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Abstract: Although the power system usually always appears stable and reliable to consumers, a
lot of work and research goes into keeping the power system both stable and reliable under
constantly changing conditions and in these increasingly demanding times. One of the key issues in
the power system is maintaining stability after large disturbances in order to prevent the loss of
synchronicity of the generators in the system. Today’s generator protection systems mostly use
measurements of impedance change to detect generator out of step. This article discusses the
possibility of detecting the loss of synchronicity by using real time load angle measurements. The
authors propose a real time load angle measurement algorithm and present the results of the
algorithm’s testing performed on a real hydrogenerator. The results show that the developed
algorithm gives highly accurate real time load angle measurements with the maximum possible
resolution and that the load angle can be used for detecting the synchronous generator out of step.

Keywords: synchronous generator; load angle; power system stability; air gap; loss of synchronicity;
out of step generator protection

1. Introduction

Power system stability is crucial for normal, reliable and safe power system operation. System
disturbances that lead to power system oscillations, such as short circuits, can harm synchronous
generators but can also cause a part or the entire power system to black out. It is necessary to protect
the power system and the generators from these faults which can cause considerable damage.

Power system stability is defined in literature as the ability to regain an equilibrium state after
being subjected to a physical disturbance. The quantities important for power system operation are
the load angles of generators and the load angles, frequency and voltages of the nodes in the network.
Consequently, the stability is divided into rotor angle stability, frequency stability and voltage
stability [1]. Generator loss of synchronicity phenomenon is related to the rotor angle stability and
will be discussed in this article.

The generator protection device is one of the key parts of every power plant. It uses input
parameters (measurements and signals) and built-in algorithms to protect the generator from faults
in auxiliary generator systems, faults in the grid and internal generator faults. One of the functions
with a leading role in generator protection is the out of step protection function, whose role is to
detect the generator loss of synchronicity. When the loss of synchronicity occurs, like during
important power line outages and short circuits, the asynchronous areas must be isolated before the
generator is damaged and other outages start occurring all over the system. This happens because
high amplitude currents cause strains in generator windings as well as mechanical strains that can
lead to generator and turbine damages [2]. Generator faults caused by such malfunctions often bring
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significant financial costs, like expensive repairs and revenue loss due to production interruptions,
so it is important to detect the fault and shut down the turbine and generator as soon as possible [3].
The out of step protection function is mostly implemented by assessing the generator stability based
on the monotony, continuity and uniformity of impedance change [4,5] in the protection relays. The
disadvantage of the methods based on impedance measurement is that they require extensive
transient stability studies which cannot easily cover all possible disturbances in the system. On the
other hand, the generator load angle is a value that specifically indicates the position of the generator
operating point in relation to the border of stable operation and it could be used for generator
protection purposes [6]. One of the reasons why it is not often used is the complexity of its real time
measurement [7]. The concept of the generator protection system with a separated out of step
function which uses real time load angle measurements is described in [8,9].

Because this problem is quite specific, very little literature on the subject is available altogether,
let alone new literature. The goals of the authors’ research can be divided into several phases:

e  Analysis and selection of the load angle measurement method

e  Development of the real time load angle measurement algorithm

e  Development of the loss of synchronicity detection algorithm based on the real time load angle
measurement

The focus of this article is on the first two research phases, but some proposals are given, and
the discussion is opened on the third research phase—loss of synchronicity detection algorithm. An
overview of the power system stability problems and the existing methods for the detection of the
loss of synchronicity are given in Section 2. The same chapter provides a definition of the load angle
and the existing methods for measuring it. The real time load angle measurement algorithm, the
testing environment for real time load angle measurement and the simulation model are shown in
Section 3. Section 4 shows the main results of the real time load angle algorithm testing and the
conducted loss of synchronicity simulation analyses. The analyses set out to answer the question if
the load angle is a good enough indicator (or value) that can be used for detecting the generator loss
of synchronicity, and whether it can be used for conducting the generator out of step protection
function.

2. Power System Stability and Load Angle

2.1. Power System Stability

All generators in an interconnected power system are working with the same frequency and the
rotor mechanical speed is synchronized to this frequency. In technical terminology it is said that the
generators are “in step”. This electrical connection between synchronous generators is elastic and
allows angle fluctuations between them. Following some disturbances like short circuits which lead
to line losses, the rotors of some generators will start to oscillate. The ability of the generators in the
power system to remain in synchronicity those oscillations is referred to as rotor angle stability [10].
If a short circuit occurs and before the protection trips, a balance between mechanical power applied
on the turbine and electrical power delivered to the system exists on each generator. When the
protection trip occurs, the load in the system is changed rapidly but the change of mechanical power
on the prime mover is much slower. This produces differences between mechanical and electrical
torque in generators, and thus the rotor angle changes. The simplified relationship between the
power output on generators and the rotor angle positions of the synchronous generators is

represented by the following equation:
U
p=22 ¥ S siné 1)

where E; is induced generator voltage, Us is voltage at generator terminals, X is generator reactance

and ¢ is the angle between voltages or load angle. A graphical representation of this nonlinear
equation is shown in Figure 1.
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Figure 1. Load angle curve [11].

