ASIA PACIFIC CONFERENCE OF THE PROGNOSTICS AND HEALTH MANAGEMENT SOCIETY 2017

A Study of the Degradation of Electronic Speed Controllers for
Brushless DC Motors

George E. Gorospe Jr.!, Chetan S. Kulkarni?, Edward Hogge®, Andrew Hsu*, and Natalie Ownby?>

L2 SGT Inc., NASA Ames Research Center; Moffett Field, CA 94035

george.e.gorospe @nasa.gov

chetan.s.kulkarni @nasa.gov

3 Northrop Grumman Technical Services, Hampton, VA 23681
edward.f.hogge @nasa.gov

4 NASA Postdoctoral Program, NASA Ames Research Center, Moffett Field, CA 94539

andrew.hsu@nasa.gov

5 Texas State University - San Marcos, 601 University Dr. San Marcos, TX 7866
nbo5 @txstate.edu

ABSTRACT

Brushless DC motors are frequently used in electric aircraft
and other direct drive applications. As these motors are not
actually direct current machines but synchronous alternating
current machines; they are electronically commutated by a
power inverter. The power inverter for brushless DC motors
typically used in small scale UAVs is a semiconductor based
electronic commutator that is external to the motor and is re-
ferred to as an electronic speed control (ESC). This paper ex-
amines the performance changes of a UAV electric propulsion
system resulting from ESC degradation. ESC performance is
evaluated in simulation and on a new developed testbed fea-
turing propulsion components from a reference UAV. An in-
crease in the rise/fall times of the switched voltages is ex-
pected to cause timing issues at high motor speeds. This
study paves the way for further development of diagnostic
and prognostic methods for inverter circuits which are part of
the overall electric UAV system.

1. INTRODUCTION

Electric propulsion systems for aircraft require reliability, re-
silience, and high power density. These systems must also
manage weight, complexity, and operational costs. As more
aircraft transition to electric propulsion systems, the man-
agement of faults and component degradation becomes in-
creasingly important. In-Service data and performance data
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from degraded components supports diagnostic and prognos-
tic methods for these systems but this data can be difficult
to attain as weight and packaging restrictions reduce the in-
strumentation onboard aircraft. This paper is a study of the
degradation of electronic speed controllers (ESCs) for perma-
nent magnet brushless DC (PMBDC) motors through math-
ematical modeling, simulation, and laboratory testbed-based
performance comparison of new and old controllers. This pa-
per will focus only on the Jeti Opto Pro 90 series of ESCs
used with PMBDC motors.

Among the electric motor technologies available for propul-
sion systems, the PMBDC motors have seen increased use in
fields beyond hobby aircraft where they are ubiquitous due to
their availability and low cost. PMBDC motors do not use an
internal commutator and thus, are more efficient, offer higher
torque to weight ratio, and typically run quieter than brushed
dc motors. An aircraft propulsion system using PMBDC mo-
tors typically consists of an energy storage device such as a
lithium polymer battery, ESCs to provide electric communi-
cation and frequency modulation based on control input, and
the PMBDC motor which converts electrical energy to kinetic
energy.

PMBDC machines are essentially synchronous machines
with trapezoidal shaped induced emf. This simplifies the con-
trol and commutation of the current for these machines. To
implement a control scheme for a PMBDC machine, only
the beginning and the end of the flat portion of the induced
electromotive force (emf) must be tracked, this results in six
discrete positions by which two of the machine phases are
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energized at any one moment (Krishnan, 2009). The ESC
is responsible for monitoring these positions or modes, then
switching the current accordingly. Reduced performance of
an ESC due to degradation can have negative consequences
on both the battery and the motor and could lead to a loss of
thrust.

Previous work on fault diagnosis and health management for
electric propulsion systems utilizing PMBDC motors has fo-
cused on open circuit winding faults and faults from mal-
functioning transistor elements in power switching devices.
Within transistor elements, both open-switch faults and low
transistor base drive can lead to faulty conditions. To perform
diagnostics on PMBDC dive systems, Park used a voltage
sensor across the lower legs of the inverter to detect switch
open-circuit faults, and fuses and switches to detect and mit-
igate switch short-circuit faults (Park, Kim, Ryu, & Hyun,
2006). Later, Park developed a diagnostic method by which
the absolute value of the developed current on each leg of the
inverter was monitored and summed, this sum was then com-
pared with a threshold value (Park et al., 2011). Below the
threshold value, the likelihood of fault conditions was high.
Awadallah used a trained adaptive neuro-fuzzy inference sys-
tem to not only detect the open switch fault, but identify the
faulty switch (Awadallah & Morcos, 2006).

