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ABSTRACT

Modeling and Test of the Efficiency of Electronic Speed Controllers for Brushless DC

Motors

Clayton R. Green

Small electric uninhabited aerial vehicles (UAV) represent a rapidly expanding market
requiring optimization in both efficiency and weight; efficiency is critical during cruise
or loiter where the vehicle operates at part power for up to 99% of the mission time. Of
the four components (battery, motor, propeller, and electronic speed controller (ESC)) of
the electric propulsion system used in small UAVs, the ESC has no accepted performance
model and almost no published performance data. To collect performance data, instru-
mentation was developed to measure electrical power in and out of the ESC using the
two wattmeter method and current sense resistors; data was collected with a differential
simultaneous data acquisition system. Performance of the ESC was measured under dif-
ferent load, commanded throttle, bus voltage, and switching frequency, and it was found
that ESC efficiency decreases with increasing torque and decreasing bus voltage and does
not vary much with speed and switching frequency. The final instrumentation was limited
to low-voltage systems and error propagation calculations indicate a great deal of error at
low power measurements; despite these limitations, an understanding of ESC performance

appropriate for conceptual design of these systems was obtained.
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1 INTRODUCTION

Electric motors have been around for over a hundred years and are thought to be well
researched. Permanent magnet synchronous motors (PMSM), also known as Brushless DC
(BLDC) motors, were invented in 1962 by T. G. Wilson and P. H. Trickey [1] increasing
lifespan, efficiency, and power—to—weight while decreasing maintenance as compared to
brushed DC motors. This opened many new applications for electric motors. BLDC motors
are used in a variety of applications today from a pumps to ceiling fans. A growing field
of BLDC motors is in small uninhabited aerial vehicles (UAVs). In most applications used
today, the motor is either optimized for weight or efficiency. However in electric vehicles
such as UAVs, optimization of both weight and efficiency is essential to closing design.
Also electric vehicles often require full throttle for takeoff and climb, but greatly reduced
part power upon reaching cruise. In an electric power system it has been said that full
throttle can be an almost perfect efficiency, but at part throttle, efficiency can drop off
considerably. Considering cruise could be up to 99% or more of the mission time, an
improvement of cruise efficiency would significantly increase the range of the UAV. This
growing application has reopened and pressed for new research in electric power systems

in order to increase efficiency for brushless DC motors.

1.1 MODELING ELECTRICAL POWER SYSTEM

In order to design electric propulsion system such as a UAV, a simple performance model
of the propulsion system is required. It is preferred for design that these models easily in-
corporate parameters given by the manufacturer. No comprehensive model of the complete
electric propulsion system is available because there are too many variables. Therefore in

order to model the system, a model of each component must be made and combined. Elec-



tric power systems have four basic components: battery, electronic speed controller (ESC),
motor, and propeller.

Batteries are the typical form of energy used in UAVs today. Batteries come in a variety
of chemistries from nickel-cadmium to lithium-ion. Batteries have been heavily researched
in the past few years. In Advanced Lithium-ion Batteries [2], Lithium—ion batteries were
tested and compared to a linear model [3]. The linear model is the most common model of
batteries. It is simply a voltage across an internal resistance which can be easily extracted
from manufacturer’s supplied data. The author measured open circuit voltage and internal
resistance as a function of state of charge. The results verified the model’s accuracy.

The electronic speed control controls the voltage passed to motor. ESCs are also called
motor drivers or pulse width modulation (PWM) drivers. It receives a throttle signal and
changes the duty cycle and frequency of the output 3-phase voltage waveform to adjust the
motor’s speed and torque. ESCs come in different max amperage sizes, and are usually
accompanied by their specifications of switching frequency and internal resistance. Only
a few models exists for ESC, and there is very little public data available. In a correspon-
dence with Castle Creations, a large hobbyist ESC manufacturer, they replied, “The overall
efficiency of our ESCs is between 98.5% and 99.5% efficient. Lower throttle gives the
lower efficiencies, high throttle is as close to 100% as you can get.” [4]

BLDC motors are used in UAVs because of their high specific power, reliability, and ef-
ficiency. Many models exists for BLDC motors, but the most common is the three constant
motor model [5]. The three constants are the speed constant, K, motor line to line resis-
tance, R;, and motor no load current, /,. The three motor parameters are usually supplied by
the manufacturer. The three constant motor model simplifies the system by making a DC
equivalent as shown in Figure 1.1. Its description is helpful in understanding the system.
Power in for the three constant motor model is a DC equivalence of product of voltage and

current out of the ESC as shown in Equation 1.1.

P = Vinlin (1.1)
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Figure 1.1: Three constant motor model DC representation of a three phase motor

1, is subtracted off of the input current to get useful current used by the motor. Also the
voltage drops by I,R; representing the voltage drop due to the resistance of the motor. This

results in Equation 1.2 for power out of the motor.

Pout - (Vm - IinRi) (Iin - Io) (12)

And the motor efficiency is given by Equation 1.3.
linR;

nmotor:(l_ )(1__) (13)

Driver efficiency, most of the time, is assumed constant or ignored altogether. Solv-
ing Equation 1.3 for maximum motor efficiency, ignoring driver efficiency, results in the

maximum efficiency at the current described in Equation 1.4.
V.
In max — Ioﬂ (1.4)

i

Peak efficiency of Equation 1.3 will also increase with Vj, [6]. However Vj, is only a
DC representation of the three phase voltage out of the ESC. Vj, is a result of bus voltage
and duty cycle. The last coefficient is given to get speed and torque of the motor. The speed

constant K, is given by Equation 1.5.

n
K=——— 1.5
U Vi —IR; (1)

In this equation “n” in the speed of the motor in rotations per minute. Some publications

also give a torque constant, Ky, relating torque (7) and input current, Equation 1.6.

T
Iin _Io

Ko = (1.6)



Rearranging power out, as seen in Equations 1.7-1.9, demonstrates that Ky is the in-

verse of K, with appropriate conversion factors.

P,y = 01t%1.356 (1.7)

where o is radians per second as shown in Equation 1.8

2
0=n— 1.8
) (1.8)
Substituting into Equation 1.2
0T 1.356 = (Vi — [inR;) (Iin — 1) (1.9)
n . 60 (Ii —[0)
(Vi —InR;) 2713 1
60 1
K, = —
27131 Ko

The three constant motor model gives two big conclusions about the system: torque is
proportional to current and speed is proportional to motor voltage.

A wide variety of propellers are available to designers of small UAVs. Most small
propulsion systems use a fixed pitch propeller. Small propellers are defined by their diam-
eter and pitch. A variety of tools may be used to model propeller performance. Many of
these tools use one of three techniques: CFD, blade element analysis, or empirical data [7].

The electronic speed controller has only a few performance models and even fewer
experimental data sets to verify model accuracy. Most of the tests today combine ESC
and motor efficiency for ease of power reading. Understanding of the ESC’s independent
performance could provide insight on the causes for the power losses and help develop so-
lutions to minimize these losses. For these reasons, the author decided to pursue modeling

and testing of ESCs.



1.1.1 BRUSHLESS SPEED CONTROL

An ESC controls the three phase waveform applied to the motor. It uses a series of at least
six metal-oxide-semiconductor field-effect transistors (MOSFETSs) and diodes to modulate
the three phase signal shown in Figure 1.2. The transistors apply voltage to one phase
and ground another; the third is disconnected. The current generated through the motor
coils creates a magnetic field that attract the permanent magnets. The current is alternated
around the motor in six steps pulling the rotor with it. The rotating schedule is illustrated
in Table 1.1, and the resulting current and voltage signal is demonstrated in Figure 1.3.
The third disconnected phase still experiences the magnetic field from the rotating rotor.
This is called the back electromotive force or back EMF. In sensorless ESC, the controller
uses this back EMF as position sensing for commutating. The combination of the applied
voltage and the back EMF creates a trapezoidal wave. AN ESC can be programed to output
a PWM sine wave instead and are becoming more popular because of their lower noise and
supposed higher efficiency at part power. Sine wave speed controllers tend to be more
expensive due to the increase in software complexity. The controller’s output waveform
is therefore a three-phase, unipolar, trapezoidal wave, voltage signal. The signal has a
switching frequency of 8 to 32 kHz with an output frequency typically between 100 to
1000 Hz depending on the motor and its speed. A demonstration of this signal is shown
in Figure 1.3. Figure 1.3 captures voltage (top in yellow) and current (bottom in purple)
signal at part throttle. It shows the 8 kHz switching frequency creating the 590 Hz signal.
The three line signals are phase shifted by 120 degrees apart from each other.

The number of switches per cycle and frequency are determined by the K, of the motor
and the speed. The frequency is matched to the speed through a relationship described later
in Subsection 2.1.6. The number of switches per cycle is then adjusted to handle the torque

required.
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Figure 1.2: 6 MOSFET inverter

MOSFET | Step 1 | Step2 | Step3 | Step4 | Step S | Step 6
1 I O O O O I
2 O O I I O O
3 O O O I I O
4 I I O O O O
5 O I I o O O
6 O O O O I I

Table 1.1: Phase rotation schedule. Refer to Figure 1.2 I-closed O-open

T ﬂ“‘.iw L

it

Figure 1.3: Voltage (yellow) and current (purple) on one of the phases

1.2 MODELING OF ELECTRONIC SPEED CONTROLLERS

Tritium, Texas Instruments, Infineon, and International Rectifier have published predictive

models of ESC power loss [8, 9, 10, 11]. Tritium’s model was used on their large motor



drivers (ESC) for solar car racing. Equation 1.10 shows their simple power loss equation

used for heatsink calculations and race strategy algorithms [8].

