iriried applied
L sciences

Article

Improvement of Electric Propulsion System Model
for Performance Analysis of Large-Size
Multicopter UAVs

Jinseok Jeong 17, Hayoung Shi !, Kichang Lee 2 and Beomsoo Kang *

1 Department of Aerospace Engineering, Pusan National University, Busan 46241, Korea;

js775@pusan.ac.kr (J.].); shy621@pusan.ac.kr (H.S.)
Korea Electrotechnology Research Institue, Changwon 51543, Korea; leekc@keri.re.kr
*  Correspondence: bskang@pusan.ac.kr; Tel.: +82-51-510-2310

Received: 21 September 2020; Accepted: 12 November 2020; Published: 15 November 2020 ::‘P;)edc:t?sr

Abstract: In this study, an improved model of the electric propulsion system is proposed in order to
analyze the performance of large-size multicopter unmanned aerial vehicles. The main improvement
of the proposed model is to reflect the armature reaction of the motor, which effectively explains
the significant performance degradation in high-power operation. The armature reaction is a
phenomenon, in which the main field flux is interfered by a magnetic flux and, as the size and
output of the motor increase, the effect of armature reaction also rapidly increases. Therefore,
the armature reaction must be considered for the optimal design and performance analysis of
large-size multicopter platforms. The model proposed in this study includes several mathematical
models for propellers, motors, electric speed controllers, and batteries, which are key components
of the electric propulsion system, and they can calculate key performance data, such as thrust and
torque and power consumption, according to given product specifications and input conditions.
However, estimates of the armature reaction constants and heat profiles of motors need to be obtained
in advance through experimental methods, since there is not yet enough data available in order to
derive an estimation model. In conclusion, a comparison with the static thrust test of some commercial
products confirmed that the proposed model could predict performance in the high-power operation
of electric propulsion systems for large multicopter platforms, although some errors were noted.

Keywords: multicopter; unmanned aerial vehicle; electric propulsion system; performance analysis;
multidisciplinary design

1. Introduction

Currently, large-size industrial multicopter platforms with payloads of several tens of kilograms
or more are being developed. These large platforms aim to load special heavy payloads, such as
large-capacity cargo transport, fire-fighting equipment, first-aid equipment, and military supplies.
Such platforms are expected to further expand the scope of the aviation industry, because they can
overcome challenges that cannot be overcome by conventional small aircraft or drones. Furthermore,
the basic shape of an urban air mobility (UAM), which have attracted attention as next-generation
transportation vehicles, is often based on the multicopter platform. The Passenger AAV (Ehang-216)
of Ehang, the Volocity of the Volocopter, and the CityAirbus of the Airbus are typical cases of
multicopter-type UAMs [1-3].

Meanwhile, as the size of the platform increases, factors that are to be considered in the design
process also increase and become challenging. In terms of the structural strength of the platform,
the scale effect of material stiffness, which could have been a benefit in small sizes, is reduced [4].
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Thus, more complex structural designs than those of small platforms are required. The high risk
of failure and crash, which increases in proportion to the platform weight, is another challenge.
For example, in the case of small multicopter unmanned aerial vehicles (UAV), emergency parachutes
against falls or propeller guards against collisions are included in the recommendation, but not
necessarily used. In contrast, for large-size platforms, these features are strongly demanded as
essential design requirements to ensure safety. However, these requirements often result in an increase
in weight, which, in turn, leads to reduced power efficiency across the platform. As is well known,
a short flight time due to low power efficiency is the main weakness of multicopter platforms.

In this regard, research on the optimal design of multicopter platforms is being conducted in
various fields. The development of reliable models for performance analysis of electric propulsion
systems is one such effort. The propulsion system model forms the basis for reviewing the overall
performance of the platform and performing the optimal design; thus, the development of a reliable
model is usually a priority for the aircraft design process.

For large-size multicopter UAVs, it must be considered that the system will operate under
high voltage and heavy current conditions as the size of the electric propulsion system increases.
Especially in these high power conditions, the effect of the motor’s armature reaction is no longer
negligible. The armature reaction is a phenomenon, in which the main field flux is interfered by a
magnetic flux that is caused by current flowing through the armature of the motor and it is known to
be the main cause of stray losses [5].

In this study, as part of the development of optimal design tools for large-size multicopter UAVs,
research on the improvement of a multidisciplinary model of an electric propulsion system was
performed. It was focused on improving the reliability of the model for electric propulsion system,
and supplementing the dynamics and statistical analysis for each component based on the previous
studies [6]. In particular, for motor models, the degradation of rotor performance under high-power
conditions can be more accurately predicted by modeling the effect of the armature reaction. A simple
thermal effect model was also added to describe the degradation of performance due to overheating of
the motor. For statistical analysis, the overall analysis of commercial products dedicated to multicopter
UAVs was conducted. Based on this, replaceable models were presented for some factors that were
treated as constants or were neglected in previous studies, such as no-load current of motors or power
losses in electric speed controllers (ESC). The developed performance analysis model basically reflects
only static operating conditions and, therefore, does not take into account the transient characteristics,
such as due to a disturbance in flight; however, it is constructed to suit the iterative calculation for initial
sizing or optimal design based on simple equations. Finally, the developed model was verified by
comparison with data sheets and static thrust test results for actual commercial products. Validation has
confirmed that the performance analysis of the electric propulsion system for large-size multicopter
UAVs can be more reliably performed through major improvements, including the armature reaction
model. However, in order to use the proposed model, a preliminary experiment for each motor product
is still needed in order to estimate the armature reaction constant and thermal profile; thus, follow-up
research is underway to secure the estimated model.

2. Related Works

Recent research on performance analysis and optimal design methods for multicopter UAVs
has been earnest. Initially, studies on small electric-powered fixed-wing UAVs mainly focused
on performance analysis and modeling methods for multicopter platforms, owing to their
similar configurations.

