller in the
modified system. Each plot represents one EP-mode each and parameter settings are
the nominal case.

Figure 5-12 is divided into four plots, one for each EP-mode. The plots show the gain
from the measurement noise n to the control signals. As in Figure 5-11 above, the blue
line represents the control signal Y in the current system, while the green line is the
control signal Y; from the conventional controllers in the modified system and the red
represents the control signal Y, from the modified control. The plots show how the size
of the peaks depends on EP-mode, peaking for EP-mode 2.

From Figure 5-11 and Figure 5-12 it is clear that the maximum gains from the load
disturbance to the control signal Y, is reduced in the modified system compared to the
current, whereas the maximum gain from the measurement noise to control signal Y, is
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enlarged. This is related to the increase in bandwidth mentioned earlier, where a larger

bandwidth gives a faster system which responds more to measurement noise.
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Figure 5-12: The plots are displaying the gain Bode plot from the measurement noise n
to the control signals. The blue line is the control signal Y in the current system, the
green line is the control signal ¥; from the conventional controller in the modified
system, and the red line is the control signal Y, from the modified controller in the
modified system. Each plot represents one EP-mode each and parameter settings are
the nominal case.

5.2.2 Time Domain

Using the parametric settings for the leadlag-parameters as decided in the previous
section, a design for the leadlag-filter had been achieved for each EP-mode. To confirm
the positive results achieved in the frequency domain and to validate the chosen
settings, an analysis in the time domain was performed. The time domain analysis was
done for the nominal cases for each EP-mode.
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The disturbance signal used to excite the system in the time domain was sinusoidal with
an amplitude of 50 MW and with frequencies varying between 1/30 Hz, 1/60 Hz, and
1/90 Hz. For each EP-mode a plot for every frequency was generated where the grid
frequency response was compared for the current and the modified system.
Furthermore, the generated power as well as the control signal (guide vane opening)
were also plotted to visualize the actual work performed by the plants. As the current
system, see Figure 4-1, only consists of one controller and plant unit, there is only one
power signal P and one control signal Y. For the modified system, see Figure 4-3, there
are two branches with one controller and one plant unit each. To visualize their
individual work, the plots shows the amount of power P; and control signal Y; produced

from the conventional branch and the power P, and control signal Y, produced from the
modified branch.

Now follows three figures with the above mentioned plots for EP-mode 0. The figures
contains 1-by-2 subplots where the grid frequency response for each case is presented in
the top plot and the power and control signal responses are presented in the lower plot.

Corresponding plots for the other EP-modes can be found in Appendix E, Appendix F,
and Appendix G.

Response from sinusoidal load disturbance of 50 MW and frequency 1/30 Hz, EPO

N 50.04 : :

< Basic system

& 50.021 Regulated system f\\ //\-\\ A\ /\/\\ /-\\

c

% 50 \\ A \\\ /| \, /i \ /

g Y/ V%V %Y %Y %Y Y N\

)

&= 49.98 A\ A4 \_/ \\4 A\ \_/ N

S

(O 49.96

800 820 840 860 880 900 920 940 960 980 1000

< Time (s)
= S
é 40 T I r r 2
o 20 E— PBasic system Q [:x l-x YBasic system 111 :
; \ K Y, S
e Y, E
Q N > 0 2
g oN—r, . pd
< o
9 -20 \_/w \’.’7\/ 1 "E
o \J/ \/ T’z
o -40 20
¢ 800 820 980 1000 i

Figure 5-13: Time simulation response when system excited with sinusoidal load
disturbance of amplitude 50 MW and frequency 1/30 Hz. The upper plot displays the
grid frequency response and the lower plot the generated power, solid line left axis, and
control signals, dashed lines right axis.
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Response from sinusoidal load disturbance of 50 MW and frequency 1/60 Hz, EPO
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Figure 5-14: Time simulation response when system excited with sinusoidal load
disturbance of amplitude 50 MW and frequency 1/60 Hz. The upper plot displays the

grid frequency response and the lower plot the generated power, solid line left axis, and
control signals, dashed lines right axis.

Response from sinusoidal load disturbance of 50 MW and frequency 1/90 Hz, EPO

E 50.04 = r =~

ESN e T /N /N /N /N
v il 72 N1 74 N 74 N AN

5 W /7 W\ \ \

g \ / \

g W/ W\ \J/ \\J \

&= 49.98 ;

= \/J N N/

O 49.96 i

500 550 600 650 700 750 800 850 900 950 1000

. Time (s)

2 S
g 100 r r r T 2 <
g 50 H PBasicsystem 41 ‘_>;
(@] - — Pl i c
o 0!\ 0 2
) P, 7o
4q_a') 7 Y (@]
T 50k X R X X115

C

Q o
@ -100 2 O
o 500 550 600 650 700 750 800 850 900 950 1000
: Time (s)

37

Figure 5-15: Time simulation response when system excited with sinusoidal load
disturbance of amplitude 50 MW and frequency 1/90 Hz. The upper plot displays the

grid frequency response and the lower plot the generated power, solid line left axis, and
control signals, dashed lines right axis.
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Collected Results

As can be seen in the above plots the amplitude of the grid frequency oscillations are
significantly reduced with the modified system. This results holds for all EP-modes as
can be seen in Appendix E, Appendix F, and Appendix G. The amplitude reduction and
amount of work required differs some for the different cases. To visualize this, the
maximum grid frequency deviation, the maximum power generated, and the maximum
control signals for each tested disturbance signal-frequency and EP-mode are displayed
in Table 5-3 and correspondingly Figure 5-16 to Figure 5-18. The maximum values are
steady state values and corresponds to the peaks of the sinus-curves in the plots above.

