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Abstract: The synchronous generators (SGs) supplying non-linear loads have harmonically distorted
terminal voltages. Hence, these distorted terminal voltages adversely affect the performance pa-
rameters of the supplied loads such as the power factor, current distortion, losses, and efficiency.
To mitigate the harmonic voltages and currents, passive and active filters are generally employed.
However, passive filters cause resonance problems, while active filters can cause high costs. On the
other hand, in several recent studies to reduce the SG’s terminal voltage harmonic distortion, which
depends on the constructional design under the no-loading condition, the conventional DC excitation
current has been modulated with AC harmonic components. These field current modulation methods
have high computational complexity, and require extra hardware for their implementation. In the
present paper, firstly, for the reduction of the terminal voltage harmonic distortion of the SG under
non-linear loading conditions, the validity of the field current modulation technique is investigated.
The numerical results show that by using the field current modulation method, under rated loading
conditions, the total harmonic distortion of the terminal voltage can be reduced from 18% to 11%.
Secondly, to provide a computational efficient and low-cost tool for optimal field current modulation,
which minimizes the terminal voltage harmonic distortion, an Artificial Neural Network (ANN)-
based model is proposed. Finally, with the integration of ANSYS Maxwell, ANSYS Simplorer, and
MATLAB/Simulink software, the implementation of the developed model is demonstrated for the
construction of the optimally modulated field current.

Keywords: synchronous generator; excitation current; harmonic distortion; artificial neural networks;
data based on finite elements; harmonic elimination; harmonic compensation; non-linear loading

1. Introduction

Non-sinusoidal or distorted current characteristics exist in power system equipment
such as lighting appliances, saturated electric machines, loads and generation units with
power electronic interfaces, arc furnaces, welding machines, and high-voltage direct current
(HVDC) transmission systems [1,2]. The distorted currents result in distorted voltage drops
on the lines, thus leading to distorted bus voltages in the systems. Harmonically distorted
voltages and currents have various adverse effects on power system components and loads.
They can be specified as a decrease in power factor, the occurrence of frequency-related
extra losses in the power system components and electrical machines, the shortening of the
expected life of power system equipment, torque oscillations in rotating electric machines,
malfunctions of protection, measurement, and control circuits, and resonance events in the
system [3–5]. In particular, for electric machines, the winding losses may be significantly
increased by high-order harmonic components of load currents while their cores can be
saturated due to sub-harmonic or DC voltages [6–8].
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1.1. Literature Review

Harmonic mitigation devices, such as passive [9] and active [2,10,11] filters, are com-
monly used in practice to reduce harmonic pollution in systems [5]. However, passive
filters cause resonance problems, while active filters can cause high costs [12,13].

Thus, in [14,15], synchronous generators (SGs) were considered as electromechanical
active harmonic filters, which have a lower cost when compared to active harmonic filters.

On the other hand, advanced control algorithms have been implemented to mitigate
the current harmonic distortion of modern renewable-based distributed generation units
under non-linear loading [16].

Furthermore, some studies focus on harmonic distortion mitigation by taking design
aspects of SGs into account. As a result, their pole shapes, damper bar positions and
numbers [17–23], and winding distributions [24–27] were optimized to reduce the SGs’
voltage harmonic distortion.

Additionally, in [28], in order to reduce the terminal voltage total harmonic distortion
of SGs, the field current profile was modified using the field reconstruction method (FRM).
With the FRM, in the time domain, terminal voltages were simulated as a function of stator
and rotor magnetic field, stator and field excitation (rotor) currents, and rotor positions.
The analysis results were considered to determine the optimal profile of the field current
under no-loading conditions. The method presented in [28] was also used for the dynamic
simulation of non-salient and salient-pole SGs in the authors’ later study [29].

