ABSTRACT
NOTANI, SHAILESH ASHOK. Development of Distributed, Scalable and a Flexible
Electrical Power System Module for CubeSat and Small Satellites. (Under the direction of
Dr. Subhashish Bhattacharya).

The thesis focuses from architecture to hardware development of a scalable,
distributed and a flexible Electrical Power System (EPS) for CubeSat, PicoSat and small
satellites. The architecture for the EPS with separate modules for battery charging and
driving the loads highlighting its benefits over the existing EPS has been discussed. EPS
consists of blocks of battery charging modules, Li-Ion batteries, digital controller and point
of load modules to deliver power to the output load. These separate modules make the
complete architecture scalable from 1U to 12U CubeSats for diverse missions and allowing
the EPS to be reconfigurable on the fly which also makes it flexible at the same time. The
design specifications for each of these blocks for the EPS have been discussed along with the

software requirements.

System modeling of the EPS to understand the power flows from the solar panels to
the EPS considering the revolution of the CubeSat in the lower earth orbit and the rotation of
CubeSat at its own axis has been presented. Synchronous buck and synchronous boost
converters are used for designing the battery charging modules and the point of load
modules. Simulation results for synchronous buck and synchronous boost have been
presented. Also, hardware design of each module, protection circuitry and control circuitry is

discussed and the results are presented.



Later part of the thesis deals with the evaluation of rad-hard GaN devices. 100V GaN
devices from EPC are used to design a buck converter and its results are presented using the
EPC demo boards. Switching frequencies of 1000 KHz are achieved with the demo board
with 150mA as load current and 15V output voltage. Later a phase leg with gate drive
circuitry for 200V GaN devices is developed and tested. Switching frequencies of 500 KHz

are achieved at an output voltage of 50V and load current of 230mA.



© Copyright 2011 by Shailesh Ashok Notani

All Rights Reserve



Development of Distributed, Scalable and Flexible Electrical Power System Module for
CubeSat and Small Satellites

by
Shailesh Ashok Notani

A thesis submitted to the Graduate Faculty of
North Carolina State University
in partial fulfillment of the
requirements for the degree of
Master of Science

Electrical Engineering

Raleigh, North Carolina

2011

APPROVED BY:

Dr. Subhashish Bhattacharya Dr. William Edmonson
Committee Chair

Dr. Aranya Chakrabortty Dr. Srdjan Lukic



DEDICATION

To MY PARENTS

GEETA NOTANI & ASHOK NOTANI

AND MY SISTER

ASTHA NOTANI

il



il

BIOGRAPHY

The author, Shailesh Notani was born August 30, 1985 in Kanpur, India. He received his
Bachelor of Technology in Electronics Engineering from National Institute of Technology-
Surat, India in 2007. In 2009 he started pursuing his graduate studies at the Future
Renewable Electric Energy Delivery and Management (FREEDM) Systems Center,
Department of Electrical and Computer Engineering at North Carolina State University. He
is engaged in research in the area of power electronics, small satellite subsystem

development and high switching DC/DC converters.

From 2007 to 2009 he worked as a Design Engineer at Delphi Automotive Systems,
Bangalore India. He has worked on the Engine and Transmission Controller and
Instrumentation Cluster product lines. He also worked as a CM 1I certified Change Leader
during 2008-2009. In the summers of 2010, he worked as an Intern at United Technologies
Research Center implementing SPI communication between Xilinx FPGA and TI DSP and
designing verilog blocks of PWM generation module in the FPGA. He was also responsible
for hardware for phase leg with 1200V Semikron IGBT with optical gate drive for software

testing.



v

ACKNOWLEDGMENTS

I would like to extend my sincere gratitude to my advisor, Dr. Subhashish
Bhattacharya for his continuous guidance, support and encouragement throughout my
masters program at FREEDM System Center, North Carolina State University. I have gained
a lot of new things both professionally and personally over the last one and half years and
interacted with a lot of bright and diverse people, the learning has been immense. I would
thank Dr. William Edmonson at ASTREC and Dr. Drew Hanser at SRI for providing
valuable feedback on my work. The research work has been supported by Advanced Space
Technologies Research & Engineering Center (ASTREC). ASTREC is an I/UCRC
(Industry/University Cooperative Research Center), a National Science Foundation program
to develop a long-term partnership between academia, industry, and government. I would
thank all the people and partners associated with the center for the support that they have
provided to this research.

I would also thank my friends Arun Kadavelugu, Sumit Dutta, Mihir Shah, Hesam
Mirzaee, Gaurav Bawa and Babak Parkhideh at the FREEDM System Center who have
provided their valuable inputs through lively discussions. I appreciate the help provided by
staff members at the center, especially Karen Autry, Colleen Reid and Hulgize Kassa for the

facilities and support in the lab.



I would also like to thank my friends Amit Deshmukh, Sushant Sinha, Yajuvendra
Singh Shekhawat, Keshav Rajan, Devanshu Desai for being there for me during my stay at
North Carolina State University and making it a memorable journey.

Finally, I would thank my parents, Geeta Notani and Ashok Notani and my sister

Astha Notani for their care, love and constant support and encouragement



vi

TABLE OF CONTENTS
LIST OF TABLES ... .ottt sttt sttt ettt X
LIST OF FIGURES ...ttt ettt ettt sae e e e e X
CHAPTER 1: CubeSat — Subsystems and Electrical Power Subsystem............ccccceeveevurennne. 1
L1 INMrOQUCHION  ceveeesersuecsercsncssecsscsnsssncssessnsssecssessesssnssssssesssesssssssssssssssssssssessasssassssssssssssssassase 1
1.2 The CubeSat and CubeSat SUDSYStEMS . cuuieessesssressessssrssssssssssssassssssssssssasssssssssssssssssasssssssses 4
1.2.1 Attitude Determination and Control System (ADCS) .......ccccvveeiiieeiieeeiieeiieens 6
1.2.2 Command and Data Handling (CDH).........ccccooviiiiiiiiiiiiiiiccceeee e 7
1.2.3  High Speed Communications (HSCOM) ........ccccuiiiiiiieiiieeieeeeeecee e 8
1.2.4  Electrical Power System (EPS)......cccoooiiiiiiiiiiiie e 8
1.2.5  Structures (STR) coeeeeeeieeeiie ettt et e e e e e e e e e e e ssaee e 8
1.2.6 Payload (PLY) .eoooiiiieie ettt st et 9
1.2.7  Flight SOftware (FSW)....ocueii ittt e 9
1.3 The Electrical POWEr SUDSYSEIM cecucieruressersssrssasssssessassssssssssssssssssssssssssssssassssasssssssssssases 10
1.4 Motivation for EPS Subsystem DeSi@l.cccceecserssecssecsersesssesssnsessansssssesssnssssssessansssssseses 12
CHAPTER 2: Architecture, Design Specification and System Modeling............cccccceeeueennee. 13
2.1 The Clyde-Space EPS ....cciceniccsicsserssnessanssssssssssssssssasssssssssssssssssassssssssassssssssassssssssasssasss 13
2.2 The CubeSat Kit EPS...ciivcnsisscssensessenssessnssasssessanssssssessssssssssessasssssssssssssssssssssasssssssesss 15
2.3 EPS ATCHITECIUIC ueiessareessaresssanesssasesssssessasssssasssssasssssasssssasssssasssssasssssssessssssssssssssssssssasssses 18
2.4  EPS Design Specifications (1U to 12U CUbeSats) .ccceeeseesssrcssresssssssssssssssssssnssssssssssssases 20
2.4.1 Solar Panel SPecifiCations..........ccveruiieiieriieiiieeieeieeeieeiee et sve e seae e e 21
2.4.2  Battery SpecifiCations .......c.ccocuirieriieiiiniiieiienteeee et 22
2.4.3 Battery Charging Circuit SpecifiCations ...........ccceeeveerieriirerienieenie e esiee e 22
2.4.4 Point of Load Converter Specifications.........c.ccecuereererrienienenieneenienieneeeeeene 23
2.4.5 Circuit Protection ReqUITEMENtS........cccueeeriiieriieiiiieeiie e e 24
2.4.6  Software ReqUITEMENTS ........coceiruiiiiriiieiiertee ettt 24
2.4.7 Communication REQUITEMENLS. .........ceruiiiriieeiiieeiiie e e 24
2.4.8 Rad-Hard ReqUITEMENLS. ......cccueeiuiiiiieiiiiiiieeiie et 25

