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This article presents a detailed methodology for the analysis and
optimization of electric propulsion systems, using a comprehensive
set of performance maps. By expressing critical performance metrics
such as flight speed and climb rate, in addition to the component
efficiencies as contour plots, this approach offers visual insights into
the interactions of each component within the combined system. The
methodology identified rotational speed and torque as the two common
independent variables for computing efficiency maps for each compo-
nent enabling unified approach for numerical solvers and visual vali-
dation of the solution within the multiple contour plots. A comparative
analyses of different efficiency models are presented, complemented
by experimental measurements to validate the proposed approach.
The practical utility of this methodology is demonstrated through
two specific use cases. In the first scenario, the optimal propeller is
identified to achieve the maximum range for a given aircraft in a level
flight. In the second scenario, a strategy involving repeated powered
climbs and power-off glides is evaluated to determine its potential in
further extending the flight range. In particular, the study shows that
employing periodic flight strategies can enhance range as much as
40% compared to conventional approaches. The described method-
ology provides a robust framework applicable to the optimization of
aircraft system, offering guidance for component selection and system
integration, and mission strategies.
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NOMENCLATURE
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Rate of climb.

ESC efficiency.

Motor efficiency.

Propeller efficiency.
Combined ESC-motor efficiency.
Drag.

Thrust.

Rotational speed.

Air density.

Total drag coefficient.

Lift coefficient.

Propeller power coefficient.
Propeller thrust coefficient.
Propeller diameter.

Aircraft range.

Battery energy.

Pulsewidth modulation frequency.
No-load current.

Battery output current.
Motor input current.
Advance ratio.

Overall induced drag factor.
Torque constant.

Lift.

Rotational speed (Revolutions per second).

Battery power.

ESC power.

Motor power loss.
Motor power.

Propeller power.
Resistive loss.

Standby power loss.
Switching loss.

Torque.

Friction torque.

Motor internal resistance.
Duty ratio.

Switch resistance.
Revolutions per minute.
Wing reference area.
Aircraft endurance.
Switching delay.
Forward flight speed.
Battery output voltage.
Motor input voltage.
Aircraft weight.
Parasite drag coefficient.

Lift coefficient at minimum drag coefficient.

Alternating current.

Commercial off-the-shelf.

Direct current.

Equivalent circuit model.
Enhanced equivalent circuit model.
Electronic speed control.

Loss build-up model.
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PLM  Positive polynomial loss model.
UA Unmanned aircraft.
[. INTRODUCTION

The propulsion system of an electric fixed wing aircraft
has the following basic components: an airframe, propellers,
electric motors, electronic speed controls (ESCs), and bat-
teries. Electric propulsion systems have been widely used
for smaller unmanned aircraft (UA). However, in recent
years, many companies have started developing electric-
powered manned aircraft [1], [2], [3]. Optimizing the se-
lection of components for the required flight conditions is
becoming increasingly important as the mismatched com-
ponents can negatively impact the total efficiency of the
system, resulting in difficulties in satisfying the mission
requirements.

One of the fundamental difficulties of the propulsion
system integration is that all components are tightly cou-
pled, which requires solving system of nonlinear equations
using a numerical solver or an optimizer. For a basic con-
stant speed level flight, three conditions must be satisfied:
lift must be equal to weight, thrust must be equal to drag,
and the motor output torque must be equal to the propeller
input torque. Another factor that makes the problem more
complicated is that the airframe and the propeller perfor-
mance characteristics are often provided in multiple lookup
tables.

The efficiencies of each component, ESC, motor, and
propeller, under a wide range of operating conditions have
been studied extensively.

Gong and Verstraete [4] made measurements of com-
mercial of-the-shelf (COTS) hobby grade ESCs and pre-
sented a 2-D regression model of the ESC efficiency
using the voltage and current input of the ESCs. The
low cost ESCs were more efficient at lower voltage and
high current regions, and the maximum efficiencies were
around 85% .

Equivalent circuit models (ECMs) [5], [6] have been
widely used to model the motors. Attempts to increase the
accuracy of the basic ECM by considering the second order
electromagnetic effects and more realistic friction models
are made. Larminie and Lowry [7] proposed a model for
computing the motor efficiency by adding individual power
losses such as iron loss and windage loss in addition to
the copper loss and friction loss. Saemi and Benedict [8]
developed a motor efficiency model that includes switching
loss and harmonic loss, which can be obtained from a
minimal set of manufacturer data to improve the ECM
and presented comparison results with measurements. This
study also developed an improved ESC and battery models
to analyze the power system of quad-rotor drones.

As models tend to be less accurate, and as it is difficult
to obtain all the required parameters from the manufacturer,
some of the studies used measurement based approaches.
McDonald [9] showed how to obtain a polynomial fit of the
motor efficiency, called a positive polynomial loss model,
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using a non-negative least-squares method over measure-
ment data. Muzar and Lanteigne [10] calculated theoretical
performance predictions for motors and propellers to select
an appropriate motor-propeller combination and compared
them with experimental results obtained from static thrust
and torque tests. Lee et al. [11] developed a method to
obtain ESC-motor combined efficiency contours by using
a low cost reaction torque measurement device and by
interpolating the measurement data of multiple propellers
based on the approach of [10].