This is an idealized equation and representation, but it can be used to describe the system
behavior. Therefore, in Figure 1 the transferred power rises with angle difference, but only to a certain
point. The maximum transferred power is reached at an angle of 90° and any further increase in the
angle will result in a decrease of transferred power. The power transferred at 90° is at its maximum
under steady state conditions.

The same characteristic can be used to describe what happens during transient conditions.
Initially, the system is in balance with transferred power P.at the load angle of 6. After the protection
trip occurs and the breaker is opened, the transferred power is reduced instantaneously and the
mechanical power remains the same. Due to this difference, the rotor starts to accelerate and the angle
¢ increases. When the fault is cleared, the reached angle is & but the rotor continues to accelerate
since there is accumulated kinetic energy in it. At this point the rotor starts to decelerate since the
electric torque is higher than the mechanical. The rotor decelerates till the angle JF is reached and all
accumulated kinetic energy is used up. In Figures 1 and 2 it can be noticed that a critical angle ¢t
exists, above which further increase in the angle results in lower electrical power and the generator
starts to accelerate with no recovery. It can be concluded that the generator will maintain its stability
if there is sufficient decelerating energy to oppose the acceleration. This is called the equal area
criterion.

From the mentioned criterion it is also obvious that a critical time exists in which the fault must
be cleared in order to maintain the stability of the generator. This time depends on the generator
reactance and inertia constants. Since the size of the machines has increased and the inertia constants
have decreased in the last decade, the critical times are reduced as well. If the loss of generator
synchronicity occurs, high amplitude currents cause strains in generator windings as well as
mechanical strains that can lead to generator and turbine damages. Therefore, it is important to clear
the fault as soon as possible.
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Figure 2. Power transmission capability of the normal system (blue curve) and the system with fault
(red curve) [11].

2.2. Load Angle Definition and Measurement

Hydrogenerators and turbogenerators can be described by a distinctive standard two-axis
mathematical model. In order to describe the synchronous generator with this mathematical model,
the generator parameters have to be known. The load angle is one of the main synchronous generator
parameters and the precise load angle measurement is imperative for determining the mathematical
model. The load angle is mostly used in the generator monitoring systems, but its measurement in
such systems is not conducted in real time [12]. The motivation behind this research was to evaluate
if these measurements, conducted in real time, can be used for generator protection. Additionally,
the load angle can be used for power system stability analysis and to determine losses of a generator.
In these cases, the load angle must be measured in real time and in both static and transient generator
operation modes.

The electrical load angle 5 is the angle between induced EMF and terminal voltage or the angle
between rotor and stator magnetic fields. The magnetic field of a synchronous generator rotates at
synchronous speed and induces a rotating magnetic field in a stator but they are not completely
aligned as the stator field lags behind the rotor field. This lagging is expressed in the load angle, as
shown in Figure 3. The generated power is directly proportional to the sine value of this angle.

00
LOAD ANGLE i AXIS OF STATOR AXIS OF STATOR 8: " AXIS OF ROTOR

o i . MAGNETIC FIELD MAGNETIC FIELD |} MAGNETIC FIELD
AXIS OF ROTOR ; S S
MAGNETIC FIELD : :

Figure 3. Graphical representation of the relation of rotor position, magnetic field and load angle.
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When combined with the on-line capability chart (P-Q chart), the real time (on-line)
measurement of the load angle (static and dynamic) is very important for determining the actual
working parameters of a generator. Furthermore, the load angle is a key parameter in understanding
torsional dynamics of a generator where magnetic field stiffness influences dynamic response of the
generator.

As mentioned before, hydrogenerators and turbogenerators can be described by a distinctive
standard two-axis mathematical model. The vector diagram in Figure 4 and Equations (2)—(5) [12] are
based on the mentioned d; mathematical model of the synchronous generator. In this representation
the load angle is defined as the electrical angle between the space vector of the excitation voltage &
and the terminal voltage space vector or. Since & lies along the positive g axis, the load angle can also
be defined as the electrical angle between the g axis and the voltage vector v:. Atno-load condition
éand o are identical and the load angle equals zero.

A

jB _g-axis
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Figure 4. Vector diagram representing the definition of the load angle.

