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ABSTRACT

The efficiency of spacecraft’s solar cells reduces over the course of their operation.
Traditionally, they are configured to extract maximum power at the end of their life and
not have a system which dynamically extracts the maximum power over their entire life.
This work demonstrates the benefit of dynamic re-configuration of spacecraft’s solar arrays
to access the full power available from the solar panels throughout their lifetime. This
dynamic re-configuration is achieved using enhancement mode GaN devices as the
switches due to their low Ron and small footprint.

This work discusses hardware Implementation challenges and a prototype board is
designed using components-off-the-shelf (COTS) to study the behavior of photovoltaic
(PV) panels with different configurations of switches between 5 PV cells. The
measurement results from the board proves the feasibility of the idea, showing the power
improvements of having the switch structure. The measurement results are used to simulate
a 1kW satellite system and understand practical trade-offs of this idea in actual satellite
power systems.

Additionally, this work also presents the implementation of CMOS controller
integrated circuit (IC) in 0.18um technology. The CMOS controller IC includes switched-
capacitor converters in open loop to provide the floating voltages required to drive the GaN
switches. Each CMOS controller IC can drive 10 switches in series and parallel
combination. Furthermore, the designed controller IC is expected to operate under high
total doses of radiation, thus enabling the controller modules to be placed on the solar cell

wings of the satellites.



DEDICATION

Dedicated to my beloved parents and my wonderful sister

i



ACKNOWLEDGMENTS

Firstly, my heartfelt and sincere thanks to my advisor Dr. Jennifer Kitchen for
providing me an opportunity to work on this valuable research project. Her guidance and
support during my Master’s and this project has been amazing and I am deeply grateful to
her.

I would like to extend my gratitude to Dr. Bertan Bakkaloglu and Dr. Sule Ozev
for kindly agreeing to be my thesis committee members and advising me through insightful
discussions throughout my Master’s course-work. I would also like to thank Dr. Esko
Mikkola, Andrew Levy and Dr. Yu Long for providing me with all the support needed on
this research project.

My special thanks to all my colleagues: Shashank, Rakshit, Shrikanth, Soroush,
Sumit, Kevin and Gauri for sharing their technical knowledge and helping me throughout
my research. Finally, I would like to thank my dear parents for their endless encouragement

and love.

i1



TABLE OF CONTENTS

Page
LIST OF TABLES ...ttt et st sttt e vi
LIST OF FIGURES ...ttt sttt vii
CHAPTER
I INTRODUCTION ..ottt sttt ettt e sae e 1
L1 MOTIVATION . ..ttt ettt et 1
1.2 Objectives and Challenges..........ccccevvveeiiieeiiieriie e 3
1.3 Existing Solution and its Challenges ..........cccceevveeeviieenieeccieeeeeeee 4
1.4 Proposed SOIUtION .......cceeiiieiiiiiieiieeie et 5
1.5 Thesis Organization ...........ccccceeeueeriieriieenieenieenieenieeseesreeeeeseeesseenens 9
2 SOLAR ARRAY RECONFIGURATION AND SWITCH DRIVER
ARCHITECTURES ..ottt 10
2.1 Photovoltaic Cell.......ccoceiiiriiiiniinieieieeceeeeeee e 10
2.2 Cell ReSOIULION. ...c..coiuiiiiiiiiiieieiieeee et 12
2.3 Solar Array Reconfiguration Architectures ..........ccccceceveevieneennennne. 13
2.4 SwitcCh TOPOIOZIES ....eeeeuiiiiiieiieieeieee ettt 15
2.5 Switch Driver ArchiteCtures .........cceeeeiereevenienieieeieneee e 16

v



CHAPTER Page

3 PROTOTYPE BOARD DEVELOPMENT ......ccccccoiiiininiinieieeeeeeee 18
3.1 OVEIVIEW .ttt ettt et st 18

3.2 Switch Architecture Implementation on Board ............ccccecveviennne. 19

3.3 B0ard LayOut ..ccceieeieiiieiiecieeieee et 21

3.4 Measurement Setup and Results ..........cccceevieiiiiniiniiiinieiiceies 21

3.5 MATLAB Simulation of a kW Satellite System ..........c..ccccuvenenne 35

4 INTEGRATED CIRCUIT DEVELOPMENT ......ccooiiiiiiiiieiieeeeeeeeeeen 38
4.1 Top Level Architecture ........ccovieviieiieniieiieeieeeeee e 39

4.2 PV Cell Verilog Model .........cccooiieiiiiiiiiiienieeieceeeeee e 40

4.3 Clock Phases Generator ...........cecueveevuerienieenienieneeieeeenieeee e 41

4.4 Switched Capacitor Converter CirCuit.........cceevveerueeneenveenieenneennen. 46

4.5 GaN Level Shifter Driver CirCuit ......c.ceveeverieneenenieneeieneeneennen 50

4.6 System Level SImulation .........ccccceeeieeiieiieniiieiecieeeeee e 51

5 CONCLUSION ..ottt ettt 54
REFERENCES ...ttt st ettt et be b nne s 55



LIST OF TABLES

Table Page
1  Parameter Values of IV Curves of the Test Structure .....euumeeeeeeeeeeeeeeeeee e 23
2 Command Byte Register ValUes ..........cccceeoiiiiiiiieiiieeceeeee e 28

vi



LIST OF FIGURES

Figure Page
1 Solar Cell Power Performance Degradation over Their Lifetime. The Power Is
NOTMALIZEA 10 L.ttt ettt et et 1
2 BOL and EOL Solar Power Capability for Various Spacecrafts Still Within Their
Operational LIfetime .........ccecvieeiiiiiiie e e e e e es 2
3 Power Converter Architecture for Solar Array Interface to 100V Spacecraft Power
BUS ettt ettt e 5
4  Array Output Voltage with Aging (Irradiation). The Output Voltage Degrades with
Time, and Switching the Array Configuration Can Recover Output Voltage.............. 8
5 Diagram Illustrating Solar Cell Reconfiguration from an (a) 55 x 45 Configuration of
Solar Cells to (b) 45 x 55 Configuration.............ceceeeueeriieniieeniienieesiee e eiee e eieeseeeens 8
6 (a) Typical Efficiencies Obtained on a DC-DC Using eGaN Devices and Rad-hard
Power Mosfet Devices, (b) Package Dimensions of eGaN and Rad-hard Power
Mostet, TOM [11] ..o et 9
7  Single Diode Model 0f PV Cell ......cc.ooiiiiiiiiiiiiieiece et 10
8 IV CUIve 0f @ PV Cell...ccuiiiiiiiiiiiiieeee et 11
9 (a) 1-Cell Resolution, (b) 3-Cell Resolution and (c) 5-Cell Resolution...................... 12
10 Reconfiguration Type - I ArchiteCture ..........cceevuieriieiieniiiiieiecieee e 13
11 Reconfiguration Type - Il ArchiteCture..........cccoueerieeiieiiiiieeiecieeee e 14
12 2-GaN SWiItCh TOPOLOZY ..eoveieiiiiiiieiieee ettt e 15
13 Transformer / Capacitive Based Single GaN Switch Driver.........c.cccocvveviininicnnnne. 16

