Figure C.11: The DC load consists of two water heating elements, each with a

resistance of 1.5360hms, connected in parallel.

and warm water is discharged from the system. This system was designed with a limit power

loading of 2000W, thereby yielding a factor of safety of 1.5.

pmax
Factor of Safety, F.S. = ——L (C.5)

Plim’itload

Figure C.12: The tubular heat exchanger constructed for this experiment
provided a safe, compact design, where heating elements were shielded from

contact with any external surface.
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PWM DC Controller

In order to regulate the power input to the load for a given generator output voltage, a
PWM dc motor controller, Fig. C.14, is used to regulate the system. The PWM response

of the controller at two different duty cycles is shown in Fig. C.13.

Loaded PWM Output Waveform: 15kHz

Sample Rate: 10MHz
3.00E+01

2.50E+01 |- s
64us "’\ W] DCin = 24V
2.00E+01

1.50E+01 24us

X

v

Voltage

8|..ls > “ — Mid-Load

1.00E+01 Low-Load

5.00E+00

= W
0.00E+00

0 500 1000 1500
Sample Number

Figure C.13: The PWM motor controller breaks the DC input voltage into
discrete square wave pulses in order to control power output. Shown here are

the measured waveforms at duty cycles of D,,;; = 0.375 and D,,, = 0.125.

This controller is regulated using a potentiometer input to control the duty cycle as
shown in Fig. C.14, though for future experiments this could be connected to a micro-
controller as well. For simplicity and reliability, this potentiometer was operated mechan-
ically using a position-controlled servo. The specifications for this controller are given in

Table C.5.
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Figure C.14: The PWM controller used in this experiment uses an array of
MOSFETSs operating at a constant switching frequency of 15kHz to generate

the controlled square wave pulses required for regulating the DC load.
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PWM Switching DC Motor Controller Specifications

Parameter Description Value Units
P Max. Output Power 3000 W
V; Input Voltage Range 12-48 VDC
Voute s Effective Output Voltage 0-V;, VDC
Lo Max. Output Current 62.5 A
— Control Signal Potentiometer| —
— Cooling Convection —

Table C.5: PWM Switching DC Motor Controller Specifications

C.3.6 Slack Bus

For this experiment, the performance of the hybrid power system is tested with and without
a slack bus. Therefore, the slack bus must be easily added or removed from the system.
The slack bus consists of a DC power supply and a buck-boost converter, shown in Fig.
C.15. This enables the slack bus to operate at an arbitrary fixed voltage. Typically, the
experiment is controlled to produce a specific voltage, which can be changed according to
the control software. The addition of the buck-boost controller allows the slack bus voltage
to be maintained at a near constant level up to its limit output current.

The buck-boost controller software limits the output current to a maximum of 15A,

while the input current is fuse-limited to 20A.

Power Supply

A Venom ProPower DC power supply is used in this experiment. The output voltage is
variable between 12V and 24V, with current limited to 60A. The specifications for this

system are given in Table C.6.
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DC Power Supply

DCin =24V

DC-DC Buck-Boost Converter
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[
>

DC out = 0-60V Controlled
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Y

Figure C.15: The slack bus used in this experiment consists of COTS power

supply and conditioning equipement. The Output voltage from DC power

supply is boosted to the working voltage of the system.

Venom ProPower DC Power Supply Specifications

Parameter Description Value Units
P Max. Output Power 1350 W
V; Input Voltage 120 VAC
Viout Output Voltage Range 12-24 VDC
Lo Max. Output Current 60 A
— Control Signal Potentiometer| —
— Cooling Case Fans —

Buck-Boost Converter

Table C.6: Venom ProPower DC Power Supply Specifications

A DROK DC-DC Buck-Boost Converter is used in this experiment. Since the maximum

output voltage of the power supply is 24V and the power system will operate in excess of

30V, a boost converter is required. Also, multiple operating voltages will be used during the

experiment to more fully characterize the system behavior. As such, the ability to control

the output voltage of the slack bus is also required.