2.4.9 Mass and Size ReqUITEMENLES .......cc.eeeeiiiiieiiiieeiiee ettt 25



vii

CHAPTER 3: System Modeling and Software Design ..........ccccceevieriieniieniieniieeieeeeeieeee. 26
3.1 SyStem MOAEIING ceceeeressnrcssreecsssnesssanesssanssssasssssnssssssssssssssssasssssasssssasssssasssssassssssssssssssssans 26
3.2 SOftWare DESIZNuuieeeceeseecsunsncssrcsuessessaecasssecssessaessesssssssessessssssasssassssssssssssssessassssssasssassss 32
CHAPTER 4: Hardware Design and Development............ccccveeviieeiiieniiieciieceie e 38
4.1 Flexible Battery Charging Module (FBCM) DeSigN .cceeerrecsuecesseecssecessaecsaecassaecsecsases 40
4.2 Flexible Digital Point of Load (FDPOL) DeSigN.uucceserccrresserssssssassssssssassssssssassssssssasssasss 42
4.3 Path Selection Design and fEatUIES cueeeessseessssssssssssssaresssasesssassssssssssssssssssssssssssssssssssssssses 43
4.4 Power failure safe reCOVErY dESIZN eicviirrerssressercsaressnnsssrssssrssanssssssssssssssssssssssssssssssssossess 45
4.5 Current and Voltage measurement CITCUILTY weeveceessessssssssesssssssssssssssssssssssssssssassssssssasssases 45
4.6 MPPT CirCUitry DESIZN ceveeeesssresssarcsssassssssssssssssssssssssasssssssssssassssssssssssssssssssssssssssssssssssssses 47
4.7 Digital CONIOIIET cuveersuresssaresssaresssasessanssssssssssssssssssssasssssasssssasssssassssssssssssssssssssssssssssssssses 47
4.8 Synchronous Buck and Synchronous Boost Testing reSultS..uceeccessecseessecseecsasssecsaeesanes 49
CHAPTER 5: Rad-Hard GaN device testing for CubeSat EPS.........c..cooviiiiiiiiiiieee 52
5.1 Introduction to EPC GaN dEVICES..wuuierrecserssecssrcsesssnsssessesssecsssssasssessasssassssssssssassssssassssssss 52
5.2 GaN Board Phase Leg TestiNg...iceeccssrecssarcsssanssssssssssssssssssssasssssassssssssssssssssnssssnsssssnes 54
5.3 Phase Leg Development With GaAN DEVICE ceeueeessressessssrsssessssssssssssassssssssassssssssassssssssassss 58
CHAPTER 6: Discussion and Future Work ..........cccccoceeviiiiiiiniiiiiiiececceseeee 64
6.1  EPS ATCRItECtUIC.cccuiiseicstensiisstiisiissuinstisssicssessssissseisssesssessssssssessssssssssssssssssssssssssassssssns 64
6.2  EPS Hardware PrOtOtYPe ceeceeesseeseessessaecsasssecssessecssesssscsesssecssessasssessssssssssecssessasssassasssassss 65
0.3 GAN DEVICES trueerrerersrnsssecsessancssissasssessasssesssessssssssssesssssssssssssssssasssesssssssssssssssssassssssassssssss 65
0.4 FULUIE WOTK eeererrrensuecsunsensuncseissenssisssnssessscsssssssssesssssssssssssssssssssssssssssssssssssssssssssssssssssss 66

CHAPTER 7: 3KW, 48V and 24V Buck Converter for Fuel Cells and Solar Powered LED



viii

REFERENCES ceererterenntententnnnennesnnessessncssssssessasssssssessasssasssessssssssssessssssassssssassssessassasss 77



TABLE L.

TABLE II.

LIST OF TABLES

Solar Panel Configuration and Power Specifications ..........c..cccceevveveeniennnene

Standard radiation categories for hardware .............cceceeviiiiiienieciienieee,

X



LIST OF FIGURES

CHAPTER 1: CubeSat — Subsystems and Electrical Power Subsystem..........c.cccoceevevienenne. 1
Figure 1.1. ASTRID (1995), a 28kg scientific and technology demonstration micro-
SACIIITE e ettt et ettt st e e b e e nb e et eeeateenne 2
Figure 1.2.  O/OREOS (Organism/Organic Exposure to Orbital Stresses), a 5.5 Kg Nano
Satellite deployed off of Minotaur IV in 2010...........cccuiiiiiiiiiiiiiiiieeceeee e 3
Figure 1.3. QuakeSat, a 3U CubeSat launched on June 30, 2003..........ccccoevvvreeiiieenieeeieenne 4
Figure 1.4.  Poly Picosatellite Orbital Deployer (P-POD) and its cross section..................... 5
Figure 1.5. The CubeSat SubSyStemsS[9].....c.eeiuiiiiiiiiiiiieie ettt 7
Figure 1.6. General CubeSat EPS Architecture............cccoeviieiieriiiiiecieeeece e 11
CHAPTER 2: Architecture, Design Specification and System Modeling.........c..ccccecveveenene 13
Figure 2.1 The Clyde-Space EPS System Diagram...........ccccoeeeveeiiieiiiieeiieeciee e 14
Figure 2.2 The Clyde-Space EPS Hardware............ccccoeciiriiiiiiiniiniiiccecceececcns 15
Figure 2.3  The CubeSat Kit EPS System Block Diagram...........ccccoceeviriiiniininncniincnnns 16
Figure 2.4 The CubeSat Kit EPS Hardware.............cccoviiiiiiniiiiieie e 17
Figure 2.5 Flexible and Scalable EPS Architecture..........ccccoevvieeiieniieniieieeieeieeeie e 18
CHAPTER 3: System Modeling and Software Design ..........ccccceevieriieniieniieniienieeiieeeeeeen 26
Figure 3.1 Illumination and Dark period of a CubeSat in LEO..........cccoevviiiiiiiiiiniiiene, 27
Figure 3.2 Output Voltage from one Solar Panel String..........cccccocevviiviiiiniininncnicneenns 27
Figure 3.3 Simulink model of solar panle connections..............cccceeeveerieeniienieeniienieeeeee. 28
Figure 3.4 Output voltages from six faces of solar panels...........c.cccceeeveeviieiieniiienienieee. 29
Figure 3.5 Synchronous Buck converter configured for 3.3V output.........c.cccocvvevevirennnnnn. 30
Figure 3.6  Synchronous Buck converter configured for 5V output.........ccccoceeveeviniinennns 30
Figure 3.7  Synchronous Buck converter configured for 1.8 V output.........cccccevvvervenennens 31

Figure 3.8  Synchronous Boost converter configured for 16V output..........cccecevverinnenens 31



Xi

Figure 3.9  Digital Closed Loop control elements [9] ........cccoeovieiiiiiiiiniieiiieeiieeeeeeee, 32
Figure 3.10 FBCM a) power stage b)MPPT/Current Loop c) Voltage Loop Implementation
using Digital Controller [9].....ccuiiiiiiiiie ettt e e 33
Figure 3.11  Software Algorithm for Current/MPPT 100D [9]...ccceeviriiniiiiniiiiiiiiicnces 34
Figure 3.12  Dynamic compensator model for battery charging algorithm.[9].................... 35
Figure 3.13  FDPOL Control Loop Model [9].....cccoooviiiriiiiiiieeieeieeeee e 36
Figure 3.14 FDPOL software algorithm [9] .........cooiiiiiiioiieeeeeeee e 37
CHAPTER 4: Hardware Design and Development.............cccceovveeiiierieeiienieeiienieeieeeee e 38
Figure 4.1 The CubeSat EPS Prototype Developed...........cocooiiiiniininiiniininiiiiciceienens 38
Figure 4.2  CubeSat EPS Prototype with FDPOL and FBCM indicated............c.ccccceevuenen. 39
Figure 4.3  Flexible Battery Charging Module Schematic .............ccceevvvevieiciienieeiieieee. 41
Figure 4.4 Flexible Digital Point of Load — Synchronous Boost Converter........................ 43
Figure 4.5 Flexible Digital Point of Load — Synchronous Buck Converter...........c...c......... 43
Figure 4.6  Path Selection SWItChes .........c.coviiiiiiiiiiiiiiiet e 44
Figure 4.7  Power Faliure CirCUILIY ........ocviiiiieiieeieeiie ettt ettt saee e e 45
Figure 4.8  Voltage Measurement CIrCUIIIY .........cveevieriierieeriieeieeniieeieeieeeveeseeesneensneeenees 46
Figure 4.9  Current Measurement CITCUILIY .........eevvuieeriiieeriiieeeiieenieeesieeesveeesveeeseaeeeseneeenns 46
Figure 4.10  Current and Voltage Measurement for MPPT..........c..cooiiiniiiinininiicnes 47
Figure 4.11 DSP Controller card — DIMM package ..........cccooveeiienieniiieniiiiiieieeeee e 48
Figure 4.12 14 Pin JTAG CONNECIOT ....uvviiiiiieeiiieeiieeeiie ettt ettt eesieeeeeneeens 48
Figure 4.13 FDPOL 1 Buck Converter — Configured at 5V, 870mA with input VBATT at

7257/ TSROSO 50
Figure 4.14 FDPOL 2 Buck Converter — Configured at 3.3V, 570mA with input VBATT at
725 /2O OSSR PSOUPRUPRRO 50
Figure 4.15 FDPOL 3 Boost Converter — Configured at 12V, 710mA with input VBATT at
725 /2T PSRUORRRSR 51

Figure 4.16 FDPOL 4 Boost Converter — Configured at 15V, 890mA with input VBATT at
TN ettt 51



Xii

CHAPTER 5: Rad-Hard GaN device testing for CubeSat EPS..........c.cccccooiiiiiiiiiiniieee. 52
Figure 5.1 EPC GaN Power MOSFET Structure...........cccceeevieeiiiieeiieeeiie e 53
Figure 5.2 EPC GaN devices bottom and tOp VIEW ..........coceevieviiriinienienienieienienieeieeeens 53
Figure 5.3 EPC GaN development boards, (a) 100V device, (b) 40V device..................... 55
Figure 5.4  (a) Rise time measurement of the device. (b) Device switching at 500 KHz ....56
Figure 5.5 Device switching (a) at 600 KHz. (b) at 700 KHzZ ........c.ccooviiiviiiiiiieiiieeie, 56
Figure 5.6  Device switching (a) at 800 KHz. (b) at 900 KHz .........cccoooiiiiiiniiiiiiiiieeeee, 57
Figure 5.7 Device switching (a) at 1000 KHz. (b) at 1100 KHZ ........ccccoooiiniiiiniiniicnens 57
Figure 5.8  GaN phase leg board developed with EPC 200V devices..........ccccceevvereeenneennen. 58
Figure 5.9  GaN phase leg board bIOCKS. ........oeevuiieeiiiiiiiiicieece e 59
Figure 5.10  GaN Buck Converter (250 KHz) with input voltage 50V and output 25V, 101
002 OO TSRO PO PRORORUROPTPRR 60
Figure 5.11 GaN Buck Converter (250 KHz) with input voltage 60V and output 30V, 117
002 S SRS RURRSSR 60
Figure 5.12 GaN Buck Converter (250 KHz) with input voltage 80V and output 40V, 153
1202 SRS RURRSTSN 61
Figure 5.13  GaN Buck Converter (250 KHz) with input voltage 100V and output 50V, 186
5072 N OSSP U PO P TP PUPROPUPTO 61
Figure 5.14 GaN Buck Converter (500 KHz) with input voltage 60V and output 30V, 117
1202 TSRS RURRPTSTN 62
Figure 5.15 GaN Buck Converter (500 KHz) with input voltage 100V and output 50V, 238
002 OSSO P PRSPPI 63
CHAPTER 7 oottt ettt sttt ettt ettt st enbeeneen 67
Figure 7.1 Block Diagram of LaBL Project.......c..coccviieiiiiiiiiieiieeeeeeeeeeeeee e 68
Figure 7.2 Image for Charging Station and Junction BOX ........ccccocevviiniiiiiniininncnicncenns 68
Figure 7.3  Block Diagram for Solar Lantern............cccocveviiiiiiiiiienieiiieeeeeie e 69
Figure 7.4  Fuel Cell Converter Block Diagram............cccccveeiierieiiienieeiieie e 71
Figure 7.5 Fuel Cell Converter Prototype Board...........c.cooovieeiiiiiiiiiiieeceeeeee e 72