In [30], by using simulation and experimental analysis for three-phase SGs, the mod-
ulation of the excitation field current was demonstrated as a tool to minimize specific
harmonics of no-load phase voltages. The theoretical background of the study is based
on the minimization of the airgap flux density, which is expressed as a function of the
rotor magnetic field in the time domain. In the experimental system, for the modulation of
the excitation field current, the fixed frequency band control is employed by using rotor
position, airgap magnetic flux density, and field current measurement sensors.

1.2. Research Gap

The disadvantages of the two abovementioned field current modulation methods
from [28,30] can be written as follows:

• They are based on time-domain expressions.
• Their implementation requires rotor position and magnetic flux density sensors in

addition to the current measurement sensors.
• Due to first and second matters, they have high computational complexity and require

extra hardware for their real-time implementation.

On the other hand, especially under non-linear loading, the harmonic interaction be-
tween the magnetic fields of the stator and rotor should be considered for the minimization
of terminal voltage harmonic distortion. However, references [28,30] implemented the
field current modulation for the reduction of the unloaded SG’s terminal voltage harmonic
distortion. Therefore, there is a need to show the validity of the field current modula-
tion on the mitigation of the SG’s terminal voltage harmonic distortion under non-linear
loading conditions.

1.3. Motivation

In the present paper, firstly, for the reduction of the terminal voltage harmonic dis-
tortion of the SG under non-linear loading conditions, the validity of the field current
modulation technique will be investigated.

Secondly, by considering the non-linear loading conditions of the SGs, the aim was to
develop an ANN-based computationally efficient tool to determine the optimal modulation
of the field current, which minimizes the terminal voltage harmonic distortion. It should
be noted that the implementation of the developed tool will not require extra hardware
such as rotor position and magnetic flux density sensors when compared to the other tools
utilized in [28,30].
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1.4. Contributions to the Knowledge

This paper’s contributions to the knowledge are as follows:

• For the SGs dedicated to supplying non-linear loads, the performance of the field
current modulation technique is analyzed for the reduction in the terminal voltage
harmonic distortion. To this end, in the ANSYS Maxwell finite element (FE) analysis
environment, by superimposing AC current components with various frequencies,
magnitudes, and angles on the DC component, numerous field currents are modulated
for the excitation of a three-phase salient-pole SG under non-linear loading. In the
simulations, several loading levels are also taken into account.

• An ANN model is developed to express terminal voltages’ harmonics in terms of the
modulated field current’s harmonic components and the loading level.

• In the ANSYS Maxwell and MATLAB/Simulink environments, the developed model is
implemented as a computationally efficient tool to modulate the optimal field current
of the SG. In the implementation, the minimization of the terminal voltage harmonic
distortion under non-linear loading conditions is considered as an objective.

To provide the abovementioned contributions, the methodology presented in Figure 1
is applied in this study.
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1.5. Organization

The content of this paper is as follows: Section 2 models a three-phase SG in the
ANSYS Maxwell environment, one of the most widely used FE analysis software packages.
Section 3 evaluates the harmonic behavior of the modeled SG under modulated excitation
current conditions. Section 4 presents the proposed ANN-based model. Section 5 interprets
the implementation of the proposed model in practice, and Section 6 briefly presents the
conclusions of the study.

2. Modeling of SG in Ansys Maxwell

In this section, to analyze the harmonic behavior of the terminal voltages of the
three-phase salient-pole SGs under non-linear loading and modulated excitation current
conditions, its 2D FE model is created in the ANSYS Maxwell environment. It should be
noted that due to its high accuracy, the FE model has been widely employed in the design



Energies 2023, 16, 1789 4 of 17

and analysis of electric machines in the literature [31,32]. In addition, it can clearly be
concluded from several studies [33,34] that the FEM and experimental results are very close
to each other for SGs.

In addition, the model presented in this section is also used to provide data required
for ANN modeling of the relationship between the harmonic components of the terminal
voltages and the modulated excitation current. The rated values and design parameters
of the considered three-phase SG are given in Table 1. In the analysis, it is loaded by a
six-pulse uncontrolled rectifier supplying a resistor. Note that the considered load is one of
the most widely employed non-linear loads in modern power systems [35,36].