Battery discharge models are also investigated even
though battery performance is generally less sensitive to the
operational conditions compared to other electric propul-
sion components. Traub [12] investigated the relationship
between battery capacity and performance, such as aircraft
range and endurance. However, a constant total efficiency
was assumed for the rest of the power system. Nametal. [13]
performed a chemistry simulation of a battery and discov-
ered that the battery discharge characteristics of decreasing
voltage and increasing current at a constant power draw do
not negatively impact the ESC efficiency.

For the integration of the individual component into a to-
tal system, solver or optimizer-based approaches have been
widely used. Duan et al. [14] proposed an optimization-
based design method using the improved parallel hybrid
particle swarm optimization and differential evolution al-
gorithm for the motor propeller system of a UA. The final
output was the propeller geometry. Dai et al. [15] integrated
a equivalent circuit motor model corrected for motor resis-
tance with a simple ESC, propeller, and battery model to
optimize the propulsion system of a multicopter. In addition,
a method of finding the optimal product from the database
was presented by estimating the main design parameters
of each component. MacNeil et al. [16] designed the opti-
mal propeller shape according to the operating point of a
UA using a hybrid genetic algorithm-sequential quadratic
programming optimization technique. Zhang et al. [17]
designed and optimized the electric propulsion system of the
quadrotor fixed-wing hybrid UA by considering its ability
to reject wind disturbances in quadrotor mode. In this work,
propellers were analyzed using a blade element momentum
theory model. Though it is possible to obtain the optimized
single point design based on the models that are utilized,
it is not easy to obtain a broader insight of the propulsion
system especially at off design conditions.

Performance contour or map-based approaches can pro-
vide a rich set of information about the system not only
at a single point but at a wide range of two operating
parameters used to construct the map. McDonald [18] plot-
ted motor efficiency contours and propeller performance
envelopes together on a plane represented by the rotational
speed, w, in the x axis and torque, Q, in the y-axis (w-Q
plane); however, did not utilize detailed propeller efficiency
contours, because a variable pitch propeller was used.
MacNeil et al. [16] presented engine efficiency contours,
but it was used as an input to an optimizer. Duan et al. [14]
presented a motor efficiency map and used the map in the
optimization framework similar to [16]. Gong et al. [19]
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described a procedure for testing the performance charac-
teristics of an electric aircraft and introduced the contours
for the forward flight speed on the w-Q plane.

Lee [20] introduced a methodology to plot the efficiency
and other key parameter contours of motor, propeller, and
airframe on a single plot on the w-Q plane. This work
provided a holistic insight of an electric propulsion system
in a visual form for a wide range of operating conditions.
Nam et al. [21] improved [20] by adding the ESC model
of [9] and a propeller efficiency model that are dependent
on the rotational speed in addition to the advance ratio to
reflect the impact of the Reynolds number. In this study, two
ESCs, motors, and propellers, which yields a total of eight
combinations are compared to demonstrate that the flight
range can vary over 10% even though each component is
similar to one another.

This article, an evolution of [21], presents the detailed
process of constructing and using the efficiency contours
of the ESC, motor, and propeller as well as the forward
flight speed and thrust contours in the w-Q plane. For the
airframe, climb rate contours are used. While explaining
the efficiency contours, different ESC and motor efficiency
models are presented, and some of the models are compared
with the measurement data.

Two use cases are presented to highlight the importance
of the propulsion system optimization. The first case eval-
uates eight different propellers to find the one that provides
the longest range in steady level flight. The overall efficiency
ranged from about 39% —45% . The second case investigates
a repeated climb and power off glide flight strategy that
utilizes the higher efficiency operating condition not at a
level flight but at a certain climb rate. The results show that
the range can increase by 40% by repeating climb and glide
compared to the best steady level flight condition.

The proposed method provides an overview of the status
of the propulsion system to the designers so that they can
quickly identify if the propulsion system is well matched
or what is required to improve the system. In addition,
unifying the independent variables to rotational speed and
torque for all the electric propulsion components makes
the use of numerical solver or optimizer more intuitive and
straightforward. The solution obtained by the optimizer can
be cross validated with the contour maps to identify its
positioning in the operational space.

The rest of this article is organized as follows. Section 1T
presents the overview of an electric propulsion system as
well as the analysis of the component efficiency using
rotational speed and torque. In this section, several different
models of ESCs and motors are presented and compared.
Section III presents the results of the two use cases, which
demonstrate the usefulness of the proposed approaches.
Finally, Section IV concludes this article.