Lundstrom et al. [7] analyzed the modeling of a simple propulsion system consisting of a single
motor and a propeller for the design automation of flying wing micro aerial vehicles (MAV). The study
shows a typical form of the electric propulsion system model for small UAVs; however, the reliability
of the model is not very high, because the dynamics could not sufficiently explain the behavior of
the components.
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Gur et al. [8] performed an optimization study of an electric propulsion system for small
fixed-wing UAVs. For multicopter platforms, Bershadsky et al. [9] conducted similar studies. Both of
the studies presented a multidisciplinary design optimization (MDO) framework for the initial sizing
process based on statistical analysis and dynamics of the key performance variables of each component
of the electric propulsion system. The two studies highlighted the same problem of low reliability of
some statistical data. This is because the sample population for statistics targeted overly generic
products, and the correlation between some variables was incorrectly analyzed. In the case of
Bershadsky et al., this problem might have been inevitable at the time of the study, because there were
not enough commercially available multicopter UAVs.

Gong et al. [10-12] presented a more detailed model for fixed-wing aircrafts and demonstrated
that the accuracy of the model can be effectively improved by focusing on the detailed characteristics
of each component of the electric propulsion system.

One recent notable study is the Conceptual Layout Optimization for Universal Drone Systems
(CLOUDS), a multicopter performance analysis and conceptual design program that was developed by
Seoul National University through a joint study with the Korea Aerospace Research Institute [13,14].
CLOUDS provides performance analysis and conceptual design tools for small multicopter platforms
weighing 25 kg or less, based on the blade element momentum theory (BEMT) and electric propulsion
system model.

However, most of the above studies were conducted on small UAVs and did not include factors
that should be considered in the high-power operation of large motors, such as armature reaction or
thermal effects. Thus, errors are common when comparing the model results with performance data or
experimental results in high-power operations.

3. Electric Propulsion System for Multicopter UAVs

A multicopter is a rotorcraft that has more than two lift-generating rotors. The most prominent
feature of the multicopter that distinguishes it from conventional helicopters is its simple configuration.
Instead of a large rotor blade and complex hub structures, it simply uses multiple propellers that were
directly connected to the motors. Figure 1 shows the typical configuration of the electric propulsion
system for multicopter UAVs, which consist of multiple motors and propellers, ESCs, and batteries.

Battery pack , Prop,
- [b by = BSG, — Moton

Battery pack , Prop

Battery pack , Prop,
- b R = s, — oo

Figure 1. Typical configuration of the electric propulsion system of multicopter unmanned aerial
vehicles (UAVs).

Each rotor on a multicopter platform typically includes components with the same specifications.
For the motor type, a permanent magnet outer rotation brushless direct current (BLDC) motor with
a large number of poles is preferred. During operation, the output of the motor moves along the
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torque-to-speed curve of the propeller. For propellers, a two-blade fixed pitch propeller type that
is made of carbon fiber reinforced composite material is preferred. Usually, one rotor arm has one
propeller; however, some platforms are equipped with two propellers, each coaxially inverted to
reduce the overall size. The ESC refers to a motor driver and it controls the output level of the
motor by regulating the input voltage. Although the ESC is conventionally called a speed controller,
it does not actually quantitatively control the speed of the motor. For type of batteries, lithium-based
secondary batteries are commonly used. In this study, only models for lithium-polymer (LiPo) batteries
were considered.

4. Mathematical Model

Similar to the actual system, the model for the electric propulsion system includes subgroups
for each of the four components. Each subgroup consists of simple models that are based on
multidisciplinary dynamics and parameters of the electric propulsion system, and it has been modeled
to reflect as many factors that significantly affect the performance of the platform as possible.

4.1. System Power Chain

Figure 2 shows the system power chain, illustrating the power transfer structure of the typical
multicopter UAV [15]. The flight control system (FCS) includes both avionics and additional servo
actuators for flight control. Usually, the avionics of the multicopter UAV is simply configured with
a flight control computer, navigtation sensors, and telemetry modems. The payload includes all of
the additional equipment for missions. In the case of multicopter UAVs, typical payloads are cameras
and gimbals for the aerial photography, LIDAR sensor for airborne laser scanning, and devices for
transporting special cargo.

Pesc Pmotor
PSyS Protor
Battery » ESC | Motor »| Propeller
Torque
Speed
anrt
; Protar = Psys + Ppaet X Nrotor
Pfcs . o
» Flight Control System
P
payload
» Payload

Figure 2. Multicopter UAV system power chain structure.

The total power consumption (Pi,;) of the multicopter UAV is calculated, as shown in
Equation (1), where Psys is the power usage of the UAV system and P, is the power loss of the
battery. The power usage of the system is divided into the required rotor power (Pyot0r) and the power
consumption in the FCS and payload (Pfcs, Ppayioaq), as shown in Equation (2). The required rotor power
is the sum of the power consumed by the motor (Pyet0r) and the ESC loss (Pesc). The calculation of the
required rotor power is defined as Equation (3), where Nyotor is the number of rotors. Assuming that
the output of all rotors is constant and stable under steady state flight, such as hovering or cruise flight
conditions, Equation (3) can be simplified as Equation (4). The power that is consumed by the FCS and
payload is considered to be constant.
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Piotat = Psys + Ppatt 1)

Psys = Protor + Pfcs + Ppayload (2)
Nrotnr

Protor = 2 (Pmoto‘fn + PESCn) (3)
n=1

Protor = Nrotor : (Pmotor + Pesc) (4)

4.2. Propeller

In this paper, the propeller model was written as a regression model based on the static thrust
test data of the sample propeller used in the actual experiment in order to minimize the error of the
propeller model for effective verification of proposed electric propulsion system model. The propeller
model comprises formulas for thrust and torque calculation and submodels for thrust and torque
coefficients. In this study, the thrust and torque coefficient model was developed as a regression model
based on the momentum theory and actual performance test, and only the static thrust condition
was considered. This was done in order to validate the proposed electric propulsion system model
as correctly as possible and it is based on the static thrust data that were obtained from the actual
experiment for commercial propeller samples.

According to the standard definition of propeller aerodynamic coefficients, the propeller thrust
and torque can be calculated using Equations (5) and (6) [16], where Ty, and Qprop are the propeller
thrust and torque, respectively; Cr and Cg are the thrust and torque coefficients, respectively; p,;; is the
air density; n is the propeller speed in revolutions per second; and, D is the diameter of the propeller.

