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Abstract/Resiimee

Development of Maximum Power Point Tracking for ESTCube-2

Maximum power point tracking is one of the most crucial components in a satellite. It allows for
maximizing energy extraction from solar panels by varying the load of the solar cells for various
environmental conditions. Without a functioning maximum power point tracking (MPPT), the
CubeSat could experience power shortages that would eventually would lead to the shutdown
of the entire system.

This thesis focuses on the creation of a Maximum Power Point Tracking system for the
ESTCube-2 satellite. While there have been several Arduino based prototypes, none of them
have actually been implemented on the final flight hardware and software. During the thesis,
the author created a working prototype of the MPPT and implemented it with the satellite har-
dware. Furthermore, a set of tests were created and conducted in order to verify the work of the

MPPT.

CERCS: T120 Systems engineering, computer technology; T170 Electronics; T320 Space tech-
nology

Keywords: CubeSat, ESTCube-2, Power harvesting



ESTCube-2 maksimaalse voimsuse jalgija arendus

Maksimaalse voimsuspunkti jdlgimise siisteem (edaspidi MPPT) on satelliidi iiks kdige tdhtsamaid
osi. See voimaldab piikesepaneelidelt voimalikult palju energiat kitte saada, muutes nende
elektrilist koormust olenevalt véliskeskkonnast. Ilma t6otava MPPT-ta voib kuupsatelliit koge-
da elektrikatkestusi, mis vOib pohjustada kogu satelliidi vilja liilitumise.

Antud bakalaureusetod keskendub MPPT siisteemi loomisele ESTCube-2 satelliidile. Va-
rem oli loodud moningaid prototiilipe Arduino baasil, kuid iihtegi neist poldud riist- ega tarkva-
raliselt 16plikult implementeeritud. Loput6o kédigus 161 autor todotava MPPT prototiiiibi ja reali-

seeris selle satelliidi riistvaral. Autor 16i ja viis 1dbi erinevaid teste, et kontrollida MPPT t66d.

CERCS: T120 Siisteemitehnoloogia, arvutitehnoloogia; T170 Elektroonika; T320 Kosmose-

tehnoloogia

Keywords: CubeSat, ESTCube-2, Power harvesting
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1 Introduction

Satellites consist of different complex systems that use electricity to operate. Therefore,
satellites must have the ability to convert the energy around it into electrical energy locally.
Commonly, the power harvesting system’s primary power source is solar cells. Since solar cells
produce a non-linear current-voltage relationship, a maximum power point tracking (MPPT) is
required for efficient power extraction [1].

The MPPT uses current and voltage sensors to sample the solar array’s power output and
adjust the input operating voltage to match the point where the power output is at its maximum,
allowing efficient power extraction from solar arrays. The excess power harvested from the
primary power source should be accumulated in a storage device, most commonly, a battery
pack.

The CubeSat standard was introduced to the world in 1999 as a collaborative effort between
California Polytechnic University and Stanford University. The project’s primary goal was to
reduce developing time and cost of building a satellite and to increase accessibility to space for
small companies and research institutes. The standard specifies that a one-unit CubeSat must
have dimensions of 100 mm x 100 mm x 113.5 mm and should not exceed a mass of 2 kg. The
CubeSat standard also supports scalability by one-unit increments. For example, a three-unit
satellite can be made using the same cubic modules, giving maximum dimensions of 100 mm x
100 mm x 340.5 mm and a mass up to 6 kg [2].

ESTCube-2 is a three-unit successor to the one-unit ESTCube-1 CubeSat, developed by
the Estonian Student Satellite Foundation and the Tartu Observatory, University of Tartu. Due
to the addition of new experiments and subsystems, ESTCube-2 is larger and more ambitious
than its predecessor. The mission aims to demonstrate a plasma brake deorbiting solution by
deploying at least 30 m of conductive tether, potentially accelerating the mitigation of the space
debris problem [3]. Among other payloads, the satellite will conduct a corrosion experiment
developed by the University of Tartu, Institute of Physics, Laboratory of Thin Film Technology,

and will carry two 5 megapixels Earth observation imagers that take images in different spectral
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regions, made by Tartu Observatory.