Figure 7.6
Figure 7.7
Figure 7.8
Figure 7.9

Xiil

Bootstrap Gate DIiver CIrCUITY ......ccuieruieeiieriieeieeiie ettt 73
Fuel Cell Converter Board Details ...........cccoeviiiiieniieiienieeiieieceee e 74
48V Converter, 10KHZ Operation............ccceeeviieeiiieeiiieeeiie e 75

24V Converter, 10KHZ Operation...........c.ccecevierierienieniniineeieeeeneeeeeeeeenes 76



CHAPTER 1

CubeSat — Subsystems and Electrical Power Subsystem

1.1 Introduction

Over the last 20 years there has been a remarkable development in electronics which
has enabled smaller and compact devices that we see around us today. This development has
also enabled building of much smaller satellites with increasing capabilities and more useful
missions which were previously possible with only larger satellites. Consequently new
terminology for these small satellites started to emerge [1]:

e Microsatellites: Satellites less than 100 Kg

e Nanosatellites: Satellites less than 10 Kg

e Picosatellites: Satellites less than 1 Kg
These definitions instead of being strict rather overlap with each other and Nanosatellites and
Picosatellites together are now referred to as Picosatellites. The thesis works deals with the
development of a CubeSat EPS but it serves right to give a broader view of the system we are
dealing with to enhance our understanding.

Figure 1.1 shows the micro satellite ASTRID which was launched on January 24,
1995. It is a 28 Kg technology demonstration satellite to explore neutral particles in orbit for
measuring auroral plasma and for auroral imaging. The cost for launching the satellite was

US $1.4 million. Figure 1.2 shows The Organism/ORganics Exposure to Orbital Stresses



(O/OREOS) nano-satellite that was launched in 2010 for a 6 month mission. The satellite
conducted space-based biology experiments on how life and the components of life respond
to this complexity. O/OREOS was placed in a low earth orbit at an altitude of 650 Km where
its samples will experience 1/10,000th the gravity on Earth. The size and complexity
reduction in these satellites is remarkable as compared to conventional satellites. This also
results in the reduction of total expenditure incurred for the mission. The smaller satellites

target smaller missions that run from 3 months to a maximum duration of 18 months.

Figure 1.1.  ASTRID (1995), a 28kg scientific and technology demonstration micro-satellite

Academic institutes have played a major role in the development of microsatellites
notably from Surrey University in UK and Stanford University from US. In February 2000,
students from Stanford University developed OPAL microsat which successfully deployed
six picosatellites. Based on its success, the collaboration between Prof. Jordi Puig-Suari at
California Polytechnic State University (Cal Poly), San Luis Obispo and Prof. Bob Twiggs at

Stanford University’s Space System Development Laboratory (SSDL) came up with the



concept of CubeSat. The prime purpose of CubeSat concept was to develop design standard
for picosatellites with an aim to reduce cost, decrease development time, increase the number
of experimental launches and to increase collaboration between high schools, universities and

private firms focusing on picosatellite development [2].

Figure 1.2.  O/OREOS (Organism/Organic Exposure to Orbital Stresses), a 5.5 Kg Nano Satellite
deployed off of Minotaur IV in 2010

PicoSatellites are much smaller and target only technology demonstration and student
experiments where proof of concept of smaller modules has to be performed. CubeSats as per
the standard given by Cal Poly, fall in the category of microsatellites. Figure 1.3 shows the
QuakeSat, a 3U CubeSat designed to search for earthquake precursor signals. The satellite
was designed by QuakeFinder, a joint venture between satellite services provider Stellar
Solutions, Lockheed Martin, and the Space System Development Laboratory at Stanford

University [3].



Figure 1.3.  QuakeSat, a 3U CubeSat launched on June 30, 2003

1.2 The CubeSat and CubeSat Subsystems

A CubeSat is a small satellite in the shape of a cube with 10 cm length and a maximum
mass of 1 Kg. It is referred to as 1U. The present standard has modified the weight
requirement for 1U to 1.33 Kg. The CubeSat concept is modular and can be extended to 2U
which is a 10 cm X 10 cm X 20 cm satellite and to 3U which is a 10 cm X 10 cm X 20 cm
satellite. The concept can be extended further and at present people believe that a 12U
CubeSat is also possible. Along with the size requirement the CubeSat standard also requires
other features like a deployment switch, vibration standards, radiation hardness standards,
launch procedures, design requirements etc. These standard size requirements have enabled
the development of launching devices to put these satellites into orbit. This has considerably

reduced the launch cost. Cal Poly has developed Poly Picosatellite Orbital Deployer (P-Pod)



which is a housing that can hold upto three 1U CubeSats and release them one by one in
space [4]. Figure 1.4 shows the P-POD developed by Cal Poly. Any CubeSats being
developed have to be reported to Cal Poly and should adhere to the latest CubeSat standard.
The present cost of launch of CubeSat is around US $40,000 and present development time
for a CubeSat is around 2 years. With professional partners the development time would

reduce considerably.

Figure 1.4.  Poly Picosatellite Orbital Deployer (P-POD) and its cross section

A satellite development involves extreme design restrictions that limit the choices of
components: Size, weight, power consumption, and ruggedness are of paramount concern.
Figure 1.5 below gives a general idea of the subsystems typically present on a CubeSat. The

various subsystems are described below [5]:



1.2.1 Attitude Determination and Control System (ADCS)

The Attitude Determination and Control System (ADCS) is responsible for keeping
the satellite in the projected orbit. The ADCS passively points the high speed
communications antenna in the ideal orientation to achieve the highest quality link. The
ADCS system consists of three main components: a permanent magnet, hysteresis rods, and a
magnetometer. The attitude control is made up of one magnet that is primarily used for
satellite stabilization about the magnetic field. This magnet aligns lengthwise with Earth's
magnetic field, providing one axes of stabilization. The third axis is not stabilized and the
satellite will spin freely about the longitudinal axis of the magnets. Three magnetic hysteresis
rods are used for magnetic damping to prevent oscillation about the spin axis. The control
system provides the correct positioning of the spacecraft during communications with the
ground station. The magnetometer is used to determine the satellite’s position and
orientation. It takes readings and sends them to Control and Data Handling (CDH), where the

readings are logged and used in the determination algorithm.



Figure 1.5.  The CubeSat Subsystems[9]

1.2.2 Command and Data Handling (CDH)

The Command and Data Handling (CDH) system is responsible for coordinating data
communication between systems and to the ground station, as well as regulating
autonomously the state of the CubeSat. The CDH system relies on the operation of all other
subsystems to succeed and communicates with electrical subsystems over a variety of buses.
The CDH in most of the application is capable of reprogramming both itself and the primary
communications system. The interactions between the different subsystems are limited to the
maintaining their state of health and communicating to the CDH for the complete assessment
of the satellite. Some communication between the subsystem regarding the operational

commands is also possible but would again have to be regulated through the CDH.



1.2.3 High Speed Communications (HSCOM)

The Primary Communication (PCOM) system is responsible for providing the data
link between the Command and Data Handling (CDH) system and the ground station to
communicate control commands as well as receive health and status data through a
bidirectional, full duplex communication system. The PCOM system is made up of three
main components: the antenna design, the terminal node controller (TNC), and the

radio/transceiver.

1.2.4 Electrical Power System (EPS)

The Electric Power System (EPS) primary mission is to process and distribute
electrical energy to operate the various systems in the CubeSat. The EPS takes in power from
strings of solar panels and stores in Li based batteries. The solar panels and the Li based
batteries are a part of the EPS subsystem. Energy stored in the batteries is then used to power

up the different subsystems of the CubeSat. The next section discusses the EPS in detail.

1.2.5 Structures (STR)

The CubeSat structure includes all necessary mounts and support structure, such that
the other subsystems are safely housed. The external structure provides the only protection
from the space environment, and provides critical radiation shielding to sensitive
components. It also provides the mechanical and electrical interface to the P-POD deployer.

Anodized rails guide the satellite along the interior of the P-POD as the springs mounted on



the bottom of each rail propel the satellite out of the P-POD. As per the CubeSat requirement
the satellite is activated when the separation switches on the rails lose contact with the P-

POD rear plate.

1.2.6 Payload (PLY)

The payload for CubeSat are generally proof of concept experiments or small
isolated task or a distributed task. With the limited space of the CubeSat, designing a payload
which does some meaningful application is becoming more challenging and threatening to
the development of the CubeSat concept. Never the less, Payload is an inportant subsystem
and generates a lot of different requirement in terms of power for the EPS and size and

weight for the structure.

1.2.7 Flight Software (FSW)

The flight software is another critical subsystem. It is the brain inside all the
subsystems. An efficient software flow is essential for a successful operation. The software
includes different modes of operation. In particular the thesis concentrates on the software
related to the EPS, the algorithm for maximum power point tracking, battery charging and
scheduling the point of load converters. This has been discussed in detail in the later
chapters.

