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The increased interest in electric motors for aircraft propulsion systems has driven interest in
guantifying the contribution of electric motor noise to the overall sound levels and possibly
human annoyance of the propulsion system. This work presents acoustic measurements of
electric motors used for small quadcopters to quantify the sound produced by a number of
outrunner motors with different types of controllers. Results are presented for loaded and
unloaded motors as well as installed and uninstalled configurations. Motor resonance frequencies
were measured and computed. Current probe measurements showed significant harmonic
content in the supply current from the controllers for both the conventional and sinewave
controllers. Acoustic results showed motor noise is typically radiated at frequencies near that for
azimuthal vibration mode number 2 of the rotor which occurs at roughly 5000 Hz. Electric motor
noise was evident in the spectra produced by many of the motor-controller combinations for
motors loaded with propellers with levels often greater than those for the motor alone due to
increases in the stator magnetic flux density with increased current. An installed quadcopter
configuration produced increases in acoustic radiation over that of the uninstalled motor in a
frequency range near the 1200 Hz azimuthal vibration mode 1 of the rotor.

I. Introduction

Small Unmanned Aircraft Systems (SUAS) flying over populated areas are becoming an increasing source of
unwanted sound within communities. The number of SUAS operating in the airspace is increasing and the demand is
expected to grow significantly. There are plans to use SUAS for package deliveries to residential locations! and visions
of using larger vertical lift vehicles for transporting people for on-demand mobility in urban areas?. For both of these
applications, it will be important to develop prediction methods that can be used to evaluate the impact of these aircraft
on the community. The focus of the work reported here is to investigate the electric motor component of the noise
produced by small quadcopter type SUAS. The work reported in a companion paper?

focuses on source identification using a phased array and on directivity Pressure from

characteristics. In this paper (Part 1), the impacts of motor type, controller type, Magnetic Field

loading, and vehicle installation on the resulting acoustic field are investigated and

the frequencies of the radiated tones related to the magnetic pressure loading and *

subsequent motor rotor vibration. A longer term objective of this work is to develop

noise prediction methods for a wide range of motor sizes that can be used in aircraft Structural

noise prediction codes such as NASA’s Aircraft Noise Prediction Program (ANOPP). Vibration
Acoustic radiation from electric motors is the result of vibration of the electric

motor structure*S. The structural vibration is typically the result of unsteady radial *

loading on the stator for in-runner (external stator) motors or the rotor for outrunner .

(internal stator) motors by the electromagnetic field. The magnetic forces in a motor ACO.US.“C

are created by a combination of electromagnets with force proportional to current and Radiation

permanent magnets which exhibit an essentially predetermined force based on the

motor design. The force associated with the electromagnets is impacted by the motor ~ Figure 1. A flowchart
controller or driver as these elements in the electrical system impact the current  for the process leading
supplied to the motor. A flowchart of the process is shown in Fig. 1. The unsteady  to acoustic radiation of
loading can be computed from Maxwell’s stress tensor and, for a linear system, is the ~ electric motors.
superposition of the pressures associated with the rotor and stator fields>®7:8910,

Rotor eccentricity'1213 which can be static resulting from a misalignment of the rotor and stator centerlines or
dynamic resulting from shaft whirling, also contributes to unsteady radial loading. Additionally, cogging torque, the
result of the interaction of the rotor magnetic field with the stator teeth, produces unsteady tangential loading on the
stator teeth that can couple with the motor structure to produce acoustic radiation#526,



The structural vibrations leading to acoustic radiation of noise for in-runner motors, where the stator vibrations are
important, have been reasonably well modelled*”'8, For motors enclosed by a housing, thin shell theory has been
applied to capture the structural vibrations associated with the housing®. For outrunner motors without an external
housing (the type used in this study), the vibrations leading to acoustic radiation are those associated with the rotor.
For these types of motors, some investigations have applied the stator vibration equations to the rotor®®. Additionally,
thick wall theory has been applied for the lowest azimuthal mode where the rotor sleeve and permanent magnets are
treated as two thick-walled cylindrical shells?°. For thin shell rotors, thin shell equations for rotating cylinders?* and
stringer stiffened cylinders? exist but the rotors investigated here fall somewhere between thin and thick shells and
the magnets which are glued to the surface of the motors do not behave as stringers.

Prediction of acoustic radiation from electric motors has been approached empirically and analytically. The
empirical model provides levels in octave bands and was developed from databases for much larger motors than those
used here?. Analytical approaches? 252627 include models using a radiating infinite cylinder and models using a finite
cylinder with end baffles. Computational models may also be used. For the analytical and computational approaches,
the surface frequencies, modes, and vibration amplitudes must be known.

The present study investigates the impact of the motor type, controller, loading, and installation on the acoustic
radiation from small quadcopter-type motors. Section Il describes the experimental and computation methods.
Section 111 reviews electromagnetic pressure loading theory. Results are presented in Section 1V and include supply
current waveform measurements, motor vibration measurements and calculations, and far field acoustic measurements
for the unloaded, loaded motors, and installed motors. Conclusions are presented in Section V.

I1. Experimental and Computational Approach

The experiments were conducted in the Acoustic Testing Laboratory (ATL) at the NASA Glenn Research Center
(see Fig. 2), an anechoic chamber with a cut-off frequency of 100 Hz. The interior dimensions of the chamber are 6.4
m deep x 5.2 m wide x 5.2 m high. The ATL has removable steel grating panels suspended over the floor wedges that
can be used to convert the facility into a hemi-anechoic chamber. The floor panels were found to have little impact in
initial electric motor noise measurements and, therefore, were left in the chamber for all measurements reported here.

