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Abstract

This BSc thesis concerns the solar plane bachelor graduation project. This project aims
to improve the flight time of a commercially available RC plane by utilizing photovoltaic
technologies. In this thesis the power electronics system that supplies power generated by
photovoltaic technologies to the RC plane used during the solar plane project will be designed,
modeled, implemented and tested.

Utilizing Matlab Simulink, the power usage and generation of the solar plane is modeled
and simulated. The final simulink model is used to determine the performance of the plane
by ways of predefined performance parameters. This model shows that for the chosen RC
plane of the solar plane project, flight times equal to 16.76 times its initial flight time can be
achieved if the plane is flown during the day. Under a constant irradiance of 800 W/m?, even
continuous flight is possible.

The implementation of this power electronics system is tested both as a stand alone system
and on the solar plane during flight. The system shows an efficiency of 85% to 90% for power
conversion at an input power of 10+ Watts.
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Preface

This thesis concerns the BSc graduation project conducted at the Delft University of Tech-
nology, under the supervision of Dr. Olindo Isabella. The project group consisted of six
members and was divided in three subgroups of two members, each with their own tasks and
responsibilities. The goal of the project was the development of a system capable of powering
a RC plane utilizing photovoltaic technologies.

In this thesis, the design and implementation choices made by the power electronics subgroup
of the solar plane project are presented and the obtained results are discussed. It is our sincere
hope that the information presented in this thesis will inform and inspire anyone who may
read this thesis.
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Introduction

Unmanned aerial vehicles (UAVs) are a booming technology with a myriad of potential ap-
plications. Solar panels can be installed on UAVs in order to extend the flying time and/or
range. These solar planes are already being used to monitor and map a big crevasse in the
arctic Bowdoin Glacier [8], to gather data to build better models to predict the effects of
climate change. While there is great interest in solar plane technology, there are technical
challenges to be tackled. The main design objective of the power system is to achieve very
high energy efficiency and keep the design lightweight.

The solar plane project aims to develop a system for a commercially available RC plane
that is capable of extending its flight time by utilizing photovoltaic (PV) modules. For
the development of this system the power electronics subgroup will model and develop the
necessary systems needed to provide power to the plane by utilizing PV modules.

In this chapter the problem definition, key concepts of flight dynamics and PV systems for
solar planes will be introduced. These concepts will serve as the basis of the design and model
of the power electronics (PE) system. Finally, the structure of the thesis will be presented.

1-1 Problem definition

During the solar plane project, the project group will design the electric system of the solar
plane and choose appropriate PV technology. The first step is selecting very lightweight high-
efficiency solar panels, and calculating how much power can be gained from the available area.
Based on the connection of the PV modules appropriate power electronic converter will be
chosen to implement maximum power point tracking (MPPT) and interface the PV modules
with the battery and the motor. Moreover, the MPPT must be able to track changes quickly
without losing the optimal point.

The power electronics subgroup of the solar plane project is in charge of the design, modeling,
implementation and testing of the power electronics system. This includes the modeling and
circuit implementation of the MPPT, converters and battery unit.

1-2 PV systems for solar planes

In this subsection concepts regarding the design of PV systems in the context of solar planes
will be presented and analyzed. These concepts will be used throughout the thesis to suc-
cessfully design and implement a power electronics system for the solar plane project.
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Introduction

PV systems can vary from small and simplistic to big and complex depending on the amount
of power that it needs to be supply to its load for both grid and non-grid connected loads.[4]
Figure 1-1 illustrates an example of an off-grid PV system with battery storage units and
both AC and DC loads. Figure 1-2 shows a PV system schematic representation for a solar
plane.
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Motor,
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E Charge controller @ & / 4 '§/
” 7

Batteries
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Inverter Loads

Figure 1-2: Schematic representation of
[H_JL| PV system used for a solar plane.[1]

Batteries

Figure 1-1: Schematic representation of
a complex PV system including batteries,
power conditioners, and both DC and AC
loads. [4]

In the event that the PV modules generate more power then is required by the load at that
moment, the excess power generated can be used to store energy in a storage unit. In order
for this to work correctly, a charge controller is needed. In [5] a design for a charge controller
is given.

Many PV systems are equipped with a so called maximum power point tracker (MPPT), with
this module the output power of the PV modules can be maximized. A MPPT is never an
actual component itself but always connected to a DC-DC converter in a PV inverter or a
charge controller. [4] MPPTs can be implemented using various algorithms, each with their
own advantages and disadvantages [9] [2] [3].

1-3 Structure of thesis

The structure of this thesis is as follows. Chapter 2 will define the specifications for both the
entire plane and the power electronics system. Chapter 3 will present the design of the power
electronics system used to meet the systems specifications. Chapter 4 will present the model
used to simulate the design of the plane as well as define various performance parameters.
Chapter 5 will present the circuit level implementation of the power electronics system design.
Chapter 6 will present the obtained simulation and test results of the final system. Finally,
Chapter 7 will give the conclusion of the thesis followed by possible improvements and future
work regarding the power electronics system of the solar plane.



Program of requirements

The solar plane project group is divided into three separate subgroups each with their own.
The three subgroups are: PV, power electronics and control subgroup. Each of the systems
developed by the subgroups will be combined in order to realize the common goal of the
project, the creation of a solar plane.

In this chapter the program of requirements for the entire solar plane system and power
electronics system will be presented. These specifications will be used for the design and
implementation of the power electronics system.

2-1 Specifications of entire RC plane

The specifications of the system developed for the solar plane project are based on the research
objectives stated in the initial proposal for the project:

P1. The plane, with all its onboard components, must be able to fly.
P2. The generation of power by utilizing onboard PV modules.

P3. The system must increase the flight time of the RC plane

2-2 Specifications for the power electronics system

The power electronics subgroup must ensure that the whole system is electrically compatible
and maximize the efficiency of the electrical power transfer. As a result, the power electronics
subgroup of the solar plane project is in charge of:

e Modeling of the power generation and usage of the plane components during flight.

e Design and implementation of the power electronics system.

The model of the solar plane components will be used to predict the performance of the
solar plane configuration. This model is developed such that the following specifications are
uphold.

M1. Determine the possibility of flight of the solar plane.

3



Program of requirements

M2. Determine the power generation and usage of all onboard components.

M3. Determine the total flight time of the solar plane and flight time improvement compared
to an equivalent plane without solar power system.