Pross = Regl2sc + (Qgsc + B)Vius + CfogVis (1.10)

There are four components in their power loss equation. Reqlé ¢ 18 the conduction loss
of the driver. The R, is sometimes supplied by the manufacturer. The next two are related
to switching losses in the MOSFETs. « is the linear component and f is the constant
component of switching loss. The last component is the equivalent capacitive switching
loss. Req, @, B, and Cf,, are constants. Figure 1.4 demonstrates the power loss equation for

their driver.
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Figure 1.4: Tritium power loss model [8]

Texas Instruments, International Rectifier, and Infineon had similar models that did not
model the system as a whole but instead broke it down into components [9, 10, 11]. These
models considered conduction loss, switching loss, and operating quiescent power loss.

MOSFETs have two components. One is the switch, and the other is the reverse recovery

7



diode. The reverse recover diode releases current returned by the inductance. Infineon’s
MOSFET power loss calculations [11] considered two sources of conduction losses: on-
state resistance of the switch and the reverse current diode. These losses sum to the total

conduction loss shown in Equation 1.11.

PCL - RDSonIDrms + Vbuslfave + Rdljzfrms (1 1 1)

In Equation 1.11, Rpsonlprms 18 the loss through the switch, and Vil raye +Rd1}rms
is the loss through the diode. Switching losses were calculated as the sum of switch-on
energy (E ) of the switch and the switch—on energy of the reverse-recovery of the diode
(Eonp) as well as their corresponding switch off energy loss displayed in Equation 1.12.

Switch-off losses in the diode have been found to be negligible.

Poy = (EonM+EoffM + EonD +EoffD)fsw (1.12)

Where Eoum, Eoffms Eonp, and E, rp are defined in Equation 1.13-1.16.

Eontt = VousIpon (t”’ th ) + 0V, (1.13)
Eofim = Viuslposs (t’“;tf"') (1.14)
Eonp = ierVbus (1.15)
Eyrp~0 (1.16)

Accounting for both the high and low voltage MOSFETs of all 3 phases and summing

switching losses and conduction loss for total MOSFET losses results in Equation 1.17.

Py = 6(Pyy, + Pcr) (1.17)

For further explanation of this model refer to MOSFET Power Losses Calculation Using

the Data—Sheet Parameters by Infineon [11]. Also quiescent power loss was added to this



model. Quiescent power is simply the power required in order to run the ESC’s hardware
without the motor drawing current. This model requires a manufacturer’s data sheet of the
MOSFETs used and a quiescent power test.

Dale Lawrence derived a motor/ controller interaction model [12]. The model ac-
counted for AC power loss from insufficient filtering of PWM harmonics by the motor

inductance. The loss calculations are summarized in Equation 1.18.

Pewy =2 |V-|2( . ) (1.18)
L Gty
Where V; is defined in Equation 1.19.
S
Vi = Vi (1.19)
i

This model required the MOSFETSs’ period (7") and wave type, the motor line to line
resistance (R;), and the inductance of the motor (L,,). However validating this model is
difficult. It is not defined what component experiences this power loss.

Some of these models presented in this section may be able to be slightly altered to only
use ESC manufacturers’ given data. However comparison of these models to experimental

data is needed to validate their accuracy.

1.3 AVAILABLE DATA

Validation of an analytical model of an ESC requires experimental data, but there is lit-
tle published data on ESC efficiency. The data that is available has significant limita-
tions. For example, in Validation of Small Scale Electric Propulsion System Models by D.
Lundstrom [13] two overall efficiency tests were taken by measuring DC power into the
ESC using a standard wattmeter and measuring the power out of the motor using a dy-
namometer. One of his test varied duty cycle and held a constant input voltage, and the
other held 100% duty cycle and varied input voltage. The ESC efficiency was extracted

from the two curves as the cause of the difference in efficiency. This relies on two major



assumptions: the only power loss from an ESC is caused from a reduction of duty cycle
and at 100% duty cycle the ESC is always 100% efficient. By the law of conservation of
energy, the ESC can never be 100% or greater efficient at any state. The efficiency loss they
derived could be caused from several factors such as torque ripple or switching loss. Torque
ripple is a periodic change in output torque caused by slight asymmetries in magnetic field
by the motor windings. Torque rippling is more prevalent is brushless DC motors due to a
combination of the finite number of poles and trapezoidal computation. The method they
used does not isolate the ESC.

Three other data set were found for variable frequency drive (VFD) efficiency by the
Department of Energy, Oregon State University, and Cal Poly San Luis Obispo [14, 15,
16]. The Department of Energy data is presented in Figure 1.5. The other two sources had
similar results. VFDs are a speed controllers for induction motors. Although induction
motors have a different architecture from BLDC motors, some of their speed controllers
have many similarities. Many VFDs and ESCs have the same three MOSFET pairs that
produce the PWM signal. Also both controllers maintain close to constant Volts-per-Hertz
(V/Hz) or Volts-per-rpm (V/rpm), Kiv, ratio per motor. Understanding of VFD losses might
bring insight on ESC losses.

All of these data sets on VFDs presented had similar systems. The VFDs used were
PWM sine wave controllers that were for motors greater than 1 hp. The commodity con-
trollers tested in this thesis were less than 1/2 hp and used PWM trapezoidal wave. Also
all four data sets had vary sparse data making it poorly defined for interpolation.

The Army Research Laboratory researched the electrical power system in 2013 and has
some of the only data available for ESC efficiency [17]. In their report motor and ESC
efficiency was measured. Shaft power was measured using a dynamometer and torque cell.
Three phase power and DC power was measured using a Yokogawa WT-3000 precision
three-phase power analyzer. This power analyzer costing roughly $21,000 was out of the

budget for this thesis. However there appears to be differences between their equations and
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Figure 1.5: VFD efficiencies for induction motors

what the power analyzer does. It is likely they used the power analyzer’s method avoiding
incorrect calculations. Also the power analyzer can calculate active power, reactive power,
and apparent power in three different ways. No mention is made in the report as to what
method they used. Research and correspondence with the manufacturer is needed in order
to assure which method to use and if it is correct for this application. The Yokogawa
analyzer does not measure inverter efficiency directly. It only displays motor efficiency
and combined motor and ESC efficiency. Therefore in order to get ESC efficiency, the
Army Research Laboratory divided combined efficiency by the motor’s efficiency. Figure
1.6 shows the two efficiency curves and the derived ESC curve.

They repeated this test for several motors and got similar data. They also tested the
effect of different input DC voltages. One test they held voltage constant and changed
throttle and on the second test they held throttle constant and varied voltage. For these test

they looked at combined efficiency. This was similar to D. Lundstrom’s test, but they did
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Figure 1.7: Combined efficiencies (a) 100% throttle and varying voltage and (b) con-
stant voltage and varying throttle [17]

not claim the difference to be the ESC efficiency. Figure 1.7 displays the results for this
test.

These graphs are hard to compare due to their different axis scales. Regardless it ap-
pears to be some advantage to changing the voltage and keeping high throttle. For example
a battery pack could change series parallel combinations in order to get different output
voltages. They recommended that it can be a method for improving efficiency. This thesis
will perform the same test looking only at the ESC efficiency to see its contribution.

Overall there is little data for ESC efficiency. The data that is available has a good
deal of ambiguity on its accuracy of its methodology. The lack of data for ESC for BLDC
motors lead the author into developing instrumentation that was capable of measuring the

DC power into and the three-phase AC power out of the ESC.
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2 MEASURING POWER

Measurement of power for a three phase system is significantly more complex than a DC
system. The trapezoidal shape of the signal with the near instantaneous pulses that come
from a PWM controller make it even harder. Many three phase power analyzers exist,
but most are built around standard three phase power which is 60 Hz sine wave. Some
power analyzers exist that do true rms, root mean square, but they either are for high power
(> 1 hp) or cannot handle high frequency (< 1000 Hz). True rms actually perform the root
mean square calculation rather than assume the waveform is a sine wave. The ones that do
exist, like the Yokogawa, are difficult to find and are difficult to tell from the specification
sheet if they are appropriate for this thesis. This lead to the author to develop a test bed

capable of handling the complex system.

2.1 MEASUREMENT TECHNIQUES

Two power readings are required to measure the efficiency of an ESC: DC power into the
ESC and AC three phase power out of the ESC. DC power is a simple reading of bus voltage
and current.

Three different types of power exist for electrical power into an electric motor. Alter-
nating current systems that have inductance or capacitance can have some power reversal
resulting in stored power be returned to source. This “reverse power” is known as reactive
power, Q. An electric motor is designed around inductance contributing to reactive power.
The net power that flows into the motor is defined as active power, P. Active power can
also be called average power or real power. The resultant of these two powers is apparent

power, S as shown in Equation 2.1.

§? = Q? + P? 2.1)
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For one-wire power transfer, apparent power is the product of rms voltage and rms

current displayed in Equation 2.2.

S = Vimslms (2-2)

There are two ways to measure active power. The first method takes advantage of the
triangular relationship that these powers share. Using Equation 2.1, active power would be
the adjacent leg and reactive power would be the opposite leg. The angle between active
power and apparent power, ¢, which is the phase shift between current and voltage in a
sine wave output. The cosine of this angle is the power factor. Power factor is also by
definition the ratio of active power over apparent power as presented in Equation 2.3. ¢
looses meaning when referring to non-sinusoidal waveforms. However power factor as a

ratio of active power over apparent power retains its meaning.

pf =cos(¢9) (2.3)

pf=

vl

Therefore active power would be Equation 2.4 and reactive power would be Equation

2.5.

P = V,uslymscos(¢) (2.4)

0= VrmslrmSSin(q) ) (2.5)

The second method of measuring active power is where it gets it second name of av-
erage power. Active power can be directly measured as the time average of the product of
instantaneous voltage, v, and current, i, presented in Equation 2.6. “T” is the period of the

waveform.

1 T
p—_ / vidt (2.6)
T Jo
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In a three phase system reactive power’s definition is less clear. Apparent power and

active power are simply the sum of each phase’s power demonstrated in Equation 2.7-2.8.

