1337

IEEE Robotics
G Ay s
4 Soclety

ﬁf{b’l[" IEEE/ASME TRANSACTIONS ON MECHATRONICS, VOL. 22, NO. 3, JUNE 2017

A Practical Performance Evaluation Method
for Electric Multicopters

Dongijie Shi, Xunhua Dai, Xiaowei Zhang, and Quan Quan

Abstract—Multicopters are attracting more and more at-
tention these years. In the design stage, designers and
users wonder if an assembled multicopter can meet their
performance requirements, such as hovering endurance,
system efficiency, maximum load, maximum pitch, and max-
imum flight distance. However, in practice, they used to
evaluate the performance of a multicopter through lots of
flight experiments or by experience, which are normally in-
efficient and costly. This motivates us to propose a compre-
hensive offline evaluation algorithm of multicopter perfor-
mance. The performance indices considered are mainly de-
termined by the propulsion system, including motors, pro-
pellers, electronic speed controllers, and batteries. There-
fore, in the first stage of this research, models are estab-
lished for the components of a propulsion system. In order
to facilitate the application, only technical specifications of
components offered by manufacturers are required as the
input of the models. Based on the models and their relation-
ships, equations describing performance indices are estab-
lished and then solved to perform the evaluation. Finally,
several examples are given to demonstrate the efficiency
of the proposed evaluation method. As a result, a website
(www.flyeval.com) is established, which can provide users
with the performance evaluation mentioned in this paper.

Index Terms—Modeling, multicopters, performance eval-
uation, propulsion systems, quadcopters.

NOMENCLATURE
A Aspect ratio.
B, Number of blades.
Cy Battery capacity (mAh).
Cu Torque coefficient.
Cr Thrust coefficient.
Cy Drag coefficient.
Cta Zero-lift drag coefficient.
C; Lift coefficient.
Chin Battery minimum capacity (mAh).
Cp Blade average chord length (m).
D, Propeller diameter (m).
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Back-electromotive force (V).
Oswald factor.

Total weight (N).

Battery weight (N).

Electronic speed controller (ESC) weight (N).
Motor weight (N).

Maximum load (N).

Propeller weight (N).

Propeller geometric pitch (m).
Altitude (m).

Battery current (A).

Flight controller current (A).
ESC input current (A).
Maximum ESC current (A).
Equivalent motor current (A).
Maximum motor current (A).
Actual motor nominal no-load current (A).
No-load current (A).
Back-electromotive force constant.
Torque constant.

Nominal no-load motor constant (r/min/V).
Maximum discharge rate (C).
Slope of lift curve.

Propeller lift (N).

Propeller torque (N-m).

Motor speed (r/min).

Nominal no-load speed (r/min).
No-load speed (1r/min).

Actual no-load speed (r/min).
Number of rotors.

Iron loss (W).

Nominal iron loss (W).

Battery resistance (€2).

ESC resistance (€2).

Motor resistance (£2).

Blade area (m?).

Propeller thrust (N).

Time of endurance (min).
Electromagnetic torque (N-m).
Total flight time (min).
Hovering endurance (min).
Environment temperature (°C).
No-load torque (N-m).

Battery voltage (V).

ESC input voltage (V).
Equivalent dc voltage (V).
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Equivalent motor voltage (V).
Motor nominal no-load voltage (V).
Flight speed (m/s).

Maximum flight speed (m/s).
Airspeed of a blade (m/s).

Flight distance (m).

Maximum flight distance (m).
Angle of attack (rad).

Zero-lift angle (rad).

Absolute angle of attack (rad).
Downwash correction factor.
System efficiency.

Pitch (rad).

Maximum pitch (rad).

Blade angle (rad).

Helix angle (rad).

Air density (kg/m?).

Position coefficient.

Correction coefficient of the blade airfoil area.
Downwash effect correction angle (rad).
ESC duty cycle.

ks

S
3
3
(=]

TSI ™
preNNESS
o ©
" sl

max

S ”SD

q > >ms o

|. INTRODUCTION

URING recent years, multicopters are very popular for
D their unique advantages over fixed-wing airplanes and he-
licopters in many aspects. First, a multicopter has a simple
structure and, therefore, is assembled with little effort. Second,
since basic movements are decoupled from each other, the re-
mote control of a multicopter is simple. Third, a multicopter
is easy to maintain. Due to these salient features, multicopters
have been used in many fields [1]- [4].

To design a multicopter, first of all, a designer has to se-
lect components in order to meet the performance require-
ments, e.g., hovering endurance, system efficiency, maximum
load, maximum pitch, and maximum flight distance. Multicopter
performance is mainly determined by the chosen propulsion sys-
tems, which mainly consist of propellers, brushless dc motors,
ESCs, and the battery pack. Different selections of components
will lead to different flight characteristics. For instance, increas-
ing the capacity of the battery pack may increase the endurance
of flight or prevent a multicopter from taking off because of the
increased weight. As far as we understand, in practice, many
designers used to evaluate the performance of a multicopter
through lots of flight experiments or by experience, which are
normally inefficient and costly. Moreover, how the choice of
components is related to the performance requirements remains
an open problem, which is hard to solve by experiments and
experience [5], [6].