Table 5-3: Maximum values in steady state. In the modified system 90 % of the
controlling plants are of conventional type and 10 % of the controlling plants are of
modified type. The data in the table are displayed in plots below.

Frequency | Quantity | System/Method | Signal | EPO EP1 EP2 EP3
of of regulation
disturbance
signal
1/30 Hz Maximum | Current Af 0.0263 | 0.0270 | 0.0270 | 0.0278 -
deviation o =
[Hz] New Af 0.0121 | 0.0098 | 0.0095 | 0.0111 53
LL O
Maximum | Current P 18.7949 | 14.2222 | 13.3904 | 15.1279 | o
power =
generated Conventional P; 8.0786 | 4.7981 |4.3890 |5.6270 | £
[MW] (90 %) <
Modified P, | 36.0639 | 41.6141 | 42.6526 | 41.0909 | ‘o
(10 %) 3
LL
Maximum | Current Y 0.0611 | 0.1156 | 0.2178 | 0.4473
control —
signal Conventional Y 0.0282 | 0.0419 |0.0766 |0.1786 | S
(quide (90 %) <
vane __ -
opening) | Modified Y, 11974 | 1.3816 | 14160 |13643 |
[%] (10 %) E’
LL
1/60 Hz Maximum | Current Af 0.0456 | 0.0634 | 0.0737 | 0.0754 .
deviation o =
[Hz] New Af 0.0158 | 0.0129 | 0.0126 | 0.0150 g :
LL O
Maximum | Current P 46.7239 | 60.0036 | 69.5082 | 78.1939 | &
power =
generated | Conventional P, 14.7378 | 11.0785 | 10.8092 | 14.1392 | '€
[MW] (90 %) t.'—
Modified P, 35.1593 | 41.0339 | 42.2958 | 41.5699 g
(10 %) 3
LL
Maximum | Current Y 0.1548 | 0.4969 | 1.1512 | 23546 | 3
ir &
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signal (90 %)
(guide
vane Modified Y, 1.1708 | 1.3664 | 1.4085 | 1.3843
opening) | (10 %)
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deviation o2
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L 16
Maximum | Current P 52.8844 | 62.7111 | 67.3764 | 67.3345 | o
power =
generated | Conventional P; 26.5325 | 22.4106 | 22.4003 | 29.4065 | ‘£
[MW] (90 %) ]
Modified P, 35.2042 | 43.1639 | 45.0405 | 44.4245 g
(10 %) =
2
Maximum | Current Y 0.1758 | 0.5211 | 1.1198 | 2.0347
control -
signal Conventional Y; 0.0976 | 0.2060 | 0.4118 | 0.9830 fm
(guide (90 %) =
vane __ :
opening) Modified Y, 1.1729 | 1.4382 | 1.5007 | 1.4802 o
[%] (109) =
2
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Figure 5-16: Disturbance signal with frequency 1/30 Hz. Left plot: Grid frequency
deviation (Hz). Middle plot: Generated power (MW). Right plot: Control signals, guide
vane opening (%).
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Figure 5-17: Disturbance signal with frequency 1/60 Hz. Left plot: Grid frequency
deviation (Hz). Middle plot: Generated power (MW). Right plot: Control signals, guide

vane opening (%).
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Figure 5-18: Disturbance signal with frequency 1/90 Hz. Left plot: Grid frequency
deviation (Hz). Middle plot: Generated power (MW). Right plot: Control signals, guide

vane opening (%).

The left plots in the above figures show that the grid frequency deviation is highest in
the current system when the load disturbance is of frequency 1/60 Hz, while the
modified system reduces the deviation and brings it down to a level of about 0.01-
0.02 Hz for all frequency cases. The deviation in the current system are also more
varying depending on EP-mode, while the modified system keeps the deviation on a
more stable level for the different EP-modes.

Moreover, the middle plots in the above figures show how much power that is generated
to reduce the sinusoidal load disturbance. From the plots it is clear that the modified
form of control takes over a lot of the work from the conventional controller. However,
depending on the frequency of the load disturbance the amount of power generated from
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the modified controlled plant differs. Compared to the generated power from the current
system, the modified system delivers less power when the disturbance frequency is of
1/60 or 1/90 Hz, while the 1/30 Hz-case demands a higher amount of power.

