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Abstract

In this study, 650W, 3500rpm 225Kv with 5kg traction force brushless DC motor is developed by using multidisciplinary analysis
tools which include electrical, electromagnetics and electronics. In aerial vehicles, the efficiency is highly significant since it affects
whole system parameters such as flight time, battery capacity, system mass and its acoustic noise level etc. Electric motor designer’s
aim is to increase machine efficiency at particular operating condition which is usually at rated condition. However, in aerial vehicles
the motor’s load type is fan and it has a parabolic speed-torque characteristic. Hence, the motor efficiency should be maximized in
this particular load line in a wide speed range. Hence, the study mostly focuses on maximizing the electrical energy to traction force
conversion efficiency at fan load characteristic but other performance-enhancing studies have not been neglected. The performance
metrics will be more detailed in the study. The results are verified with both simulation and experimental study.

Keywords: Aerial vehicles, Brushless DC motor, Motor efficiency.

Insansiz Hava Araclar Icin Verimli Bir Fircasiz DC Motor Tasarim

Oz

Bu ¢alismada, elektrik, elektromanyetik ve elektronigi i¢eren multidisipliner analiz araglar1 kullanilarak 650W, 3500rpm 225KV 5kg
cekis giicline sahip fircasiz DC motor gelistirilmistir. Hava araglarinda verimlilik, ugus stiresi, pil kapasitesi, sistem kiitlesi ve akustik
gliriiltii seviyesi gibi tiim sistem parametrelerini etkiledigi i¢in olduk¢a 6nemlidir. Elektrik motoru tasarimcisinin amaci, genellikle
nominal olan belirli ¢alisma kosullarinda makine verimliligini artirmaktir. Ancak hava araglarinda motorun yiik tipi fandir ve
parabolik hiz-tork karakteristigine sahiptir. Bu nedenle, genis bir hiz araliginda bu 6zel yiik hattinda motor verimi maksimize
edilmelidir. Bu nedenle, calisma cogunlukla fan yiik karakteristiginde elektrik enerjisinin ¢ekis kuvveti doniisiim veriminin
maksimize edilmesine odaklanmaktadir, ancak diger performans artirict ¢aligmalar ihmal edilmemistir. Performans metrikleri
caligmada daha ayrintili olarak anlatilacaktir. Sonuglar hem simiilasyon hem de deneysel ¢aligma ile dogrulanmistir.

Anahtar Kelimeler: Insansiz hava araclari, Fircasiz DC motor, Motor verimi.
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1. Introduction

Drones or quadracopters are playing an important role in
various sectors such as logistics, transportation, toys, military,
agricultural applications etc(Mithra, 2021). Today’s market
shows that the applications where drones will penetrate will
increase even more(Taha, 2022). One of the most critical parts in
the drone system is electric traction motors. They consume most
of the stored energy in the operation. While the motors keep the
drone in the air, it also undertakes the routing task of the drone.
Hence, its operating efficiency is critical and needs to be
maximized. Otherwise, drone operating time would be
shortened. In a simple way, efficiency can be increased by
making electric motor big, however, in this case, the drone
becomes heavier and the operation time is shortened, again.
Hence, maximizing efficiency by keeping the motor mass same
should be one of the biggest goal in the unmanned aerial
vehicles(Emanuele, 2021).

Electric motors convert electrical energy to the mechanical
traction energy with rotary motion. In the unmanned aerial
vehicles, electric motors work with the principle of attraction or
repulsion of two magnetic fields; rotor and stator magnetic
fluxes. The rotor magnetic flux source is the permanent magnet
in the BLDC motors. However, the stator flux source in most
motor type is the alternative electric current in the copper wires
which are placed in the stator slots.

Brushless DC Motors (BLDC) are known as high efficiency,
long life span, reliable, high power density electric motors(Ali,
2021). They have cool operating temperatures and do not need
maintenance over a long time(Abdiissamed, 2020). These
features make the BLDC motors most appropriate electric
motors for unmanned aerial vehicles(Ahmet Yigit, 2021). The
most BLDC motors utilize rare-earth material, neodymium iron
boron (NdFeB) magnets to provide enough flux in airgap
between stator and rotor. Complicated motor control and high
costs because of the magnets are the drawbacks of BLDC
motors(Seong-Tae Jo, 2022). Typical BLDC Motor for
unmanned aerial vehicles is shown in Figure 1.

Figure 1. Typical BLDC Motor for unmanned aerial vehicles.

