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Protection
Purposes

The out-of-step protection function is one of the key functions in generator protection. This function detects the loss of generator synchronism, and
when such a fault occurs, it is necessary to disconnect the generator from the rest of the system as soon as possible in order to avoid major damages.
The algorithms used in the out-of-step protection functions are based on the measurements of generator impedances and they use the impedance
vectors to check if all stability criterions are met. This paper describes a new approach to realizing the out-of-step generator protection function by
using the direct load angle measurement. The idea behind applying the real time load angle measurement is to faster detect the loss of synchronism.
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INTRODUCTION

The generator protection device is one of the key components of every
power plant. Its goal is to use input parameters (measurements and si-
gnals) and built-in algorithms to protect the generator from faults in auxi-
liary generator systems, faults in the grid and internal generator faults.
Different functions or algorithms are used in the generator protection devi-
ce to protect the generator from different types of faults. These algorithms
are implemented in numeric protection relays that, in addition to carrying
out the algorithms, gather and process input data and (depending on the
algorithm results) act towards other systems to prevent generator damage.
One of the functions with a major role in generator protection is the out-
of-step protection function, which is currently implemented by assessing
the generator stability based on the monotony, continuity and uniformity
of impedance change [1],[2]. In certain operational situations (important
power line outages, short circuits) in power systems, disturbances which
can cause the loss of synchronism within the power system or between
mutually connected systems can occur. If such a loss of synchronism is
manifested, the asynchronous areas have to be isolated before the gene-
rator is damaged and other outages start occurring throughout the system.
When the loss of generator synchronism occurs, high amplitude currents
cause strains in generator windings as well as mechanical strains that can
lead to generator and turbine damages [5]. Generator faults caused by
such malfunctions usually bring significant financial costs manifested by
expensive repairs and revenue loss due to production interruptions. The-

refore, it is important to identify the fault and shut the turbine and generator
as soon as possible [3].

Considering the fact that the generator load angle is a value that specifi-
cally indicates the position of the generator operating point in relation to
the border of stable operation, the possibility of using the load angle for
generator protection purposes opens up [6]. In addition, load angle can be
used in the following applications:

. maintenance of stability of power system through the action on ge-
nerator excitation system,

e  determination of real time generator capability chart,

e  torsional dynamics of generator (analysis during power swing or
electrical transient load),

° electro-mechanical resonance detection,
° measurement of losses (stator core and mechanical).

Although the load angle is a very reliable indicator of system stability, it is
still insufficiently used in generator protection, and one of the reasons for
this situation is the complexity of its direct measurement [4].

Taking into account the above mentioned, the paper describes the met-
hod used for real time measurements of the load angle of synchronous
generator. The paper defines a new approach to using the load angle for
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Fig. 1. Graphical representation that shows relation of rotor position, magnetic field and load angle

the generator out-of-step protection function. Additionally, the paper over-
views the existing algorithms for synchronous generators’ out-of-step pro-
tection function used in today’s generator protection relays.

LOAD ANGLE MEASUREMENT

The electrical load angle (3) is the angle between induced EMF and ter-
minal 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. These two fields are not
completely aligned. The stator field lags behind the rotor field. This lagging
is expressed in the load angle.

Fig. 1. shows the relation of rotor position, magnetic field and load angle.
The generated power is directly proportional to the sine value of this angle.

The load angle is also a direct representative of magnetic field torsional
stiffness inside the air gap as well as of generator stability in operation (e.g.
out-of-step). On-line measurement of the load angle (static and dynamic) is
of great importance when determining actual working parameters of a ge-
nerator when combined with the on-line capability chart (P-Q chart). Load
angle, if measured with fine resolution, can be used to determine losses of
a generator. It is also a key parameter in understanding torsional dynamics
of a generator where magnetic field stiffness influences dynamic response
of the generator.

The load angle can be measured by either using the shaft encoder or air
gap sensor placed inside the stator and the signal of terminal voltage on
one phase (it doesn’'t matter which.). In our research, we use the air gap
sensor method for measuring the load angle. The air gap sensor gives
more stable and precise information on the rotor position compared to the
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shaft encoder due to the small radius of the shaft encoder ring compared
to the rotor radius. Consequently, the load angle calculation is more pre-
cise [7]- [10].

The air gap sensor measures the distance between the stator and rotor
poles. It produces a signal whose frequency is twice the grid frequency
and is a good representation of rotor position. Since the rotor position is in
phase with induced EMF, it can be used to determine the value of the load
angle together with a signal of terminal voltage.

Fig. 2. shows the measurement results and the relation between the termi-
nal voltage signal and the air gap signal. As the load angle increases, the
phase voltage lag behind the rotor position (induced EMF) also increases.

That method gives stable results as can be seen in Fig. 3. It shows the
change of load angle in the synchronous condenser, pumping and gene-
rating regimes, with varying active and reactive power.