Tprop = Cr * Pair - n?. D* ()

Qprop = CQ * Lair * n*-D° (6)

The aerodynamic coefficient of the propeller is expressed as a function of geometrical features,
Reynolds number, tip speed, and advance ratio. The geometrical features can be represented as the
diameter of the propeller and the pitch ratio. The Reynolds number and tip speed are determined while
using the diameter and speed of the propeller, and the advance ratio is not considered in the static
thrust condition. Thus, the aerodynamic coefficients of the propeller under static thrust conditions
are modeled as a function of diameter, rotational speed, and pitch ratio, as shown in Equation (7),
in which Cr, and Cg, are the static thrust and static torque coefficients, respectively; and, k, a, b, c are
the coefficients of the regression model.

[Cr,,Co,] = k-n"- Db (P/D)° (7)

4.3. Motor

The motor model is based on the direct current (DC) motor fundamentals and simple electrical
model [5]. Figure 3 depicts the equivalent circuit of the simple DC motor model, where the propeller
torque acts as a load, and the basic equations are as shown in Equation (8) and (9). Where V, is the
applied voltage; L, and R, are the motor inductance and resistance, respectively; I, is the current
consumption; e, is the back electro motive force (EMF); ¢, is the voltage drop due to an armature
reaction; T, is motor torque; w;, is motor speed in radian per second; and, By, is the viscous friction
coefficient. Although the construction of the model is simple, it contains all of the basic electrical and
mechanical elements required in order to represent motor dynamics. This is appropriate when it is
necessary to examine the overall behavior characteristics as simple as possible with adequate fidelity,

as in this study.

dl,
Va:Lm-d—Zl+Im~Rm+eb+ea (8)
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Figure 3. Equivalent circuit of DC motor.
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Equations (8) and (9), respectively, reflect the electrical and mechanical characteristics of the
motor, and, if there is no change in speed of the motor, the differential terms are eliminable as
Equations (10) and (11). The input and output power of the motor are calculated while using
Equations (12) and (13), and the efficiency is calculated using Equation (14).

Vi=1In-Ryn+e,+eg (10)
T = By - wm + Qprop (11)
Py =V Iy (12)

Pout = T - Wi (13)

_ Pout _ Tm * Wm
L R VA

(14)

The relationship between mechanical energy and electrical energy can be expressed using motor
constants. Equations (15) and (16) show that the back EMF and motor speed, motor torque, and current
consumption are linearly proportional, where K, is a back EMF constant and K; is a torque constant.
The mechanical power output of the motor and the power by back EMF have the same values,
according to the law of energy conservation. This can be expressed as Equation (17), and applying the
Equations (15) and (16) here, it can show that the motor torque constant and the back EMF constant
also have the same value. The speed constant, K, which is provided as a key performance index from
most multicopter motor manufacturers, represents the motor speed per unit voltage in the no-load
condition (w;,,), as shown in Equation (18). This corresponds to the inverse of the back EMF constant.
Thus, each motor constant is combined as one, as in Equation (19).

ey, = Ky - wpy (15)
b b

Tn = K¢ - Iy (16)
ey Iy = Ty - Wiy (17)

Wy =Ky -V (18)
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Ky =Ky = — (19)

A motor size constant, K;,;, another important reference index when selecting a motor, is expressed
as the ratio of the motor torque and the square root of resistive power loss and it can be calculated
from the torque constant and the motor resistance, as Equation (20). The motor size constant is
proportional to the weight of the motor and it is also useful for estimating the viscous friction
coefficient. This is because the viscous friction coefficient also tends to be proportional to the
size of the motor. Although the viscous friction coefficient is not usually provided as a product
specification of the motor, the value can be estimated from the no-load current. From the Equation (11),
if there is no external load, the viscous friction can be regarded as the only load applied to the motor.
The estimation equation for viscous friction coefficient is as shown in Equation (21) and it is derived
from Equations (11), (16), and (18). Where Ij is a no-load current and V;, is an applied voltage under
no-load current measurement conditions. These values are usually given in the specification of the
motor. Figure 4 shows a tendency of the viscous friction coefficient relative to the motor size constant.
Data for this trend analysis were obtained based on the product specifications of the major motor
manufacturers for multicopter UAV [17-20]. Consequently, the estimated model for the viscous friction
coefficient of the BLDC motor for multicopter UAVs was obtained, as shown in Equation (22).

K
K, — )
" VRn 0)
I ,
B, ~ — . (K N
m Vll(] ( t) ( )
By = 0.0051 - (K )14 »

10-2 k o T-motorin=113)
¥  Scorpion(n=12)
+  Dualsky (n=6G)
10-3 o Sunnysky(n=73) J
B, model (R%=0.0654)
w 104 ¢ 1
E
=
= 1[]—5 L .
E
1]
108} ;
10-7F ;
10-8 : : -
103 10-2 101 10¢

K_(N-m/{W)
m
Figure 4. Motor size constant vs viscous friction coefficient.

On the otherhand, during actual operation, the performance of the motor is affected by a number
of factors. Among the various factors that degrade performance, the most representative is an armature
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reaction. Figure 5 is a simple diagram of the typical armature reaction of a two-pole DC motor,
showing that the main field flux is affected by the armature flux, which results in an magnetic neutral
line being misaligned from a geometric neutral line [21].

In the case of motors for general industrial machinery, where the operation range is usually set
as the design value and does not deviate much from that the design value, this is offset by installing
compensation winding in order to match the expected level of the armature reaction. Thus, in many
cases, the effect of the armature reaction is often considered to be negligible. However, in motors for
multicopter UAVs, notably, almost all products are not designed with consideration for the armature
reaction. This is because motors for multicopter unmanned aerial vehicles are driven by speed control
methods, which makes it difficult to reflect specific points, such as design values, owing to their wide
operating range. In addition, because aircraft parts are sensitive to weight, the motor is designed to be
as light and simple as possible; therefore, the installation of compensation winding is difficult.

Geometric neutral axis 1 , Magnetic neutral axis

Armature flux ! i Main field flux

Figure 5. Distortion of main field flux due to armature flux.