The implementation of the power electronics system will operate directly with both the PV
and control subsystems and is therefore dependent on the input and output characteristics of
these subsystems. The implementation of the power electronics system must conform to the
following specifications.

I1. Supply power generated by the PV modules on the plane to the plane components.
1. The input of the system must accept an input voltage range of 5V to 7.4V and
current range of 0A to 44 from the PV modules.
2. The output of the system needs to supply the plane load with a voltage ranging
from of 6.8V to 7.5V.
12. Maximize the power output of the PV modules.

1. The implementation of the module that maximizes the PV module power must
operate at an efficiency of at least 85% for the given voltage and current ranges of
specification I1.

2. The implementation of the module must be a lightweight as possible.
I3. Maximize the energy efficiency of the entire system.

1. Energy generated by the PV modules that is not used to power the plane must be
stored.



Power electronics system design

Given in figure 3-1 is an overview of the main component groups of the solar plane project,
the power electronics subgroup will mainly focus on the MPPT, charge controller and battery.
These component groups are designed and implemented during the solar plane project such
that the specifications in section 2-1 are met successfully.

In this chapter the high level design of the power electronics system used to meet the spec-
ifications given in section 2-2 will be presented. The designed system will be based on an
off-grid PV system as illustrated and introduced in figure 1-1 and section 1-2 and [10]. This
system will be able to provide power from the PV modules to the plane load while maximizing
PV power output and energy efficiency of the system.
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Figure 3-1: High level design schematic of the power electronics system as part of the complete
solar plane system.



Power electronics system design

3-1 Maximizing PV power output utilizing maximum power point
tracker

In this section the design of the MPPT module will be presented.

The MPPT module will receive a voltage and current at its input within the range specified
in specification I1.1 and must convert this to the output range specified in specification 11.2.
For the MPPT module to successfully meet the specifications it must be equipped with a
voltage and current sensor as well as a DC/DC converter. The conceptual design of the
MPPT module is given in figure 3-2.

MPPT

lin —» lout —»

Voltage
Vin and current cc?ncv/gzr Vout
sensors

Figure 3-2: Conceptual design of MPPT module

3-2 Maintaining correct battery voltage by utilizing a charge con-
troller

In this section the charge controller and battery modules used to maximize energy efficiency
of the power electronics system in order to conform to specification 3 given in section 2-2 is
designed.

Charge controller

+ +
Vin Vout
Voltage
sensor

Switch
I

+ |vbatt |
Battery

Figure 3-3: Conceptual design of charge controller module

The charge controller is designed to disconnect the battery from the PV power output when
the state of charge has reached its safe limit. As designing and constructing a battery are
outside the scope of this project, an off-the-shelf battery pack will be purchased and used.
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3-3 Conclusion and discussion of power electronics system design

3-3 Conclusion and discussion of power electronics system design

The aim of the solar plane project is to increase the flight time of a RC plane by utilizing
PV modules. To achieve this a power electronics system is needed that can supply the power
demand of the plane utilizing both the power of the PV modules as well as the power available
from the onboard battery.

The high level design schematic of the system used to achieve this is given in figure 3-1. In
this system a maximum power point tracker (MPPT) is used to maximize the power output
of the PV modules and a charge controller is used to charge or discharge the battery in order
to provide the power load of the plane depending on power demand and generation. The
conceptual design of the power electronics system is given in figure 3-4

MPPT
. Charge controller
lin —» lout —»
+ +
Voltage
Vin and current DC/DC Vout
converter
sensors
Voltage
sensor
Switch
+ |Vbatt |-
Battery

Figure 3-4: Conceptual design of power electronics system
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Power electronics system modeling for
solar powered RC planes

In this chapter the designed power electronics system of chapter 3, given in figure 3-1, used
to supply the load of the plane using power generated with PV modules will be modeled
following specification M1 to M3 given in section 2-2. This will be done by calculating the
power usage of the plane load and power supply of the MPPT and battery. All modeled
Simulink subsystems of the power electronics system will be combined in order to model the
complete power electronics system. Using the obtained models of the plane power usage,
the minimum and maximum flight speed will be calculated and performance parameters
used to determine the flight performance and energy efficiency of the plane will be defined.
Finally, based on the obtained model, design considerations for the design of the plane will
be presented.

4-1 Power electronics modeling during level flight

In this section the model used to simulate the power electronics system, as presented in figure
3-1, will be modeled using Simulink. First the power usage and generation each subsystem
will be modeled individually, each subsystem will then be combined in order to create the
complete power electronics system model.

4-1-1 Modeling power usage of plane load during level flight

During the entire operation duration of the solar plane, the power supplied by the PV mod-
ules and battery must equal the power demand of the plane load. In order to model the
performance of the power electronics system the power demand and losses of the plane load
must be known. In this subsection, the power demand of the plane load during level flight
will be calculated and a model of the plane load will be implemented using Simulink.

Let m be the total mass of the solar plane equipped with all necessary equipment, Aqyngs
be the total surface area of the plane wings, Cp and Cf, be the drag and lift coefficients of
the plane respectively, g be the gravity acceleration and p be the density of air at the flight
altitude. The propulsion power needed to maintain level flight Pje,; is then calculated using
equation 4-1. [1]

Cp [2(mg)3

02/2 pAwings

]Dlevel - (4' 1)
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Power electronics system modeling for solar powered RC planes

The total mass of the plane m is the sum of the airplane frame mass m f.qme, the combined
total weight of electrical equipment and circuitry meje., the weight of the battery mpq and
the weight and area of the installed PV modules mpy. Mass m is then calculated using
equation 4-2.

m = Mframe T Melec + Mbatt + MpPV (4—2)

The mass of the PV modules m py is determined by the total area of the plane wings covered
and the density of PV modules. Let Apy and ppy be the area and density of the PV modules
respectively. Then mpy is calculated by equation.

mpy = ppvApy (4-3)

The power delivered to the plane is subject to power inefficiencies of the various pieces of
propulsion hardware on the plane, let npun. be the combined power use efficiency of all
onboard motor equipment of the plane. Let P.cctronics be the power usage of the onboard
electronics, then the total power that needs to be provided by the battery and PV system to
the plane load Pj,.q is then calculated using equation 4-4. Equation 4-4 is implemented using
Simulink according to figure 4-1.