EXISTING METHODS OF DETECTING
THE GENERATOR LOSS OF
SYNCHRONISM

Over 30 years ago, the electrical centers of power systems were located in
the transmission networks whose protections detected the losses of sync-
hronism without the need of shutting down generators. Over the years,
transmission networks got stronger, but so did the generator and block-
transformer impedances. This resulted in moving electrical centers of the
system all the way to block-transformers and generators, thus connecting
the strains of the mentioned system components.
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In such a system, the loss of synchronism will not be detected by network
protections, and the need for the loss of generator synchronism protection
emerged. The existing generator protections, such as the differential pro-
tection or the overcurrent protection will not work in such situations. [2] The
loss of excitation detection function can detect some loss of synchronism,
but will not work in all situations in the system. The term “loss of synchro-
nism” is closely tied to the term “transient generator stability”. Transient
stability deals with the issue of equalized processes through the phenome-
non of attenuated oscillations of the angular rotor speed of synchronous
machines, such as sudden load changes, changes of switching state and
short circuits in the network. Transient stability is maintained if the osci-
llations are attenuated and the drive is returned to normal. In the case of
transient stability, as well as static stability, there is a mutual dependence
on the power transmitted and the generator load angle. In normal drive si-
tuations, this angle is constant and it depends on the load. In power swing
situations, the angle oscillates, and when the loss of synchronism occurs,
the angle can vary between 0 and 360 degrees [11],[12].

In the majority of modern numeric relays, the loss of synchronism function
is realized through the measurement of impedance change in time. In the
algorithms of this protection function, the passing of impedance vectors
through the polygonal impedance characteristics is observed. The impe-
dance is calculated from the positive sequence fundamental frequency
components of the three voltages and currents. In Fig. 4. one typical out-
of-step polygon is presented. It is described by impedances Za, Zb, Zc
and Zd. The poygon is symmetrical about its vertical axis. The origin of
coordinate system represents the point of measurement of currents and
voltages. Zb is measured in reverse direction into the generator. In forward
direction Zc is measured into unit transformer and Zd into power network.
Depending of electrical centre of power swing, the impedance vector is
moving through characteristic 1 or 2 [16]. When the condition for the loss
of synchronism is fulfilled, that is, when the impedance vector passes thro-
ugh the polygonal characteristic, a counter is activated and the stimulus
for the loss of synchronism protection is activated. After the set number
of passes of the impedance vector through the polygonal characteristic is
exhausted, the command to switch off the circuit breaker, excitation and
turbine is activated [13],[14].

As set out above, the out-of-step protection functions are based on me-
asuring the impedance and analyzing the history of the impedance pha-
sor at a certain point, usually on the generator terminals. Additionally, the
evaluation of the generator stability based on the criteria of monotony,
continuity and uniformity impedance demands a certain time for detecting
the loss of generator synchronism [15]. The next chapter will describe the
concept of the out-of-step synchronism protection based on the direct
load angle measurement.
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Fig. 4. Example of a characteristic of out-of-step polygon
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Fig. 5. Concept of the generator protection system with the separated out-of-step
function

OUT OF STEP GENERATOR
PROTECTION BASED ON THE DIRECT
LOAD ANGLE MEASUREMENT

As previously mentioned, modern protections detect the loss of synchroni-
sm by measuring the impedance change, that is, by indirectly determining
the generator load angle. On the other side, the load angle can be directly
measured and such measurements are mostly used in the generator unit

monitoring systems [7]. In the monitoring systems, the load angle is calcu-
lated off-line on the basis of the collected measurements. For protection
purposes, the load angle has to be calculated in real time and the calcula-
tions have to be performed with high accuracy and in short time intervals
(every 20 ms). For easier understanding, the load angle calculation can be
observed as the synchrophasor calculation. More details on the load angle
measurements are given in Chapter 2. In our approach to the realization
of the out-of-step generator protection function or the loss of synchronism
by measuring the direct load angle, the air gap sensor method is used. The
advantages of this method are also given in Chapter 2.

In the remainder of this chapter the approach or the idea behind the im-
plementation of the out-of-step generator protection function by using the
direct load angle measurement will be given. The main idea behind imple-
menting this approach to the protection function is to develop a device
that will encompass both the algorithm for measuring the load angle in real
time and the algorithm for the out-of-step protection function. This device
would be used alongside the usual generator protection relay and would
detect the generator loss of synchronism faster than the standard relay
protection function. Fig. 5. shows such a generator protection concept.

Unlike the calculation of the load angle for generator monitoring purposes,
the measurement of the load angle in real time is much more complex for
several reasons. To ensure the functionality of the protection algorithm, the
load angle measurement has to be conducted every 20 to 40 ms.
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Fig. 6. The functional model of the development environment for testing the out-of-
step protection function
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Taking into account that the load angle is determined by measuring volta-
ges and air gaps, it is very important to ensure the measurement precision,
which on the other hand requires the processing of the measurement si-
gnal (voltage and air gap) to once again ensure the reliability and stability
of the measurements. In applications where the processing time and cal-
culation do not depend on the functionalities of the system (like monitoring)
this does not represent a problem, but for generator protection purposes
where only a short time interval is available for processing the signals and
calculations and ensuring reliability, this is a challenge.