vil



Figure Page

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

5 Cells in 3-2 Cell CONfIGUIAtION ......cccveieeiieeiiiieeiieeeieeeeieeesreeesveeerereeeareeeeaeesaeeees 19
Implementation of the Single Switch and Driver.........ccccccoveeeiieeciiiciieeeeeeeen 19
Prototype SWitCh MOdUIE........ccviieiiiiciieceece e s 20
Measurement Setup of Test StrUCTUIE .......cc.eveeiiieiiiiecie e 22
[-V Curves of the Standalone Test Structure...........cccceveeiiieniiiiiiiniiieceeeeeee, 23
Prototype Board TeSt SetUP......ccueeeiiiieiiiecieece et 24
Block Diagram of Test Bench Setup.........cccoeviieiiiieiiecie e 25
Measurement Setup for [2C Generation...........ccueeeeveeeeciieeriiieesiie e evee e 26
Write Protocol to be Followed for Communication with GPIO Expander................. 26
Device Address Bits ........ooiiiiiiiiiiieeiesiceesee e 27
DS-T00C CUIVE TTACET .....ccuuiiiiiiiieeiiieieeree ettt ettt s 28
Complete MeasuremMent SETUP. ......ccveriieriierieeiieeieeiee et eieeeteeteesaeeeeesereesbeeseneenseas 29
[-V Curve Plot-1 with 5 Cells in Series........ccvevuerieriiiiirierieeieeiereee e 30
[-V Curve Plot-2 with 3 Cells in Series........covevuirieriiiinienieeieeiereee e 30
[-V Curve Plot-3 with 2 Cells in Series........cceevuirieriiriinieniieieeiereeeee e 31
Connections for Bi-directional Current FIOW..........cccooeviiniininiiniininiccecceee 32
Measurement Results of Different Configurations for Reverse Current Direction..... 32
Bypass Switch 2 GaN TOPOLIOZY ...ccovvieiiiiiieiieeie et 33
Single GaN Bypass Topology Working Correctly.........cccceevieriiinieniieniienieeieeeeans 34
Single GaN Bypass Topology with Current Leakage ..........ccccoceeveriienienenieneenennne 34
IV Curves of a Single PV Cell with and Without Switch LosS........cccccocvevieneriennnnne. 35

viil



Figure Page

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

IV Curves of a 1kW Satellite Power System with and without Switch Loss.............. 36

IV Curves of a 1kW Satellite Power System with and without Reconfiguration at the

ENd-0f-1if€ (EOL)....oiiiiiioiieeeeeee ettt ettt saae e eaee e 37
Floating Gate Drive Voltage Generation.............ccccuveeeieeeriieenieeesieeeieeeieeesveeeeveens 38
Series and Bypass SWitCh TOPOIOZY .....cccviieriiieriieeieeeieeeee et 39
Top Level Architecture of the IC Development...........cccoeocveeeeiieeiiieeciieeeeeeeeeeen 41
PV Cell Symbol and I-V CUIVe......c..eeiiiieiiiieeieecee et 41
Signal FIOW DIa@ram...........ccociiiiiiiiiiiieeciie ettt ettt et eae e s vee e ssee e sreeesnee e e 42
7-stage Current Starved Ring OSCIllator .........c.coovieviieiiiiiiieieeiiceecieeee e 43
Transient Plots of CLOCK OULPUL.........cceeviiiiiiiiieiiieiece e 43
Schematic Diagram of Non-overlapping Clock Generator .............ccoccveevverveenieennnenns 44
Transient Plots of Non-overlapping Clock Phases.........c.ccccevviiiviiniiiinieniiicieeeee. 44

Schematic of Level Shifter Circuit from VDDL = 1.8V Domain to VDDH = 5V

DIOTMNAIN ..ttt ettt ettt et h et et sbe et st 45
Transient Plots of Level Shifted Clock Phase.........ccccoocevieviiiiiiiniininiiceeceeee 45
Schematic Diagram of SC CONVETTET ........cceeviieiieriieiierie ettt ens 46
Schematic Diagram of N-Level CirCuit.........ccccoecuieriieriiiniieiienieeieeeie e 47
Transient Plots of Output of N-Level Shifter Circuit.........cccooevoieniineniinieniiienene 48
Schematic Diagram of P-Level Circuit .........c.ccoeeieiiiiiiieiiieieciccieeeeeceee e 48
Transient Plots of Output of P-Level Shifter Circuit .........ccccevevienieneniiinieniiiienene 49
Switched Capacitor Converter CITCUIL ..........ocveervierieeriienieeieesieeieesiieeieeereeieesaeeens 49

X



Figure Page

54

55

56

57

58

59

Transient Plot of Switched Capacitor Converter Circuit Qutput ...........ccecveevevveenen. 50
GaN Level Shifter DIiver CIrCUIt. .. .oiuiiiieiiieiieiieeieeeeee et 51
Transient Output Plot of GaN Level Shifter Driver........cccoceeecviieiiieeciieeieeeeeee. 51
CMOS Controller IC SEtUP ....cccuvieeiiieeiiieeeeee et aee e s 52
Floating Switch Control VOItages ........cceeecuiieiiiieiiieeeiee et 52
Complete Layout With 5 CONVETTETS ......eeeeiviieeiieeiiieeeiieeeiee e eireeeeeeeeeeeeeaeeeeevee s 53



1 INTRODUCTION

1.1 Motivation

With a great economic potential of the solar arrays as a power source, there is
tremendous emphasis on improving the energy conversion efficiency of PV cells.
However, these efficiency gains presently come at an unreasonable cost. A mono-
crystalline silicon solar panel at 25.6% efficiency costs 50% more than a poly-crystalline
silicon solar panel at 20.8% efficiency [1]. The ability of a single cell to capture the
available energy at high efficiency is only half the story. A large percentage of the
efficiency is subsequently lost, since solar cells are rarely used in isolation and when they
are connected in an array, the array performance is reduced to the lowest common
denominator [2]. There is an urgent need to close the gap between cell-level energy
improvement and system-level energy extraction, which can be closed with efficient power

management schemes at the panel and sub-panel level.
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Figure 1: Solar Cell Power Performance Degradation over Their Lifetime. The Power Is
Normalized to 1



Additionally, in space, the spacecraft solar arrays can degrade from 20% to 50% in
power producing capability over a 15-year mission [3] as shown in Figure 1, making it
unfeasible for current state-of-the art designs to access the full power available from the
solar array because the solar array interface (SAI) is not optimized to extract peak power
over the entire spacecraft lifetime. This prompts the need to develop a solar array that
delivers full power from the spacecraft’s beginning to end of life. Furthermore, these array
configurations are traditionally fixed solar PV arrays that have hard wired interconnections
between their solar cells. These connections are not changed after installation and must
therefore be designed for the spacecraft’s end-of-life (EOL) performance, hence wasting
10-50% of the spacecraft power during the beginning of life (BOL). This is illustrated by
observing the BOL versus EOL power capability for various example spacecrafts in Figure
2 [4]. Currently, the extra BOL power is not used, as current spacecraft power systems do
not have the capability to re-allocate power to different loads outside of the spacecraft bus

or convert the additional power to an effective power source for the bus.
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Figure 2: BOL and EOL Solar Power Capability for Various Spacecrafts Still Within
Their Operational Lifetime



1.2 Objectives and Challenges

This work presents the advantages of dynamic re-configuration of solar cells in
solar arrays. With the dynamic re-configuration, it is possible to increase the efficiency of
the solar array by continuously rearrange solar cells in series and parallel connections to
facilitate the photovoltaic system to work more as a constant power source in different
operating conditions (i.e. temperature, irradiation, loads) [5]. The objectives of this
research are to: 1) develop a dynamically reconfigurable solar cell array for spacecraft
applications, 2) investigate and choose and optimal power device for realizing the power
switches in the presented reconfigurable architecture, and 3) solve the challenge associated
with floating gate control of power switches by innovating circuits and implementing a

silicon CMOS controller chip.