This bachelor’s thesis aims to test and integrate a MPPT system into the ESTCube-2 satel-
lite. The thesis will give the reader a general overview of the working principles of an MPPT
system in the chapter 2, along with showcasing other missions where an similar MPPT system
was used and sets the requirements for ESTCube-2 MPPT development in chapter 3. Chapter 4
will provide the reader with detailed information about the developed MPPT algorithm, and the
thesis will end by showcasing test results in chapter 5, followed by a conclusion where potential

future improvements to the MPPT will be discussed.
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2 Power harvesting in space

Power harvesting plays an important role in all forms of space explorations. Without a
proper way to harvest power, a spacecraft can not maintain the needed electrical supply for the
on-board systems.

The typical approach for most satellites is to use solar panels for power harvesting [4]. How-
ever, there are other methods of harvesting power in space such as radioisotope thermoelectric
generator (RTG) and fuel cells [5],[6]. Typically, these systems are used in larger spacecraft far
from the Sun, at distances where the light intensity becomes too low for practical solar panel
deployment. Though they have not yet been integrated into CubeSats, the PocketRTG scientific
development shows promising results for the future small satellite missions [7].

This thesis will focus on the most common method: harvesting power from solar cells which
is also used by ESTCube-2 due to the readily available solar energy in low Earth orbit. The fol-
lowing sections provide the reader with a brief overview of the working principles of an MPPT
functional block, along with an explanation of the most popular power tracking algorithms. The
chapter ends with an examination of a few successful CubeSat missions that performed well in
low Earth orbit (LEO). The chapter will focus on the techniques they used to maximize energy

harvesting while in orbit.

2.1 Solar cell theory

A solar cell is a semiconductor device that converts visible and infrared light into electricity
using the photovoltaic (PV) effect. The ideal solar cell model consists of the current source
and a single diode connected in parallel. The output current from the current source is directly
proportional to the emitted light from the light source. This ideal model is illustrated in figure
2.1 [8] where V represents the voltage across the output of the cell, I, is the photocurrent

generated from the current source and /; is the saturated current of the diode [9].
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Figure 2.1. Equivalent circuit of an ideal PV cell.

The output current / of an ideal model of the solar cell can be shown as the relationship

between [, and I4:

[=1I,—1I, 2.1)

The current diverted through the diode can be expressed with the Shockley diode equation
[91:

Vb

I = Ig(eVrn — 1), (2.2)

where [; is the current through the diode, /g is the reverse saturation current, Vp is the
voltage across the diode, n is the diode ideality factor, and e is the Euler’s number. V7 is the
thermal voltage that can be calculated using Vy = %T equation, where £ is the Boltzmann
constant, q is the charge of the electron, and 7' is the temperature in Kelvins.

By substituting 2.2 with 2.1 the expression of the ideal solar cell model 2.3 is achieved.

Vr

I = Iph - Is<€m - 1), (23)

The more accurate and close to reality model can be introduced by adding shunt resistance
R, which accounts for the leakage current in the p-n junction, and series resistance 2, defining

material resistivity. This equivalent circuit is shown in the diagram 2.2 [10].
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Figure 2.2. The equivalent circuit of a PV cell with serial and parallel resistance R, and Ry,.

The relationship among additional parameters can be expressed as

I'=1,—1Ip—1Ig 2.4
where
(V+IRs)
Iy=5 (e Vv —1) (2.5)

represent the diode current (1) incorporated with a series resistance (R;), and

(V +1R,)
Iyp = ———= 2.6
h R (2.6)
is the current of shunt resistor (/).
By substituting 2.5 and 2.6 with 2.4 equation is re-written as follows:
(V+IRs) V + IR,
= 0y — Ig(e e _qy = VIR 2.7)

Rsh

2.2 Maximum Power Point Tracking

Solar cells have a non-linear current-voltage relationship, resulting in a specific point on the
current-voltage (I-V) curve where they provide power with maximum efficiency. This point is
called maximum power point (MPP) [10]. Another way to analyze the output efficiency is to
use current-voltage (I-V), where the output of the solar cell is shown as a voltage with respect
to current. The example of I-V and P-V curves created for AzurSpace 3G30A [11] cells using
Matlab model with data available on the manufacturer’s datasheet can be seen in the figures 2.3

and 2.4.
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IV-Curve of Azur Space 3G30A cell
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Figure 2.3. Simulated I-V curves of AzurSpace 3G30A cell at different angles of solar illumi-
nation.