Plevel
Pplane = == + Petectronics (4_4)
TNplane
P_level
—p X
Ll >Q
P_plane
effi_plane

P_electronics

Figure 4-1: Simulink implementation of plane load model.

4-1-2 PV module power generation modeling and MPPT

Onboard PV modules will supply the solar plane with power. In order to maximize the power
output of the PV modules a MPPT is used. In this subsection the model used to simulate the

10



4-1 Power electronics modeling during level flight

power generated generated by the PV modules and MPPT will be designed and implemented
using Matlab Simulink.

Let kpycover be the percentage of wing area covered with PV modules. The total area of PV
modules on the wings Apy is then calculated using equation 4-5. Let I(t) be the irradiance
of light upon the the PV modules as a function of time ¢ and npy be the power efficiency of
the of the PV modules. The maximum power generated by the PV modules on the wings as
a function of time Ppy (t) is then calculated using equation 4-6. The Simulink model of the
PV module subsystem is given in figure 4-2.

APV = kPVcoverAwings (4_5)

va(t) = nvapvf(t) (4'6)

|_profile ———»

Irradiance
ot . o oy =

A pv ) effi_pvmod

PV module
area

Figure 4-2: Simulink implementation of PV module model.

The MPPT is subject to power usage inefficiencies, the simulink model of the MPPT can be
implemented utilizing only a gain block. Let n,,p,: be the power efficiency of the MPPT. The
simulink implementation of the MPPT is then given by a gain block with value 7,

4-1-3 Battery modeling and charge controller

The onboard charge controller will charge and discharge the battery depending on power
supply and demand. In this subsection a model of the plane battery will be presented and
the charge controller algorithm used for the simulation will be implemented using Simulink.

The battery used in the RC plane is implemented in Simulink using the standard Simulink
battery model, the implementation of the battery in Simulink is given in figure 4-3. The
charge and discharge efficiencies of the battery are defined as ncparge and ngischarge-

Determining when the battery is charged and discharged is done by the charge controller.
The charge controller measures the generated power of the PV modules and battery, state of
charge of the battery and demanded power of the plane load. This controller is implemented
in Simulink using algorithm A-3-1.

11



Power electronics system modeling for solar powered RC planes

o f>

X
Power in . -
charge efficiency
+
e

(D

X b (2)
P

. . ower out
discharge efficiency

Figure 4-3: Simulink implementation of battery.

4-1-4 Complete power electronics system modeling

All subsystems are combined according to the design given in figure 3-1 to form the power
electronics simulink model given in figure 4-4. With this model it is possible to simulate the
performance of the power electronics system for various irradiance profiles. The model returns

the power supply of the PV modules and batttery and the state of charge of the battery as a
function of time.

Outt ’ Int &= Coutl P pv
@ Pload[——————»—] P plane
P_batt
PV modules MPPT - ‘
P_load ChargeController Plane load
P2batt
| SoC_batt —‘

SoC [
Discrete 3
auto Power in
>

Power out
Battery —‘

Figure 4-4: Simulink implementation of complete power electronics system.

4-2 Flight speed modeling

In this section the minimum speed required to achieve level flight and the maximum speed
achievable of the plane will be calculated.

4-2-1 Calculating minimum velocity at level flight

In this subsection the minimum velocity required to maintain level flight is calculated.

The powers Pj;t; and Pgy,q4 due to the lift and drag forces on the plane are given in equations
4-7 and 4-8 respectively.

12



4-2 Flight speed modeling

1 (mg)?
)2 P — 4-7
lift 2Aliftp'U ( )
1 3
Pdrag = ichAfront'U (4'8)

Let Fj;p; be the lift force on the plane during level flight and A s, be the surface upon which
the lift force acts, then the lift coefficient Cf, is given by equation 4-9.

o, = 2Fjipe _2mg
Ajipepv? Agippo?

(4-9)

The power during level flight at velocity v is then given by equation 4-10.

1 (mg)* L1

P(U) = -Plift + Pdrag = §Al‘ftpv 2
i

1/1
C’DpAfmntv3 =3 (QCngv + C’dpAfrontv:s) (4-10)

Let vpmin be the minimum velocity needed for level flight. By equating equations 4-1 and 4-10
at vmin yields equation 4-11. Solving this equality for v,,;, will give the minimum velocity
needed for level flight.

P(Umin) = F)level (4—11)

4-2-2 Calculating maximum possible flight velocity

In this subsection the maximum possible velocity of the solar plane is calculated.

Let Fiprust,maz be the maximum thrust force that can be provided by the plane propulsion
system and v, be the flight velocity of the plane when the propulsion system is providing
its maximum thrust force. The power used by the propulsion system at maximum thrust
Pihrustmaz 1s then calculated using equation 4-12.

Pthrust,ma:c = Fthrust,ma:cvma:r (4'12)

Equating equations 4-12 and 4-10 such that Piprustimaz = P(Umaz) and solving for vy,
calculates the maximum possible velocity given in equation 4-13.

F -3C
Vrnan = \l thrust,mazx 2LLmg (4_13)

%CdpAfront

13



Power electronics system modeling for solar powered RC planes

4-3 Solar plane performance parameters

Given in section 2-1 are the solar plane specifications that need to be met for the successful
completion of the solar plane project. In order to determine if a given RC plane will meet
these specifications, appropriate performance parameters are required. In this subsection the
performance parameters used to determine the performance of the solar plane will be defined.
These parameters will determine if a given solar plane is able to meet project specifications
P1 and P3 given in section 2-1.

4-3-1 Possibility of flight

In this subsection the parameter used to determine the possibility of flight in order to satisfy
specification P1 of section 2-1.

The ability of the plane to fly depends on the thrust force output of the onboard motor, the
ability of flight is guaranteed if and only if the motor is able to provide the necessary thrust
needed to reach v,;,. Based on equation 4-13, it can be determined that the possibility of
flight can only be true when v, < Umaz. This inequality leads to equation 4-14 which will
be defined as the possibility of flight parameter. If this equation holds true, specification P1
is considered to be satisfied

(4-14)

1
Fthrust,ma:p - ZCng
Umin < 1
§OdpAfront

4-3-2 Total flight time

In this subsection the parameter used to determine the flight time improvement of the solar
plane, in order to determine if specification P3 of section 2-1 is met, is defined.