The resulting vector vris defined in the stator coordination system afwhere the real axis of this
system corresponds to the phase of a winding axis as. When instantaneous values of generator
terminal line voltages are known, the vector vt can be calculated from Equations (2) and (3). Based
on this, the angle a; which is the angle between vector viand the axis as is defined in Equation (4)
[12]:

U = Vg + jUg = V200l )
1 2 2 2
Uy = § Vap T Vie T Véa ©)
V3v
a; = tan™! (7bc> 4)
Vab — Vea
=9 —a,

©)

Therefore, at symmetrical terminal voltage conditions the position of v: can be obtained by the
phase angle of any line terminal voltage. The load angle can be obtained by measuring the rotor
reference axis displacement referenced to the fundamental component of the line voltage, which is
selected as the reference one, at load and no-load conditions respectively, as defined in Equation (5).

The load angle is determined by the terminal voltage signal of one phase and by the information
on rotor position. Since the information on rotor position can be obtained in several different ways,
different methods for determining the load angle also exist. The quality of the load angle
measurements corresponds to the accuracy of determining the rotor position, and the rotor position
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is usually determined in practice by different methods like the incremental encoder, inductive sensor
and the capacitive air gap sensor.

The principle behind determining the rotor position by the inductive sensor is to use the
inductive sensor for recording the passes of the gear teeth which are mounted on the generator shaft.
The gear holds the same number of teeth as the pairs of poles, meaning that one impulse from the
sensor appears in each period. An approximately sine signal is obtained at the output of the inductive
sensor, and this signal is further modulated in frequency by the rotational speed of the rotor.

Measuring the load angle by using the incremental encoder is based on measuring the time
difference between the reference marker and the incremental passage of the terminal voltage signal
through zero-crossing.

The results shown in [12] suggest that the methods for determining the rotor position based on
the incremental encoder and inductive sensor are very sensitive to vibrations and precession of the
generator shaft. The capacitive air gap sensor method for determining the rotor position, or in other
words for measuring the load angle, was developed to overcome these problems.

The capacitive air gap sensor measures the distance between the stator and rotor poles. The
measurement of the distance between the stator and rotor poles is contactless and based on the
capacitive flat-shaped probe which is mounted by simply being glued onto stator laminations. The
capacitive air gap sensor for measuring the air gap width is in fact a measuring chain consisting of
the probe and the linearization module (LM) [13,14]. An example of the capacitive air gap sensor is
shown in Figure 5 [15]. The probe is connected to the linearization module via a triaxial cable and the
linearization module sends a high frequency signal to the probe through the triaxial cable. The
capacity is measured by a change in the phase of this signal, and the capacity directly depends on the
air gap width. The linearization module is powered by DC voltage. On the output it produces a signal
whose frequency is twice the grid frequency and is a good representation of the rotor position. After
the signal is processed in the linearization module, a direct current output signal (4 to 20 mA) is
obtained. This output signal is proportional to the generator air gap width. Figure 6 shows this signal
us recorded at a constant rotor speed and a sketch of the air gap width configuration [12]. The signal
ust is a fundamental component of the us signal and both signals are expressed in volts, while the
angle ¥ is expressed in electrical radians. The load angle measurements require the air gap sensor
signal to be tightly bound to the rotor position. If the rotor position correlates with the induced EMF,
it can be used to determine the value of the load angle together with a terminal voltage signal. It can
also be said that the phase shift of the capacitive air gap sensor signal towards the terminal voltage
signal represents the load angle.

Figure 5. An example of a capacitive air gap sensor.
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Figure 6. Signal from the air gap sensor after processing with regard to the rotor position.

Figure 7 shows the measurement results and the relationship between the terminal voltage
signal and the capacitive air gap sensor signal. As the load angle increases, the air gap sensor signal
starts leading in front of the voltage signal which is clearly shown in Figure 7. The blue curve
represents the air gap sensor signal when the generator is excited but operates in the no-load mode.
In this operation mode the active power and load angle values both equal zero. The green curve
represents the air gap sensor signal when the generator is loaded and when the active power and
load angle values are greater than zero.

Voltage [kV]

0 0005 001 0015 0% 0025 003 0035 004 0045 005 005 006 0065 007 0075 008 0085 009 0055 01
Time [s]
Figure 7. Relation of terminal voltage signal and air gap signal as load angle changes. The red curve
represents the generator terminal voltage signal, the blue curve represents the air gap sensor signal
when the generator is in the no-load operation mode and the green curve represents the air gap sensor
signal when the generator is loaded.

When compared to the shaft encoder, the capacitive air gap sensor gives more stable and precise
information on the rotor position because of the small radius of the shaft encoder ring compared to
the rotor radius [16-19]. The research results shown in [12] confirm that the air gap sensor method
for measuring the load angle is the most reliable, most precise and cheapest way of measuring the
load angle. In the here presented research, the air gap sensor method is used for measuring the load
angle.