In order to solve these problems, an offline method of
performance evaluation will be proposed in this paper. To the
best of the authors’ knowledge, few research results exist in
terms of the performance evaluation of multicopters. In [7],
wind-tunnel experiments were carried out to show the variation
of the propeller thrust coefficient, the torque coefficient, and
the efficiency caused by different Reynolds numbers. In [§]
and [9], the motor modeling is detailed. In [10], experiments
were performed to study the effect of controller firmware on

multicopter actuator dynamics. However, in all of these papers,
models of the propulsion system are not provided explicitly,
let alone performance evaluation. In [11], the thrust coefficient
and the torque coefficient are expressed in complicated forms,
which are difficult to be directly used in practice. In [12]
and [13], both the propeller model and the motor model are
given, but there exist a few undetermined parameters in these
models, such as the lift coefficient and the torque coefficient,
which need to be determined through a lot of experiments.
In practice, for a component, manufacturers often only offer
several parameters (e.g., for a propeller, the diameter, the pitch,
and the blade number are given). However, they are not related
directly to the existing models. In [14] and [15], the modeling
methods of the battery pack, motors, ESCs, and propellers are
introduced, but the ESC models are not provided with great
detail and the evaluation indices are incomplete as well. For
example, flight distance, maximum load, and maximum pitch
are not involved. A website www.ecalc.ch/ provides users with
a performance evaluation package of multicopters. It is claimed
that the evaluation results are reliable. However, the algorithms
used for evaluation are not given. Some important performance
indices are not considered, such as maximum flight distance.
In this paper, a practical and comprehensive evaluation
method is proposed for multicopters to estimate a series of per-
formance indices. For simplicity, the evaluations are formulated
as four problems. For applicability purpose, only technical spec-
ifications of components offered by manufacturers are required
as the input to the models. Testing examples are finally given
to show the effectiveness of the proposed method. Furthermore,
a website www.flyeval.com is established, which can provide
users with the performance evaluation mentioned in this paper.

Il. PROBLEM FORMULATION

There are two major tasks in this paper: propulsion system
modeling and performance evaluation. Performance evaluation
is based on propulsion system modeling, which is divided into
four parts: propeller modeling, motor modeling, ESC modeling,
and battery modeling. All inputs to components of a propulsion
system are taken from the parameters provided by manufactur-
ers, as shown in Table I.

The outputs from propulsion system modeling are a series
of performance indices. For simplicity, they are formulated into
the following four problems.

1) Problem 1: In the hover mode, according to the known
parameters, estimate the hovering endurance Tioier, the
duty cycle of throttle o, the ESC input current [., the
ESC input voltage U,, the battery current I;, and the
motor speed N.

2) Problem 2: In the maximum thrust mode,’ according to
the known parameters, estimate the ESC input current
1., the ESC input voltage U, the battery current I, the
motor speed IV, and the system efficiency? 7.

I'The maximum thrust case is an extreme case of an multicopter, in which
motors are at full throttle state.

2System efficiency is the ratio of the propeller output power and the battery
power in full open throttle.



SHI et al.: PRACTICAL PERFORMANCE EVALUATION METHOD FOR ELECTRIC MULTICOPTERS

1339

TABLE |
PROPULSION SYSTEM PARAMETERS

Component Parameters
Propeller ©, = {Diameter D, , Pitch H,,, Blade Number B, , Propeller Weight G, }
Motor ©,, = {Nominal No-load Motor Constant K o, Maximum Current /,,, max, Nominal No-load Current
Im o » Nominal No-load Voltage U,, ¢, Resistance R,, , Motor Weight G ,,, }
ESC = {Maximum Current I, \ix, Resistance R, , ESC Weight G }
Battery @b = {Capacity C'y,, Resistance R, Total Voltage U}, , Maximum Discharge Rate K, Battery Weight G, }

Lnput Model

Output

Air Density |I:> [ _dutput
| Propeller Parameters |:>| m |

|-—»|— :>IWI

e lm'

|_ —
|Wl Battery Model |

Environment Parameters

Propeller Model

3) Problem 3: In the forward flight mode, according to the
known parameters, estimate the maximum load G, ax10ad
and the maximum pitch 6,,,, both of which are used to
guarantee the safety of a multicopter.

4) Problem 4: In the forward flight mode, according to the
known parameters, estimate the maximum flight speed
Vinax and the maximum flight distance Z,, .

The frame of this research is shown in Fig. 1.

Ill. PROPULSION SYSTEM MODELING

In the section, models for the propeller, the motor, the ESC,
and the battery are established, respectively.

A. Propeller Modeling

For a multicopter, fixed-pitch propellers are often used. Pro-
peller performance depends on its thrust 7' (N) and torque M
(N - m). Referring to [16] and [17], they are expressed as

N 2

T = OTp(GO) D, (1)
N 2

M= pr(60) D). (2)

Here, the air density p (kg/m*), which varies with respect to the
local altitude i (m) and the temperature 7; (°C ), is written as

273p
101325273 + 1) "

p= 3)

where the standard air density py = 1.293 kg/m? (0 °C, 273 K).
The atmospheric pressure p (Pa) is obtained as [18]

L 5.2561
= 1-0. —_ . 4
P="o ( 0 0065273 +Tt> “)

The height of a multicopter varies slightly while performing a
task. So, h and T} are treated as constants in the following per-
formance evaluation. The remaining task in propeller modeling
is to find the parameters Cp and C} in (1) and (2). To make
things clearer, they are expressed as

Cr = fCT (817)

CJ\J - fC;\[ (®p) (5)
where @), is the parameter set as in Table I. The detailed proce-
dure to obtain f¢, (©,) and f¢,, (©,) is shown in Appendix A,
given as

H,
O £ 095 3)\(23 K e arctan 7—D —

fCT(p)_ 29T P TA+ K,

fou () = 2 A mCaC*AB," ©)
where
AK} ( - )2
0 D
Cy=Crq+ 0 . (7
f (’R’A + K[))

The parameters A, e, A, (,e,Ctq, and o, which are not re-
flected in Table I, are explained in Appendix A. Accord-
ing to experimental results and the relevant literature [19, p.
150/151/174], [20, p. 62], [21, p. 43], [22], it is suggested that
the values of these parameters in (6) are taken as

A=5n~8c=085~0.95x=0.7~ 0.9,
(=04~07e=0.7~09, Csq =0.015,

=—-——~0,Ky=6.11. 8
(&) 36 0 0 6 ()

To verify the proposed modeling method, the experi-
mental data provided on the website of APC propellers’
are used for comparison. The parameters in (8) are cho-
sen as A=5,6=0.85,1=0.75,{ =0.55,e =0.83,C¢y =
0.015,a9 = 0, and Ky = 6.11. The other parameters for pro-
pellers in Table I are taken directly from the model parameters
given by APC. The results are shown in Fig. 2. It can be clearly
observed that the results of the theoretical model (6) match well
with the experimental data.