The intra subsystem communication is also essential for proper data flow and state of

health of complete CubeSat. The communication is either done over a CAN bus or 12C.
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1.3 The Electrical Power Subsystem

The EPS is one of the most important subsystem from engineering point of view as it
manages the power available for the satellite for use and its efficiency it directly related to
the efficiency of the satellite. The size, weight and scalability requirements for the CubeSat
make it more challenging to design a versatile EPS for the CubeSats [6]. The EPS interfaces
with the solar panels and the Li based batteries which act as storage. It runs MPPT
algorithms, battery charging algorithms, state of charge determination algorithm. Also it
generates the supply voltages needed by the subsystems in the CubeSat.

Figure 1.6 shows the general architecture of the CubeSat EPS with the bare minimum
blocks which should be present in the EPS. The EPS consists of solar panels, and two Li
based batteries along with the DC/DC converters for power processing. The battery charging
circuitry interfaces with the solar panels and the battery. The point of load converter takes the
energy stored in the battery and generates a regulated bus voltage for the subsystems. There
is a direct path for power from the solar panels to the point of load converter. The control for
the battery charging converter and the point of load converter is either through a central
digital controller or an analog control is implemented for them. The EPS also has additional
circuitry for temperature monitoring of solar panels, over current protection, over voltage
protection and one point of load circuitry which generates the rail voltage for the satellite on
which all the subsystems are attached. The health monitoring system and the communication

features might be present or may not be.
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Figure 1.6.  General CubeSat EPS Architecture

Some common issues that we can point out with this general architecture and which decrease

the efficiency of the EPS are listed below.

1 The different subsystems have different converters inside them which reduce efficiency
because of double conversion.

2 Some subsystem can run more efficiently at lower voltages or at a specified voltage.

3 There are different varieties of payloads that can be attached to the CubeSat and would
require different power supply or an inbuilt power supply.
There are at present three providers of CubeSat EPS, the first and the most preferred

being Clyde space and the second being CubeSat kit and the third being Pumpkin kit. All
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three have their merits and demerits. We would discuss these architectures in the next chapter

and compare them with out architecture for the EPS.

1.4 Motivation for EPS Subsystem Design

CubeSat design itself presents a challenge in terms of the size, weight, multiple tasks
and the harsh environment constraints it has, the EPS subsystem is one of the least bothered
about component in the CubeSat which is still in the initial development stages in different
universities. But we realize that EPS is a very important subsystem of the CubeSat and a lot
of contribution can be made in this regard. To put the facts, at present there are only two
vendors which provide the EPS for the CubeSats, namely Clyde-Space and CubeSat Kit. The
room to contribute and to address multiple issues at the same time led us to the development
of the EPS. The major motivations behind the EPS subsystem design are as follows:

1) Absence of a flexible, scalable and a reconfigurable EPS subsystem that would meet
the most diverse mission requirements and at the same time is efficient.

2) Absence of an EPS which gives the user the option to use Li-Ion battery models and
control the state of the EPS

3) Absence of an EPS which has user programmable multiple output voltage lines to
eliminate the need of an additional converter present in the other subsystem.

4) Absence of a single EPS which is low cost and at the same time can be used in 1U to

12U CubeSats.
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CHAPTER 2

Architecture, Design Specification and System Modeling

In this chapter we discuss the present architecture of the present EPS provides, namely
Clyde-Space, CubeSat Kit and Pumpkin Kit. We would go though their EPS block diagrams
and investigate their merits and demerits. Going forward we compare the CubeSat
architecture developed and discuss in detail the features in the EPS. We would then go

though the specifications for the hardware and software design for the EPS.

2.1 The Clyde-Space EPS

Figure 2.1 shows the architecture of the Clyde-Space EPS [7]. The EPS consists of 3
Battery Charging circuits (BCR) of different power ratings. The MPPT algorithm runs in
these BCR’s to extract maximum power from the solar panels. The BCR tracks the MPP of
the array as long as it is above 3.6V and below 25V. Implementing MPPT for individual
faces gives the maximum system efficiency. The EPS connects the panels on the opposite
faces in parallel as it forms the best case for using less number of BCR and at the same time
maintaining higher efficiency for the system. The Energy processed is passed on to the

storage devices. The EPS has two Li-polymer batteries as storage devices.
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Figure 2.1 The Clyde-Space EPS System Diagram
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The output of the EPS is a 5V regulated line, 3V regulated line and an unregulated

line. The figure 2.2 shows the Clyde-Space EPS hardware showing the PC104 connecter. The

three BCR modules are also visible along with the 5V and 3.3V regulators. The EPS also

includes different protection features which include limited the output current from the 5V

and 3.3V regulated lines. Battery under voltage/ over voltage protection feature is also

included in the EPS. The batteries are not included as a part of the EPS but treated as an

additional board. The main drawback of the architecture presented is the two DC bus

voltages at the output side. These voltages are not reconfigurable to any other voltage level.

Due to this reason it results in a separate voltage regulator inside the other subsystems which

do not run on 3.3V or 5V. Also, it does not give the user a complete control of the CubeSat

power bus, which is very much necessary to conserve energy and proper utilization of energy
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in a CubeSat. Also, there is no flexibility available to the user in terms of the control

algorithms to be implemented.

Figure 2.2 The Clyde-Space EPS Hardware

2.2 The CubeSat Kit EPS

The figure 2.3 shows the system block diagram for the CubeSat kit EPS [8]. This
design also provides 5V and 3.3V regulated outputs but instead of using switching regulators,
linear regulators are being used. This has its own benefit of being less noisy but on the other
hand the user has to compromise on the system efficiency. Two Li-lon batteries are made
part of the EPS. The CubeSat Kit provides two Iphone batteries along with the EPS. There is
dedicated battery charging circuits for each battery. The battery chargers do not implement

MPPT and directly connect solar panels with the battery. The EPS used TI MSP430
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microcontroller and implements the protection circuits as a part of the control algorithm. The
presence of a programmable digital controller gives it the needed flexibility and the control to

the user. The EPS does not implement a MPPT control to in the battery charging circuit.
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Figure 2.3 The CubeSat Kit EPS System Block Diagram

The figure 2.4 shows the hardware for the CubeSat Kit EPS. The battery is mounted
over the board. PC 104 Connector is placed as per the standard. Power disconnect relays are
also present instead of MOSFETS. Over current protection is implemented on both of the

output regulated busses. As soon as the over current limit is hit the outputs are turned off and
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regulators are started again. The EPS also supports I2C communication with the other
subsystems. The weight of the EPS with the batteries is 155 grams and is meant for only 1U
to 3U and source upto 1A on the 5V line, S00mA on the 3.3V line and 1.5A on the
unregulated battery voltage line. The EPS is designed with automotive grade components.
The batteries can be configured and connected in series or in parallel with a limitation on
maximum battery input voltage being less than 10V. The complete design is implemented on
a two layer PCB. The EPS also provides a USB port for battery charging with charging

current limited to 500 mA.

Figure 2.4 The CubeSat Kit EPS Hardware
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2.3 EPS Architecture

Figure 2.5 below shows the CubeSat EPS architecture developed along with ASTREC.
After considering the advantages and disadvantages of the two EPS discussed above the need
for a modular and scalable architecture for the power supply system which can be used for
any number of subsystem voltages and any payload voltage requirement is highlighted. It
inherits the system goals for the general CubeSat EPS architecture and yet can be scaled from

1U to 12U [9].
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Figure 2.5 Flexible and Scalable EPS Architecture

The architecture has three Flexible Battery Charging Modules (FBCM) which can
interface with three different solar panel strings. FBCM forms the critical interface between

the solar panels and the energy storage device. The FBCM directs all the energy to the
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storage cells, which are made flexible and for a wide range of voltages or number of
batteries. The number of solar cells used in the small satellites usually varies with different
missions and the type of payloads used. The prototype has a provision of interfacing with two
strings of energy storage devices either Li based batteries or ultra-capacitors. The
unregulated DC bus voltage from the battery and as well as the solar panel to a regulated DC
voltages for the different payloads and subsystems is generated by Flexible Digital Point of
Load (FDPOL) modules. As the name suggests, these modules are made with the flexibility
of changing the point of load voltages since they are digitally controlled. The most common
voltages of 3.3V, 5V, 12V, 15V being used can be easily generated with either the
synchronous buck or synchronous boost converters. Since they are powered from both solar
panel and the battery, the FDPOL modules are made suitable for higher system line voltage

variation range.

The EPS core is a digital controller which interfaces with the battery charging module
namely FBCM, the FDPOL modules, the State of Health (SOH) module and fault protection
and diagnostic circuitry. The prototypes central digital power controller is TI
TMS320F28335 DSP which takes the feedback and gives out control signals. The central
digital power controller controls the power stage and also makes the power system flexible.
The FBCM is user programmable using the Flexi-sat Digital Power Designer Software. The
user can configure the FBCM with the required output voltage (battery voltage), operating
frequency, charging current and adjust loop compensation parameters. The FDPOL operation

is programmed by the Flexi Digital Power Designer Software which allows the user to



20

program the regulated voltage, current and switching frequency, independent modules and
which modules are paralleled. In the sections below we describe the different specifications/
requirements for the EPS and discuss how the hardware was designed to meet those

requirements.

2.4 EPS Design Specifications (1U to 12U CubeSats)

Design requirement gathering are the toughest part of any design. CubeSats are still
limited to educational institutes and all the subsystems are custom made. There are only two
vendors for the EPS at present. With rapid innovation on Solar Panel mechanical design and
many deployable solar panels being developed, new CubeSat sybsystems being developed
and new proof of concept experiments being developed requiring diverse payloads, it
becomes very critical to be able to design a scalable, flexible and reconfigurable EPS which
would meet the requirements for a large number of CubeSat missions. The following chapter
discusses the EPS design specification for the various blocks presented in the architecture

above, the Li based batteries and the Solar Panels.