In order to extract maximum power out of the solar array even after a number of
the solar cells have failed or degraded in terms of performance, the solar array must be
dynamically reconfigured. Following are the three major components to enable dynamic
reconfiguration: (a) a radhard, high voltage, low-leakage electronic switch module
consisting of GaN power switches for physically reconnecting/reconfiguring the solar
cells, (b) design of a radhard CMOS controller chip for turning the power switches on/off
according to a digital command signal, and (c) a solar cell array architecture and assembly

that allows for reconfiguration and insertion of the switch module electronics.
The developed electronics should have the following specifications to be
integrated:

*  Consume less than 1% of the solar array’s power.
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* Extreme radiation hardness (+300Mrad TID, +1E15 proton fluence).

* Integrated, compact, low-mass, switch module solution that includes GaN power
switches for reconfiguration and silicon-based CMOS-integrated controller and
power switch drivers. These components should be integrated within a module to
provide a small form factor solution that can be embedded in the solar cells on the

spacecraft wings.
1.3 Existing Solution and its Challenges

In large terrestrial systems, each of the solar submodules are connected to its own
maximum power point (MPP) tracking DC-DC boost converter and can individually
operate near its own MPP to provide distributed maximum power point tracking (DMPPT).
Thus, the efficiency of the whole system is increased [6] [7] [8]. However, this method
requires a large number of high-performance, small form-factor DC-DC boost converters.
The implementation in Figure 3 show boost converters designed to regulate an input
voltage of 8-12V (common in terrestrial applications) up to 36V, to maintain the bus
voltage of 100V. This would allow the bus voltage to be maintained even with the
degrading PV cells. Although this solution seems to be feasible, following are the

challenges to implement:

e Mounting complex electronics within the spacecraft’s solar cell array would

require extensive measurement characterization and qualification testing
e Excessive routing to/from the converters and central power system

e Additional mass of the converters



e Physical ability to embed the converters within the solar array.

L
100V to 108V

Directly to
Spacecraft Bus

Solar (PV) cell

Figure 3: Power Converter Architecture for Solar Array Interface to 100V Spacecraft
Power Bus

Due to the above challenges, a strategy for reconfiguring a solar array using

switches to physically reconnect the solar array is proposed in this work.

1.4 Proposed Solution

In the proposed solar array structure, individual solar (PV) cells, strings of cells,
and even sub-arrays can be reconfigured to deliver the maximum attainable power from
the overall solar array, where maximum attainable power is defined as the sum of
maximum power of all functioning solar cells. The number and location of such cells can
be time varying due to aging and radiation effects and will be steadily decreasing over the
lifetime of the mission. Based on the reliability studies, one can determine the minimum
number of solar cells necessary to complete the mission. However, having this minimum
number of functioning cells does not guarantee the desired power delivery because the
overall performance is determined by the lowest performing (weakest link) solar cells in a
solar cell array. One solution to this problem is dynamically reconfiguring the rows and

columns of the solar array based on functioning cells.



As an emerging research field, the focus of this research is to adaptively reconfigure
solar array connections in real time to track maximum output power [9]. Recent studies
have started to develop methods to reconfigure solar cells to improve power output in
shaded conditions. In addition to improving overall power extraction efficiency of the array
over environmental changes and aging, this method may also be used to reconfigure solar
arrays into sub-arrays that may power various spacecraft loads outside of the bus (e.g.

electric propulsion system).

Additionally, the reconfiguration may be used to maintain a constant spacecraft bus
voltage in solar array systems that cannot have output voltage flexibility. An example
demonstrating reconfiguration to maintain a spacecraft bus voltage of approximately 100V
+/- 10% is given in Figure 5. This case study uses a model that reflects PV characteristics
and degradation patterns of solar cell for spacecraft power systems [10]. The sample array
contains 495 cells, where each active device symbol in the figure represents 5 XJT Prime
solar cells. The array’s string (column) length is initially sized to ensure that EOL output
voltage is within 10% of 100V. When doing this, there are 55 cells stacked in a column.
At the BOL, this 55-cell stack gives significantly higher output voltage that necessary.
Since the spacecraft cannot use this excess voltage, this power capability is lost in a fixed-
configuration array. With a flexible array, the extra solar cells that are not required for
voltage at BOL may be reconfigured and used to provide more power to the bus. An
example of this reconfiguration is given in Figure 5(b), where the original 55 x 45 array is
reconfigured to a 45 x 55 array to provide more current and less stacked voltage. When

more cells are required in each column to meet the 100V spacecraft bus at EOL, the array



can be configured back to Figure 5(a). Another way to see the benefit of reconfiguration is
to compare a fixed array with a reconfigurable one and observe that the reconfigurable

array may switch the architecture to recover voltage with aging.

The Figure 4 shows the maximum array voltage before and after the switching. As
discussed before, the array voltage reduces over time due to radiation and the re-
configuration helps to maintain the maximum array voltage within 10% of 100V

throughout the spacecraft lifetime.

The efficiency to the device used as a switch used for re-configuration is very
important to reduce the switch losses. Also, the switch must be characterized for high doses
of radiation as they are integrated with the solar (PV) cells on the spacecraft’s wings. This
makes choosing the right switch device very important. A quick comparison between the
GaN HEMT, in particular eGaN from EPC and some rad-hard power MOSFET from
international rectifier illustrates the benefits of eGaN in the context of satellite missions.
Efficiencies obtained using eGaN transistors in DC-DC converter are shown to be in the
90% range and higher for several operating conditions when they hardly reach the 80%
percent when using IR rad-hard power MOSFETs (see Figure 6(a)) [11]. Such increase of
performance is obtained with devices that also are much smaller in size as shown in Figure
6(b) where the dimension of a radiation-hardened power MOSFET is compared to the

dimension of an EPC eGaN device.

The difference in dimension between power MOSFET and eGaN devices is worth
mentioning as it presents a reduction of the effective volume to be considered for the

volume/area presented to particles in Single Event Effects (SEE) and Total Ionization
7



Dosage (TID), and it is also important for reducing the space occupied by the circuitry

placed on top of the solar arrays.

Vmp Standard Versus Switchable Array

Array Voltage (V)
o
o

Bol SE14 1E15 3E15 Eol
Age of Array (Fluence1MeV Electrons/cm?2)

w—\/mp w—\mp Switch

Figure 4: Array Output Voltage with Aging (Irradiation). The Output Voltage Degrades
with Time, and Switching the Array Configuration Can Recover Output Voltage
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Configuration of Solar Cells to (b) 45 x 55 Configuration
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1.5 Thesis Organization

solutions for dynamic solar array reconfigurations. The thesis is organized in 5 chapters.
Chapter 1 gives a brief introduction of the motivation and the proposed solution. Chapter
2 details the overview of architectures of the switch re-configurations. Chapter 3 discusses
the implementation of the board-level reconfiguration architecture and simulation results.

Chapter 4 details the design of CMOS controller integrated solution (IC) for dynamic

This thesis details the design and implementation of both discrete and integrated

reconfigurations. Finally, the conclusion of this work is presented in Chapter 5.



2 SOLAR ARRAY RECONFIGURATION AND SWITCH DRIVER

ARCHITECTURES

This chapter gives detailed overview of solar array reconfiguration and switch
driver architectures. Section 2.1 introduces the photovoltaic cell model, Section 2.2 defines
cell resolution terminologies, Section 2.3 details solar array reconfiguration architectures,
Section 2.4 explains the need for different switch topologies and Section 2.5 presents high

voltage floating switch drive architectures.

