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Abstract

In today's world of the globalizing 21st century, in Industry 4.0 technologies that bring together informatics
enterprises and industry, unmanned aerial vehicles (UAVS), whose importance is increasing day by day, are
used extensively in military, civil, and scientific projects. For this reason, it is of great importance that the UAV
motors that power the control system are used with high efficiency and safety. In this study, the data obtained
from the brushless direct current motor (BLDC) and the related flight control system, which is an important
equipment of UAVs, were analyzed in Matlab SIMULINK using SVM (Support Vector Machine), KNN (K-
Nearest Neighbors), decision trees, least-square approximation methods. According to the input parameters of
the BLDC motor, the torque value at which the system can reach maximum efficiency has been estimated using
the cross-validation method. In the light of the analysis, an cubic SVM-based parameter estimation method with
a 98% accuracy rate, has been developed, which significantly improves BLDC motor’s efficiency. When the
data BLDC motor was analyzed in Matlab SIMULINK, for cubic SVM algorithm RMSE value was estimated
0.010215, R-squared value 0.010215, R-squared value 0.99, MSE value 0.000104, MAE value 0.008187. For
this reason, it was determined that it would be more appropriate to use the cubic SVM algorithm in parameter
estimation for BLDC motors of UAVS.
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Insansiz Hava Araci Tahrik Sistemleri Icin SVM ile BLDC Motorlarin Parametre

Kestirimi

Oz

Kiiresellesen 21. yiizyilin giiniimiiz diinyasinda bilisim isletmeleri ile sanayiyi bulusturan Endiistri 4.0
teknolojilerinde 6nemi her gecen giin artan insansiz hava araclart (IHA) askeri, sivil ve bilimsel projelerde
yogun olarak kullanilmaktadir. Bu nedenle kontrol sistemine gii¢ veren IHA motorlarinin yiiksek verim ve
giivenlikle kullanilmas: biiyiik 6nem tagimaktadir. Bu calismada, IHA'larin énemli bir ekipmani olan firgasiz
dogru akim motoru (BLDC) ve ilgili ugus kontrol sisteminden elde edilen veriler, SVM (Destek Vektor
Makineleri), KNN (En Yakin Komsu), karar agaglari, en kiiciik kareler yaklasimi yontemleri kullanilarak
Matlab SIMULINK ortaminda analiz edilmistir. BLDC motorun giris parametrelerine gore sistemin maksimum
verime ulasabilecegi tork degeri ¢apraz dogrulama yontemi kullanilarak tahmin edilmistir. Analizler 15181nda,
BLDC motorun verimini 6nemli 6l¢iide artiran, %98 dogruluk orania sahip kiibik SVM tabanli bir parametre
tahmin yontemi gelistirilmigtir. BLDC motor verileri Matlab SIMULINK'te analiz edildiginde, cubic SVM
algoritmas! i¢in RMSE degeri 0.010215, R? degeri 0.99, MSE degeri 0.000104, MAE degeri 0.008187 olarak
tahmin edilmistir. Bu nedenle IHA'larin BLDC motorlari igin parametre tahmininde kiibik SVM algoritmasinin
kullanilmasinin daha uygun olacagi belirlenmistir.

Anahtar Kelimeler: Fir¢asiz Dogru Akim Motoru, Destek Vektér Makineleri, Insansiz Hava Araci, Parametre
Kestirimi.
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Parameter Estimation of BLDC Motors by SVM for UAV Propulsion Systems

1. Introduction

UAVs, which are an important part of the rapidly developing world technologies, facilitate
the development of many sectors in the national and international arena and also have a
very important effect on the economies and defenses of the world countries [1]. With the
increasing number of unmanned airline networks and developing unmanned aerial vehicle
technology, many applications such as military reconnaissance, scientific observation [2],
fire fighting, and freight transportation have become faster, safer, and more economical. Air
transportation is often preferred because it is a more advantageous method than other
transportation methods, especially in terms of safety, speed, and comfort.

A large number of researchers, including structural concepts, mathematical models, simulation
calculations, etc. investigated polyphase motors [3-9]. Other of the researchers worked on
double-winding motor, permanent magnet brushless DC motor, switched resistance motor [10-
11], asynchronous motor [12-13], induction motor [14-15]. These motors differ from BLDC
motors in design and performance criteria [16]. In this study, BLDC motor which are an
important part of the power control system of UAVs worked on.