The right plots in the figures above visualises how much the guide vane openings must
shift, in percent, according to the control signals. Since the amount of plants working
according to the modified form of control only amounts to 10 % of the regulating
plants, it is not surprising that the size of this opening shift is higher for these cases than
for the other 90 % in the modified system. This is especially clear in the 1/30 Hz-case
when more power is produced. In the current system the EP3-mode is the one that
requires the largest shift in the guide vane openings, which is off course a result of the
higher EP-mode (more MW per AHz) and the smaller fraction of active plants.

6 Discussion

There have been several assumptions and simplifications made in this work, one of
them being the notion that all frequency regulating plants in the system are identical.
This assumption does not take into account the different waterways, turbine types, size
of head for each plant, and much more. As all regulating plants are taken into account in
the system definition of this study, this could be considered as a valid assumption seen
as an average of the plants characteristics. Though in separate, individual plants, these
aspects might have a larger impact on the final result.

Nevertheless, the analysis of the basic system shows that the characteristic of the current
system is such that disturbances with frequencies around 1/60 Hz are poorly damped in
relation to other frequencies. This does very well explain why this form of periodic
floating is present in the grid frequency as signals of this types is preserved to a higher
extend when travelling through the system.

The study shows that by modifying the control structure of some of the controlling
plants in the system, the mentioned floating in the grid frequency can be significantly
reduced. There are though some issues related to the results of this modification to
consider, which the following discussion will address.

With the addition of a modified form of control, the burden on the conventional form of
control is reduced. This, however, comes with a cost, where the plants with the
modified form of control will be run in a more forceful way increasing the movement of
the guide vanes and production of power quite extensively. If this is a desirable or
undesirable behavior falls outside the aim of this study, but poses an interesting issue. Is
it better to run a few plants harsher and decrease the burden of the majority of plants or
is it better to even out the burden? The work could probably be divided more evenly
between the plants if the proportion of control method was redistributed from the 10 %
to 90 % that was assumed for this report.

The fact that the modified controller does more work is a result of a higher bandwidth.
The higher bandwidth implies that the modification does provide a larger frequency area
where the controller has a bigger impact on the output. It also means that the system is
faster, which is visible in the time-simulations where the modified system responds with
generated power before the current and conventional plants does. But, as discussed in
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section 4.3.1 under Bandwidth, a higher bandwidth and a faster system makes it more
sensitive to noise. This can be seen in the results as the peaks in measurement noise-
plots are up to almost four times higher in the modified controller compared to the
current controller. Hence, the modified system has a higher sensitivity to noise in this
specific frequency area. If measurement noise is present in this frequency range this
could potentially pose a problem. This stresses the importance of knowledge of the
feedback signal and, if needed, appropriate filtering of this signal to minimize the
presence of noise.

When examining the results from the time domain analysis, it is clear that the modified
controller is most efficient when the sinusoidal load disturbance has a frequency of
1/60 Hz or 1/90 Hz. As this was one of the targets set for the modified controller, to
dampen frequency floating of these frequencies, it is recognized that the chosen
structure and parametric settings are beneficial for this specific issue. Sinusoidal
disturbances with frequencies 1/30 Hz demands a higher amount of power compared to
the other cases, making the solution less efficient but still valid as the amplitude of the
floating is dampened.

As can be seen in the frequency domain analysis, see Figure 5-10, the modified systems
have a small “bump” for frequencies around 0.1 Hz where the damping will actually be
less than for the current system. If there is a high amount of load disturbances in that
frequency area this could possibly present a problem. Load disturbances of these
frequencies will be enhanced using the modified system, compared to the current
system. Although, the enhancement is much smaller than the one that the current system
is performing on load disturbances of frequencies around 1/60 Hz today.

As observed in previous research, see [17], when there is a higher amount of
oscillations, the amplitude of the oscillations are also higher. The causal sequence of
this correlation is not known, but the connection is there and it is not farfetched to
assume that by influencing the amplitude of the floating, the amount of oscillations
might also be affected. As there is also a connection between the amount of oscillations
and the time outside the normal frequency band, there is reason to believe that the
amplitude of the oscillations might affect the quality of the grid frequency. If the
amount of oscillations could be decreased due to decreased amplitude this could in turn
lead to higher grid frequency quality.

As has also been observed in previous research, the grid frequency floating is more
evident during the summer months when the power production is lower. This issue is
also visible in the results produced in this study, where the robustness cases with low
grid inertia gives lower damping and less stability. When the inertia in the grid is low,
the grid frequency balance is more delicate.

7 Conclusions

The modified system offers the ability to reduce grid frequency floating with

frequencies around 1/60-1/90 Hz. Depending on the size and frequency of the

disturbance causing the floating, different amounts of power will be needed to counter

the grid frequency deviation. For the frequencies of 1/60-1/90 Hz, the modified control

will be most efficient offering high damping at a, comparably, lower power production.
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However, the modified system is significantly more sensitive to measurement noise
than the current system, which must be taken into account. Though these kinds of
tradeoffs, in this case between damping ability and noise sensitivity, are not uncommon
in control problems and there is often the issue of weighing pros and cons against each
other.