In practice, it is impossible to determine the values of
parameters in (8) to match all kinds of propellers. After com-
prehensive consideration of various propellers from different

3The data are from https://www.apcprop.com/.
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Fig. 3. Equivalent motor model. Here, U,, is the equivalent supply
voltage (V), I,,, is the equivalent motor input current (A), E, is the back-
electromotive force (V), R,, is the armature resistance (2), and L, is the
armature inductance (H). I is the no-load current required to overcome
mechanical friction in the motor and drive train, as well as magnetic
hysteresis and eddy current losses in the motor, and is approximately a
constant at a certain motor speed [23]. And I, = I,, —I helps produce
the electromagnetic torque. Here, the armature inductance L,, and the
transient process caused by switching elements are neglected.

manufacturers, in the following tests, A =5, =0.851 =
0.75,( = 0.5,e = 0.83,C¢q = 0.015,a9 = 0, and K, =
6.11 are used as nominal values.

B. Motor Modeling

Nowadays, the electric motors used in multicopters are brush-
less dc motors. A brushless dc motor is a synchronous three-
phase permanent magnet motor, which can be modeled as a
permanent magnet dc motor. Its equivalent circuit is shown in
Fig. 3 [12].

The motor modeling aims to obtain U,,, and I,,, from N, M,
and ©,,,, where N and M are obtained in Section IV-A and ®,,
is shown in Table 1. For clarity, they are expressed as

Um =
Im =

fUm (GmaMa N)

fr, (©®n,M,N). C))

The detailed procedure to obtain fy, (©,,, M, N) and
f1,, (©®,, M, N) is shown in Appendix B, given as

MKy oUpo
Iy
9.55(Um,0 - ImORm) " 0)

Um 0 — I m0 Rm
K Vo Um 0

fU,,,, (®m7M7N) é Rm (

N

+ L —> R, i> +
O————— —1—-0O
U U,

: ESC Voo

Fig. 4. ESC model.

MKV()UmO

©,,,M,N) £
fIm ( ) 9.55(Um0 - ImORm)

+ Iyo- (10)

C. ESC Modeling

An ESC is a device external to the motor that electronically
performs the communication achieved mechanically in brush
motors. The ESC converts the dc voltage of the battery pack to
a three-phase alternating signal, which is synchronized with the
rotation of the rotor and applied to armature windings. ESCs
regulate motor speed within a range depending on the load and
battery voltage. An equivalent circuit of the ESC is shown in
Fig. 4.

The ESC modeling aims to obtain U, and I, by us-
ing U, I, ,0., and ®;, where U, and I,,, are obtained in
Section IV-B and ®, and ®;, are shown in Table I. For clarify,
they are expressed as

o= fr (®c,Un,ILn,Uy)
I. = f1. (o,1,)
Ue = fu, (@, 1). (1)
As shown in Fig. 4, U, is the equivalent dc voltage, given by
Uo =U,, + 1, Re. (12)
Based on (12), the duty cycle o is obtained as [24]
Uw U
o= Uee ~ U(j,, 13)

where o € [0,1]. From the perspective of power electronics,
since the average motor voltage over a commutating sequence
is modulated by o, the duty cycle effectively introduces an
integrated dc—dc buck converter. As a result, the ESC input
current is [24]

I. =01, 14)
which is limited by
I < Iemax- s)
The ESC voltage is supplied by the battery pack, given by
U.=U, — 1Ry (16)

where [}, is the battery current. For a multicopter, the number of
ESCs is equal to the number of rotors, so

Ib = ane + Icomml (17)
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where I.onror 18 the current supplied to the flight controller,
usually, eonwol = 1 A. From the above, the functions in (11) are
expressed as

fr (@0, I, Uy) 2 Yt Infle (18)
Uy

f1. (o,1,) &0l (19)

fu. (©, 1) 2U, — L, Ry. (20)

D. Battery Modeling

The battery model mainly aims to obtain the time of en-
durance 7}, (min) by using I, and ©,, where I, is expressed
in (17) and ®, is shown in Table 1. For clarity, the model is
expressed in an abstract function as

Ty = fr, @y, L) .

The battery discharge process is simplified so that the battery
voltage retains constant and the battery capacity decreases lin-
early. Thus, the model fr, (®, ;) is

2 Cp = Cuin 60
-, 1000

where Chi, is the minimum capacity of a battery set according
to the safety margin. Generally, it can be chosen from the range
of 0.15C,—0.2C},. It should be noted that Cj, and Cp,;, have the
unit of mAh, while I;, has the unit of A and 7} has the unit
of min. This is the reason why the constant 60/1000 is intro-
duced into (22). The battery current has to meet the following
constraint:

2n

fr, (@, 1)

(22)

I, < O, K. (23)

IV. PERFORMANCE EVALUATION

So far, the propulsion system modeling is completed. In this
section, Problems 1—4 are going to be investigated. Before eval-
uating the performance, a virtual multicopter is defined here. Its
weight is G and it has n, propulsors. This implies n, motors
and ESCs are required. The altitude of the multicopter is h and
the temperature is 7;. The parameters related to its propulsion
system have the same notations shown in Table I for simplicity.