Figure 8 confirms that this method gives stable results, as it shows the change of the load angle
of the pumped-storage hydro unit under three operation modes: synchronous condenser, pumping
and generator, with different active and reactive power. The measurements shown in Figure 8 were
taken from the monitoring system of a pumped-storage hydro unit. Figure 8 shows the values of
active power (red dots), reactive power (blue dots) and the load angle (green dots) over a period of 3
hours and 20 minutes. The interdependence of the load angle values and the active/reactive power
values is clearly shown. In the period from 4:02 to 5:00 a.m. the pumped-storage hydro unit works



Energies 2020, 13, 3336 8 of 22

under the pumping (motor) operation mode, so the values of the load angle are negative. In the
period from 5:00 to 5:45 a.m. the pumped-storage hydro unit works under the synchronous condenser
operation mode (active power is 0 MW, and reactive power is about =75 MV Ar). Under this operation
mode the load angle almost equals zero degrees because there is no load. At 5:45 a.m. the pumped-
storage hydro unit is turned off and turned on again at 6:00 a.m. When the pumped-storage hydro
unit is turned off and on, the load angle measurement loses its stability because the excitation is
turned off. This instability is shown in Figure 8 in the time period between 5:45 and 6:00 a.m. After
6:00 a.m. the pumped-storage hydro unit works under the generator operation mode, where the load

angle values are positive. At 7:00 a.m., when the active power increases, the load angle increases as
well.

Diagram D2
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Figure 8. Change of load angle as active and reactive power change in time.

Measuring the load angle in real time is a relatively new procedure yet to be researched, and the
full potential of this parameter of synchronous generator has not been used in practice. To date, it is
most commonly used in generator monitoring systems. Different types of sensors are used for
measuring the load angle, and because these measurements are very specific, one universal solution
does not exist.

2.3. Loss of Synchronicity Detection Methods

A substantial amount of research has been conducted, as well as articles written, about the loss
of synchronicity detection. The most commonly used detection method in today’s numerical
protection relays is based on the monitoring of impedance change at the generator terminals [20].
When using a simple example which consists of two systems A and B, their impedances Za and Zs
and the line impedance Zi, then the impedance characteristic is presented in Figure 9.

If the voltages Ea and Es are equal, i.e., Ea/Es =1 then the impedance characteristic is represented
by the line PQ, and the angle between lines AP and BP is the load angle between the two systems 6.
The line AB stands for total impedance. If system B is used as the reference system and it is assumed
that Ea is leading Es, then the impedance is changing from point A towards point B. During the loss
of synchronicity, the impedance travels from point P to point Q. When the impedance intersects total
impedance, the angle between two systems is 180° and it can be said that the systems are out of step.
This point of intersection is known as the electrical center of the system. The impedance continues to
travel and reaches again the point when the systems are in phase. At this point it is said that one out
of step cycle has been completed. When the ratio Ea/Es is not equal to 1, the impedance characteristics
are represented by the curves as can be seen in Figure 9.
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Figure 9. Impedance characteristic of the simple power system model.

The total impedance of the system consists of system A with impedance Za, line impedance Zt.
and system B with impedance Zs. The position of the loss of synchronicity protection relay is usually
at the generator terminals and it divides total impedance into m-Zw: and (1 — m)-Ziw: [21]. Impedance
at the measurement location can be calculated by Equation (6):

Z(m) = |—F————m| Z (6)

All methods for detecting the loss of synchronicity are based on impedance monitoring. There
are several different implementations of this method, such as:

e  Single blinder scheme

e  Double blinder scheme

e Lensscheme

e  Two zones scheme with straight lines

The common characteristic of these schemes is that they require extensive stability studies to
determine loss of synchronicity characteristics, maximum generator slip, characteristic of stable
swings and expected current levels in relays [3]. Because of this, there have been attempts of different
researchers to propose some other methods to detect the out of step. The schemes can be divided into
schemes that use only local measurement and the ones that use wide area measurement for decision-
making. The authors in [22] are proposing a method that uses a change of rate of swing center voltage
(SCV). This method does not require extensive analysis but uses some approximations for the
calculation of SCV. The approach that combines time-domain analysis in Clarke’s domain with the
SCV method is presented in [23]. The algorithm that uses the well-known equal area criterion is
presented in [24,25]. This method uses reactive power, real power, and the rate of change of real
power to predict the out of step condition. Since the setting of the change of real power is based on
the maximum slip, it requires extensive simulation studies [26]. Equal-Area Criterion combined with
the least-squares method is used in [27]. The algorithm based on the same criterion but applied in the
time domain is described in [28]. Reference [29] presents the R-Rdot algorithm that measures the
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resistance at generator terminals, and the rate of change of this resistance to detect unstable swings.
The disadvantage of this scheme is that it does not control the angle at which the tripping is issued.
As the synchrophasor technology develops, some methods that use this technology are also being
proposed [30]. For the methods using PMUs, communication and measurement equipment is needed
at all relevant locations in the system. An interesting approach using wide-area measurements and
generators’ coherency identification in real time for system splitting decision is presented in [31]. The
common characteristic of many of the methods used for the loss of synchronicity is the indirect
prediction and/or detection of load angle behavior following disturbances in the power system.