The model was designed by Walker in 2001 [12] and was slightly modified in order to
use with AzurSpace cells. The model uses a simplified model of solar cells resulting in series

resistance and the recombination diode. A similar equivalent circuit can be seen in the figure

2.2.
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PV-Curve of Azur Space 3G30A cell

O  MPP =1.1685W (@24 V)
Inc. angle =0

2f MPP = 1.1303W (@2.4 V)
Inc. angle = 15

MPP = 1.0167W (@2.4 V)
Inc. angle = 30

15} O  MPP =0.82647W (@2.4 V) .
Inc. angle = 45

Z O MPP = 0.56456W (@2.45 V)
o} Inc. angle = 60 _a
2 O MPP=0.23981W (@245V) ~\
o Tr Inc. angle = 75 / |
e
e —~
_ S _
0.5 G —
Ji..f"'/ —E

Voltage [V]

Figure 2.4. Simulated P-V curves of AzurSpace 3G30A cell at different angles of solar illumi-
nation.

The purpose of the MPPT is to keep the power harvesting circuitry operating at the point
where the solar arrays can provide maximum power. The MPP location depends on multiple
parameters such as solar irradiance, solar cell temperature, and degradation of solar cells. The
I-V curves shown in figure 2.5 display how temperature changes the 3G30A solar cells’ output
characteristic. The figure shows that increasing temperature increases MPP current and de-
creases the voltage. Additionally, the voltage drops more rapidly than the current rises, which
leads to a reduction in solar cell efficiency at higher temperatures. By comparing the I-V curves
of 50°C and 28°C, the voltage drop in the power production of 3.8% is discovered while the

current only increased by 1.2%.
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Figure 2.5. Simulated I-V curves of AzurSpace 3G30A in respect to temperature.
MPPT techniques used for locating the maximum power point can be classified into:

* Indirect methods - algorithms that rely on PV array characteristics. MPP is calculated
with a simple assumption without measuring the power of PV arrays. Therefore, it is

unreliable to use these methods to track the MPP precisely in space as the conditions
such as temperature and irradiance will change rapidly [13].

* Direct methods - methods that will work under any condition as they process power,

voltage, and current measurements of PV arrays to determine the exact location of the
MPP.

A select number of implementable algorithms are presented below.

2.2.1 Perturb and observe

The perturb and observe (P&O) is the most widely used algorithm due to its simple imple-
mentation. The algorithm continuously measures the power from the solar array and raises or

lowers the array voltage until the MPP is achieved. The main problem of this approach is that
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the MPP can not be accurately determined with a large step size, generating steady oscillation
around the MPP. On the other hand, a too small of a step size creates a considerable lag in the
system and makes it less responsive to changes. Therefore there are modifications of the P&O
algorithm that reduce the steady-state oscillations and to prevent the probability of tracking
the MPP in the wrong direction under low power generation where the P-V curve of solar cell
flattens [14],[1].

The following steps explain the behaviour of the P&O algorithm shown in diagram 2.6 [15].

1. Measure the input-voltage V' (k) and the input-current (k).
2. To acquire the initial power P(k), calculate the product of V' (k) and I (k).

3. Perturb the reference voltage of the solar panel Vg.; by a minimal step size in order to

change the system operating point.
4. Compare current power reading P(k) with the previously calculated P(k — 1).

5. If the harvested power level stays the same, the reference voltage will not be changed.
Otherwise, the current-voltage V' (k) compared with the previous voltage V (k — 1) and

the reference voltage is perturbed towards MPP.
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Sense V(k), l(k)

Yes

P(k)-P(k-1)=0

Mo Yes

P(k)-P(k-1)=0

Yes Mo Mo Yes

Decrease Vref Increase Vref Decrease Vref Increase Vref

Y

[ RETURN )

Figure 2.6. The flowchart of the P&O algorithm.