One of the main goals of this R&D project is to define the out-of-step
generator protection function algorithm by measuring the direct load
angle. In order to define and implement the protection algorithm in the
development environment and to test it in the laboratory and in real con-
ditions, a mathematical or simulation model for detecting the out-of-step
generator protection has to be developed. The purpose of the simulation
model is to enable the algorithm testing in certain operation states, and to
determine, by using the simulation results, the algorithms’ key parameters
and its shortcomings. After defining the protection algorithm based on the
conducted simulations and problem research, a functional model that will
include all necessary functionalities of the device will be generated. The
functional testing model for the out-of-step protection function is depicted
in Fig. 6. The development environment is based on the National Instru-
ments hardware and the LabVIEW simulation environment.

DIRECT LOAD ANGLE MEASUREMT
METHOD

To ensure the functionality of the out-of-step protection algorithm, a very
precise and reliable measurement of the load angle has to be provided.
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 implementation of the load angle measurement algorithm functiona-
lities includes the air gap 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, or after each period. Be-
cause the load angle is a value determined in the same way as the phasor,
that is the smallest possible resolution in which it can be measured or de-
termined. When compared to the commonly used method for measuring
the load angle shown in Chapter 2, this method takes into consideration
the rotor imperfection. The rotor imperfection can be explained as a geo-
metrical imperfection. This directly influences the precision of the air gap
measurement, and consequently the load angle value. The geometrical im-
perfection 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

Fig. 9. Development environment for testing and direct load angle measurement

time, meaning it is possible to correct the air gap measurement for that
specific imperfection. The characteristic of the deviation, which depends
on the rotor position, has to be recorded in order to be applied in the di-
rect load angle measurement algorithm. And to use this information in the
algorithm, the rotor position first has to be determined. This is easily done
by using the signal from the keyphasor sensor.

Fig. 7. shows the results of the direct load angle measurement without
correcting the rotor geometrical imperfection, and Fig. 8. shows the re-
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19-

185

17

7 17

S —_— [~

g S~ T - M
4

;:' 15.!

IR

14.

135

33 '
23:11:43.00 23:11:43.10 23:11:43.20 23:11:43.30 23:11:43.40 23:11:43.50 23:11:43.60 23:11:43.70 23:11:43.80 23:11:43.90 23:11:44.00 23:11:44.10 23:11:44.20 23:11:44.30 23:11:44.44

08/05/2019 08/05/2019 08/05/2019 08/05/2019 08/05/2019 08/05/2019 08/05/2019

08/05/2019

08/05/2019 08/05/2019 08/05/2019 08/05/2019

Fig. 8. Results of direct load angle measurement with geometrical imperfection correction

16 Number 1 (2020), p. 13-17

Ivan Visi¢, Ivan Strnad, Tihomir Tonkovi¢, Real Time Load Angle Application for Synchronous Generator Protection Purposes, Journal of Energy, vol. 69



sults of the direct load angle measurement when the rotor geometrical
imperfection is corrected. The results clearly show that correcting the
rotor geometrical imperfection improves the stability and accuracy of
the direct load angle measurement of the synchronous generator.

The results presented here were obtained by measuring the direct load
angle on a real hydro generator. The development environment where the
functionalities for data gathering and processing from sensors, as well as
the algorithm for determining the direct load angle, are shown in Fig. 9.

CONCLUSION

The development of the electricity market, new regulations and the de-
velopment of the power network on the one hand, and high expectations
on electricity supply and availability on the other hand make the power
system increasingly more complex. Due to the mentioned factors, periods
in which the operation of power system is on the upper edge of its capacity
occur more frequently. To make sure the power system stays stable in
such situations, advanced technologies that allow intelligent system ma-
nagement have to be used. Taking into account that the load angle is a
very reliable indicator of stability, it should be considered for application in
the power system protection.

This paper sets out a new approach to realizing the out-of-step generator
protection function by measuring the direct load angle which is currently
under development in the Pro Integris company. The project itself is in the
initial phase so only a limited array of results and technical details were
given. In this phase of the project, the algorithm for the real time load angle
measurement and the mathematical generator model for testing the out-
of-step protection algorithm by measuring the direct load angle are being
developed. The real time load angle measurement algorithm testing results
performed on a real hydro generator show a very precise and stable load
angle calculation within the highest possible resolution. The development
of the protection algorithm is a further goal of this project. After the conduc-
ted testing and the optimization of both algorithms, the project will set out
to develop a functional model that will encompass both the real time load
angle measurement algorithm and the out-of-step protection algorithm.

By applying the proposed approach to the out-of-step generator pro-
tection, the goal is to achieve faster detection of the loss of synchronism
from the detection speed of the currently commercially available solutions.
Although this solution demands an additional device next to the existing
protection relay, and thus increased generator protection system costs,
the benefits this investment incurs through faster detections of the loss of
synchronism should justify the cost, considering the substantial malfuncti-
ons such a fault can cause.
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