2.1 Photovoltaic Cell

To design a switch reconfiguration structure for PV cells, it is important to
understand the model and the electrical characteristics of PV cells. Solar (PV) cells convert
light directly into electrical energy [12]. When sunlight falls on the PV cells, voltage is
developed across the terminals of PV cells and when a load is connected across these
terminals, current flows from the PV cells. The simplest PV cell model is called a single

diode model and it is shown in Figure 7.

series resistance Current

e
NN\ ——
RS
shunt
I ! resistance Voltage
RSH

Figure 7: Single Diode Model of PV Cell

The current (I) and the voltage (V) seen in Figure 7 are given by the following
equation,
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q+IRS) V + IR
]:]L—]O*e nkT - ——
RSH

Here I is light generated current, Io is dark saturation current (the diode leakage
current density in the absence of light), T is the absolute temperature (K), Rs is series
resistance, Rsy is shunt resistance, and
q = 1.602x1071°C (absolute value of electron charge).

k =1.38x10*m’kgs 2K ! (Boltzmann Constant).

inverse of slope is characteristic

|
|
o l
€ resistance [
g \ |
3
o R =mp |
CH™ Tmp I
|
|
I
Voltage s

Figure 8: IV Curve of a PV Cell

Following are some of the common terms associated with a PV cell, Iscis the Short
circuit current, Voc is the Open circuit voltage, Imp is the PV output current at maximum
power point, Vmp is the PV output voltage at maximum power point, and Pwmp is the PV
output power at maximum power point.

Figure 8 shows the IV curve of a PV cell. The load should be configured to operate
the PV cell at the intersecting point of Vmp and Imp. This point is called a maximum power

point. It is the operating condition of the PV cell where the most power can be extracted

11



(Pwmp). There are various algorithms available to achieve the maximum power point [13].

They are called maximum power point tracking (MPPT) algorithms.

2.2 Cell Resolution

The cell resolution is the group of cells which are always connected in series with
no switching reconfiguration possible between them. These sets of cells behave as a single
cell unit in different reconfiguration types. Depending on the number of cells, they define
the resolution of voltage in the system. For example, if a single cell output voltage is 2.71V,
a 3-cell resolution system can add or control the output voltages only in multiples of 8.13V.

The 5-cell resolution can control the voltages in multiples of 13.55V.

W+ V+ . i V+

[l ]
T Switch T Switch )
Configuration | Configuration c‘,nsf:;ﬁ::m
1] 1]
! L I ] L |

=
<
<

(a) (b) (c)

Figure 9: (a) 1-Cell Resolution, (b) 3-Cell Resolution and (c) 5-Cell Resolution

Figure 9 (a), (b) and (c) show 1-cell, 3-cell and 5-cell resolution respectively. The

cell resolution can be selected based on the resolution of the voltage required. With

12



decrease in resolution, the system becomes more complex as more switches are needed to

control the same number of PV cells.

2.3 Solar Array Reconfiguration Architectures

Two types of reconfiguration architectures are presented in this section. These
reconfiguration architectures are designed to be integrated with four PV cells. It should be
noted that the label ‘cell(s)’ in Figure 10 and Figure 11 may refer to a single cell or group

of cells connected in series depending on the cell resolution.

2.3.1 Reconfiguration Type — 1

Figure 10 shows the type — I reconfiguration architecture. It is a structure with
simple series and bypass switches. Due to the nature of its structure, this architecture has
higher losses as the PV cells are not completely isolated in their bypass state. However,
since only 8 switches are needed to implement this structure, the hardware complexity is
significantly reduced. A prototype board is designed with this reconfiguration type, and the
feasibility of this topology is confirmed. The total number of cells required to implement

this reconfiguration type is 2*n. Here, n is the number of PV cells.

Fg

Bl
Cell(s)

1

Ss2

B2
Cell(s)

1

2 s3
= B3
= Cell(s)

1

s4

B4
(o]

Figure 10: Reconfiguration Type - I Architecture
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2.3.2 Reconfiguration Type — I1

Type — II reconfiguration architecture is a 12-switch configuration to achieve the
reconfiguration of PV cells (or set of cells). The 12-switch configuration architecture is
placed between four cells or sets of cells (depending on the cell resolution). In all the
possible combinations, it connects the PV cells in series as a single string. Figure 11 shows
the switch network between the cell(s), and the table on the right shows the panel
combinations to be switched on to get the respective switch combination of the cell(s) in
series. The total number of cells required to implement this reconfiguration type is 3*n.

Here, n is the number of PV cells and is always in multiples of 4.

Cell Combination (to be
turned on)

o Cell 1 51,52
Vout+
s1 ’ Q [ vout+ Cell 2 $3,54
1 N N L
9 - Cell 3 $8,55,56
Cell(s) 1 Cell(s) 2 Cell 4 $8,57
o——\ N — 3 Cell 1, Cell 2 $1,59,54
$10 si 111, Cell
Cell 1, Cell 3 $1,510,55,56
Ne=, N
2 54 Cell 1, Cell 4 $1,510,57
Cell 2, Cell 3 $3,511,55,56
< 8 % Cell 2, Cell 4 $3,511,57
S5 ' s7 Cell 3, Cell 4 $8,55,512
N Cell 1, Cell 2, Cell 3 $1,59,511,55,56
12 Cell 1, Cell 2, Cell 4 $1,59,511,57
Cell(s) 3 Cell(s) 4 Cell 1, Cell 3, Cell 4 $1,510,55,512
;"_se Switeh Module Cell 2, Cell 3, Cell 4 $3,511,55,512
- Cell 1, Cell 2, Cell 3, Cell 4 $1,59,511,55,512
Vout-
P NONE $8,511,54

Figure 11: Reconfiguration Type - I Architecture

14




2.4 Switch Topologies

This section presents the switch topologies used to for the dynamic reconfiguration
of PV cells. GaN devices are used as power switches because of their low Ron and high Rogr
[14]. Since GaN devices have freewheeling diodes, it is important to discuss the topologies
to overcome the leakage problem through these diodes. If the source voltage of a GaN is
less than the drain voltage, a single GaN device can be used as a switch. This switch
topology between 2 solar (PV) cells is shown in Figure 13.

However, when a switch sees the source voltage greater than the drain voltage, 2-
GaN topology is used. The bypass switches discussed in type — I reconfiguration are
designed with 2 GaN devices connected in series with sources terminals shorted together.
It is designed this way because of the presence of the inherent body diode which leaks
current even when the bypass switch is off (diode is forward biased). Figure 12 shows the
topology of the bypass switch. ‘Drain 1’ and ‘Drain 2’ are two terminals of the switch. The

gate node is where the control signal is sent.