(b)

Figure 2. The Acoustic Test Laboratory at the NASA Glenn Research Center showing (a) a schematic
and (b) a photograph of the chamber with the motor and microphone array.



The motors were suspended near the center of the chamber with nylon fishing line used to minimize unwanted
vibrations and associated sound from the motor mount (see Fig. 3). The nylon fishing line was attached to wooden
craft sticks which were mounted at the base of the motor through a vibration isolation mount. Any attempt to attach
the isolation mount to a sting was found to introduce unwanted noise from the motor-sting interface. Results from
phased array measurements showed that the sound source levels associated with the mount were below those of the
motor.

A five element, circular-arc microphone array was located at 1 m from the outer edge of the motor casing as shown
in Figs. 2 and 4. The array consisted of GRAS type 46BE free-field microphones. The sensitivity and dynamic range
of the microphones were found to be sufficient for evaluating the tones produced by the motors. Acoustic
measurements were acquired at a sampling rate of 200,000 Hz, are corrected for sensitivity, and are presented as
narrowband sound pressure level spectra with a bandwidth of 6.1 Hz unless otherwise stated. A Hann window has
been used for the Fourier transformed data. Only the data for microphone 7 are presented here as directivity studies
presented in the companion paper show that peak acoustic radiation occurs at an angle of 90° to the motor.

Microphone 9

Microphone 6

Figure 3. A photograph of the motor mount used in Microphone 5
the experiments.
Figure 4. The microphone array used in

electric motor noise experiments.

The experiments used three different types of brushless DC motors with similar characteristics (three-phase
outrunner motors with 14 poles and 12 slots) and slightly different motor constants. The motor physical parameters
and constants are found in Table 1. The type designation provides the stator dimensions in millimeters with the first

two digits indicating the stator diameter and the last two digits the
Table 1 Motor Parameters stator length. The parameters L and D are the length and outer

Manufacturer| Type K, L/D diameter of the rotor, respectively. The motor constant, Ky, is
DIl 2912 1 920 | 0.49 proportional to the reciprocal of the motor torque constant and a

: function of the number of series conductors per coil. Increasing the

DJI 2312 | 960 | 0.49 | number of series conductors decreases Ky. The DJI 2212 and 2312

3DR 2830 | 850 | 0.54 | motors have different types of conductors with the DJI 2212 using a

two-strand wire and the DJI 2312 using single-strand wire with a
larger diameter than that used in the DJI 2212. The DJI 2312 has a double layer winding. Most quadcopter motors
of the size used in this study use a delta dLRK or LRK winding scheme. The motors were controlled with three
different electronic speed controllers (ESCs). Two of the controllers, the DJI E300 and the 3DR, provide a somewhat
typical pulse-width modulated square wave current. The third controller, the DJI 420S (designated the sign wave
controller), provides a pulse-width modulated sine-wave like current. The required pulse-position modulation to all
ESCs was supplied by a LabVIEW program. The power to the ESCs was supplied by a benchtop DC power supply.
Unless otherwise stated, data are presented for the motor alone. For the experiments with the motor loaded with a
propeller, a DJI 9443 propeller was used.

The motor speeds used in the experiments are shown in Table 2. The lowest speed for the vibration studies was
slightly lower than that used in the acoustic studies and was selected in an effort to isolate a vibration mode of interest
(azimuthal mode 1). For the DJI 2212 motor with the sine wave controller, acoustic measurements were made at an



additional speed (4773 RPM) not used with other combinations of motors and controllers as the additional speed
represented a condition where the acoustic radiation peaked.

A limited series of measurements were conducted with the DJI 2212 motors installed in a DJI Phantom 2 body as
shown in Fig. 5. The body was tethered in a similar fashion to that used for the isolated motors. Only the E300
controllers were used in these experiments. The controllers and a battery were placed in the body to simulate the
correct weight and weight distribution of the quadcopter components. The motors were mounted directly to the body
with no isolation mounts to simulate a realistic mounting condition. While four motors were mounted in the body,
the data were acquired with only one motor operating for direct comparisons of the acoustic radiation for the installed
and uninstalled motors.

The speed of the motors was determined from a laser tachometer
capable of measurements up to 250,000 RPM. The tachometer signal
was recorded simultaneously with the acoustic measurements on the
LabVIEW system used to supply the pulse-position modulation
signal to the controllers.

Current measurements were made on one phase supplied to the
motor using a Tektronix TCP-303 current probe and were recorded
on the LabVIEW acquisition system. The current measurements had
to be made separately from the acoustic measurements since the
sinewave controllers required very short wire lengths between the
controller and motor which placed the current probe very close to the
motor where it served as an unwanted reflective surface.

The static (open circuit) resonance frequencies and mode shapes
of the motors were determined by hanging the motor or rotor from a
string, supplying an initial impulsive excitation to the rotor, and measuring the resulting vibration at two different
locations on the rotor using PCB 352C23 accelerometers. One of the accelerometers remained in the same location
while the other accelerometer was moved to different circumference locations on the rotor to ascertain mode shape.
The combined weight of the accelerometers was 1/50 the weight of the DJI 2212 rotor. The weights of all motor
rotors were similar. Due to concerns with mass-loading the rotor with the accelerometers, preliminary measurements
were made with a single accelerometer and these measurements produced frequencies similar to those with two
accelerometers. For the DJI 2212 motors, measurements were made with isolated rotors and with the entire motor.
For the DJI 2312 and 3DR motors, measurements were only made with the entire motor as results for the DJI 2212
motor indicated that the resonance frequencies for the motor and the isolated rotor were similar.

