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Abstract—This paper describes the implementation of the P-
Q capability diagram into the existing monitoring system for
the 247 MVA synchronous turbo generator installed in a
thermal power plant. The paper also addresses features,
characteristics and uniqueness of the existing monitoring
system as well as the modeling considerations required for the
development of a P-Q diagram. This enables better insight into
the operational limits which ensures better utilization of the
synchronous generator. The proposed approach and
methodology can be used for the implementation of the user
real-time P-Q diagram whose limits change dynamically in
accordance with operating conditions when the generator
operates on the grid.

Index Terms—Electric machines, measurement system,
monitoring system, P-Q diagram, synchronous generator.

. INTRODUCTION

Synchronous generators are an essential part of the power
systems. The expansion of their capabilities represents a
great contribution in several different fields. For example,
from the ecological point of view, capability expansion
means that there is no need to build additional “not so
green” power sources such as thermal power plants. If more
power can be generated with the same generators in the
existing power plants, it would certainly help to gain enough
power and energy in the power system. Of course, this
approach depends on parameters of a particular power
system. The main advantage comes from the generation of
additional active power. Expansion of capabilities is also
possible in the reactive part, especially in the capacitive area
(i.e. under excitation). Benefits of that kind of expansion
come from a better voltage regulation which is positive from
the system stability point of view. In order to achieve the
described properties an adequate measurement system
should be installed on the synchronous generator or the
existing one should be modified in order to measure and
monitor some specific physical quantities. Those measured
quantities can be used to refine the analytical model of the
synchronous generator to produce a relevant real time P-Q
diagram plot. The real time user P-Q diagram is specific for
a particular generator and changes with the change of the
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operating point.

Il. THE MEASUREMENT SYSTEM

Measurement and monitoring systems are well-known and
justified from the economical point of view, especially for
large electric machines [1]. That kind of systems monitor
essential physical quantities such as bearing vibrations,
bearing oil pressure, temperature, etc. However, today’s
condition monitoring systems may include monitoring of
many types of different physical quantities which are
embedded in one monitoring system [2]-[13]. Monitoring
systems can also be incorporated in more sophisticated
diagnosis systems as in [14], [15] or in this case into the user
P-Q capability diagram.

Research on the real-time user P-Q diagram was made in
two Croatian power plants: the Vinodol hydro power plant
(hereinafter HPP Vinodol) and the Plomin2 thermal power
plant (hereinafter TPP Plomin2). HPP Vinodol has three
generators with rated power of 35 MVA per unit. Probes
were installed on all three generators and measurements
were made with a temporary measurement system.

On the other hand, in TPP Plomin2 a monitoring system is
installed and has been fully operational for 3 years. The
synchronous generator (Fig. 1) installed in this power plant
is a turbo generator which is cooled with hydrogen, and has
247 MVA of the rated apparent power.

Fig. 1. Synchonous turbogenerator in TPP Plomin2.
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Fig. 3. Signal cable glands.

In the past, during overhaul procedures (Fig. 2), many
Hall, thermal probes and accelerometers were installed in
this generator.

At this point the total amount of installed probes contains:

— 11 accelerometers,

— 14 Pt1000 probes and,

— 30 Hall probes.

Besides the mentioned probes, there are three stator
(armature) voltages, three stator (armature) currents, a rotor
(excitation) voltage, a rotor (excitation) current and one grid
voltage signal which total 66 monitored signals. The
monitoring system is also prepared for additional encoder
installation.

Since the generator is cooled with hydrogen, special
vacuum glands for signal cables were developed and
installed (Fig. 3) to ensure proper wiring without hydrogen
leakage.

The measurement system is divided into four major parts:

— probes within the generator (the above mentioned 55

probes, signal cables and cable glands),

— measurement in the excitation cabinet (measurement of

the excitation voltage and current),

— central measurement cabinet — Fig. 4 (a DAQ system

placed near the generator),

— PC station (placed in the control room).

The measurement cabinet and the PC station are
connected via Ethernet link — STP cable approx. 90 meters
long. The central part of the measurement system is NI
cDAQ 9188 with three NI 9025 analogue input modules.

LabVIEW was used as the basis for the measurement
system. Such usage is very common [16]-[18].

The application for monitoring and recording relevant
physical quantities provides many possibilities. For example,
real-time waveforms of all the measured signals can be
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displayed (Fig. 5. and Fig. 6). Besides the monitoring and
recording the steady-state operating points, the monitoring
application has the ability to detect and record transients.
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Fig. 4. Measurement cabinet.

A subroutine for transient recording is triggered by a fast
change of the RMS value of the armature current. Transients
are recorded with the duration of 20 seconds with 5 seconds
of pre-trigger. When it occurs all signals are stored in the
database which can be examined and analysed afterwards.

I1l. MODEL OF THE SYNCHRONOUS GENERATOR FOR A

USER P-Q DIAGRAM

Instead of having a single value of the nominal voltage at
which it can operate, a synchronous generator usually has
armature voltage operational limits in which it can operate
according to certain specifications. For example, the
generator analysed in this paper can operate between the
voltage limits of 7.5 % less than the nominal voltage and
7.5 % above the nominal voltage. The same thing applies for
the armature current as it can be seen from Table I.