Brushless DC motors can be either interior or outer rotor
structure, as shown in Figure 2. The outer rotor structure gives
the several following features. First, outer rotor has the larger
rotating inertia which helps to reduce/damp the torque ripple and
provide smooth stable operation even at low speeds. Second,
outer diameter of the outer rotor BLDC is typically higher than
internal rotor design. Torque is a function of square degree of
outer diameter of the rotor. Hence, for a given motor diameter,
an outer rotor motors have higher torque than interior designs.
Moreover, bigger airgap area exists in outer design, which
enables the higher force to build. Third, bigger outer diameter
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allows higher pole count which increases the BLDC torque
density. Outer rotor structures usually have shorter stack length.
In variable loaded applications such as pumps, fans, blowers etc.
The high rotor inertia can attenuate the load fluctuations and
provide smooth-consant rotor speed. The heat source in the
stator is copper power losses. Hence, the stator is exposed to
more heat trapping than it is in the interior design. So the current
density should be kept lower compared to interior rotor structure
as the heat dissipation capability is low inside the motor core
part. As can be understood from the literature review, the electric
motor study needs multidisciplinary study including electrical,
electromagnetics, electronics and mechanics. This paper mainly
consists of electrical-electromagnetical design of the unmanned
aerial vehicle motor however; other scientific disciplines are not
ignored.

Figure 2. Inner rotor(a) and outer rotor(b) geometries of BLDC
motor.

2. Material and Method
2.1. Brushless DC Motor Working Principle

Electric motors are classified as AC and DC electric motors
as shown in Figure 3. As contrary to what is known from its
name, BLDC motors are alternating current motors in the
synchronous motor family. They are widely used in robots,
traction control systems, servo drives, fans etc(Berk, 2021).
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Figure 3. Electric motor type classification (Eduardo, 2008).

Brushless DC motors have trapezoidal back EMF waveform
and their excitation method is based on six-step commutation
principle(Yusuf, 2015). A typical back EMF and ideal phase
excitation waveforms are shown in Figure 4.

Brushless DC motor modeling equations are given in (1-3),
where Vi, , Vbe , Vea are the stator excitation voltages which are
provided from BLDC driver, R is the stator one phase resistance
and i, , 1 , ic are the stator phase currents, L is the phase
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inductance. Here, the BLDC motor assumed to have
symmetrical phases so the winding resistances and inductances
are equal(Ho-Young Lee, 2021).

Figure 4. Typical back EMF and phase excitation current
waveforms of BLDC motors.

€., & and ec back EMF equations are represented in (4-6).
Here k. is the back EMF constant, ()., is the rotational
mechanical speed in radian and F(8.) is the function determined
in (7) where changes with rotor position. Generated torque is
given in (8) as a function of F(6.), In Y connected BLDC motor
the sum of three phase currents should be zero as given in (9).
(Stefan, 2005)
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A typical BLDC motor driving scheme is shown in Figure 5.
A 3-phase full bridge inverter with 6 semiconductor switches
and their asssociated gate driver circuits are obtained driving
signals from microprocessor. Rotor position sensors can be used
to increase the motor performance. However, the redundancy is
much more important in unmanned aerial vehicles. Hence, signal
minimization should be aimed by eliminating the position
sensors which can be done by using sensorless motor control
algorithm.

Figure 5. Typical BLDC Motor Control Diagram.

2.2. Brushless DC Motor Design for Unmanned
Aerial Vehicles

The design step always starts with  design
electrical/mechanical limits and performance requirements. First
of all, the “Kv” term should be determined as it is highly used in
drone applications. “Kv” refers the rotational constant speed of
the motor at 1V DC bus voltage. “Kv” unit is the rpm/V. It is
measured by revolution of the rotor speed per minute when 1V is
applied to the no loaded BLDC motor. Supposing the battery
voltage 3S (meaning 3.7Vx3=11.1V) with S00Kv BLDC motor,
the unloaded motor speed will be 11.1x500=5550 rpm. By
noting that this is an unloaded motor speed, the speed of the
BLDC motor will decrease by using propeller in unmanned
aerial vehicle. The reason is, as the motor current will increase
using propeller, the voltage drop across the winding resistance
and cables will increase. Moreover, the permanent magnets will
be partially demagnetized temporarily which depends on
generated flux linkage by stator magnetic field and magnet
temperature (Zhang F, 2019).