A Polytec OFV-5000 laser vibrometer with a DD-100 displacement decoder was used to measure the vibration
frequencies and amplitudes of the rotating motor. To eliminate extraneous vibrations, the motor was mounted on an
aluminum-extrusion frame located on an optics table. Accurate alignment of the laser to the tangent point of the motor
shell was accomplished with a traversing system. The laser was pointed near the bottom edge of the rotor where
vibration amplitudes were expected to be the highest. Due to the small amplitude vibrations of the rotor, the vibrometer
was set to 2 microns/V, its maximum sensitivity. The signal from the laser vibrometer was high-pass filtered to isolate
displacements associated with individual oscillation modes when multiple modes were present.

The motor speeds used in the experiments are shown in Table 2. The lowest speed for the vibration studies was
slightly lower than that used in the acoustic studies and was selected in an effort to isolate a vibration mode of interest

. . . (azimuthal mode 1). For the DJI 2212 motor with

Table 2 Motor Conditions Used in Experiments the sine wave controller, acoustic measurements
4350 | 4380 | 4773 | 5370 | 6260 | were made at an additional speed (4773 RPM) not
(RPM) [ (RPM) [ (RPM) | (RPM) | (RPM) | used with other combinations of motors and

Figure 5. A photograph of the mount
used for the installed motor experiments.

Vibration Studies| X X controllers as the additional speed represented a
Acoustic Studies X X * X X condition where the acoustic radiation peaked.
*Only with DJI 2212 and the sine wave controller The experimental vibration results for the DJI

2212 motor were compared to those obtained from
a finite element analysis performed with SolidWorks on a model that included the rotor, permanent magnets, and
shaft. The stator was not included in the assembly. The magnets were attached to the rotor with a simulated epoxy
resin bond to match the actual construction. It was also desirable to compare the SolidWorks simulation to a known
case. As such, a thin shell model was created for which published analytical and finite element computational results
exist (including modes and frequencies). For both models, the automatic meshing feature within SolidWorks was used.
For the test case, the SolidWorks simulation captured modes and frequencies that were comparable to those from the
analytical model and from ANSYS and Nastran published results.
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I11. Electromagnetic Pressure

The force due to the electromagnetic field applied to the inner surface of the outer shell of the motor (in this case
the rotor) is given by>1°

E. = [ p.dA,

where F; is the radial force and p is the radial component of the magnetic pressure. The magnetic pressures is given
by Maxwell’s stress tensor as

2
pr(@ ) = ;- [B2(a,0) + B (e, )] ~ 22,

where B is the magnetic flux density, s is the magnetic permeability of free space, subscript r indicates the radial

direction, subscript t indicates the tangential direction, and « is the angle relative to a coordinate system attached to

the stator. The tangential component of the magnetic flux density is much smaller than the radial component and can

be ignored. For a linear system, the radial component of the magnetic flux density is the superposition of the field

produced by the rotor permanent magnets and the stator electromagnets and may be expressed as

Br(a: t) = Brot(av t) + Bstat(a: t), (1)

where the subscripts rot and stat indicate the fields due to the rotor magnets and the stator windings, respectively.

The magnetic flux density can be computed from the product of the magnetomotive force (MMF) and the air gap
permeance, A, which includes the effect of the stator slots. The magnetic flux density associated with the permanent
magnets is given by

Brot(a' t) = Zn=1,3,5,...Bnlocos[nN(wmott - 0!) + ¢n] + Zn=1,3,5,...2k Bn Il; cos [nN(a)mott - a) t st + ¢n]x (2)

where the coefficients By are functions of the Fourier mode number, the number of pole pairs (N), the inner radius of
the rotor shell, the outer radius of the stator, the depth of the magnets, the air gap depth, the magnet relative recoil
permeability, and the magnet remanence, respectively. The angle ¢ is the phase shift between the rotor and stator
harmonics. The quantities A, and 4, are the average air gap permeance and the coefficient of the ki permeance mode,
respectively. The permeance coefficients are functions of the Carter factor. The number of slots is given by Zs. The
motor angular speed is amo in rad/sec. The magnetic flux density for the stator is given by

Bstat (a: t) = Zv Zu vau COS(uNwmott —uNa + Qu)l (3)

where |, is the amplitude of the u™ current mode, @, is the current harmonic phase shift. The coefficients b, are
functions of the Fourier mode number, effective air gap depth, coil span, rotor radius, stator radius, winding turns,
and slot opening.

Combining Eqgn. (1), (2), and (3) results in the radial component of magnetic flux density given by

B, (a,t) = Zn=1,3,5,... BpA,cos [nN(wmott —a)+ ¢n] + Zn:l,S,S,...Zk B, II: COS[nN(wmott —a)x kZ;a + d)n] +
Yo Yubyl, cos(UN Wyt — UNa + 0,),

where the first two terms on the right hand side are associated with the rotor magnets and the last term is associated
with the stator winding field. The radial magnetic pressures is, therefore, given by



pr(a, t)

Z Z BBy 72 cos[(n + M)N (Wpoet — @) + Gy £ Pyl

n

4uo
+Z z z z B, B /1,(/1 cos[(n £ M)N(wport — @) £ (k+ NZsa + (¢, + )]
+ z z ZZ bybyl 1, cos[(u £ W)Nwyort F (v +n)Na + (6, +6,)]
+2 Ban)'o)' COS[(Tl T m)N(wmo t— (X) t mesa + ((;bn t ¢m)]
DR t
+2 z Z z B, Aobyl, cos[(n + WNwyoet — N(n £ v)a + (¢, £ 6,)]

+2 zn: zk: Zy: Zu: B, Z;bvlucos[(n T+ uU)(Nwpeit) — (n 2 v)Na + kZ,a + (¢, £ 6,)]
(4)

The first, second, and fourth terms on the right-hand side

Table 3 Electromagnetic Frequencies and Modes of Eqgn. (4) are associated with the rotor field. The third

Equation 4| Frequency Mode term is associated with the stator field. The remaining
Term (Hz) terms are rotor-stator interaction terms. The equation
1 (n + m)NFmor (n + mN above leads to the frequencies and modes shown in Table

3, where fmot = @mo/277and ot is the motor speed in Hz.