TABLE I. NOMINAL PARAMETERS OF THE ANALYSED
SYNCHRONOUS TURBO GENERATOR.

Parameter Nominal values
Apparent power 247 MVA
Armature voltage 13.8kV £7.5%
Armature current 10.3kA£7.5%

Power factor 0.85
Frequency 50 Hz
Angular velocity 3000 rpm
Field current 2526 A

This means that a synchronous generator cannot operate
with the armature current above the nominal values when the
armature voltage is above the nominal. In that case the
machine would operate with the apparent power greater than
the nominal. Therefore, if the generator operates with the
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armature current greater than the nominal, the armature
voltage should be below the nominal value and vice versa
[19].
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Fig. 6. Armature voltage and current.

This means that maximum armature current limit in a P-Q
capability diagram varies with the armature voltage which,
on the other hand, varies with the operational point and time.

Another important modification of the classical model and
methodology of obtaining capability P-Q diagram is taking
into account dependence of the direct-axis synchronous
reactance with the machine magnetic saturation level which
also varies with the operating point. If machine is equipped
with the load angle measurement unit then the direct-axis
synchronous reactance can be calculated from the phasor
diagram (Fig. 7) as in (1)

U sin(d)

" lcos(d+] ) @

d

The obtained value of the direct-axis synchronous
reactance is later used for determining the practical static
stability limit in the user real-time P-Q diagram.

Another interesting quality of this measurement system is
the possibility to perform on-line measurement of the stator
leakage reactance. This is performed by measuring the angle
b which is an angle between the terminal voltage phasor U
and the air-gap induced voltage phasor E (Fig. 7). Therefore,
the leakage reactance can be calculated using

U sin(b)

“Tcos(b+j ) @)

S

The terminal voltage U and the armature current |
waveforms can be simply measured by using a voltage and
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current transducer such as measurement voltage and current
transformer. With familiar waveforms of the terminal
voltage and the armature current, the phase angle j can be
easily determined.

Ad
q axis

d axis
Fig. 7. Vector-phasor diagram of synchronous turbo-generator.

The terminal voltage U, the armature current | and the
phase angle j are standard measuring quantities in all power
plants and facilities since they are required for load flow
measurements. On the other hand, determinations of the load
angle d and the angle b are non-standard measurement
quantities.

In this case the load angle d is determined from the time
interval between the falling edge of the rotor proximity
signal (one impulse per revolution) and the moment when
terminal voltage waveform passes through the zero voltage
threshold. This time the interval is later converted into the
equivalent electrical angle which differs from the load angle
for a constant value. To measure the load angle correctly this
constant must be set to the value that gives the load angle
exactly zero in a no-load condition but before the
synchronization of the unit to the power grid. This can easily
be done in data acquisition or monitoring software. This
constant depends on the position of the proximity mark at
the rotor and the phase used for measuring the load angle
etc. Another approach which uses the air gap sensor for the
load angle measurement can be found in [20].

Measurement of the angle b is obtained by measuring the
difference of phase angles between the first harmonic of the
flux density waveform B, measured by a Hall sensor placed
in the air gap and the phase angle of the fundamental
harmonic component of the terminal voltage waveform U. It
is assumed that the phase angle of the fundamental harmonic
of the flux density waveform in the air gap in an arbitrary
position differs from a phase angle of the fundamental
harmonic of the resultant flux density B; only for a constant.
It is also clear that the phase angle between the resultant flux
density Br and the induced air gap voltage E differ exactly
by 90°, which means that the phase angle of the fundamental
harmonic of the flux density waveform in the air gap in an
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arbitrary position differs from the phase angle of the
fundamental harmonic of the air gap voltage E for a
constant. Therefore, measuring the difference of the phase
angles between the first harmonic component of the flux
density waveform at the arbitrary position in the air gap and
the phase angle of fundamental harmonic component of the
terminal voltage waveform will differ from the correct value
of the angle b for a constant, as it can be seen from Fig. 7.

Measured Xd

Linear aproximation

I, p.u.
Fig. 8. Variation of the direct-axis synchronous reactance with the
armature current.

0.22 T Measured )<U
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o
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Fig. 9. Variation of the armature leakage reactance with the armature
current.

Similarly, as in the case of the load angle measurement,
this constant can be determined from the no-load condition,
but before the synchronization because it is a situation where
the angle b must be equal to zero. This can be easily set in
the data acquisition or monitoring software. Similar
approaches for the measurement of the armature leakage
reactance can be found in [21].