Despite all of the newly proposed methods for the loss of synchronicity detection, the most
commonly used algorithm in today’s practice is still the detection of impedance change, as already
mentioned at the beginning of this chapter. The impedance characteristic is presented in Figure 9 and
the angle & between lines AP and BP is the same angle that can be obtained by direct load angle
measurement. In the impedance measurement method, the load angle change is supervised through
the detection of impedance vector change and when this vector passes through the relay characteristic
then the pole slip is detected. During the transient, the load angle changes from the start value
(normally 30° to 40°), passes 180° and then comes back to the first value.

The dynamical behavior of the generator can be described by the following equations:

2H d?*8

wodt2 = By — Fe @)
dé
= ®

where H is the generator inertia constant and av is the rated angular velocity. P» and Pe are the
mechanical input power and electrical output power respectively, § is the load angle and wis generator
angular speed. From the equations and from what is stated in this chapter it can be concluded that if
the load angle would be measured in real time, it could be used for generator loss of synchronicity
protection purposes.

3. Materials and Methods

3.1. Real Time Load Angle Measurement Algorithm

A very precise and reliable measurement of the load angle must be provided in order to ensure
its application for generator protection purposes, e.g., out of step protection function. The rest of this
chapter will present the testing results and describe the method developed for measuring the direct
load angle of the synchronous generator.

The load angle measurement algorithm functionalities include the air gap width measurement,
generator voltage measurement, and rotor position detection. The main goal was to develop a
method for measuring the load angle in real time which will provide a stable calculation or
measurement of the load angle every 20 ms, i.e., after each period (for a 50 Hz system frequency).
Because the load angle value is determined in the same way as the phasor value, this is the highest
possible resolution in which it can be measured. When compared to the commonly used method for
measuring the load angle shown in Section 2, this method takes into consideration the rotor
imperfection. The rotor imperfection can be explained as a geometrical imperfection. This directly
influences the precision of the air gap width measurement, and later the load angle value. The
geometrical imperfection of the rotor is in fact structural in nature and is present in every generator.
The imperfection is specific to every rotor and it is constant in time, meaning it is possible to correct
the air gap width measurement for that specific imperfection. The above mentioned facts were all
taken into consideration in the algorithm for measuring the load angle in real time.

The flowchart of the developed algorithm for measuring the load angle in real time is shown in
Figure 10, and its main features will be briefly described in this section. In order to ensure the
functioning of the algorithm, measurements of the air gap width, generator terminal voltage and
keyphasor sensor signals have to be provided. For the basic algorithm functioning, only one air gap
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sensor measurement and one generator terminal voltage measurement is enough, but this does not
enable the algorithm’s maximal measurement precision and quality. By using more than one air gap
sensor measurement and three generator terminal voltage measurements (for each phase), the
reliability of the measurements is significantly increased, without significantly increasing the costs of
implementing such a system in comparison to the “one air gap sensor” system. After processing the
input signals received from the air gap sensors and from the instrument transformers, the load angle
is measured with the resolution of 20 ms or 50 values per second. The obtained values are the directly
measured load angle values in real time that are very precise thanks to the developed algorithms or
functions for signal processing and angle calculation.

To further improve the quality of the load angle measurements within the developed algorithm,
a function for correcting the directly measured load angle values with respect to the rotor geometrical
imperfection was added. To enable this functionality, both the correction data and the rotor position
data must be accessible.

The characteristic of the imperfection, which depends on the rotor position, must be recorded in
order to be applied in the load angle correction function. To be able to use this information in the
algorithm, the rotor position must be determined first. This is easily done by using the signal from
the keyphasor sensor which detects of one rotor turn. The correction data is determined in the
calibrating process of the procedure for measuring the load angle in real time. The calibration of the
load angle measurement system must be performed only once, during commissioning. The
calibration has to be performed again in the cases when the generator undergoes specific maintenance
or fault corrections that change the correction data, for example changing the position of the air gap
sensor or mechanical interventions on the rotor that change the rotor geometry.