2 (n = m)Nfun |(k £ )Z5 + (n £ m)N The integers u and w are associated with the current and,

3 ( + WINFror (v + 7N therefore, can only take on values associated with the

- - fundamental line frequency harmonics present in the
4 (n + mNfyo| (m = mN + mkZ, motor supply current (see Section IV A for further
5 (1 + WNFy (n+ o)N discussion). Integers n and m are associated with the

harmonics of the permanent magnet field and only assume
6 =+ WNfwe| (m+ UN+ KZ, odd values. Integers k and j are associated with the airgap
permeance space harmonics. Integers o and # are
associated with the space harmonics of the stator magnetic flux density. The magnitude of the stator term (term 3) is
proportional to the square of the current mode amplitude when u = w. For the rotor-stator interaction terms, the
magnitude is proportional to the current mode amplitude. All frequencies are equal to integer multiples of the motor
speed and, therefore, the fundamental line frequency of the supply current given by f; = fnoiN, where N is the number
of pole pairs. All motors used in this study have seven pole pairs.

In addition to the frequencies in Table 3, dynamic rotor eccentricity (whirling of the rotor shaft) can result in
frequency side lobes in the acoustic and vibration spectra**%2, The eccentricity impacts the permeance, A, of the
airgap due to the non-uniform orbit of the rotor and, therefore, impacts the magnetic field. The side lobes have
frequencies equal to those in Table 3 + gfi/N, where q is an integer. In addition to shaft whirling, static misalignment
of the rotor shaft relative to the stator core affects the permeance and magnetic field but does not create frequency side
lobes in the vibration spectra.

IV. Results

The results from the current probe measurements are presented first followed by the motor vibration studies, far-
field acoustics, and finally installed acoustic results. As discussed in the previous section, the current supplied to the
motor impacts the stator magnetic flux density and, therefore, impacts the unsteady rotor loading for loading associated
with the stator field or the rotor-stator interactions. Understanding rotor natural frequencies is important as pressure
loading at frequencies near a natural frequency of the rotor will result in relatively large displacements and significant
acoustic radiation. The greater the harmonic content of the current supplied to the motor, the more likely one of the
harmonics will produce loading at a frequency close to a natural frequency of the rotor.
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A. Electromagnetic Loading - Current Probe Results

Results from current probe measurements with the E300 controller and two different motors are shown in Fig. 6
(a) for a motor speed of 5370 RPM. The data have been phased shifted for clarity. Superimposed on Fig. 6 (a) is the
expected voltage supplied by a six-step brushless DC (BLDC) motor drive where the pulse-width modulation has been
omitted for clarity. For both motors, the current supplied to the motors is not purely a pulse-width modulated square
wave and, therefore, is expected to contain harmonics other than those typically observed for six-step BLDC drives.
The current appears to overshoot when switching from zero current to the high state and when switching from the
high state to zero current. The maximum current amplitude for the 3DR motor is slightly greater than that for the DJI
2212 and slightly lower than that for the DJI 2312 (not shown in the Figure).

The current-probe data for the DJI 2212 motor with the E300 and 3DR conventional controllers are shown in Fig.
6 (b) for a motor speed of 5370 RPM. The waveform characteristics for both controllers are similar although the
pulse-width modulation frequency is lower for the 3DR controller (roughly 16.5 kHz) than for the E300 controller
(roughly 27.5 kHz). Data acquired with these two controllers for the 3DR motor showed results similar to those in
Fig. 6 (b). The maximum current levels for the 3DR controller are slightly higher than those for the E300 controller.
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Figure 6. Current probe signals for (a) the DJI 2212 and 3DR motors with the E300 controller, (b) the DJI
2212 motor with the E300 and 3DR controllers, and (c) the DJI 2212 and DJI 2312 motors and the
sinewave controller. For all cases, the motor speed was 5370 RPM.
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Current probe results for the DJI 2212 and DJI 2312 motors with the sine wave controller at a motor speed of 5370
RPM are shown in Fig. 6 (c). The sine wave controller produces a sine wave like current which is not a pure sinewave
and, therefore, will have an associated spectrum rich in harmonics. The amplitude of the current for the DJI 2312 is
slightly higher than that for the DJI 2212. The pulse width modulation appears to be at a much higher frequency for
the sine wave controller than for the conventional controllers.

The spectra obtained from the current probe measurements with the E300, 3DR, and sine wave controllers are
shown in Fig. 7 for the DJI 2212 motor. The data for 5370 RPM have been offset by 10 dB and for 6260 RPM by 20
dB for clarity. For each motor speed, the fundamental line frequency and its harmonics are indicated by square data
symbols. All controllers result in current spectra with harmonics of significant amplitude although the amplitude of
the fundamental is 10 — 20 dB greater than any harmonic. The amplitudes of the fundamental line frequency change
little with speed for the conventional controllers and increase slightly with speed for the sine wave controller. The
effect of pulse-width modulation is not observed in the spectra of Fig. 7 due to the relatively high modulation

frequencies.
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Figure 7. Spectra obtained from the current probe measurements with the DJI 2212 motor and the E300
(top), 3DR (middle), and sine wave (bottom) controllers. The data for 5370 RPM and 6260 RPM have been
offset by 10 dB and 20 dB, respectively. The fundamental line harmonics are marked for reference.