In addition, the effects of armature reactions are particularly noticeable in high-power conditions;
thus, the larger the platform and motor size, the more necessary it is to consider armature reactions
more carefully. In motors that ere used in small multicopter platforms, the effect of the armature
reaction is usually observed in the short range near full throttle conditions. In contrast, in large-sized
motors where a high-voltage, high-current drive is based, it can be seen that the armature reaction
is prominent in the wide range starting from the intermediate throttle. However, because armature
reactions are influenced by complex factors, such as stator shape and air gap, number of winding
turns in coils, and magnetic flux in magnets, the analytical model for armature reactions is also very
complex and difficult to express explicitly [22]. Thus, the armature reaction is usually considered to
be simplified into additional voltage drop factors, as is included in Equation (8). According to the
related studies that are referenced in this paper, it is mainly expressed as the product of the n-order
polynomial for the motor current and the motor speed [23-25]. In conclusion, in this study, a function
of the squared motor current and the motor speed was used as the model, such as Equation (23).
Where K, is the armature reaction constant, which can be used to estimate the appropriate value
through comparison with the experimental data. Although this is a more simplified expression when
compared to the forms presented in the referenced studies, given the weight of each order term
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according to the coefficients of the polynomials that are presented in those studies, it was considered
to be sufficient for the level of the model that is required for this study.

s = Ko - (In)? - wp (23)

Meanwhile, the thermal effects on the motor reduce the magnetic flux density and cause increased
winding resistance [26-28]. This is not as high as that caused by an armature reaction; however, it can
also cause significant degradation if excessive overheating occurs. Indeed, the demagnetization of the
magnet and the increase in the internal resistance of the motor due to the thermal effect cause a sharp
increase in the current consumption. The change in magnetic flux density is directly related to the
torque constant and back EMF constant of the motor, which can be expressed while using a temperature
coefficient. Equation (24) can be used in order to calculate the change in torque constant and back EMF
constant due to thermal effects, where a4 is the temperature coefficient of the conductor; A8y is
the temperature change of the magnet; and, subscript ‘o’ represents ordinary conditions. Similarly,
the change in motor resistance is calculated, as shown in Equation (25), where a.,,, is the conductor
temperature coefficient of the motor coil and A6, is the temperature change of the conductor.

[Kt, Kp] = [Ki,, Kp,] - (1 + &mag - Abpuag) (24)

Ry = ng : (1 + Xcon - Aecon) (25)

Table 1 lists the average temperature coefficient and the temperature limit for each type of magnet.
Temperature limits are the maximum temperatures at which a magnet can maintain a minimum
magnetism, which is a decisive factor in the operating limits of the motor. Most BLDC motors for
multicopter UAVs are equipped with N42 or N45 grade neodymium (NdFeB) magnets. Therefore, it is
recommended that these magnets not be overheated to more than 100 °C during operation. Table 2
lists the temperature coefficients of typical conductor materials, mainly copper and silver wires used
in motor coils.

Table 1. Magnet temperature coefficient and temperature limit for various magnet types.

Magnet Type Ceramic SmCo AINiCo NdFeB
&mag [/°C] —0.0020 —0.0004 —0.0002 —0.0012
Tiax [°C] 300 300 540 150

Table 2. Conductor temperature coefficient for various materials.

Conductor Material Silver Gold Copper Aluminum
&con [/°C] 0.0038 0.0037 0.0040 0.0043

4.4. ESC

The ESC uses switching circuits that consist of multiple metal oxide semiconductor field-effect
transistors (MOSFET) to convert DC electricity from the power source into a three-phase waveform
for motor control [29,30]. There are two typical control methods for motors for multicopter UAVs:
trapezoidal commutation and field oriented control(FOC). The conventionally used method is
trapezoidal commutation. The switching circuit consists of at least six MOSFETs depending on
the ESC capacity, as shown in Figure 6. The three-phase waveform is controlled by switching the high
and low side MOSFETs, and the applied voltage to the motor is regulated from the input voltage by
pulse width modulation (PWM). This results in a conduction loss and a switching loss due to the
on/off operation of the MOSFET, which are the main power loss factors for the ESC.
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Figure 6. Equivalent circuit of the electric speed controllers (ESC).

Figure 7 shows PWM signal waveforms for high and low side MOSFET control and three phase
voltages in the ideal trapezoidal commutation. Figure 8 shows actual three phase voltage waveforms
according to the PWM duty ratio (d) of the output voltage, which was measured by an experiment
driving the actual motor(T-motor U5 motor with Flame 40A ESC, 351P LiPo battery) under the no-load
condition. As the PWM duty ratio increases, it shows that the width of the pulse that forms the phase
voltage waveform, which may seem like noise, is widening. Finally, when the PWM duty ratio reaches
1, it shows that the traces of pulse disappear from the phase voltage and only the phase transition of
the neat trapezoidal waveform takes place. For most multicopter dedicated ESCs, the PWM duty ratio
directly refers to the motor throttle command from the flight controller. On the other hand, the shorter
cycle of trapezoidal waveforms that are inversely proportional to the PWM duty ratio is due to the
increased commutation frequency as the motor speed increases. Consequently, the value of the output
voltage (Vou¢), which is the time average of the actually applied voltage to the motor, can be calculated,
as shown in Equation (26).

Vour = d - Vi (26)

High
PWM A
Low |

High
PWM B

Low |

High
PWM C
Low

Phase A Phase B
Ideal -7 RN
Phase Pre ~.

Voltage | -~ o S

Phase C

0 AtoC 60 BtoC 120 BtoA 180 CtoA 240 CtoB 300 AtoB 360

Electrical angle (°)

Figure 7. Pulse width modulation (PWM) signal and phase voltage waveform for ideal
trapezoidal commutation.
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Figure 8. Actual three phase voltage waveform measured by experiment.

The total power consumption of the ESC can be approximated by the sum of the conduction
l0ss (Pesc.cq), switching loss (Pesc.sw), and integrated circuit (IC) operating power (P ic), as shown in
Equation (27) [11,31-34].

Pesc = Pesc.cd + Pesc.sw + Pesc.ic (27)

The conduction loss of the MOSEFET is calculated from the output current and on-state resistance.

For the ESC, the output current is the current consumption of the motor. To obtain the total

conduction loss of the ESC, the number of MOSFETs in the on-state must be considered according

to the commutation sequence and PWM duty ratio that determines the time of the on-state. Thus,

the total conduction loss is calculated, as shown in Equation (28), where R, is the ESC total
on-state resistance.