8 Suggestions for Future Work

There are several aspects that have not been taken into consideration in this study that
might pose interesting perspectives. Furthermore, there are possibilities of further
development of the modified controller structure. The following are some of these
aspects:

e Do time domain simulations for the perturbed cases, using the parametric
settings from the robustness cases to study the time domain response. An
expansion of the robustness cases where several parameters are changed at the
same time could also be motivated.

e Vary the amount of modified regulating plants. In this study the division was set
so that 10 % were regulating in the modified way, but what will the results be if
just 1 or 2 % are modified or perhaps a much larger amount or even 100 %?

e If the modified controller were put into series with the current controller,
perhaps in all regulating plants, how would this affect the results?

e Taking into consideration that the Norwegian frequency controlling hydropower
plants in the Nordic Power system differs from the Swedish counterparts. By
diversifying the different conventional plants in the modified model of the
system, what would the outcome be?

e One should keep in mind that the choice of parametric values in this report is
based on a modelled system. An implementation to a real system will probably
require more work and testing to tune the parameters to desired results. What
would this implementation look like?
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APPENDIX A: System Model Parameters

All system model parameters, both current and modified, are compiled in Table A-1.
The parameters are presented with their physical function, base value, nominal value,
and per unit value when relevant. To read more about the model parameters and the
models as such, see chapter 4.

Table A-1: System model parameters, definitions, base values, nominal values, and per
unit values when relevant.

Parameter Physical function Base value | Nominal Per unit
value value
Af [Hz] Delta frequency 50 - -
fref [HZ] Reference frequency 50 50 1
f [Hz] Grid frequency 50 - -
Y [%] Guide vane opening 100 - -
d, [MW] Load disturbance 890 ' t0.0.1 |- -
0.1
M [MWs] Grids inertia 800 50.0.1 | 270000 18s
0.1
D Grids frequency | - 1 1
dependency
T, [s] Time constant related | -
to waterways, etcetera.
05—2s 0.5+2 —
2
1.25s
Weiow 151 Time constant related | - 05s 05s
to waterways, etcetera.
Slow plants.
W ast [s] Time constant related | - 25 25
to waterways, etcetera.
Fast plants.
Ther Time delay plant - 03s 03s
%\ Droop with regulating | /100\~* 0.05 0.1
ep0 [(HZ) ] strength of 20%/Hz ( 50 )
%\ Droop with regulating | /100\? 0.02 0.04
epl [(Hz) ] strength of 50%/Hz ( 50 )
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%\ ! Droop with regulating | (100\7? 0.01 0.02
ep2 [(Hz) ] strength of 100%/Hz (50)
%\ ! Droop with regulating | (100\~? 0.005 0.01
ep3 [(Hz) ] strength of 200%/Hz (50)
K, Proportional gain | - EPO |- 1
(depends on EP-mode)
EP1 |- 1
EP2 |- 1
EP3 |- 2
K; Integral gain (depends | - EPO |- 1/6
on EP-mode)
EP1 |- 1/2.4
EP2 |- 1/1.2
EP3 |- 1/0.6
Ep — fraction | Proportion of | 100 EPO | 100 |1
[%0] regulating plants
(depends on EP-mode) EP1 140 104
EP2 |20 0.2
EP3 |11 0.11
part [%] Proportion of | 100 10 0.1
regulating plants using
the modified controller
1 —part [%] | Proportion of | 100 90 0.9
regulating plants using
the conventional
controller
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APPENDIX B: Simulink Models

The system models were constructed in the MATLAB toolbox Simulink, version 7.9
(R2012a). Figure B-1 corresponds to the current system model and Figure B-2
corresponds to the modified system model.

To Workspace

i
T fags
den(s)
B part Plant2 Scale MessDig

Messaure Dig

Figure B-2: Simulink model modified system.
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APPENDIX C: Compiled Data Excel files

The generated data from the nominal and the robustness cases are compiled into Excel
files which can be found by the following link below. To read about how the data was
generated, see section 4.3.4.

Compiled data


Appendix%20Excel.xlsx
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APPENDIX D: Additional Analysis Results EPO

Additional results from the analysis of EP-mode 0.

Frequency domain EPO

The bar plots visible in Figure 5-6 to Figure 5-9 are derived from the data compiled in
Table D-1 and Table D-2.

Table D-1: EPO-mode. Data according to set criteria for point 13.

Point 13 (EPO)
Case Damping | wg oy, | @Bary, | MAXaioy, | MAXg .y, | MAXyy, | MAXn.y, | Pm
factor [pu] [pu] [pu] [pu] [pu] [pu] [°]
[%0]
Nominal | 49.67 0.40 2081 | 091 0.96 0.82 4.95 48.88
Tae1 75% | 49.38 0.40 2110 | 091 0.93 0.79 481 51.06
T e 125% | 49.97 0.40 2053 | 0.90 1.00 0.84 5.10 46.69
M 74% 50.06 0.35 2112 | 0.95 1.43 1.24 7.12 30.45
M133% | 45.49 0.46 2066 | 0.87 0.72 0.59 3.74 66.50
D 75% 53.27 0.40 1966 | 0.85 0.88 0.76 4.64 46.44
D125% | 46.52 0.41 2225 | 095 1.02 0.86 5.14 51.32
Average | 49.19 0.40 2088 | 091 0.99 0.84 5.07 4876

Table D-2: EPO-mode. Data according to set criteria for point 18.

