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Abstract: Besides achieving an optimal scheduling generator, the operation safety of the generator
itself needs to be focused on. The development of the virtual visualization of a generator capability
curve simulation to visualize the operation condition of a generator is proposed in this paper. In this
paper, a neural network is applied to redraw the original generator’s capability curve. The virtual
visualization of a generator’s capability curve can simulate the generator’s operating condition
considering the limitation of the constraints on the various elements of the generator. Furthermore, it
is able to show the various possibilities that occur in the operation of a generator in reality, and it can
even simulate special conditions which are based on various conditions.

Keywords: generator; capability curve; visualization; operating condition

1. Introduction

Generator scheduling optimization is always carried out with the main objective
of reducing the total operating costs of the power plant. Many methods are applied to
optimize power plant operating costs through scheduling generators with different cases
and problems [1–4]. However, although the scheduling can find an optimal solution, it
should ensure the safety of the generator. In a power plant, the safety of generators during
operation can be monitored by a generator capability curve (GCC) through the visualization
of the work point of the generator. The typical synchronous generator capability curve
is shown in [5]. The limit of the workability of the generator is expressed through the
capability curve. In a power system, generator capability curves are used to monitoring the
generator while operation on the generation side, such as to monitor changes of generator
power output due to changes in the load power. The generator capability curve will provide
information about the limitation of the ability of the generator operation to supply power.
The limits for the operation of the generator include active and reactive power limits, rotor
current limits, stator current limits, stator core end heating limits, and steady-state stability
limits.

Each generator has a different characteristic capability curve, according to the power
capability of the generator. Some research on capability curves is mentioned in [6–9]. Par-
ticularly, the generator capability curve is proposed for analyzing synchronous generators
by adaptive analytics, as discussed in [10]. In [11], the examination of three different
alternating current optimal power flow formulations with generator capability curves
representing the D-curve are discussed. The safe operating limits of the generator through
the capability curve, considering if load shedding is needed or not, are presented in [12].
In [13], the generator capability curve is used to analyze how to improve the active power
pricing mechanism by considering the reactive power component. Generation capability
curves considering the addition of the components of active and reactive power for the
operation of wind farms are discussed in [14]. An efficient and effective approximation
algorithm for the capability curve in the concept of a virtual power plant is presented
in [15]. In [16], the capability curve is considered in the design to formulate a distributed
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control, which uses distributed consensus-based demand response control for a permanent
magnet synchronous generator. Developing a generator capability curve of a low-voltage
ride-through connected to the grid is presented in [17]. In general, solutions proposed in
some works of literature depending on the type of analysis, advantages, and disadvantages,
as shown in Table 1.

Table 1. Solutions proposed in the literature depending on the type of analysis, the advantages, and the disadvantages.

Reference Type of Analysis Advantages Disadvantages

[5]
Conducting MVAR capability
range tests on synchronous
generators.

Validating the generator capability curves
supplied by the manufacturers as well as the
operating practices in the plants themselves.

Study based on theoretical
aspects but not developing the
capability curve.

[6]

Enforcing stator and rotor current
limits in DFIG-based wind
turbine models using the DFIG
capability curve.

Accurate and effective in properly enforcing
current limits in doubly fed induction
generator (DFIG)-based Wind Turbine
dynamic models.

Study based on theoretical
aspects but not developing the
capability curve.

[7]
Microgrid reconfiguration is
revisited from the capability
curve perspective.

Showing the effect of P-Q limits on microgrid
reconfiguration from a capability
curve perspective.

Study based on theoretical
aspects but not developing the
capability curve.

[8]
Solving the optimal power flow,
including a synchronous
generator capability curve.

Describing the main effects of including a
synchronous generator capability curve in
optimal power flow through a convex
approach, considering also
security constraints.

Study based on theoretical
aspects but not developing the
capability curve.

[9]

On-line monitoring of higher
rated alternator using an
automated generator
capability curve.

Showing how to draw a capability
curve manually.

Study based on theoretical
aspects and developing the
generator capability curves
manually.

[10]
Using the generator capability
curve to derive the adaptive Mho
operating characteristics.

Showing the generator capability curve
against impedance-based methods to obtain
real-time derivation of Mho operating
characteristics.