S= Vlrmsllrms + VZrmsIZrms + VSrmsISrms (27)

1 T
P= 7/ vii] + vais 4+ v3izdt (2.8)
0

Reactive power, since it is hard to measure, is still calculated through the power factor
relationship. However it could be calculated using each phase apparent and active power
and summed up as in Equation 2.9 or it can use total apparent and active power as presented

in Equation 2.10.

Q=[S P+ \/S}— P} 4/}~ P (2.9)
0= Stzotal o Pt%)tal (2.10)

Active power is the true power used in the system. This is the power to use for efficiency
calculation. Instantaneous power is easy to record and calculate. All ambiguity of reactive
power and power factor are avoided. There are three different methods for measuring three-
phase, three-wire active power into a electric motor. The three methods are defined by the

number of wattmeters required.

2.1.1 THREE WATTMETER METHOD

The three wattmeter method is the most intuitive method. In Equation 2.11 instantaneous
power is measured by multiplying the current and voltage per phase and summing the

products.

Pinst = Vinl1 +vonia + V3,3 (2.11)
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The average of this instantaneous power is active power. The voltage in this method is
measured to neutral wire, or neutral point (NP), as demonstrated in Figure 2.1. This wire

is not available in the three wire motors used in this thesis.

Figure 2.1: Three wattmeter method setup

2.1.2 ONE WATTMETER METHOD

The one wattmeter method is derivative of the three wattmeter method. This method as-
sumes all three phases on the motor are balanced, equal resistance. Therefore the power in

one phase is equal to the power in the other two as shown in Equation 2.12

P=P =D (2.12)

Pinst = 3Vlnil

Figure 2.2 exhibits the setup for the one wattmeter method. The one wattmeter method
still has the same problem that the three wattmeter method had. It has to measure voltage

with comparison to the neutral wire which does not exist for our system.

2.1.3 TWO WATTMETER METHOD

The two wattmeter method takes advantage of the common node inside the motor. Ap-
plying Kirchhoff’s junction law to this node, Equation 2.13, the two wattmeter method for

measuring three-phase power, Equation 2.14, is obtained.
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Figure 2.2: One wattmeter method setup

i1+ir+i3=0 (2.13)

Pt = iz(va—v1) +iz(v3—vy) (2.14)

The setup, Figure 2.3, only requires two amp-meters and two voltmeters to measure
three-phase power. It also has the added value of not having to reference the neutral point,
and it does not assume a balance load. This method was implemented on all tests performed

in this thesis.

L A
Y A Y BI

B

Figure 2.3: Two wattmeter method setup

2.1.4 READING TYPES

There are two different reading types when measuring voltage. All potential readings are
relative to some other reference point. Voltages are no exception. For example, say there

are three voltages and a ground: Voltage 1 (V1) is 10V, voltage 2 (V2) is 5V, voltage 3 (V3)
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1s 4V, and ground is zero. Differential inputs are readings where the signal’s HI and LOW
are floating with respect to the DAQ’s ground. Given the example, if V; is the HI and V, was
the LOW, the reading would be 5 V regardless of what is connected to the DAQ’s ground.
Therefore a HI and LOW must be supplied. Single ended reading are those that share a
given common, reference ground amongst all other single ended measurements. Using
the example, if all three voltages had their own single ended channel and the common
reference ground was connected to the signal ground, the readings would be 10 V, 5V, and
4 V. Single ended measurements require less wires and appear to be the same reading if
the voltages are subtracted in the software. However each input channel has its own error.
So two reading will have twice the error just from the data acquisition device, DAQ, as
a differential reading would have. This causes poor accuracy on measurements with high
common-mode voltages. However single ended DAQs are usually cheaper. Differential
measurements have the benefit of eliminating common-mode voltage and noise. It also
would have only one set of DAQ reading errors instead of two. This makes differential

reading ideal for readings that are small and have high common-mode voltage.

2.1.5 AVERAGING TECHNIQUES

There are several ways to take an average of a periodic signal. The difficulty with averaging
is when to start and stop the signal. Figure 2.4 demonstrates the errors for a zero average
sine wave. If the average is not ended on a complete cycle the average is biased towards the
incomplete wave. In the case of Figure 2.4b the average is 3.38 * 1072, This has less of an
affect as the sample size increases like Figure 2.4c with a average of 2.12 % 1073, Therefore
extremely large sample sizes dilutes this problem.

In this thesis, the mean was taken over 300 kilo—samples taken at 250 kHz. This was
done ten times per speed, and then the ten averages were averaged together since they are

equally weighted. The lowest motor frequency seen was 100 Hz. This means that there
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Figure 2.4: Comparisons of different stop times

were about 1,200 wavelengths recorded at this low frequency. Enough wavelengths were

recorded and averaged to assume that the error of the start and stop time was negligible.

2.1.6 MEASUREMENT REQUIREMENTS

The two wattmeter method requires four differential readings plus two more for the DC
side. Three of the readings are voltage readings, and the other three are current readings.
Current is recorded by inserting a current sense resistor in-line with the desired measure-
ment. A current sense resistor, shown in Figure 2.5, is a highly calibrated low resistance
resistor used to supply a small change in voltage proportional to the current. This method
only requires two current sense resistors for AC, but resistors were put in line with all three
phases to balance the motor. This thesis used two sizes of current sense resistors to match
the wide range of current being delivered. The 20 A resistor and 50 A resistor were 0.005 Q
and 0.002 Q respectively. Both resistors were 0.25% accurate and were designed to give
a 100 mV output at their max amperage. Therefore all current readings were less than
100 mV with a common-mode voltage ranging from ground to bus voltage. Equation 2.15
shows the change in the Equation 2.14 by implementing a current sense resistor.

j— vn=ve) (2.15)

RSEYZSC
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Figure 2.5: Current sense resistor

The voltage readings on the AC will only be slightly greater than the bus voltage. This
is due to the back EMF increasing the voltage slightly.

Speed was measured using the back EMF. Since BLDC motors are synchronous motors,
the inputted frequency is proportional to rotational speed because there is almost no slip.
The benefit of this method is that no additional readings are required. The software takes
one of the voltage readings and applies a FFT to the signal. Figure 2.6 is an example
of a FFT applied to the phase voltage signal. There are two frequency spikes plus their
harmonics shown by the FFT. The first spike in red is the frequency that controls speed.
The second spike in black is the switching frequency. The third spike in cyan is the first
harmonic of the switching frequency. The switching frequency is at least ten times greater
than the rotational frequency. This makes it easy to use a tone extractor to pull out the

lower frequency. The speed relationship to rotational frequency is described in Equation

2.16 [18].
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Figure 2.6: Fast Fourier Transform of a phase voltage signal

Measurement | Number Magnitude
Veurrent 3 Avgense < 100 mV
Voltage 3 (V2 — V1) & Vs
Power 2 1W<P<300W
Efficiency 1 n ~ 99%

RPM 1 250 < RPM < 10,000

Table 2.1: Measurements required and their magnitudes

120f rotational
NP

RPM =

measurements required and their magnitude.

2.1.7 PROPELLER POWER

22

(2.16)

Although this relationship is for a VFD, it is the same for an ESC. This speed calculation
was verified with an ESC’s internal RPM sensor. For example, this method measured

speed at 7616 rpm, and the ESC measured a speed of 7635 rpm. Table 2.1 is a list of the

All test systems used in this thesis used propellers as the loads to simulate loads seen on a
small UAVs. If the efficiency of the motor was constant, the power into the motor would

be proportional to the power required by the propeller. The motor efficiency is not constant



but the power into the motor should at least resemble the power required by the propeller.
Thrust and power of a propeller are usually nondimensionalized into coefficients [19]. The

coefficients of thrust, Cr, and power, Cp are shown in Equations 2.17 and 2.18.

T
P
Cp= oD (2.18)

In Equation 2.17-2.18, T is thrust, P is the input power, p is the density, # is the rotation
rate in rotations per second, and D is the propeller diameter. The coefficients are a function
of advance ratio, J, which is the ratio of the distance the propeller moves forward through
the air in one revolution and the diameter of the propeller. Advance ratio is defined by

Equation 2.19.

J=— (2.19)

In Equation 2.19, V is the fluid velocity. Measured values of coefficient of thrust,
coefficient of power, and advance ratio can be seen in the University of Illinois at Urbana-
Champaign (UIUC) propeller database [20]. UIUC has recorded these coefficients for a
number of small hobbyist propellers similar to the ones used in this thesis. Figure 2.7
shows the coefficient of power for a static test system on the 11x8.5 propeller used in
Section 6.1.

The coefficient for power in the static test is near constant. Therefore on a static test

Equation 2.18 can be solved for power getting Equation 2.20.

P=Cppn’D’ (2.20)

Propeller power in a static test is proportional to n°. The power into the motor should

reflect this cubic power demand.
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Figure 2.7: Coefficient of power for the 11x8.5 propeller [20]

2.2 DATA ACQUISITION

There are three main approaches to acquiring the measurements required. In all approaches
an analog to digital (AD) converter, part of a data acquisition device (DAQ), is required at
some point to change analog voltage signals to data a computer can intake. Each method
has their own requirements on the DAQ ranging from accuracy, sampling rate, reading type,
and number of inputs. All methods also require a digital control signal output. Most ESCs’
throttle are controlled by a 50 Hz pulse train with a high time ranging from 1 ms to 2 ms.
1 ms is off and 2 ms is full throttle. The DAQs used have a digital counter output that is
able to simulate this control. This allows for evenly spaced throttles and repeatable test.

All DAQs used in this thesis were also 16 bit resolution.

2.2.1 SIMULTANEOUS DAQ

A simultaneous DAQ is a DAQ that can take all measurements at the same time. Each chan-
nel has its own dedicated AD converter. This DAQ would require six analog differential

measurements. It also allows each channel to be taken at its max sampling rate. However
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Variable Requirement
Inputranges | £15Vand £1V
Sampling rate > 60 kHz
Channels >6

Table 2.2: Simultaneous DAQ requirements

these DAQs are usually a great deal more expensive then the next two methods. In order
for this DAQ to handle the power readings it must be able to satisfy the requirements in
Table 2.2.