Let SOC,,4. and SOC,,,;,, be the maximum and minimum state of charge of the battery, Cpqu
be the energy capacity of the battery, Viqi: be the nominal output voltage of the battery and
Ppianenopv be the plane power requirement when mpy = 0Okg. The flight time of the solar
plane when no PV power is generated during the duration of the flight 1ot nopy is then
calculated using 4-15.

T _ (SOCmaI - SOCmin)Cbatt%att
flight,noPV — P
plane,noPV

(4-15)

Considering the solar plane during flight given a certain irradiance profile I(t) and initial
battery state of charge SOCGrt- The power supplied by the battery is then calculated by
equation 4-16. The energy stored in the battery during flight as a function of time FEpq(t) is
then calculated by equation 4-17.

(4-16)

Pb ( ) o ndischarge(ljload - PPV(t)) if P)load > PPV(t)
tt - .
¢ Ncharge (Pload - PPV (t)) if ]Dload < PPV (t)

14



4-4 Solar plane design considerations

t
Ebari(t) = SOCstart Cratt Voatt — /0 Pyt (T)dT (4-17)

The total flight time of the solar plane T'tj;g is defined as the time interval between the start
of the flight until the state of charge of the battery reaches SOC(t) = SOCi. The total
flight time is then calculated by solving equation 4-18 for T'f;gps.

Eyatt(Triight) = SOCminChatt Voatt (4-18)

The flight time improvement performance parameter 77 ;mprove is then defined by equation
4-19. When equation 4-19 is greater then one, specification P3 of section 2-1 is satisfied

T'tlight

R 4-19
T'tlight, noPv (4-19)

T improve =

4-4 Solar plane design considerations

Excluding the performance parameters defined by equations 4-14 and 4-19 used to satisfy
specifications P1 and P3 of section 2-1, other design criteria can be defined for the performance
of the solar plane. In this section various design considerations for plane component selection
will be defined which can be used to optimize the design of the solar plane.

4-4-1 Battery considerations

As described by equation 4-2 the total mass of the plane depends partly on the mass of the
battery while equation 4-1 shows that the power demand increases as the mass increases. It
is therefore prefered to choose a battery with a high and energy and power density Egepsity
and Pyepnsity as defined by equations 4-20 and 4-21 respectively.

Chat
Edensity = mba ! (4—20)
att
P
Pdensity = dlSC;LabrgeamaI (4_21)
att

4-4-2 Wing aspect ratio

Given a plane with rectangular wings, let Lyings and Wiyngs be the length and width of
the plane wings. The approximate aspect ratio of the plane wings Rspec: is then defined
by equation 4-22. Substitution of equation 4-22 into equation 4-1 yields equation 4-23, this
equation shows that for Py, to be minimized the plane must have a low R,spect value and
high Lyings value.

15



Power electronics system modeling for solar powered RC planes

_ L%uings (4_22)
Wwings Awings/Lwings Awings

C’D 2Ra5 ect(rng)3
]Dlevel = 03/2 pZQ . (4—23)
I V wings

4-4-3 Wasted surplus power generation

Lwings o Lwings

Raspect =

In the event that n,,,,t Ppv > Ppiane When the battery state of charge SOC = SOC)q4, the
part of the generated PV power that can not be used to supply the plane load or charge
the battery is defined as Pyaste(t) = Nmppt PPv (t) — Ppiane- This surplus power generated is
considered to be wasted.

Let T7 <t < T3 be a time interval during which 7t Ppv > Ppiane and SOC = SOC)q, is
true. The wasted energy over this time interval Ey,se is then calculated by equation 4-24.

TQ T2

Ewaste = T waste (t)dt = /T nmpptPPV (t) - Pplanedt (4'24)
1 1

Let N be the total amount of time intervals during which 1,,pt Ppv > Ppiane over the entire
duration of the flight. The performance parameter used to determine the ratio of wasted
energy compared to the PV module energy generation over the entire entire flight time due
to surplus power generation kyqsie is then defined by equation 4-25. For the energy efficiency
of the solar plane to be maximized, the solar plane is desired to be designed such that kyqste
equals zero.

N N
kwaste — Zi:l Ewaste,i _ Zi:l Ewaste,i (4_25)

Epy foTﬂight nmpptPPV(t)dt

4-5 Conclusion and discussion of obtained system model

In this chapter the plane power usage model, performance parameters and design consider-
ations were defined. The model and performance parameters will be used in chapter 6 to
determine the performance of the final solar plane design.

In section 4-1 the power usage and generation of the solar plane were calculated in order to
model the power electronics system according to model specifications M1 to M3 of section
2-2. Given in figure 4-4 is the complete power electronics system simulink model. This model
can be used to determine:

1. Plane power usage during level flight

2. PV module power generation over time

3. Battery charge and discharge power

16



4-5 Conclusion and discussion of obtained system model

4. Battery state of charge measurement

5. Total flight time

Section 4-2 shows the derivation of equations for calculating the minimum and maximum flight
speed of the solar plane. Equations 4-11 and 4-13 calculate the minimum and maximum flight
velocity respectively.

Section 4-3 defines the performance parameters used to determine the performance of the
solar plane during flight. These parameters can be used to determine the possibility of fight,
flight time and wasted energy generation of the solar plane.

The design considerations given in 4-4 can be used to make decisions on what sort of battery
should be implemented and the shape of the wings.

4-5-1 Possibilities for improvement of energy efficiency

Equation 4-25 calculates the fraction of energy that cannot be used to provide the load or
charge the battery with, this value is desired to be as low as possible. In order to minimize
this coefficient, this surplus energy could potentially be used to increase the flight speed or
store as potential energy by increasing its flight altitude. In order for the usefulness of this
functionality to be quantified the model must be expanded.
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Power electronics system
implementation

In this chapter the power electronics system as designed in chapter 3 will be designed and
implemented on a circuit level according to specifications I1 to I3 detailed in section 2-2. This
chapter will discuss the factors considered when making decisions concerning the design of
the components of the power electronics subsystem. The components of which the design will
be discussed in this chapter are the DC/DC converter for MPPT, the charge controller for
ensuring proper power delivery to the battery and load and the voltage and current sensors.

5-1 DC/DC converter implementation for MPPT

This section will discuss the design decisions behind the DC/DC converter used for the MPPT
implementation.

