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Abstract: This paper proposes a two-dimensional finite element mathematical model taking the mf-15
simulation generator in the dynamic model laboratory as the research object. The electromagnetic
performance of the motor under no-load and rated load was analyzed to verify the correctness of
the model. By using the method of field-circuit coupling combined with simulation analysis, the
limit value of the generator’s phase-in depth is determined, and the variation law of the electric and
magnetic field distribution with the depth of the generator’s established Leading phase operation
is analyzed, as well as the influence of the phase-in operation on the system’s operation stability.
The results obtained provide a reference for the phase-in operation analysis of large generators.

Keywords: synchronous generator; finite-element analysis; field-circuit coupling; leading phase
operation; stability

1. Introduction

In the case of maintaining a constant active power, the excitation current is adjusted to change
the generator operating states. When the power factor changes from positive to negative, the reactive
power changes from inductive to capacitive [1-3]. The generator should have the ability of leading
phase operation at any time according to the needs of the power grid in order to ensure the power
quality and economic operation of the power grid [4]. As the excitation current decreases, the degree
of the leading phase is deepened, and the power angle increases, which inevitably affects the system
stability. Changes in the power angle can result in increased magnetic leakage at the generator end and
heating at the stator end [5-9]. Additionally, during the leading phase operation of the generator, the
terminal voltage decreases. Generally, the minimum voltage must be < 90% of the rated voltage, and the
stator current should be lower than 1.05 times the rated value. Therefore, the leading phase operation
must be limited by the stability limit, the temperature rise of the stator core, and the minimum voltage
of the generator terminal [10,11].

The actual leading phase capability of the generator has a significant relationship with the
environment; the advantage of leading phase operation for synchronous generators is discussed
in [12-14]. Thus, data obtained before the generator is shipped can only be used as a reference for
operation. In recent years, with the gradual increase of the capacity of the synchronous generator, the
requirement for its reliability is also increasing [15]. It is well known that the existing mathematical
models of generators are multi-variable, nonlinear, and strongly coupled [16]. The power equations
under two different leading phase test conditions have been established to analyze steady state stability
of synchronous generator [17]. Some studies provide one new “operating conditions parameter
mathematics model of generator” to determine the capability of the generator under leading phase

Energies 2019, 12, 1047; doi:10.3390/en12061047 www.mdpi.com/journal/energies


http://www.mdpi.com/journal/energies
http://www.mdpi.com
https://orcid.org/0000-0003-0323-733X
http://dx.doi.org/10.3390/en12061047
http://www.mdpi.com/journal/energies
https://www.mdpi.com/1996-1073/12/6/1047?type=check_update&version=2

Energies 2019, 12, 1047 2of 14

condition instead of the conventional mathematical model based on the ideal assume condition [18].
Establishing an effective and reasonable leading phase operation model will greatly aid the prediction
of the leading phase capability of units [19-21]. At present, the intelligent control technologies
introduced into the leading phase of a generator include the backpropagation neural network, the
radial basis function neural network, related vector machines, and the leading phase operation model
of supporting vector machines. These techniques overcome the limitations of traditional analysis
methods and exhibit a greater generalization ability and a better convergence rate [22-25].

In this study, the research object is the MF-15 simulation synchronous generator in a dynamic
simulation laboratory. After the mathematical model was deduced, simulation software was used
to establish a field-circuit coupling model for the leading phase operation of the generator. First,
the electromagnetic properties of the no-load and rated-load conditions of the generator leading
phase simulation model were analyzed. Then the generator was used to perform a test of the lagging
phase to the leading phase operation state and an analysis of the electromagnetic parameter changes
when the generator was at its maximum phase advance depth. Finally, the leading phase operating
characteristics of the generator were obtained.

2. Block Diagram of Proposed Research

The block diagram of proposed research is shown in Figure 1.
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Figure 1. Block diagram of proposed research.
3. Simulation Analysis of Generator Leading Phase Operation System

For synchronous generators, to simplify the analysis, we make the following assumptions:

1)  The magnetic field in the motor has a two-dimensional (2D) distribution, and the stator end effect
is described by the constant end leakage reactance;

2)  The material is isotropic, ignoring the hysteresis effect of the ferromagnetic material;

3) The magnetic field is periodically distributed along the circumferential direction.