The specifications of the buck-boost converter used in this system are given in Table

C.7.
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DROK DC-DC Buck-Boost Controller
Parameter Description Value Units
P Max. Output Power 900 W
V; Input Voltage 0-60 VDC
Vout Output Voltage Range 0-60 VDC
Lows Max. Output Current (software) 15 A
I; Max. Output Current (fused) 20 A
Vout or Control Signal (actively controlled) User Input VDC or A
[out
— Cooling Case Fans —

Table C.7: DROK DC-DC Buck-Boost Controller

C.4 Data Acquisition System

C.4.1 Architecture

The data logger developed for this experiment needed to be low cost and capable of logging
both digital and analog data streams very rapidly. Again, the rapid serial data logging
capability of the ATmega32u4 16MHz processor and the analog and digital I/O capability
of the Arduino ProMicro microcontroller board is used. This system is capable of accurately
logging data to the SD card in excess of 400Hz. This is sufficient for this application as the
servos controlling the load variation and the throttle position are updated at 50Hz. This

system is required to store the following analog data streams.

Vgen Analog Input - The generator output voltage measured between the DC terminals of

the rectifier
Vieaa Analog Input - The system voltage at the input terminals of the PWM load controller

l1oaq Analog Input - The voltage output from the hall-effect DC current sensor located at
the input to the restive load.
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Iy, Analog Input - The voltage output from the hall-effect current sensor located at the

output from the slack bus boost controller.

The architecture of this system is shown in Fig. C.16.

Microcontroller

Data Acquisition
" l
A-Vgen |« v | ]
% l
A-Vpwr 4 \Y% | |
| |
A-ltot (4 v | |
SD Card A-lslk LLII
(1 )¢——{pataout  D-Start |4
G Start Logging
D-Load
D-RPM ‘
[ ]
GND (¢ A" |
Controller
% ThroSig Gen +
4 L LoadSig Gen -
I : e
Diode 1 1
Torque P Torque Eh.A P FhoA DG+ = Pad +
J L 3
—» Throttle Position Ph. B |—e P Ph. B E
Diode
RPM - RPM Ph.C »lPh C DC- 8
Engine Generator Rectifier ===
D%
o
.—> V_in Switch
Slk Volts i
Slack Bus
(Power Supply or Battery)

Figure C.16: The data acquisition system developed for this experiment is

PWM Controlled
Load

based on the same microcontroller and SD card data logging as the wind tun-

nel data acquisition system.

Additionally, the system is also requires to store the following digital data streams.

Cmdyy,. Digital Signal - The PWM control signal sent to the throttle control servo, computed

by a parallel microprocessor running the control algorithms. This PWM signal varies
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in pulse-width from 800us to 2200us, and are measured by marking the time between

input pin state changes on the data logging processor.

Cmd,oqq Digital Signal - PWM control signal sent to the load control servo according to the
load profile for a certain test. Again this signal varies from 800us to 2200us and are

measured in the same way as C'mdyy,..

RPM Digital signal, The signal generated by passing the potential between generator phase
A and phase B through a digital filter circuit. The rotational speed of the generator is

a multiple of the time measured between these pulses.

Also, given the rapid data logging rate, in order to reduce the file size and clearly
delineate between separate tests, a start/stop command is also monitored using a digital pin
state on the micro-processor. When given the command, the data logger begins recording

data while the control processor executes the specified test protocol in parallel.

C.4.2 Uncertainty Analysis
Due to the Datalogger ADC

As discussed in a previous chapter, the ATmega32u4 processor uses a 10-bit, 0-5V unipolar
analog to digital converter. The resolution of the measurement is the least significant bit
(LSB). With a 5V analog reference voltage, e.g. Vagrpr = 5V and a ground reference voltage

Vssa = 0V, the resolution of the voltage measurement is

~ Vager —Vssa 5 ~
1LSB = o 1 = 1093 = 4.89mV = 0.1% of full range (C.6)
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The o = 1 boundary for this resolution is

4.89mV
UACD:o=1 — 2—\/§ =+1.41mV (C?)

Here, we will use use the o = 2 boundary which represents a confidence interval of ~ 95%.

UADC:o—2 = £2.82mV = 0.0577% of the full 0-5V range (C.8)

The high voltage generated by the experiment must be reduced to a 0-5V analog logic
signal in order to be read by the ADC. This is accomplished using the simple voltage divider
circuit shown in Fig. C.16. Although the resistors used in this circuit have resistance
uncertainties of +£5%, the circuit was calibrated using a TekPower 3005T DC power supply.