For the DJI 2212 motor with the E300 controll

er and a motor speed of 4380 RPM [see Fig. 7 (top)], all harmonics

other than those at multiples of the third harmonic (triplen and non-triplen) are present in the spectra with amplitudes
that are greater than 20 dB above the broadband for frequencies up to 7000 Hz. At a motor speed of 5370 RPM, small
amplitude discrete peaks begin to appear for multiples of the third harmonic and discrete peaks appear 10 — 15 dB
above the broadband for odd harmonics of a peak near 320 Hz, a frequency unrelated to the fundamental line
frequency. The harmonic content of the current signals at the highest and lowest motor speeds are similar except for
the addition of low amplitude secondary discrete frequencies that are not related to the fundamental line frequency
appearing at the highest motor speed.



The spectra associated with the DJI 2212 motor and the 3DR conventional controller [see Fig. 7 (middle)] contain
all harmonics of the fundamental line frequency other than those at multiples of the third harmonic as well as many
other discrete frequency peaks that are not harmonically related to the fundamental line frequency for all motor speeds
investigated. Far more discrete peaks appear in the spectra associated with the 3DR controller than the E300 controller.

For the sine wave controller [see Fig. 7 (bottom)], the largest amplitudes in the current signal occur for the 1, 3, 5,
and 7 harmonics of the fundamental line frequency at all motor speeds. The amplitudes of the fundamental line
frequencies are roughly 3 dB lower than those for the E300 controller. All motor speeds result in a secondary
fundamental current component at a fundamental frequency equal to roughly 70% of the fundamental line frequency.
Other discrete frequency peaks not harmonically related to the fundamental line frequency or the secondary
fundamental frequency are also observed in the spectra.

Results from current probe measurements with the DJI 2212 motor using the E300 controller are shown in Fig. 8
(a) for the motor alone and for the motor loaded with propeller. The data were acquired at a motor speed of 5370
RPM. The current spectra at multiple speeds are presented in Fig. 9. The time traces show the waveforms are slightly
different for the motor and the motor loaded with the propeller. For all motor speeds, the motor alone and the motor
loaded with the propeller show similar frequency content with an increase in the amplitudes of the 1, 5, 7, and 11
harmonics for the motor + propeller case relative to the motor alone.

Results from current probe measurements with the DJI 2212 motor using the sine wave controller are shown in
Fig. 8 (b) for the motor alone and for the motor loaded with a propeller. The motor speed is the same as that used in
Figs. 8 (a) and 9. The data have been phase shifted for clarity. The current spectra for two motor speeds are shown
in Fig. 10. The amplitudes of the 1, 5, and 11 harmonics are increased with loading over those associated with the
motor alone. For both motor speeds, additional discrete frequencies appear in the spectra for the motor + propeller
that were not present in the spectra for the unloaded motor.
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Figure 8. Current probe signals for the DJI 2212 motor at 5370 RPM using the (a) E300 and (b) sine
wave controllers.
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Figure 9. Spectra obtained from the current probe measurements with the DJI 2212 motor alone and loaded

with a propeller for motor speeds equal to 4380 (top), 5370 RPM (middle) and 6260 RPM (bottom). The

data were obtained with the E300 controller. The fundamental line harmonics are marked for reference.
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Figure 10. Spectra obtained from the current probe measurements with the DJI 2212 motor alone and loaded
with a propeller for motor speeds equal to 5370 RPM (top) and 6260 RPM (bottom). The data were obtained

with the sine wave controller. The symbols mark the harmonics of the fundamental line frequency.

B. Motor Vibration

Sample results for the open-circuit vibration tests on the DJI 2212 rotor are shown in Fig. 11 for in-phase and out-
of-phase accelerometer signals. The frequencies obtained from the measurements on the DJI 2212, DJI 2312, and
3DR motors are shown in Table 4. Two different DJI 2212 motors, designated (1) and (2) in Table 4, were included
in the study. For one DJI 2212 motor, data were acquired on the rotor alone as well as the entire motor (rotor with
stator). The results show that the resonance frequency for the motor is slightly higher than that for the rotor alone.
Resonance frequencies are similar (+0.2%) for different samples of the same type of motor. The resonance frequencies
of the DJI 2212 motor are slightly lower than that of the DJI
2312 motor and slightly higher than that of the 3DR motor.

The mode shape determined from the measurements on the
DJI 2212 motor is shown in Fig. 12 for the frequencies in Table
4. For the deflection shape shown, accelerometers 1 and 2 are
in phase and 1 and 2’ out of phase. The mode shape for the rotor
alone and for the motor (rotor + stator) were the same. The
mode shape is consistent with azimuthal mode 2.

The waveform obtained from a simulation of the time series
(@) that would be obtained from laser vibrometer measurements on
a rotating cylinder oscillating in azimuthal modes 1 and 2 are
shown in Figs. 13 (a) and (b), respectively. The motor speed
for Fig. 13(a) was 4350 RPM and for Fig. 13 (b), 5370 RPM.
The amplitudes of modes 1 and 2 were 5 um and 0.5 um,
respectively. For azimuthal mode 1, the motor rotation period
(indicated by red lines in Fig. 13), envelopes the time series of
the displacement and the shorter period within the motor
rotation envelope is equal to the period of azimuthal mode 1.