Pesc.ca = d- Iyzn * Resc.on (28)

The switching loss is due to a gate charge of the MOSFET. The gate charge is the amount of charge
that needs to be injected into the gate electrode to turn on the MOSFET completely. While the gate
of the MOSEFET is fully open, the power on the MOSFET will be lost as much as the gate charge is
charged. Conversely, while the gate of the MOSFET is closed, the loss is caused by the gate that is not
fully closed until the gate charge is completely discharged. Here, the time that is required to charge
and discharge the gate charge it is called the rise and fall time, which depends on the structural and
material characteristics of the MOSFET. Power MOSFETs for high-speed switching typically have a
rise and fall time in the tens of nanoseconds. The input voltage of the ESC is adjusted to the applied
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voltage via the high frequency PWM, as shown in Figure 8. The time that is required for the gate of
MOSEFET to open and close is actually extremely short, but the total amount cannot be ignored if the
MOSFET operates at a very high frequency, like ESCs. Switching loss of the ESC can be computed
while using Equation (29), where ¢, and ¢ are the rise time and fall time of the MOSFET, respectively;
and, V} is the terminal voltage of the battery pack as the input voltage on the ESC. f; is the switching
frequency, which varies depending on the ESC product and settings, and it is commonly 8 kHz, 16 kHz,
and 32 kHz. In this study, 16 kHz was used as the default value.

Pescsw = 1 Vi Iy, - (tr + tf) 'fsw (29)

The model of on-state resistance and the default rise/fall time were derived based on typical
values on the rated condition given in the datasheets for MOSFET chips. To this end, some major
commercial ESC products have been investigated and analyzed. Table 3 lists the specifications for
sample commercial multicopter-dedicated ESCs and the MOSFETs used in these products [17,35-37].
Note that, for the data on the MOSFET, because of that datasheets for the ESC did not provide any
relevant information, it was obtained by disassembled the actual sample ESC products. Additionally,

the detailed specifications of the MOSFETs were referenced from the specifications for each of the chips.

Table 3. Commercial multicopter dedicated ESCs and metal oxide semiconductor field-effect transistors
(MOSFETs) specification samples.

Item 1 2 3 4 5 6
Manufacturer T-motor T-motor T-motor T-motor CobraMotor STM
Product Flame60A HV ~ FlamelOOA LV ~ Flamel00A HV  Flame200A HV MR60 ESC001V1
Max. Current 60 A 100 A 100 A 200 A 60 A 20 A
Peak Current 80 A 120 A 120A 240 A 75 A 30 A
Max. Voltage @) 522V 34.8V 60.9V 60.9 V 261V 261V
Max. Power () 3132 W 3480 W 6090 W 12180 W 1566 W 522 W
MOSFET TPR4R0O0SNH FDMSS8333L IPBO15NO08N5 TPH4R50ANH TPCAS8057-H STL160N4F7
No. of MOSFETs 18 30 6 42 18 6
Riosfeton © 3.3mQ 2.4 mQ 1.1 mQ 3.7 mQ 2.6 mQ 2.1 mQ
Rescon @ 22mQ 0.96 mQ 22 mQ 1.057 mQ 1.733 mQ 42m0
trise (© 5.7 nSec 4.7 nSec 32.0 nSec 9.6 nSec 4.3 nSec 6.6 nSec
tfall © 11.0 nSec 4.2 nSec 28.0 nSec 13.0 nSec 6.3 nSec 5.7 nSec
Item 7 8 9 10 11 12
Manufacturer Hobbywing Hobbywing Hobbywing Hobbywing Hobbywing Hobbywing
Product XRotor10A XRotor15A XRotor20A XRotor25A XRotor40A Pro  XRotor50A Pro
Max. Current 10 A 15A 20A 25A 40 A 50 A
Peak Current 15A 20 A 30 A 40 A 60 A 70 A
Max. Voltage (@) 13.05 A 17.4V 174V 261V 261V 261V
Max. Power () 130.5 W 261 W 348 W 6525 W 1044 W 1305 W
MOSFET IRFH830PbF IRFH8318PbF TPCA8087 IRFH7440PbF FDMS8333L SM4023NSKP
No. of MOSFETs 6 6 6 6 12 12
Ronos fet.on © 3.0mQ 2.5 mQ 1.5mQ 1.8 mQ) 24 mQ 1.85 mQ)
Rescon ¥ 6.0 mQ) 5.0 mQ) 3.0 mQ 3.6 mQ) 24mQ 1.85 mQ
trise ©) 25.0 nSec 33.0 nSec 5.7 nSec 45.0 nSec 4.7 nSec 10.0 nSec
tran ©) 9.2 nSec 12.0 nSec 11.0 nSec 42.0 nSec 4.2 nSec 34.0 nSec

(a): 435V x Max. cell number of support LiPB, (b): Max.Voltage x Max.Current, (c): Typical value provided in
datasheet, (d): Ryosfer.on /(No. of MOSFET/3).

Figure 9 shows the relationship between the allowable maximum continuous current and on-state
resistance, arranged from the specifications of the sample ESCs outlined in Table 3, and the estimation
model is shown in Equation (30). Where L .. is the current-carrying capacity of the ESC, similar to the
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maximum continuous current on the datasheet. The current consumption of the motor under the full
throttle condition should be less than the maximum continuous current of the ESC.

Rescon = 32.6754 - (I,.esc) ~*70%% 4 0.5269 (30)

For MOSFETs applied to the sample ESCs, as shown in Table 3, the sum of the rise and fall times
is up to 87 nSec and at least 8.9 nSec. However, this shows a trend that has no relationship with
any specifications of the ESC. Therefore, in this study, 30 nSec—the average of the MOSFETs used in
the sample ESCs—was used as a default value for the sum of rise and fall times. Similarly, the ESC
IC operating power was considered to be constant at 0.5 W, which was obtained by referring to the
datasheet of some sample products.

® Samples (n=12)
r — R _model (R?=0.9241) |

BSC.0N

(ms2)

esc.on

0 20 40 60 80 100 120 140 160 180 200 220
Continuous Current (A)

Figure 9. ESC continuous current vs. on-state resistance.
4.5. Battery

The main challenge with the battery model is describing the voltage drop due to internal resistance.
Assuming that the effects of the disturbance in flight are small enough to be neglected and that the
output of all motors remains stable, the drain on the battery can also be seen as a constant steady
discharge. In this paper, the battery model refers to a simple model with only one internal resistance,
as shown in Figure 10.

| W=
! LA

i R; lioaa |

b Voe !