This power supply has a combined voltage output and read-back uncertainty of

Uyp = Upg = :EOl% (09)

This calibration uncertainty will be used for the uncertainty of the voltage divider
output, since the resistance of this circuit remains constant throughout the experiment.
These uncertainties apply to the voltages measured by microcontroller at both the rectifier

DC output as well as the total system output to the PWM load controller.

Due to the Current Sensor

Unlike in the wind tunnel portion of this thesis, the hybrid output current was measured

using the Bayite £100A Digital Current Ammeter, as shown in Fig. C.17.
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ANN

Figure C.17: This current sensor is designed to measure AC, DC and Pulsed

current. The digital display provides a convenient means of visual feedback
during testing.

This device uses a Hall Effect Transformer to measure the DC current output from the
boost converter as well as the pulsed DC current output from the PMW load controller. The

manufacturer estimates the accuracy of this sensor to be
ugs = 1% of full range =~ £1Amp (C.10)

The full range analog voltage output from this sensor is £1.25V" and is read by the

microcontroller ADC. Therefore the uncertainty of the current measurement is

UADC:o—2 = £0.00282V

up = \Jud g + ud e = £0.0128V = +1.034 (C.11)

This uncertainty is quite large when compared to the values of currents measured in
this experiment, particularly from the slack bus. Therefore, the conductors are looped

twice through the sensor, doubling the signal measurement and reducing the measurement
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uncertainty to

ur = +0.51A. (C.12)

The characteristic response time of this type of sensor is approximately 3 — 16us or
> 62.5kHz, given that the maximum logging frequency of the data acquisition system is

~ 400H z, no additional considerations need to be made for the dynamics of this sensor.

C.5 Control System

C.5.1 Architecture

This experiment uses two microcontrollers each running dedicated control or datalogging
software in parallel. This maximizes the performance of both the control system and the
data logging system.

The dedicated control microprocessor is responsible for managing each consecutive ex-
periment, as well as for controlling the engine and generator throttle during the experiment,
as shown in Fig. C.18. Both controllers receive the same input start command such that
the test profile and data recording software begin simultaneously. For a given battery of
test, each concurrent run is assigned a unique integer identifier in the logfile for each test
comparison and data reduction. Automating the test protocols in this manner enables each
test to be repeated precisely, thus providing clean repeatable data.

For each test, the experiment controller has a pre-programmed load profile that it exe-
cutes in time, by changing the PWM duty cycle of the load controller. There are two load

profile types applied to the system.
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e Step Response The controller will proceed from zero power to full power in a series
of discrete step-changes in load. The change in load controller duty cycle is the same
for each step. Once full power is reached, the load will be reduced to zero-power in a

series of discrete steps.

e Ramp Response The controller will ramp from zero power to full power at a pre-

scribed rate, hold for a certain duration, then ramp back to zero power.

These profiles will be discussed in detail in the next Chapter.

Microcontroller 2
Experiment Control

E—P A-Vgen
throPWMout >
(3 ) »{ D-Start Control Commands
Start Command recorded by Datalogger
loadPWMout >
GND
L )|
P loadCtrl
DC -
l tDC+
PWM Controlled
Torque P Torque Ph.A P Ph.A s Load2
—— Throttle Position Ph.B p Ph. B J
RPM —» RPM Ph.C p Ph.C DC- Tos
Engine1 Generator1 Rectifier2

Figure C.18: The experiment control software runs on a dedicated microcon-
troller, in parallel with the data logging microcontroller. Shown here is the

architecture of the system as it pertains to the experiment controller only.
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C.5.2 Preliminary Linear Controls and Implementation

Since the primary objective of this experiment is to provide a reference data set for the
development of a detailed dynamical model, the controller applied to the experiment must
be mathematically simple and easily replicated in the simulation software, and robust enough
to control the experiment during testing. For this experiment, a proportional, integral, and
derivative (PID) controller was designed for the experiment. The basic formulation for this
controller is

u(y) = kpe(t) + k; /Ot e(t)dt + kddz(tt) (C.13)

where u is the controller output, e is the measured signal error from the controller set point,

e = Setpoint — Input (C.14)

and k,, k;, and k; are the proportional, integral, and derivative gains respectively.
This controller is implemented in the experiment using the PID v1.h header and asso-

ciated libraries licensed for Arduino devices by MIT [12]. This C++ implementation is