— Accelerometer 1 — Accelerometer 2

Acceleration

— Accelerometer 1 — Accelerometer 2

Acceleration

0 0.002 0.004 0.006  The amplitude of the envelope is equal to the displacement
Time (sec) amplitude of azimuthal mode 1. For azimuthal mode 2, a period
(b) of % the motor rotation period envelopes the time series

Figure 11. The accelerometer time traces for (designated 2* Motor Rotation).
the 2212 DJI rotor showing (a) in-phase and Results from the vibrometer measurements for the DJI 2212
(b) out-of-phase responses of the structure. motor with the E300 controller are shown in Figs. 14 (a) and
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Microns

(b) for two different motor speeds. For the lower motor speed, only the
frequency for azimuthal mode 1 was observed in the spectra (not shown
here). At the higher motor speed, frequencies for the first and second modes

Table 4 Measured Resonance
Frequencies

Rotor Motor were observed and the results shown in Fig. 14 (b) are for a signal that was

Motor | Frequency |Frequency high-pass filtered to eliminate the mode 1 contribution. The amplitudes of
(Hz) (Hz) the vibrations for mode 1 and 2 are roughly 5 um and 1/2 pum, respectively.

DJI2212 (1)] 4900 5000 The frequencies for mode 1 and 2 at the indicated motor speeds are 1025 Hz
DI 2212 (2) 5010 and 4600 Hz, respectively. The frequencies and amplitudes of the forced
DJI 2312 5060 response of the rotor will change with motor speed as the rotor vibrations are
3DR 4460 a function of the applied electromagnetic force and the frequency response

of the rotor. However, results from the experiments and the finite element analysis that follows show the frequencies
obtained from the vibrometer measurements are close to the rotor resonance frequencies.

Results from the finite element analysis of the open-circuit (static) motor are found in Fig. 15 and summarized for
a number of configurations in Table 5. As stated previously, only the rotor was modelled as the experimental results
indicated the resonance frequencies for the rotor and motor (rotor + stator) were
similar. All entries in Table 5 are for free vibration of the rotor structure. The
analysis was performed with and without a thin layer of adhesive between the
magnets and the rotor to determine the impact of the adhesive as a variation in
the adhesive layer may occur between different samples of the same type of
motor. An adhesive layer was used for all rotating configurations in Table 5.
The results in Fig. 15 show that the lower and higher frequencies in Table 4
correspond with azimuthal modes 1 and 2, respectively. However, it should be
noted that the end bell of the rotor affects the vibration mode and the rotor shell
is not vibrating as a simple shell. This is expected to impact attempts to predict
rotor vibrations with analytical methods and acoustic radiation with simple

——Deflected ----Undeflected  cylindrical shell models. The results for azimuthal mode 2 of the static rotor are
Figure 12. The mode shape close to those obtained from the experiments. The adhesive layer impacts the
of the 5000 Hz resonance mode 2 resonance frequency. Rotation increases the resonance frequency for
frequency determined mode 1 and decreases the resonance frequency for mode 2. Frequencies
experimentally for the DJI predicted by thin shell theory (not included here) did not match those from the
2212 rotor. finite element analysis or the experimental measurements.
15 -
10 - —— Simulated Displacement ol —— Simulated Displacement

2*Motor Rotation

— Motor Rotation

Microns

0.00 0.01 0.02 0.03 0.04 005 'Coo0 0002 0.004 0.006 0.008 0.010
Time (S) Time (S)
(@) (b)
Figure 13. Simulated displacements of a rotating surface for a spatially fixed angular location. The results
are for (a) azimuthal mode 1 with a surface rotation speed of 4350 RPM and (b) azimuthal mode 2 with a
surface rotation speed of 5370 RPM.
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10 —— Filtered Time Series — Filtered Time Series
—— Motor Rotation 10 —— 2*Motor Rotation
5 |-
@
5
50
=
5
10 -
8.87 8.88 8.89 8.90 8.91 15 6.3175 63200 6.3225 6.3250

Time (3) Time (8)
(a) (b)
Figure 14. Displacements measured with the laser vibrometer at a spatially fixed angular location for
motors speed equal to (a) 4350 RPM and (b) 5370 RPM. The data in (b) have been high-pass filtered to

S8

eliminate the impact of azimuthal mode 1.

(@) (b) (©) (d)
Figure 15. The deflection shapes at one point in the oscillation cycles obtained from the finite element
analysis of the DJI 2212 rotor. Front views are shown in (a) and (c) and side views in (b) and (d). Results
in (a) and (b) are for azimuthal mode 1 and in (c) and (d) for the azimuthal mode 2. The dashed line
indicates the undeflected shape of the rotor at the axial location opposite to that of the end bell.

Table 5 Resonance Frequencies from FEA Analysis for
the DJI 2212 Rotor

. . Frequency (Hz) [Frequency (Hz)
Configuration Mode 1 Mode 2
Static Rotor with Adhesive 1230 5020
Static Rotor without Adhesive 1230 5270
Rotor at 4350 RPM 1390 4650
Rotor at 5370 RPM 1390 4650
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C. Acoustics

Acoustic results for the DJI 2312 motor with the E300 controller are shown in Fig. 16. Also included in the Figure
are the corresponding current data and the frequency of the discrete peaks as a function of the fundamental line
frequency. The current frequency labeled fa is unexpected and not harmonically related to the fundamental line
frequency. Peaks identified by an “e” are associated with rotor eccentricity as described in Section I11. Multiple tones
near 4500 Hz appear in the spectra for the 4380 RPM and 5370 RPM motor speeds. The frequencies of these tones
are close to the mode 2 resonance frequencies predicted in Table 4. The largest amplitude acoustic tones occur for
5370 RPM. At 6260 RPM, acoustic radiation near 4500 Hz would be associated with 6*f; which can be associated
with the stator field third and sixth fundamental line frequency harmonics. The third and sixth current harmonics have
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& 15 . N ‘ -60 &
10 -70
S -80
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40 : -10
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/M 25 — -40 &
=20 7]l g, 50 2
\ = =
& 15 Vi : ' \ ‘ A -28 Q
10 & I =
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0 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000

Frequency (Hz)
Figure 16. The acoustic data acquired for the DJI 2212 motor with the E300 controller. The data are for
motor speeds equal to 4380 RPM (top), 5370 RPM (middle), and 6260 RPM (bottom). The eccentricity
frequency, e, the unexpected additional frequencies, fa, and harmonics of the fundamental line frequency,
fi, are marked for reference.

low current amplitudes which is likely the reason for the lack of acoustic radiation near this frequency. For 5370
RPM, tones are also present at frequencies near the azimuthal vibration mode 1 at roughly 1200 Hz.