Study based on theoretical
aspects but not developing the
capability curve.

[11]

Presenting the “D-curves”,
including options to enable the
active and reactive limits
dependent on the
generator voltage.

Demonstrating a technique to construct
capability curve constraints containing
several assumptions on available data
regarding generator parameters and
their impact.

Study based on theoretical
aspects but not developing the
capability curve.

[12] A study of generator capability
for offshore oil platforms.

Determining the safe operating limits of the
generator in case the entire load has to be
carried by one generator.

Study based on theoretical
aspects but not developing the
capability curve.

[13]

Obtaining simultaneously
optimal capacities of active and
reactive power reserve as a
solution in the market.

Analyzing mutual effects through the
capability curve between the reactive and
active power reserve markets.

Study based on theoretical
aspects but not developing the
capability curve.

[14]

Studying the maximum
generating power given by the
aggregate of the individual
capability curve for each
generator in the case of a
wind farm.

Showing the required steps to determine the
capability curve of a wind farm and all the
factors affecting the form of this curve.

Study based on theoretical
aspects but not developing the
capability curve.

[15]

Studying the concept of the
virtual power plant capability
curve, which characterizes the
allowable range explicitly.

The concept of the virtual power plant
capability curve explicitly characterizes
allowable active and reactive power
flexibility in the distribution system.

Study based on theoretical
aspects but not developing the
capability curve.
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Table 1. Cont.

[16]

Presenting how to deliver active
and reactive powers to the load in
varying wind speed conditions
cooperatively.

Formulating a distributed consensus which
provides active power sharing and reactive
power support considering the capability
curves of wind turbines and storage units.

Study based on theoretical
aspects but not developing the
capability curve.

[17]

Development and assessment of a
low-voltage ride-through (LVRT)
capability curve for a diesel
engine generator.

Developing the LVRT capability curve of a
diesel generator by plotting all the maximum
fault clear times for different voltage dips at
the point of common coupling.

Study based on theoretical
aspects and developing the
capability curve manually
based on plotting all the
maximum fault clear times.

All the references above studied the GCC but focused on how to analyze and assess
all parts of the capability curve and coordinate the relays with the generator full load
capability and the machine steady-state stability limits for protection. No one has conducted
development by simulating the capability curve so that they can monitor the condition
of the generator during operation by virtual visualization. Besides this, monitoring the
operation of a generator through the generator capability curve is quite difficult if we are
not in the power plant and cannot see it directly. An alternative way to see the generator
operating conditions in optimal conditions through the capability curve is to conduct
a simulation—in this case, using neural network (NN)—to visualize the operation of a
generator condition through the generator capability curve.

In this paper, GCC is used to monitor the working point of the generator to ensure
the safety of the generator while it is operating. Unlike the other developed GCCs, the
developed GCC in this paper can monitor the safe operation of the generator just as in real
operating conditions. In this paper, the GCC is constructed using NN with constructive
backpropagation. The significant contributions of this paper are as follows:

1. Developing a virtual visualization of a capability curve simulation to visualize the
generator operation conditions. The visualization of GCC is used to monitor the
working point of the generator.

2. The simulation of the generator capability curve visualization is able to show the
various possibilities that occur in the operation of a generator as they happen in
reality.

The remainder of this paper is structured as follows. Section 2 describes the generator
capability curve. Section 3 presents the proposed method. Section 4 verifies the results of
the simulation. Finally, Section 5 concludes the study.

2. Generator Capability Curve
2.1. Devolopment of Generator Capability Curves

A synchronous generator is a type of electric machine that functions to produce an
alternating voltage by converting mechanical energy into electrical energy. Mechanical
energy is obtained from the rotation of the rotor, which is driven by the prime mover.
Meanwhile electrical energy is produced from the electromagnetic induction process that
occurs in the stator coil and rotor. The generator operating point limits are stated and
visualized in the form of the generator capability curve. The generator load capability curve
and generator operating capability include active power (MW), reactive power (MVAr),
and apparent power (MVA). The capability curve is drawn on the PQ axis. The capability
curve generator is formed based on the phasor diagram, as shown in Figure 1. We assume
that the terminal voltage (Vφ) is constant and the stator resistance is negligible. The voltage
terminal generator is a phasor reference.