5-1-1 DC/DC converter implementation guidelines

In order to accommodate the varying current-voltage characteristic of the PV cell array and
supply its power to the rest of the system, a DC/DC converter which can accept a varying
input voltage is required. Based on initial estimates of the PV cell array layout, the output
voltage of the array will be lower than that of the battery. As a result, the DC/DC converter
will be a boost-converter. There are many different topologies of boost converters that can
provide the desired voltage boosting functionality. The topology used for this project will be
a non-synchronous switched-inductor boost converter. This design requires few components
and is simple to model and should be capable of meeting the required specifications with
the correct components [7]. A diagram of the circuit of a generic switched-inductor boost
converter is shown in Fig. 5-1.
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MY » b:: »

Figure 5-1: A generic switched-inductor boost converter layout

Other topologies, while more complicated, may function better at more extreme voltages, offer
faster response times, improved efficiency and/or lower voltage and current ripples. However,
through proper selection of components for the selected topology, the desired specifications
can be met while maintaining the simplicity of the design. A simpler design also allows for
the use of fewer components, which can mean a lower footprint in terms of both the weight
and volume of the converter.

An important parameter of the design is the resistance of the inductor side of the converter
during the ’on’ period of the duty cycle. This determines how quickly the inductor current can
increase as well as the maximum inductor current. A high inductor current gain is necessary
in order to sustain the voltage gain at higher output currents.

A low inductor current ripple is desirable, as a change in the input current away from the
desired current will cause the PV panels to operate outside of their maximum power point,
meaning that incoming solar energy is being wasted. The voltage ripple on the other hand,
is not of much importance. Most components connected to the system have no voltage ripple
requirements and will generally remain functional as long as the supply voltage remains with
the bounds of the minimum and maximum supply voltage.

The inductor current ripple is determined by the switching frequency as well as the inductance
of the inductor as shown in Eq. 5-1, where D is the duty cycle, T' is the period, L is the
inductance and V; is the source voltage. The output voltage ripple is determined by the
switching frequency as well as the capacitance of the output capacitor, as shown in Eq. 5-2,
where D is the duty cycle, T is the period, C' is the capacitance, and I, is the output current.
While either ripple can be minimized by increasing the switching frequency of the converter,
the switch itself may not be able to switch fast enough. A higher switching frequency can
also increase the power losses in the switch, which in order to be reduced, would heavily
complicate the design.

T
ar=PTy (5-1)
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5-1 DC/DC converter implementation for MPPT

DT,
e

AV (5-2)
There are many different switches which can be incorporated into a boost converter. For
this design an n-channel MOSFET was chosen to function as the switch due to the ability to
switch on at positive voltages and the low switching times. The selection of the MOSFET
itself was done by modeling and comparing the performance of various MOSFETs. The most
important characteristics of the MOSFET are the conduction losses and the switching losses.
The former is caused by the drain-source resistance of the MOSFET in its conducting state,
while the latter is caused by the gate charge and switching times.

5-1-2 DC/DC converter design and implementation

The most important components of the switched-inductor boost converter are the inductor
and the MOSFET. For the MOSFET, it is important to know how efficient the MOSFET
is. If the switching times are high, the MOSFET will spend a significant amount of time
in between the off and on state. Which can cause significant losses at high frequency in
hard-switched converters. An illustration of this effect is shown in Fig. 5-2.

A A

Conventional(Hard) Conventional(Hard)
glvoltagecurve  yitching-ON %| switching-OFF bl
= 1 = ‘.-..-
E Current curve g | Current curve
- |

Turn-on Turn-off

Figure 5-2: An illustration of losses caused by hard-switching compared to soft-switching. [11]

By selecting a MOSFET with low switching times (sub-50 ns) as a requirement, the time
spent in this transitional state, and subsequently the losses caused by it, can be minimized
for a hard-switched converter. By further calculating the conduction and switching losses at
the selected operating frequency range of 100kHz - 500kHz, the optimal MOSFET for the
DC/DC converter can be selected.

The conduction losses are determined by Eq. 5-3 [6]:

Pcon = Rps(on) X Lsw (rus) (5-3)

Where Rpg(on) is the drain-source resistance of the MOSFET in its conducting state and
Isw(ras) is the RMS current going through the switch during its conducting period.

The switching losses are determined by Eq. 5-4 [6]:
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Qas +Qap

To (5-4)

Psyw = Vps X Ip X fsw X

Where the Vpg is the drain-source voltage, Ip is the drain current, fsy is the switching
frequency, Qag is the gate-source charge, Qgp is the gate-drain charge, and I is the gate
current.

With these equations, the simulated losses of various MOSFETs can be plotted as a function
of the switching frequency and then compared, as shown in Fig. 5-3. The code used to
calculate this data and generate these plots is included in Appendix A-3-2.

0.4 T T

——IPP083N10NS5 total losses x
035l |77 PSMNB8R5-100PS total losses x |
— — ~IRF2807ZPbF total losses L
FDP5800 total losses . =

* _IRF2907ZPbF total losses *

Power (W)

Frequency (Hz) x10°8

Figure 5-3: A comparison of the simulated losses in a sample of n-channel MOSFETs

Given these simulation results, the IPPO83N10N5 was selected to function as the switch of
the boost converter.

The important parameters of the inductor are the inductance, the DC resistance, weight and
saturation current. Early estimates of the peak input current of the DC/DC converters were
as high as 5A, therefore an inductor with a saturation current higher than that is required.

While there is no hard requirement for a maximum ripple current, in order to maximize the
efficiency of the PV cells a maximum ripple current of 100mA was chosen. For a duty cycle
of 0.5 and a switching frequency of 250kHz, a 100uH inductance gives an expected current
ripple of 100mA using Eq. 5-1.

In order to ensure that the switch would be driven with sufficient gate current, the PWM
signal provided by the MPPT will be amplified a gate driver which will drive the MOSFET.

The schematic of the circuit (excluding the gate driver) is given in Fig. 5-4
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Figure 5-4: The schematic of the DC/DC converter

This design uses a higher inductance and a lower switching frequency, but the obtained
SPICE simulation results (Fig. 5-5 indicate that it will be able to deliver the required while
maintaining the required voltage and current ripple.

]

Figure 5-5: SPICE simulation results for the boost converter

5-2 Charge controller and battery implementation

This section will cover the design of the charge controller and the selection of the battery for
the system.