Figure 8 and Fig. 9 show the dependence of the direct-
axis reactance and armature leakage reactance on the
armature current which was extracted from the data
measured during the period of four months. It can be seen
from the Fig. 8 that direct-axis reactance Xy decreases with
the increase of the armature current as the magnetic
saturation level increases with the load which leads to a
decrease of the permeability and therefore to the decrease of
the magnetic permeance and direct-axis reactance. On the
other hand, leakage reactance increases with the armature
current and with the increase of the load. As stator teeth
become more saturated due to increase of the armature
current, magnetic resistance of the teeth increases which
leads to the increase of the leakage flux through slots and to
the increase of the stator leakage reactance.

Paper [22] provides a calculation as well as measurement
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results of the armature leakage reactance for this particular
turbo generator. According to [22] the measured value of the
armature leakage reactance equals 17.28 %, but it is the
unsaturated value.

Ey

Fig. 10. Derivation of the P-Q capability diagram from the phasor diagram
of the a synchronous turbo generator.

O
Fig. 11. P-Q capability diagram of a synchronous turbo generator with
operational limits: 1 — maximum available power of the prime mover, 2 —
maximal armature current, 3 — practical static stability limit, 3° -
theoretical static stability limit, 4 — minimum field current limit, 5-
minimum available power from the prime mover, 6 — maximal field
winding current.

It can be seen from Fig. 9 that the value of leakage
reactance provided in [22] matches the value obtained by
analysing the data acquired by this monitoring system. It
should be noted that the presented methods for determining
the direct-axis synchronous reactance and armature leakage
reactance show poor accuracy as the armature current
reaches zero.

This illustrates how synchronous reactances vary with the
load conditions and the level of the magnetic saturation in
the machine.

IV. USER P-Q DIAGRAM

Capability P-Q diagram is derived from the classical
steady-state model of the synchronous generator and the
phasor diagram. This paper presents the methodology for
obtaining a capability P-Q diagram for a steam-turbine
cylindrical rotor turbo-generator only, as the paper deals
with this type of the synchronous generator. A classical
capability P-Q diagram is obtained from the phasor diagram
by dividing every phasor in the phasor diagram by direct-
axis synchronous reactance Xg and by multiplying them with
armature voltage (Fig. 10). The obtained diagram has main
axes which correspond to the active power P and the
reactive power Q, which can be enriched with the
operational limits (Fig. 11).

This approach is valid if the generator is connected to an
infinite bus-bar with the constant voltage, and if the direct-
axis synchronous reactance is constant.
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Fig. 12. User P-Q capability diagram as a part of measurement monitoring system for a synchronous turbo generator.

However, in practice the infinite bus-bar assumption is not
valid because of the armature voltage variation with the
operational point due to non-negligible impedance of the
power network, which is valid especially for large units.
Moreover, the assumption of a constant direct-axes
synchronous reactance is also not valid. As today’s machines
are designed with a certain amount of the magnetic
saturation due to economic reasons, the magnetic saturation
level also varies with the machine’s operational point.

It is clear from this analysis that some modifications of the
classical synchronous machine model and the methodology
for obtaining a P-Q diagram should be made in order to
describe variations of the direct-axis synchronous reactance
and armature voltage.

Since this monitoring measurement system measures a lot
of quantities such as the terminal voltage and the direct-axis
reactance Xd it can be used to expand a classical static P-Q
capability diagram to a user P-Q capability diagram which is
updated in real-time. This means that the user P-Q capability
diagram takes into account changes of parameters and all
nonlinearities which arise from particular operating points
such as magnetic saturation level or magnetic hysteresis
which has an impact on the operational area of the
synchronous turbo generator. This means that this approach
enables better and more reliable determination of the
operational limits of the synchronous turbo generator. It is
especially important for the practical static stability limit in
the under-excitement capacitive area which is the main
prerequisite for a successful trade of a reactive power as it
enables reliable operation in the under-excited capacitive
regime. Further efforts can be made by using another
approach in the synchronous generation excitation control
system to achieve reliable operation in the under excitation
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capacitive regime.

Based on the model and methodology explained in the
previous section a user P-Q diagram is implemented and
designed in the LabView software environment and has
already been in operation for two years. Figure 12 shows a
user P-Q diagram implemented into the monitoring
measurement system. All operational limits are updated in
real-time. It can also be seen from Fig. 12 that the
application shows all other relevant electric quantities such
as the terminal voltage, the armature current, power of all
phases, frequency etc.

V. CONCLUSIONS

The user P-Q diagram proved to be very useful to power
plant personnel as well as to system dispatchers. Right now,
dispatchers use, at best, static P-Q diagrams of aggregates
which usually do not take into consideration transformers.
Dispatchers need real time information in relation to power
plant capabilities in order to increase availability, especially
in case of emergency. This research proved that aggregates
are not utilized to their full potential. In order to fully utilize
the aggregates, a non-standard measurement system should
be installed to read all important quantities which should be
used together with the machine model to obtain a reliable
real-time user P-Q diagram. The same measurement system
can be used for monitoring or an existing monitoring system
can be extended with the implementation of a real-time user
P-Q diagram.

Therefore, the implementation of user P-Q diagrams can
be easily paid off within one year. It shows the benefits of
the installation and usage of the real time user P-Q diagrams
both from the economical and practical point of view.
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