/*working variablesx/

unsigned long lastTime;

double Input, Output, Setpoint;
double errSum, lastErr;

double kp, ki, kd;

void Compute()

{
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/*How long since we last calculatedx/

unsigned long now = millis();

(double) (now - lastTime);

double timeChange

/*Compute all the working error variables*/
double error = Setpoint - Input;
errSum += (error * timeChange);

double dErr = (error - lastErr) / timeChange;

/*Compute PID Output*/

Output = kp * error + ki * errSum + kd * dErr;

/*Remember some variables for next timex/
lastErr = error;

lastTime = now;

void SetTunings(double Kp, double Ki, double Kd)

{

kp = Kp;
ki = Ki;
kd = Kd;
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As can be seen from the implementation example, the PID formulation used here is

k

u = kpe + k; * ZeAt + % (C.15)
k=0

where k is the current sample.
The implementation of PID control in MATLAB Simulink is straightforward and will

be discussed in detail in a later chapter.

C.6 Conclusions

The hybrid power system and associated control and data acquisition systems presented
in this chapter are capable of safe, automated test operation in a laboratory setting. The
thermal and exhaust hazards are mitigated by the use of water cooling as well as installation
in a fume ventilation hood.

The data acquisition system is capable of resolving the long time-scale dynamics of the
mechanical and electrical systems in the experiment, while the high frequencies, > 15kH z,
associated with the operation of the PWM load controller as well as the dynamics of the
current sensors, may appear as a noise source in the data. These can be removed during
post-processing through the use of a low-pass filter.

The uncertainties associated with the microcontroller ADC are negligible, though the
uncertainties associated with current measurement must be carefully considered and miti-

gated. The current measurement uncertainty u; ~ +£0.51A. is deemed acceptable in this

392



case given the large load currents expected, > 30A, and the system reliability gained by

eliminating terminal connections to a series-connected current sensor.
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* Research collaborator in the development of an automotive waste heat recovery system
* Designed high efficiency turbomachine components utilizing parametric CFD results

Graduate Research: Welch Allyn, Syracuse University; Infrared Thermometry System Design May 2008 — Dec. 2008
* Performed detailed parametric CFD heat flow analysis of a new infrared thermometer
* Collaborated with the Welch Allyn IR Thermometry Team in product development and testing

Aerospace Senior Design Team Captain: Syracuse University; Aircraft Design, Analysis,and Fabrication Jan. 2008 — May 2008
* Designed an aircraft optimized for a specific mission
* Designed, built, and tested the final aircraft, winning the competition and setting several new records

Undergraduate/Graduate Research: Syracuse University; CFD Based Wind Turbine Design Aug. 2007 — May 2009



* Collaborated with architecture faculty to integrate wind turbine into the urban environment
¢ Performed CFD analysis of new wind turbineconcepts

Undergraduate Research: Syracuse University; HVAC System Design May 2007 — Aug. 2007
* Developed new HVAC and Personal ventilation concepts
* Performed a detailed 3D CFD parametric study and designed an experiment to validate results

Engineering Internship: Allred and Associates Inc.; Composites Designand Manufacturing June 2006 — Feb. 2007
* Designed, built, and tested composite parts and developed potential new products

Undergraduate Research: Syracuse University; Aircraft Integrated Propulsion System Design Aug. 2004 — June 2006
* Designed, built, and tested three generations of Propulsive Wing prototype aircraft

Entrepreneurial Experience
Founder and CEO: Voss Aerospace, Inc.; Developing and Proliferating Advanced VTOL Technology Mar 2015 — Dec. 2016
* Founded in conjunction with Ph.D. research to enable fund development and direct technology
commercialization
* Led the invention and development of a safe and scalable vertical takeoff and landing (VTOL)
integrated aircraft system
* Developed a small scale, high power density hybrid-electric powertrain for unmanned aircraft
* Provide strategic leadership during the formation of a new aerospace technology venture
* Secured seed funding to begin building a business around our coretechnologies

Additional SKkills
Composite Design and Fabrication CNC Machining and Programming Carpentry MIG, TIG, Stick Welding
Plumbing Machining and Metal Fabrication Electrical Masonry Sheet Metal Design and Fabrication
Activities

AIAA SAE SAE Mini Baja  Design Build Fly  Engineering Honors Society ~ Skiing  Rock Climbing