Input range is the range that it divides the 16 bits over. For example, for a range of
£10 V the step size would be 305 uV whereas for a &1 V the step size would be 30.5 uV.
The first input range in the example was for voltages and the second range was for current
readings. Power readings taken are averaged over many waveform periods. If the sampling
rate is not a harmonic of the switching frequency or speed frequency, it should gather a
near random collection of data. Therefore the mean of this random sample should be equal

to the true average.

2.2.2 SEQUENTIAL DAQ

Sequential DAQ is a DAQ that takes all measurements with the same AD converter sequen-
tially. Therefore the more channels you add the slower your sampling rate. For example, if
the sampling rate of the DAQ is 250 kHz but there are five inputs, it will read each input at
50 kHz. If a sequential DAQ is the only instrumentation used to measure power, then volt-
age and current would be taken at different times. Current measurements would then have
to be phase shifted by the difference in time to approximate its value at the same time as
the voltage. The requirements for a sequential DAQ are similar to the simultaneous DAQ,
but the sampling rate has to be much higher to account for the channels sharing this speed,

Table 2.3.
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Variable Requirement
Inputranges | £15Vand £1V
Sampling rate > 360 kHz
Channels >6

Table 2.3: Sequential DAQ requirements

2.2.3 ANALOG PCB AND DAQ

Before the age of digital circuits most functions were done in analog on a printed circuit
board (PCB). Today, integrated circuits (IC) can perform almost any mathematical function
using electrical physics. ICs can multiply, divide, integrate, differentiate, subtract, add,
and so on. IC that are in parallel can operate simultaneously avoiding the problems that
come with the sequential DAQ. Analog circuits that can handle the necessary constraints
are easy to find. For implementation ease, this system still requires a DAQ to transfer
the analog voltage signal representing power to the computer. However since the DAQ is
measuring power which is averaged, it does not affect the results whether it is simultaneous
or sequential. Circuitry and requirements for such a system are explained further in Chapter

3.

2.2.4 TEST SETUP MATRIX

Table 2.4 is all of the possible test setups. All of the “A” setups were attempted and deemed
unpractical. The one checked setup is the final setup. “X” setups were not pursued. All
setups used the two wattmeter method. The “A” setups’ attempts and trials are described
in Chapter 3, and the final configuration is detailed in Chapter 4. If only interested in the

system used to record the presented data then skip to Chapter 4.

Type Analog + DAQ | Sequential DAQ | Simultaneous DAQ
Single Ended X X A
Differential A A V

Table 2.4: Test setup matrix. X -not attempted A-attempted. / -final
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3 ATTEMPTED CONFIGURATIONS

This chapter describes in detail the three test system setups that were attempted but were
not used for data collection. The three configurations attempted are (1) an analog board and
a sequential DAQ, (2) a differential sequential DAQ, and (3) a single ended simultaneous
DAQ. Again if only interested in the system used to record the presented data than skip to

Chapter 4, which describes the final instrumentation.

3.1 ANALOG CIRCUIT BOARD AND DAQ

An analog circuit board was designed and attempted to avoid phase shifting or buying
an expensive DAQ. The analog system also allows flexibility in testable systems without
greatly increasing cost. Figure 3.1 is a simplified wiring diagram of the circuitry used to
measure the power in and out of the ESC. It does not include the sense resistors and other
circuitry required to support the main integrated circuits, and it is only for one wattmeter.
The full PCB design is in Appendix B. The two 10 MQ resistors per phase were used
as a voltage divider to meet the hardware limits. The current sense op amps measured
the change in voltage across the current sense resistors and produced an output voltage
proportional to that change in voltage. The multipliers output a voltage proportional to the
change in voltage across the lines times the voltage output of the current sense op amps
divided by 10. The output voltage is than multiplied by a conversion factor in Labview to
relate it to power in and out of the ESC. In Labview, a mean of the signal was taken, and a
Fast Fourier Transform was applied to a line signal to extract the speed.

The circuit board was designed and built using standard electrical engineering princi-
ples. First hardware requirements were collected from the required measurements and was

broken down into IC requirements. The first design was built to handle a possible 300 V
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Figure 3.1: One wattmeter wiring diagram

system that was in the process of procurement. Therefore there are additional options on
the board to handle high voltage. The 300 V system was never acquired, but the additional
flexibility did not hurt design. Next, parts were selected that could handle the requirements.
Error propagation calculations were built around the components to check sensitivities of
IC options. Most had to have a high degree of accuracy to meet minimum overall accura-
cies. The components were bought and assembled in a breadboard. The breadboard system,
shown in Figure 3.2a, was tested using a signal generator for verification of outputs. This
exposed misunderstandings in part specifications and additional limitations on parts. Once
a properly verified system was working on the breadboard, it was designed in OrCAD [21]
and was made into a PCB. Verification was repeated on the PCB to prove it matched the
breadboard. This uncovered some incorrect wiring which was corrected with a jumper wire
and retested. After retesting, the board was tested on the full system to gauge its output
and to test adjustable parameters. Some of the first tests showed efficiencies over 100%, so
the tolerances were tightened and new parts were selected using error propagation to find
the biggest contributions. Feeling confident in the PCB design a new modified version was

made, Figure 3.2b and was verified again. The new PCB visually remained the same. This
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was again modified by scratching traces and using jumper wires in order to isolate power

ground from test ground to restrict ground loop current flow.

k a

(a) Breadboard design (b) Final PCB design with jumper wire

Figure 3.2: PCB iterations

The three little black boxes on the right of Figure 3.2b are the differentials. The three
gold IC on the left are the multipliers which are the two wattmeters plus the DC wattmeter.
The red boxes are switches to change reading locations for a 300 V system. Since the 300
V system was never acquired, the switches remain in the down position. The black box on
the bottom right is the power supply, and the last one on the left is the power plug. The
top green bar is the connectors. The board in the center is removable as seen in Figure 3.3.
This is to allow for easy exchange of different voltage reducing resistors and gains. It has
a built in dummy plug to avoid incorrect input.

Even after all of the regression testing and improvements the testbed still struggled
to measure the system’s efficiency accurately enough. The significant contributing error
sources were current sense resistors, phase shift, slew rate, and fall time. The current sense
resistors are proportional to current by 1:200 or more. Error in their resistance can cause the

greatest change error propagation. Thus higher accuracy resistors were acquired. Figure
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Figure 3.3: Final PCB disassembled

3.4 shows the old 1% tolerance current sense resistors to the new 0.25% resistors. These

resistors were used on all setups.

(a) Old 1% resistors (b) New 0.25% resistors

Figure 3.4: Current sense resistors

Phase shift, slew rate, overshoot, and settling time are similar problems which were all
contributions from the differential and multipliers. The underlying problem that these all

contribute to is that the testbed was trying to model a discontinuous signal with a continuous
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output. A PWM signal has lots of near instantaneous switches on and off. This is difficult
for a continuous model. Phase shift is the time difference between the output from the
input usually given in degrees. Slew rate is the rising and falling speed of the IC from a
step response given in V /s, and settling time is the time it takes settle to a constant value
after a step response given in us. Overshoot is the percentage the signal goes over the
given step response. The faster settling time and slew rate the more overshoot there will
be. Phase shift in the IC is a problem only when not all of the signals receive the same
procession of ICs. An example of a problem is that the voltages into the multiplier only go
through passive components, no phase shift, and the current sense voltage goes through the
differential IC adding some phase shift. Now they come in at slightly different times. If all
voltages go through the same differentials the phase shift would have no effect. Slew rate
and settling rate have a huge affect. Table 3.1 shows the progression of differentials used for
the circuit board. Phase shift was not always supplied. The first IC was a misunderstanding
in the specifications. The next three all handled the voltage range. The AD 628 did not
have a large enough bandwidth so it attenuated the signal, Figure 3.5a. Bandwidth is a
direct function of slew rate and output voltage range. INA 827 passed the signal generator
test but the slew rate and settling time were still not good enough. Although it has the
bandwidth for the switching frequency, it still slightly attenuated and extended the signal,
Figure 3.5b. This has the greatest affect on low throttles where there was a high degree of
switching. LT 1995 was the next candidate for the system but was not tested because other
methods were pursued. It is extremely fast but it has a good deal of overshoot as shown in
Figure 3.5c. Notice the change in scale of the x-axis on Figure 3.5. The x-axis scales are
40 ws, 50 ms, and 100 ns respectively.

AD 734 is a drop in replacement for AD 534 multiplier with higher slew rates and
smaller settling time. However this part was also untested. A swap to the LT 1995 and
the AD 734 might have made this circuitry a viable technique to measure power, but the

method was set aside for other methods with less untestable uncertainties.
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Measurement LT 6100 [22] | AD 628 [23] | INA 827 [24] | LT 1995 [25]
Type One sided Rail to rail Rail to rail Rail to rail
Veommon 5 +120 +14.1 +15.5
Gain (V/V) 10-50 0.1-100 5-1000 1-7
Slew rate (V/uLs) 0.05 0.3 1.5 1000
Large signal band-
width (kHz) 20 2 25 1500
Settling time (LLs) 15 40 11 0.1
Phase shift (deg) NA NA NA 0.15
. Attenuated Slew rate

One sided, . .