Table 1. Parameters of the studied machine.

Parameter Values

Rated power 538 kVA
Rated voltage 400 V

Rated frequency 50 Hz
Rotor type Salient pole

Number of poles 6

To reduce the simulation time, simulation results are obtained for 1/6 of the model
geometry given in Figure 2a. Note that for proper analysis sensitivity, the number of meshes
is automatically determined as 1428 by ANSYS Maxwell. The load model is coupled with
the 2D FE model of the SG through the Maxwell Circuit Editor (see Figure 2b). The PC
used for the simulations has a 12-core Ryzen 9 3900x processor and 32 GB of RAM. Using
this PC hardware, each simulation is run in 21.5 min.
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Figure 2. (a) Two-dimensional FE model of synchronous generator. (b) Coupling SG and load models
within Maxwell Circuit Editor.

For the modeled system, the terminal voltage harmonic spectrum of the SG under
no-load and rated loading conditions is plotted in Figures 3 and 4, respectively. Vh/V1
(%) and Ih/I1 (%) in these figures are the magnitudes of the harmonic components of the
voltage and current expressed as a percentage, respectively. Figure 4 also presents the
phase current harmonic spectrum of the SG under-rated loading case. Figure 3 shows that
the terminal voltages have 5th and 7th harmonic orders for the no-load case. It is seen
from Figure 4 that the current distortion of the six-pulse rectifier significantly affects the
distortion of the terminal voltages, and their dominant harmonic orders turn into 5th, 7th,
11th, and 13th. For these two loading cases, the total harmonic distortion of the terminal
voltage (THDV) is found to be approximately 3.5% and 18%, respectively. In Equations (1)
and (2), the expressions of the voltage total harmonic distortion (THDV) and current total
harmonic distortion (THDI) indices are given.

THDV =

√
∑50

h=2 V2
h

V1
(1)
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THDI =

√
∑50

h=2 I2
h

I1
, (2)
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In both equations, Vh and Ih stand for the magnitudes of the hth harmonic voltage and
hth harmonic current, and V1 and I1 denote the magnitudes of the fundamental harmonic
voltage and fundamental harmonic current, respectively.

3. Harmonic Behavior Analysis of SG under Modulated Field Current Conditions

In this section, by using the FE model presented in the previous section, the aim
is to analyze the effect of the modulation of the field current on the terminal voltage
harmonic distortion under different non-linear loading conditions. As mentioned before,
the numerical results obtained in the analysis will also be used as data for developing the
ANN model of the SG.

To this end, by using the modeled system, the field current is modulated by superim-
posing a single hth harmonic current component to the DC component. Accordingly, the
expression of the current applied to the field winding can be written as:

i f (t) = I f dc +
√

2·I f h· sin(2·π· fh·t + αh) (3)
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where I f dc denotes the DC component’s magnitude, I f h, is the RMS value of the hth
harmonic AC component in percent of the magnitude of the I f dc, and fh and αh stand for
frequency and phase angle of the hth harmonic AC component, respectively.

All three parameters of the hth harmonic AC component, I f h , fh, and αh, can affect the
airgap magnetic flux or terminal voltages. Hence, in the parametric analysis, they are taken
into account. With 5◦ increment steps, αh is varied from 0◦ to 355◦. On the other hand, in
the proposed method, the aim is to reduce the especially dominant harmonic components
of the terminal voltage with an acceptable increase in field winding losses. For the analysis,
the maximum values of I f h and fh are limited to 30% and 900 Hz, respectively. In addition,
due to the fact that the terminal voltages vary under different loading conditions, the
loading level should be considered as the fourth parameter in the analysis. The loading
level term (LL) can be expressed as the ratio of the supplied load’s true apparent power
(SL) to the SG’s rated power (SR):

LL(%) =
SL
SR

100 (4)

where SL is calculated in terms of true rms values of line voltages (VLL) and currents (IL):

SL =
√

3VL IL =
√

3
√

∑50
h=1 V2

h

√
∑50

h=1 I2
h (5)

As a result, for 19,440 cases of the four parameters mentioned above, the simulation
results are obtained via the 2D FE model of the SG.