Table 1. Motor design input parameters

Kv Rating 225 Kv
Motor diameter 80 mm
Motor length 21 mm
Rated battery voltage 24V
Rated battery current 26,1 A
Rated motor power 630 W
Rated speed @max. torque 3500 rpm
Motor mass 205 Gr
Rated torque 1.13 Nm

In this application the input parameters and limits are
determined with Table 1. One of the main design criteria is
selection of winding type which can be either distributed or
concentrated winding. In distributed wounded electric motors,
the magnetic field distrbition in the airgap have lower harmonic
content which enables higher efficiency and better energy
conversion in the airgap (Cemil, 2018).
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ROTOR POLE NUMBER
2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34

3 q<0.25 | g<0.25 q<0.25 | q<0.25 q<0.25 | q<0.25 q<0.25 | q<0.25 q<0.25 | q<0.25

6 q>0.5 0,866 0,866 q<0.25 q<0.25 | q<0.25 q<0.25 | q<0.25 q<0.25 | q<0.25 q<0.25 | q<0.25

9 q>05 | g>05 0,866 0,866 | g<0.25 | g<0.25 q<0.25 [ g<0.25 | g<0.25 | q<0.25 | q<0.25 | g<0.25 [ q<0.25 [ q<0.25

12 q>05 | g>05 0,866 0,933 0,933 0,866 q<0.25 [ g<0.25 q<0.25 [ g<0.25 q<0.25 [ g<0.25
§ 15 q>05 | g>05 q>0.5 0,866 0,866 | q<0.25 q<0.25 [ g<0.25 q<0.25 [ g<0.25
g 18 q>05 | 9g>05 | g>05 | g>05 | g>0.5 0,866 0,902 0,945 0,945 0,902 0,866 | q<0.25 | g<0.25 | g<0.25 [ g<0.25 [ q<0.25
E 21 g>05 | g>05 g>05 | g>05 0,866 0,866 q<0.25 [ g<0.25
=] 24 q>05 | g>05 g>0.5 | g>05 q>0.5 0,866 0,933 0,949 0,949 0,933 0,866 | q<0.25
2 27 q>05 | q>05 | g>05 | g>05 qg>0.5 | q>05 | g>0.5 | g>0.5 0,866 0,945 0,945
g 30 q>05 | g>05 q>0.5 | g>05 g>0.5 | g>05 0,866 0,874 0,936 0,951 0,951 0,936
[y 33 q>0.5 | g>0.5 q>0.5 q>0.5 q>0.5 | q>0.5 q>0.5 0,866

36 q>0.5 q>0.5 q>0.5 q>0.5 q>0.5 q>0.5 q>0.5 q>0.5 q>0.5 q>0.5 0,866 0,867 0,902 0,933 0,945 0,953

39 q>0.5 q>0.5 q>0.5 q>0.5 q>0.5 q>0.5 q>0.5 q>0.5 0,866

42 q>05 | g>05 q>05 | g>05 q>05 | g>05 q>05 [ g>05 q>0.5 0,866 0,89 0,913

45 q>0.5 q>0.5 q>0.5 q>0.5 q>0.5 q>0.5 q>0.5 q>0.5 q>0.5 q>0.5 q>0.5 q>0.5 q>0.5 0,866

48 q>05 | gq>05 q>05 | q>05 q>05 | q>05 q>05 [ q>05 q>05 [ q>05 0,866 0,857

Il Unbalanced Winding
I Non-symmetrical Winding

However, distributed wounded electric motors have higher
end-turn length and usually have bigger winding resistance
which cuts the efficiency and make the motor operating
temperature higher, as well. Moreover, its manufacturing process
is difficult. However, concentrated windings can be quickly and
cheaply wound by winding machine. Other advantages are short
end-turns, less winding resistance. These features make the
concentreated winding method suitable for unmanned aerial
vehicles (UAVs), as more compact motor design is possible with
this method. A major challenging issue in the concentrated
winding motor is selection of suitable slot/pole number of
BLDC. Otherwise, its performance would be poorer than
distributed wound BLDC motor.

Table 2 shows the winding factors of possible slot/pole
combinations. It should be noted here that green highlights have
highest winding factor, however yellow highlights are worse
winding factor than green. This table can be extended to very
high pole/slot count. However, as the motor outer diameter is
limited by 80mm, very high numbers would not be realistic as
the manufacturing difficulty will be much more. Winding factor
is one of the important performance parameter which highly
depends on pole/slot combination and can maximize the back
EMF voltage with proper selection as represented in (10). Here,
p is the pole pair number, w,, is the mechanical angular speed, N
is the total number of serial turns per phase, k,, is the winding
factor and kg, is the stacking factor. From Table 2, 24 slot
number and 28 pole is selected to reach highest motor power
density. Hereafter, as the geometrical limits are already
determined by the application, parametric optimization is
performed for each design parameter which are teeth geometry,
airgap length, magnet grade and its geometry, wire diameter and
number of turns, number of parallel path etc. we will not go into
detail as the parametric optimization tools are already well
known by FEA software packages. Instead, the final optimized
geometry FEA analyses results and its effects on the motor
performance were deeply studied.