Problems low V signal at 15 caused time untested
common kHz shift

Table 3.1: Differential evolution specifications

(G=10, R, =10 kD, C, = 100 pF)

= Qutput Voltage
== Qutput Settling

[

Output Settling (0.002%/div)

Output Voltage (5 V/div)

i

100ns/DIV 1995 633

Vg = +5V
R = 1k

Time (50 ms/div)

(b) INA 827 10 V step response.
x scale is 50 ms. Gain=10 [24]

(a) AD 628 10 V step response.
x scale is 40 us. Gain=1 [23]

(c) INA 8277 V step response. X
scale is 100 ns. Gain=1 [25]

Figure 3.5: Comparisons of different large—signal step responses

3.2 SEQUENTIAL DAQ

Another method that was tried was to use a sequential DAQ and shift the signal back onto
each other. This method required the program to account for a time shift. Therefore the
current signal was converted into the frequency domain using fast Fourier transform, and
a phase shift was applied to its phase component in Equation 3.1. Fast Fourier transform
(FFT) is a method to apply Fourier transform to a finite sampling set resulting in an sum-

mation that approximates the signal [26].

¢new(f):¢(f)+2*ﬂ*dt*f 3.1
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1

dt = ————
samplingrate

In the equation, “f” is the frequency component, “¢” is the phase at that frequency
component, and “dt” is the time shift. After the phase shift, it was converted back into
the time domain where instantaneous current and voltage were multiplied together giving
instantaneous power. The average of the periodic signal and the speed were taken just like
the previous method.

This method has severe limitations. First is that in order to do the phase shift using a
Fourier Transform, sampling rate needs to be high enough to capture Nyquist frequency.
However trapezoidal waves have infinite frequency components, so Nyquist is based on
acceptable error. Figure 3.6 shows the error imposed after the voltage is sampled at 60 kHz

and is approximated with a FFT.
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Figure 3.6: FFT approximation of the voltage signal out of the ESC

The FFT has high overshoots and undershoots. FFT cannot model discontinuous rises
and falls. This gives a nonzero value where there should be no power transfer. This error
is too great for the accuracy required to measure close to 100% efficiency. Each channel
reduces the speed, so to improve the sequential DAQ sampling rate needs to be many times

greater. The data acquisition system was only able to measure +10 V. This imposed an
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Error Source Magnitude Equivalent Can it be

(mV) Current (A) calibrated?
Step size 0.305 0.061 No
Offset 1.526 0.3052 Yes
. Match
Gain error @FS 4.578 0.9156
channels only
. . 0.00915%

Non-linearity FSR 0.183 No
Total @FS 7.019 1.4 NA

Table 3.2: DAQ errors

input voltage limitation of 9 V. This gave some buffer allowing for some fluctuation in the
AC voltage due to circuitry. The ESC and motor being use are rated for up to 25 V and
are recommended for 12 V. In order to read this voltage in future tests, the voltage would
have to be accurately reduced to within the operating limits of the DAQ. Simple resistor
voltage dividers used in the original circuitry are not accurate enough to reduce the high
common mode voltage across the current sense resistors. The small difference in their
values combined with the high common mode can cause enough error to make it appear as
if current is in the reverse direction of the actual current. More research for the solution

still needs to be undertaken.

3.3 SINGLE ENDED SIMULTANEOUS DAQ

The last method not integrated in the final instrumentation that was attempted was using
a single ended simultaneous DAQ, MC USB-1608FS-Plus, to measure the two wattmeter
method. The single ended DAQ was three times cheaper than the simultaneous DAQ. At
the time it was assumed that taking the difference of the signals is the same whether it is
done in software or hardware. Mathematically this is true. However each reading whether
single ended or differential has several errors described in Table 3.2.

The more measurements the more error. Each error is based on its reading range, full

scale range (FSR). Offset, gain, and non-linearity all scale directly with range. Also, given
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the high common mode of the current sense voltage, the reading range for the single ended
DAQ had to be high, increasing the error. The larger range also lead to digitization errors
because the step size was too large. Figure 3.7 demonstrates the discrete steps caused by
the step size. These errors lead to the use of a differential DAQ which was the system used

to measure the presented data.

Change in Voltage {mV)

04t -

-0.6' 1 Il 1 1 1 1 17
1.0858 1.086 1.0862 10864 10866 1.0868 1087 10872
Sample # ><105

Figure 3.7: Discrete steps caused by digitization
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4 FINAL INSTRUMENTATION

A differential simultaneous DAQ, Measurement Computing 1608HS [27], was the final
test setup used for this thesis. The elimination of the circuitry board greatly reduced the
complexity of the setup. All required measurements were inputted directly into the DAQ
without external circuitry. However this limited the input to =10 V. The differential reading
reduced noise and measurement range reducing errors. A conversion factor was applied to
current in software and multiplied by the appropriate voltages. The measured powers were
averaged as previously described and divided to get efficiency. Figure 4.1 is a picture of

the simultaneous DAQ used.

Figure 4.1: Simultaneous DAQ used

A power supply was used instead of batteries in order to increase repeatability. The
power supply was a 1000 W HP 6012B DC power supply [28]. The ESC used for all of
the test except the ESC Size and Brand test was a Hobbywing Platinum 50A [29]. The
other ESCs used were Hobbywing Flyfun 30 A and 40 A, and the Hitec 50 A [29, 30].

The motor was a E-Flite Power 46 [31]. Master Airscrew and APC propellers were used.
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K, rpm/V 670
R; (Q) 0.04
REsc NA I, (A) @10V 3.88
Ssw (kHZ) 8, 16, 24, 32 # of poles 12
Vin (V) 5.2-25.2 Max continuous
COA 40
(a) Hobbywing Platinum 50 A specifications current (A)
Max power (W) 800

(b) E-Flite Power 46 specifications

Table 4.1: Test system specifications

The current sense resistors used are 0.005 Q for low currents and 0.002 Q for high currents
with a 0.25% accuracy. The DC side current sense resistor was placed on the high side to
avoid extra wires entering the DAQ. For higher common mode current sensing, the resistor
can be placed on the ground return line. However the AC resistors cannot avoid the higher
common modes. Unless otherwise stated the Hobbywing Platinum 50 A ESC was used at
8 kHz switching frequency at 9 V.

Figure 4.2 was the final test setup used in this thesis. The cage was built around the
propeller for safety. Ducting effects from the cage was considered unimportant because
propeller efficiency was not measured. The propellers were only used as an easy applied
load. Top left is the National Instruments sequential DAQ that was tested. This DAQ was
still used as throttle control. Software changes to implement this throttle control on the
Measurement Computing DAQ is possible but complicated; due to time constraints this
was not implemented. Bottom left is the wired Measurement Computing DAQ used in the
tests. In the center are the four current sense resistors. The third resistor was placed in-line
to balance the load. The red and black line on the bottom right goes to the power supply.
For safety, on high power tests, temperature of the ESC was measured using an Eagle Tree
Data Logger.

As previously stated, the ESC was controlled by the DAQ in order to get repeatable
measurements. In Labview the throttle was stepped by 0.001 divided by the number of

steps requested. Each step has a three second delay before data collection. Then 10 sample
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Figure 4.2: Final setup used

sets of 300 kilo—samples were taken at 250 kHz. Each set was processed as previously

described and then averaged per division. 250 kHz sampling rate and 300 kilo-samples sets
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were used in order to achieve maximum performance from the hardware. 10 sample sets
were used to get a reasonably large sample size to average. The three second delay between
throttle change was applied to avoid transient behavior. Figure 4.3 shows the Labview front

panel with all of the controls previously described.
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S UNCERTAINTIES AND SENSITIVITIES

Uncertainties and sensitivities were used throughout this thesis to decide part tolerance
and magnitudes. For example, through error propagation it was found that the largest
contribution to error at the time was the current sense resistors because they imposed such a
large gain. Higher precision resistors were then bought to reduce the error. Table 5.1 shows
the changes they imposed on the uncertainties. The base test for the initial calculations
was for a 12 V system drawing 8 A. It also lead to the decision for resistor size, DAQ
precision, and appropriate DAQ reading ranges using the same methodology. The rest of

the uncertainties presented in this chapter are for the final system.

1% Current 0.25%
Sense Current Sense
Resistors Resistors
Epower in (W) +2.51 +0.71
Epower ot (W) +1.97 +0.70
Eefficiency (%> +2.91 +1.04

Table 5.1: Comparison of sense resistor accuracy error propagation for 96 W

5.1 UNCERTAINTIES

Uncertainties or error propagation for the final system shows the bounds that a majority of
the runs should fall within. Differences less than these bounds become uncertain whether
it was caused by random error or the desired system change. This thesis used the standard

Equation 5.1.

d d
eq = \/ (Gaeal + (5,)? (5.1)

Where “q” is the desired equation under consideration, and “a” and “b” are the inde-

(TP 2 B13

pendent variables in the function “q”. “€” is the error associated with the subscript. Table
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Error Source Magnitude Equivalent Can it be

(mV) Current (A) calibrated?
Step size 0.305 0.061 No
Offset 1.526 0.3052 Yes
. Match
Gain error @FS 4.578 0.9156
channels only
. . 0.00915%

Non-linearity FSR 0.183 No
Total @FS 7.019 1.4 NA

Table 5.2: DAQ errors from Chapter 3 Table 3.2

5.2 and the 0.25% accuracy of the current sense resistors are all of the hardware errors
incorporated in the system.

The error analysis was performed for Equation 2.15 copied below and the DAQ read-
ings.