Air Gap Sensor

Signal Voltage Signal

Signal
Processing

Load Angle
Calculation

Correction
Data per
Rotation

Keyphasor
Sensor Signal

Load Angle
Correction
Function

Load Angle
Values

Figure 10. Flowchart of the developed real time load angle measurement algorithm.
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3.2. Testing Environment for Real Time Load Angle Measurement

Figure 11 shows the testing environment developed for testing the above described real time
load angle measurement algorithm. The testing environment includes the functions for the
acquisition and processing of signals from sensors as well as the real time load angle measurement
algorithm. It is based on the National Instruments (NI) hardware cRIO-9090 controller, the analog
input module NI 9205 and the current output module NI 9266. The applications are developed in the
systems engineering software LabVIEW. The testing environment acquires input signals through
analog inputs, where three inputs are used for generator terminal voltages, three inputs for generator
currents, three inputs for capacitive air gap sensor signals and one input for the keyphasor sensor
signal. The technical specifications of the air gap sensor used in the tests are shown in Table 1. A/D
conversion is performed with a sampling rate of 10 kHz for all analog inputs.

Figure 11. Testing environment for real time load angle measurement.

After the A/D conversion of the input signals, the acquired data is processed according to the
steps of the algorithm shown in Figure 10. The real time load angle values are available through
analog outputs or as digital data in the controller, accessible through the communication network to
which the controller is connected.

The functional testing of the real time load angle measurement algorithm in the real environment
was conducted on a hydrogenerator of the Dubrava hydropower plant (HPP). Three capacitive air
gap sensors and one keyphasor sensor are a part of the hydrogenerator’s monitoring system. The
signals from the sensors are connected to the cabinet of the monitoring system. Analog generator
terminal voltages and generator current signals are also available in the same cabinet. Therefore, the
testing environment was connected to the cabinet of the monitoring system where the analog signals
from the air gap sensors, the keyphasor sensor and the terminal voltages and currents of the generator
were all available. Because of this, the installation of the testing environment was performed quickly
and easily. After the installation, a calibration procedure was performed under the generator no load
operation mode and the correction data values were defined.
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Table 1. Technical specifications of the capacitive air gap sensor Veski CGS020210 used in the testing.

Parameter Unit Value
Probe type CGP-02
LM type CGL0202
Probe dimension mm  135x32x 17
LM dimension mm 125 x 80 x 60
Measuring range mm 3to15
Power supply VDC 18 to 36
Voltage output VDC 21010
Current output mA 4 to 20
Operating temperature ~ °C -15to 70
Full range accuracy % +3

3.3. Loss of Synchronicity Simulation Model

The power system simulation software ETAP was used for analyzing the performance of the
generator parameters with out of step and power swings. For this purpose, the northern part of the
Croatian power system was modelled. For better visibility, only one part of the power system model
is shown in Figure 12. The transmission system consists of 400, 220 and 110 kV lines and it is
interconnected with Slovenian, Hungarian, Bosnian and Serbian power networks. In this part of the
system there is one nuclear generator unit, several thermal and combined cycle units and 6 hydro
units.
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Figure 12. Illustration of a part of the Croatian power system topology used in the simulation.

Points of interest are the generators in the Dubrava HPP (marked in red in Figure 12) since they
might be subjected to the loss of synchronicity. The main reason for that is because the generator
rotors have very low mass and consequently a low inertia moment, although the problem is not so
simple and different studies and articles have been written about power swings on the mentioned
generators [32,33]. The main parameters of generators for the Dubrava HPP used in the simulations
are presented in Table 2.
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Table 2. Main parameters of generators in the Dubrava HPP.

Parameter Symbol Unit Generatorl Generator 2
Nominal power Sn MVA 42 42
Nominal active power Pn MW 39.9 39.9
Nominal voltage Ucn kv 6.3+7.5% 6.3+7.5%
Power factor COS@n 0.95 0,95
Nominal speed n rpm 125 125
Nominal frequency fn Hz 50 50
Inertia constant Ta s 1.05 1.05
Moment of inertia J@) t m? 1150 1150

Different power swings have been obtained and the behavior of the load angle, speed and other
generator variables have been analyzed. The most severe situation concerning power swings of the
generators is the three-phase fault on the power plant busbars, and this case was analyzed first. After
that, the three-phase fault at the end of the lines going out from the Dubrava HPP was analyzed.
Since the generators in the Dubrava HPP are identical, the behavior of only one generator was
analyzed. It should be noted that all simulations were performed with constant excitation (no voltage
regulation) and with no governor action during transient simulations.

4. Results

4.1. Testing Results of the Real Time Load Angle Measurement Algorithm

The above described testing environment was used for the functional testing of the real time
load angle measurement algorithm under operating conditions of a real hydrogenerator. The results
of the conducted tests are presented below.