Thus, for the pure DC excitation and the various excitation currents modulated as an
AC harmonic current superimposed on that of the DC, the terminal voltages are simulated.
In the simulations, for the modulated excitation currents, the magnitude and angle of the
harmonic component are varied. Then, the minimum THDV values are determined for
each modulated field current case. Accordingly, under low (25%), medium (50%), and full
(100%) loading levels, the THDV value for the pure DC excitation current and the minimum
THDV values for the modulated field current cases are presented in Figure 5.
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It can be observed from Figure 5 that for all three loading levels, the minimum THDV
values are achieved by modulating the 6th harmonic current (300 Hz) and the DC current.
Under 25%, 50%, and 100% loading ratios for the conventional pure DC field current,
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the THDV values for pure DC excitation are 8%, 12%, and 18%, respectively. Under the
respective loading ratios, for the optimally modulated field current, the minimum THDV
values are seen as 6%, 8%, and 11%. Thus, it can be seen from these results that, especially
for high loading levels, the modulation of the field current can achieve a considerable
reduction in THDV. On the other hand, under the respective loading levels, field current
modulation with the 12th harmonic current (600 Hz) and DC components causes THDV
values of 7%, 11% and 17%. However, the other modulated field current cases do not
considerably mitigate THDV.

Here, to detail the behavior of the terminal voltages’ distortion for the field current
modulation with the 6th harmonic current (300 Hz) and DC components, the THDV varia-
tions are plotted in terms of the magnitude and phase angle of the harmonic component
under the considered loading levels (see Figure 6). Figure 6 clearly shows that for the
achieved minimum THDV values under three loading levels, such as 100%, 50% and 25%,
the optimal values of the harmonic current’s phase angle are 180◦, 255◦, and 315◦, respec-
tively. Accordingly, it can be posited that for the considered non-linear load, the optimal
phase angle of the harmonic current added to DC field current varies between 180◦ and
360◦ with the decrement of the loading level. For the same objective, under the respective
loading levels, the optimal magnitudes of the harmonic component are 20%, 15%, and 10%
of the DC component. This means that there is a direct proportional relation between the
optimal magnitude of the harmonic current and the loading level.
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Regarding the analysis results detailed so far, it can be concluded that in order to
minimize the harmonic distortion of the terminal voltages under different loading levels,
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the excitation current can optimally be synthesized by adjusting the magnitude and phase
angle of the 6th harmonic current component superimposed on the DC component.

Accordingly, in the next section, an ANN-based SG model is proposed as a tool to
determine the optimally modulated excitation current by regarding the minimization of
the individual or total voltage harmonic distortion as objectives.

4. Proposed ANN-Based Model

ANN-based models were considered to model the non-linear behavior of electrical
machines in the literature [37–41]. Thus, in this paper, the ANN method is preferred to
express the magnitudes and phase angles of the terminal voltage harmonics in terms of the
magnitude and phase angle of the 6th harmonic current component superimposed on the
DC excitation current and the SG’s loading ratio.

4.1. Structure

The structure of the ANN used for the study is given in Figure 7. It has three main parts:
input, hidden, and output layers. The input parameters of the first layer are defined as the
effective value (Ifh) and phase angle (αh) of the 6th harmonic component superimposed on
the DC field current and the loading ratio (lr) of the SG. In the third layer, the magnitudes
and phase angles of the terminal harmonic phase voltages are defined as output parameters
or targets.
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The numbers of the data used for the training, testing, and validation of the ANN-
based model are 1512, 324, and 324, respectively. Thus, a total of 2160 cases are simulated
in the ANSYS Maxwell environment. The magnitudes and phase angles of the harmonic
voltages are separately trained.