Source Node

Drain 1 Drain 2

Gate'Node

Figure 12: 2-GaN Switch Topology

Various methods were studied to overcome this leakage problem. The freewheeling
diode, even though helpful in other power applications, is a problem here. The literature

survey shows that a possible solution is to have another diode in the opposite direction to
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the body diode so that the leakage current could be stopped [15]. But the Ron of the external
diode is much higher than that of GaN. So, it is suitable to have to GaN with the source
shorted together because single signal at the gate can control the switch. The body diodes
of both GaN devices are in the opposite direction and there is no leakage current when the

switch is off.
2.5 Switch Driver Architectures

This section presents the architecture of the single switch driver structure. Although
power switches needed for reconfigurations are not high-speed switches, a switch driver
topology need to read the varying PV cell voltages (where sources of GaN devices are

connected) and provide the corresponding floating drive voltages.

s Ly
TS\' Source =

SDA
BB ) T B

= s -

S 5 GaN Switch ||<' GaN

= | rcGriO = Driver EPC2019

S | Expander | =

= | pcags3s | 2 i

®) Switch

= +
SCL v
PCB -

Figure 13: Transformer / Capacitive Based Single GaN Switch Driver
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Figure 13 shows the block diagram of a single switch structure. Algorithm used to
control the switches is stored in the micro controller unit (MCU). MCU uses serial
communication protocol to send the switching information to the GPIO expander. The
GPIO expander then decodes this signal into parallel analog signals. These analog signals
must be level shifted to appropriate floating drive voltages of the GaN switches. The
floating voltages can be generated with either a transformer-based architecture or a
capacitive based architecture. Each architecture has their own advantages and
disadvantages. Prototype board with the components-off-the-shelf (COTS) are designed
with transformer-based topology to generate the floating voltages. The integrated circuit
(IC) solution uses capacitor based floating voltage generator topology due to ease of its on-

chip integration.
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3 PROTOTYPE BOARD DEVELOPMENT

3.1 Overview

This section presents hardware Implementation challenges and a prototype board is
designed using components-off-the-shelf (COTS) to study the behavior of photovoltaic
(PV) panels with reconfiguration electronics (GaN switches). The measurement results
from the board proves the feasibility of the idea, showing the power losses of having switch
structure. The measurement results are used to simulate a 1kW satellite system in
MATLAB and understand practical trade-offs of this idea in actual satellite power systems.

The prototype board describes two types of measurement setups and results. They
are for standalone test structure and for multi-switch prototype module. The standalone
structure is used to characterize a single GaN switch and multi-switch prototype module is

used to verify the number of switches and their reconfiguration (arrangement of switches).

Type — I reconfiguration architecture is implemented on the prototype board. There
are three series switches and two bypass switches on the board. The architecture of these 5
switches is shown in Figure 14. When all the cells in the prototype are connected in series,
the switches S1, S2 and S3 are turned on and the both the bypass switches (B1 and B2) are
turned off. In Figure 14, PV Set — I cells are the three cells connected in series between
switches S1 and S2 and PV Set — II cells are the two cells connected in series between S3
and the negative terminal of the measurement unit. Although Figure 14 has cells arranged

in a 3-2 combination, the number of cells in PV Set — I and PV Set — II can be different.
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/81 Measurement Unit +

PV cell

B2 PV
PV Cell
Measurement Unit -

Figure 14: 5 Cells in 3-2 Cell Configuration

3.2 Switch Architecture Implementation on Board

The topology of a switch between the PV cells on the prototype board is shown in

Figure 15.
Isv n
PV Cell
Component3 Component 2 Component1
TS\' Sour_ce -
SDA
o . s
=] E DC/DC Converter
< S + [ GaN
= | rcerio e Digital Isolator EPC2019
S | Expander | = ISOW7821
= | pcags3s | = Power
Q ’ Switch
a ]+
SCL
PV Cell
PCB =

Figure 15: Implementation of the Single Switch and Driver

The switching signal is generated from the MCU of a satellite which already has

the algorithm stored. The MCU sends the data to a GPIO expander with 12C protocol. NXP
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part [16] (shown as component 3) is used as an expander on the board. The analog signals
from the expander are converted into isolated signals with respect to the source of GaN
with a TI component ISOW7821 [17] (shown as component 2). This component is used to
drive GaN switches. An Efficient Power Conversion (EPC) device EPC2019 [14] (shown
as component 1) is used as a GaN switch between the PV cells. This device has breakdown
voltage of 200V and drain current breakdown of 8.5A, which is sufficient for power switch
for PV cell reconfigurations. The board picture, shown in Figure 16, annotates the
placement of the primary components. The board also has a test structure to completely
characterize a GaN switch. This is present in the bottom left corner of the board shown in

Figure 16.

A

12C GPIO
expander

3.960 inches

3
c
]
£
=
5
7
©
]
=
=

5.180 inches

Figure 16: Prototype Switch Module
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3.3 Board Layout

The prototype board is implemented as a 2-layer FR4 integrated printed circuit
board (PCB) design. The switch design uses the top layer for mounting components and
providing critical signal routing, including switching signals. The second layer is used as a
continuous ground (GND) plane, with small routing sections. The board has 5 switch
structures, with 3 series and 2 bypass switches. The bypass switches have 2 GaN devices

with sources shorted to avoid their body diode in the off condition.

The active area of the prototype board is 3.960” x 5.180”. All the pin and
component placements are optimized for minimum trace lengths. A wide-trace layout and
low resistance I/O plugs are used to minimize losses. Test points are provided at all nodes
to help with the debugging. Standoffs are placed at each of the four corners for board
mounting. A standalone test structure is also included to characterize a single switch

independently.

3.4 Measurement Setup and Results

There are two measurement setups and results described in this section: the test
setup for characterizing a standalone test structure and the test setup for complete prototype
board. The standalone structure is used to understand the characteristics of a single GaN
switch and the complete board setup is used to verify the number of switches and their

arrangements.
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3.4.1 Test setup for the standalone structure

The measurement setup to study a single GaN is shown in Figure 17. A single PV
cell is connected in series with a switch to reduce the variability induced by unequal
irradiances and temperatures of multiple PV cells. The GaN switch, shown as EPC 2019
in Figure 17, has an independent gate voltage supply. This will help to provide different
Vs voltage values while tracing the I-V curves of the PV cell. There is also an I-V curve

without the switch present. That will help to show the power loss due to the switch.

PV

: EPC
2019
+

Vgs

Curve
Tracer

Figure 17: Measurement Setup of Test Structure

3.4.1.1 Measurement results

The I-V curves are shown in Figure 18. The Voc of the individual PV cell at the
measurement irradiance is around 4.5 V and Isc of around 0.45 A. A 300W lamp is used
for irradiance and it is switched on 15 minutes prior to taking the measurement results. The
measurements are for the PV cell without switch and PV cells with GaN switch bias at
different bias voltages. All the measurements are taking in the quick succession. The plots

with switch biased at Vgs = 5V and the one without a switch are considered to study switch
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loss. The drop-in voltage was found to be ~30mV. The plots with Vgs =4V and Vgs = 5V
overlap, confirming that eGaN has small Ron with Vs >4V [14]. This allows us to operate
eGaN at Vgs =4V-4.5V. The voltage drop with Vgs =3V from Vgs =5V is 50mV. Beyond

Vas = 2V, the transistor shows very high voltage drops.

0.7 . T T I - | : I '
06 E ]
[ —V=2v |
_ 05 = _ _y_ =25v ]
< = C e V=3V
T M —-v=av |
g [ - V=5V ]
8 03 = ... Without Switch ]
02 | ]
01 ]
0.0 P [ I T
0 1 2 3 4 >

Volts (V)

Figure 18: I-V Curves of the Standalone Test Structure

The Table 1 presents with the values of important parameters of the PV cell I-V curves

without a switch and with GaN switch biased at different voltages.