VH —VL)2
Pinst - u(

(ve — VL)3(

V2—V1)+ V3—v1)

Rsense Rsense

The partial derivatives in Equation 5.1 requires each variable’s magnitudes. These mag-
nitudes change as throttle is changed. A throttle sweep was run to get relative magnitudes
of current and voltage expected at each throttle. This had to be run for the low current setup
and the high current setup. Since the system only records powers, it was assumed that there
was a constant input voltage of 9 V as set by the power supply. To estimate current, power
in was divided 9 V as in Equation 5.2. To estimate output voltage, power out was divided
by the current found in Equation 5.2 getting Equation 5.3. This is assuming a DC equiva-
lent for the AC mearsurement. Figure 5.1 is the output current and voltage for low current,
Figure 5.1a, and high current, Figure 5.1b. The current does not go all the way to 20 A
because the maximum current safety stops the acquisition system due to spikes reaching 20
A . Likewise for the 50 A system. Note these values are only rough estimates to evaluate

the errors, and were not used for calculations of the presented efficiencies.

b

Ly = oy (5.2)
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Vg = —— (5.3)
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(a) For current less than 20 A (b) For current greater than 20 A

Figure 5.1: Estimated current and voltage out of the ESC

There are six steps in a motor rotation as described in Subsection 1.1.1. Three of them
are reverse current pairs. Current at one of the steps will go through one of the following
paths: I and I, I and I3, or I} and /3. For error analysis, opposite direction or whether
it goes through I, or I3 does not affect the results. That leaves two different scenarios for
error calculations: I} and I, and I and I5. Figure 5.2 is the low and high current system
error for the /1 and the I, and I, and I3 cases respectively, and Figure 5.3 is the low and
high current system error for I and /3 respectively. All errors that can be calibrated per run
are considered to have zero error. Refer to Subsection 5.1.1 for calibration. Percent error
shown in Figure 5.2-5.4 is the percent error on the efficiency.

I, and I3 always have higher errors because there is an additional reading that is nonzero.
Figure 5.4 demonstrates the importance of using a larger resistor for lower currents. At
low currents the error is almost five times higher for the high current resistor. However it

quickly approaches the same accuracy above 2,500 rpm.
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Figure 5.3: Propagated error through /, and /5

5.1.1 CALIBRATION

Some errors of the systems can be calibrated to reduce the overall error. As shown in Table
5.2 offsets and gain errors can be calibrated. Differential offset errors can be simply cali-
brated by shorting the HIGH and LOW connections of each input to each other and ground.
The results are the offsets that should be subtracted off of each input. This calibration is

done at the start of each test. Before running a test, two calibration connectors are attached
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Figure 5.4: Comparison of propagated error between the high and low current sys-
tems

shorting all of the inputs as instructed by the software without changing the DAQ inputs.
As a safety, one of the calibration connectors disconnects the power supply. The software
records these values and applies the offsets to inputs automatically. The connectors are
removed and the test is run. For more details on the test procedure refer to Appendix 8.
Gain calibration takes a great deal more work. The ideal gain is one. The voltage into
the DAQ equals measured voltage. However to calibrate gain error, an extremely accurate
voltage supply is required. The error in the power supply used is greater than the gain
error. Therefore the gain calibration can only make the gain the same for all of the inputs.
This means that all of the inputs will read the same magnitude if given the same input. For
this calibration all of the DAQ input HIGHs must be wired to the same voltage high of the
power supply. Likewise the DAQ input LOWs must be wired to the same power supply
ground. The gain error changes depending on the reading range, so two voltage ranges are
tested. The first one is a stepped reading from O to 1 V for the current sense channels. For
the voltage channels, the voltage is stepped from 0 to 10 V. Using a linear approximation
the slopes of each channel is found and compared to the first channel. The inverse of the

slope is the correction applied to each input. This will force all channels to match the first
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channel. This method does not eliminate the error but reduces error caused by variations
in input channels. Gain error was still included in the uncertainties calculation because it
could not be eliminated.

The current sense resistors have a relatively constant resistance so their error seems
possible to calibrate. However, no available ohmmeter could measure the extremely small
resistance better than the factory spectates. Series and parallel tests were considered, but in
order to calculate the resistance to higher accuracy, a voltage or current source with an even
higher accuracy is required. The only possible information gained from such a test would
be relative magnitudes compared to each other. However given the already high accuracy,

these tests were not performed.

5.2 SENSITIVITY

Sensitivity analysis demonstrates which parameters in the system are sensitive to change.
Sensitivity analysis was performed on the hardware characteristics and the software con-
trol inputs. Hardware sensitivities were calculated using a derivative. The derivative is the
change in the error of the system given a change in the hardware characteristic, Equation
5.4. The larger the derivative, the more sensitive the system is to that error. However mag-
nitude of variable can make this deceiving, therefore sensitivities were done for a percent
change in hardware characteristic. This makes comparisons with each sensitivity possible.

Agefficiency of the system

Xhardware = 5.4)

%Aghardware

In the equation “x” is the sensitivity, “A&. ficiency of the system 18 the change in the error
of the percent efficiency of the system, and “%A€p,4ware” 1S the change in the error of the
hardware specification. Also, software control inputs had additional tests run to demon-
strate the variances caused by the control parameter. This section will explain why the

controls inputs and hardware were selected.
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5.2.1 HARDWARE SENSITIVITIES

Offset error, gain error, non—linearity error, resolution and resistor accuracy are the five
uncertainties in the system. Also the sensitivity caused by the current sense resistor mag-
nitude must be considered. Offset error was calibrated before each test. Therefore offset
error was considered zero and was not included in the sensitivities. The voltage readings
used an input range of +10 V, and the current sense readings used an input range of 41
V. Most of the DAQ errors scale with the range. Gain error scales with range. However
if a DAQ with a smaller input voltage range was used, the error for just the current sense
readings would be changed. Figure 5.5a shows the effect of changing the overall gain error,

and Figure 5.5b demonstrates the effect of changing the current sense gain error only.
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0.04 High ] £ 0.04 High ]
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0 1000 2000 3000 4000 0 1000 2000 3000 4000
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(a) Sensitivity of overall gain error (b) Sensitivity of current sense gain error

Figure 5.5: Gain error sensitivities of the DAQ

There was little sensitivity at low speed for the overall gain error which increased with
speed. Gain error increases as read input voltage increased matching the trend in Figure
5.5a. Changing the current sense gain error has the opposite affect, yet its influence is
minimal. Non-linearity error has a greater affect on the small change in voltage from the

current sense resistors. This results in greater sensitivity at low speeds as shown in Figure
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Figure 5.6: Sensitivity of non-linearity error of the DAQ

5.6. Note the change in y—axis scale required in order to demonstrate its magnitude. Non—
linearity error, although seemly small, has the largest influence on accuracy of the system.
The DAQ used in this thesis employed an AD converter with a resolution of 16 bits. The
current sense voltage at the 1 V range was small enough that resolution started to become
a problem. There are two ways to increase resolution: buy a DAQ with a higher resolution
AD or with a smaller input voltage range. This is because resolution is the full scale range
divided by the total number of bits. Figure 5.7 illustrates the sensitivity of resolution.
Lastly the current sense resistor greatly affects the behavior of the system. The resistor
can change size and accuracy. Changing the size of the resistor increases the change in
voltage across it giving a larger reading, but as it increases resistance it starts drawing too
much power out of the system under test. The error analysis does not capture the behavioral
changes of the system caused by load of the resistors. The resistors were kept well under the

resistance of the motor in order to prevent loading on the system. Regardless, Figure 5.8a

48



0.05 T T T T T T T

Low
High

0.045

0.04 i

0.035 b

0.03F b

0.025 b

0.02 b

A ey
%A Resolution

0.015 b

0.01 b

0.005 b

O Il Il Il 4 Il
0 500 1000 1500 2000 2500 3000 3500 4000

RPM

Figure 5.7: Sensitivity of the resolution in the DAQ

is the sensitivity for the size of the current sense resistor and Figure 5.8b is the sensitivity
for the error of the current sense resistor. Figure 5.8a has a negative derivative because
an increase in resistance decreases overall error. Also note the change in y—axis scale is
four times larger than the other sensitivities. The resistor error only has little affect on the
overall error because the existing resistors already have an extremely small tolerance of

0.25%.

5.2.2 CONTROL INPUT SENSITIVITIES

The error propagation calculations did not account for control inputs. Control inputs are
inputs that change acquisition behavior. Hardware specification inputs are not control in-
puts. The test conductor can change seven control inputs: sample rate, number of samples
per set, delay time per division, number of divisions, number of sample sets per division,

starting pulse width, and ending pulse width. Starting pulse width and ending pulse width
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Figure 5.8: Current sense resistor sensitivities

changed the speed control range and does not affect uncertainties. Number of divisions
was the number of equally spaced speed steps that was taken. Number of samples per set
is the demanded size of the data packets sent from the DAQ. Number of sets per division is
how many times it is requested per division. Delay time per division is the delay between
each throttle change to avoid transients. All control input test were done on the high current
system with the 18x12 propeller.

The current system takes power readings at a sampling rate that is not in sync with any
frequency or harmonic that the ESC or motor produce. After a great number of samples
it averages the powers to get average power into and out of the ESC. Since it averages the
power readings, it should be unaffected by sampling rate. Figure 5.9 shows throttle sweeps
for different sampling rates.

All of the sampling rates read almost the same efficiency. The variance is well within
the uncertainties given in Section 5.1. This thesis used a sampling rate of 250 kHz because
it had little affect on testing time with the comfort of knowing it accurately captured the
signal.

Number of samples per set and number of sets per division have the same effect on the

results. Number of samples per set is limited by the DAQ hardware. Their product is the
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Figure 5.10: Variance of data recorded while varying number of sets per division

number of samples averaged per speed division. Figure 5.10 shows a test with ten and a
test with five sets per division. There is little difference between the tests. Ten sets per
division was chosen to have a large data set for averaging, and it also does not drastically
affect testing time.

An adequate number of divisions is important to catch variations and discontinuities
in the behavior of the system. Figure 5.11 shows a test of 35 divisions and a test of 100
divisions. The behavior of both tests was the same. The 100 division test did not reveal
any discontinuities or behaviors that the 35 division test did not capture. The difference
between the two is within the given errors. In order to save time testing, 35 divisions was
selected for all other tests.

To avoid transients a delay time per division was implemented. Figure 5.12 shows a

data set taken without a delay. Each division is 1.2 s of data. A 3 s delay was chosen to
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Figure 5.11: Variance of data recorded while varying number of divisions

avoid the shown transients. The data highlighted by the green bar is after a three second

delay.