[I. ELECTRIC PROPULSION COMPONENTS

A general electric propulsion system is composed of a
battery, an ESC, a motor, a propeller, and an airframe. Fig. 1
shows how the battery’s electric power flows downstream
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Fig. 2. Procedure for calculating the motor efficiency from given rpm
and Q.

while changing the form from electric power to mechanical
power. The electric power output of the battery, represented
by voltage and current is converted to different, typically
modulating, voltage, and current by the ESC. The motor
converts the electric power from the ESC to mechanical
power represented by the rotational speed and torque out-
puts. Mechanical power output of the motor in the rotational
form is converted to a linear form, represented by thrust
and the speed of the airframe. During this flow, @ and Q
that link motor and propeller, which are in the middle of
power transfer dynamics, are identified as the optimum two
independent variables to analyze all four components in
a common plot. Consequently, all the following analysis
results are visualized in the w-Q plane.

A. Motor

Motor efficiency contours are commonly used in the w-
0 plane. Efficiency can be calculated in terms of torque and
rotational speed from the applied voltage, v,,, and current,
im, to the motor, or it can be expressed in terms of the power
loss, Pr, as shown in (1). The process of representing motor
efficiency, 1,,, on the -Q plane is summarized in Fig. 2. At
each grid point, the power loss, P, is uniquely determined
by the motor’s @ and output Q. Several different models
of P, are presented in the subsequent sections. The input
power of the motor is calculated by adding P, to the output
power, Qw. n,,, can be calculated as follows:

. Qw _ Qw
B vmim B Qw+PL

Pm,out

Pm,in

Nm = (1)

There are typically two commonly used motor mod-
els, with the first being the ECM [5]. The ECM uses
manufacturer-provided parameters such as no-load current,
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Fig. 3. Efficiency map of “AT2826-900KV” motor based on ECM.
TABLE I
“AT2826-900KV” Motor Manufacturer Provided Data

Parameter Value

No-load current, ig 2.2 (A)

Internal resistance, r 0.024 (2)

Torque constant, k; 0.0106 (Vs)

iy, internal resistance, r, and torque constant, k,. In the sim-
plestform of the ECM, the friction torque, Qy, is assumed to
be constant and calculated using (2) unless specified by the
manufacturer. Power loss of the ECM, Pr, g, is expressed
in (3). As can be seen from (3), P, gcum is a function of @
and Q only and is a sum of the mechanical power loss due
to friction and electric power loss due to resistivity

Or = kilo (2)

2
%) ) (3)

ki

The ECM is advantageous for providing an analytic
motor model during the initial design stages. However,
ECM tends to be inaccurate at large ws especially when the
aerodynamic resistance torque on the rotor becomes non-
negligible. Fig. 3 shows the efficiency map of the “T-Motor
AT2826-900KV” using the ECM and the manufacturer
provided data [22] shown in Table I.

The second model is the loss build-up model (LBM),
which is described in [7]. The LBM considers the motor’s
default power loss, iron loss, windage loss, copper loss, and
friction loss. The total power loss P gy is expressed as
shown in the following:

Precm = Qrow +r (

Pripm = ¢o + o + 20 + c30%. €]

Notable addition of the LBM compared with the ECM
is the windage loss expressed as the @® term in (4), which
is missing in (3). However, to obtain proper values of the
coefficients, ¢;, measurement data are required. If the w and
Q for the maximum efficiency are known, the coefficients
can be found using the method described in [23]. Fig. 4
shows the efficiency map of the same motor as in Fig. 3 using
LBM. As the manufacturer provided a table of test data [22],
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Fig. 4. Efficiency map of “AT2826-900KV” motor based on LBM and
measurement data.

the w and Q that resulted in the maximum efficiency among
the test cases are used. It should be noted that the test
data may not encompass true maximum efficiency point.
In addition, the given measurements are not the efficiency
of the motor alone but rather the combined efficiency of ESC
and motor. ESC efficiencies are discussed in the following
section but Fig. 4 assumes the ESC efficiency is constant.

In addition to the two motor models previously de-
scribed, more generalized power loss model in the form
of (5) can be used if sufficient measurement data points
are available. McDonald [9] referred to this model as the
positive polynomial loss model (PLM) and described a
method to fit the measurement data

mo  mg,

Prpiv = Z Z ci, Q. Q)

i=0 j=0

The PLM is suitable when an analytically expressed
model that closely matches the actual measurement data is
desired. Without considering the physical significance, it is
possible to obtain a close representation of the measurement
data by adjusting the orders of @ and Q, m, and my,
respectively.

Saemi and Benedict [8] proposed an enhanced ECM
(EECM) with additional correction factors so that the mo-
tor efficiency model can be obtained with the limited set
of manufacturers published data but better matches the
measurements. The power loss P, gpcm is given by the
following:

2
Preeem = 0.10w + 1 {wa+r (Q+ Qf) } ©)
I'p kt

where the duty ratio, rp, is defined in the following:

B kiw

I'p =

. (N
Up

The duty ratio amplifies resistive and iron losses when rp <
1 to model harmonic distortion from modulating battery
voltage, vp, at partial throttle settings. A 10% penalty on the
motor’s output term reflects high-order iron losses. Similar
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to the ECM, the EECM does not incorporate measurement
data, but it provides motor efficiency as a function of w and
Q using only the manufacturer-provided iy, r, k;, and v.
Fig. 5 shows the efficiency map of the same motor using
the EECM.