E= pmengwkst (Vpeak)

(10)

Figure 6 shows the magnetic field density (B) of developed
outer rotor BLDC at no load condition, the BLDC model is
established in Ansys-Electronics. Silicon based lamination
material is used in stator stack. Silicon steel lamination material
saturates around 1.65-1.7 Tesla. In the figure, the result shows
that stator teeth reach to 1.75 Tesla magnetic field density. As a
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result, some part of the stator is facing saturation which
increases the iron losses consisting hysteresis and eddy current
losses represented in (11-12). Here K;, and K, are hysteresis and
eddy current loss coefficient depending on material properties,
Bumax is the maximum magnetic field density in the designated
volume, n is the factor and its value is commonly taken 1.5-2 in
electric machine applications. f is the electrical frequency and t
is the lamination thickness. It is clear that magnetic field density
strongly increases the total iron loss. As a trade off, trying to
keep magnetic field density low will result in the motor getting
bigger and heavier.

(W /m?)
(W /m?)

(11)
(12)

_ n
Physte‘resis - Kthax f

2
Peddy = KeBnax fztz

B [teslal

1.7a
. 1.53
1.43
1.33
1.22
1.12
1.82
8. 92
a. 82
@, 71
@, 61
.51
@ 4l
@, 31
@. e
8,18
a. 6a

Figure 6. Magnetic field density of developed outer rotor
BLDC at no load.
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The resultant back EMF waveforms are given in Figure 7.
The results show that phase induced voltages are similar to
trapezoidal waveshape and relatively lower harmonic content
than line-to-line back EMFs. However, this is known that phase
voltages play an important role in torque ripple. The motor is
designed to be excited in a six-step pulse, so the back EMF
waveforms are suitable for this excitation type. The other
performance metric is the cogging torque. In fan applications the
cogging usually can be ignored, however, this is known that
cogging torque will cause acoustic noise and shortens the life of
the bearings as it causes vibration in light load(Jacek F. Gieras,
2003). Hence, it should be minimized in unmanned aerial
vehicles as the noise is critical issue in missle applications(Kun
Xia, 2017).
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Figure 7. The Back EMF waveforms of developed BLDC motor.
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Figure 8. The cogging torque waveform of the developed
BLDC.
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Figure 9. Phase currents(a) and generated electromagnetic
torque(b) of developed BLDC motor.

2.3. Experimental Study

The developed outer rotor BLDC was manufactured to verify the
design stage. First of all, mechanical design is executed as
shown in Figure 10. As it is unmanned aerial vehicle application,
minimum motor mass is one of the biggest goals. Hence,
aluminium 7075 aviation material is used in the motor frame.
Aluminium 7075 series has very high yield strength feature
compared to conventional 6063 or 5000 series aluminium.

Winding is the challenging step in the production process.
Maximal copper usage is always aimed to reach high
performance and high efficiency in the BLDC motor. However,
as it is outer rotor structure, slot fill factor is relatively worse
than inner rotor structure. The final produces BLDC motor
picture is shown in Figure 11.

iy

11

W
N

Figure 11. Winding stage and final picture of produced BLDC
motor.
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The produced BLDC motor is tested in the dynamometer which
includes dynamic torque sensor and electromagnetic powder
brake as a passive load. Typical six-step excitation voltage in the
test progress is given in Figure 13. The test procedure is
performed in a wide speed and torque range to obtain the motor
and driver efficiency. The measured efficiency map of the
developed BLDC motor is drawn with propeller load

characteristic curve. The result shows that, developed BLDC
motor efficiency is maximized in the wide speed operating range
which enables to reach highest system efficiency in the
unmanned aerial vehicle applications.

W A Complete M Pos: =120.0us

Figure 13. Measured one phase six-step excitation voltage
waveform.

Efficiency map (%)

1000 1500 2000 2500 3000 300 “2000 4500 5000
Speed (rpm)

Figure 14. the efficiency map of developed BLDC motor and the

propeller load characteristic.
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3. Conclusion

In this study, 650W, 3500rpm with 225Kv, 5kg traction force
BLDC motor is developed by using multidisciplinary study.
Unmanned aerial vehicle total system efficiency is highly
depends on traction motor energy conversion efficiency as the
most of the stored energy in the battery is used by motors.
Hence, BLDC motor efficiency should be maximized and
optimized not just in a motor side. In addition, BLDC motor and
propeller load characteristic curve should be taken into account
together. The results show that the harmoniousness of BLDC
motor and the propeller enables to reach high system efficiency.
The simulation and experimental results clearly show that this
goal is achieved in a wide speed range. The similar method is
planned to be executed for high power BLDC motors in UAV
application.
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