Figures 13-15 show the algorithm testing results where the influence of the correction data on
the load angle measurement is shown. Due to transparency, the results for only one rotor turn are
given. Figure 13 shows the results of the load angle measurement when the load angle correction
function is not applied. Figure 14 shows the results of determining the correction data in relation to
the keyphasor signal sensor which were obtained in the process of algorithm testing. Figure 15 shows
the results of the load angle measurement when the load angle correction function or correction data
is applied. As shown in Figures 13-15, one rotor turn has 24 measured load angle values, so it should
also contain 24 correction data values. Precisely 24 measured values per rotor turn result from the
fact that one turn lasts 480 ms because the generator nominal speed equals 125 rpm, and the load
angle measurement resolution is 20 ms. Since the correction data stands for the rotor geometrical
imperfection, these values are always the same.
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Figure 13. Results of the load angle measurement when the load angle correction function is not
applied. The red dots represent the load angle values, and the blue curve the output of the keyphasor
sensor.
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Figure 14. Results of determining the correction data in relation to the keyphasor sensor signal
obtained in the algorithm testing. The red dots represent the correction data values.
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Figure 15. Results of the load angle measurement when the load angle correction function is applied.

The red dots represent the corrected load angle values.

The results clearly show that correcting the rotor geometrical imperfection improves the stability
and accuracy of the load angle measurement of the synchronous generator. The correction data
differs from generator to generator and it is not possible to assess to what extent their application in
the algorithm contributes to the improvement of the load angle measurements. Because these values
are constant their influence is greater for smaller load angle values, and vice versa, the influence is
smaller when the load angle values increase. The conducted analysis of the data obtained in the
functional testing on a real hydrogenerator shows that, in this case, the usage of correction data in
the algorithm increases the precision of the load angle measurement values (on average) by 5.4%
compared to the values obtained when the correction function was not applied.

The testing results of the above described load angle measurement algorithm are shown next.
Figure 16 shows the results of the load angle measurement of the synchronous generator under
steady-state conditions. As it can be seen, the load angle measurement is in sync with the expected
values, or in other words, there are no oscillations in the load angle values.

40- 40- 404
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3 % 3 T
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Figure 16. Testing results of the load angle measurement algorithm of the synchronous generator

under steady-state conditions. The red curve represents the active power measurements, the green

curve represents the reactive power measurements and the blue curve the load angle measurements.
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Figure 17 shows the results of the load angle measurement under continuous change of the
active power on the one hand, and constant reactive power on the other hand. The results show that
the load angle curve follows the active power curve, pointing to the conclusion that the load angle
measurement algorithm provides correct results. Figure 17 shows the example of starting a generator.
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Figure 17. Testing results of the load angle measurement algorithm of the synchronous generator
under continuous change of the active power. The red curve represents the active power
measurements and the blue curve the load angle measurements.

To confirm the accuracy of the load angle measurement algorithm, additional tests where both
active and reactive power are changed were conducted and their results are given in Figure 18. The
results show that, in the case when reactive power is constant, the load angle curve follows the change
in the active power curve, and this has already been confirmed in previous cases. This type of
behavior is in line with the load angle definition. When the generator power swing fault occurs, the
active power swings affect the load angle. The load angle values follow the changes in the active
power. The results also show the behavior of the load angle when the reactive power is changed. This
example depicts the change of reactive power of the generator, and the results show the response of
the load angle to the change of reactive power. From the results of the conducted tests it can be seen
that the increase of reactive power in the inductive region decreases the load angle, and vice versa.
Furthermore, the load angle is bigger in the capacitive region than in the inductive region. When
taking these two facts into account, it is evident that the generator stability is more subjected to
instability in the capacitive region then in the inductive region. The algorithm testing results shown
in Figure 18 directly confirm these postulates.
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Figure 18. Testing results of the load angle measurement algorithm of the synchronous generator

under a change in first the active and then the reactive power. The red curve represents the active

power measurements, the green curve represents the reactive power measurements and the blue

curve the load angle measurements.
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4.2. Loss of Synchronicity Simulation Results

Figures 19-26 show the behavior of Generator 2 for the three-phase fault on the busbar at 100
ms and fault clearing at 270 ms from the start of the simulation. In the aforementioned Figures, the
behavior of active power, reactive power, load angle and speed are presented. After the fault, the
active power drops immediately and it is practically zero during fault time after which it jumps and
then after some time stabilizes at the same power it had before the fault. At the same time the
maximum load angle of 140° is reached at 300 ms from the start of the fault, and after that the angle
starts to stabilize. The machine speed rises after fault, reaching the maximum at approximately 280
ms and then decelerates with oscillations.