. !
A ! Ve
—0

___________________________________

Figure 10. Simple battery model.
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The terminal voltage, V;, of the battery is calculated, as shown in Equation (31), where V. is
the open-circuit voltage of the battery, I;,,; is the load current, and Ry, is the internal resistance of
the battery. The load current is the total current consumption of the entire UAV system, as shown in
Equation (32). From Equations (31) and (32), the equation for the terminal voltage is derived, as shown
in Equation (33). The open-circuit voltage of the LiPo battery depends on the state of charge (SoC)
and outputs per cell of approximately 4.2 V in the fully charged condition and approximately 3.4 V
in the fully discharged condition. The nominal voltage is based on the open-circuit voltage of the
half-charged condition (SoC = 0.5), which is approximately 3.7 V per cell. The energy capacity of
the battery is given by multiplying the electric charge capacity by the nominal voltage, and the total
energy capacity is calculated, as shown in Equation (34).

Vi = Voc = Tjpad - Rpatt (31)
P.
lioat = = (32)
1
Vi= 5+ (Vac+/VA& =4+ Pus  Roan) (33)
Epatt = Nbatt‘puck * Nbpattcell - (3'7V ) ebatt.cell) (34)

The LiPo battery comprises a series/parallel connection of multiple single cells, as illustrated in
Figure 1. Thus, the total internal resistance of the battery set (Rp,t.s.t) can be calculated while using
Equation (35), where Ny cer is the number of serial-connected cells that are contained in a single
battery pack, and Ny pack is the number of battery packs connected in parallel. The internal resistance
of a single LiPo battery cell (Rp,t c.;1) depends on the electric charge capacity.

Nbatt.cell

* Ratt cent (35)
Nlmtt.puck att.ce

Rpatt.set =

In this study, experiments were conducted on single-cell LiPo battery samples that are shown
in Figure 11 in order to obtain estimation models of the battery open-circuit voltage and the internal
resistance according to SoC. The maximum discharge rate of the sample cells that are mainly used in
multicopter UAVs is approximately 25 C.

p Ha A= e =&
| B
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| | R

et 11
il p
¥

|
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. e L o
) | | \
] bk
[’ { Thatay 54
| r RLT
|
/ | 1
J k | § | :
l:l | “
i 1 i.l
i ]
0000
1982 |
! F L

Figure 11. Single cell LiPo battery battery samples.
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Figure 12 shows the average tendency of open circuit voltages according to SoC measured in a
discharge experiment on single cell LiPo battery samples. Equation (36) shows the model estimated
from the hysteresis curve.

Voe = 1.7-50C% —2.1- S0C? +1.2- SoC + 3.4 (36)

44 | : | : | : | : i
e V__measured
oc

42 | [——V . model .

36

349

32 . : : . . . .
0 0.1 0.2 0.3 04 05 06 07 08 09 1

State of Charge

Figure 12. Average open-circuit voltage curve of the sample LiPo battery cells.

The measurements for the internal resistance were performed while using a DC load method
relative to the nominal voltage at room temperature (24 °C). Other major factors that affect the change
in internal resistance are the operating temperature of the battery, the deterioration of performance
due to aging, and theSoC; however, only the normal condition was considered in this study. Figure 13
shows the tendency of internal resistance of the sample battery cells to the capacity. Equation (37)
shows the model of the internal resistance estimated from this tendency.

_ —0.8056
Rbatt.cell =21.0- (ebatt.cell) (37)
25 T T T T
L Rba“_ce" measured
2 _
s —Rbaﬂ.cell model (R =0.9662) i
% 15
3
s
a 10
o
5 -
0 L I ) )
0 5 10 15 20 25

€patt.cen (WH)

Figure 13. Internal resistance of the Single cell LiPo battery samples according to the capacity.
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5. Model Implementation

For model implementation, OpenMDAOQ, an open-source MDO framework provided by NASA’s
Glenn Research Center, was employed [38]. OpenMDAOQ is based on Python language and it provides
useful libraries and features that include various solvers and drivers for system analysis or the
multidisciplinary optimal design problem. This makes it relatively easy to perform system analysis
and optimization problems, even if users are not familiar with mathematical methods.

Figure 14 shows an expanded design structure matrix (XDSM), which summarizes the
performance calculation process of an electric propulsion system, and has automatically generated
using the OpenMDAO visualization feature plug-in [39,40]. Here, “1:indeps” denotes a group of
independent variables that correspond to the design variables in the design problem of the electric
propulsion system, such as propeller diameter, pitch, and motor specifications. Similarly, “2:consts”
denotes a group of components that are treated as constants, such as air density, power consumption
in the flight control system, and payload. Groups 3 to 6 are submodels that contain the relevant
constants and parameter calculations of each component of the electric propulsion system, and finally,
“7:RotorOutput” calculates the various conditions and results of rotor operation.

Figure 15 is a N? diagram that depicts the configuration of the entire model in more detail.
The same with the XDSM, the N? diagram was also automatically written through the visualization
feature of OpenMDAO. From the list of groups and components name on the left, the N2 diagram
provides a more detailed view of the group configuration that was simply illustrated in the
XDSM. For the electromotive system model implemented in this paper, all of the components,
except independent variables or constants, are declared to be explicit components. Explicit components
include a formula for that variable, and the various models that are presented in Section 4 are written
here. Additionally, as shown in the lower triangular matrix on the N? diagram, this problem includes
cycles for calculations of the propeller thrust and torque, the armature reaction of the motor, and the
voltage drop of the battery. Solvers applied for the problem were DirectSolver and Block Gauss—Seidel
NonlinearSolver with Aiteken Relaxation [41].

0, 8-1:Driver

iR —‘ B Koy Rn, o Lewe ] ecan Noatcon: Noatspack = N Dprp:d

2:consts —‘ Pres, Ppaytoad: Pair
3:PropParam —‘
4:MotorParam —‘ t Ky, Koy, Ry, By

5:EscParam —‘ BB (& 2 67)
6:BattParam

n 7:RotorOutput

=
=
o
o
I

Figure 14. Extended design structure matrix for the performance calculation process of the proposed
electric propulsion system model.
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Figure 15. N2 diagram for the proposed performance calculation process of the electric propulsion
system model.