The capability curve generator is formed based on the following steps [18,19]: The
phasor diagram from Figure 1 is plotted on the x and y axes, which represent the voltage
axis, as shown in Figure 2. In Figure 1a, the generator is in an over-excited condition
if |Ei|cosδ > |Vφ|. Length |Ei|cosδ equals line length OB and length |Vφ| equals line
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length OA. Line OB is longer than line OA, so it can be stated that |Ei|cosδ > |Vφ|. In the
over-excitation condition, the generator work is affected by the field current (If). In this
condition, the generator sends reactive power (Q) to the system with a positive power
factor angle (pf = positive). Viewed from the system, the generator is like a capacitor.
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Figure 1. Generator phasor diagram [18]: (a) over-excited generator sends reactive power to the
system, (b) Excited generator absorbs reactive power from the system.
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1. The x and y-axis of the phasor diagram in Figure 2 are converted into active and
reactive power. The x-axis becomes the reactive power (MVAr) and the y-axis becomes
the active power (MW). To change the scale from the voltage unit to the power unit, it

is multiplied by 3
Vφ

Xs
, as shown in Figure 3.

2. In theory, the generator capability curve is formed with active power (MW) on the
x-axis and reactive power (MVAr) on the y-axis. Therefore, the phasor diagram of
Figure 3 is rotated 90

◦
towards the O-axis counterclockwise, producing a phasor

diagram with active power (MW) on the x-axis and reactive power (MVAr) on the
y-axis, as shown in Figure 4.

3. Based on the power diagram of a synchronous engine, the generator working area
is on the positive x-axis while the motor work is on the negative x-axis. Therefore,
the phasor diagram from Figure 4 is mirrored against the y-axis, resulting in a phasor
diagram in Figure 5 which states the generator working area on the positive x-axis.
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2.2. Generator Operation Limits

Based on the constraints of the operation generator limitations, the capability curve is
formed. The limit of the generator operating capability in sending power to the system is
illustrated in Figure 6 [20].
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where:

P: active power (MW).

Q: reactive power (MVAr).

Ei: apparent power (MVA).

Ia: stator current (A).

If: field current (A).

Xs: synchronous reactance (p.u).
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Vφ: terminal voltage (V).

3Vφ Ia cos θ: active power limitation (MW).

3Vφ Ia sin θ: reactive power limitation (MVAr).

3Vφ Ia: stator current limitation (A).

3EiVφ

Xs
: rotor current limitation (A).

Point b: generator rating (MVA).

pf: power factor (p.u).

The GCC is limited by some constraints, as follows:

1. Generator power limit:

The active power (P) of the generator is generated by adjusting the prime mover speed
of the generator. The limit for the active power of the generator is stated by:

P = 3Vφ Iacosθ. (1)

Visually, the active power limit of the generator is shown in Figure 6 by drawing a
vertical line from point b to point p, which is parallel to the axis Q.

Generator reactive power is generated by adjusting the generator excitation system—
namely, the field amplifier current (If). The limit of the reactive power (Q) of the generator
is expressed by:

Q = 3Vφ Iasinθ. (2)

Visually, the reactive power limit of the generator is shown in Figure 6 by drawing a
horizontal line from point b to point q, which is parallel to the axis P.

The complex power limit or rated power of the generator is expressed by:

S = 3Vφ Ia, (3)

Visually, the complex power limit of the generator is shown in Figure 6, where point b
is the generator rating point (MVA).

Operation in over- and under-excited modes results, as a consequence, in the greater
heating of some elements of the generator—i.e., the stator and rotor windings, the end
zone of the stator core, etc. During the long-term operation of a generator, in both over-
and under-excited modes, some undesirable phenomena can occur, particularly because of
the premature aging of the stator and rotor insulation.