Table 1: Parameter Values of IV Curves of the Test Structure

Name Power Isc Voc Ipeak Vpeak Fill Factor
Vgs= 20 0.635 4525 0614 3.251 694
Vgs=2.5V v 0617 4520 0.617 3.498 774
Vgs=3V 22 0.623 4524 0.611 3.629 78.6
Vgs=4V 22 0.642 4524 0.587 3.681 744
Vgs=5V 22 0.645 4525 0.590 3.683 744
Without _switches 22 0.651 4526 0.587 3.719 741
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3.4.2 Test setup for switch module

The prototype board measurements are helpful to understand the switch
configuration needed to completely control the PV cells. In this section, all the combination
of switching is performed, and the results are analyzed to determine the significance of

each switch and its arrangement.

‘cacia gzeis s T

m: :: -
Rs e

SCL
SDA
(from MCU)
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o
=

Figure 19: Prototype Board Test Setup

Figure 19 shows the pin connections to the prototype board, and the corresponding
labels are shown in Figure 20. The board is powered by a 5V DC power supply. The GPIO
expander accepts 12C input, so the serial clock (SCL) and serial data (SDA) input should
be generated from a microcontroller. In this test bench, an Arduino Uno board is used to

program the expander. The interrupt and the reset pins need not be connected and can be
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left open, as I2C has open drain configuration, making them high impedance connections.
The PV Set I and PV Set II are the input from the solar panels into the switch configuration.
The PV Set I is connected from the top three PV cells in series (in Figure 20) and PV Set
IT is connected from the bottom two PV cells in series (in Figure 20). The positive and the
negative terminals of the PV cells are respectively annotated on Figure 19. The wires from

the measurement unit are connected to the curve tracing unit.

PV cell

Board Switch i
Configuration i |
B1/ i PV Cell | LBV
H | Set|

PV Cell

=
-
2
-
=
o
=
o
e
-
7]
©
o
=

PV Cell

(B
i Set I

PV Cell

Figure 20: Block Diagram of Test Bench Setup

3.4.2.1 Generating I2C
The I2C serial data for the switch control is generated from the Arduino UNO

board. Figure 21 shows the connection between the Arduino and the prototype board.
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Arduino UNO

12C Input
from Arduino

Figure 21: Measurement Setup for [2C Generation

Programming Arduino UNO

ditiol
slave address command byte data to port (‘:on .
- A \ ’ A N A \ 1
l T 1 L 1 1 l 1 Ll l 1 1 1 L 1 ) 1 1 1 Ll
SDA|S|1 1 1 0 0 ATA0JOJA|JO O O O O 0 0 1|A DATA1 A|P
1 L 1 1 1 L 1 1 1 1 L 1 1 1 1 1 1 1 L 1
} - 4t }
START condition RW | acknowledge acknowledge acknowledge
from slave from slave from slave
write to port \
'V(Q)—. [-—
data out from port [ DATA 1 VALID
00233e708

Figure 22: Write Protocol to be Followed for Communication with GPIO Expander

Figure 22 shows the communication protocol to write data onto GPIO expander.

First set of 7 bits are address bits. Once the device with the matching address
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acknowledges, the command byte is sent which configures the ports as the output ports.
After receiving acknowledgment of command byte, the GPIO expander is ready to receive

the data. The output ports hold the data sent till the Arduino re-writes the data.

Device address

Since there is only one slave connected to Arduino, there is no need to use the
hardware selectable pins shown in Figure 23. They are grounded in our prototype board.
That makes the address in binary as ‘1110000 or ‘0x70’ in hexadecimal numbers. The

Wire library of Arduino has very strong functions that makes communication with Arduino

very easy.
slave address
111]11]10]0]|A1]|A0|RW
fixed hardware
selectable
Figure 23: Device Address Bits
Command byte

The command byte is the first byte to follow the address byte during a write
transmission. Table 2 has byte value for different register access. After the address, ‘0x3’
should be transmitted to access the configuration register. To transmit data, byte ‘Ox1’
should be sent to configure ports as the output ports. When this acknowledge is received,
the data is ready to be sent. The bits that control the switches are in the order, S3-B2-B1-

S2-S1. For example, if the S3 needs to be switched on, “1” bit must be transmitted.
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Similarly, “0” bit for off condition. It is also explained with different combinations in the

measured results.

Table 2: Command Byte Register Values

Command Protocol Function

0 read byte Input Port register

1 read/write byte Output Port register

2 read/write byte Polarity Inversion register
3 read/write byte Configuration register

Figure 24: DS-100C Curve Tracer

3.4.2.2 Curve tracer
The curve tracer used for the measurement is called DS-100C, manufactured by
Daystar Inc. The instrument is shown in Figure 24. The tracer is connected to the computer

with RS-232 connector. IVPC is the interfacing software supported by Windows.
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Figure 25 shows complete work bench setup. A total of 5 PV cells in the
combination of 3-2 are connected to prototype board. The I2C input for the prototype board
is generated with Arduino board. I-V curve tracing is done by DS-100C and computer is

used to program Arduino and get the data from the curve tracer.

Figure 25: Complete Measurement Setup

3.4.2.3 Measurement results

The I-V curves with all the 5 cells present in series is shown in Figure 26, with
switch configuration shown to the left. One of the plot is with the switches included. The
other one is I-V curve without the switches present. The difference in the two plots give
the switch loss value. Each of the cells have Voc of around 5.5V that verifies that all the 5
cells are in series in the I-V plot. The drop of ~90mV is observed close to the maximum
power point. This is due to 3 switch switches present in the current path. The parameters

of the I-V curves are also shown in the included table.
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Figure 27 shows 3 cells in series, hence the Voc is ~14V. In this configuration, 3

cells of PV Set I are in series. The same PV Set I cells are connected independently to

measure to loss, drop of ~89mV was observed with the switches connected.

$1,S52,53 -ON
B1, B2 - OFF

s1
PV cell

PV Cell

PV Cell

Measurement Unit +
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0.05 —

0.00
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Figure 26: I-V Curve Plot-1 with 5 Cells in Series
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Figure 27: I-V Curve Plot-2 with 3 Cells in Series



In the configuration shown in Figure 28, 2 cells of PV Set II are in series and the Voc of
plots verifies the same. The same PV Set Il cells are connected independently without the

switches to measure to loss, drop of ~76mV was observed with the switches connected.

B1,S3 - ON
B2, S1, S2 - OFF
LA DL L L DL |
1781 Measurement Unit + —
0.20 |~ —
PV cell — — -2 Cells
B (With Switches) 7
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= L 4
e
3 010 [ —
| PV Cell | ©
S2 - .
S3
0.05 - —
PV Cell
B2 B 7
1
o Set - Il 0.00 PR T ST SR S
I_'e_l , 0 2 4 6 8 10
Measurement Unit -

Voltage (V)

Figure 28: I-V Curve Plot-3 with 2 Cells in Series

3.4.2.5 Bi-directional operation of GaN switches

Connections of PV cells and measurement unit for both the direction of current is
shown in Figure 29. All the connections are interchanged which reverses the direction of
current through the PV cells. The operation of all the 3 switch configurations were verified,

confirming eGaN as bi-directional switch and the results are shown in Figure 30.
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Figure 30: Measurement Results of Different Configurations for Reverse Current
Direction

3.4.2.6 By-pass switch configuration

The bypass switches are designed with 2 GaN devices with their sources tied

together to stop the leakage of current through its body diode. Figure 31 shows the two
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GaN topologies and their placement on the prototype board. As the body diode of both the
source connected GaN are in opposite direction, the voltage across the bypass GaN switch
does not matter as there will not be any leakage through body diodes. Prototype board was
tested by removing one GaN at-a-time to see if this problem could be fixed with a single
GaN as a bypass switch. Measurement plots show that one of the GaN does not see leakage

through it and can be used independently.