0 05 10 15 20 25 3.0
Time [s]

Figure 19. Simulation results of active power of Generator 2 during the three-phase fault with the
fault duration of 170 ms.
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Reactive power [MVAr]
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Figure 20. Simulation results of reactive power of Generator 2 during the three-phase fault with the
fault duration of 170 ms.

Load angle [degree]

15
Time [s]

Figure 21. Simulation results of the load angle of Generator 2 during the three-phase fault with the
fault duration of 170 ms.



Energies 2020, 13, 3336 18 of 22

Speed [rpm]

[ 05 10 15 20 2s 30
Time [s]

Figure 22. Simulation results of speed of Generator 2 during the three-phase fault with the fault
duration of 170 ms.

For the fault with the duration of 172 ms, unstable power swings occur. The load angle is rising
again but this time it does not stop at 140° but continues to rise and the generator goes out of step.
The generator speed rises after the fault, but it does not decay like in the situation with a stable power
swing. It continues to rise with oscillations. The value of 170 ms is the critical fault time for this
generator for the fault at the busbars.

00, Time [s]

Figure 23. Simulation results of active power of Generator 2 during the three-phase fault with the
fault duration of 172 ms.

Reactive power [MVAr]

Time [s]

Figure 24. Simulation results of reactive power of Generator 2 during the three-phase fault with the
fault duration of 172 ms.



Energies 2020, 13, 3336 19 of 22
D“E 1.0

Figure 25. Simulation results of the load angle of Generator 2 during the three-phase fault with the
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Figure 26. Simulation results of speed of Generator 2 during the three-phase fault with the fault
duration of 172 ms.

The results of the simulation can be interpreted using equal area criterion already discussed in
Section 2. After a short circuit happens, the active power is reduced immediately, and the generator
starts to accelerate due to the difference between mechanical and electrical power. When the fault is
cleared the active power reaches its previous value and the generator starts to decelerate. According
to the simulation, 170 ms is the critical fault time for which the kinetic energy of accelerating (area 1
in Figure 2) is balanced with the kinetic energy of decelerating (area 2 in Figure 2). For longer fault
times, the critical angle 5. will be passed and further increase in the load angle will result in lower
electrical power and the generator will start to accelerate with no recovery.

The simulations have been repeated for the three-phase faults at the end of the 110kV lines going
out from the Dubrava HPP to the Prelog substation (SS) and Koprivnica SS. The critical fault time at
the end of Prelog SS line (10.1 km) is 199 ms and at the end of the Koprivnica SS line (17.1 km) it is
209 ms. During both disturbances, the angle of 140° was reached in the critical fault time.

The results of the simulations show that the angle of 140° could be used as the trigger criterion
for the out of step protection function of the analyzed machine. For some other machine it might be
the case that this angle should be lower or even higher. It would be possible to set a lower trigger
value (e.g., 120°) and condition the tripping of the generator with the number of slipping cycles. This
will ensure that the machine is not tripped unselectively for the power swings in the transmission
network. However, it would be better to use load angle values together with some other condition.
According to Equation (8), the change of generator speed is proportional to the rate of change of the
load angle. The results of the simulation show that the load angle rate of change for unstable power
swing, near the critical load angle values, does not change its sign, i.e., it is always positive. On the
other hand, when we have stable power swing, the load angle rate of change switches from positive
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to negative values near critical load angle values. This behavior implies that the rate of change of the
load angle together with the load angle value can be used for the loss of synchronicity fault detection.

5. Conclusions

This article deals with the angle stability problem that occurs on synchronous generators, and
how to predict and/or detect this loss of synchronicity using the real time load angle measurement
method. The results of the conducted research are presented in the article. The goal was to find out
whether a real time load angle measurement which can be used for detecting the generator out of
step can be realized.

The real time load angle measurement algorithm was developed and evaluated on a real
hydrogenerator in the Dubrava HPP. The capacitive air gap sensor method is used for load angle
measurement. The results show that the measurement method and the developed algorithm give
very accurate real time load angle measurements with the highest possible resolution. This allows
the usage of the load angle in detecting the synchronous generator out of step, which further requires
the development of an out of step algorithm or a generator protection function. The development of
such an algorithm is the subject of future research. The results of the conducted loss of synchronicity
simulations, some of which are presented in Section 4, will be used in the development of the out of
step protection algorithm. The here presented results also show that the load angle can be used for
detecting the synchronous generator out of step.

Power system stability and in particular rotor angle stability of multimachine power systems
should be analyzed taking into account local variables of different nodes in the network. For this
reason, further research will focus on the distribution of the load angle measurements via the
communication network towards other systems by using standard communication protocols
designed for automation and control systems. The intention is to analyze the possibility of using the
load angle measurements from generators in the power system for system integrity protection
schemes (SIPS) but also to make the load angle available to other systems that could use it for different
purposes, but are not able to measure it themselves.
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