BLDC motors in UAVS, it is more preferred than brushed motors. BLDC motors are also
extensively used in diverse industrial applications [17], engineering, and robotic practices [18].
By virtue of their high efficiency, smaller size compared to other motors and higher momentum
(requires less copper), silent operations, little heating, no need for maintenance, and much
longer life than other motors BLDC motors can be considered as a good choice [3-4].

BLDC motors generally are defined by reliability, high efficiency [19], and a wide range of
pace inside the performance criteria of other motors. Regardless of the distinction between
fixed-wing and rotary propeller in UAVs, BLDC motors are used to provide effective power,
especially in using batteries.

It is of great importance to select the input values of the flight control system equipment and
especially the components used in the motor system to ensure maximum flight safety and
performance in UAVs. Systems designed without selecting input values that will maximize
efficiency cause loss of time, money, and lack of trust. For this reason, the control system should
be designed by estimating the torque value according to input parameters of the UAV motors,
which form the basis of the flight control system, in a way to maximize efficiency.

SVM is one of the supervised learning algorithms used classification and regression analysis of
medium-dimensional data sets. Apart from SVM, there are many analysis methods used by
researchers such as KNN, ANN, decision trees, random trees in testing data sets [8]. The
success rates of the tested data sets differ according to the analysis method used. Choosing the
appropriate analysis method for the problem is very important in increasing the success rate of
the estimation algorithm developed on the system.
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In this study, the data set in the implementation of the established model for the UAV's BLDC
motor were analyzed in Matlab SIMULINK using SVM, KNN, and decision tree algorithms.
According to the analysis results, with a 98% success rate, SVM was more successful than other
algorithms used. For this reason, the SVM algorithm has been examined thoroughly in the
materials and methodology part, and the success of SVM in previous studies has been included.

[1000]mxn size data of UAVs’ BLDC motor with 10 parameters obtained from the data set were
analyzed in Matlab SIMULINK. In the analysis, it was determined that the two most important
parameters affecting efficiency in the flight control system are the input voltage and torque. In
the SVM method, the data were estimated with a 98% confidence rate, in the least-squares
approach, the data were estimated with a 95% confidence rate. In this way, the value of the
torque parameter defined will be easily determined, and more efficient and safer systems will
be designed.

2. Material and Methods

In this section, first of all, the formulation and mathematical model of the BLDC motor are
explained. Then, the efficiency and data set of systems containing BLDC motors are presented.
Finally, using this data set, the torque value that the system can reach maximum efficiency
according to the input parameters of the BLDC motor is estimated using the SVM-based cross-
validation method.

2.1. Mathematical Formulation and Modeling of Brushless DC motor

System dynamics are examined in detail in the reference. This section will focus on the
mathematical model and equations of the designed system. A three-phase synchronous motor
equation (7) can be contrasted and analyzed with the design modeling of a BLDC motor. If the
voltage equation of the UAVs’ BLDC motor is explained by equation 3 [18].

Va=LZe 4R I+ 6, (1)
dt

Vb=L%b+R.|b+eb (2)
dl,

Vc:LE*‘R.Ic"'ec (3)

If equations (1), (2), and (3) are rewritten in the form below,

Va R 0 0 ia La Lab Lac ia €a
V=10 R O||ip|+|Llva Lo Lpc|p|in|+|€p (4)
Vc 0 0 R ic Lca ch Lc ic €c

In equation number 4, if phase winding resistances are equal, iron losses are neglectable and
sags are considered to be unsaturated,

La=Lb=Lc=L (5)
Lba=Lboc=Lea=M=0 (6)
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Va iq lg €a Va
[Vb =R|ip|+ Ly |in| + ||+ |Vh ()
Ve lc lc €c /4
(8), (9) and (10) equations contain torque equations.
T, ia+;1;rib+ecic ®)
Te=To+J20+ Bw (9)
Te =Kl (10)
The output power is given by this equation.
P=TeW, (11)
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Figure 1. Parametric model evaluation - state-space model fit.