2. Armature current limit:

Armature current (Ia) flowing in the stator winding results in power loss (I2R). This
power loss can result in an increase in the conductor temperature and that of the nearby
environment. If allowed, this temperature increase can occur continuously. Therefore, one
of the limitations in generator work is the maximum current that the anchor can carry
without exceeding the allowable heating limit. Visually, the stator current limit is shown in
Figure 6:

a. Depicted as a circle 3Vφ Ia

b. Center of circle: at point a (0,0);

c. Length of radius of circle: length of line a–b, which is the generator rating 3Vφ Ia.
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3. Field current limit:

Due to the heating resulting from copper losses in the rotor windings, the rotor
currents also determine the limits in generator operation. The rotor current limit is affected
by the excitation current. The excitation current can be maintained constant by maintaining
the direct current if wrapped in a constant field. Visually, the rotor current limit is shown
in Figure 6:

a. Depicted as a circle
3EiVφ

Xs

b. Center of circle point: at point c

[
0,

3Eφ
2

Xs

]
.

4. Length of radius of circle: length of line c-b
3EiVφ

Xs

5. Stator-end region heating limit.

The heating of the stator core ends determines the operating limits of the generator
in the weak excitation region (the area below the P-axis). The heating of the stator core
ends is caused by the flux leaking in the air gap. The leakage flux is the sum of the load
current flux vectors in the stator winding and direct current flux in the rotor winding. Most
of the leaking flux passes through the air gap between the stator winding and the rotor,
and a small portion of the leaking flux remains at the end of the stator winding. Flux
leaks at the end of the stator core occur at the end of the stator core and around it. The
leaky flux rotates at a synchronous speed, thus inducing eddy currents throughout the
stator structure joints and also the rotor. Eddy currents can be reduced because the stator
core structure is made of a magnetic steel thin layer perpendicular to the rotor axis, with
each layer isolated from the other layers. The magnetic steel film effectively reduces the
eddy currents when alternating current is applied in parallel to the coating. The stator-end
region heating limit is depicted as a circle C,D in Figure 7.

6. Steady-state stability limit.

Another limit in the distribution of power by the generating unit is the steady-state
stability. When operating at full load, generators tend to work in the leading region, which
is the area that absorbs reactive power from the system. In this condition, the generator
must be operated carefully so that the steady-state stability limit is added in the generator
operating area. In this condition, the generator power angle, which is the angle between
the stator and the rotor, will be close to the steady-state stability point of the generator
operation. If this condition is allowed and the power continues to increase uncontrollably,
there will be instability of generator operation or the generator will experience a loss of
synchronization. With the loss of synchronization, the rotor and stator flux speeds become
different, and this results in a vibration torque, which creates the potential for induced
currents to occur in the rotor structure. In this condition, the generator must be turned off
immediately.

Steady-state operating conditions are achieved when the mechanical output power
(Pm) is balanced with the electrical output power (Pe). The relationship between Pm and Pe
is shown in Figure 8, where the horizontal line is the mechanical output power generated
by the starting generator. If the load on the generator increases, the rotor will slow down,
and, vice versa, it will be faster if the load decreases. Under normal conditions, the change
in the rotor angle will slightly “overshoot”—that is, it will be a little slower or faster.



Energies 2021, 14, 185 9 of 21

Energies 2021, 14, x FOR PEER REVIEW 9 of 23 
 

is the area that absorbs reactive power from the system. In this condition, the generator 
must be operated carefully so that the steady-state stability limit is added in the generator 
operating area. In this condition, the generator power angle, which is the angle between 
the stator and the rotor, will be close to the steady-state stability point of the generator 
operation. If this condition is allowed and the power continues to increase uncontrollably, 
there will be instability of generator operation or the generator will experience a loss of 
synchronization. With the loss of synchronization, the rotor and stator flux speeds become 
different, and this results in a vibration torque, which creates the potential for induced 
currents to occur in the rotor structure. In this condition, the generator must be turned off 
immediately. 

Steady-state operating conditions are achieved when the mechanical output power 
(𝑃୫) is balanced with the electrical output power (𝑃 ). The relationship between 𝑃୫ and 𝑃  is shown in Figure 8, where the horizontal line is the mechanical output power gener-
ated by the starting generator. If the load on the generator increases, the rotor will slow 
down, and, vice versa, it will be faster if the load decreases. Under normal conditions, the 
change in the rotor angle will slightly “overshoot”—that is, it will be a little slower or 
faster. 

 
Figure 7. Limitations on the generator capability curve. 