2.2.2 Incremental conductance

Electrical conductance determines how well an object can conduct electricity, and a similar

)

name for this method is used because the algorithm compares incremental conductance (<,

with instantaneous conductance (— é) and adjusts the reference voltage towards MPP. The main
advantage of incremental conductance (IncCond) the algorithm is that it can accurately detect
MPP direction. Compared to P&O algorithm, it decreases steady-state oscillation. However, the
algorithm requires a relatively powerful microcontroller unit (MCU) capable of floating-point
calculation due to the complex decision-making process, increasing overall system cost.

The MPP is achieved when eq. 2.8 is met.

- - __ (2.8)
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The increase in operating voltage of solar arrays happens when the incremental conductance

is larger than the negative instantaneous conductance. Therefore, eq. 2.9 is met.

AT I
= 5 _ - 29
AV % 29)
If the incremental conductance is smaller, the operating voltage is decreased. Therefore, eq.
2.10 is met.
Al I

al 2 2.1
AV STV 2.10)

The following steps explain the behaviour of the IncCond algorithm shown in the diagram

2.7 [15].
1. Measure the input-voltage V' (k) and the input-current (k).

2. If the change in PV array voltage remains stationary, the reference voltage Vgs is in-

creased or decreased by comparing the PV arrays current.

3. Otherwise, equations 2.8, 2.9, 2.10 are used to adjust the reference voltage accordingly.
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Figure 2.7. The flowchart of the IncCond algorithm.

2.2.3 Fractional methods

Both fractional open-circuit voltage and fractional short circuit current algorithms use the
principle that the relation between V)j;pp (or MPP current /,,pp) to the open-circuit voltage

Voc (or short circuit current /g¢) is almost linear. Therefore,

Vurp = KocVoc, (2.11)

Inpp = Ksclsc (2.12)

where Kpc and Kg¢ are the constants that represent proportional gain [16]. The coefficients
depend on factors such as parameters of PV elements and atmospheric conditions. Usually,

Ko has the interval of [0.71,0.78] and K¢ has [0.78,0.92] [14].

The main advantage of those techniques is that they can be implemented relatively quickly

and require only a voltage or current sensor. However, the algorithms pose the problem of
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needing open-circuit voltage/short-circuit current periodically measured, which interrupts the

supply of power to the consumers [14].

2.2.4 Parasitic Capacitance

The parasitic capacitance (PC) algorithm is very similar to incremental conductance, with
the main difference of taking into account the PV array parasitic junction capacity (PJC). PIC
is caused by charge accumulation in the p-n junction area.

By including the parasitic capacitance C), to the equation of the ideal solar cell (2.3), the

following PV current equation is obtained:

(V+IRs)

I(t) =Ly — Is(e "mn — 1)+ L.(t) = F(Vey(t)) + C,Vpy (t), (2.13)

where /.(t) represents capacitor current and is defined by equation 2.14.

I(t)=C Vv

4 2.14
Pt (2.14)

By taking derivative of multiplying equation 2.13 by PV array voltage the following equa-

tion of array power at MPP is obtained.

dF (Vpy)(t Ve (t)  Vepl(t F(Vpy)(t
(Vpv)(t) Lo (ev(t)  Vev(t),  F(Vev)(t) _ 0, (2.15)
dVpy (t) Vev(t)  Vev(t) Vpy (1)
where %;"(2)@ defined as incremental conductance and instantaneous conductance as
F(Vpv)(t)

Voo (D) of the PV array [17]. The dot represents the degree of the derivative.

2.2.5 Comparison of the different techniques

The review of different MPPT algorithms in the Nevzat Onat [18] article summarizes the
performances, shown in table 2.1. As shown, Parasitic Capacitance, modified Perturb & Ob-
serve, and artificial intelligence-based algorithms show the highest power production efficiency.
However, power production in CubeSats is sufficiently low. High-complexity algorithms such
as artificial intelligence-based require a powerful MCU. Therefore, low-complexity algorithms
are preferred due to lower power consumption and simpler design. Response time is also an
essential factor that needs to be considered because of the rapidly changing environment, espe-

cially in space applications where the satellite’s rotation can cause fast irradiance changes.
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vC

Comparison parameters
Perturb & observe

Efficiency (%) 81.5-85
PV Panel depending operation No
Exactly MPP determination Yes
Analog or digital control Both
Periodic tuning requirement No
Convergence speed Varies
Complexity Low

Measured parameters Voltage, current

Modified P&O

93-96
No
Yes

Digital
No
Fast

Medium

Voltage, current

MPPT Algorithms

Artificial intelligence  Constant voltage (current)

>95 88-89.9

Yes Yes

Yes No

Both Analog

No Yes

Fast Medium
High Low
Varies Voltage (current)

Table 2.1. Comparison of MPPT techniques.