Figure 1 shows the frequency response of the data set obtained as a result of the experiment
against time. [1000]mxn Size of data referenced were analyzed in Matlab SIMULINK and an
estimation graph was drawn in time and frequency axis. In Figure 1, the x-axis time shows the
y-axis frequency. The gray solid line represents the verification of the estimated data and the
blue line represents the system response. When the figure is examined, the responses of the
estimated data against the frequency and the verification of the data can be easily observed in a
50-second sampling period.

2.2. Efficiency of Systems Containing BLDC Motors

The first step in improving the performance of systems [2], containing BLDC motors is to
comprehend efficiency. In a brushless system, two fundamental efficiencies are mentioned,

409



Parameter Estimation of BLDC Motors by SVM for UAV Propulsion Systems

namely motor efficiency and propeller efficiency. In this study, to focus on motor efficiency, it
will be said that the larger the propeller, the higher the efficiency of the motor. BLDC motor
has a high efficiency when rotating at high speed with relatively low torque. Heating increases
and performance decreases in motors operated with high torque. In addition to these, a larger,
more efficient propeller is often more profitable than using a gearbox that causes heat losses.
In this section, the factors affecting the efficiency of a BLDC motor will be determined and
expressed with the help of mathematical equations. Especially for UAV designers, this
information includes important strategies to maximize flight performance and portable payload
capacity.

Motor efficiency = Mechanical power / Electrical power (12)
Mechanical power = Torque * RPM (13)
Electrical power = Current * Voltage (14)
Electrical power = Mechanical power + Heat losses (15)
Heat losses = R* Current (16)

Electrical power = Torque * RPM + R * Current? a7
Torque * RPM + R * Current? = Current * Voltage (18)

When the mathematical equations regarding the efficiency of the BLDC motor are examined,
it is seen that torque and voltage are important parameters for the performance of the motor. As
a result of the analysis made in Matlab SIMULINK, it was determined that the two parameters
that affect the efficiency most for this system are torque and input voltage. It is clear that the
results found support mathematical equations.

The data set used in this study was taken from Matlab SIMULINK's database [20]. The data set
includes data on BLDC motors, one of the most used motor types in rotary and fixed-wing
UAVs [21-22]. The data were analyzed in Matlab SIMULINK using SVM, KNN, and decision
trees, and least square approximation algorithms. Since the highest accuracy rate is acquired
with the SVM method, only the SVM algorithm is included in the methods section.

2.3. Support Vector Machine Algorithm

Support Vector Machine (SVM) algorithm is a supervised machine learning theory used by
many researchers to do robust estimation [8]. Today, it is frequently used in many areas,
especially to analyze medium-dimensional data sets. The theoretical statement of the SVM
algorithm is as follows. For the analyzed parameters,

T={(x,y)li=12,.., n} (19)
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the n-dimensional characteristic vectors in the real number field x; and yi, xieX and vyi e{-1,
+1}.When the analyzed data set is expressed with a linear relationship, can be used the linear
equation in below,

wix+b=0 (20)
W = (W1Wo; ..., wd) (21)

where w is the hyperplane, b is the distance between the origin and the hyperplane. For this
reason, the distance from the hyperplane to any point x can be expressed as follows [23].

y=— (22)

In this study, it is clearly seen that SVM's advantages such as analyzing medium sized data sets,
providing a high success rate, and creating multi-directional estimation and decision making
functions are valid in this study as in other studies [8], [17], [24-25].
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Figure 2. Parallel coordinates plot using SVM algorithm.

Figure 2 involves the analysis of the data and prediction model procures from the simulation in
Matlab Simulink parallel coordinates application using the SVM algorithm. It can be seen as
there are 10 parallel lines for 10 input parameters analyzed in the system. When the parallel
coordinates plot is analyzed, an inference can be made on how the input parameters of the
designed system affect the efficiency. It can be seen from the figure that the data are collected
on the 7th and 8th parameters. Parameter 7th is the input voltage, parameter 8th is torque. For
this reason, the necessary calculations should be made by taking these parameters as a reference
while designing and the values of other elements should be selected. As a matter of fact, in this
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study, the torque parameter was taken as the response in the estimation made in Matlab
SIMULINK.

[1000]mxn size of data with 10 parameters belonging to the BLDC motor of the UAV were
analyzed in Matlab SIMULINK using SVM, KNN, and decision trees algorithms. The data set
were trained using SVM algorithms. The accuracy rates of SVM algorithms are as in Table 1.