By performing numerous trial and error analyses, the proper network structure and
learning algorithm are selected as the feedforward network structure with the Levenberg–
Marquart learning algorithm. On the other hand, the hyperbolic tangent sigmoid transfer
function (tansig) is used in the hidden and output layers.

A large number of neurons increases the accuracy of the model. However, this also
increases the simulation time [42]. Due to this, regarding the performance and coefficient of
determination, the numbers of neurons in the input, hidden, and output layers are properly
determined as 3, 200, and 1, respectively.

As a measure of ANN performance over the training period, the mean-square-error
(MSE) between the FE-based data and predicted data (ANN outputs) is calculated [43]:

E =
1
N ∑N

i=1 (Xi −
∧
Xi)

2
(6)
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In Equation (6), Xi and
∧
Xi are the values of the magnitudes and phase angles of

the harmonic voltages provided by FE analysis and their values estimated via ANN,
respectively.

The ANN structure detailed here is developed in the MATLAB/Simulink environment.
According to the structure shown in Figure 7, the relationship between the outputs and the
input parameters can be written as in Equations (7) and (8).

Vh,ANN = ∑S
s=1

[
lw(1,s)

(
2

1 + e
(−2(∑M

m=1 (iw(s,m)(
2

1+e−2x(m)
−1)+b1(s))))

− 1

)]
+ b2 (7)

ϕh,ANN = ∑S
s=1

[
lw(1,s)

(
2

1 + e
(−2(∑M

m=1 (iw(s,m)(
2

1+e−2x(m)
−1)+b1(s))))

− 1

)]
+ b2 (8)

In Equations (7) and (8), iw is the weight matrix between the input and the hidden lay-
ers, and lw is the weight matrix between the hidden and the output layers. Additionally, M
and S are the numbers of neurons in the input and hidden layers, Vh,ANN is the magnitude
of the hth harmonic phase voltage, Φh,ANN is the phase angle of the hth harmonic phase
voltage, and b1 and b2 are the bias of the hidden and output layers, respectively. Note that
each of the harmonic components has been trained separately.

4.2. ANN Results

Here, the training, testing, and validation of the developed ANN-based model will be
presented. Since the SG is simulated to supply the balanced load, the results achieved for
all phase voltages are the same. In addition, due to the fact that the six-pulse rectifier load
has odd-order harmonics, the phase voltages of the simulated SG has considerably higher
odd-order harmonics as well. Thus, the results are plotted for only odd harmonic orders of
a phase (phase A) voltage in Figures 8–10.

The results plotted in Figures 8–10 show that for the magnitudes and phase angles
of the phase voltages at fundamental and non-fundamental harmonics, the ANN-based
model closely follows the reference dataset obtained via the FE method.

It should be mentioned that for the training of the voltage harmonic magnitudes,
the coefficient of determination is close to 1, and the performance index reaches 0.0194.
Additionally, for the training of the voltage harmonic phase angles, these respective param-
eters are 0.9596 and 0.218. They clearly point out that the training of the ANN network
has been successfully achieved. The MSE values of the ANN model are given in Table 2.
It can be seen from this table that during the training period, the MSE values have an
acceptable value.

Table 2. MSE values of the ANN.

Harmonic Order MSE
(Magnitude)

MSE
(Phase Angle)

Fundamental 4.0361 × 10−3 2.0774 × 10−3

3rd 9.4757 × 10−3 8.6762 × 10−3

5th 0.0059 0.1683
7th 0.0022 0.0928
9th 0.0096 0.1442

11th 0.00494 0.1467
13th 0.0194 0.2182
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5. Implementation of the Proposed Model

In this section, for the modulation of the field current, the implementation of the
suggested ANN-based model is demonstrated with the integration of MATLAB/Simulink,
ANSYS Maxwell, and ANSYS Simplorer. In the simulated system, the FEM model of SG,
which is created in ANSYS Maxwell, and the circuit of the six-pulse uncontrolled rectifier
load are simulated in the ANSYS Simplorer environment (see Figure 11). Additionally,
the modulation of the field current is optimally determined according to the ANN-based
model provided in the MATLAB/Simulink environment (see Figure 12).
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The determination blocks of the optimal field current created in the MATLAB/Simulink
environment given in Figure 12 consist of two parts:

• In the first part (1), for the loading ratio of the SG, the code embedded in the block
searches for the optimal magnitude and phase angle values of the 6th harmonic field
current component, which should be superimposed on the DC field current.