Incremental conductance

73-85
No
Yes
Digital
No
Varies
Medium

Voltage, current

Parasitic capacity

99.8
No
Yes
Analog
No
Fast
Low

Voltage, current



The efficiency of MPPT algorithms was determined by:

[y Prppr(t)dt

2.16
[y Praz(t)dt (-16)

NyvMppPT =

where Py, ppr represents the power output of the PV system and P, is the ideal MPP power

output.

2.3 ESTCube-1

ESTCube-1 was a one-unit CubeSat that was equipped with twelve 3G30C triple-junction
GaAs solar cells provided by AZUR SPACE Solar Power [11]. The solar cells were used as
the primary energy source and they were placed in pairs on the spacecraft’s six sides. However,
because of the structure of the satellite, only three solar panels could be in direct sunlight at any
given time, meaning that only those panels would provide power.

The electrical power system (EPS) design shown in diagram 2.8 consisted of three subsys-
tems: power harvesting, distribution, and storage [19]. The energy harvesting system utilized
a stand-alone SPV1040 MPPT IncCond that didn’t require active control from the MCU. As at
any given time only three power points needed to be tracked, due to the placement of the solar

panels, three separate MPPTs were implemented.

_EPS
internal
supply
r— — — — — — -— — — — — — — 7
—I_| M
|_ X & X I:> MPPT 1 3.3V |:> pS |
L solar cells regulators %
| ——  |za o ||
| Sa 2
| Ul[Fvey MPPT 2 >V s c ||
solar cells regulators - S g
| — |73 5|
v ] S
| Uff +z&-z MPPT 3 3 |
L solar cells regulators
L — - — — — - 4 Battery Battery L= — _— _— _— 4

protection| [protection

Power distribution

Power harvesting

|
|
|
Battery 1| [Battery 2 |
- — — — 4

Energy storage

Figure 2.8. Diagram of EPS on ESTCube-1 satellite. Arrows show the flow of the energy.
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The analysis of energy production showed the average power production under sun illumina-
tion of 2.2W at the beginning of the mission [20]. Unfortunately, the operation of the satellite’s
solar panels showed a degradation speed that was a lot faster than was anticipated. The reason
for the problem is attributed to the lack of cover glass on solar cells allowing atomic oxygen or,

possibly, radiation damage.

24 Qbx

The CubeSat Experiment or QbX was a three-unit spacecraft designed to explore a common
nanosatellite platform for deployment of new technology at a faster rate and to reduce costs over
traditional satellite platforms. The primary payload consisted of a custom-built Bus to Payload
Interface Card, half-duplex TT&C radio, deployable dual-antenna, and a Low Rate Modem
used for communication experiments.

The primary power source of the satellite consisted of 46 Emcore Advanced Triple-junction
solar cells. The solar cells were placed on nine different panels (see figure 2.9): five body-
mounted, and four deployable panels [21]. Each deployable and three body-mounted panels

housed six solar cells, and the remaining two body-mounted had two cells per panel.

Figure 2.9. QbX CubeSat with its deployables open for maximum power harvesting.

The EPS was custom designed by Clyde Space and contained five independent MPPTs that
worked autonomously. The solar panels with the arrangement of six cells were connected to
MPPTs in pairs with a configuration that didn’t allow for both panels to be illuminated simul-
taneously. Each MPPT converter could provide a maximum output of 8 watts of power. The
remaining two cell solar panels were connected to the fifth MPPT, which was a single-ended

primary-inductor converter, and it was able to output 5 watts of power. During the short mission
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of QbX CubeSat, the MPPTs produced on average between 5.1 Watts to 8 Watts of power, as
was intended. The electrical load was typically around 5 Watts, with the peak load of 15.5 Watts
when the COM payload was enabled [22].