Point 18 (EPO)
Case Damping | wg vy | PBaioy, | MAXaroy, | MAXgpy, | MAXn,y, | MAXyy, | Pm
factor | rou] [pu] [pu] [pu] [pu] [pu] [’]
[%0]
Nominal 47.70 0.44 18.71 0.90 0.78 0.73 3.66 60.25
Tae1 75% | 47.39 0.44 18.95 0.90 0.76 0.72 3.58 62.21
T 4e1 125% | 48.00 0.43 18.47 0.90 0.81 0.75 3.76 58.29
M 74% 49.11 0.38 19.01 0.94 1.09 1.05 4.99 41.19
M 133% 42.84 0.50 18.54 0.87 0.60 0.55 2.83 78.47
D 75% 51.34 0.43 17.68 0.84 0.72 0.68 3.41 57.26
D 125% 4452 0.45 20.00 0.94 0.82 0.77 3.83 63.35
Average 47.27 0.44 18.76 0.90 0.80 0.75 3.72 60.14
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The leadlag-parameters for the chosen point 18 are presented in Table D-3.

Table D-3: EPO-mode. Leadlag-parameter settings for selected point.

Parameter (EPO) Point 18

wq 0.01

[y 0.15

w3 0.50

K 0.5405
0.0667

Tp 100

7 0.2467

y 0.1233
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Frequency domain EP1

Figure E-1 shows the results for the EP1-mode, where the upper plot in the figure
displays the damping factor, solid line, and the bandwidth from d, to Y,, dashed line.
The lower plot displays the graphs for max peaks from d; to Y,, solid line, and
maximum peaks from the measurement noise n to Y,, dashed lines. Note that the lower
plot has two y-axes.

Analysis results for EP1
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Figure E-1: Results from simulations using EP-mode EP1. The solid lines in the upper
subplot are graphs of the damping factor and the dashed lines are graphs of the
bandwidth from the load disturbance d, to the control signal Y, from the leadlag-
controller. The solid lines in the lower subplot are related to the left y-axis and are
graphs of the max peaks from d. to Y.

The dashed lines are related to the right y-axis and are graphs of maximum peaks from
the measurement noise n to Y. The legend belongs to both subplots and what case the
different line colors represents.

1
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To maximize the damping factor and minimize the other criteria two sets of leadlag-
parameters were chosen for the example with EP-mode 1, point 7 and point 15.

The complete individual data of point 7 and 15 are presented in Figure E-2 to Figure
E-5 respectively Table E-1 and Table E-2.

Damping factor [%] Phase margin
EP1 EP1
80 T T 70 T T T
I roint 7 I roint 7
70 I Foint 15 ] ok I roint 15 ||

- 0
Nominal Tdel 75%del 125% M 74% M 133% D 75% D 125% Nominal Tdel 75%del 125% M 74% M 133% D 75% D 125%
Case Case

Figure E-2: Damping factor and phase margin for the two selected points for EP1.

Bandwidth dL to Y1 Bandwidth dL to Y2
EP1 EP1
0.5 T 5 T 25 T T T
I Foint 7 I Foint 7
045 I Foint 15 || I Foint 15

Per unit
Per unit

- 0
Nominal Tdel 75%ddel 125% M 74% M 133% D 75% D 125% Nominal Tdel 75%ddel 125% M 74% M 133% D 75% D 125%
Case Case

Figure E-3: Bandwidth from load disturbance to conventional control signal Y3, left
plot, and to modified control signal Y,, right plot. Values are in per unit.
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Max dL to Y1 Max dL to Y2
EP1 EP1
0.9 T T T 2 T 5 T
I oint 7 I Foint 7
0.8 I Foint 15 18r I Foint 15 ||
0.7
0.6
T 05 c
=] =]
& 0.4 &

0.3

0.2

0
Nominal Tdel 75%ddel 125% M 74% M 133% D 75% D 125% Nominal Tdel 75%ddel 125% M 74% M 133% D 75% D 125%
Case Case

Figure E-4: Max gain from load disturbance to conventional control signal Y, left plot,
and to modified control signal Y5, right plot. Values are in per unit.

Maxnto Y1 Max nto Y2
EP1 EP1
0.7 T T T T T T T 10 13 T T
I Foint 7 I Foint 7
06 I Foint 15 || or I roint 15 [|
= =
c c
=} =}
- =
() ()
o o
- 0
Nominal Tdel 75%del 125% M 74% M 133% D 75% D 125% Nominal Tdel 75%del 125% M 74% M 133% D 75% D 125%
Case Case

Figure E-5: Max gain from measurement noise n to conventional control signal Y;, left
plot, and to modified control signal Y, right plot. Values are in per unit.

The data used to generate the bar plots above are compiled in Table E-1 and Table E-2.
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Table E-1: EP1-mode. Data according to set criteria for point 7.