Not all the requirements listed below have been targeted for in the EPS prototype.
The primary goal of the EPS is to aid faster development for subsequent EPS and to serve as

a proof of concept for the scalable and reconfigurable architecture proposed.



TABLE 1. SOLAR PANEL CONFIGURATION AND POWER SPECIFICATIONS

Side Solar Panel (4) Top & Bottom Panel (2)
Total Power
Config. (W) Power | Vmp Imp Power | Vmp Imp
W | M | my | W) | V) (mA)
1U 12.27 2.05 4.7 435 2.05 4.7 435
2U 20.45 4.09 4.7 870 2.05 4.7 435
3U 28.62 6.13 14.1 435 2.05 4.7 435
4U-a 36.80 8.18 18.8 435 2.05 4.7 435
4U-b 32.71 4.09 9.4 435 8.18 18.8 435
5U 4498 10.23 4.7 2175 2.05 4.7 435
6U-a 44.86 9.17 14.1 650 4.09 4.7 870
6U-b 53.16 12.27 | 14.1 870 2.05 4.7 435
8U-a 69.54 16.36 9.4 1740 2.05 4.7 435
8U-b 57.42 12.31 9.4 1310 4.09 9.4 435
10U 69.30 15.28 | 235 650 4.09 9.4 435
12U-a 81.78 18.40 | 14.1 1310 4.09 9.4 435
12U-b 77.70 16.36 | 18.8 870 6.13 14.1 435

2.4.1 Solar Panel Specifications
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Spectrolab, Emcore, Clyde Space and Azurspace are the four major suppliers of

CubeSat solar panels. Depending upon the voltage and capacity of battery being used and the

type of CubeSat, i.e., 1U, 3U or 12U different configurations for the solar panels can be

designed. The user has an option of selecting any supplier for the solar panels and also any

configuration to connect these solar panels. The solar panel connections depend mainly on

the battery that has been chosen for the mission which in return is dependent on the

subsystems and the payload being used in the satellite. Thus it is important to understand

what the input to the EPS is going to be depending on the different solar panels and different

CubeSat configurations. The table below gives the chart of various configurations for the

CubeSat and the power delivered by solar panels. There are many different configuration
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possible but at the end would result in same voltage and power levels. The above table is

based on the Spectrolab’s 28.3% efficient ultra triple junction (UJT) solar cells.

2.4.2 Battery Specifications

Li based batteries are used in CubeSats owing to their compact size and light weight.
Depending upon the CubeSat configuration a battery of 3.7V, 7.4V, 14V, 20V or 30V can be
chosen. The subsystems being used in the CubeSat and the Payload for which the satellite is
being designed for play a major role in battery voltage and capacity selection. Also most of
the subsystem are not always ON and follow the wake/ operate/ sleep mode of operation. The
EPS designed should be capable of interfacing with a battery voltage of 3V to 30V. There are
generally two batteries used in the CubeSat the second battery being used as a back up
resource. The hardware should be capable of charging these batteries individually and

selecting which battery to be used to drive the loads.

2.4.3 Battery Charging Circuit Specifications

The specification of the FBCM depend on mostly the input that is the solar panel
specification and secondly the battery which is the output for the battery charging circuitry.
FBCM should be able to operate to a maximum input voltage of 30V. It should have an
undervoltage shut down protection that is programmable. This voltage depends on the battery

voltage selected. Thus the converter used should be able to work on a wide input range of
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voltage. Secondly, FBCM should be able to interface with the Li based batteries which can

have a maximum voltage of 30V.

There are three FBCM modules being proposed in the architecture. They should be
able to paralleled together and charge the battery. Also it should implement protection
against over charging. In case the battery is completely charged and more energy is available
from the solar panels, it should be diverted to the loads directly. It should follow procedures

involved in Li-ion battery charging.

2.4.4 Point of Load Converter Specifications

The point of load converters should be driven through the Battery power or from the
power delivered through the solar panels. Multiple modules of point of load converters
should be present. All the system voltages from 1.8V to 50V should be generated from these
point of load modules. This breaks down to implementing synchronous buck and
synchronous boost topologies for output voltages smaller than the battery voltage and output
voltages greater than the battery voltage respectively. The output current of these point of
load modules should be limited to a maximum of 2A and the converter output voltage should
not drop incase 2A limit is reached. An internal flag has to be raised when such a condition
arises and if the fault is not removed the load should be cut off from the supply. These point
of load modules should be configurable on the fly and can be turned completely off when

required.
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2.4.5 Circuit Protection Requirements

Protection of the CubeSat EPS and the subsystem is essential and all diagnostic
routines should be implemented. Short circuit and open circuit faults at all input and output
connectors should be monitored and logged in the controller. Periodic attempts to a
maximum of three should be made in case a fault is detected to determine if its an
intermittent fault or a permanent fault. Current and voltage measurements should be done at
the input and output connectors. Battery voltage and current should be monitored and over

current and short circuit protection should be implemented.

2.4.6 Software Requirements

A scheduler has to be designed and all the converters in the FBCM and FDPOL
modules are to be implemented as tasks. The user should be able to call these tasks
individually and configure the complete system and implement its own running algorithm.
The software should also take care of MPPT algorithm [10], battery charging algorithm,
controls for the converter and data logging. The software is responsible to generate a

complete state of health report and update it periodically.

2.477 Communication Requirements
All the data logged and state of health indicators should be communicated to the other
subsystem in the CubeSat over the 12C bus. The baud rate and data messages should be

configurable to the user.
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2.4.8 Rad-Hard Requirements
The EPS should comply with the Rad-Hard space requirements listed below [11], the
aim is to minimize the amount of aluminum required for shielding and make savings on the

weight required for the shielding of the CubeSat.

TABLE II. STANDARD RADIATION CATEGORIES FOR HARDWARE

Total Ionising Dose Single Event Latch-Up Single Event Upset

Category T.LD. (kRad) S.EL. (McV) SEE. (MeV)
Rad hard 100 minimum Upto 120 Upto 120
Rad .
Tolerant 100 maximum Up to 120 Up to 120
Commercial 3-20 1-120 1-120

2.4.9 Mass and Size Requirements
The mass of the EPS along with the batteries should be 200 grams at the max [7] [8].

The EPS board has to fit in a Cube of 10 cms. The dimensions of the board should 95 mm x

95 mm at the max [7] [8].
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CHAPTER 3

System Modeling and Software Design

In order to design the software for the EPS and the battery integration with the EPS, it
is necessary to model the EPS in parts. Apart from the software design the system modeling
also helps us understanding the different conditions for which the design is intended. Starting
from the input to the EPS, that is modeling the solar panels and the revolution of CubeSat
around the earth to the point of load converters which deliver to the output load modeling
gives us an understanding of system and aids software development taking in account various

conditions.

3.1 System Modeling

The CubeSats are placed in low earth orbit [12] at an altitude of 500 KM to 1500 KM
and take about 90 minutes for one revolution around the earth. In the 90 minute duration it
faces the sun for 50 minutes and for the rest 40 minutes it is in the earth shadow area. Figure
3.1 below shows the revolution of CubeSat around the Earth at a speed of 16.68 m/s. The
CubeSat thus can harness power in this 50 minute duration and it relies on the battery power
for the 40 minute duration or is kept in the sleep mode for this duration. Figure 3.2 shows the
ideal voltage output of one string of solar panels (opposite face of solar panel connected in

parallel). Things become more complicated when the CubeSat is rotating at its own axis as
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well. In that case the total power coming into the CubeSat has to be considered. In figure 3.3,

the CubeSat is rotating at 20 rmp

Taun

orbital path

B

earth

16.68m/s

entering light exposure

(0/~90 mins) \entering darkness

(~50 mins)

Figure 3.1 [llumination and Dark period of a CubeSat in LEO

Figure 3.2 Output Voltage from one Solar Panel String
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Figure 3.3 shows the CubeSat solar panels on each of the six faces. Also the CubeSat is

rotating on its own axis at 20 rpm. To make it more realistic the CubeSat is inclined at an

angle of 30 degrees with the solar rays coming. Thus each solar panel never receives more

than 70% illumination. The paralleling of these faces is done in the EPS in order to reduce

the number of FBCM.

Sine Wave Wrap To
Functio  Zero

Sine Wave Wrap To
Function ~ Zero1

Sine Wave Wrap To
Function  Zero2
2

Sine Wave Wrap To
Function ~ Zero3
3

Sine Wave Wrap To
Function ~ Zero4
4

Sine Wave Wrap To
Function ~ Zero5
5

1

rotation

Insolation

[N

Insolation1

Insolation2

Insolation3

Insolation4

Insolation6

Abs3

> x
lul
Abs Product1

Abs5

Abs1

Abs4

Abs2

FoA B ]

Product

v

v

P—s{EEsfim—s[m -3 |

v

P —s{Esfim—s[ -3 |

e Iz S s Tl

x
roduct5

Pt -

iy

I

Insolation

module
T

Ppv

PV1

Insolation

module
T

Ppv

PV Panel 1 PowerPV Panel 1 Voltage

r vv
3
2

Vout1

A 4

PV2

Insolatio

module
T

Ppv

e

PV Panel 2 Power PV Panel 2 Voltage

;

MinMa
X

PV3

Lo &g

Ip
v

Insolatio
n

PV odTe 1],

Ppv

PV Panel 3 Power PV Panel 3 Voltage

v

PV4

v
Insolatio
n

Ppv

o Lo

PV Panel 4 PBWd?anel 4 Voltage

ﬁ,

Bus to Vector -V Panel1

.