The data acquired with the 3DR motor and the E300 controller are presented in Fig. 17. For all motor speeds, tones
appear at frequencies near the second rotor vibration mode. The peak amplitudes occur for a motor speed of 5370
RPM and slightly exceed those for the DJI 2212 motor. Some of the large amplitude tones for 5270 RPM and 6260
RPM are not associated with integer multiples of the fundamental line frequency or with motor eccentricity
frequencies. These tones may be associated with current frequencies not related to the fundamental line frequency or
due to vibrations not associated with those described in Section I1l. The increased amplitudes of the peak tones at
4380 RPM and 6260 RPM for the 3DR motor over those for the DJI 2212 motor are likely due to the lower K, rating
of the 3DR motor which is associated with a greater number of stator winding turns. Increasing the motor turns results
in a larger stator magnetic flux density.
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Figure 17. The acoustic data acquired for the 3DR motor with the E300 controller. The data are for
motor speeds equal to 4380 RPM (top), 5370 RPM (middle), and 6260 RPM (bottom). The eccentricity
frequency, e, and harmonics of the fundamental line frequency, fi, are marked for reference.

The results for the DJI 2312 motor with the E300 controller are found in Fig. 18. Significant acoustic radiation
occurs for all motor speeds near the second vibration mode frequency around 5000 Hz. The results in the previous
section indicated the mode 2 frequency was slightly higher for the DJI 2312 motor than for the DJI 2212 motor which
may explain the increase in the acoustic amplitudes for the DJI 2312 motor relative to the DJI 2212 motor at 7*f; for
6260 RPM and 8*fj at 5370 RPM. Additionally, motor eccentricities significantly contribute to the acoustic radiation
at 6260 RPM. Peak radiation at a motor speed of 5370 RPM occurs at a frequency associated with 12*f; and is likely
associated with higher vibration modes than those investigated in Section IV B. The peak amplitudes of the tones at
4380 RPM are greater for the DJI 2312 motor than for the DJI 2212 motor.

The results for the DJI 2212 motor and the sine wave controller are shown in Fig. 19. Motors speeds of 4380 RPM,
5370 RPM, 4773 RPM, and 6260 RPM have been included in the Figure. For this combination of motor and controller,
the peak acoustic radiation occurs at 4773 RPM near a frequency of 4500 Hz. The peak amplitudes of the tones
produced at 4380 RPM are similar to those produced by the same motor and the E300 controller. The presence of
additional discrete frequencies in the current signal not related to the fundamental line frequency (labeled f; and fy)
produce tones at 4773 RPM, 5370 RPM and 6260 RPM. The analysis in Section 11l does not account for magnetic
pressure associated with frequency components of the supply current that are not related to the fundamental line
frequency. The peak acoustic radiation at 4773 RPM is close to that at 5370 RPM for the same motor and the E300
controller.

The results for the DJI 2312 motor and the sine wave controller are presented in Fig. 20. The peak amplitudes of
the acoustic radiation near 5000 Hz are slightly higher for the E300 controller (see Fig. 18) than for the sine wave
controller at 4380 and 5270 RPM. At 6260 RPM, the peak acoustic radiation is similar for both controllers.

Results for the DJI 2212 motor and motor loaded with a propeller are shown in Fig. 21. The data were acquired
with the E300 controller. At 4380 RPM, motor tones are observed in the motor + propeller data at frequencies equal
to 8*fiand 10*f,. The differences in the amplitudes of these tones for the motor and motor + propeller data are roughly
equal to the differences in the amplitudes of the corresponding 7™ current harmonics (see Fig. 9) indicating these tones
are associated with the rotor-stator interaction field as the rotor field does not increase with load (current), the stator
field increases as the square of the current, and the rotor-stator interaction terms are proportional to the current
coefficients (harmonics). Similarly, increases in amplitudes with loading for the 8*f; tones at 5370 and 6260 RPM are

15



close to the increases in the corresponding 7™ current harmonics. The amplitude of the tone at a frequency of 7*f, for
a motor speed of 5370 RPM is unaffected by loading indicating the tone is the result of a rotor-stator interaction term
in Table 3 with u = 4 since the fourth harmonic of the supply current does not increase with load. The tone at a
frequency of 7*fi cannot be associated with the permanent magnet field as m and n in Table 3 are odd integers. The
tones which increase with increasing current and are the result of an azimuthal mode 2 vibration of the rotor are
associated with Term 6 in Table 3 (with u = 7) as the other terms will not result in a mode 2 loading of the rotor.

The results for the DJI 2212 motor and motor + propeller acquired with the sine wave controller are shown in Fig.
22. For 4380 RPM and 6260 RPM, no motor tones are observed in the motor + propeller data. For 4773 RPM, motor
tones are observed in the motor + propeller data at the 8*f, frequency. The amplitude is equivalent to that of the motor
alone indicating the tone may be associated with the rotor magnetic field. At 5370 RPM, motor tones are observed in
the motor + propeller data at 10*f, with an amplitude slightly greater than that for the motor alone.