B. ESC

The efficiencies of the COTS hobby grade ESCs are
generally assumed to be between 80 and 90% under constant
load conditions. Consequently, assuming a constant value
for the ESC efficiency can be sufficient for analyzing electric
propulsion systems [8]. However, Lee et al. [11] showed
that the ESC with higher current rating is more efficient
by testing two different ESCs from the same manufacturer
with the same motor.

One of the few stand alone ESC efficiency models is
presented by [4] as a functions of v, and battery current,
ip, as shown in Fig. 6. The ESC efficiency, 1., is defined as
in the following:

Pe,out

T) = — =
‘ Pe,in

Ul
—. 3
Uplp
To apply the strategies of this study, n, needs to be
converted to a function of Q and . From (1), the ESC output
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Fig. 7. Procedure for representing the ESC efficiency in the w-Q plane.

power can be expressed in terms of the motor input power,
P,,, and the motor’s characteristic power loss as shown in the
following:

®

For a fixed vy, i) can be found if Q and w are given by
solving (9), which means i, is obtained as a function of Q
and w as shown in the following:

i, =1, (0, ).

In conclusion, 7., can be formulated as a function of Q and
w as shown in the following, with a summary of this process
illustrated in Fig. 7:

Vb = VpipNe (Vp, Ip) = Qw + P (0, w).

(10)

_ _QC()+PL(Q,C())
Ne =1 (Q,w) = v - iy (0, @)

The ESC efficiency model given in [4] accounts for
conduction loss due to the inherent resistance of each com-
ponent used in the switching circuit, switching loss incurred
during the conversion of dc input power to the three-phase
ac required by the brushless dc motor, and losses due to
standby power. The model is given in the following as a
function of v, and iy:

an

2
i 1

Ne = Qo2 +a; +ar— +as— (12)
Up lp Vp

where a;, a,, as, and a4 are coefficients determined by fitting
the measurement data of the specific ESC model. If (12) is
plugged into (9), it is rearranged into a cubic equation in i,
as in (13). By solving the following, i, as a function of Q
and w as in (10) is found:

aoiy” + (a1vp + az) iy + (@2vp — Qw — P (Q, ®)) = 0.

13)

Using the “AT2312-1150KV” motor and a three cell
lithium battery, which has a nominal voltage of 11.1 V, the
efficiency contours of Fig. 6 are reconstructed in the w-Q
plane, as presented in Figs. 8 and 9. Figs. 8 and 9 illustrate
the efficiencies when the motor models EECM and LBM
are used, respectively. This comparison shows that, even
with the same ESC efficiency model in terms of v, and
ip, the efficiency contours on the w-Q plane can show a
significant difference depending on the motor model. Closer
investigation reveals that the difference is small at higher @
or Q regions where the motor tends to be more efficient.
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In addition, the efficiency value itself stays close to 85% in
those regions and is not sensitive to Q or w.

Saemi and Benedict [8] proposed an analytical ESC
efficiency model that accounts for resistive loss (P, =
2i2 Ry5.0n), switching loss (Py,, = fewmTsaimvp), and har-
monic loss due to throttle modulation, and is expressed as
in the following:

Pm,in

. (14)
Pm,in + (Prc +P¥w)/rD +R€b

Ne =

The harmonic loss is adjusted through rp in (7). In addi-
tion, Rys on, fpwm, Tsa, and Py, are specifications that must
be provided by the ESC manufacturer, representing switch
resistance, pulsewidth modulation frequency, switching de-
lay, and standby power, respectively. Fig. 10 shows the ESC
efficiency contours in the w-Q plane using the same motor as
the two previous cases. For the ESC model, Ry, on = 1 m€2,
fepwm = 12 kHz, Ty = 200 ns, and Py, = 0.5 W are used.
As these parameters are not specific to the “SuperBrain40”
ESC used for the two previous cases, direct comparison is
not possible, however, Fig. 10 shows that the efficiency is
almost constant once the w is above a certain threshold and
has little dependency on the Q. In addition, not many COTS
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hobby grade ESC manufacturers provide the four parameter
that are required to use this ESC model.

The three ESC efficiency maps shown in this section
suggest that it may not be feasible to obtain a dependable
ESC efficiency model for the design phase, and assuming a
constant ESC efficiency can be sufficient, especially when
the higher efficiency regions are the main concern. It is fur-
ther discussed in the following section where the combined
ESC-motor efficiency is investigated.

C. Combined ESC-Motor Efficiency

Combined ESC-motor efficiency, 1., can be mea-
sured by dividing the motor output power with the ESC
input power as in (15) using a low cost measurement device
such as “TYTO ROBOTICS Series 1580 shown in Fig. 25.
Using multiple propellers to explore the wider w-Q plane is
used by [10] and [11].