6. Model Validation

In order to validate the proposed model, performance data, static thrust test data, and performance
prediction results using the proposed model of several commercial products were compared. Table 4
summarizes the specifications of the sample sets used for validation, with products from T-motor
and KDE Direct providing relatively detailed data [42—44]. For power sources, a 12,000 W capacity
power supply was used for the experiment and, for performance analysis, a LiPo battery model (1251P
18,000 mAh capacity) was used. Here, the capacity of the battery model was set to have an internal
resistance similar to the estimated internal resistance of the power supply from the voltage drop
tendency of the static thrust test results.

Table 4. Sample sets for model validation.

Specifications Set1 Set 2 Set 3
Product T-motor U15II KDE13218XF-105  KDE10218XF-105
Ky, (rtpm/V) 80 105 105
Motor
Ry, (mQ)) 17 13 23

Iy (A@10V) 38 3.1 1.0
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Table 4. Cont.

Specifications Set1 Set2 Set 3
Product T-motor G404 x KDE-CF-355-DP KDE-CF-305-DP
13.1CF 355 x 12.1 30.5 x 9.7
Propeller
Dia. (inches) 40 355 30.5
Pitch (inches) 13.1 12.1 9.7
ESC Product FLAME 180A HV KDE-UAS125UVC-HE
Lzesc (A) 180 125
Power Experiment Power supply (Capacity: 12,000 W)

Model

LiPo Battery (12S1P 18,000 mAh)

6.1. Experiment

6.1.1. Method

18 of 30

The static thrust test was performed while using a thrust stand (RCbenchmark Series 1780 [45])

obtained from the Korea Electrotechnology Research Institute.

Figure 16a shows the actual

configuration of the thrust stand. All of the experiments were conducted in an indoor test environment
under normal atmospheric conditions of approximately 25 °C, and the thrust stand was calibrated using
a dedicated tool before each experiment. Figure 16b shows a diagram of the data acquisition structure
of the static thrust test. During the experiment, a separate thermal imaging camera (FLIR-T62101)
was used in order to track the temperature change of the motor. Figure 17 shows the actual thermal
images which taken during the test for sample set 2. In order to determine the difference between the
temperature of the stator inside the motor and the temperature of the external rotor, each measurement

was taken separately.
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Figure 17. Thermal imaging for measuring motor temperature change: (a) Motor stator temperature
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6.1.2. Result

Figures 18-20 illustrate the comparisons of the experimental results for three sample sets with
the performance data that were provided by the manufacturer. Notably, the terminal voltage of the
datasheet was estimated by dividing the input power by the current consumption, because it was not
provided in the performance data. For KDE Direct products, no values are provided for the propeller
torque either. In contrast, KDE Direct provides performance data based on lithium high-voltage
batteries and not LiPo batteries. However, the applied voltage was fixed at 50 V in the experiments,
owing to problems that are associated with equipment setup. Therefore, the experimental results were
indirectly compared with data of similar applied voltages in the datasheet.

In sample set 1, the rotational speed, as shown in Figure 18c, shows a tendency that is relatively
consistent with the datasheet. However, the thrust and torque that were produced at the same
rotational speed were quite low. For the terminal voltage, as shown in Figure 18d, the measured value
shows an obvious drop as the motor output increases, whereas the estimated voltage on the datasheet
is fixed at 50 V for every point. The reason for this may be that the current consumption and input
power of the data sheet are provided at a calculated value, rather than at an actual measurement value.
Meanwhile, near the full throttle point, the instantaneous peak value of the current exceeded the safety
limit of the power supply, which resulted in a power-shutdown problem. This problem could be
caused by strong torque ripples at high-power conditions. Thus, the measurements at the full throttle
point were omitted.

For sample set 2, the experimental results and the performance data seem to have a similar
tendency, similar to sample set 1, because of the offset that results from the difference in the applied
voltage. However, the problem with terminal voltage was also observed in the datasheet of the KDE
Direct product.

Sample set 3 presents a significant difference in the test results and datasheet, regardless of the
difference in the applied voltage. The experimental results of sample set 3 tended to be obviously lower
than the performance data, and it seemed as though the entire graph had been moved downward,
as shown in Figure 20. However, when considering the calibration status of the thrust stand,
the repeatability of the experiment, and the results of different sample sets, it is difficult to observe any
issue with the experimental results. Therefore, in the case of sample set 3, the performance data of the
datasheet were considered to be faulty.

Therefore, the results of the static thrust tests were considered to be sufficiently reliable,
given the uncertainty of the data that were provided and the possibility of differences in the
experimental environment.
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Figure 18. Static thrust test results of sample set 1 (T-motor U15II with T-motor G40x13.1CF) compared
with the datasheet: (a) Thrust, (b) torque, (c) rotational speed (d) terminal voltage (e) current

consumption, and (f) power input.
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Figure 19. Static thrust test results of sample set 2 (KDE13218XF-105 with KDE-CF-355-DP) compared
with datasheet: (a) Thrust, (b) torque, (c) rotational speed, (d) terminal voltage, (e) current consumption,
and (f) power input.
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Figure 20. Static thrust test results of sample set 3 (KDE10218XF-105 with KDE-CF-305-DP) compared
with datasheet: (a) Thrust, (b) torque, (c) rotational speed, (d) terminal voltage, (e) current consumption,

and (f) power input.

6.2. Model Parameter Estima

tion

6.2.1. Propeller Thrust and Torque Coefficient

Figure 21 illustrates both the estimated propeller models and the experimental data based on
the results of the additional static thrust test, showing that the models fit well with the data with
determinant values of approximately 1. Table 5 summarized the modeled coefficient values for

each propeller.

Table 5. Static thrust and torque coefficient model for sample propellers (Equation (7)).

Sample Coefficient  k [m’-s74] al] b[] cl]
T-motor Cr, 0.075880 0.09323 0.1316 0.3516
G40x13.1 Co, 0.006009 0.01175 0.4024 0.9575
KDE.CE.355.DP Cr, 0.076060 0.08517 0.1927 0.3854
Co, 0.007588 0.04714 0.4976 0.9844
KDE.CE-305.DP Cr, 0.080430 0.07712 0.1793 0.3577
Co, 0.007955 0.07292 0.4924 0.9867
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Figure 21. Sample propeller thrust and torque model: (a) Thrust; (b) Torque.