Table 1. Accuracy rates of SVM (Support Vector Machine) algorithms based estimation

SVM Algorithm Types Accuracy Rates

Quadratic SVM 98%
Cubic SVM 98%
Fine Gaussian SVM 90%
Medium Gaussian SVM 88%
Coarse Gaussian SVM 80%

The data set was trained using K-Nearest Neighbors (KNN) algorithms in Matlab SIMULINK.
The accuracy rates of KNN algorithms are as follows: fine KNN 94%, medium KNN 88%,
coarse KNN 80%, cosine KNN 89%, cubic KNN 92%, weighted KNN 84%.

The data set were trained using decision tree algorithms in Matlab SIMULINK. The accuracy
rates of decision tree algorithms are as follows: fine tree 88%, medium tree 88%, coarse tree
80%.

For estimation in Matlab SIMULINK analysis armature resistance, armature rated current,
armature inductance, armature voltage, moment of inertia, sliding mode parameters, input
voltage, sampling period, frequency of carrier parameters were used. The torque parameter was
taken as a response. 70% of the estimated data using the cross-validation method was used in
training, 15% of the remaining data was used for the test, and 15% for the validation of the
model. Cross-validation 10 folds are selected in the analysis. When the accuracy rates of the
methods are evaluated, it is clearly seen that SVM algorithm provides superiority over other
methods with a 98% accuracy rate. Since the highest accuracy rate in the estimation analyses
was obtained with quadratic SVM and cubic SVM, detailed analyzes of these two methods were
performed in Matlab SIMULINK.

Table 2. SVM (Support Vector Machine) based estimation analyzes results

SVM Algorithms RMSE R? MSE MAE
Quadratic SVM 0.085505 0.99  0.000073  0.007670
Cubic SVM 0.010215 0.99  0.000104 0.008187

Fine Gaussian SVM 0.029292 0.93  0.000858 0.016089
Medium Gaussian SVM 0.016326  0.98  0.000267  0.010274
Coarse Gaussian SVM  0.053390 0.75  0.002851 0.043672
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Table 2 contains RMSE (Root Mean Square Error), R? (Coefficient of Determination, MSE
(Mean Squared Error), MAE (Mean Absolute Error) results of SVM methods used for
estimation in Matlab SIMULINK. R? is the decision coefficient based on the accuracy of the
model. RMSE, MSE, and MAE are the criteria showing the error rate. For a successful
estimation, the value of R? is desired to be as close to 1 as possible. The values of RMSE, R?,
MSE , MAE are also desired to be as close to 0 as possible [26]. For the determined time t, the
error in the time series pt observed and predicted in the time interval rt is defined as,

€t =TIt-Pe (23)
MSE =37, e? (24)
RMSE = /% n o e? (25)

MAE = -3, le| (26)

As a result of the simulation, for cubic SVM was found as RMSE value 0.010215, R? value
0.99, MSE value 0.000104, MAE value 0.008187, accuracy rate 98%, for quadratic SVM was
found as RMSE value 0.085505, R? value 0.99, MSE value 0.000073, MAE value 0.007670,
accuracy rate 98%. When Matlab SIMULINK analysis results were evaluated, it was
determined that the most successful parameter estimation was made with cubic SVM.

Quadratic SVM Response Plot
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Figure 3. Quadratic SVM response plot.

In Figure 3, with the quadratic SVM method, the torque parameter on the y axis is taken as a
response against the input parameters on the x-axis. The graph contains the true, predicted, and
errors information of the parameter estimated by this method. When the figure created in Matlab
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SIMULINK was examined, an estimation with 98% accuracy rate was obtained by using
quadratic SVM.

Cubic SVM Response Plot
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Figure 4. Cubic SVM response plot.

In Figure 4, with the cubic SVM method, the torque parameter on the y axis is taken as a
response to the input parameters on the x-axis. The graph contains the true, predicted, and errors
information of the parameter estimated by this method. When the figure created in Matlab
SIMULINK was examined, an estimation with 98% accuracy rate was obtained by using cubic
SVM.

Quadratic SVM Predicted vs Actual Plot Cubic SVM Predicted vs Actual Plot
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Figure 5. Quadratic SVM predicted vs actual plot - Cubic SVM predicted vs actual plot.