Point 7 (EP1)

Case Damping | wg diory | @Baroy, | MAXar-yy | MAXg oy, | MAXy y, | MAXyy, | Pm
factor | [py] [pu] [pu] [pu] [pu] [pu] [’]
[%0]
Nominal | 66.45 0.37 2042 | 0.74 1.10 0.44 6.20 38.17
Tae1 75% | 66.16 0.37 2065 | 0.74 1.04 0.44 5.90 40.59
T 4o 125% | 66.75 0.37 2020 | 0.73 1.17 0.43 6.53 35.93
M 74% 58.58 0.32 20.84 | 0.79 1.83 0.60 9.90 23.16
M133% | 64.52 0.42 2005 |0.70 0.76 0.41 4.42 52.98
D 75% 70.36 0.37 19.67 | 0.64 0.94 0.33 5.47 36.38
D125% | 62.46 0.38 2137 | 082 1.24 0.55 6.73 40.04
Average 65.04 0.37 20.46 0.74 1.16 0.46 6.45 38.18
Table E-2: EP1-mode. Data according to set criteria for point 15.
Point 15 (EP1)
Case Damping | wg diovy | @Baioy, | MAXaoy, | MAXgpy, | MAXp y, | MAXyy, | Pm
factor | oy [pu] [pu] [pu] [pu] [pu] [°]
[%6]
Nominal | 63.30 0.41 1837 |0.74 0.85 0.44 431 49.29
Tae1 75% | 62.98 0.41 1856 | 0.74 0.82 0.45 4.19 51.29
T 4o 125% | 63.62 0.41 18.18 | 0.73 0.88 0.44 4.43 47.36
M 74% 64.97 0.36 18.76 | 0.78 1.27 0.49 6.25 33.95
M133% | 60.81 0.46 18.00 | 0.70 0.63 0.42 3.25 64.60
D 75% 68.02 0.41 17.70 | 0.64 0.72 0.34 3.77 47.11
D 125% | 59.20 0.41 19.22 | 0.82 0.95 0.55 471 51.53
Average 63.27 0.41 18.40 0.74 0.87 0.45 4.42 49.30

Weighing all the data together it was decided that point 15 was a more appropriate
choice. The frequencies of point 15 and corresponding leadlag-parameters are presented
in Table E-3.
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Table E-3: EP1-mode. Leadlag-parameter settings of selected point.

Parameter (EP1) Point 15

wWq 0.01

P 0.15

w3 0.5

K 0.6470
0.0667

Tp 100

7 0.2061

% 0.1030

Time domain EP1

Time simulated plots with a sinusoidal disturbance signal of amplitude 50 MW and
frequencies 1/30 Hz, 1/60 Hz, respectively 1/90 Hz. The upper plot displays the grid

frequency response and the lower plot displays generated power, solid lines left axis,
and control signals, dashed lines right axis.

Response from sinusoidal load disturbance of 50 MW and frequency 1/30 Hz, EP1
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Figure E-6: Time simulation response when system excited with load disturbance of
amplitude 50 MW and frequency 1/30 Hz. The upper plot displays the grid frequency
response and the lower plot the generated power, solid line left axis, and control
signals, dashed lines right axis.
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Response from sinusoidal load disturbance of 50 MW and frequency 1/60 Hz, EP1
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Figure E-7: Time simulation response when system excited with load disturbance of
amplitude 50 MW and frequency 1/60 Hz. The upper plot displays the grid frequency
response and the lower plot the generated power, solid line left axis, and control
signals, dashed lines right axis.

Response from sinusoidal load disturbance of 50 MW and frequency 1/90 Hz, EP1
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Figure E-8: Time simulation response when system excited with load disturbance of
amplitude 50 MW and frequency 1/90 Hz. The upper plot displays the grid frequency
response and the lower plot the generated power, solid line left axis, and control
signals, dashed lines right axis.
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Frequency domain EP2

Figure F-1 shows the results for the EP2-mode, where the upper plot in the figure
displays the damping factor, solid line, and the bandwidth from d, to Y,, dashed line.
The lower plot displays the graphs for max peaks from d; to Y,, solid line, and
maximum peaks from the measurement noise n to Y,, dashed lines. Note that the lower
plot has two y-axes.

Analysis results for EP2
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Figure F-1: Results from simulations using EP-mode EP2. The solid lines in the upper
subplot are graphs of the damping factor and the dashed lines are graphs of the
bandwidth from the load disturbance d, to the control signal Y, from the leadlag-
controller.

The solid lines in the lower subplot are related to the left y-axis and are graphs of the
max peaks from d, to Y,. The dashed lines are related to the right y-axis and are graphs
of maximum peaks from the measurement noise n to Y. The legend belongs to both
subplots and what case the different line colors represents.
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To maximize the damping factor and minimize the other criteria two sets of leadlag-
parameters were chosen for the example with EP-mode 2, point 9 and point 15.