Qw

Ne—m = Nellm = —

—. 15)
Uplp

Fig. 11 presents the integrated efficiency measurements
of the “AT 40 A” ESC and the“AT2826-900KV” motor
using 13 different propellers [11]. From the data, efficiency
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contours, as depicted by the black dashed lines, can be
derived.

As described in Section II, the efficiency of the ESC
within the operational range of the actual electric propulsion
system remains relatively constant, varying between 80%
and 90% . Therefore, even when the ESC-motor integrated
efficiency contours are represented using only the motor
model, the overall trend remains similar, with only minor
variations in efficiency depending on the specific ESC used.
Figs. 12 to 14 compare the actual measured ESC-motor
combined efficiency from Fig. 11 with the motor mod-
els, ECM, LBM, and EECM, respectively. As shown in
Fig. 14, despite being compared to the ESC-motor inte-
grated efficiency contours, the EECM model conservatively
underestimates motor efficiency compared to the actual
measured data. However, among the three motor models,
the EECM exhibits the most similar trend. Consequently,
in this study, in situations where ESC-motor integrated
measurement data were unavailable, the EECM was utilized
as a substitute to approximate the ESC-motor integrated
efficiency contours.
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Fig. 15. Thrust coefficient measurement data for “APC sport 11x8”
propeller [26].

D. Propeller

The propeller efficiency, n,, can be expressed, as shown
in (16), as the ratio of the product of thrust, 7, and the
forward flight speed, V, to the power output from the motor.
In addition, the propeller efficiency can also be expressed in
terms of the nondimensional coefficients: the advance ratio,
J, thrust coefficient, Cr, and power coefficient, Cp

P, p,out TV CT

R ey

= 16
L Pp,in Qa) CP ( )

The Cr and Cp of a propeller are primarily functions
J with a secondary dependency on  due to the Reynolds
number effect. Propeller data can be obtained from propeller
analysis tools, such as XROTOR [24] or JavaPROP [25], or
from wind tunnel measurements. Figs. 15 to 17 show the
Cr, Cp, and n,, curves of the “APC Sport 11x8” propeller,
based on the wind tunnel test data provided by the UIUC
propeller data site [26].

On the w-Q plane, since the power input to the propeller
is known from the motor output, the power coefficient Cp
can be calculated using the following, based on the air
density, p, rotational speed, 7, in revolutions per second,
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Fig. 16. Power coefficient measurement data for “APC sport 11x8”
propeller [26].
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Fig. 17. Efficiency measurement data for “APC sport 11x8”
propeller [26].

and the propeller diameter, D:

P p.in
~ pn3D3’

The value of J, corresponding to the calculated Cp from
o and (17), can be obtained from propeller measurement
data or from a Cp curve generated using a propeller analysis
tool. In exceptional cases, where J is relatively small, the
Cp may not be a one-to-one match with J. As illustrated
in Fig. 17, for a range of low J values, the larger the J,
the more efficient the propeller. Accordingly, employing
the largest J value that correlates with the corresponding
Cp value and expressing it in the w-Q plane will facilitate
the identification of the optimal electric propulsion system
efficiency.

Once the J is identified, the Cr corresponding to this J
and w is obtained from the propeller data. The thrust, 7T,
and V can be calculated from (18) and (19), respectively.
One of the notable points in the proposed methodology is
represented in (19) where V' is not an input but an output at
each grid point when constructing the contours

T =Cr(J, w)pn*D*
V = JnD.

Cp an

(18)
19
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0.4

_ 0.8
> Thrust (N)
0.35 > Forward speed (m/s)

0.3
0.25

0.2

Torque ) (Nm)
o
n
Propeller efliciency 7,

0.1

0.05

0.2

4000

6000
RPM

8000 10000

Fig. 19. Efficiency map and performance contours of the “APC Sport
11x8” propeller on the w-Q plane.

Fig. 18 provides a summary of the process of plotting
the efficiency and performance of the propeller on the w-Q
plane, based on the propeller data.

Fig. 19 illustrates the propeller efficiency map and
performance contours on the w-Q plane, calculated using
the data for 3000 to 6000 r/min presented in Figs. 15-17
provided in [26] and the aforementioned process. In this
representation, regions where the propeller’s rotational
speed is lower than 3000 r/min were represented using
the 3000 r/min data, while regions higher than 6000 r/min
were represented using the 6000 r/min data. As Cr and
Cp depend primarily on J, and the dependence on rpm
represents smaller Reynolds number effects [27], sub-
stituting higher rpm regions with lower rpm data only
makes the prediction slightly conservative, as discussed
in [21].