P [MW]0

-Q [MVAr]

Overexcited
(Lagging)

Underexcited
(Leading)

Q [MVAr]

Stator end iron 
limit

Steady state stability 
limit

Underexcitation limit

Rotor winding limit

Overexcitation limit

Stator winding limit

Prime mover limit

A B

C

D

E

F

Figure 7. Limitations on the generator capability curve.

Energies 2021, 14, x FOR PEER REVIEW 10 of 23 
 

δ [o]

P [MW]

Pmax [MW]

Pm [MW]

δ00 90o 180o

Steady State 
Stability Limit

Stable operation 
point

Pe

 
Figure 8. The relationship between 𝑃 and 𝑃. 

If 𝑃  > 𝑃୫ or 𝛿 > 𝛿, the rotor is decelerating; 
If 𝑃  = 𝑃୫ or 𝛿 = 𝛿, stable operation point; 
If 𝑃  < 𝑃୫ or 𝛿 < 𝛿, the rotor is accelerating. 
Here, 𝛿 is the power angle between voltage 𝐸୧ and 𝑉ம (engine torque angle); 𝑃୫ is the mechanical output power (MW); 𝑃  is the electrical output power generator (MW). 
The maximum generator power delivered to the system based on the power angle 

curve in Figure 8 is stated as follows: 

 𝑃 = i

s

3E V
X

φ  𝑠𝑖𝑛 𝛿.  (4) 

Equation (4) is the stability limit when 𝛿 = 90°. The maximum power that can be 
supplied by the generator occurs when 𝛿 = 90°. 
3. Proposed Method 

The neural network model with the constructive backpropagation method is used to 
construct the generator capability curve. The formation of the capability curve is divided 
into two stages: the first is plotting the capability curve to obtain 𝑃 and 𝑄 points, and 
second is training for the curve data. The flow chart of the generator capability curve for-
mation is shown in Figure 9. 

Figure 8. The relationship between Pm and Pe.

If Pe > Pm or δ > δ0, the rotor is decelerating;

If Pe = Pm or δ = δ0, stable operation point;

If Pe < Pm or δ < δ0, the rotor is accelerating.

Here,

δ is the power angle between voltage Ei and Vφ (engine torque angle);

Pm is the mechanical output power (MW);

Pe is the electrical output power generator (MW).

The maximum generator power delivered to the system based on the power angle
curve in Figure 8 is stated as follows:

Pe =
3EiVφ

Xs
sinδ. (4)
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Equation (4) is the stability limit when δ = 90
◦
. The maximum power that can be

supplied by the generator occurs when δ = 90
◦
.

3. Proposed Method

The neural network model with the constructive backpropagation method is used to
construct the generator capability curve. The formation of the capability curve is divided
into two stages: the first is plotting the capability curve to obtain P and Q points, and
second is training for the curve data. The flow chart of the generator capability curve
formation is shown in Figure 9.
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3.1. Plot the Original Capability Curve

A capability curve plot is made to obtain P and Q data pairs from the capability curve.
How to plot the generator capability curve is shown in Figure 10 with three steps of line
drawing; the first is drawing a line from point O to reach the boundary of the curve line.
Then, from the end of the line pull (the point at the curve line), the next line is drawn, with
the first one in the direction of the x-axis so that the length of Q is obtained and the second
one along the y-axis to obtain the length P—that is, from the Qmin limit to the curve Qmax
limit so that as many P and Q data pairs as possible are obtained. In this case, 81 data pairs
are generated, consisting of P and −Q data pairs for the leading region and P and Q data
pairs for the lagging region.
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where

Qmax: maximum reactive power point (in overexcited condition/lagging area);

P0: the power point is active when P = 0;

Qmin: minimum reactive power point (in underexcited/leading area);

Q0: the point of reactive power when Q = 0.

3.2. Training the Curve Data

To obtain a capability curve by neural network (NN) similar to the original capability
curve of the generator, training on the PQ curve data is required. Curve data training
uses the neural network with the constructive backprogation (CBP) method. The process
of forming the construction of adding hidden units for the constructive backropagation
learning method occurs bit by bit.

In this paper, the training stages are carried out as follows:

1. Load data: the PQ data resulting from the generator capability curve plot is stored in
Microsoft Excel, then is called using the Matlab program.