A. Solution to Problem 1

In the hover mode, the sum of thrusts provided by n, pro-
pellers should be equal to the weight of the multicopter G. Thus,
the thrust provided by a single propeller is

G
T = —.
ny
According to (1), (2), and T™* obtained in (24), the motor speed
and propeller torque are derived as

(24)

T*

N*= 60, ————
pD]%fCT (Gp)

M* =

N*\?
pDyfey (©y) ( 50 ) : (25)

TABLE Il
EXAMPLE FOR PROBLEM 1

Environment h=10m,T; =25°C

G=14TN>G, +G. + G, +Gpn, =4

0, ={D, =10in, H, = 4.5in, B, =2,G, }
O,, = {Kvo = 890 t/min/V, I, maox = 19 A, I, g = 0.5 A,
Upno=10V,R,, =0.1019Q,G,, }

O, = {l.max =30A, R, = 0.008Q,G.}

0, = {C} = 5000 mAh, R, = 0.01 £,

Uy =12V, K, =45C, Gy}

A=5¢=0851=075(=05¢e=083Ciy = 0.015,
gy = O, K’(] = 6.11, Cl = 3, CQ = 1.5, Cmin = O.ZC),
Toiter = 15.8 min, 0 = 54.6%, I. = 3.6 A,U, = 118,

Iy = 152 A, N = 5223 r/min

Basic Parameters

Components

Other parameters

Results

Then, substituting M* and N* into (10) yields
U, =

m

I =

m

fU,“ (®7naM*7N*)
f],n (67717M*7N*)' (26)

In the next stage, by using the given parameters of the ESC and
the battery in Table I, the duty cycle and the ESC input current
and voltage are obtained according to (18)—(20) as

o= [, (©.,U;. I},
;= fr, (o 1,)
U;, = fu, (O, 1) .

Consequently, according to (17), the battery current is

Uy)

27)

Ilf = nr]: + Leontrol- (28)

Finally, the hovering endurance is calculated by (22) as
Tif)iter = fTb (@b’ Ilj) :

An example for Problem 1 is given in Table II, where the
adopted parameters and evaluation results are shown.

Remark 1: Generally, in the hover mode, the duty cycle is
expected to be about 50% in order to ensure a sufficient control
margin.

(29)

B. Solution to Problem 2

In the maximum thrust mode, the duty cycle o* = 1 which
implies that the equivalent motor voltage U}, reaches its peak.
First, I, Uy , M*, and N* are solved by using the following

equations:

f(’ (®C7U’m,a-[n7,,Ub) = 1

5 N\’
MiprfCM (@p) <60) =0
Un _fUm (enlvaN) =0
Im _fI," (G')m,M, N) =0 (30)

which are derived from (2), (10), and (18). Substituting I, into
(19) yields I;. Then, based on (20) and (17), U; and I; are
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TABLE Il
EXAMPLE FOR PROBLEM 2

TABLE IV
EXAMPLE FOR PROBLEM 3

Environment h=10m,T; =25°C

Environment h=10m,T; = 25°C

Basic Parameters G=14TN>G, +G. + Gy, +Gpon, =4

Basic Parameters G=14TN>G, +G. + G, +Gpun, =4

Components ©, ={D, =10in,H, =45in,B, =2,G, } Components ©,={D, =10in,H, =45in,B, =2,G,}
O, = {Kyvo = 8901/min/V, I,, max = 19A, I, 0 = 0.5 A, 0, = {Kyo=2890rt/min/V, I, maox = 19A, I,,,0 = 0.5 A,
Upo=10V,R,, =0.101Q,G,, } Upo=10V,R,, =0.101Q,G,, }
O, ={Icvax =30A, R, =0.0080Q,G,} O, = {Ionax =30A, R, =0.008Q, G, }
0, = {C}, = 5000 mAh, R, = 0.01 ©, 0, = {C} = 5000 mAh, R, = 0.01 Q,
Uy = 12V, K}, =45C, Gy } Uy = 12V, K}, =45C, Gy}
Other parameters A=5¢=085x1=075¢=05¢c=0.83 Other parameters A=5¢=085x1=075¢=05¢e=0.83,

Ciq = 0015, a9 =0, Ky = 6.11,
C1=3,Cy=15Cuin =02GC,

Ciq = 0015, a9 = 0, Ky = 6.11,
C1 =3,Cy =15Cnin=02C

Results I, =165A,U. =113V, I, = 662 A,

N = 8528 r/min, n = 77.1%

obtained as
1= fi. (L, 1,)
Iy = n. I + Leontrol
Ul = fu. (B, 1) €2))

The system efficiency is the ratio between the propeller output
power and the battery power, which is calculated by
27 * NT*
mnrM N
= —-—mm—m—mmmm-- . 32
T (32)
An example for Problem 2 is given in Table III, where the
adopted parameters and evaluation results are shown.