Figure 32 shows that with the bottom GaN shorted, the source voltage (negative
terminal) of the top GaN is less than drain (positive terminal) and there should not be any
leakage through the body diode. This is confirmed by the plots shown. This switch

topology works for all 3 configurations.

EPC
2019

VDD =5V
GND
SCL
SDA

(from MCU)

2 GaN By-
pass switch

Figure 31: Bypass Switch 2 GaN Topology
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Figure 32: Single GaN Bypass Topology Working Correctly

Figure 33 shows that with the top GaN shorted, source voltage (pos terminal) is

more than drain (neg terminal). This topology does not work when bypass is off. The plots

show the leakage when this switch is off (5-cells and 2-cells).
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Figure 33: Single GaN Bypass Topology with Current Leakage
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3.5 MATLAB Simulation of a 1kW Satellite System

This section has simulated results of MATLAB code for a 1kW satellite system.
The measured switch loss values are considered to extrapolate switch losses in a 1kW
satellite power system. Measurement results show reduction of about 30mV for a single
GaN switch. A 1kW satellite system is considered with a 100V bus voltage, with Voc and

Isc of individual cells as 4.67V and 0.22A respectively.

Figure 34 shows the IV curve a single PV cell with and without the switch losses.
Ron of 0.14Q was introduced as on resistance for switch loss simulation. This gives 30mV
drop in voltage near the maximum power point. Maximum power generated by single PV
cell shown in Figure 34 with and without switch losses are 0.799W and 0.8049W

respectively. This gives the percentage loss of 0.73% for a single cell.

PV Cell IV Curve

0.25 — T T
020 = ___ with Switch Loss .
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< 015 —
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0 1 2 3 4 5
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Figure 34: IV Curves of a Single PV Cell with and Without Switch Loss
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To generate and maintain a bus voltage of 100V (which is the requirement in
satellite power systems), 28 PV cells are simulated in series (in multiple of 4, as the switch
module is designed for set of 4 cells). To get 1kW output power from the system, 45 strings

of PV cells are simulated in parallel connection.

IV Curves of 1kW Satellite System
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Figure 35: IV Curves of a 1kW Satellite Power System with and without Switch Loss

Figure 35 shows the IV curve of a 1kW satellite power system with and without
switch losses. Maximum power generated by this system with and without switch losses
are 1.013KW and 1.006W respectively. This gives the percentage loss of 0.72% for the
complete system, which is acceptable. Furthermore, the system simulated above has 1-cell
resolution. The losses can be significantly reduced by increasing the resolution, thereby

reducing the number of switches.
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IV Curves of 1kW Satellite System
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Figure 36: IV Curves of a 1kW Satellite Power System with and without Reconfiguration
at the End-of-life (EOL)

Figure 36 shows the advantage of dynamic reconfiguration in a satellite power
system at the end of life (EOL). The PV cells show 22% reduction in Voc and 7% reduction
in Isc throughout their lifetime [10]. Reconfiguration allows 8 cells to be added in series.
This helps to maintain the bus voltage of 100V. These extra 8 cells could be used as an
auxiliary power source in the beginning, when only 28 cells are sufficient to maintain 100V
bus voltage. However, without reconfiguration, these 8 cells would have to be hardwired

in series wasting the extra power since the bus voltage would well exceed 100V

requirement.
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4 INTEGRATED CIRCUIT DEVELOPMENT

The prototype board designed shows the feasibility of having a solar array
reconfiguration structure. However, to make the switch controller compact and low-mass,

silicon-based CMOS-integrated controller and power switch driver is necessary.

4.1 SWITCH ARRANGEMENT

The main challenge for the proposed controller integrated circuit (IC) is providing
the correct floating gate drive voltages for the power switches (GaN devices). These
floating voltage generators must read the PV cell voltages (where the GaN sources are
connected) and provide appropriate gate drive voltages for GaN devices to control them. It
is shown in Figure 37. Since the source voltage varies with the PV cell voltage, the floating

gate voltage also must be generated correspondingly.

PV Cell
Vsource | t
4Vgate/|'_
G:lﬂte |I-<'
Driver = EPC 2019
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Figure 37: Floating Gate Drive Voltage Generation
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Figure 38: Series and Bypass Switch Topology

Figure 38 shows the series and bypass switch topology. The prototype measurement
result confirmed the working of this topology. The series and the bypass switch share a
source node with each other. Hence, a single floating voltage can supply the correct gate
drive voltage and area on chip is saved. This adds load to the supply, but simulations show

small decrease in supply voltage.

4.1 Top Level Architecture

The integrated circuit (IC) solution adopts switched capacitor converter topology
to generate these floating voltages. This is due to the ease of integration on chip. The
proposed design employs high switching (clocking) speeds of SMHz to reduce the passive

device sizes. The switched capacitor circuit has capacitive coupled level shifter driver
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circuits to generate appropriate control voltages. This integrated circuit (IC) has clock
generation in two voltage domains. The non-overlapping clock phases are generated in
1.8V domain and then the signals are converted to 5V domain with the level shifters to
drive the switched capacitor circuits. The use of 1.8V devices is to reduce the power
consumption and to make the design radiation robust as the low voltage devices have

shown to be immune to total dose radiation effects.

Figure 39 shows the architecture diagram of the proposed IC implementation. The
IC is powered by a 5V DC supply. GaN device EPC 2019 is selected as the power switches
and it is controlled by the IC designed in CMOS process technology of XFAB’s XTO018
(180nm) process. The serial data and the clock are generated by a microcontroller and are
sent through an I2C protocol. This 12C serial data is then fed to a GPIO expander that
converters it into analog signals. The switched capacitor converter reads the source voltage
and provides 5V higher than that voltage. The clock phases generator provides non-
overlapping clock phases to switched capacitor circuit. The GaN level shifter driver circuit
helps to convert the ground referenced logic to the floating ground. The output from the

level shifter is responsible to control the GaN switches.

4.2 PV Cell Verilog Model

The modelling of the PV cells to simulate the load connected in between the GaN
switches is very important to verify the voltage condition throughout the circuit. The PV
cell is modelled in Verilog-A based on the single diode model [18]. Figure 40 shows the
PV cell symbol and I-V curve plot of a single cell. For a single PV cell, the open circuit

voltage is 4.67V and the short circuit current is 0.22A.
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Figure 39: Top Level Architecture of the IC Development
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Figure 40: PV Cell Symbol and I-V Curve

4.3 Clock Phases Generator
The clock circuit block is used to provide the non-overlapping clock phases to

switched capacitor converter circuit. This section provides a detailed implementation of
41



the clock circuit blocks. All the circuits used in this block are discussed along with their

simulation results.

Figure 41 shows all the circuits involved in the generation of non-overlapping clock
signals. Beta-multiplier circuit is used to provide biases for current starved oscillator [19].
The current starved oscillator generates the clock signal. Non-overlapping clock generator
circuit provides non-overlapping clock phases in 1.8V domain. The level shifter circuit
coverts the voltage levels of both the clock phases from 1.8V to 5V. Buffers are used to

maintain signal swing and equal rise and fall times.

@1

-FSV -ng -FSV (1.8V) Buffers

Vbias

Current Starved Clock _INon-Overlapping

Beta Multiplier Oscillator (5MHz) Clock

@2
1.8V

Level Shifter
(from 1.8V to
5V)

Buffers

Figure 41: Signal Flow Diagram

In the following sub-sections, all the circuits are individually discussed with the

simulation results.