Figure 5 shows how close the estimation made with the SVM methods with the highest accuracy
rate is to the perfect prediction curve. When the graphics were examined, it was observed that
the torque estimation was quite close to the perfect prediction curve for cubic SVM. From
Matlab SIMULINK obtained RMSE, R?, MSE, MAE values support this results.
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Estimation Response

Parameters

Figure 6. Using least-squares approximations torque parameter estimation.

Figure 6 created in Matlab SIMULINK shows torque parameter estimation using the least-
squares approximation method. In the figure, using the experimental results transferred to the
Matlab SIMULINK environment, data, data excluded from the second fit, original fit,
compliance with excluded points, and robust fit graphs are drawn. When the figure is analyzed,
it can be easily seen that the data are estimated at a scale close to the robust fit curve. When all
the graphs are drawn were examined, an estimation was made with a 95% confidence rate using
the least-squares approach.

Residual Response

Figure 7.
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Created in Matlab SIMULINK shows residuals using the least-squares
approximation method.
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The round symbol in Figure 7 represents the information obtained as a result of the least-squares
approximations analyzes, the cross represents the estimated information When this analysis was
evaluated, a residuals estimate with 95% accuracy rate was made.

3. Results and Discussion

Unmanned aerial vehicles (UAVS) expand human potential and allow to execute dangerous or
difficult duties safely and efficiently, saving time, saving money, and, most crucially, saving
lives. In unmanned aerial vehicle technologies, designers are developing methods and
algorithms to increase maximum flight safety and performance day by day. Especially in recent
times, studies that will increase the flight output of UAVs by consuming less fuel in maximum
time have gained popularity. One of the most used motor types in UAV propulsion systems is
the brushless DC motor (BLDC). Research articles on this topic and practical applications in
the UAV industry support this view.

In this study, parameter estimation has been made using the SVM, KNN, decision tree, and
least square approximation algorithms of the BLDC motor used in UAVS. The system’s data
was estimated in Matlab SIMULINK making use of the 10-fold cross-validation method for
maximum efficiency. The important thing this study is to decide when to terminate the training
process, to avoid the system's memorization problem, and to create the most effective
estimation model based on SVM. For all these, 70% of the data was used for training, 15% for
validation, and 15% for testing. Robust estimation curves for the estimation of parameters
created using the least-square approximation method in Matlab SIMULINK were drawn with
95% confidence. SVM, KNN, decision tree, and least square approximation methods

[1000]mxn size data belonging to UAVs with 10 parameters were analyzed in Matlab
SIMULINK using SVM, KNN, decision trees, and least-squares approximations. The accuracy
rates of SVM algorithms are as follows: Quadratic SVM 98%, cubic SVM 98%, fine Gaussian
SVM 90%, medium Gaussian SVM 88%, coarse Gaussian SVM 80%. The accuracy rates of
KNN algorithms are as follows: fine KNN 94%, medium KNN 88%, coarse KNN 80%, cosine
KNN 89%, cubic KNN 92%, weighted KNN 84%. The accuracy rates of decision tree
algorithms are as follows: fine tree 88%, medium tree 88%, coarse tree 80%. In this study, it is
focused on quadratic SVM and cubic SVM methods that perform the best parameter estimation
according to accuracy rates. As a result of the simulation, for cubic SVM was found as RMSE
value 0.010215, R? value 0.99, MSE value 0.000104, MAE value 0.008187, accuracy rate 98%,
for quadratic SVM was found as RMSE value 0.085505, R? value 0.99, MSE value 0.000073,
MAE value 0.007670, accuracy rate 98%. When the success metrics of all methods were
evaluated, it is determined as the method that showed the most successful prediction
performance for the BLDC motor of the cubic SVM UAV. When the researchers' articles on
the subject are examined in detail, it supports the results obtained in this study that SVM
achieved a higher accuracy rate compared to other algorithms in many engineering applications.