5.2.3 REPEATABILITY

Several tests were run to investigate the repeatability of the test system. The setup for all
of the tests was the high current system with an 18x12 propeller, and nothing was changed
in between tests. The first test was a standard throttle sweep from minimum to maximum
throttle. The next test was an exact repeat of the test a day later. The third and fourth test
are a throttle sweep from minimum to maximum and back to minimum throttle. The third
and fourth tests were run back—to—back with enough time in between to allow for the ESC
to return back to 78°. All four tests are shown in Figure 5.13.

The magenta shaded area is the error bounds for the min to max July 14th run. It does

not capture all runs, but if the other runs had similar error bounds they would all overlap.
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Tests done on the same day tended to display reduced spread all within the uncertainties
given in Section 5.1. Day to day differences are also within the estimated uncertainties,
but the differences are larger. A majority of the tests being compared to were run on the
same day. The low current tests were run one day and the high current tests were run on
the next day. However it is important to note the range of differences in order to compare

the results.
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6 RESULTS

All variables of the models presented in Section 1.2 are tested and presented in this chapter.
This includes throttle, bus voltage, switching frequency, internal resistance, and quiescent
power. Internal resistance can be varied by changing ESC. However the resistance of each
ESC cannot be measured with the described equipment. All tests unless otherwise stated
are using the Hobbywing Platinum 50 A ESC at 8 kHz switching frequency at 9 V with
the 18x12 propeller. “Low” stated in the legend stands for the low current measurement
system, and “High” stands for the high current measurement system. Some tests in this
thesis gave measurements of efficiency over 100%. This is arises from the large amount of
error at low throttle as discussed in chapter 5. However it is believed that relative behavior

is still accurately represented.

6.1 LOAD MAP

Propellers were used to simulate loads similar to those seen on a small UAV. Different
propellers were used to gather unique load lines. These load lines can be see on Figure
6.1a with their corresponding efficiencies in Figure 6.1b. All of the load lines were gathered
together to create a load map that covers most of the operational range of this ESC seen
in Figure 6.1c. The low current system was used for all load tests to give more accurate
comparisons.

The load lines follow an n* relationship with power matching the theoretical Equation
2.20. Measured values for efficiency sometime exceed 100% due to the uncertainties. Ef-
ficiency has a negative relationship with applied load. No load is the highest efficiency
because it has the lowest current draw for the given speed. As seen in Figure 6.1c effi-

ciency is more adversely affected by torque than speed. Torque is proportional to current
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as described in Section 1.1. This leads to the conclusion that a majority of power loss out

of the ESC is from conduction loss.

6.2 BUS VOLTAGE

Bus voltage is a system characteristic often overlooked due to its seemingly constant nature.
Battery voltage, however, is almost never constant but instead decreases as it loses charge.
Also batteries can be rearranged to get different voltages and capacities. Figure 6.2 displays
the ESC’s performance at different voltages. Lower voltages require higher currents, and,
as seen by the load map in Section 6.1, a majority of the ESC’s losses are contributed by
conduction losses. This relationship is the inverse of the total efficiency data presented
by the Army Research Laboratory. Therefore the increase in overall efficiency must come

from huge gains in efficiency from the motor.

6.3 SWITCHING FREQUENCY

Switching frequency is a controllable parameter on a lot of high end ESC. Nonetheless
most manufacturers give almost no guidance as to what is recommended and why. The
Hobbywing Platinum 50 A ESC has four options for switching frequency: 8, 16, 24, and
32 kHz. These four switching frequencies were tested for the 18x12 as well as 13x6.5
propeller to see if the optimum switching frequency was load dependent. Figure 6.3a and
6.3b are the results for the 18x12 and the 13x6.5 propeller respectively.

The optimum switching frequency varies with the load. For the 18x12 the optimum
frequency was 8 kHz, but higher frequencies were optimum for the 13x6.5. These switch-
ing frequencies are only optimum for ESC efficiencies. It is likely to be different for the
overall efficiency. Some people claim higher switching frequency is supposed to reduce the
torque rippling seen at low throttle. This improvement would only be seen in the overall

efficiency.
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6.4 ESC SIZE AND BRAND

Four different ESCs were tested on the 18x12 and 13x6.5 propellers. The goal of testing
different current limited ESCs was to see if there was a benefit of buying the more expensive
high current ESC for low current applications and to see the effect of internal resistance on
efficiency. The 13x6.5 propeller was included to see the Hobbywing 30 A as it could not
turn the 18x12 propeller. Unfortunately it is not possible to identify the MOSFETS or the
configuration of the MOSFETs without destroying the ESC. Therefore there is no way to
tell if the current limit is increased due to better MOSFETSs or more MOSFETsS in parallel.
Also without the identification of the MOSFETs or a manufacturer’s specification, it is
not possible to measure the resistance. The Hobbywing 30 A and 40 A were of the same
family called FLYFUN. Figure 6.4a and 6.4b illustrates the performance of the four ESCs.
The Hobbywing ESCs have relatively similar efficiencies. The Hitec in both cases had the
lowest efficiencies. The Hobbywing 40 A at lower speeds had higher efficiencies than the
30 A of the same family. This might be due to a lower resistance of the 40 A ESC but their
resistances are unknown. The Hobbywing 50 A ESC might have had different family and
configuration of MOSFETSs than the FLYFUN family resulting no identifiable pattern with

the other two Hobbywing ESCs.

6.5 QUIESCENT POWER

Quiescent power was a simple test of measuring the on—state power into the ESC without
delivering power to the motor. It was run for 10 sample sets and than averaged like all
other tests. The extremely low current of the on—state quiescent power causes a great deal
of uncertainty. Regardless, the system measured a quiescent power loss of 0.584 +0.165

W.
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6.6 COMPARISONS

Section 1.2 and 1.3 presented several models and data sets that are available. The models
and data sets were not completely recreated, but the captured data for Hobbywing 50 A
ESC using the 18x12 propeller was reshaped to be able to compare trends. A lot of models
try simulating power loss of the system rather than efficiency. This is because power loss
can be easily defined into components. Figure 6.5 demonstrates the power loss over speed
for Hobbywing 50 A ESC using the 18x12 propeller. These comparisons are only using
the Hobbywing 50 A ESC using the 18x12 propeller. Further comparison with a variety
of loads would be required before making final conclusions. Also the error caused by the
acquisition system make comparison and conclusions difficult.

The Texas Instruments, Infineon, and International Rectifier did not supply switching
schedule so a comparison graph was unable to be recreated. Also the characteristics re-
quired by those models was not able to be extracted from the ESCs. The Tritium model
supplied a set of constants representing their system. Their model was reconstructed and
compared with the experimental results. The comparison is shown in Figure 6.6.

The experimental power loss was almost linear to DC current unlike the very curved
power loss predicted by Tritium. The linear switching component of the Tritium model
would have to be twenty times larger and resistance would have to be half as much in order
to match the experimental data. This model would suggest that the majority of the losses
for Hobbywing Platinum 50 A ESC come from switching losses. This would concur with
the switching frequency tests in Section 6.3 that resulted in the lowest switching frequency
having the highest efficiency.

Section 1.3 presented VFD efficiency which are for induction motors. Figure 6.7 il-
lustrates the differences between VFDs and ESCs. ESCs achieve greater efficiency at part

power and drop slightly as power increases. VFD asymptotically approach their maxi-
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mum efficiency at 100% power. Therefore VFD models might not be applicable to ESC
performance modeling.

The Army Research Laboratory presented the most reliable data for ESCs. Figure 6.8
is their data compared to the Hobbywing Platinum 50 A ESC. Their data was for small
motors about a third the torque of the motor used in this thesis. This could be the cause
for their significantly lower efficiencies. Regardless, they also experience the negatively
sloped linear behavior seen in the Hobbywing ESC, but they do not capture any rise or fall

in efficiency at very low part torque.
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7 TEST SYSTEM IMPROVEMENTS

Chapter 3 demonstrated the difficulties involved with building an accurate three phase
wattmeter, and Section 5.1 described the uncertainties in the final system. This chapter
will explain the ways to further improve the accuracy and range of the final system.

There are five errors that can be improved: step size, offset error, gain error, non-
linearity error, and resistor accuracy. The first four are all DAQ error. Offset error can
be calibrated as explained in Subsection 5.1.1. Gain error and nonlinearity error could
be calibrated if there was a highly calibrated voltage source. Of course all four DAQ
errors could be reduced by buying a more accurate DAQ. Also there are some DAQs on
the market that have smaller input ranges which would reduce the step size error on the
current sense readings. The current sense resistors are the most accurate available for their
size. Higher resistance current sense resistors would reduce measurement errors, but they
would start dissipating too much power through conduction affecting the system behavior.
The resistors used were already 0.005 Q compared to the motor’s resistance of 0.04 Q.
Therefore the main way to improve the accuracy of the test system would be to buy a more
accurate DAQ.

The final system was limited to 10 V. Most of the systems tested have a recommended
input voltage of 12 V. There are three ways to increase the range of the system to any
range desired. The easiest solution would be to buy a DAQ that can handle the higher
input voltage without changing the existing DAQ accuracies. The second method would
be to highly calibrate the voltage divider resistors used in the PCB board. The resistors
without calibration add too much error for the current sense voltage. However the voltage
divider resistors are in the kilo-ohm range which is easier to measure to a great deal higher

accuracy than the manufacturer’s specification. This would mean that each input would
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have a separate voltage divider factor. Two sets of highly equivalent resistance would have
to be used for every channel due to the fact that differential readings are read together. This
could require a great number of resistor to mix and match or higher accuracy resistors in
order to find matching voltage dividers. The last option would be to use IC differential like
the analog PCB. All of the same problems would apply but the multipliers and the voltage
dividers could be skipped. This would greatly reduce the errors incorporated. However
just like in the PCB really fast differential are required, and it is unsure of whether their
accuracy and overshoot will affect the system too much.