3.1. Modeling

The MEF-15 simulation synchronous generator is the research object of this study. A finite-element
analysis simulation platform is used to establish the generator model. The basic parameters of the
generator are presented in Table 1.
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Table 1. Generator parameters.
Motor Parameter Data Motor Parameter Data
Rated voltage 380V Rated current 228 A
Rated speed 1000 r/min Rated power 12 kW
Rated frequency 50 Hz Capacity 15 kVA
Pole number 6 Main size ratio 157
Pole-arc coefficient 0.85 Stator core outer diameter 650 mm
Core length 302 mm Stator core inner diameter 368 mm
Electromagnetism load 67.5A/cm Polar distance 192.68 mm
Total slot number 45 Length of pole arc 163.78 mm
Minimum air gap 1 mm Maximum air gap 1.5 mm
Winding pitch ratio 7/7.5 Number of parallel branches 3
Winding pitch 7 Number of series turns per phase 40
Winding short-distance coefficient 0.9945 Number of conductors per slot 16
Winding distribution coefficient 0.9619 Number of series conductors per phase 80
Winding coefficient 0.9566 Per phase magnetic flux per pole 2.71 x 1072 Wb

According to the above electromagnetic parameter calculation results and the mathematical model
of the internal electromagnetic field of the generator, a time-stepping finite-element 2D field model of
the synchronous generator is constructed using simulation software, as shown in Figure 2.
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Figure 2. Generator 2D transient field dissection diagram.

Using the direct field-circuit coupling method, the electromagnetic-field equations and the circuit

system equations are solved together to establish an external circuit model [26-30]. Figure 3 shows a
schematic of the field-circuit coupling.
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Figure 3. Equivalent model of field-circuit coupling.

The phase resistance of the stator winding ends is given by the following formula:

1—-1,0)Z
:7(5153{])4) @
191V

Here, a; is the stator winding parallel branch number, S; is the cross-sectional area of each wire,
Nj is the number of wires around each branch, 7 is the wire resistivity, ! is the half-turn length of the
coil, [, is the stator core length, and Zy is the number of series conductors per phase.
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By using the finite element method, the vector magnetic potential A of each node can be obtained,
and then the magnetic field energy can be obtained in the region:

szl/H-dezl/Ajdv @)
2/, 2/,

The leakage reactance of the stator end is given by the following formula.

4wW,,

x =wl; = 312

®)

Here, | is the current density, I, is the stator peak current.
The generator is coupled to the external circuit through the stator windings. The external circuit

equation is as follows:

dr
Es=Us +RI+ L= “)

Here, Es is the induced electromotive force matrix for the straight part of the stator winding, Us is
the load phase voltage matrix, R is the stator winding matrix, I is the stator phase current matrix, and
L is the stator leakage inductance matrix.

These parameters are based on the main wiring of the dynamic simulation laboratory, which is
shown in Figure 4.

Control and Monitoring System

Figure 4. Power system dynamic simulation laboratory.

A simulation model of the field-circuit coupled system was established based on the main
wiring of the dynamic simulation laboratory, and the power system dynamic simulation laboratory
is shown in Figure 3. The output of the generator is connected to the school power network via a
400/800 V step-up transformer followed by a line impedance, as well as a step-down transformer of
800/400 V. When building the simulation module, we use ideal linear elements as the model elements.
The combination system simulation model is shown in Figure 5, where the synchronous generator
adopts a separate excitation winding with a direct-current (DC) input.
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Figure 5. Leading phase operation simulation system model for the QFQS-200-2 synchronous generator.

Field model

3.2. Modeling Validation

According to the MF-15 generator factory test report, when the generator operation terminal
voltage is 380 V, the excitation current is 1.96 A with no-load, and the excitation current is 2.35 A under
rated operation.

The generator stator windings are opened with no-load. Then, the generator is disconnected from
the circuit connected to the system in the simulation model; the field-circuit coupled model is used for
joint simulation during rated operation. The no-load excitation current value is input to the DC source,
and no-load simulation is performed after the software analyzes the self-check without error.

We set the total simulation time as 0.2 s and observe the simulated generator terminal
electromotive force and magnetic-field distribution. The results of the electromagnetic performance
test are compared with the results of the joint simulation continued for 0.1 s.