PV5

Insolatio
n

PV module
i @ "
'—*E] PV Panel 6 Voltage

Ppv

v

v

Voltage1

PV Panel 5 Power PV Panel 5 Voltage

PV6

PV Panel 6 Power

v

Figure 3.3

Simulink model of solar panle connections

Figure 3.4 shows the ideal output voltages of three solar panel strings considering solar

panels on each phase to be of equal power rating. The CubeSat is rotating on its diagonal axis

at 20 rpm. We see the output voltages of opposite faces are opposite in phase as well which

justifies our thinking behind connecting them in parallel.
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Figure 3.4 Output voltages from six faces of solar panels

FBCM is a synchronous buck converter followed by a synchronous boost converter. At
any given time only one of the converters would be working and the other would act like a
closed switch to pass on the current through it. The modeling of the synchronous buck and
synchronous boost is presented in the previous work on CubeSat [9]. Average ac modeling in
continuous conduction mode, open loop transfer functions in CCM and DCM modeling have
been completed previously along with compensation and closed loop gain plots [9]. The
output of the FBCM module being the Li-lon battery battery impedance curves were derived
and the control to output voltage transfer functions were derived to be readily used. FBCM
modules are capable of implementing MPPT algorithm. Adaptive P&O method developed as
part of previous work has been tested and is well suited for CubeSat application due to

rapidly changing irradiance [13].



30

FDPOL modules are again synchronous buck and synchronous boost converters [14]
and there functions derived are on similar lines as on FBCM. Figure 3.5 to figure 3.8 show

the Synchronous bcuk and synchronous boost plots for the EPS.

Figure 3.5 Synchronous Buck converter configured for 3.3V output

Figure 3.6 Synchronous Buck converter configured for 5V output



Figure 3.7

Synchronous Buck converter configured for 1.8 V output

Figure 3.8

Synchronous Boost converter configured for 16V output

31
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3.2 Software Design

The software design consists of two things, the first being the software architecture and
secondly its implementation. The standard software architecture to design a scheduler and
implement all the functions as tasks is optimum for CubeSat. Writing the control loops for
the synchronous buck and synchronous boost converters and implementing MPPT algorithm
in the FBCM. Details of implementation of digital control and algorithms for control (FBCM
control loop and FDPOL control loops) have been given in the previous work [9] [15] and

have not been discussed here.
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Figure 3.9 Digital Closed Loop control elements [9]

Figure 3.9 shows the closed loop block diagram to implement the digital control of a
DC/DC converter. It senses the feedback voltage and compares it with a digital reference

and calculates the PWM duty cycle. This general method is implemented in a digital
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control like TMS320F28335 to control a converter. Figure 3.10 shows the FBCM control
loop. Figure 3.10 (a) shows the power stage of the FBCM, (b) shows the MPPT control/

current loop and (c) shows the voltage control loop which is implemented in a digital

controller.
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Figure 3.10 FBCM a) power stage b)MPPT/Current Loop

¢) Voltage Loop Implementation using Digital Controller [9]
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Figure 3.11 shows the software algorithm for the MPPT. When the battery is not charged

the Current loop charges the battery with constant current. After the battery is fully charged

the voltage mode takes over.
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Figure 3.12 Dynamic compensator model for battery charging algorithm.[9]

A dynamic compensator is also designed in the previous work for battery charging
algorithm. Figure 3.12 shows the dynamic compensator. Figure 3.13 shows the FDPOL
control loop. The FDPOL control loop is just one voltage control loop. As a part of the
previous work stability models for the charging control loop and voltage control loop were
developed and it was concluded that a single compensator may not yield an optimum closed
loop control. Taking the example of the buck boost power stage compensation, the charging
control loop is rather simple to stabilize due to the two poles in the system are spread out. For
stabilizing the system we can use two real zeros and an integrator pole to adjust the gain and
to get the desired crossover frequency. When the charging loop is discontinued and the
voltage loop has begun, the power stage transfer function has a double pole. The digital
controller platform allows us to adjust the FIR coefficients of the compensator to get a pair of

complex zeros which can be used to compensate the double pole in the system.
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Figure 3.13 FDPOL Control Loop Model [9]

A Flexi-sat Digital Power Designer Software was developed to help the user program
the controller according to the power stage to get the desired stability and output voltage.
Figure 3.14 shows the FDPOL software control algorithm to be implemented in the DSP. As
mentioned above it is just on voltage loop. The controller timer, ADC and PWM peripherals
are used in the control algorithm. The control algorithm is implemented in an ISR which

continuously monitors and regulates the output voltage of the point of load modules.
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CHAPTER 4

Hardware Design and Development

In the previous chapter we discussed about the CubeSat EPS architecture and the
different blocks in detail. We also discussed the specifications for each of these blocks. This
chapter deals with the hardware design for each of these blocks and the different features that
the hardware is capable of supporting. Parametric calculations and extreme value analysis

was performed for circuit design.

Figure 4.1 The CubeSat EPS Prototype Developed

The figure 4.1 shows the hardware prototype developed for the EPS. The layout was

designed with components only on the top side. It also has a provision for pulg in different
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DSP for development and need based selection. Total number of components in the
schematic is 377 and parts have been optimized to keep the part count low. The total number
of parts being used is 35. This helps in keeping the cost for the prototype board low. The
figure 4.2 shows the different EPS blocks labeled and the approximate area they occupy.
There are two input connectors which are used to interface with the Solar Panels. The output
connector is for the point of load converter outputs. A connector for connecting two batteries

is also provided. One connector for I2C communication is also provided.

FBCM — 1 FBCM -2 FBCM -3
Buck Boost Buck Boost Buck Boost
Converter Converter Converter

Input
Connector

Figure 4.2 CubeSat EPS Prototype with FDPOL and FBCM indicated
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4.1 Flexible Battery Charging Module (FBCM) Design

The input voltage from the solar panels can vary a lot, thus a wide input converter is
required to interface with the solar panels. From the specification from the previous chapter
the input voltage coming in to the EPS can vary from OV to 30V depending on the solar
panel configuration and the amount of illumination on the panels. The amount of current
coming in the EPS also depends on the series and parallel connections for the panels. The
maximum current coming into the EPS can be at the maximum 2A. Also this converter has to
interface with the battery whose voltage can be 30V in some of the CubeSat missions. We
selected buck followed by boost topology for the converter. The converter works in the buck
mode when the input voltage is higher than the battery voltage and in the boost mode when
the input voltage from the solar panels is lesser than the battery voltage. The EPS has three of
these battery charging circuits and connect to two arrays of solar panels. The solar panel
arrays on the opposite faces of the EPS are connected in parallel through diodes to the EPS.

The diodes are a part of the FBCM circuitry.
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Figure 4.3 Flexible Battery Charging Module Schematic
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The Mosfets are rated for a breakdown voltage of 60V. The MOSFET Q1 and Q2

with the inductor L2 for the Buck converter part of the FBCM. The input voltage coming

from the solar panel and the input current is monitored by the controller. Similarly the

inductor current and the output voltage is also monitored and used in the control algorithm.

Induction L1 is a ferrite bead used to reduce the input noise. Capacitor C1 and C8 are used

for ESD protection. Resistor R1 is the current sensing resistor and voltage across it is

amplified and sent to the controller. The three FBCM modules can be paralleled together to

increase the amount of current to charge the battery and to supply to the loads. Using this

FBCM block approach gives the scalability required for the EPS.

hardware can also be attached to the board in parallel to scale up the power of the EPS.

Additional FBCM
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4.2 Flexible Digital Point of Load (FDPOL) Design

The FDPOL convert the unregulated battery voltage to regulated voltages to be used by
the different subsystems of the CubeSat. The battery voltage can be a maximum of 30V for
the present design. The hardware has four point of load converters, two of them being
synchronous buck converters for output voltages less than the unregulated battery voltage
and the remaining two being synchronous boost converter for output voltages greater than the
battery voltage. Each of the point of load converter can give an output current of maximum
3A. The LC filter is designed for 5% output voltage ripple. Typically, the small satellite
subsystems being developed by different vendors would work more efficiently at different
input voltages. The synchronous buck and synchronous boost topology is very efficient and
compact. These can be reconfigured to provide a wide range of output voltages including the
standard 1.8V, 3.3V, 5V, 9V, 12V, 15V and 3A of current at each module. Figure 4.4 and
figure 4.5 provide the schematic for the synchronous boost and synchronous buck converter.
The devices with a breakdown voltage of 60V have been selected. The battery voltage which
is the input to the converters, the output voltage of these converters and the inductor current

are monitored and fed to the controller for the control algorithm.
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4.3 Path Selection Design and features
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The point of load converters can be fed directly from the battery while the power from

the solar panels is fed to the battery. Another way can be directing the power from the solar
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panel directly to the point of load converters and bypassing the battery. The third but a rare
option can be keeping both the switches on so that power available form the solar panels is
directly fed to the point of load converters and the remaining power can be used to charge the
battery and in case the load requirement is higher both the battery and the solar power can be
fed to the FDPOL. The figure 4.6 shows the power path selection features with PMOS being

used as switches to direct the power as required by the algorithms.
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4.4 Power failure safe recovery design

In case of complete power loss of battery power, considering the worst case, the circuit
shown in the figure 4.7 comes in picture. The input from the controller keeps the circuit in
off state. In case of loss of this signal due to complete loss of battery power, the circuit
switches ON and charges the battery automatically. When the battery is sufficiently charged
the normal operation takes over. The controller switches on the MPPT algorithm and charges

the battery and drives the load.
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Figure 4.7 Power Faliure Circuitry