*

C. Solution to Problem 3

The maximum load and the maximum pitch are closely re-
lated to the safety of a multicopter, which should be taken into
account. In order to ensure a sufficient control margin, the max-
imum load is not estimated in the case of the maximum thrust,
i.e., 0 = 1. Generally, a maximum duty cycle o of an ESC
between 0.7 and 0.9 is acceptable when a multicopter hovers in
the air. In the paper, o* = 0.8 is taken to estimate the maximum
load. Similar to Problem 2, according to (2), (10), and (18),
I, Ur , M*, and N* are solved by the following equations:

fa (G)e’Um;Im,Ub) - 08

N 2
v oise, @) () <0
Up — fu,, (©,,M,N) = 0
Ly — f1, (©,,M,N) = 0. (33)

Then, according to (1), the produced propeller thrust 7 is cal-
culated as

N*\?
T* = pD, fc, (©,) (60> . (34)
Therefore, the maximum load is
l*naxload = nTT* -G. (35)

Results Gmaxload = 1.32Kkg, Omax = 1.01rad (57.9°)

Eirri!;

Yo

Fig. 5. Multicopter in forward flight.

In addition, the maximum pitch is given by

* P— 3
07, 4 = Arccos

. 36
T (36)

An example for Problem 3 is given in Table IV, where the
adopted parameters and evaluation results are shown.

D. Solution to Problem 4

Maximum forward flight speed and maximum flight distance
are the key performance indices, which both designers and
users are concerned about. The solution to Problem 4 is derived
through the following three steps. First, the forward flight speed
is solved for. Second, the flight distance is obtained. Finally, the
optimizations are conducted.

1) Forward Flight Speed: The multicopter force is shown in
Fig. 5. The first step is to solve for the forward flight speed under
the given pitch angle # of a multicopter.

The detailed procedure to obtain V (#) is shown in
Appendix C, given as

2G tan 0
V(0) = . 37
© \/pS[Q (1 —cos?d) + Cy (1 — sin®6)] ©7
where the parameters S,C4, and Cy are explained in
Appendix C.
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TABLE V
EXAMPLE FOR PROBLEM 4

Environment h=10m,T; =25°C

Basic Parameters G=14TN>G, +G. +Gy +Gp,n, =4
Components O, ={D, =10in, H, =45in,B, =2,G, }
O, = {Kvo = 890 r/min/V, I, Max = 19A Ino =05A,

Upno =10V, R,, =0.101Q,G,, }
O = {Ieniax =30A, R, = 00080, G, }
©, = {C} = 5000 mAh, R, = 0.01 Q,
U, =12V,K, =45C, G, }

A=5¢=0851=075(=05¢e=0.83,
Ciq = 0.015, a9 = 0, Ky = 6.11,
Ci1 =3,Cy = 1.5, Crin = 0.2C

Vinax = 11.2m/s, Z,, o« = 6021.4 m

Other parameters

Results

2) Flight Distance: The second step is to solve for the flight
distance. According to (1), the motor speed N () is given by

/ G
N (0) = _—. 38
(0) = 60 pCr Djn, cos 0 (38)
Consequently, through (2), M (0) is obtained as
GCy D
M = —
©) Crn, cosf (39)

Finally, the total flight time T, (6) is calculated through the
equations as

m 0 fUm (@,,L,M(G) N(G))

(0) =
L (0) = f1,, (©m, M (6), N (0))
o(0) = fa (©c, U, (0), In (6), Us)
1.(0) = f1, (o(0), L, ()
Iy (0) = ny I (0) + I opior
Try(0) = fr, (©y, 1y (0)) (40)
where (10), (17), (18), (19), and (22) are utilized. With the total
flight time Thy (), the flight distance Z(6) is

Z(6) = 60V () Ty (6). (A1)

3) Optimization: The third step is to conduct the optimization.
In order to find the maximum forward flight speed V;,.x, an
optimization problem is formulated as
Vinax = max V (6)

0€[0,0max]
where V' (0) is denoted by (37) and 0y, is solved in Problem
3. Furthermore, in order to find the maximum flight distance
Zmax, an optimization problem is formulated as
Zmnax = 60V (0) Thy (0
w =, max 60V (0) Ty (0)
where Z(6) is obtained by (41). Both (42) and (43) can be
solved through the numerical traversal algorithm. By changing
0 change from 0 to 6y, .« , the global optimal solution is obtained.

An example for Problem 4 is given in Table V, where the
adopted parameters and evaluation results are shown.

(42)

(43)

V. EXPERIMENTS

In order to demonstrate the effectiveness of the propulsion
system model, the results provided by the www.ecalc.ch/ are
used for comparison purpose. Moreover, the performances of
a commercial quadcopter given by the manufacturers are also
verified using our method.

A. Comparisons With www.ecalc.ch/

www.ecalc.ch/ is a frequently visited website (more than
5 million visits since February 2010) providing flight perfor-
mance evaluation for multicopters. It is claimed that the eval-
uation results are reliable. Comparisons with www.ecalc.ch/
can verify the evaluation results to a certain extent. Here,
three arbitrary multicopters are chosen to conduct the com-
parisons, the detailed parameters of which are shown in Ta-
ble VI. The corresponding comparative results are illustrated in
Table VII. It is indicated that there is a significant similarity be-
tween the website calculations and the proposed evaluation [25],
[26].

B. Comparison With a Commercial Multicopter

The quadcopter DJI Inspire I is considered in this section.
Table VIII shows detailed parameters of the product retrieved
from http://www.dji.com/cn/product/inspire-1. The evaluation
results, shown in Table IX, are compared with the corresponding
data from the DJI website.* The results demonstrate that the
results from evaluations are close to the provided data.’

C. Comparison With Real Experiment Results

To verify the effectiveness of the proposed method further,
some indoor experiments are conducted so that various pa-
rameters can be measured easily. The schematic diagram of
experimental equipment is shown in Fig. 6. For simplicity, hov-
ering endurance can be regarded as a representative index to
reflect the accuracy of the proposed method. In the experi-
ments, two sets of parameters of the components are given in
Table X.