In Fig. 19, The propeller efficiency is the highest at
around 75.3% in the region marked by the white rhombus,
which is shown inside the narrow yellow region that extends
from the bottom left (rpm = 6000, Q = 0.15 N-m) to top
right (rpm = 9000, Q = 0.35 N-m). For example, at the
data point at which the contours V. =25 m/s and 7 = 8 N
intersect, marked by the white circle, the w is around 8900
r/min and Q is around 0.29 N-m. As previously mentioned,
the V and 7 become the link to the airframe, which is the
final component of the system,
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E. Airframe and Performance

Weight, W, wing area, S, and the drag model are required
from the airframe side. The drag model, which is referred to
as a drag polar, can usually be represented by the quadratic
relation in (20). However, a lookup table based on higher
fidelity simulations or wind tunnel test can be used. In (20),
Cp, is the parasite drag coefficient, k is the overall induced
drag factor, Cp is the total drag coefficient, and Cy,_, is the
lift coefficient at which the drag coefficient is minimum. The
parameter k includes the contribution of the lift dependent
viscous drag as well as the the induced drag. The drag, D,
is calculated using (21)

Cp = Cp, + k(C, — Cp,,)* (20)

D= %szSCD. 1)

The contours of the constant climb rate, h, computed
using (22) are plotted for the airframe. This process is
summarized in Fig. 20. V is an output from the propeller
model and determines the C;, which leads to a fixed D. T
is also an input from the propeller. Instead of attempting
to match the 7 and D, calculating h is one of the crucial
enablers of this method [20]

. -D
hovI=D

(22)

Fig. 21 shows three h contours as an example. The
contour of 7 =0 denotes level flight where 7 =D. A
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Fig. 22. Periodic flight.

Fig. 23.  Airframe used in the use case.

positive h indicates the aircraft is climbing, while a negative
h indicates the aircraft is descending.

The flight power, P, defined in (23), is the power output
of the propeller to the surrounding air that provides the
thrust. Total efficiency, 7, is express as the multiplication
of component efficiencies and defined by the ratio of P and
the battery power, Py, as in (24)

P=TV (23)
_ L (24)
n= P, = NeNmMp-

If E,, is the usable energy stored in the battery, which is
around 80% ~90% of the rated capacity, the endurance, 7z,
is computed using (25). The level flight range, dg jever, is V
multiplied by 7z as in (26)

- (25)
E=p TTp
dR,level = tEV- (26)

Periodic flight or saw-tooth mode is a flight that re-
peats the cycle of “climb,”*‘engine OFF,” “engine retraction,”
“glide,” “engine deployment,” “engine ON” [28], as shown
in Fig. 22. For subsonic aircraft, it is known that periodic
flights in saw-tooth mode can significantly increase range
compared to level flight [29], [30]. If a simple situation
where the engine ON/OFF and retraction/deployment pro-
cesses are omitted and the aircraft is gliding at its maximum
lift to drag ration, L/D, immediately after climb is assumed,
the range can be expressed as follows:

dR,periodic =1:VV? — h? + lEh (L/D)pay - 27

1. USE CASES

In this section, the methodology proposed in the pre-
vious sections is applied to two use cases that involve
maximizing the flight range, d,, of a blended wing body
style UA shown in Fig. 23. The key parameters of this UA
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TABLE II
Airframe and Flight Parameters

Parameter Value

Span, b 1.83 (m)
Reference area, S 0.59 (m?)
Aspect ratio 5.6

Mean aerodynamic chord, ¢ 0.40 (m)
Total mass, M¢otal 2 (kg)
Battery mass, my, 300 (g)
Battery capacity 4,000 (mAh)
Battery voltage, vy 11.1 (V)
Static margin 9.5 (%)
Cruise C7, (at trim) 0.48

Cruise speed (at trim) 10.85 (m/s)
Cruise altitude 400~600 (m)
Air density, p 1.17 (kg/m?3)
Drag coefficient, Cp 0.0319+0.0974(C, —0.16)?

TABLE III
Summary of Use Cases
Models Use Case 1 Use Case 2
EECM constructed
In-house from manufacturer
ESC-motor .
measurements provided parameters
(T-Motor)
Propeller Manufacturer Manufacturer
P provided data (APC)  provided data (APC)
Airframe In-house analysis In-house analysis
model model
Computational Computational
Resulis (Table IV) (Table VI)

are presented in Table II. Note that the parameters are ob-
tained from the aerodynamic analysis performed during the
design process of this aircraft, not from the measurements. If
measurements are made, the numerical values of Cp ,, k, and
Crmin 1n (20) is likely to change slightly; however, it does
not impacts the methodology presented in this article. The
models and measurement data of each electric propulsion
compoenent used for the two use cases are summarized in
Table II1.

A. Propeller Selection for Level Flight Range Maximiza-
tion

In this analysis, “AT 40 A” ESC and the “AT2312-
1150KV” motor are fixed and the performance differences
between eight different propellers are compared to evaluate
their d,s during a constant speed level flight. For the perfor-
mance analysis, the ESC-motor integrated efficiency map,
shown in Fig. 24, are used.

To generate the ESC-motor integrated efficiency map,
measurements of vy, i, w, and Q were collected using the
“TYTO ROBOTICS Series 1580 device shown in Fig. 25
and 14 different propellers in Fig. 26. n,_,, is calculated
using (15). The scattered measured data that looks similar
to Fig. 11 were normalized and interpolated to a regular grid
using triangulation-based linear interpolation to generate
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Fig. 24.  ESC-motor integrated efficiency map using “AT 40 A” ESC

and “AT2312-1150KV” motor measurement data.