One of the problems experienced on the existing system was unsteady speed control.
This was hypothesized to be changing relative ground of the control DAQ compared to
the ESC. This unsteady control only happened when the system was under high load. The
ground wire connect to the control DAQ was removed as a temporary solution. After the
removal the speed stabilized. Presently the speed is controlled by the sequential DAQ while
the measurements are taken with the simultaneous DAQ. This does not affect the data, but it
would reduce the complexity of the system if control and acquisition could be done with the
same DAQ. The sequential DAQ is a National Instruments DAQ with a counter. It is easy
to create a PWM control signal with this DAQ. The simultaneous DAQ is a Measurement
Computing DAQ with only digital outputs with no counters. It is still possible to make a
control signal but conversion takes a great deal more work.

There is still the possibility that there are other better options available. For example,
the Yokogawa WT-3000 precision three-phase power analyzer might be able to accurately
measure the system. However as previous described in Section 1.3, it will require further
research and correspondence with the manufacturer. There is also the possibility that power
loss can be derived by measuring the heat generated by the ESC. This comes with several
problems though. Heat is unevenly dissipated on the ESC, and the ESC must be in the air

flow in order to prevent overheating. Any enclosure used for a heat dissipation calculation
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could cause the ESC to overheat. Therefore the test system would have to measure heat

dissipation using convection.
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8 CONCLUSION

A test bed able to record efficiency of an ESC was constructed with limitations. Data was
taken to observe the effects of torque, speed, voltage, switching frequency, and ESC size.
It was deduced that the greatest efficiencies are gained for low torque, low speed loads and
efficiency reduces significantly with torque. It was seen that higher voltages have higher
ESC efficiency at all throttles. It was also noted that optimal switching frequency changes
with the applied load. However all of these tests were of only ESC efficiency at below
recommended voltage. The system needs to be enhanced to allow for higher bus voltage.

ESC efficiency is only one part of the electric power system. Small changes in the
ESC efficiency can be outweighed by greater changes in performance by the other three
components: battery, motor, and propeller. Bus voltage is a excellent example of this. The
Army Research Laboratory found that they could increase the combined efficiency of the
motor and speed controller by decreasing the bus voltage at part power. However as could
be seen in Section 6.2, ESC efficiency decreases as bus voltage is decreased. Therefore the
increase in efficiency seen by the Army Research Laboratory must have been from great
increases in the efficiency of the motor. A test bed needs to be developed that records motor
and ESC efficiencies. Their interactions and their nontraditional control inputs such as bus
voltage are the last parts of the system not yet heavily researched. The same test done in
this thesis might show benefits in the overall efficiency.

The author researched what is available in order to build such a test bed. A Texas
Instruments (TT) F28069M LaunchPad, two BOOSTXL-DRV8301 REVB booster boards,
and a two motor dynamometer kit 2MTR-DYNO was acquired in order to build the system.
The TI kit allowed one motor to be the motor under test controlling speed while the other

motor acted as the load controlling torque. The TI was able to measure speed and torque
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as well as power into the test motor and out of the load motor. The speed controller’s code
could be edited, built, and uploaded to the ESC. This allowed for all of the control inputs
including wave type to be controlled. However this also made an extremely steep learning
curve for use. This system in combination with the three phase wattmeter presented in this
thesis could measure ESC, motor, and combined efficiency. Due to the complexity of this
system in combination with the three phase wattmeter, it was considered too much for this
thesis.

Now that there is experimental data on speed controller efficiency, a parametric model
using manufacturer’s given data can be constructed. The MOSFET manufacturers’ recom-
mended model might be able to accurately model the ESC efficiency, but, in order for it
to work, the MOSFETs data sheet must be acquired. Also the average number of switches
per cycle at each throttle is needed requiring a deep understanding of MOSFET switching
schedule. This data would not be easy to acquire for each electric power system. Assump-
tions might be able to be made in order to simplify this model into the supplied data of
switching frequency, overall ESC internal resistance, bus voltage, motor characteristics,
and applied load. Instead a system level approach might be more appropriate for a design
performance model. For a given bus voltage, power loss appears to be closely propor-
tional to input power. This can be better seen when looking at Figure 6.6 which compares
power loss to DC current. Except for very low currents, power loss increases linearly with
DC current. This seems to indicate that the power loss is not a dominated by conduction
loss which would have quadratic gain with current as I?R. Research on the reasons and
validation of this near linear power loss are needed in order to build a system level model.

The data presented in this thesis will help build ESC performance models and under-
standing of the causes of system level changes. The rapid growth of the small UAV indus-
try will create a demand for deeper understandings of the performance and behavior of the

electric power system than what is available today.
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APPENDICES

A PROCEDURES

The Labview program built within this thesis automates most of the steps required in order
to perform a run of the system. This section will describe the necessary setup and proce-
dures not covered in this program. All setup will be to match default inputs of the Labview

program.

A.1 TEST BED SETUP

This subsection will explain the wiring diagram and setup required for the tests.
1. Clamp down the cage mount to the table.

2. Screw motor onto motor rise as in Figure A.1

Figure A.1: Mounting of the motor
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3. Attach propeller to motor inside the cage and tighten holding the propeller.

4. Align the propeller in the center of the cage by sliding the whole mount as shown in

Figure A.2. Spin the propeller around to verify it has proper clearance from the sides.

Figure A.2: Alignment of the propeller within the cage

5. Screw tight the mount and push on the cage cover.
6. Screw on the appropriate current sense resistor blocks.

7. Connect wires as shown in the wiring diagram in Figure A.3. Figure A.3a is the electric
power system, Figure A.3b is the simultaneous DAQ connections, and Figure A.3c is
the in the control DAQ wiring. Note that the control DAQ uses system ground not

control ground.
8. Connect the DAQs to the computer.
9. Confirm that the DAQ has its separate power connected.
10. Plug in the power supply and its grounding plug.

Optionally, a thermostats can be connected to the ESC to monitor temperature.

A.2 TEST RUN PROCEDURES

The test bed was built to be mostly automated. However calibration and control inputs

still required user interface. This subsection will describe the necessary procedures. These
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(b) Wiring diagram for the simultaneous (¢) Wiring diagram for the control DAQ
DAQ

Figure A.3: Wiring diagram of the test bed

are the steps for running a test. It does not include steps for changing the propeller or

changing an ESC parameter such as switching frequency. For changing a propeller or an

ESC parameter refer to manufacturer.

1. Reaffirm default inputs on physical channels, min and max voltage range, sample rate,
and number of samples under Channel Settings and Timing Settings are correct and

match hardware setup shown in Figure A 4.
2. Select the save file under Logging Settings.

3. Select a control type: Always Off, Always Full Throttle, or Throttle under Controls.
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Figure A.4: Copy of Figure 4.3 of the Labview front panel
(a) “Always Off” records a number of samples equivalent to the product of Number of
Divisions, Number of Sets per Division, and Number of Samples with the throttle
control set to zero.

(b)

“Always Full Throttle” records the same number of samples but at full throttle.

(c) “Throttle” steps from Starting Pulse Width to Starting Pulse Width plus Pulse
Width Range. The step size is the quotient of Pulse Width Range and Number of

Divisions.

Enter the appropriate Delay time per Division, Number of Divisions, Number of Sets
per Division, Conversion Factor, Number of Poles, Starting Pulse Width, and Pulse

Width Range under Controls shown in Figure A.4.

Enter the Max Allowable Power and Max Current under Controls considering ALL

parts of the system shown in Figure A.4.
Select Cal to perform offset calibration at the start of the test.

Select “Raw Data?” if raw data is desired.

However turning on raw data creates huge files and may slow down the run. Long runs
will cause the program to crash. If raw data is required, take data in short burst on

separate files.
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8. Inspect the connection on the hardware. Verify they match Subsection A.1.

9. Run Labview program. It should return a dialog like Figure A.S.

Set up Cal.
Turn off power supply

Connect DAQs
Connect Cal Connectors

Figure A.5: First Labview command dialog to operator

10. Verify the power supply is off. Connect Cal connectors as seen in Figure A.6.

(a) DC calibration connectors. Bottom left wire is
the calibration wire and bottom right is the power (b) AC calibration connectors
wire.

Figure A.6: DC offset calibration connectors

The DC Cal connector requires the test conductor to disconnect power as a safety.

Therefore connect the DC Cal connector first and disconnect it last.
11. Hit “ok” on dialog box. Another dialog box should appear like Figure A.7.
12. Disconnect Cal connectors and reconnect power.
13. Verify AC Cal connector is disconnected before turning on power.

14. Turn on power.
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B
Daone with Cal.
DISCONNECT CAL CONNECTORS

Turn on power supply
Ready for test?

Yes

Figure A.7: Second Labview command dialog to operator

15. Hit “Yes” on dialog box.

Test should run through the entire throttle sweep, be always off, or always on depending
on the throttle control chosen. Results can be seen live in the Acquired Data plot.
Values are given live for the performance qualities in the Outputs section. Test will
stop automatically for three reasons: Max Allowable Power has been exceeded, Max
Current has been exceeded, or all data has been taken. In all cases throttle will return

to zero and data will be logged to file.

16. Turn off power supply

NOTE: If for some reason the test conductor would like to stop the program immedi-
ately but would like to keep the data, hit “ Stop Motor and Program.” It will set the throttle
to zero, log the data, and stop the program.

NOTE: Max Current will stop the program if any DC pulses exceed this maximum.

Therefore the average may not have reached this maximum yet.
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B PCB BOARD DESIGNS
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OrCAD wiring design of the main PCB

Figure B.1
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Figure B.2: Manufacturing design of the main PCB
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Figure B.3: OrCAD wiring design of the gain and voltage divider resistor PCB
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Figure B.4: Manufacturing design of the gain and voltage divider resistor PCB
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