2.5 Aalto-1

Aalto-1 was a three-unit CubeSat initiated by the Department of Radio Sciences and Engi-
neering of Aalto University. One of the mission’s main goals was to test the electrostatic plasma
brake designed by the Finnish Meteorological Institute.

The power harvesting system consisted of four solar panels located on the X and Y-axes of
satellite. The -X and +Y side panels had the most solar cells per side, each panel containing
eight cells. The remaining two panels -Y and +X had a lower amount of cells, six and two cells
respectively, due to the placement of other subsystems. The generated power from solar panels
was converted using three Battery Charge Regulators (BCRs) located on an EPS board provided
by Clyde Space. The MPPT monitors kept track of the maximum power point and adjusted the
BCRs to maintain the maximum power derived from the arrays. Each BCR operated indepen-
dently from the others, meaning that if a failure event occured on one unit, the others would
have continued to work [23].

The performance of the EPS was monitored using current, voltage, temperature sensors. The
telemetry data revealed that the satellite’s EPS was performing nominally, and required power
was provided to satellite subsystems. However, degraded performance of one solar panel, shown

by the green plot in figure 2.10, was discovered. The cause of the problem is unknown [24].
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3 ESTCube-2 power distribution overview

The ESTCube-2 power distribution network aims to provide power to all subsystems and to
protect the supplied systems from excessive current consumption. The structure of the satellite’s
power distribution network can be seen in the figure 3.1 [25].

The main part responsible for managing the satellite’s power is the EPS mainboard. The
EPS is connected to other parts of the distribution network via the main power bus (MPB)
bus, which has a floating voltage from 6.6 V to 8.4 V. The current on the MPB lines can flow
bidirectionally between the side panels, EPS mainboard and battery management board. The
rest subsystems and payloads can only receive power from the EPS mainboard. Additionally,

the EPS provides 3.3 V and 5 V power lines for the satellite subsystems and payloads.

5-6 Maximum
element power point MPE
solar cell tracker I o Battery
array [MPPT} EPS Mainboard I-.-‘1anagement
1T
Side Panel
< ),

Subsystems &
Payloads

Figure 3.1. Diagram of power distribution system on ESTCube-2 satellite. Arrows show the
flow of the energy.

The six side panels "Printed circuit boards (PCBs) on-board the satellite, glued to the six
sides, are responsible for many different tasks. However, one of the most important tasks for
them is to provide harvested solar energy to the entire satellite and charge the Li-ion battery
cells. This is done through the MPPT step-down converter that outputs harvested power to
MPB.

Using the MPB, EPS provides power to itself and to the rest satellite’s avionics module,

consisting of the on-board computer, communications and the star tracker subsystems.
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3.1 Solar panel’s configuration

Figure 3.2. The ESTCube-2 solar panels configuration.

ESTCube-2 will have, in total, seven solar panels that will be covered with connected in
series AzurSpace 3G30A solar cells. The solar panel configurations can be seen in figure 3.2
[25]. Panels numbered 2, 3, 5 and 6 are hosted on deployable wings. Other panels are attached
to the primary satellite’s body.

Each solar cell will be glued to an outer side panel PCB, which itself will be attached with
adhesive to the satellite frame or a wing deployable. The solar cells are covered with cover
glass to counteract radical oxygen that is present in LEO and to block UV radiation. Most solar
panels except panel 4 will house six solar cells. The fourth panel of the spacecraft has five cells
due to the size of the lens of the star tracker camera.

Each solar panel will be connected to its own power harvesting module allowing for inde-
pendent control of the MPP.

The power production is mostly done by three panels, 3, 4 and 5, facing the sun directly.

The other solar panels will be collecting power from the Earth’s albedo, providing some power.

3.2 Overview of power harvesting system

The primary responsibility of the ESTCube-2 power harvesting subsystem is to obtain max-
imum power with the highest efficiency from the solar panels, thus providing power to all
on-board systems and for charging the batteries. The centrepiece of the power harvesting sub-

system is shown in the block diagram 3.3 initially created by Davis Fishers [26].
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Figure 3.3. High level overview of the MPPT circuitry.

The system utilizes an LT3652 battery charger integrated circuit (IC) [27] with an adjustable
reference voltage input responsible for controlling the charge current. If the reference voltage is
increased so is the charge current and vice versa. This allows for the implementation of MCU
based MPPT algorithms.