2. When calculating the complex power and angle θ curve, the calculation is conducted
with the Matlab program:

Scurve =
√

P2 + Q2, (5)

θcurve = tan−1 Q
P

. (6)

Enter the input and target data.
Input: angle θ curve.
Target: complex power curve (S) or the distance between the center point and curve

line (R).

4. Construct the hidden unit layer.

The construction of the addition of hidden screens with the constructive backprogation
training method is carried out one by one from the smallest number until a hidden screen
is obtained with a small error rate.
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5. Build a constructive backpropagation network.

The curve training process using the constructive backprogation method begins with
the weight initialization process followed by the feedforward stage, which is shown in the
use of the “newff” component as a function that will create a feedforward network that
adds weighted input signals to the hidden layer and the output layer. The constructive
backropagation training algorithm is as follows:

1. Initialization—namely, the initial formation of ANN in the form of ANN without
hidden units. The weight of the initial configuration is calculated by minimizing the
sum of squared error (SSE). Weights that have been found are fixed.

2. New hidden unit training to connect the input to the new unit and connect the
output to the output unit. All the weights connected to the new unit are adjusted by
minimizing the SSE (modified SSE).

3. Freezing of new hidden units—namely, permanently assigning weights to intercon-
nect with new units.

4. Convergence test—that is, if the number of hidden units has produced a viable
solution, then the training is stopped. If not, go back to step 2.

5. Determine training parameters.

There are several training parameters that are set before the training is carried out—
namely, by giving the desired values to these parameters to obtain optimal results. The
parameters are listed as follows:

1. net.trainParam.show: used to display the change frequency of mse (mean square
error).

2. net.trainParam.lr: used to determine the rate of understanding (α = learning rate).

3. net.trainParam.epochs: used to determine the maximum number of epochs of training.

4. net.trainParam.goal: used to specify the mse value limit to stop iteration. The iteration
will stop if the mse < limit specified in “net.trainParam.goal”.

Testing of the generator capability curve from the NN training is carried out to test
the safety of the generator. The algorithm for testing the generator capability curve of the
NN training results is as follows:

1. Entering the active power (P) and reactive power (Q) of the original capability curve
as an input to the capability curve of the NN training results.

2. From the P and Q data of the original capability curve, the θ value and the magnitude
of the Rgen are calculated (the power of the generator complex or the radius of the
load curve).

3. By entering the angle data θ as an input to the NN yield curve that has been previously
generated, the output of the NN yield capability curve will be obtained in the form of
Rref (the radius of the NN yield curve).

4. Generator safety testing is carried out by comparing the Rgen and Rref values. If
Rgen ≤ Rref and the difference between Rgen and Rref (difference R) is positive, the
generator status is safe. Otherwise, if Rgen> Rref and the difference between Rgen and
Rref (difference R) is negative, the generator status is not safe.

Figure 11 shows the relationship between the generator operating point (P, Q), angle
θ, Rgen, and Rref. When line OA is the length of the radius of the load (Rgen), line OB is the
length of the radius of the curve (Rref) and line AB is the difference between Rgen and Rref.
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The algorithm for testing the generator capability curve is shown in Figure 12.
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4. Results of the Simulation
4.1. Case Study 1

To apply the proposed method, an original capability curve from the generator in
Lahendong IV geothermal power plant is used. Lahendong IV geothermal power plant is
located in Minahasa, North Sulawesi, Indonesia. Lahendong IV geothermal power plant
has a unit generator with a capacity of 20 MW. The specification of the generator is shown
in Table 2.

The original capability curve from the generator in Lahendong IV geothermal power
plant is shown in Figure 13. The sign inside the red circle is the working point of the
generator, which visualizes that the generator is operated at that condition related to the P
and Q of the generator.
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Table 2. Generator specification.

Generator Name LH4

Type GTLRI494/45–2
Output [MVA] 25
Output [MW] 20
Voltage [kV] 11
Current [A] 1312
Excitation voltage [V] 160
Excitation current [A] 808
Phase 3
Power factor 0.8
Frequency [Hz] 50
Number of Poles 2
Speed [rpm] 3000
Production year 2010
Producer Fuji Electric
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The plot of the original capability curve of the Lahendong IV geothermal power plant
generator produces a pair of PQ data points shown in Table 3, consisting of:

P point: 81 points;

Q point: 81 points.