Other strategies for fault diagnosis and management
have included the addition of supplementary phases
(Gopalarathnam, Toliyat, & Moreira, 2000), techniques
such as increasing current in healthy phases or extending
conduction periods of healthy phases to make up for imbal-
ances (Speed & Wallace, 1990), and methods for computing
parameter changes expected during fault status. (Moseler &
Isermann, 2000).

The following section outlines the motivation for this work.
In section 3, the electric propulsion system model is de-
scribed. This includes a model of the ESC power switch-
ing circuit and a model of a PMBLDC motor. Section 4 de-
scribes the development of two new testbeds for the evalua-
tion of new and used ESCs both in isolation and the context of
the full reference UAV propulsion system. This is followed
by section 5 which covers the test sequences used for each
testbed. In section 6 the results from both the simulation and
the testbed experimentation are presented. Conclusions and
future work are discussed in the final section

2. MOTIVATION

The motivation for this work evolved from flight operations
with the all-electric Edge 540T UAYV, where we observed ab-
normally high current draw from one of the batteries. This
lead to a critical temperature increase in the motor windings.
Investigation of the flight data and troubleshooting with bat-
teries and other hardware confirmed that one of the ESC’s on
the UAV had degraded since the vehicle was commissioned
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and was drawing excess current resulting rise in motor wind-
ing temperature.

In our earlier work, we examined isolated components and
performed component level prognostics (Celaya, Kulkarni,
Biswas, Saha, & Goebel, 2011; Kulkarni, Celaya, Biswas,
& Goebel, 2012). This has paved the way for the current
work which focuses on the effects of component level degra-
dation on the system as a whole. The development of new
models and integration with previous models enables the sim-
ulation of an electric UAV propulsion system similar to that
used in the Edge 540 electric UAV. This benefits research and
development of a methodology for system level prognostics
and has direct application to our continued operation of the
Edge 540 for science missions. Within simulation, faults are
injected into the operation of the ESC to observe the direct
impacts on the components before and after the ESC in the
system. In addition, two hardware-in-the-loop testbeds were
developed to simulate flight loads on the propulsion system
for experimentation with both a new ESC and a used ESC
removed from the flight vehicle.

3. PROPULSION SYSTEM MODELING

This paper is focused on degradation observed in a Jeti Ad-
vance 90 Pro Opto electronic speed controller, commonly
used in hobby electric propulsion systems. The advance 90
pro opto has a sustained current rating of 90 amps and a sup-
ply voltage range of 12 - 42 VDC. The speed controller is
programmable, allowing the user to adjust the braking ef-
fect of the controller, the timing of the motor, acceleration
rate, cut-off voltage and rotation direction. Furthermore, this
model of speed controllers do not use motor sensors, such
as hall effect sensors, for rotor position sensing. The mod-
eled electric propulsion system as seen in the Fig. 1 shows
key components which include a lithium-polymer battery as
power source, an ESC consisting of a power conditioning cir-
cuit, gate driving circuit, and 3 phase power inverting circuit,
and finally, a PMBDC motor.
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Figure 1. Schematic of an electric UAV propulsion system

In the next sub-section, we discuss models developed for the
ESC and PMBDC motor respectively. The battery model and

O g



ASIA PACIFIC CONFERENCE OF THE PROGNOSTICS AND HEALTH MANAGEMENT SOCIETY 2017

conditioning circuit model are not discussed in this work. The
developed models are then connected to form the electrical
propulsion system.

3.1. Electronic Speed Control Circuits

For the purposes of this research, the ESC is modeled as an
ideal power inverter employing sinusoidal pulse width mod-
ulation (SPWM) and half bridge drivers for each of three
phases within a control block. Additionally, power switching
devices are also modeled as ideal within the switching func-
tion block which represents the commutation functions of the
ESC. This enables the study of switching faults, including
open-circuit faults and short-circuit faults, and switching fre-
quency faults. This modeling scheme is representative of gen-
eral ESC operation for PMBDC motors which involves bat-
tery input, PWM input to control frequency, bridge drivers,
and a semiconductor-based commutation circuit made up of
switching transistors. To integrate these models with previous
work they have been implemented in Simulink.