In order to control the voltage at the reference voltage input, a Microchip MCP4161 [28]
digital potentiometer was added. A 5V low-dropout voltage regulator was added to supply the
potentiometer. This approach was selected to have a direct supply from the solar panel in case of
EPS’ inability to supply a SV which could lead to the power harvesting system malfunctioning.
A vital factor for using a 5V voltage regulator is to have a larger regulation range, allowing for

more precise input voltage control.
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Figure 3.4. The resistor network structure for controlling reference voltage.

Figure 3.4 shows the configuration of the resistor network. The output from solar panels
is connected to the digital potentiometer terminal A through resistor R3. The resistors around
the digital potentiometer (R3, R4 and R5) are used to set the voltage to an appropriate voltage
reference regulatory range and protect from overvoltage supply. The potentiometer wipers (W)

output is then fed into the LT3652 battery chargers voltage reference pin.

Number | Min - max voltage of | Min - max voltage of
. Panel number
of cells solar cells voltage divider
6 12.28V - 16.14V 2.6V -2.8V 1,2,3,5,6,7
5 12.28V - 13.45V 2.6V -2.8V 4

Table 3.1. The ESTCube-2 solar panel’s configuration.

The power harvesting subsystem has two different configurations due to the varying amounts
of solar cells on the satellite sides. The configuration can be changed by differing the values of
resistors in the resistor network and the input voltage divider (R1 and R2) to change the voltage
relationship. The configuration ranges for the potentiometer network can be seen in the table
3.1. The minimal voltage is set by the LT3652 battery charger minimum operating range, and
the solar panel’s open-circuit voltage sets the maximum voltage.

The power harvesting module uses two Linear Technology LT6105 [29] current-sense am-
plifiers for current measurements, along with two voltage dividers for input and output voltage

measurements. The analogue outputs of those components are directly connected to the MCU’s
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internal ADC inputs. The measurements are used in the MPPT algorithm as well as for moni-
toring the power extraction efficiency.

Finally, in order to prevent backward current flow into the solar cells, there are two near-
ideal diodes made by LTC4412 Low Loss PowerPath Controller [30] and SiA483DJ P-Channel
30 V MOSFET [31]. The diodes are located on the input and output of the power harvesting
system.

The following list includes an overview of changes that have been made during this thesis

by the author in order to fix problems of different MPPT hardware revisions.

The supply voltage to LT6105 current-sense amplifiers was changed from 3.3V to 8.4V

in order to allow a finer sensing of the change in current.

* The BOOST rectifying diode was incorrectly connected to the SENSE terminal on the
LT3652 battery charger. The new revisions of the MPPT hardware fix this issue.

* The LT3652 battery charger input decoupling capacitor was moved closer to to chip in

order to prevent voltage instability on VIN.
* The newer revisions implements a better component layout for the MPPT circuitry.

* To save physical space the SRR1240-150M inductor for the battery charger inductor sense

resistor circuitry was changed to MSS7348 inductor that has a smaller footprint
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3.3 Thesis goals

The goal of this thesis is to get the MPPT as close to flight ready as possible. To achieve

this, the author, along with the ESTCube technical team, set the following goals:

* Create the needed hardware test setup for MPPT testing.

* To ease MPPT testing on the ground, the MPPT should have an easily accessible debug

interface with a developers computer.

* The satellite operators must be able to obtain information about MPPT input and output
current, input and output voltage, temperature of the MPPT charging circuitry and the

estimated temperature of the solar panels.

* Information about the MPPT operational state shall be accessible to the satellite operators.

This includes the currently used algorithm, MPPT faults and MPPT operational state.

e The MPPT should be able to provide power with an efficiency of at least 70 %. This
replicates the efficiency of Arduino based MPPT solution made by previous ESTCube

engineers.

* The duration of a MPPT tracking cycle shall be lower than 100 ms. The MPPT should be
able to adjust the maximum power point at least ten times while the satellite is rotating at

one revolution per second.
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4 Implementation of MPPT algorithms

This chapter will focus on describing the implementation of different MPPT algorithms as
well as used frameworks and tools in the process of developing the software. Due to the having
the problems of testing the software in the actual sunlight, most of the software was mostly

tested in-house using available tools at the laboratory.