Under no-load conditions, the excitation current is used as the standard for comparing the test
results and simulation results. At this time, the simulation value is slightly higher than the test value;
the voltage deviation is 7.8%, the air-gap flux density deviation is 5.4%, and the error is relatively large.
Because of the characteristics of the simulated generator, it has to maintain stable operation and it
is difficult to achieve saturation and the safety margin is large, thus, the error is large. The data of
no-load characteristic test and the statistical table of simulation results are presented in Figures 6 and 7
and Table 2.

The generator voltage is relatively low under the rated-load operation. At this time, the voltage
offset is 5.2%, and the air-gap flux density error is 4.7%. The comparison reveals that the finite-element
calculation results are consistent with the generator test data, indicating the accuracy of the model
and the correctness of the calculation results. The data of rated running test and the statistical table of
simulation results are presented in Figures 8 and 9 and Table 3.

Table 2. Data for no-load characteristic test and simulation results.

Contrast Parameters Test Data Simulation Results
Rated voltage (V) 380.0 350.25
Excitation current (A) 1.96 1.96

Average air-gap flux density (T) 0.55 0.53
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Figure 6. Electrical parameter variation curve of the no-load generator: (a) Stator voltage; (b) Stator
current; (¢) Terminal voltage harmonic distribution; (d) Electromagnetic torque.
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Figure 7. Magnetic flux density distribution of the no-load generator.

Table 3. Data for rated running test and simulation results.

Contrast Parameters Test Data Simulation Results
Rated voltage (V) 380.0 360.6
Excitation current (A) 2.36 2.36

Average air-gap flux density (T) 0.74 0.69
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Figure 8. Electrical parameter variation curve of the generator is rated: (a) Stator current; (b)
Electromagnetic torque.
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Figure 9. Magnetic flux density distribution of the generator is rated.

Through the comparison, it can be concluded that the finite element simulation results are basically
consistent with the generator factory test data, which can prove the accuracy of the model and the
correctness of the calculation results.

4. Leading Phase Test Analysis

The test is performed using a dynamic simulation laboratory unit. When the generator is
transferred from the lagging phase to the leading phase with 50% of the rated-load, the excitation
current is reduced for a period of time. After the electrical parameters continued stable in this state,
the current decreases continuously. The change of each electrical parameter is shown in Figure 10.
The final generator power factor is —0.984.

Field-circuit coupling co-simulation is used to analyze the magnetic-field lines, air-gap
magnetic-field lines, and magnetic-density distribution of the generator, as shown in Figures 11
and 12.
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Figure 10. Electrical-parameter variation curves: (a) Excitation current; (b) Terminal voltage; (c) Stator
winding current; (d) Active power; (e) Reactive power; (f) Power angle.

The simulation results for the internal magnetic field of the generator indicate that the internal
magnetic-field lines are densely distributed under the working conditions, and the magnetic flux is
maximized at 0.1 Wb. The magnetic density is relatively high near the field winding of the magnetic
pole and near the air gap at the edge of the stator core, and its maximum value is approximately
0.7 T. At this time, the stator current is high, the leading phase is already deep, and the superimposed
situation of the leakage magnetic field at the winding end is obvious.
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Figure 12. Magnetic-density distribution map of the generator.

5. Leading Phase Depth and Stability Analysis

For the experiment, the generator with a high proportion of load conditions is selected for the
maximum depth of the leading phase test. After the generator is stable in the lagging phase operation
for a period of time, the larger-magnitude excitation current is reduced so that the generator can
quickly enter the leading phase operation state.

According to the leading phase operating standard, the stator currents exceeding 5% of the rated
current cause significant temperature rises. Therefore, the overcurrent protection setting value of the
generator is set as 1.05 times the rated current [31].

In the test, the speed of generator is first increased to increase the active power, and the generator is
loaded to the greatest extent possible. However, considering the comprehensive safety considerations,
it is determined that an active power of 1500 W at ¢ = 250 s is the initial state, which means that the
generator is loaded to 96%. Then, the excitation current is rapidly reduced to change the operation
state. Subsequently, the excitation current is slowly reduced until relay protection occurs.