The control block implements a sinusoidal PWM control
strategy as shown in which consists of a reference signal rep-
resented by a sine wave compared with a carrier signal rep-
resented by a triangle wave (C.Batard, Poitiers, Millet, &
Ginot, 2012). This comparison creates a pulse width modula-
tion (PWM) output that is high when the sine wave is larger
than the triangle wave and low when it is not. There are 3 sep-
arate PWM generators within the control block. In each, the
reference sine wave is shifted by 2PI/3 radians (Rao, Purna,
Obulesh, & Babu, 2012). This shift in the sine wave creates
a shift in the PWM outputs. The independence of each of
the PWM generators allows faults to be modeled for one in-
put without affecting the others. The output from the control
block is connected to a switching function block. This switch-
ing function block also takes a constant voltage value repre-
sentative of an ideal battery voltage and switching behavior
matrix, m, which is used to model the switching behavior of
the MOSFETS in the commutation circuit of the ESC. This
matrix can be changed to simulate faults in the switching ac-
tion of these elements.

ey

Within the switching function block, the PWM signals from
the control block, F1, F2 and F3, are multiplied by the ideal
voltage source V. This amplifies the PWM signal that drives
the 3 phase inverter. This amplified PWM signal is then mul-
tiplied by the switching behavior matrix, m, to produce each
leg of inverted power.
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Figure 2. Developed ESC sim model
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The output of the function is a 3-phase voltage, Va, Vb, and
Ve, that is then connected to the wye connected motor func-
tion block.

Within the control block, the frequency of the carrier wave
used to create the PWM can also be changed. By decreasing
the carrier signal frequency for a single leg of the inverter,
a slower than normal switching action in the MOSFETS can
be simulated. Additionally, the switch behavior matrix used
in the function can also be manipulated to simulate faulty
switching actions. In the original matrix, the values in the
main diagonal are all 1, changing one of these values to 0
models the effect of having an open switch. For instance if
the row 2 column 2 value is 0, the output of the ESC becomes
[Vab; -Vb; Vca]. The developed model is used to both simu-
late nominal function of the ESC and a number of faulted sce-
narios. The data created by this model in simulation can be
directly compared with empirical data from laboratory test-

ing.

3.2. PMBDC Motor Dynamic Model

The brushless DC motor used in the testbed is an AC ma-
chine, which uses external electronic commutation provided
by an electronic speed controller, instead of the internal me-
chanical commutation of brushed DC motors. Therefore, it
has similar operating principles to permanent magnet syn-
chronous machines, except with a trapezoidal, not sinusoidal,
back-emf.

The dynamic model describes a three-phase brushless DC
motor, with wye-connected stator windings and a permanent
magnet as the rotor. This dynamic model only describes
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the mechanical device, and assumes that the electronic speed
controller provides a given input to the three-phase terminals.

Let the terminals of the wye-connection be labeled a,b, and
¢, and the center be labeled s. Each of the three windings
are modeled as having a resistance, inductance, and back-emf
voltage. Therefore, by applying KVL to each winding,

Vas Ra 0 0 ia
Vps | = 0 Rb 0 ib
Ucs 0 0 Rc ic
d Laa Lab Lac ia €q
+to Loa  Lob Lic| |io| + €|, )

Lac Lbc Lcc Z.c €c

where v, Ups, and v, refer to the stator phase voltages, R,
R,, and R, refer to the stator winding resistances per phase,
14, 1p and i, are the currents flowing into each phase’s termi-
nal, and e,, e, and e, are the back-emfs of each phase. In the
case of the PMBDC motor, the back-emf voltages are trape-
zoidal and spaced apart at 27 /3 radians. Lgq, Lpp and L.
are the self inductances of each phase and L.y, Ly and L.
are the mutual inductances between the three phases.

It is assumed that the resistances of each phase are equal, and
that there is no salient rotor, so the self inductances are equal
to each other, and the mutual inductances are equal to each
other. Let the resistance of each phase be called Ry, the self
inductances be called L, and the mutual inductances be M.
Additionally, because of KCL, the currents ¢, %, and %, are
balanced in the middle of the wye-connection, giving the con-
straint

g + 1y +i. = 0. “)

If the mutual inductances are equal in all three phases, then
Eq. 4 can be manipulated as

Miy + Mic = —Miq, &)

allowing Eq. 3 to be expressed as

Vas Rs O 0 ia
Vps | = 0 RS 0 ib
Ves 0 0 R le
d Ly 0 0 iq €q
+% 0 Ly 0 w| + |ev|, (6)
0 0 Ly le €c

where Ly = L — M.