4.5 Current and Voltage measurement Circuitry

The voltages of various nodes are monitored in the EPS. These voltages are fed to the
ADC of the controller through a resistor divider and a RC filer. The controller has a 10bit/ 12

bit selectable ADC. The battery voltage, the input voltages, the output voltages of three
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FBCM and the output voltages of the FDPOL are monitored in this manner. Figure 4.8 shows
the typical voltage divider circuitry with the RC filter. Also the input current, the inductor
current through the FBCM, the inductor current through the FDPOL are monitored. A series

resistor of 25 mOhm is used and the voltage drop across the resistor is amplified with an Op-

amp and fed to the ADC channel of the controller. Figure 4.9 shows the operational amplifier
circuitry.
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Form the hardware point of view this circuitry is mainly related to monitoring the

current which is drawn from the Solar Panels into the battery charging circuitry and

monitoring the voltage of the solar panels at the MPPT sampling interval [10]. The algorithm

for the MPPT would require these values. The figure 4.10 shows the circuitry used for

monitoring the current and the voltages.
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4.7 Digital Controller

The digital controller is used to give the flexibility required for the EPS. Digital

control of the various blocks makes it easy for the user to try and test their algorithms and

Current and Voltage Measurement for MPPT
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customize the software for their CubeSat mission. The hardware designed is compatible with
the following TI DSP:

a) TMS320F28335 (floating point CPU)

b) TMS320F2808 (fixed point CUP)

C) TMS320F28044 (fixed point CUP)

The controller cards available for these DSP in the 100 pin DIMM (Dual in Line
“Memory Module”) style vertical pulgin packages that would directly do in the EPS. A 14
PIN JTAG port (Figure 4.12) is also given in the prototype board which is used to directly
program and debug during software development on the hardware. Figure 4.11 shows the

100 pin DIMM style controller card.
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Jz
z
Thits S——— 1 Ty < TRETn
TOl ————— 2 4 1
AT 5 6 g
IS e S . S
] 10 7 =
" 12 1 ;
Bl s—————— 12 14 < Bl
JTAG1

Figure 4.12 14 Pin JTAG Connector



49

4.8 Synchronous Buck and Synchronous Boost Testing results

Both the FBCM and FDPOL are synchronous buck and synchronous boost converters.
The test results for testing with DC power supply have been presented here. The DC source
voltage was kept at 7.5 V and the four point of load converters were configured to run at
different voltages. The design has two synchronous point of load converters. Figure 4.13
shows FDPOL synchronous buck converter operating at 150 KHz with an output voltage of
5V. The output load current is 870 mA.

Figure 4.14 shows FDPOL synchronous buck converter operating at 150 KHz with an
output voltage of 3.3V. The output load current is 570 mA. The input voltage is the same DC
source kept at 7.5V in place of a 7.5 V battery. The two synchronous boost converters were
configured to work on 12 V and 15 V respectively. Figure 4.15 shows FDPOL synchronous
boost converter operating at 150 KHz with an output voltage of 12V. The output load current
is 710 mA.

Figure 4.16 shows FDPOL synchronous boost converter operating at 150 KHz with
an output voltage of 15 V. The output load current is 890 mA. The input voltage is the same

DC source kept at 7.5V in place of a 7.5 V battery.
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pulse A&B at 150 KHz, Chanel 1 — output current and Chanel 4 — Output Voltage. Time Scale: 2 us/ Division)

Figure 4.16
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CHAPTER 5

Rad-Hard GaN device testing for CubeSat EPS

GaN devices due to their inherent nature of being Rad-hard were the first choice to be
used for the EPS. EPC is the first semiconductor company to introduce enhancement-mode
Gallium-Nitride-on-Silicon transistors. EPC was founded in November 2007 as a spin-off
from IR. The founders realized that Si has reached its performance limits and considered
GaN devices to be a replacement. The first enhancement mode commercial GaN device was
delivered in June 2009. EPC now produces MOSFETS having breakdown from 40V to 200V

and the 600V GaN device is under development.

5.1 Introduction to EPC GaN devices

EPC GaN MOSFETS are produced on Silicon wafers to utilize the present technology
and keep the cost of the device low [18]. A thin layer of Aluminum Nitride (AIN) is grown
on the Silicon to isolate the device structure from the Substrate. The isolation layer for 200
V and below devices is 300 V. On its top, a highly resistive thick layer of Gallium Nitride is
grown. An electron generating material is applied to the GaN layer. EPC does not provide
any details about the material. This layer creates a GaN layer with an abundance of electrons
just below it that is highly conductive. Further processing forms a depletion region under the

gate. To enhance the transistor, a positive voltage is applied to the gate in the same manner as
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turning on an n channel, enhancement mode power MOSFET. Figure 5.1 shows the cross

section of this GaN structure.

Electron Generating Layer
Dielectric

Aluminum Nitride
Isolation Layer

Figure 5.1 EPC GaN Power MOSFET Structure

Figure 5.2 shows the EPC GaN device bottom view with the solder bumps and the top
view. The top side of the device is insulated and heat sink can be directly mounted on the
device. Table 1 provides the comprehensive list of EPC devices available with their

characteristics.

Figure 5.2 EPC GaN devices bottom and top view
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EPC provides the PSpice models of its MOSFETS for all the devices. These are
hybrid models which combine the physics dealing with the GaN and the mathematical
functions in order to make the models compact and run faster and converge. These models

also include temperature effects over conductivity and threshold parameters.

Table 1: EPC Devices With Characterstics

SINGLE

EPCI014 [GAT.7x1.1 EN 40 6 16.0 3.0 1.0 0.6 14 0 10
EPCI015 LGA4.1x1.6 EN 40 6 40 1.6 38 22 14 0 3
EPC1009 [GAT.7x1.1 EN 60 6 300 24 08 0.6 14 0 6
EPC1005 LGA4.1x1.6 EN 60 6 70 100 30 25 14 0 25
EPCI007 GAT.7%1.1 EN 100 ] 300 27 0.8 1.0 14 0 6
EPCI001 GA4.1%1.6 EN 100 ] 70 10.5 30 33 14 0 25
EPCI013 LGA1.7x09 EN 150 6 100.0 17 04 0.7 14 0 3
EPCI0M [GA3.6%1.6 EN 150 ] 250 6.7 15 18 14 0 12
EPCI012 GAT.7x0.9 EN 200 6 100.0 19 04 0.9 14 0 3
EPCI010 [GA3.6% 1.6 EN 200 6 250 75 15 35 14 0 12

5.2 GaN Board Phase Leg Testing

Figure 5.3 shows the EPC development boards with 100V [17] and 40V [16] device.

Initial device testing was performed with these boards.
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5V Regulator
Circuit

Gate Drive 4 - o Il GaN Devices
Circuit

@) (b)

Figure 5.3 EPC GaN development boards, (a) 100V device, (b) 40V device

At first input voltage of 30 V was given and a load of 100 Ohm was connected at the
output of the phase leg. The PWM duty cycle was set to 50%. The Figure 5.4-5.7 indicates
the device switching and the output in buck configuration. Chanel 1 is the PWM signal,
Chanel 2 being the output voltage and Chanel 4 being the switching node. Switching to a
maximum of 1100 KHz from 500 KHz is demonstrated. Figure 5.4 (a) shows the rise time of

the device with the miller capacitance. The rise of the device is 20n.
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(a) at 600 KHz. (Time Scale — 250 ns/ Div)
(b) at 700 KHz (Time Scale — 250 ns/ Div)
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Figure 5.7 Device switching (Chanel 1: PWM input signal, Chanel 4: Vds across lower MOS,

Chanel 2: Output Voltage, Input voltage: 30V)
(a) at 1000 KHz. (Time Scale — 250 ns/ Div)
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5.3 Phase Leg Development with GaN Device

It was very difficult to push higher current and run the device continuously with the
EPC development board. Also to try out hands on implementation and come face to face with
the difficulties in using the GaN device due to its small package and its footprint a phase leg
with gate driver circuitry was designed. Isolated positive and negative supplies were
generated for the gate drive [19]. The four layer board designed is shown in figure 5.8. This

also enabled us to use the 200V devices which are not available in the development boards.

Figure 5.8 GaN phase leg board developed with EPC 200V devices.

Protection circuit for shoot through and dead time through hardware was
implemented. Optical isolation was provided between the controller signals and gate pulse.

Figure 5.9 below shows the different blocks and their position in the phase leg board. This
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board serves as a building block for the design of synchronous buck converters, synchronous
boost converters, DAB and the inverter.

As these boards were build with 200 V devices they were tested with an input voltage
of 60 V, 80 V and 100V. The duty cycle was set to a constant 50 %. The switching frequency
was set to 250 KHz for the first case and then was increased to 500 KHz. The gate driver was
not able to handle the switching frequency of 750 KHz and resulted in optocoupler

breakdown which further resulted in gate of the device being blown out.

P A
Upper MOS
Isolated Power z Optical Gate

Supply Drive
-

Lower MOS
Optical Gate
Drive

=

i "~ =
Dead time logic

Figure 5.9 GaN phase leg board blocks.
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Figure 5.10 GaN Buck Converter (250 KHz) with input voltage 50V and output 25V, 101 mA. (Time
Scale: 2us/ Div, Chanel 1&2: PWM A/B, Chanel 3: Output Current, Chanel 4: Output Voltage)
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Figure 5.11 GaN Buck Converter (250 KHz) with input voltage 60V and output 30V, 117 mA. (Time
Scale: 2us/ Div, Chanel 1&2: PWM A/B, Chanel 3: Output Current, Chanel 4: Output Voltage)

Figure 5.10-5.13 shows the buck converter operating with a switching frequency of

250 KHz. The output LC filter was of 22 uH and 100uF. Input voltage was gradually
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increased from 40 V to 100 V and reading were taken at 60 V, 80 V and 100 V. A resistive

load was used for testing.
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Figure 5.12

GaN Buck Converter (250 KHz) with input voltage 80V and output 40V, 153 mA. (Time
Scale: 2us/ Div, Chanel 1&2: PWM A/B, Chanel 3: Output Current, Chanel 4: Output Voltage)
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Figure 5.13