From Fig. 6, it is observed that the thrust provided by a pro-
peller (i.e., T'/n, in Fig. 5) is measured through electronic scale,
the propeller speed is measured through laser tachometer, the
ESC input current is measured through current shunt, the bat-
tery voltage is measured through electronic multimeter, and the
throttle command (duty cycle) is read from the RC transmitter
directly. By regulating the throttle, different motor speeds are
obtained. As a result, the relationship between the thrust and the
motor speed is calculated, and the relationship between the ESC
input current and the motor speed is established. All of these are
compared with the results of the proposed method, as shown in
Figs. 7 and 8. The results show that the curves obtained by the
proposed method and the experiment are similar.

4The www.ecalc.ch/ does not provide a motor with the same brand and model.
5As the source of data from the DJI website is unknown, when Cyiy =
0.15C} is taken to estimate the hovering endurance, T1yitc, = 17.1 min; when
Chin = 0.2C} is taken to estimate the hovering endurance, Tiyjer = 16.1 min.
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TABLE VI
PARAMETERS OF MULTICOPTER 1-3

Multicopter 1 Environment h=10m,T; =25°C
Basic Parameters G=14IN>G, +G. +Gp + Gy oy =4
Components 0, ={D, =10in, H, =45in, B, =2,G,}

0,, ={Kyo=890r/min/V, I,, max = 19A, I,,0 = 05A,U,, 90 = 10V,
R, =01019Q,G, }
O, = {lcniax =30A, R, =0.008Q,G.}
0y, = {C}, = 5000 mAh, R; = 0.0078Q,U, = 11.1 V,K;, =45C,G}}
Other Parameters A=5¢e=0.85,A2=0.75,( =0.5,e =0.83,Cq = 0.015,¢9 = 0,
Ky=6.11,C1 =3,C2 = 1.5,Cpin = 0.2C},

Multicopter 2 Environment h=10m,T; = 25°C
Basic Parameters G=287T63N>G, +G. +G, + Gy ,n, =4
Components ©,={D, =13in,H, =4.5in, B, = 2,G, }

O, ={Kyo =4150/min/V, I, sax = 22 A, 1,0 = 03 A, U9 = 10V,
R, =02425Q,G,, }
O, = {lonax =30A, R, =0.0080,G.}
0, = {C}, = 5500 mAh, R;, = 0.0114Q,U, =222V,K, =55 C,G,}
Other Parameters A=5¢=0.85,2=0.75,(=0.5,¢ = 0.83,Cfq = 0.015,¢g = 0,
Ky =6.11,Cy = 3,0y = 1.5, Cpin = 0.2C,

Multicopter 3 Environment h=10m,T, = 25°C
Basic Parameters G=294N>G, +G. +G, +Gp,n, =6
Components ©,={D, =12in,H, =5.5in,B, =2,G,}

0, = {Kyo=480r/min/V, I,, max = 20 A, I,,0 = 04 A, Uy, 0 = 10V,
R, =0178Q,G,, }
O, ={Ilcmax = 40A, R, = 0.006Q,G.}
0, = {C}, = 5000 mAh, R, = 0.0168 Q,U, =22.2V,K;, =35C,G,}
Other Parameters A=5¢=0.85,2=0.75,{ =0.5,¢ = 0.83,C¢q = 0.015,9 = 0,
Ky=6.11,C1 =3,C2 = 1.5,Cpin = 0.2C},

TABLE VII
PERFORMANCE OF MULTICOPTER 1-3

Vehicle 1 Vehicle 2 Vehicle 3
Mode Performance Ecalc Proposed Ecalc Proposed Ecalc Proposed
Hover Mode Hovering Endurance 13.6 min 14.6 min 14.1 min 13.9 min 15.1 min 15.4 min
Duty Cycle 62% 59.0% 62% 61.3% 46% 43.3%
Propeller Speed 5297 r/min 5223 r/min 4785 r/min 4923 r/min 4222 r/min 4151 r/min
ESC Current 4.4 A 3.8A 4.7 A 45A 28 A 24 A
Max Thrust Mode ~ ESC Current 12.1 A 149 A 13.1A 159A 16.6 A 19.8 A
Propeller Speed 8276 r/min 8066 r/min 7493 r/min 7315 r/min 8269 r/min 8003 r/min
System Efficiency 80.4% 78.5% 79.0% 77.3% 74.6% 73.1%
Flight Mode Maximum Load 0.964 kg 0.99 kg 1.969 kg 1.60 kg 4.941 kg 5.14 kg
Maximum Pitch 52° 53.0° 53° 49.6° 68° 68.4°
Maximum Speed 10.5 m/s 10.2 m/s 9.7 m/s 9.4 m/s 15.3 m/s 13.7 m/s
Maximum Distance N/A 5662.3 m N/A 5128.6 m N/A 5819.6 m
TABLE VI TABLE IX
DJI INSPIRE | PARAMETERS CoMPARISON WITH DJI INSPIRE |
Environment h=10m,T =25°C Performance DII eCalc Website Proposed
Basic Parameters G =28.763N,n, =4 Hovering Endurance 18 min N/A 17.1 min
Motor DI 3510 (K y = 350 /min/V, R,, = 0.21 €2, xa"¥m”m Il;fial‘i 0'436;1‘3 g; 2 055257]?
Tovax = 20A, Ino = 03 A, U g = 10V) aximum Fite :
Propeller DJI1345(D, = 13in, H, = 4.5in, B, = 2)
ESC Tovax = 20 A, R, = 0.02Q
Battery C, = 5700 mAh, U, = 24 V,R;, = 0.12Q

cle weight G is given, the needed thrust is determined and can
be obtained by regulating the throttle. The equivalent hovering
endurance of a multicopter is equal to the discharge time of the