Eq. 6 models the dynamics of the currents in the three stator
windings, but the mechanical motion of the motor must also
be described. The electric torque generated by the back-emfs
of the windings is the power divided by the rotational speed,
wp,. The power being transferred from the windings is the
back-emf voltage, e,, e; and e., multiplied by each phase’s
respective current, ¢, ¢, and ¢.. Therefore, the electric torque
is

Te.(e,i) = (eqla + €pip + €cic)/Wm, @)

an algebraic function of the three phases’ back-emfs and cur-
rents. Then, Newton’s second law of motion gives us the dy-
namic equation for rotational speed,

dwpy, 1 ‘

T = S Bunt (T(ed) - T)),  ®)
where J is the inertia, B is the frictional coefficient, and 7 is
the load torque on the rotor. Additionally, the rotor position,
0, is

d0m p

W = §wm7 &)

where p is the number of poles.

Finally, the voltages, v,s, vy, and v.s are transformed from
wye-connection to delta-connection variables. This is be-
cause the middle of the wye-connection is not an accessible
voltage point, and the model intends to treat the input as ter-
minal voltages v,, vp, and v.

Because the center of the wye-connection is one consistent
point, let v, be simply v,s — vps, as well as v, — vp. Let
the same principle apply for vy and v,.. Then, Eq. 6 can be
expressed as these delta-connection voltages,

Vab Ry, —R; 0 ] ig
Vpe | = 0 RS *RS ib
Vge Rs 0 —Rg| |ic]
d L]y[ —LM 0 ia €q — €p
+% 0 Ly —Ly ip| + |ep —ec (10)
L]w 0 —LM ic €q — €E¢

One may notice that v, is linearly dependent on v, and vp.
This coincides with the constraint from Equation 4, which
states that the three phase currents are also linearly depen-
dent. The row corresponding to v, can be removed, and the
variable 7. can be substituted with —i, — 7;. Equation 10 can
be simplified to
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Vap| 1 —1] [i,
] =S
. L —1] d |ig 4|t an
MA_1 2| at lip ey — ee |’

leaving two sets of equations and only two currents as states.
e. remains and is known to be 27 /3 radians out of phase
with the other two back-emf voltages. The symmetry of re-
sistances and inductances leaves a structure based on matrix

1 -1 . . .
1 9| Inverting this matrix leaves

Equation 11 to be expressed in terms of ‘%‘1 and

21 allowin,
1 1) arowme
dt

€q
1 {2 -1 —1] ol az

€c

If the three phase input voltage and back-emf trapezoids are
given, then Equations 8, 9, and 12 can be used as the dynamic
equations of the brushless DC motor.

4. ELECTRIC PROPULSION TESTBED

Performance evaluation of the new and aged ESCs required
the development of two different test systems. The first test
system, the ESC testbed, isolates the speed controller and
coupled motor to directly measure the 3 phase output of the
ESC given a controlled DC input from a bench top power
supply and PWM input from the data acquisition and con-
trol hardware (DAQ). This testbed was used for isolated ESC
variable frequency no-load tests. The second test system,
the electric propulsion testbed, isolates the electric propul-
sion system and provides additional instrumentation for the
batteries, ESCs, and motor. This second test system was used
for full propulsion system operation under constant load with
flight-like RPM command.

Isolating the ESC and the motor in the ESC testbed elimi-
nates variability from the batteries and enables the inclusion
of a separate circuit for probing the signals created by the
ESC. The ESC testbed relies on the addition of a star circuit
composed of three 3.3 kOhm resistors in parallel to the three
phase circuit circuit of the PMBDC motor. This star circuit
creates a common reference point for each output phase and
an individual test point for each phase. A laboratory bench
top power supply provides a constant voltage of 20 VDC and
amaximum of 15 amps to the ESC. A digital oscilloscope was
used to probe each test point and capture the pulse train output
for each phase from the ESC. This second test system isolates
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Figure 3. Isolated ESC test system

a copy of the propulsion system from the reference aircraft,
the Edge 540T. The electric propulsion system testbed con-
sists of two battery banks powering two ESCs connected to
one double out-runner motor, a slave motor, instrumentation,
and a data acquisition and control system (DAQ). The goal of
this system is to generate flight-like loads on the propulsion
system while utilizing increased instrumentation to generate
data sets benefiting diagnostic and prognostic methods.