6.2.2. Motor Thermal Profile

The motor thermal profile was estimated, such that it could reflect the effect of the rise in motor
temperature during the experiment on the performance of the entire electric propulsion system.
However, the measurement of the temperature rise of the motor was accompanied by a rather large
deviation, because of problems associated with the measurement method and the low resolution of
the thermal camera. Additionally, the thermal time constants of large motors are usually more than a
few hundred seconds, making tracking for the short period of time during which the experiment was
conducted difficult. Instead, the three sample sets showed similar temperature rise tendencies during
the experiment. Therefore, the thermal profiles shown in Figure 22 were derived from measurements
from the actual model validation experiments described in Section 6.3 and reflected in the performance

prediction using the model.
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Figure 22. Thermal profile for sample motors during the static thrust tests according to throttle inputs.

6.2.3. Battery Model

The capacity of the battery model was estimated from the actual performance of the power supply,
as noted in Table 4. Figure 23 shows the estimated terminal voltage of the LiPo battery model with
a 12s1p 18,000 mAh specification and the actual operating value of the power supply, according to
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the current load. In the case of the power supply, although the set voltage was 50.0 V, the actual
open-circuit voltage was measured to be approximately 50.1 V.

50.5 T T . I T .
= Powersupply
Battery model |

50

495

Terminal voltage (V)

49 F

0 20 40 60 80 100 120
Current load (A)

Figure 23. Terminal voltage of the battery model and the power Supply according to the current load.

The power supply shows an exponential decrease in terminal voltage, because of complex actual
operating characteristics. This is different from battery models with constant voltage drop curve slopes
because it is modeled with fixed internal resistance values. Therefore, the battery model was estimated
by only referring to the relatively linear segment of the power supply measurements after the current
load of 20 A. Thus, based on this result, the effective set voltage of the power supply was considered
to be approximately 49.86 V, and the SoC of the battery model was set to be 0.978.

6.3. Performance Prediction Using the Proposed Model

Based on the estimated model parameters, the performances of the sample sets were predicted
to validate the proposed model. Figures 24 and 25 show the performance prediction results for each
sample set compared with the results of the static thrust test. In order to estimate the effect of the
armature reaction, the performance prediction results were illustrated with two cases for different
values of the armature reaction factor and an ideal case in which armature reaction and thermal effects
were excluded.

When considering the overall trend, the effects of armature reactions were evident in the
experimental results of all sample sets as compared with the ideal cases. For sample set 2, this trend
was particularly significant. When the results that were obtained by applying the model for armature
reaction and thermal effect were compared, the value of the appropriate armature reaction factor
decreased as the size of the motor increased.

In contrast, even in the same sample set, the values of the suitable armature reaction factor
tended to depend on the mechanical measurement (thrust, torque, and rotational speed) and electrical
measurement (terminal voltage, current consumption, and power input). For sample set 1, as shown
in Figure 24a—c, the thrust, torque, and rotational speed were found to be very well fitted when
the values of the armature reaction factor were applied at 2.0 x10°. However, the terminal voltage,
current consumption, and power input were better fitted when the value of the armature reaction
factor was 1.0 x10°, as shown in Figure 24d—f. Sample sets 2 and 3 tended to show opposite results of
that of sample set 1. For sample set 2, as shown in Figure 25, the thrust, torque, and rotational speed
were all well fitted when the armature reaction factor was 2.5 x10°, whereas the terminal voltage,
current consumption, and power input appeared to be better at 4.0 x10°. Under the same tendency,
as shown in Figure 26, sample set 3 was well fitted in terms of thrust, torque, and rotational speed
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when the armature reaction factor was 4.0 x10° and, in terms of terminal voltage, current consumption,
and power input when the armature reaction factor was 6.0 x 10°.
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Figure 24. Performance prediction results of sample set 1 (T-motor U15II with T-motor G40x13.1)
compared with static thrust test results: (a) Thrust, (b) torque, (c) rotational speed, (d) terminal voltage,
(e) current consumption, and (f) power input.
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Figure 25. Performance prediction results of sample set 2 (KDE13218XF-105 with KDE-CF-355-DP)
compared with static thrust test results: (a) Thrust, (b) torque, (c) rotational speed, (d) terminal voltage,
(e) current consumption, and (f) power input.
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Figure 26. Performance prediction results of sample set 3 (KDE10218XF-105 with KDE-CF-305-DP)
compared with static thrust test results: (a) Thrust, (b) torque, (c) rotational speed, (d) terminal voltage,

(e) current consumption, and (f) power input.

The most likely reason for this observation is thought to be the estimation error of the thermal
effect by the simple thermal profiles. If the thermal effect causes the motor to suffer performance
degradation, the amount of current that is consumed at the same torque will increase, while the
maximum output power that can be produced at the full throttle will be reduced. In particular, it is
assumed that the actual thermal profile of each sample motor was considerably different because of the
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difference in cooling performance that resulted from the difference in the shape of the motor, given the
opposite tendency of sample sets 1, 2, and 3. In the case of T-motor U15]I, the top of the rotor can be
completely blocked, except for the side air inlet in contrast to the relatively more open KDE motors
with multiple holes at the top.

However, it can be confirmed that the proposed improvement model can effectively depict the
actual behavior of high-powered large motors.

7. Conclusions

In this study, in keeping with the recent developmental trends of multicopter UAVs, an improved
model that was capable of more accurate performance prediction of electric propulsion systems
was proposed and validated through experiments. Particularly, a more detailed description of the
performance degradation in the high-power operation of a large motor was given by applying a model
for the armature reaction of the motor. By considering the validation of the proposed model through
comparison with experimental results, we confirmed that the performance prediction of the electric
propulsion system for large multicopter platforms was sufficiently effective, although some errors
were noted.

However, for the thermal effect, which is thought to be the main cause of error with the test
results, the characteristics and thermal profile of each motor must be validated through a more accurate
experiment. The temperature rise characteristics of the motor by heat generation due to resistive losses
depend on the thermal resistance and thermal time constant of the motor, which is influenced by
hard-to-quantify factors, such as the shape and cooling performance of the product. Thus, it is thought
that experimental research on various products is required.

Meanwhile, the actual application of the proposed model to the optimal design or performance
analysis requires a statistical model for the armature reaction factor. Thus, it is necessary to perform
statistical analysis through experimental studies of various products, as with thermal effects.

In future work, it will be necessary to further enhance the completeness of the proposed model
by studying the two topics above and building an optimal design framework for large multicopter
platforms based on the proposed model.
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