The results for the DJI 2312 motor alone and motor + propeller acquired with the E300 controller are shown in
Fig. 23. For all motor speeds, the amplitudes of the motor tones occurring near the second vibration mode frequency
are significantly greater than the broadband and propeller tones in the same frequency range. The amplitudes of the
tones are at least 5 dB greater than those for the motor alone. Additionally, motor tones also appear in the motor +
propeller data at frequencies near the first vibration mode at roughly 1200 Hz for a motor speed of 5370 RPM. At
6260 RPM, increases in acoustic radiation with loading occur around the 12*f; frequency. Results for the DJI 2312
motor alone and motor + propeller with the sine wave controller are similar to those shown in Fig. 23 for the E300
controller.
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Figure 18. The acoustic data acquired for the DJI 2312 motor with the E300 controller. The data are for
motor speeds equal to 4380 RPM (top), 5370 RPM (middle), and 6260 RPM (bottom). The eccentricity
frequency, e, and harmonics of the fundamental line frequency, fi, are marked for reference.
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Figure 19. The acoustic data acquired with the DJI 2212 motor with the sine wave controller. The data
are for motor speeds equal to 4380 RPM (top), 4773 RPM (row two), 5370 RPM (row 3), and 6260 RPM

(bottom). The eccentricity frequency, e, the unexpected additional frequencies, fa and f,, and harmonics of

the fundamental line freauency, fi, are marked for reference.
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Figure 20. The acoustic data acquired for the DJI 2312 motor with the sine wave controller. The data
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D. Installed Acoustics

A comparison of the installed and uninstalled DJI 2212 motor with the E300 controller is shown in Fig. 24 for three
operating speeds. The bandwidth for the data in the Figure is 12.2 Hz. The motor and controller are not the same
samples as those used for the results in Fig. 16. The motor and controller combination used for the data in Fig. 24
produces fewer tones for the uninstalled motor at 4380 and 5370 RPM than that used for the data in Fig. 16. The
uninstalled data in Fig. 24 show little evidence of acoustic radiation associated with the first rotor vibration mode
around 1200 Hz and significant radiation at frequencies near 5000 Hz. The installed data show significant acoustic
radiation at frequencies near the first rotor vibration mode and little or no increase (relative to the uninstalled motor)
in the amplitudes of the tones near 5000 Hz for all motor speeds investigated. Additionally, the installed configuration
results in broadband increases in acoustic radiation (relative to the uninstalled motor) over a range of frequencies
between 2000 Hz and 4000 Hz.
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Figure 24. The acoustic data acquired for the DJI 2212 isolated and installed motor with the E300

controller. The data were acquired at 4380 RPM (top), 5370 RPM (middle), and 6260 RPM (bottom).

Harmonics of the fundamental line frequency, fi, are marked for reference.
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V. Conclusions

Electromagnetic theory predicts electromagnetic pressure loading on the rotor at frequencies equal to integer
multiples of the fundamental supply current line frequency. For pressure associated with the stator magnetic field or
the rotor-stator interaction, increases in the supply current increase motor loading. Additionally, increased harmonic
content in the current signal results in increased harmonic content of the pressure loading associated with the stator
magnetic flux density. Increased harmonic content of the supply current increases the likelihood that the pressure
loading frequency will be close to a resonance frequency of the motor.

The controllers used in the work reported here included sinewave and conventional controllers. For all controllers,
the pulse-width modulation frequency was greater than 15 kHz and, therefore, did not contribute to the acoustic
radiation in the frequency range of interest. Both types of controllers produced supply currents that exhibited
significant frequency content. For some motor speeds, frequencies not related to the fundamental line frequency were
observed in the supply current data. For the DJI controllers, more tones were present in the current probe
measurements for the sine wave controller than for the conventional controller.

Vibration measurements for an open-circuit (static) motor indicated all motors had mode 2 vibration frequencies
in the range of 4400 — 5100 Hz. Finite element analysis showed a mode 1 vibration frequency for the DJI 2212 motor
equal to roughly 1200 Hz. Resonance frequencies were slightly altered with rotation. Measured vibration amplitudes
for mode 1 and 2 were 5 um and 0.5 um, respectively, for an unloaded motor.

Acoustic measurements showed peak acoustic levels were a function of motor, controller, and motor speed. For
all configurations and conditions investigated, tones were produced in the 4500 — 5500 Hz range, a frequency range
which includes the frequencies associated with the azimuthal mode 2 vibration of the motor rotors. For limited
configurations and speeds, acoustic radiation was observed at frequencies associated with the mode 1 vibration. The
largest acoustic amplitudes occurred for the DJI 2312 motor at the highest motor speed investigated and were
associated with motor dynamic eccentricity. The frequency content of the sine wave controllers resulted in acoustic
radiation at frequencies other than integer multiples of the fundamental line frequency for some configurations and
conditions. Acoustic measurements conducted with a motor loaded with a propeller showed that electric motor tones
were observed in the spectra for a range of motors, controllers, and speeds with frequencies near those of the azimuthal
mode 2 vibration frequency and, for some configurations and speeds, at frequencies near the azimuthal mode 1
vibration frequency.

Installed motor measurements showed that acoustic radiation at frequencies near the azimuthal mode 1 vibration
frequency were elevated by installation in a quadcopter body. Additionally, installation was found to increase acoustic
levels over a range of frequencies between 2000 Hz and 4000 Hz. Acoustic radiation near the azimuthal mode 2
vibration frequency was not impacted by installation.
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