In the light of the analysis, it was determined that important two parameters affecting efficiency
for the designed system and data are the input voltage and torque. With the SVM-based
methodology, the input values of other parameters can be calculated according to the estimated
torque value automatically to maximize efficiency. As a result, it is suggested to use the cubic

416



Parameter Estimation of BLDC Motors by SVM for UAV Propulsion Systems

SVM algorithm, which have the highest accuracy rate with 98% reliability among the
algorithms used for machine learning-based parameter estimation. The algorithms and
estimation strategy proposed in this study will constitute an important resource in other studies
of the BLDC motor of UAVS.

4. Conclusion

In this study, a parameter estimation using SVM, KNN, decision tree, and least square
approximation methods was made that notably increases the efficiency of UAV’s BLDC
motors. When the success metrics of all methods were evaluated, it is determined as the method
that showed the most successful prediction performance for the BLDC motor of the cubic SVM
UAV. When the researchers' articles on the subject are examined in detail, it supports the results
obtained in this study that cubic SVM achieved a higher accuracy rate compared to other
algorithms in many engineering applications. In the light of the analysis, it was determined that
important two parameters affecting efficiency for the designed system and data are the input
voltage and torque. With the SVM-based methodology, the input values of other parameters
can be calculated according to the estimated torque value automatically to maximize efficiency.
As a result, it is suggested to use the cubic SVM algorithm, which have the highest accuracy
rate with 98% reliability among the algorithms used for machine learning-based parameter
estimation. The algorithm and estimation strategy proposed in this study will constitute an
important resource in other studies of the BLDC motor of UAVS.

Ethics in Publishing
There are no ethical issues regarding the publication of this study.

Author Contributions

HASILCI, B.: conceived and designed the study, scanned the literature, collected the material,
implemented the method and wrote the study, determined and interpreted the results.
MUMCU, T.V.: scanned the literature, organized the study, analyzed and interpreted the study,
evaluated and interpreted the results.

References

[1] Outay, F., Mengash, H. A., Adnan, M., (2020). “Applications of Unmanned Aerial Vehicle
(UAV) in Road Safety, Traffic and Highway Infrastructure Management: Recent Advances and
Challenges”, Transportation Research Part A: Policy and Practice, 141, 116-129.

[2] Ozbek, E., Yalin, G., Ekici, S., Karakoc, T. H., (2020), “Evaluation of Design Methodology,
Limitations, and Iterations of a Hydrogen Fuelled Hybrid Fuel Cell Mini UAV”, Energy, 213
(15).

[3] Chen, Q., Liu, G., Zhao, W., Qu, L., Xu., G. (2017), “Asymmetrical SVPWM Fault-Tolerant
Control of Five-Phase PM Brushless Motors”, IEEE Trans. Energy Convers., 32(1), 12-22.

[4] Megahed, F. T. (2020), “Analytical Approach to Estimate the Polyphase Induction Machine
Performance”, J Magn Magn Mater, 514 (15), 167119.

417



Parameter Estimation of BLDC Motors by SVM for UAV Propulsion Systems

[5] Filippini, M., Hunt, L. C. (2012), “US Residential Energy Demand and Energy Efficiency:
A Stochastic Demand Frontier Approach ”, Energy Economics, 34 (5), 1484-1491.

[6] Gupta, S. K., Singh, O., Khan, M. A., Kushwaha, A. K. (2020), “A Review on
Developments of Polyphase Machines”, J Inform Optim Sci, 41 (1), 327-343.

[7] Figueroa, J., Brocart, C., Cros, J., Viarouge, P. (2003), “Simplified Simulation Methods for
Polyphase Brushless DC Motors”, Math Comput Simulation, 63 (3), 209-224.

[8] Khadar, S., Kouzou, A., Hafaifa, A., Atif, I. (2019), “Investigation on SVM-Backstepping
Sensorless Control of Five-Phase Open-End Winding Induction Motor Based on Model
Reference Adaptive System and Parameter Estimation,” Eng Sci Technol, 22 (4), 1013-1026.

[9] Palanisamy, R., Vijayakumar, K. (2020), “SVPWM Control Strategy for a Three-Phase
Five-Level Dual Inverter Fed Open-End Winding Induction Motor,” ISA
Trans, 102 (2020), 105-116.

[10] Anih, L.U., Obe, E. S. (2019), “Performance Analysis of a Composite Dual-Winding
Reluctance Machine”, Energy Convers Manage, 50 (12), 3056-3062.