Measurement device for the ESC-motor combined efficiency
(TYTO ROBOTICS Series 1580).

ek

Fig. 26. System equipment used to measure ESC-motor integrated
efficiency data.

smooth contours presented in Fig. 24. The actual ESC,
motor, and propellers are shown in Fig. 26.

Fig. 27 presents the efficiency and performance on the
w-Q plane for the “APC Sport 8x6” propeller, using Cr
and Cp data provided by the manufacturer [31] for rpms
ranging from 1000 to 10000. [31] provides data for rpms
well over 20000, so the actual data that correspond to the
required rpms are used. The process described in Fig. 18
was applied to generate these results. It can be observed that
1, larger than 70% is achieved roughly above the 7 = 1.5
N contour in the black solid line and to the right side of
the V = 15 m/s contour in the blue solid line. Furthermore,
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Fig. 28. Total efficiency map and performance contours.

as shown by the white circle in Fig. 27, the “APC Sport
8x6” propeller requires approximately 0.06 N-m of Q and
8800 r/min to achieve a thrust of 2N and a forward speed
of 20 m/s. In comparison, “APC Sport 11x8” propeller
requires approximately 0.09 N-m of torque and 6100 r/min,
which can be seen in Fig. 19, to deliver the same thrust.
This comparison numerically and visually demonstrates the
intuitive understanding that a smaller propeller requires less
torque but a higher rotational speed to achieve the same
performance.

Fig. 28 shows the total efficiency (1 = ne—un)p), h, d,,
and V contours on the w-Q plane when the “APC Sport 8x6”
propeller is combined with the given ESC and the motor.
The white circle in Fig. 28 represents the maximum d, point
of this UA in level flight where / is zero. The magnified view
shows that the 4 = 0 m/s contour intersects with the d, =40
km contour at two points. The white circle is the pointon 2z =
0 that is closest to the d, = 60 km contour, which represents
the maximum d,. Note that once this point is identified, all
the other performance parameters including 7, V, Cy as
well as the individual 7._,, and 5, can be determined.

8486

Fig. 28 shows that the h contours that pass through
the region where the 7,_,, is high are the ones represent
descent at higher V's, which suggests that the 7 is smaller
than D when the system efficiency is high. In terms of the
Ne—m» the i = 0 contour is almost squeezed at the upper
boundary of the map, which suggests that the level flight
condition requires larger than ideal torque from the given
motor. Consequently, the maps can reveal that the given
choice of ESC and motor may not be the best for the
given airframe.

Table IV lists the computed operational points that
achieve the maximum level flight d, for all eight propellers.
It can be observed that the optimal operating points change
depending on the propeller. The longest d, of approximately
43.5 km is achieved with the “APC Sport 8x6” propeller,
with a system efficiency of 43.5% . In contrast, the “APC
Sport 12x10” propeller yielded the lowest d, of 38.3 km and
the lowest system efficiency of 38.9% . The range difference
of 5.2 km is about 13% , which can be significant depending
on the mission of the aircraft.

It should be noted that the maximum L/D of 11.85 is
achieved with “APC Sport 11x7.” The maximum 7,_,, of 72.
46% is obtained with “APC Sport 7x5.” And, a maximum 7,
of 71.46% is achieved with “APC Sport 12x10.” However,
the overall maximum range is achieved with a different
propeller.

The results presented in Table I'V signify the importance
of the propulsion system analysis, because even though
larger propellers spinning at smaller w are more efficient,
smaller and faster spinning propellers result in better overall
performances due to the larger gain in the ESC-motor
combined efficiency.

B. Flight Strategy for Maximum Periodic Flight Range

In this analysis, d, s of the UA using two different motor-
propeller combinations and two different flight strategies
are compared. The first electric propulsion system configu-
ration uses the “AT2321-950KV”” motor model paired with
the “APC Sport 8x4” propeller. The second configuration
employs the “AT2826-900KV”” motor model with the “APC
Slow Flyer 8x4” propeller. The specifications of each motor,
as provided by the manufacturer [22], are summarized in
Table V, and these parameters are used to construct the
EECMs as the ESC-motor combined efficiencies. In addi-
tion, the performance data of the propellers used in this
analysis are based on the data provided by the manufac-
turer [31].