4.3.1 Current starved oscillator
Ring oscillator is designed with voltage-controlled topology. The frequency of this

oscillator depends on the number of stages and the bias voltages, which control the delay
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of each stage [20]. Figure 42 shows the ring oscillator used to generate the clock signal. A
7-stage ring oscillator is designed in open loop with the frequency generation of around
5MHz. Beta multiplier and current mirror circuits are used to generate the bias voltages, as
the bias voltages need not be very precise. Inverter buffers are used at the output to maintain
the equal rise and fall time. Figure 43 shows transient plot of the generated output. The

generated output is 1.8V signal.

VDD = 1.8V
52 T Tha Tha ||‘_-
§§—||f = |- =
= =

=

7- Stages

Clock
SMHz)

Buffer

7 o

€
] H
11 1

Figure 42: 7-stage Current Starved Ring Oscillator
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Figure 43: Transient Plots of Clock Output
43



4.3.2 Non-Overlapping Clock

Figure 44 shows the standard cross coupled non-overlapping clock generator circuit
[21]. The clock voltage generated from the oscillator is the input of this circuit and the
outputs are the two phases which are completely isolated with around 20ns of dead time.
Small delay capacitor of 200fF is used on the delay line to reduce the number of stages and

obtain enough delay in the operation. Figure 45 show the transient plot of both the phases.
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Figure 44: Schematic Diagram of Non-overlapping Clock Generator
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Figure 45: Transient Plots of Non-overlapping Clock Phases
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4.3.3 Level shifter (from 1.8V to 5V)

The circuit of a conventional level shifter is shown in Figure 46 [22]. This circuit
is used to convert 1.8V domain clock phases into 5V domain clock phases. This level
shifter has latch topology to maintain the appropriate output values. Large buffers are
added at the output to drive the switched capacitor switches. Figure 47 shows the output

plots of the level shifted clock phase.
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Figure 46: Schematic of Level Shifter Circuit from VDDL = 1.8V Domain to VDDH =
5V Domain
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Figure 47: Transient Plots of Level Shifted Clock Phase
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4.4 Switched Capacitor Converter Circuit

4.4.1 Overview

Figure 48 shows the behavior diagram of the switched capacitor converter circuit

in open loop. When clock @1 is high, the Cfly capacitor is charged to 5V and when clock

2 is high, the bottom plate of the Cfly capacitor is connected to the floating node (source

node of the GaN switch) and the top plate provides the A5V with respect to the floating

node voltage. However, in the @2 cycle, due to the charge sharing of Cload with Cgs of

GaN, the output voltage will always be less than A5V corresponding to the floating node

voltages [23]. Since the intermediate node voltages see high voltages, the capacitor

switches need to have high Vps breakdown voltages. The super-junction transistors

available in XFAB’s XTO018 process are used as they have very high breakdown voltages

[24]. However, as these devices have very high Ron and there is significant switching
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:> Vout
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— o o o—0
@1 D2
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Figure 48: Schematic Diagram of SC Converter
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4.4.2 Capacitively Coupled Level Shifter - N

The schematic of capacitively coupled Level shifter that has the N-type DMOS
transistors cross coupled is shown in Figure 49 [25]. It is a modified version of the voltage
doubler circuit. The output of this capacitive coupled level shifter can drive the transistor
by reading the SRC node and providing 5V drive above that node. This is due to bias set
by the cross coupled transistors at the output. Figure 50 shows the transient plots of input,
output and SRC voltages. SRC voltage is 5V and the output swing is from 5V to 10V. The
output of this level shifter is used to drive N-type load because it provides the gate drive

voltage above the SRC voltage of NMOS.

SRC
-]
>
-
Output _
5V
Input
(Clock)

Figure 49: Schematic Diagram of N-Level Circuit
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Figure 50: Transient Plots of Output of N-Level Shifter Circuit

4.4.3 Capacitively Coupled Level Shifter - P

SRC

-

Ld

—1

Output
5V
Input
(Clock)

Figure 51: Schematic Diagram of P-Level Circuit

The schematic of capacitively coupled Level shifter that has the P-type DMOS

transistors cross coupled is shown in Figure 51 [26]. The output of this capacitive coupled

level shifter can drive the transistor by reading the SRC node and providing 5V drive below

that node. This is due to bias set by the cross coupled transistors at the output. Figure 52
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shows the transient plots of input, output and SRC voltages. The output of this level shifter

is used to drive P-type load because it provides the gate drive voltage below the SRC

voltage of PMOS.
’ IJI.IJI.ILI.H.IJH'.
15 - p=
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Figure 52: Transient Plots of Output of P-Level Shifter Circuit
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Figure 53: Switched Capacitor Converter Circuit

49



The complete switched capacitor converter circuit is shown in Figure 53. Switches
S1 and S2 are N-type transistors and switched S3 and S4 are P-type transistors. This is
decided after considering the node Vps voltages seen by these transistors. Switch S2 is
driven by capacitively a coupled level shifter-N and switches S3 and S4 are driven by
capacitively coupled level shifter-P. The floating output of the switched capacitor converter

circuit is shown in Figure 54.
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Figure 54: Transient Plot of Switched Capacitor Converter Circuit Output

4.5 GaN Level Shifter Driver

The output of the switched capacitor circuit provides the voltage supply to level
shifter and inverter buffers circuits. The level shifter employed here is a traditional clamped
level shifter with diode connected transistor to maintain the output voltage [27]. This
architecture needs high breakdown voltage transistors. The input to the level shifter is a
DC ground referenced voltage, determining the switch condition as on or off. Figure 55

shows the schematic of the level shifter circuit to drive the GaN load. Figure 56 shows the
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output of the Level shifter with respect to the floating voltage. This voltage is always less

than 5V that ensures the voltage less than Vgs breakdown of GaN.
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Figure 55: GaN Level Shifter Driver Circuit
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Figure 56: Transient Output Plot of GaN Level Shifter Driver

4.6 System Level Simulation

The system level setup shown in Figure 57 is type — I reconfiguration topology.

This topology is verified from the measured prototype board. A single CMOS controller
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integrated circuit (IC) can control 8 switches in total (4 series and 4 bypass switches). As

a series and a bypass switch (GaN) shares a source node, same switched capacitor converter

can be used to provide the floating voltages.
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Figure 57: CMOS Controller IC Setup
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Figure 58: Floating Switch Control
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Figure 58 shows the GaN gate drive voltages. The input is ground referenced 5V
signal and the output voltage is floating corresponding to the source node voltage of the
GaN. The source node here is 3V and the on-gate voltage is 7.6V and the off-gate drive

voltage is 3V.
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Figure 59: Complete Layout with 5 Converters

Figure 59 shows the complete layout in the allowed die area. This is the extent of

work that could be submitted in this thesis report due to deadline.
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5 CONCLUSION

The need for solar array reconfiguration was defined and a prototype board was
fabricated to verify the topology of solar array reconfiguration. The measurement results
from this board helped to design a compact and low-mass silicon-based CMOS-integrated
controller. Due to timing constraints, the measured integrated circuit (IC) results could not
be shared. However, all the post layout simulation results are shown. The measurement
results of the prototype board with commercial-off-the-shelf components (COTS) show the
switch on resistance as Ron = 0.14Q2. MATLAB simulations for 1kW satellite power
system was done with Voc and Isc of individual solar cells as 4.67V and 0.22A
respectively. Simulations show the total power loss due to switches as 0.72%. This loss is

very small compared to the power saved by reconfiguration.
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