Laboratory Workstation
I . \Voltage
N Battery
Temperatures Bank
DAQ PWM Signal: |] -
Electronic
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Figure 4. Isolated propulsion test system

Together this system and the software which commands the
DAQ are able to playback flight data, commanding the ESCs
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and the motor under test (MUT) to achieve the same RPM
profile as the aircraft. While the isolated propulsion system
mimics the aircraft flight thrust profile, instrumentation cap-
ture important trends in temperature, voltage, and current.

The isolated propulsion system testbed does not have any
packaging or flight requirements, so additional instrumen-
tation can be placed on components of interest. This sys-
tem features individual battery voltage monitoring circuits,
current monitoring hall effect sensors for each battery bank,
thermocouples for direct temperature monitoring of the bat-
teries, ESCs, and motor mount, and IR temperature sensors
for non-contact temperature monitoring of the motor stator
covers. A single National Instruments cDAQ captures data
from these sensors, and produces a PWM signal for control
of the ESCs. Additionally, an arduino is used to operate an
optical tachometer and provide a I12C digital data bus for two
thermopile temperature sensors used to monitor the rotating
stator cover of each PMBDC motor without contact. The iso-
lated propulsion system, sensors, and arduino are all located
within a large fire resistant electrical junction box.

5. TEST SEQUENCE

Two different test sequences were used for the evaluation of
ESC performance: isolated ESC variable frequency no-load
operation and full propulsion system operation under con-
stant load with variable RPM. The goal of each test sequence
was to measure ESC performance under different duty cycles
and flight conditions and overall system health. Both the new
ESCs and the old ESCs were subject to the same tests.

During the isolated ESC variable frequency no-load tests, the
ESCs were sequentially commanded from 10% throttle to
70% throttle in 7 increments. At each increment, the output
of the ESC was measured using the star circuit and a digital
oscilloscope. This sequence was completed for each ESC.

5000 T T T T T

4500 -

Motor Speed (RPM)

0 I L L L L I I L
50 100 150 200 250 300 350 400

Time (seconds)

450

Figure 5. Abbreviated flight RPM data

During the full propulsion system operation under constant
load with variable RPM, the propulsion system was com-
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manded to achieve the RPM values of an flight profile ab-
breviated from 24 minutes to 7.5 minutes in length. This ab-
breviated flight profile contained take-off, mid-air maneuvers,
and landing. For this test, the slave motor, full bridge recti-
fier and resistive load provided a constant mechanical load
transferred to the propulsion system through a coupling of
the motor and slave motor drive shafts. This test sequence
was completed multiple times for both the new ESCs and the
older, used ESCs. Between each test, the full propulsion sys-
tem was allowed sufficient time to cool to a baseline temper-
ature.

6. RESULTS

In this section we discuss the results obtained from simulating
faults in the models as well as well results obtained from HIL
testbed data.

6.1. Simulation Results

During simulation, the models were subject to two different
faults which were injected into the ESC module. To observe
how they affect the output of the ESC, nominal waveforms
and faulted waveforms are compared. The ESC outputs are
PWM waveforms which have a specific ON/OFF cycle de-
pending on the requirements of the system. The following
charts represent the voltage on the motor windings when a
healthy ESC module is in operation and when a fault is in-
jected. In all the simulations, the carrier frequency is 2 Hz
and the switching matrix is as described in section 3.

The first simulated fault injected in the ESC module is a
change in the PWM frequency, this is done to represent the
slower switching action of degraded MOSFETs. This fault
can be observed when the MOSFETs are out of synchroniza-
tion during operation, resulting in a variation in the PWM
output waveforms. Such waveforms may not be able to op-
erate the BLDC motor efficiently, in addition the resulting
harmonics may lead to increase in the internal temperature of
the motor windings and an early failure of the motor. Fig. 6
presents a comparison of a normally operating ESC and an
ESC with a PWM frequency fault injected causing a 5% re-
duction in switching frequency. In the plot it is observed that
error does exist between the two waveforms.

Within the control block of the ESC, the 15t PWM generator
is faulted with a decreased frequency. This is representative
of a fault in the switching action of the transistors which re-
sults in slower switching. Such a change in the controller
could occur due to aging in the switching circuits. This may
not occur as an abrupt fault but is an continuous degradation
process which may start affecting the efficiency over the pe-
riod of time. The other fault injected in the ESC module is
a malfunction of the switching circuits in the commutation
circuit. Fig. 7 represents the voltage output with a MOSFET
malfunction fault injected. As observed from the plots, one
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Simulation Results: Nominal and Frequency Faulted Switching
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Figure 7. ESC output with switching fault on thrid leg

of the pair of MOSFETS is not operational due to a negative
magnitude of the differential voltage Vab. This results in a out
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of sync waveforms which may lead to inefficient operation of
the BLDC motor.