GaN Buck Converter (250 KHz) with input voltage 100V and output 50V, 186 mA. (Time
Scale: 2us/ Div, Chanel 1&2: PWM A/B, Chanel 3: Output Current, Chanel 4: Output Voltage)
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Figure 5.14-5.15 show the buck converter operating with a switching frequency of
500 KHz. The output LC filter was of 22 uH and 100uF. Input voltage was gradually

increased from 40 V to 100 V and reading were taken at 60 V and 100 V. A resistive load

was used for testing.
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Figure 5.14 GaN Buck Converter (500 KHz) with input voltage 60V and output 30V, 117 mA. (Time
Scale: 2us/ Div, Chanel 1&2: PWM A/B, Chanel 3: Output Current, Chanel 4: Output Voltage)
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Figure 5.15 GaN Buck Converter (500 KHz) with input voltage 100V and output 50V, 238 mA. (Time
Scale: 2us/ Div, Chanel 1&2: PWM A/B, Chanel 3: Output Current, Chanel 4: Output Voltage)
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CHAPTER 6

Discussion and Future Work

The thesis work successfully develops a scalable architecture and builds a hardware
prototype for CubeSat EPS. Various aspects of system design and engineering are explored
which include requirement gathering stage, system modeling, schematic design, layout
design, software implementation in embedded C, testing and validation. We present our

learning and understanding in the sections below

6.1 EPS Architecture

CubeSats are still undergoing massive amount of innovation and new structures to
increase the surface are for solar panel mounting are continuously emerging. Our architecture
divides the design into multiple blocks which can be connected in parallel and also increased
in terms of power rating to scale it to any CubeSat or Small satellite mission and still
maintaining the efficiency. Keeping multiple point of load converters at the output results in
the elimination of the voltage regulator present in the EPS subsystems. This results in one
converter less in the power processing chain resulting in higher efficiency. The ability to
configure the output voltage also enables us to run the subsystems and payload on non

standard system bus voltages at which the subsystems would have a higher efficiency.
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6.2 EPS Hardware Prototype

The prototype hardware for the architecture was developed and tested for basic
functionality and architecture feasibility. At present the size of the prototype board is kept to
be 5 inches x 6 inches and components are laid on only top side. A lot of features and a lot of
test points have been placed for complete debugging of the EPS during development. The
later board would be approximately 60% of the size of the hardware with components on
both the sides of the 4 layer board. The estimated cost of one EPS board comes down to US §
350 at single board manufacturing. The hardware is capable of handling switching
frequencies of 150 KHz and no signal integrity issues were encountered. A single EPS board
is capable of handling 250W of power and can be integrated with 3 different solar panel
strings and two different Li-lon batteries. There are four different point of load converters,
thus a maximum of four different system voltages can be derived at the same time which

itself gives the user a lot of flexibility and options.

6.3 GaN Devices

The GaN devices were tested for their usage in the EPS as a replacement to the Si
MOSFETS. The inherent Rad-hard characteristics and the ability of these devices to switch at
higher frequencies than Si make them the first choice. The devices are not available in a
standard package, thus designing layout for these devices keeping the inductance low is
difficult. Also it is very difficult to pass on current in access of about 300 mA without

placing the heat sink. In the experiments we have switched them at 500 KHz with an output
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voltage of 50V and 238 mA current at the maximum in synchronous buck configuration.
Once the layout for the gate drive and the device itself is figured out completely, we would

be able to get more valuable results.

6.4 Future Work

From the software side on the EPS a lot of implementation methodologies can be
designed along with a GUI which controls the hardware and enables easy debugging at
runtime. The first prototype for the EPS can interface with three DC sources and the
converters can be paralleled together to generate more output power. Changing the source
from solar panels to any other DC source and using combination of different sources would
enable studying interaction between different sources when combined together in this test
bed. Detailed study of the GaN devices is needed to resolve the layout issues. The higher
switching and high current carrying ability of these devices can be exploited and proof of
concept applications can be developed showing reduction in size of passives and even

development of new circuits.
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CHAPTER 7
3KW, 48V and 24V Buck Converter for Fuel Cells and Solar

Powered LED Lamps

Two other projects were executed along with the development of CubeSat EPS. The
first being design of 3W LED rechargeable lamps powered by solar panels and the second
being a 3KW, single PCB fuel cell converter board. Also, I had a chance to guide four senior

design teams over the period. In this chapter the details of the two projects are presented.

7.1 3W LED Rechargeable Lamps

The Energy and Resource Institute (TERI) was established in 1974 in India and runs
various development projects in India. The Decentralized Energy Solutions Division has a
project which is called Lighting a Billion Lives (LaBL). It aims to provide rural community
access to clean solar energy. As a background, 76 million households in Indian to not have
access to electricity and 65 million of these households use kerosene lamps for lightening.
The LaBL campaign was launched in 2008. Under this scheme solar lanterns with CFL and
Lead Acid batteries are distributed in rural areas and a centralized solar charging area is
designed to charge these during day time. Each solar lantern saves 40-60 Liters of subsidized

kerosene. Life of a solar lantern is about 10 years which ends up in saving 1.5 tonnes of
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kerosene. INR 234 billion would be required to provide replace all the kerosene lamps and

the amount comes out to be comparable to the total subsidy given to kerosene in India.

Roof NSRS USSNRIS— I ———— VUSRI NNUS— —

Junction Box
for lantem
chasgng

Solar Lanterns

Typical LaBL charging staton

Figure 7.1 Block Diagram of LaBL Project

LaBL Solar Charging Station

Figure 7.2 Image for Charging Station and Junction Box

Figure 7.1 shows the typical setup of the solar charging stations. The stations have 5
or more solar panels. Each solar panel is connected to 10 solar lanterns through junction

boxes. Figure 7.2 shows the pictures with the actual junction box and charging station setup.
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At present, both CFL and high luminosity LED variants of Solar Lanterns are available, but

there is still a large amount of development needed to increase the efficiency of these small

systems and provide new and useful features in the present system.

LED Driver 3LED’s
PV Panel Circuit (output)
Battery Charging
circuitry DC/DC 5V Output
‘ convertor
Over/ Under
Voltage
protection
User input LED Driver . |
Battery switches Circuit Indicator LED’s
Figure 7.3 Block Diagram for Solar Lantern

The System requirement for the solar lantern includes using three high luminosity

LEDs on separate PCB. It should have a 5V regulated output pin for charging the mobile

phones or attaching any other device. It should have a 6V lead acid battery and the capacity

of the battery should be selected so that a minimum of 10 hours of operation time is
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guaranteed for the system with one LED in operation and 5V 500mA output current for
duration of 3 hours.

Figure 7.3 shows the mechanization diagram for the solar lantern with the connections
between the different blocks. This system is a perfect example of how a simple idea can lead

to a bigger impact to the society.

7.2  3KW Fuel Cell Converter Board

The scope of the project is to develop a 3KW buck converter to interface with the fuel
cells and give out 48V regulated voltage and 65A maximum current. There is an 800W
secondary converter which takes in this regulated 48V and gives 24V and 35A maximum
current. The system has 2 buck converters. Each on a different PCB controlled through a
DSP controller. The board should have two or more ounce of copper and the outputs to be
taken out on AWG 6 wires and connectors as these boards would be able to handle currents

of 65A for the 3KW converter and 35A for the 800W converter.

The input voltage range for the system is 76V to 160V with a maximum input current
of 50A. The output regulated voltage for the first converter is 48V and the maximum current
to be drawn from this 48V converter is 65A. A second converter with an output voltage of
24V is also designed on the same PCB. The input to this converter is the 48V regulated
output from the first converter. The maximum current drawn out of this 24V converter is

35A. The fuel cell takes maximum 60 sec of time to start and reach its rated power. The
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output power of the fuel cell module is minimum 4KW. The output voltage ripple should be
limited to 5%. The duty cycle variation should be from 20% to 80% and the operating
frequency should be 10 KHz. The module has a TI DSP for control and input voltage, output
voltage and output current are sampled and fed to the DSP for control. The ADC value is

logged 10 times and then the average value is taken discarding random and noise values.

Fuel Cell

76-160V input
50 A max

v

3Kw 48V, 65A

48 V Buck >
Converter

v

800w 24V, 35A

24VBuck | 00
Converter

Figure 7.4 Fuel Cell Converter Block Diagram
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The following features are included in the software:
1. Input current limit (The converter should not turn off).

2. Output current limit (The converter should not turn off).

(O8]

. Input over voltage protection

4. Output out of regulation cutoff.

Figure 7.4 shows the block diagram for the fuel cell converter board. The Fuel cell is

followed by the 3KW, 48V converter which is followed by 800W, 24V converter.

Figure 7.5 Fuel Cell Converter Prototype Board

Figure 7.5 shows the hardware prototype developed for the Fuel Cell converter. It is a

4 layer board with dimensions of 8 inches X 6 inches. The 48V and the 24V converters are
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both in synchronous buck configuration. All the high power traces are designed to take the

required current through the board. Care is taken to ensure proper lead contacts for the

MOSFET’s and the input and output high current carrying connectors. The inductor current

and the input and output voltage for both the converters is monitored through the DSP. The

gate drive circuitry for the converter uses the bootstrap gate driver with external diode and

capacitor. Figure 7.6 shows the driver circuitry being used.
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Figure 7.6 Bootstrap Gate Driver Circuitry
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Figure 7.7 shows the blocks of 48V and 24V converter circuit on the PCB board. The
LC filter is connected separately for both the converters. The board is split into two in terms
of layout, one side being the 48V converter and the second being the 24V converter. The

analog area is located near the connector.

48V
Converter

24V
Converter

Analog
Core Area

Figure 7.7 Fuel Cell Converter Board Details

Figure 7.8 and 7.9 show the output waveforms for the 48V and 24V buck converter
respectively. The operating frequency is set to 10 KHz. The gate driver IC has a built in

default deadband circuitry and shoot through protection logic which shuts down the
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converter in case of the fault. The current is sensed through the LEM sensors and fed to the

op-amp circuitry in the board. Current limiting is implemented in software.

Figure 7.8
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