Figs. 29 and 30 illustrate the comprehensive efficiency
contours of the electric propulsion system for Configuration
1 and Configuration 2, respectively. Periodic flight range
contours are added in yellow color. In each figure, the point
marked with a white circle represents the operational point
with the maximum d, in level flight, while the point marked
with a yellow rhombus represents the operational point with
the maximum d, in periodic flight. The values of the key
parameters for each operational point presented in Figs. 29
and 30 are summarized in Table VI.
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TABLE IV
Computed Performance Parameters for Maximum Range in Level Flight

Propeller rpm - QNm)  T(N)  V(m/s)  Cp  L/D dr(m)  ne—m(%)  np(%)  n(%)
APC Sport 12x10 | 3047 0.074 1.65 1026 0.54  11.78 38269 54.48 71.46  38.92
APC Sport 12x8 | 3424 0.068 1.64 10.15 055 11.81 38572 57.40 68.16  39.12
APC Sport 11x7 | 3972 0.059 1.64 9.99 0.57 11.85 40450 61.18 66.81  40.87
APC Sport 10x8 | 4189 0.059 1.67 10.63 050 11.62 41531 62.11 68.94  42.82

APC Sport 9x8 4727 0.053 1.67 10.61 0.50 11.63 42498 64.45 6791 4377
APC Sport 8x7 5916 0.044 1.68 11.61 0.50 11.61 43408 68.67 65.37  44.89
APC Sport 8x6 6312 0.041 1.66 10.53 051 11.68 43488 69.45 64.34  43.49
APC Sport 7x5 8020 0.034 1.67 10.56 051 11.66 43354 72.46 61.51  44.57

TABLE V
Motor Manufacturer Provided Data
Parameter AT2321-950KV  AT2826-900KV
No-load current, g 1.2 (A) 2.2 (A)
Internal resistance, r 0.065 (£2) 0.024 (2)
Torque constant, k; 0.0101 (Vs) 0.0106 (Vs)
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Fig. 30. Total efficiency map and performance contours for
Configuration 2.

The results presented in Table VI demonstrate that the
optimal operating point for a given combination of electric
propulsion systems can vary significantly depending on the
flight strategy. The maximum d, of the Configuration lin
level flight is 35.7 km, with an overall system efficiency
of 37.5% , while the maximum d, in periodic flight is
40.35 km, and the overall system efficiency is 42.9% .

Fig. 29. Total efficiency map and performance contours for
Configuration 1.
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TABLE VI
Computed Performance Parameters for Maximum Range

Py(W) rpm QINm) T(N) V(i) Cp L/D  hms)  dem) ne—m(%) mp(%)  1(%)
Configuration 11 15 76 g000 0037 170 1098 047 1142 0 35742 62.80 59.75  37.52
(Level flight)
Configuration 1| ) 23 19550 0070 379 1164 042 1091 118 40354 7528 57.03 4293
(Periodic flight)
Configuration 2 | o, 43 6640 0041 170 1096 047 1143 0 30911 50.13 64.66  32.41
(Level flight)
Configuration 2 | 75 ¢ 19350 0122 640 1255 036 1006 285 42502 7545 6072 4581
(Periodic flight)

=
E 50 A-351(s) : t=122.4(s)
= ss0l/ V=12.55(m/s)! vV =9.73 (m/s) :
460 : L L !
0 500 1000 1500
Range d, (m)
Fig. 31. Flight profile for the periodic flight of Configuration 2.

Similarly, in Configuration 2, the level flight d, of 30.91
km is smaller than that of Configuration 1, but the periodic
flight d, of 42.5 km is larger than that of Configuration 1.
From Table VI, it can be observed that Configuration 1 has
the larger total efficiency of 37.5% at level flight condition,
but Configuration 2 has larger efficiency of 45.8% at the
maximum periodic flight condition, which resulted in the
largest d, in the periodic flight. Figs. 29 and 30 show
that the two optimal operating conditions for level and
periodic flight, respectively, in Configuration 1 are closer
together than those in Configuration 2. It should be noted
that the operating points for the maximum periodic flight d,
s are not the maximum efficiency conditions. Fig. 31 shows
the climb and descent profile assuming a 100 m climb for
the periodic flight of Configuration 2.

The results suggest that if the selection of the propul-
sion components are limited, it is possible to increased the
performance by changing the flight strategy or the mission
profile.

[V. CONCLUSION

This article presents a methodology for analyzing an
electric propulsion system as a whole, starting with the
efficiency of each component and ending with the overall
system efficiency over a wide range of operating conditions.
Rotational speed and torque of the motor are identified as the
two independent variables. The article shows how to draw
and interpret the efficiency and other essential performance
contours on a single plot. For each component of the system,
it is shown how efficiency maps can be obtained from either
models utilizing commonly available data or from measure-
ment data. The use of measurement data provides a more
accurate system efficiency map, while the use of models
allows for a quick relative comparison of the performance
of different system combinations.
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This methodology can be used in the design phase
of an aircraft or to select the optimal electric propulsion
components for an existing aircraft. The latter of the two,
presented as a use case in this article, shows that the range
can vary by more than 13% depending on the propeller,
even when using the same ESC and motor. The second
use case demonstrates that the maximum level flight range
operating point and maximum efficiency operating point
can be identified on the map, and different mission strategy
can be employed to extend the range of the aircraft.

In summary, this article developed a methodology that
provides the total view of the selected propulsion compo-
nents. The aircraft designers will have a comprehensive
view of the total and individual component and will be able
to identify the necessary design changes including modifi-
cation to flight strategies or missions. Finally, by unifying
the independent variables to rational speed and torque, when
an optimizer or solver based approach is utilized, the results
can be verified through the maps, which contributes to the
reliability of the design.
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