The fault report shows the overcurrent protection action of the stator loop current. The recorded
wave data show that the stator current reaches its maximum value before the generator and system are
disconnected. This value is 1.05 times the rated current. The test results are shown in Figure 13.
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Figure 13. Electrical-parameter variation curves: (a) Excitation current; (b) Terminal voltage; (c) Stator
winding current; (d) Active power; (e) Reactive power; (f) Power angle.

For the rated load of 96% and a power factor of —0.834 in the leading phase condition, the
magnetic-field line cloud diagram and magnetic-flux density distribution diagram of the internal
magnetic field and the air gap of the generator are shown in Figures 14 and 15, respectively. In the air
gap, the distribution of magnetic lines is denser, and the magnetic density is higher.
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Figure 15. Magnetic-density distribution map of the generator.
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The simulation results for the internal magnetic field of the generator indicate that the internal
magnetic-field lines are densely distributed under the working conditions, and the magnetic flux
is maximized at 0.26 Wb. The magnetic density increases significantly near the field winding of
the magnetic pole and near the air gap at the edge of the stator core, and its maximum value is
approximately 1.2 T. At this time, the generator reaches the maximum depth of the leading phase, and
the internal magnetic field reaches its limit.

Comparing the simulation results of the electromagnetic field of the generator under the two
aforementioned power factor leading phase operating conditions reveals that a greater depth leading
phase yields a greater power-factor reduction and that the generator must be brought to a certain depth
properly in order to absorb more reactive power for adjusting the voltage balance of the power system.

A small section of the air gap is selected inside the generator, and a small area is cut on the
magnetic pole stamping plate of the stator winding and the salient pole of the rotor near the air gap.
During the simulation, the instantaneous maximum value of the magnetic density at this mark under
different working conditions is recorded, as presented in Table 4.

Table 4. Maximum magnetic density at different positions under two conditions of entering phase (T).

Power Factor Air Gap Near The Rotor Air Gap Air Gap Near The Stator
0.949 0.74 0.61 0.94
—0.984 0.87 0.78 1.04
0.951 0.71 0.63 0.98
—0.834 0.94 0.86 12

Comparing the magnetic field of the partial position of the generator under different power
factors reveals that with the change of the power factor angle when the generator is under leading
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phase operation, although the rotor current is reduced, the magnetic-flux density in the structure
increases owing to the leakage of the stator and rotor magnetic fields. A greater depth of the leading
phase yields a stronger magnetic field at the end of the generator. The simulation results for the
leading phase operation under different power factors reveal that as the excitation current decreases,
the magnetic-flux density of the stator winding near the air gap increases, and the magnetic-flux lines
become dense.

The above analysis shows that the leading phase operation of the generator increases the power
angle and magnetic density at the end and reduces the system stability margin. The test results show
that with the deepening of the leading phase operation, the power angle of the generator gradually
increases, which means that the static stability margin decreases, the reactive power absorbed from the
system increases, and the air-gap flux density increases compared with normal operation. When the
stability of the generator is severely degraded, that is, the leading phase operation leads to the
disengagement of the generator and the system, it can be seen from the test that the maximum of the
absorption capacity of the reactive power and the power angle. The simulation results reveal that the
air gap in the internal magnetic field of the generator and the magnetic core density of the stator core
increase rapidly, reducing the stability of the system.

6. Conclusions

Taking the simulated generator mf-15 as an example, this paper analyzes the operation
characteristics of large generator in phase and the influence of stability, and draws the following
conclusions:

(1)  The field-circuit coupling method was used to establish a field model of the synchronous generator
and the field-circuit coupling model of the leading phase operation system of the synchronous
generator. The electromagnetic performance of the generator under no-load and rated-load
operating conditions was analyzed to verify the accuracy of the model.

(2) By analyzing the distribution of magnetic field lines and flux density inside the generator when
the large motor is in phase operation under different working conditions, it is concluded that
the air-gap flux density increases when the generator is in phase operation with a large load.
In particular, close to the end of stator winding, the magnetic field lines are dense, and the greater
the power factor is, the more obvious the flux density increases.

(3) Through simulation and experimental analysis, it can be concluded that the field-path coupling
method is effective in analyzing the phase feed operation of large motor and provides reference
for the phase feed operation of large motor.
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