6.2. Hardware in Loop Results

The results from the hardware in the loop tests were col-
lected during two test sequences, the first sequence isolated
the ESCs from the full propulsion system, the second se-
quence measured the effects of the degraded ESC on the other
components of the propulsion system. In Fig. 8, the measured
voltage potential across one leg of the 3.3 kOhm Y circuit
is presented. This figure is characteristic of the results from
the isolated ESC variable-frequency no-load test sequence.
Here, the Y circuit is in parallel with the PMBDC motor and
shows the evolved voltage during commutation. The shape of
the evolved voltage seems to suggest switching performance
degradation. There is also a clear discrepancy between the
produced voltages of the new and old ESCs given identical
1nputs.
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Figure 8. A compairson of output signals from new and old
ESCs

The next two figures present the voltage drop during flight-
like loading for both the new and the old ESCs. During these
tests, the system was commanded to achieve motor velocity
equal to the RPM set point under a fixed mechanical load. In
each chart the voltage drop measured across the battery bank
is labeled. It was expected that the older ESC would cause
a greater drop. However, given the limited samples it is not
clear that this is the case.
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Figure 9. Battery discharge curve for the new & old ESC

The next few figures present the resulting temperature
changes of other elements of the propulsion system including
the batteries, motor, and the ESCs themselves. During 6 total
trials, 3 trials with the degraded ESCs and 3 trials with new
ESCs, we measured the component temperature change.

Motor Velocity (rev/minute)  Motor Velocity (rev/minute) ~ Motor Velocity (rev/minute) ~ Motor Velocity (rev/minute)  Motor Velocity (rev/minute)

Motor Velocity (rev/minute)
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Figure 10 shows the temperature change in each of the two
lithium polymer batteries in series and connected to the ESC.
In most cases, the first battery in series experiences a larger
rise in temperature. No significant temperature differences
were detected between the batteries used with new and old
ESC. Figure 11 presents the resulting temperature change of

Battery 1 & 2 Temperature During Trials (Increasing)
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Figure 10. Temperature change in batteries 1 & 2 used
power the ESC during trials
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Figure 11. Temperature change in new and old ESCs during
trials

the ESC during testing. The temperature was measured at the
junction between the ESC and it’s heat sink. No clear trend is
visible from these results.

Figure 12 presents the resulting temperature change of the
motor stator cover during tests. The motor stator cover expe-
rienced some of the highest increases in temperature during
tests and although no clear trend in the temperature data is
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Motor Temperature During Trials (Increasing)
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Figure 12. Temperature change in the motor stator cover dur-
ing trials

shown here we expect that longer tests may reveal a satura-
tion point at which the temperature no longer increases.

7. CONCLUSION

Through mathematical modeling, simulation and laboratory
bench top testing, we have studied ESC degradation in iso-
lation and in the context of a full electric propulsion sys-
tem characteristic of those used commonly on small UAVs.
We also coupled a new model of the ESC with a model
of a PMBDC motor and explored switching faults and fre-
quency faults. Both simulation and laboratory bench top test-
ing yielded new data which can be used for the maturation of
new prognostic methods focusing on ESCs and the electronic
commutation of direct current for PMBDC motors. The ESC
model provided an insight to the commutation circuit and how
output could change if a fault were developing. The hardware
in the loop testbed allowed us to see which performance met-
rics of the propulsion system were clearly effected by degra-
dation in the ESCs and which metrics had subtler changes.
The evolved voltage from the older ESCs shows clear signs
of degradation when compared to the output of the new ESC.
More testing is necessary to make any conclusions towards
the effect of degraded ESCs on the temperature of coupled
propulsion components.

Future work on this project will focus on the continued de-
velopment of the mathematical model of the ESC and im-
provements towards the functionality and instrumentation of
the hardware-in-the-loop testbed. We intend to include more
components, such as the gate drivers into the next model of
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the ESC. We will also use data from laboratory testing to re-
fine the behavior of the model. Improvements to the HITL
testbed will include new circuits to reduce noise in the current
measurement circuit, a measurement of the throttle level ap-
plied and resultant RPM, a more precise measurement of the
motor stator cover temperature, and a means for dynamically
adjusting the mechanical load on the motor under test. Fi-
nally, with a more mature testbed, we intend to perform many
more loaded tests of the full testbed to better understand the
effects of ESC degradation on coupled components.
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