Furthermore, in order to simulate the hover mode of a multi-  battery. The experimental results of the hovering endurance are
copter (i.e., 8 = Qin Fig. 5), the thrust produced by the propeller ~ compared with the values calculated by the proposed method,
in the experiments can be assumed as G/n,.. If a virtual vehi-  as shown in Table XI.
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Propeller

Lever Current Shunt

Battery
Electronic scale

Laser tachometer

Electronic multimeter ~ RC transmitter

Fig. 6. Experimental equipments.
TABLE X
PARAMETERS OF EXPERIMENT COMPONENTS
Test 1 Environment h=50m,T; =20°C
Propeller APC 10 x 45MR (D, = 10
in, H, =45in, B, = 2)
Motor Sunnysky Angel A2212 (K ¢ = 980 r/min/V,
Ry =0.129Q, I, max = 20 A,
ImU =05A, Um 0 = 10 V)
ESC Tenvax = 30A, R, = 0.008 Q2
Battery ACE (C), = 4000 mAh, U, = 12,
Ry, =0.0160Q,K, =250)
Others A=5=085x1=075¢=05¢c=0.83,
Ciq = 0015, a9 =0, Ky = 6.11, Cpyin = 020,
Test2  Environment h=50m,T; =20°C
Propeller T-MOTOR 30 x 10.5 (D, = 30
in, H, = 10.5in, B, = 2)
Motor T-MOTOR U12 (Ky o = 90 r/min/V, R,, = 0.047 Q,
Lmax = 50A, Lo = 12A,Upg = 10V)
ESC Ievax = 80A, R, = 0.0035Q
Battery ACE (C), = 22000 mAh, U, = 48V,
Ry, =0.01Q,K;, =25C)
Others A=5¢=085x1=075¢=05¢ec=0.83,
Ciq = 0015, a9 =0, Ky = 6.11, Cpin = 020,
Thrust-Speed Curve Current-Speed Curve
8 12

real experiment
— — — theoretical modeling

real experiment
— — — theoretical modeling
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®

ESC input current(A)
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N
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Fig. 7. Test 1: Thrust-speed curve and current-speed curve.
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Fig. 8. Test 2: Thrust-speed curve and current-speed curve.

TABLE XI
VALUES OF HOVERING ENDURANCE

Test 1 Virtual Multicopter G =147N,n, =4
Environment See Table X
Components See Table X
Hovering Endurance  Experiment 12.4 min

Proposed 12.2 min

Test2  Virtual Multicopter G =2%N,n, =6
Environment See Table X
Components See Table X
Hovering Endurance ~ Experiment 12.3 min

Proposed 12 min

Since the flight controller is not used, the flight controller
current I.ongol 18 not included in the experiments. As a result,
the measurement value of the hovering endurance is a bit greater
than the calculated one for each test, respectively. This result is
reasonable.

D. Website

A performance evaluation website www.flyeval.com for mul-
ticopters is established by the authors in February 2016. Users
can perform the flight evaluations mentioned above after pro-
viding the airframe configuration parameters, the environment
parameters, and the propulsion system parameters. In addition,
some other performance indices are given on the website.°

VI. CONCLUSION

Multicopter performance evaluation is of significant impor-
tance for a multicopter design. In this paper, models of the
propulsion system are established, including the propeller, the
motor, the ESC, and the battery. Based on these models, perfor-
mances of a multicopter are evaluated in different modes, such
as the hover mode, the maximum thrust mode, and the forward
flight mode. All the comparisons demonstrate the effectiveness
of the proposed evaluation method. In real flight, different con-
trol methods will lead to different energy consumption [27],
[28]. In this paper, the evaluation is performed for the energy
conversion at steady state rather than during all dynamic pro-
cess. Generally, the proposed evaluation at the steady state will
dominate. However, it is still an interesting problem for studying
an appropriate method to save energy in the future. The major
contributions of this paper are as follows.

1) A comprehensive evaluation method of multicopter per-
formance proposed, including evaluation in the hover
mode, in the maximum thrust mode and in the forward
flight mode.

2) The evaluation method only required component param-
eters provided by device manufacturers.

©The algorithm used in the website will be updated in a timely fashion. For
example, we adopt a general propeller model as a tradeoff for the time being, but
in the future, propellers from each manufacturer will have their unique model
to achieve a higher accuracy.
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Fig. 9. Geometric and absolute angle of attack.

3) A website for users in the world established based on the
proposed method.

APPENDIX A
PROCEDURE TO OBTAN f¢, (®,) AND f¢,, (©,)

The task of this section is to give a concrete expression of
for (©,)aswellas fc,, (©,), where ©®, is defined in Table I.

1) Absolute Angle of Attack o,y Tt is assumed that the blade
angle of a multicopter is constant along the direction of radius,
given by [29, p. 40]

4, (44)

0 = arctan
wD,

where H,, and D, are the parameters from ®,, in Table I. The
effective angle of attack « is

a=¢e(0—¢p)

where ¢ is the correction factor that arises due to downwash,
and ¢ is the helix angle. Considering flight characteristics of a
multicopter, it is assumed ¢y ~ 0. The absolute angle of attack
Q,p 18 [19, p. 136]

(45)

(46)

Qap = 0 — Q.

The relationship among a,},, @, and « is shown in Fig. 9.