The complete individual data of point 7 and 15 are presented in Figure F-2 to Figure F-5
respectively Table F-1 and Table F-2.
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Figure F-2: Damping factor and phase margin for the two selected points for EP2.
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Figure F-3: Bandwidth from load disturbance to conventional control signal Y, left
plot, and to modified control signal Y,, right plot. Values are in per unit.
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Figure F-4: Max gain from load disturbance to conventional control signal Y3, left plot,
and to modified control signal Y,, right plot. Values are in per unit.
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Figure F-5: Max gain from measurement noise n to conventional control signal Y;, left
plot, and to modified control signal Y,, right plot. Values are in per unit.

The data used to generate the bar plots above are compiled in Table F-1 and Table F-2.
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Table F-1: EP2-mode. Data according to set criteria for point 9.

Point 9 (EP2)

Case Damping | wg diory | @Baroy, | MAXar-yy | MAXg oy, | MAXy y, | MAXyy, | Pm
factor | [py] [pu] [pu] [pu] [pu] [pu] [’]
[%0]
Nominal | 70.51 0.37 20.13 | 0.66 1.00 0.38 5.62 38.07
Tge1 75% | 70.19 0.37 20.33 | 0.66 0.95 0.39 5.35 40.23
T 40 125% | 70.83 0.37 19.93 | 0.65 1.07 0.38 5.93 35.91
M 74% 65.13 0.32 20.55 | 0.69 1.67 0.43 8.83 23.89
M133% | 68.21 0.41 19.75 | 0.63 0.70 0.36 4.00 52.22
D 75% 75.39 0.37 1950 | 055 0.82 0.28 477 36.33
D125% | 67.00 0.37 2095 | 0.75 1.16 0.49 6.27 39.85
Average | 69.61 0.37 20.16 | 0.66 1.05 0.39 5.82 38.07
Table F-2: EP2-mode. Data according to set criteria for point 15.
Point 15 (EP2)
Case Damping | wg diovy | @Baioy, | MAXaoy, | MAXgpy, | MAXp y, | MAXyy, | Pm
factor | 1puy] [pu] [pu] [pu] [pu] [pu] ]
[%6]
Nominal | 68.18 0.40 18.10 | 0.65 0.77 0.39 3.88 49.16
T4 75% | 67.85 0.40 1827 | 0.66 0.74 0.40 3.77 51.03
T 4o 125% | 68.51 0.40 17.94 | 0.65 0.80 0.39 4.00 47.30
M 74% 70.12 0.36 1850 | 0.69 1.15 0.43 5.56 34.75
M133% | 65.65 0.45 17.74 ] 0.63 0.57 0.37 2.95 63.76
D 75% 73.27 0.41 1754 | 0.55 0.63 0.29 3.27 47.07
D125% | 63.71 0.41 18.84 | 0.75 0.89 0.49 4.36 51.32
Average | 68.19 0.41 18.13 | 0.65 0.79 0.39 3.97 49.20

Weighing all the data together it was decided that point 15 was a more appropriate
choice. The frequencies of point 15 and corresponding leadlag-parameters are presented
in Table F-3.
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Table F-3: EP2-mode. Leadlag-parameter settings for selected point.

Parameter (EP2) Point 15

wWq 0.01

P 0.15

w3 0.5

K 0.6638
0.0667

Tp 100

7 0.2009

Y 0.1004

Time domain EP2

Time simulated plots with a sinusoidal disturbance signal of amplitude 50 MW and
frequencies 1/30 Hz, 1/60 Hz, respectively 1/90 Hz. The upper plot displays the grid

frequency response and the lower plot displays generated power, solid lines left axis,
and control signals, dashed lines right axis.

Response from sinusoidal load disturbance of 50 MW and frequency 1/30 Hz, EP2
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Figure F-6: Time simulation response when system excited with load disturbance of
amplitude 50 MW and frequency 1/30 Hz. The upper plot displays the grid frequency
response and the lower plot the generated power, solid line left axis, and control

signals, dashed lines right axis.
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Response from sinusoidal load disturbance of 50 MW and frequency 1/60 Hz, EP2
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Figure F-7: Time simulation response when system excited with load disturbance of
amplitude 50 MW and frequency 1/60 Hz. The upper plot displays the grid frequency
response and the lower plot the generated power, solid line left axis, and control
signals, dashed lines right axis.
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Figure F-8: Time simulation response when system excited with load disturbance of
amplitude 50 MW and frequency 1/90 Hz. The upper plot displays the grid frequency
response and the lower plot the generated power, solid line left axis, and control
signals, dashed lines right axis.
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APPENDIX G: Analysis Results EP3

Frequency domain EP3

Figure G-1 shows the results for the EP3-mode, where the upper plot in the figure
displays the damping factor, solid line, and the bandwidth from d, to Y,, dashed line.
The lower plot displays the graphs for max peaks from d; to Y,, solid line, and
maximum peaks from the measurement noise n to Y,, dashed lines. Note that the lower
plot has two y-axes.
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Figure G-1: Results from simulations using EP-mode EP3. The solid lines in the upper
subplot are graphs of the damping factor and the dashed lines are graphs of the
bandwidth from the load disturbance d, to the control signal Y, from the leadlag-
controller.