The electrical components of the system, such as the motor and ESC have a minimum voltage
requirement. This voltage is higher than the output voltage of the PV array, but the battery
added to the system supplies this voltage. The voltage of this battery determines the output
voltage of the DC/DC converter and as such, has been set at as low a value as possible
(within the required voltage specifications of all the components of the system) as the DC/DC
converter becomes less efficient as the voltage gain of the converter increases. The ESC
requires a LiPo battery with a minimum of 2 cells in series giving a nominal voltage of 7.4V.

As the flight time of the plane must be extended as much as possible, the weight of the battery
must be as low as possible. The battery must however, also act as an energy buffer for the
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plane for when the PV array does not generate enough power. As stated in subsection 4-4-1,
a battery with a high energy and power density is preferred. Figure 5-6 shows a comparison
of various battery types in regards of energy and power density. The manual of the plane
chassis also recommends a minimum battery capacity of 2500 mAh. However, due to the fact
that the plane will be generating energy during its flight, a lower battery capacity should
suffice. As a result the battery used in the design is a lithium-ion polymer battery and has a
capacity of 2400 mAh.

ultracap.
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Li-ion cap.
‘ Li-ion

NiCd pinr bat.

100 b i

electrolyte combustion

cap. asoline
10?2 L double

layer cap. CH,
Lead
b . aciq J
10 1

Power density (W/kg)

H,, fuel cell

1
10 10° 0? 10°
Energy density (Wh/kg)

Figure 5-6: A Ragone chart of different energy storage methods. Capacitors are indicated with
cap.[4]

The charge controller will consist of a load switch which is designed to disconnect the battery
if the battery voltage reaches its threshold as a result of charging. It ensures that the battery
will never be overcharged and that the load will always have a source of power. There is no
risk of power flowing into the PV array as the DC/DC converter has a diode preventing that.
The schematic of the charge controller is shown in Fig. 5-7. The voltage will be read and
sent to an MCU which will also send the signal controlling the switch.
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Figure 5-7: The schematic of the charge controller

5-3 Sensor implementation

For the MPPT and charge controller implementation to work as intended, the output power of
the PV modules and battery must be calculated. This will be done by implementing voltage
and current sensors which measurement values are read by the microcontroller MPPT and
charge controller algorithms.

In this section the circuit implementations of the voltage and current sensors will be presented.
The measured values of these sensors will be read by the microcontrollers and used for the
MPPT and charge control algorithms.

5-3-1 Voltage sensor

In this subsection the voltage sensing circuit implementation is presented. The voltage sensor
must be able to measure the voltage range given in specification I1.1 of section 2-2 and
attenuate it to the voltage input range of the microcontroller 0V < Vv < Vicumaz-

Let V;;, be the voltage measured by the voltage sensor and Vi sense be the voltage read by the
analog input port of the microcontroller. Figure 5-8 then presents the circuit implementation
of the voltage sensor. Values for Ry and Ry are chosen such that equation 5-5 holds true
while RLQ << Ryevu-

Ry

ov < VVsense = m

‘/in < VMCU,maJ: (5_5)

5-3-2 Current sensor

In this subsection the current sensing circuit implementation is presented. The current sensor
must be able to measure the current range given in specification I1.1 of section 2-2 and
attenuate it to the voltage input range of the microcontroller 0V < Virecr < Varcumaa-
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Figure 5-8: Circuit implementation of voltage sensor.

Let Vi, be the output voltage supplied by the PV modules or battery, Vs be the voltage over
Risense and Vigense be the voltage read by the analog input of the microcontroller. Figure
5-9 then presents the circuit implementation of the current sensor. Values for R; and Rs are
chosen such that equation 5-6 holds true. Value Rjsense is chosen such that Rigsense << Rioad-

Ri 4+ Ry

oV < V)sense = T‘/s < VMCU,max (5'6)
2
V Isense
ou To MCU analog in
— ~~ OPAMP
R2 R1

Figure 5-9: Circuit implementation of voltage sensor.

5-3-3 Sensor component selection

In this subsection the components used to realize the sensor implementations given in figures
5-8 and 5-9 will be determined.

The chosen microcontroller used for the MPPT and charge controller algorithms has an analog
voltage input range of 0OV < Visop < 3.3V. Based on specification 11.1 of section 2-2 and
equations 5-5 and 5-6, the component values of the sensors are given in table 5-1.
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Voltage sensor Current sensor
R1 | 5.6 kQ R1 10 kQ
R2 | 2.2 kQ R2 100 ©

RlIsense | 0.1 ©

Table 5-1: Component values for the voltage and current sensors used to measure the PV module
and battery output.

5-4 Conclusion and discussion of system implementation

This chapter details the various factors taken into account when designing the various power
electronics systems used in this project. The schematics for the various PE systems are also
shown in this chapter.

The DC/DC converter for the MPPT will consist of a non-synchronous switched inductor
boost converter capable of delivering high gain at the required output power. The charge
controller will consist of a circuit connect the DC/DC converter output, battery and load,
ensure that the load is always powered and that the battery is not overcharged. The design
for the voltage and current sensor which will be utilized to measure the output power of the
PV array and battery is also detailed.
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Power electronics system modeling
and testing results

In this chapter the power electronics system model of chapter 4 will be simulated and the
implementation of chapter 5 will be tested in order to determine the performance of the
system.

6-1 Solar plane model performance results

In this section the simulink model given in figure 4-4 will be used to evaluated the performance
of the solar plane using the performance parameters defined in section 4-3 and plane com-
ponent data given in table A-1. The performance parameters will be calculated for constant
irradiances and simulated days starting at sunrise and high noon.

6-1-1 Determining possibility of flight

Before the plane is simulated during various irradiance profiles, the possibility of flight will be
tested using performance parameter equation 4-14. The calculated minimum and maximum
velocities for the solar plane with and without PV modules are given in table 6-1. Since
equation 4-14 holds true for both plane configurations, the possibility of flight is determined
to be plausible.

Plane without Plane with

PV modules PV modules
Umin | 7-81 m/s Umin | 8.64 m/s
Umaz | 44.12 m/s Umaz | 42.35 m/s

Table 6-1: Minimum and maximum flight velocities of the solar plane with and without PV
modules installed

6-1-2 Performance during constant irradiance

The performance of the plane is simulated during constant irradiance I. The simulation
results are given in table 6-2, the X characters imply that the plane is capable of continuous
flight for the given I resulting in an theoretical infinite flight time and improvement ratio.