[11] Xin, C., Qin, S., Chenhao, L., Heng Z., Zhiquan, D. (2017). “Direct Control of Torque and
Levitation Force for Dual-Winding Bearingless Switched Reluctance”, MotorcElectr Power
Syst Res, 145 (2017), 214-222.

[12] Sachin, J., Chinthamalla, R., Sanjeevikumar, P., Olorunfemi O., J., Ertas, A. H. (2016),
“Dual MPPT Algorithm for Dual PV Source Fed Open-End Winding Induction Motor Drive
for Pumping Application, ” Eng Sci Technol, 19 (4), 1771-1780.

[13] Padmanaban S., Pecht, M. (2016), “An Isolated/Non-Isolated Novel Multilevel Inverter
Configuration for a Dual Three-Phase Symmetrical/Asymmetrical Star-Winding Converter”,
Eng Sci Technol, 19 (4), 1763-1770.

[14] Ogunjuyigbe, A., S., O., Ayodele, T., R., Adetokun, B., B. (2018), “Modelling and
Analysis of Dual Stator-Winding Induction Machine Using Complex Vector Approach”, Eng
Sci Technol, 21 (3), 351-363.

[15] Chatterjee, A., Chatterjee, D. (2015), “An Improved Excitation Control Technique of
Three-Phase Induction Machine Operating as Dual Winding Generator for Micro-Wind
Domestic Application”, Energy Convers. Manage., 87 (2015), 98-106.

[16] Fu, Z., L., Xing, Z., (2020), “Performance Analysis of Dual-Redundancy Brushless DC
Motor”, Energy Reports, 6 (9), 829-833.

[17] Sabanci, K. (2020), “Artificial Intelligence Based Power Consumption Estimation of Two-
Phase Brushless DC Motor According to FEA Parametric Simulation”, Measurement, 155, 1-
9.

[18] Goswamia, R., Joshib, D. (2018), “Performance Review of Fuzzy Logic Based Controllers
Employed in Brushless DC Motor”, Procedia Computer Science, 132 (2018), 623-631.

[19] Kelek, M. M., Celik, I., Fidan, U., & Oguz, Y. The Simulation of Mathematical Model of
Outer Rotor BLDC Motor. Simulation, 2687, 5527.

418



Parameter Estimation of BLDC Motors by SVM for UAV Propulsion Systems

[20] Matlab SIMULINK. The BLDC data set has been analyzed by transferring it from Matlab
Simulink's database to the workspace. Date of last access: 15-01-2021

https://www.mathworks.com/help/physmod/sps/ug/brushless-dc-motor.html

[21] Hentati, A. I., Fourati, L., C. (2020), “Comprehensive Survey of UAVs Communication
Networks”, Computer Standards & Interfaces, 72 (2020), 103451.

[22] Zhang, H., Song, B., Li, F., Xuan J., (2021), “Multidisciplinary Design Optimization of an
Electric Propulsion System of a Hybrid UAV Considering Wind Disturbance Rejection
Capability in the Quadrotor Mode”, Aerospace Science and Technology, 110, 106372.

[23] Dai, B., H., Yang, L. (2020), “Throughput and Energy Efficiency Maximization for UAV-
Assisted Vehicular Network”, Physical Communication, 42 (2020), 101136.

[24] Hoang, T., M., Nguyen, N., M., Duong, T., Q. (2019), "Detection of Eavesdropping Attack
in Uavaided Wireless Systems: Unsupervised Learning with One-Class SVM and K-Means
Clustering”, IEEE Wireless Commun. Lett. 9 (2), 139-142.

[25] Lin, J., Chen, H., Li, S., Liu, Y., Li, X, Yu, B. (2019), "Accurate Prediction of Potential
Druggable Proteins Based on Genetic Algorithm and Bagging-SVM Ensemble Classifier",
Artificial Intelligence in Medicine, 98 (2019), 35-47.

[26] Giiltepe, Y. (2019), Makine Ogrenmesi Algoritmalar1 ile Hava Kirliligi Tahmini Uzerine

Karsilagtirmali Bir Degerlendirme. Avrupa Bilim ve Teknoloji Dergisi, (16), 8-15, DOI:
10.31590/ejosat.53034

419


https://www.mathworks.com/help/physmod/sps/ug/brushless-dc-motor.html