The solid lines in the lower subplot are related to the left y-axis and are graphs of the
max peaks from d,_ to Y,. The dashed lines are related to the right y-axis and are graphs
of maximum peaks from the measurement noise n to Y,. The legend belongs to both
subplots and what case the different line colors represents.

To maximize the damping factor and minimize the other criteria two sets of leadlag-
parameters were chosen for the example with EP-mode 3, point 11 and point 18.
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The complete individual data of point 11 and 18 are presented in Figure G-2 to Figure
G-3 respectively Table G-1 and Table G-2.

Damping factor [%] Phase margin
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Figure G-2: Damping factor and phase margin for the two selected points for EP3.
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Figure G-3: Bandwidth from load disturbance to conventional control signal Y;, left
plot, and to modified control signal Y, right plot. Values are in per unit.
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Figure G-4: Max gain from load disturbance to conventional control signal Y;, left plot,
and to modified control signal Y,, right plot. Values are in per unit.
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Figure G-5: Max gain from measurement noise n to conventional control signal Y;, left
plot, and to modified control signal Y,, right plot. Values are in per unit.

The data used to generate the bar plots above are compiled in Table G-1 and Table G-2.
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Table G-1: EP3-mode. Data according to set criteria for point 11.

Point 11 (EP3)

Case Damping | wg diory | @Baroy, | MAXar-yy | MAXg oy, | MAXy y, | MAXyy, | Pm
factor | [py] [pu] [pu] [pu] [pu] [pu] [’]
[%0]
Nominal | 68.71 0.40 20.12 | 0.65 0.75 0.38 3.72 46.93
Tae1 75% | 68.34 0.40 20.30 | 0.66 0.73 0.39 3.59 48.84
T g0 125% | 69.08 0.40 19.95 | 0.65 0.78 0.38 3.84 45.01
M 74% 70.79 0.35 20.77 | 0.69 1.14 0.42 5.36 32.49
M133% | 66.14 0.45 19.74 | 0.63 0.55 0.37 2.79 61.46
D 75% 73.65 0.40 1956 | 0.54 0.61 0.28 3.11 44.89
D125% | 64.02 0.40 2086 | 0.74 0.88 0.48 4.19 49.01
Average | 68.68 0.40 20.19 | 0.65 0.78 0.39 3.80 46.95
Table G-2: EP3-mode. Data according to set criteria for point 18.
Point 18 (EP3)
Case Damping | wg diovy | @Baioy, | MAXaoy, | MAXgpy, | MAXp y, | MAXyy, | Pm
factor | oy [pu] [pu] [pu] [pu] [pu] [°]
[%6]
Nominal | 66.22 0.44 18.08 | 0.65 0.60 0.39 2.68 57.93
T4 75% | 65.83 0.44 18.23 | 0.66 0.59 0.40 2.62 59.58
T 4o 125% | 66.61 0.44 17.94 | 0.65 0.62 0.39 2.74 56.28
M 74% 68.59 0.39 18.68 | 0.69 0.85 0.43 3.68 43.20
M133% | 63.34 0.49 17.71 | 0.63 0.50 0.38 2.08 72.89
D 75% 71.31 0.44 1758 | 0.54 0.49 0.30 2.25 55.44
D 125% | 62.02 0.44 1875 | 0.74 0.70 0.49 3.03 60.50
Average 66.27 0.44 18.14 0.65 0.62 0.40 2.73 57.97

Weighing all the data together it was decided that point 18 was a more appropriate
choice. The frequencies of point 18 and corresponding leadlag-parameters are presented
in Table G-3.
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Table G-3: EP3-mode. Leadlag-parameter settings for selected point.

Parameter (EP3) Point 18

wWq 0.01

P 0.15

w3 0.5

K 0.6034
0.0667

Tp 100

7 0.2210

Y 0.1105

Time domain EP3

Time simulated plots with a sinusoidal disturbance signal of amplitude 50 MW and
frequencies 1/30 Hz, 1/60 Hz, respectively 1/90 Hz. The upper plot displays the grid
frequency response and the lower plot displays generated power, solid lines left axis,
and control signals, dashed lines right axis.

Response from sinusoidal load disturbance of 50 MW and frequency 1/30 Hz, EP3
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Figure G-6: Time simulation response when system excited with load disturbance of
amplitude 50 MW and frequency 1/30 Hz. The upper plot displays the grid frequency
response and the lower plot the generated power, solid line left axis, and control
signals, dashed lines right axis.
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Response from sinusoidal load disturbance of 50 MW and frequency 1/60 Hz, EP3
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Figure G-7: Time simulation response when system excited with load disturbance of
amplitude 50 MW and frequency 1/60 Hz. The upper plot displays the grid frequency
response and the lower plot the generated power, solid line left axis, and control

signals, dashed lines right axis.

Response from sinusoidal load disturbance of 50 MW and frequency 1/90 Hz, EP3
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Figure G-8: Time simulation response when system excited with load disturbance of
amplitude 50 MW and frequency 1/90 Hz. The upper plot displays the grid frequency
response and the lower plot the generated power, solid line left axis, and control

signals, dashed lines right axis.