The obtained results show that for I > 200 specification P3 is satisfied.
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I Triight | TTimprove
0 718 0.82
100 840 0.96
200 1007 1.15
300 | 1250 1.43
400 | 1638 1.87
500 2352 2.68
600 4105 4.69
700 15299 | 17.5

800 | X X
900 | X X
1000 | X X

Table 6-2: Flight times and improvement ratios during constant irradiance

6-1-3 Performance during simulated day irradiance profiles

The performance of the plane will be modeled during a simulated day when no shading occurs,
starting in the morning and at noon. Figures A-1 and A-2 provide examples of the irradiance
profiles with peak irradiance I,eqr = 1000 W/ m? starting during the morning and at noon
respectively. Tables 6-3 and 6-4 yield the simulation results obtained for both time intervals.
From these tables it can be concluded that specification P3 can not be satisfied when the
plane is flown during the morning since r7 jmprove < 1 for all irradiance profiles. If the plane
is flown at noon, specification P3 is satisfied when Ipcq; > 200 W/ m?.

Ipeak tflight T improve
0 718 0.82
100 720 0.82
200 | 723 0.83
300 | 726 0.83
400 | 729 0.83
500 732 0.84
600 735 0.84
700 738 0.84
800 741 0.85
900 744 0.85
1000 | 747 0.85

Table 6-3: Flight times and improvement ratios during simulated day starting at morning

6-2 Measuring performance of power electronics components

In this section the circuit level implementation discussed in chapter 5 will tested.
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Tpeak | tfiight | TT,improve
0 718 0.82
100 839 0.96
200 1005 | 1.15
300 1245 1.42
400 1623 | 1.85
500 2297 2.62
600 3800 4.34
700 7500 8.56
800 11494 | 13.12
900 13386 | 15.28
1000 | 14682 | 16.76

Table 6-4: Flight times and improvement ratios during simulated day starting at noon

V_source Volt mete
To MCU

analog in

R2

a8

~

Figure 6-1: Voltage sensor test setup

Figure 6-2: Current sensor test setup

6-2-1 Sensor testing

In this subsection the voltage and current sensors implemented in subsection 5-3 will be tested.
The sensor will be considered to be working as intended if and only if the microcontroller
running the MPPT and charge controller algorithms reads the correct voltage and current
measured by the implementation. The sensors are required to read the measurement values
within an error margin of 5% in order to be considered accurate.

Using a voltage source and current source to simulate the PV modules, the measurement
setups depicted in figures 6-1 and 6-2 are used to test the voltage and current sensors re-
spectively. The microcontroller analog input will measure the voltage Viensor and current
Lsensor values for voltage and current ranges 0V < Vipuree < 10V and 0A < Iouree < DA,
the obtained measurement values will then be compared to the measurement values of the
voltage and current meters.

The percentile variance between the voltage/current meter measured values and microcon-
troller measured values are calculated. If all the calculated variances are lower then 5% the
sensors are considered to be accurate. The obtained measurement values are given in tables
6-5 and 6-6. Since the calculated variances are all lower then 5%, the sensors are considered
accurate and working as intended.
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Vaource(V) 0 |1 [2 [3 4 [5 [6 [7 [8 [9 [10
Vaensor (V) 0.01 | 1.00 | 2.02 | 3.03 | 4.05 | 5.04 | 6.09 | 7.08 | 8.09 | 9.10 | 10.10
Variance(%) | - 0 1 1 12508 |15 | 1.4 1.13] 1.11 ] 1

Table 6-5: Measured values of voltage sensor using setup 6-1

Trource(A) 0 |1 |2 [3 |4 |5
Toensor (A) 0.02 [ 0.98 | 1.8 | 2.99 | 3.98 | 4.98
Variance(%) | - 2 1 033105 |04

Table 6-6: Measured values of current sensor using setup 6-2

6-2-2 MPPT testing

The DC/DC converter was first tested with a DC power supply input with a current sensor,
a 100kHz switching frequency and a 10f2 resistor load. The output voltage was measured by
a multimeter. The test & measurement setup is shown in Fig. 6-3

V in V_out
——€ —3 M L
| Vs SEEE R1 I 5|
T- s R=10 Ohm
GND_OUT v
—(D *
GND in

Figure 6-3: The test & measurement setup for the DC/DC converter

The converter was tested at input voltages of 5V and 6V, and a range of duty cycles from 0.2
to 0.7. The results are given in Fig. 6-4

From the results it can be seen that the converter can achieve an efficiency of up to 90% in
the desired operating range. The efficiency shows a negative trend with increasing gain, so
the decision to operate the system at a lower voltage will result in higher efficiency for the
DC/DC converter. While the power supply used to test the system is limited to an output
current of 5A, the converter was able to function properly up to at least 4.1A, which means
it should be able to handle the current from the PV array.

The output voltage ripple for an input of 6V, a duty cycle of 50% and a frequency of 100kHz
was measured to be as high as 1.68V. This causes the output voltage to shoot outside of the
voltage range of the battery and electronic speed control. While there is a possibility that
the output voltage does not have this ripple, as the oscilloscope used to sample this waveform
showed ripple values of 300mV to 1.68V, it is nonetheless, best to reduce this ripple as much
as possible since outputting a voltage with a ripple this large could negatively affect the
performance of the rest of the system. This could be remedied by increasing the capacitance
on the output of the converter.

32



6-3 Conclusion and discussion of obtained test results

6-2-3 Charge controller and battery testing

The charge controller is tested by connecting the DC/DC converter to the charge controller
input, and the battery and a test load to the charge controller outputs. The functionality
of the charge controller can be verified if the battery voltage does not increase beyond the
specified cutoff.

Unfortunately, as of the moment of writing. The charge controller components have not been
delivered, and therefore the implementation of the charge controller cannot be tested.

6-3 Conclusion and discussion of obtained test results

Section 6-1 shows that during constant irradiance profile of 800 W/m? continuous flight can
be achieved. Under simulated day irradiance profiles the flight time of the solar plane can be
improved by 16.76 the planes initial flight time.

Some of the parameters used in the model are not accurately known and were therefore
approximated resulting in less accurate results. Especially the drag and lift constants are of
great influence on the obtained results. In order to obtain more accurate results, steps must
be taken to determine the parameters more accurately.