• In the second part (2), the s-function block is used for data transition between ANSYS
Simplorer and MATLAB/Simulink. It exports the optimal magnitude and phase angle
values of the harmonic current component, which is obtained by the first part, to
ANSYS Simplorer. It also exports the loading ratio data to ANSYS Simplorer.

Thus, by using the above detailed system, the optimally modulated field currents,
which minimize THDV, are injected into the field winding of the SG model in the ANSYS
Maxwell 2D FE environment.

Under low (20%), semi (50%), full (100%), and over (120%) loading conditions, the
individual and total harmonic distortions of the terminal line voltages, which are obtained
for optimally modulated field current cases in ANSYS, are plotted in Figure 13. For the
same conditions, the individual and total harmonic distortions of the terminal line voltages,
which are predicted by the developed ANN-based model, are also presented in the same
figure. It can be seen from Figure 13 that both models give almost the same results for the
optimally modulated excitation conditions.
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6. Conclusions

In this study, to investigate the terminal voltage harmonic distortion nature of the
salient-pole SGs under several non-linear loading levels and modulated excitation current
conditions, an extensive parametrical analysis is simulated by ANSYS Maxwell finite
element (FE) analysis software.

In the analysis, a three-phase salient-pole SG is loaded by a six-pulse uncontrolled
rectifier supplying a resistor, which is one of the most widely employed non-linear loads in
modern power systems. Accordingly, for the conventional pure DC field current, it is seen
from the analysis that the total harmonic distortion of terminal voltage (THDV) of the SG’s
terminal voltage varies between 8% and 18% under the loading ratios from low (25%) to
full loading conditions, respectively.

Additionally, in the simulations, by superimposing AC current components with
various frequencies, magnitudes, and phase angles on the DC component, numerous field
currents are modulated for the excitation of the SG under non-linear loading. Thus, the
analysis results show that for the low and full loading ratios, the modulation of the field
current from the sixth harmonic and the DC components reduces THDV to 6% and 11%,
respectively. This case clearly demonstrates that the terminal voltages of the SGs under
non-linear loading can be effectively mitigated by the modulation of their field current.

The ANN-based SG model is recommended as a computationally efficient method
to determine the optimal modulation of the field current, which minimizes the terminal
voltage harmonic distortion. In the suggested model, terminal voltages’ harmonics are
expressed in terms of the modulated field current’s harmonic components and the loading
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level. It can be stated from the presented mean-squared error values that the ANN model
sensitively estimates both the magnitudes and phase angles of the terminal voltages’
individual harmonics.

Finally, with the integration of ANSYS Maxwell, ANSYS Simplorer, and MATLAB/Simulink
software, the implementation of the suggested model is demonstrated for the construction
of the optimally modulated field current. Thus, it is shown that the developed tool can
successfully be employed for the minimization of the THDV of the SG’s terminal voltages
based on the field current modulation strategy. Moreover, the authors will implement the
ANN-based modulation tool to minimize the specific harmonics of the terminal voltages
under non-linear loading conditions in their future work.

In this study, the proposed method is implemented by considering the SGs, which
are dedicated to supply six-pulse uncontrolled rectifier loads. To improve the voltage’s
THD of the SGs under any non-linear load current profile using the proposed method, the
data obtained from FEM for the respected load should be used to train the ANN model
included in the proposed method.

The proposed method and various optimally designed passive filters will be compara-
tively evaluated with respect to their losses or energy efficiency in the authors’ future work.
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