2) Lift Coefficient C; and Drag Coefficient Cy: The lift coef-
ficient is related to the absolute angle of attack, which is given
by [19, p. 164]

_ Koy,
1+ KU/ﬂ'A
where K is chosen as Ky ~ 6.11 [19, p. 151],and A = D, /¢,

is the aspect ratio. Considering the downwash, A is in the range
5-8. Furthermore, the drag coefficient is given by [19, p. 174]

C (47)

L

Cyqy=Chq + WAGCZ

where Ctq is the zero-lift drag coefficient, which depends on

the thickness of the blade, the Reynolds number, the angle of

attack, etc. The Oswald factor e is selected between 0.7 and 0.9.

3) Thrust T' and Torque M : The blade airfoil lift is related to
the aerofoil and the rotational speed, given by [29, p. 117]

(48)

1
L=3G pSsaW? (49)

where S, = BTPADPCP is the blade area, in which A is the
correction coefficient, and W is the airspeed of a blade. The

Blade Element

Plane of Rotation

Fig. 10.

Blade element force diagram.

airspeed of a blade W in flight mainly has two components:
One is from the average rotor linear speed and the other is from
the flight speed of a multicopter. Generally, the former is much
greater than the latter. Therefore, let 11 be the average rotor
linear speed so that

N
W = n(D,—

&0 (50)

where ( = 0.4 ~ 0.7. According to the blade-element theory,
the blade element force diagram is shown in Fig. 10. In Fig. 10,
it is shown that the thrust of a multicopter is not equal to its lift.
The thrust is

7= 0+ d0) (51)

cos(y — 0)

where the correction angle due to the downwash effect v is
expressed as [11, p. 50]

gCapWeedr o Gt

dD
= arctan —— = arctan
U dL 3C1pW2cdr C

and 0 is neglected because the influence of downwash has been
taken into consideration in £. Moreover, since ¢y ~ 0, T' = L.
Based on the previous results, the propeller torque is approxi-
mated as
1
M = Zpoc*dvv%im D,. (52)
4) Results: According to (44)-(52), fc, (©,) and fc,, (©,)
are obtained as follows:

H
€arctan —%

. 7D, — p
for (©,) = Cr =0.257°A(*B, K, ATk
1 2 2 2
f(]M (®p) == C]\,{ == 87147( Cd< )\Bp (53)
where
2
H,
AK?2 |earctan - — oy
Cy = Cpg + N0 ( De ) LG4

(7TA + K0)2



SHI et al.: PRACTICAL PERFORMANCE EVALUATION METHOD FOR ELECTRIC MULTICOPTERS

1347

APPENDIX B
PROCEDURE TO OBTAIN fy, (©,,, M, N) AND
fIm <®rn7ﬂf, N)

The task of this section is to give a concrete expression of
fu, (@, M,N) as well as fr, (0,,, M,N), where ©,, is
defined in Table I, where M is the propeller torque and N is the
motor speed.

1) Equivalent Motor Current I,,: A brushless dc motor is
modeled as a permanent magnet dc motor. According to electric
machine theory, a motor’s electromagnetic torque 7, is given
by [30, p. 516]

T. = Krlpy, (55)
where K is the torque constant (N-m/A). The output torque is
equal to the propeller torque, calculated as

M =T, Ty = Kr(I, — ) (56)
where Ty = Kr fo is the no-load torque and fo is the no-load
current in actual working state. By (56), I,,, is obtained as

M ~
Imzi I
KT—i— 0

(57
which is required that I,,, < I, max. Usually, fo flnd I, are
quite similar. Therefore, for simplicity, let I, = I in practice

2) Torque Constant K1 : The back-electromotive force F, is
[30, p. 516]

E,=KpgN (58)
where K is the back-electromotive force constant. The equiv-
alent motor voltage is [30, p. 539]

Un=KpgN+1I,Ry. (59
The nominal no-load motor constant Ky is the ratio between
the no-load motor speed Ny and the no-load motor input voltage
Uy. Consequently

Ny = Ky oUy. (60)

Let Uy = U, here. Then, combining (59) with (60) results in

Um 0 — I m0 Rm

Kg =
KVOUHLO

(61)

The torque constant K and the back-electromotive force con-
stant Kr have the following relationship [30, p. 516]:

Kr =9.55Kg. (62)
Then, with (61) in hand, K7 is
Um - Im Rm
Ky = 9.55-m0 — “m0%m (63)

KyvoUno

3) Results: According to (55)-(63), fu
f1, (®,, M, N) are obtained as follows:

(©,,, M,N) and

m

MKVOUmO
@m 5 Ma N) = Um = Rm Im
Ju( ) (9.55(Um0 TRy 0
Um() - ImORm N
KVOUmO
MKyoU,
fl,n,(@maMa N) :Im: yozmo +ImO- (64)

955(Um0 - ImORm )

APPENDIX C
PROCEDURE TO OBTAIN V' (0)

The task of this section is to give the expression of V' (6),
where 6 is the pitch angle of a multicopter. As shown in Fig. 5,
equations to describe the force equilibrium in forward flight
state are established as follows:

Firag () = Gtand
G
TO) = ———
(9) n, cos 65)

where Fi, (6) is the drag acting on a multicopter. The drag is
further expressed as [31]
1

Fyrag (0) = 5CD (9) pV2 S (66)
where V' is the forward flight speed, S is the maximum cross-
sectional area, and C'p (0) is the whole vehicle drag coefficient
related to 6. Considering that # may change in a large range (up
to 90°) , Cp () can be approximately expressed as

Cp (0) =Cy (1 - 60539) + (1 - Sin39) . (67)

Here, C) and C are related to the aerodynamic configuration
of a multicopter, which can be estimated by computational fluid
dynamics simulation software. So, the forward flight speed V' (9)
is written as

2G tan 6
0) = —.
V(9) \/pS[Cl (1 —cos?d) + Cs (1 — sin’6)]

(68)
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