Table 3. The PQ curve data plot.

No. Pcurve Qcurve S θ No. Pcurve Qcurve S θ

1 0.000 20.000 20.000 1.571 41 25.000 0.000 25.000 0.000
2 0.950 20.000 20.023 1.523 42 25.000 −0.750 25.011 −0.030
3 2.000 19.900 20.000 1.471 43 25.000 −1.600 25.051 −0.064
4 3.000 19.800 20.026 1.420 44 25.000 −2.500 25.125 −0.100
5 4.000 19.700 20.102 1.370 45 24.950 −3.400 25.181 −0.135
6 5.250 19.600 20.291 1.309 46 24.900 −4.250 25.260 −0.169
7 6.450 19.500 20.539 1.251 47 24.600 −5.250 25.154 −0.210
8 7.500 19.450 20.846 1.203 48 24.500 −6.000 25.224 −0.240
9 8.250 19.250 20.943 1.166 49 24.250 −6.900 25.213 −0.277

10 9.250 19.000 21.132 1.118 50 24.000 −7.750 25.220 −0.312
11 10.500 18.900 21.621 1.064 51 23.600 −8.500 25.084 −0.346
12 11.250 18.500 21.652 1.024 52 23.250 −9.250 25.022 −0.379
13 12.000 18.500 22.009 0.994 53 22.900 −10.000 24.988 −0.412
14 12.500 18.250 22.120 0.970 54 22.000 −10.500 24.377 −0.445
15 13.450 17.900 22.390 0.926 55 21.250 −10.600 23.747 −0.463
16 14.500 17.450 22.688 0.877 56 20.500 −10.750 23.148 −0.483
17 15.500 17.100 23.079 0.834 57 19.800 −10.800 22.554 −0.499
18 16.750 16.500 23.512 0.778 58 19.050 −10.950 21.973 −0.522
19 17.750 16.250 24.065 0.741 59 18.400 −11.000 21.437 −0.539
20 18.500 15.750 24.296 0.705 60 18.000 −11.050 21.121 −0.551
21 19.500 15.250 24.755 0.664 61 17.200 −11.100 20.471 −0.573
22 20.000 15.000 25.000 0.644 62 16.400 −11.250 19.888 −0.601
23 20.250 14.750 25.052 0.630 63 15.750 −11.450 19.472 −0.629
24 20.750 13.900 24.975 0.590 64 14.500 −11.500 18.507 −0.671
25 21.000 13.100 24.751 0.558 65 13.500 −11.750 17.897 −0.716
26 21.500 12.250 24.745 0.518 66 12.400 −11.950 17.221 −0.767
27 22.000 11.500 24.824 0.482 67 11.500 −12.000 16.621 −0.807
28 22.500 10.750 24.936 0.446 68 10.750 −12.100 16.186 −0.844
29 22.900 10.000 24.988 0.412 69 10.000 −12.300 15.852 −0.888
30 23.250 9.250 25.022 0.379 70 9.250 −12.500 15.550 −0.934
31 23.500 8.500 24.990 0.347 71 8.500 −12.500 15.116 −0.974
32 23.900 7.750 25.125 0.314 72 7.750 −12.500 14.708 −1.016
33 24.100 7.250 25.167 0.292 73 7.000 −12.500 14.327 −1.060
34 24.300 6.500 25.154 0.261 74 6.300 −12.500 13.998 −1.104
35 24.500 5.600 25.132 0.225 75 5.500 −12.500 13.657 −1.156
36 24.900 4.600 25.321 0.183 76 4.650 −12.500 13.337 −1.215
37 25.000 3.750 25.280 0.149 77 3.750 −12.500 13.050 −1.279
38 25.000 2.900 25.168 0.115 78 3.000 −12.500 12.855 −1.335
39 25.000 1.900 25.072 0.076 79 2.000 −12.500 12.659 −1.412
40 25.000 0.750 25.011 0.030 80 1.000 −12.500 12.540 −1.491

81 0.000 −12.500 12.500 −1.571

The simulated capability curve display with the original PQ curve data of the genera-
tor in the Lahendong IV geothermal power plant is shown in Figure 14.