Section 6-2 presented the acquired test results of the individual components for the im-
plementation of the solar plane power electronics system. All tests showed the completed
implementations to be working as intended, with the possible exception of the voltage ripple
of the DC/DC converter.
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Figure 6-4: The measured values of the prototype of the DC/DC converter
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system

In this thesis the power electronics system of the solar plane project was designed, modeled,
implemented and tested.

Chapter 4 discussed the model, performance parameters and solar plane design considerations
of the solar plane. The model was developed in order to determine the satisfaction of speci-
fications P1 and P3 for any given solar plane configuration. The results obtained from this
model and performance parameters using data of the solar plane project plane configuration
are given in section 6-1.

Chapter 5 presented the implementation of the power electronics system on circuit level. This
implementation was developed in accordance with specifications 11 to I3. The simulation
results for the relevant components The test results of this system implementation are given
in section 6-2. The results for the tested components show largely positive results, with the
DC/DC converter able to deliver the necessary gain. The output voltage ripple of the DC/DC
converter may possibly be outside of the required specification, and additional steps will be
taken to remedy this. The charge controller was not built as of the time of writing, and
therefore the functionality thereof could not be tested.

7-1 Future work

The model developed in chapter 4 only describes the plane at a constant altitude. In order
to model the power usage of the plane more accurately, the model can be expanded such that
it describes the take off and landing power usage of the plane as well as the power usage as
varying velocities. Another addition to the model would be the method discussed in section
4-5-1.

Although design considerations for the aspect ratio of the were given in section 4-4, the project
group could not use this in any meaningful way due to the inability to design their own optimal
airplane wings. In order to create the most optimal solar plane, the wings must be custom
made to accommodate for the most efficient PV module placement. More research should
be done to determine the relation between optimal aspect ratio and PV module coverage for
solar planes.

For the design of the power electronics system itself, the design of a boost converter can be
improved. Currently, the standard model of the boost converter does not include the DC
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resistance of the inductor and drain-source resistance of the MOSFET, although these affect
the performance of the converter greatly. A model that could provide a good estimate of
the performance of a boost converter as a function of a subset the various parameters of the
components could make the design process of these converters much faster. A full circuit
simulation that accurately simulates the MOSFETs, such as SPICE, can be impractical due
to the speed of the simulation and the difference between the parameters of the MOSFET
models and commercially available MOSFETs.
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Appendix

A-1 Figures

A-1-1 Irradiance profiles
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Figure A-1: Simulated irradiance profile starting in the morning and peaking at 1000 W/m?
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Figure A-2: Simulated irradiance profile starting in at noon and peaking at 1000 W/m?
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Appendix

A-2 Tables

A-2-1 Power electronics model parameters

Plane parameters

g 9.81 m/s?
p 1.225 kg/m3
CL' 0.5

Cql 0.05
Auwings 0.47 m?
kPVcover 0.9

M frame 0.98 kg
Melec 0.5 kg
Mpatt 0.179 kg
PV 0.885 kg/m?
npy 0.2

Ny PPT 0.9
nBatt,chargeJr 0.98
nBatt,dischargeT 0.98
Tplane 0.65

Pelec 20 W
Fthrust,max 7.848 N
Cbatt 2400 mAh
Viatt 4V
SOChaz 0.8
SOCrin 0.2

Table A-1: Power electronics model parameters, based on measured component values, used for
simulink simulation. Parameters marked with a T symbol are approximations based on average
values. The true values of these parameters are not known.

A-3 Code

A-3-1 Charge controller simulink code

1 %Simulink charge controller algorithm

2

3 function [P2load, P2batt] = ChargeController (P_pv, P_batt, P_load, SoC_batt)
4

5 SOC_max = 0.8;

6 SOC_min = 0.2;

7

8 1f P_pv — P_load >= 0 && SoC_batt < SOC_maxx100 && SoC_batt >= SOC_minx100

9 P2batt = P_pv — P_load;

P2load P_load;
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A-3 Code

11 elseif P_pv — P_load >= 0 && SoC_batt >= SOC_max*100

12 P2batt = 0;

13 P2load = P_load;

14 elseif P_pv — P_load < 0 && SoC_batt >= SOC_min*100
15 P2batt = P_pv — P_load;

16 P2load = P_pv + P_batt;

17 else

18 P2batt = 0;

19 P2load = P_pv;

20 end

A-3-2 MOSFET losses simulation

= 0.5;
= 50000:10000:500000;

1 L = 0.0001;

2 C = 0.0001;

3 R_SL = 0.1;

4 V_in = 5;

5 V_GS = [10; 10; 10; 10; 101;
6 I_L_av = 2;

7 load = 10;

8

9

W]

[
(=)

Transistors = .

["IPPO83N10ONS5"; "PSMN8R5—100PS"; "IRF2807ZPbF"; "FDP5800"; "IRF2907ZPbF"];
12 R_DS_on = [8.3; 8.5; 9.4; 6.0; 4.5] .x 10°-3;
13 Q_GS =[11; 24; 19; 23; 46] . 10"=9;

[
[N

14 Q GD = [6.5; 33; 28; 18; 65] . 10~—9;
15 QG = [37; 111; 110; 145; 270] . 10"~=9;
16 T_sw = [5; 39; 62; 14; 120] .x 107-9;

17

18 I_ripple =D .x V_in ./(F .* L);%Ideal/Peak value

19 I_rms = sqrt((I_L_av — I_ripple).”2 + (I_L_av — I_ripple)."2 +
(I_ripple./3).7%2);

20 C_G = Q_G./V_GS;

21 DVDT_G = V_GS./T_sw;

22 I.G = C_G .+ DVDT_G;

23

24 P_con = R_DS_on .x I_rms.”2; %Transistor resistive losses

25 P_sw = V_in .* I_rms . F .x (Q_GS + Q_GD)./I_G;

26

27

28 Colors = ['— ";"'"—=.";"'"—"'"; "'+ ";'x '];

29 for n = l:length(Transistors)

30 plot (F, P_sw(n,:) + P_con(n,:), ['k', Colors(n,:)], 'DisplayName',
strcat (Transistors(n), ' total losses'));

31 hold on;

32 end

33

34 xlabel ('Frequency (Hz)");
35 ylabel ('Power (W) ');
36 lgd = legend;
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