The capability curve from the NN training results already recognizes the target as
the initial capability curve, which are the PQ curve data. It is proven that the capability
curve of the NN training results (red line) is similar to the PQ curve data target (blue line).
A trial of the capability curve of the NN training results was carried out to obtain the work
point of the generator so that it could be determined whether the generator worked at safe
limits or not. The generator work point is declared safe if it meets the requirements of
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Rgen ≤ Rref. The testing of the generator capability curve is carried out on several loading
conditions—namely, by entering the P and Q values as an input to the capability curve of
the results of the NN training, as shown in Figure 15.
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4.2. Case Study 2

An original generator capability curve in Lahendong IV geothermal power plant with
data operation P = 19.9 (MW) and Q = 2.236 (MVAr), as shown in Figure 16, is used to
verify the effectiveness of the method.

A comparison of original generator capability curves and the simulation results is
shown in Figure 17.
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Referring to Figures 16 and 17, when the generator supplies a load with P = 19.9 [MW],
Q = 2.236 [MVAr], resulting in the generator working point. Figure 17a,b show the location
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of the generator working point (P, Q) from the original capability curve of the Lahendong IV
geothermal power plant generator, and the simulation result capability curve at the loading
point (19.9 [MW], 2.236 [MVAr]) is the same. At this loading condition, the generator
operates in overexcitation conditions—that is, the generator works in the lagging area or
sends reactive power to the system. The working point of the generator is within the limits
of the capability curve, though the reactive power to the system is quite small—namely,
2.236 [MVAr]—resulting in a large generator power factor value of 0.99 lag, which indicates
that the generator is still in a normal excitation condition. Therefore, in this condition the
generator works in safe conditions.

4.3. Case Study 3

In this case study, an original generator capability curve in Lahendong IV geothermal
power plant with data operation P = 20.2 [MW] and Q = 0.155 [MVAr], as shown in Figure
18, is used to verify the effectiveness of the method.
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result capability curve is the same at the loading point (20.2 [MW], 0.155 [MVAr]). At
this loading condition, the generator operates in overexcitation conditions—that is, the
generator works in the lagging area or sends reactive power to the system. The reactive
power to the system is quite small—namely, 0.155 [MVAr]—resulting in a large generator
power factor value of 1.00 lag, which indicates that the generator work is in normal
excitation conditions. Therefore, in this condition the generator works in safe conditions.
However, as in the previous condition, in this condition the active power output (P) of the
generator is quite large, and it has even passed the active power rating of the generator
(20 [MW]) to reach 20.2 [MW]. If the active power of the generator in this condition
increases, the generator work will reach the limit of the capability curve, which is at the
stator winding heating limit, resulting in damage to the generator due to this heating.
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4.4. Discussion

In this study, two advantages are summarized as follows:

1. Developing a virtual visualization of capability curve: Unlike some similar research
to GCC, this study proposed a virtual visualization of GCC which can monitor
the condition of generator during operation considering all the limitations of the
generator.

2. Shown an excellent performance: The proposed GCC is identical to the original
GCC. The GCC visualization can monitor the operation condition of generator and
ensure the safety of the generator through the working point of the generator.
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5. Conclusions

This study successfully developed a virtual visualization of generator capability curve
simulation to visualize the operation conditions of a generator. The proposed method
shows an excellent performance, so it is able to obtain a capability curve that is identical to
the original capability curve. The generator capability curves in this paper used a simple
NN model, but the performance is excellent and the generator work point can be visualized
directly to ensure the safety of the generator. Unlike other similar papers, the capability
curve in this study not only can be used to evaluate the operation of the generator based
on the theoretical aspects or draw it manually but is more advanced, so it is more useful
for analyzing the operation condition of the generator through the working point of the
generator. The virtual visualization of capability curves in this study is able to show the
various possibilities that occur in the operation of a generator as they happen in reality,
and it can even simulate special conditions which are based on various conditions. Based
on this study, the main weakness encountered is the dependence on the original capability
curve of the generator as the basis for developing the capability curve according to the
proposed method. In the future, this research can be expanded by combining optimal
power flow so that the analysis is more complex, where there is an optimal power flow
analysis in the system in the beginning and the results of the analysis can be used for
monitoring the condition of the generator through the visualization of the proposed GCC.
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