4.1 Software Design

The final software consist of multiple layers which can be seen in figure 4.1 [25]. The
ESTCube team uses firmware bundled in logical layers where each layer can talk with the one

below it through API calls.

Command line interface

Lo 1

MPPT Application

$ APl call T

Device driver layer

L APl call T

HAL driver layer

Lot

Real-time operating system

l APl call T

Hardware abstraction layer

Lo T

Hardware

Figure 4.1. The MPPT software layers.

The following list provides a small description of every layer:
* The Hardware Abstraction Layer (HAL) hides the MCU specific details from the
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higher software layers. This allows developers to develop software without knowing all

the device specific details about the MCU functions.

* A real-time operating system (RTOS) is used to maximise the efficiency of an em-
bedded system by implementing task synchronisation and multitasking capabilities while

ensuring the real-timeliness of the entire system.

* The HAL driver layer acts as an arbiter between all the tasks by ensuring that requests

to the peripherals are fulfilled in the order they are received.

* The Device driver layer is responsible for providing logic for controlling external de-

vices attached to the MCU.

* The MPPT application layer is responsible for the logic that controls the finding and

maintaining the maximum power point.

* The Command Line Interface (CLI), not present in flight software, allows sending com-
mands to the MPPT application layer using a developers computer. Therefore allowing

for convenient control and debugging of MPPT software.

The main software layers that the author worked on are the device drivers, the MPPT and the
command line interface (CLI). In order to control the potentiometer, which adjusts the voltage
reference for the battery charging chip, the MCP4161 device driver was written. Additionally,
the author created unit tests to verify the created device driver.

The software controlling the MPPT temperature sensor and battery charging chips, were
already written by other team members. During the thesis the author updated the drivers to
follow the latest ESTCube development. The primary development process took place in the
created an MPPT application layer the creation of commands in the ESTCube CLI layer, that
enables the user to log live data. Finally, the author fixed bugs that were found in the HAL layer

during software development.

4.2 Maximum power point tracking

The algorithm development started by implementing four different algorithms: P&O, P&O
with variable step size, IncCond and a temperature based power point tracking. However, this
section mostly focuses on the P&O algorithm as it was chosen over the previously mentioned
algorithms due to their implementation problems, low efficiency and the author’s available time.

Therefore in depth discussions about those algorithms is out of the scope of this thesis.
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The logic of the MPPT software can be seen in figure 4.2. The MPPT software starts by
initializing the needed peripheral devices such as the ADC, the digital potentiometer and the
battery charger. The software then proceeds with the initialization of the actual MPPT layer,
where a FreeRTOS task is created for power point tracking and the needed ADC channels are
registered with the ADC driver with a sampling time of 1 ms.

Following the setup, the created FreeRTOS MPPT task starts measuring the input current
and voltage to get the power that is being input into the system. The amount of measurements to
average for the final input power value is specified in the MPPT layer configuration file which
modifies the MPPT layer during compilation.

Next, the task calculates the produced power and both input and output power into a vector
array which is then passed into to the currently active MPPT algorithm function. As mentioned
before, there are several algorithms to choose from when tracking the maximum power point.
However, only P&O has been successfully fine tuned to be in working order. The MPPT task can
be reconfigured during runtime to switch to different maximum power point tracking algorithm.

Using the input values, the MPPT algorithm calculates the direction in which the resistance
of the digital potentiometer needs to be changed in order to increase output power production.
Using this information, the algorithm sends the appropriate command to the digital potentiome-
ter so reference voltage could be perturbed in the direction of the MPP. After this step, the

measurement cycle starts again and is continued endlessly.

@ MPPT task
Measure average
Initialize peripherials > Input-current w| Calculate produced
Input-voltage ~ power
ADC A
MCP4161
LT3652
v Y
Update potentiometer Step into selected algorithm and
Initialize MPPT layer resistance < perform calculatiuon |n_order to
locate MPP location
Configure ADC channels
Create MPPT FreeRTOS task

Figure 4.2. High-level software logic of MPPT.
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4.3 Command line interface

The CLI layer enables a developer to configure the MPPT layer while it’s running, and re-
turns live telemetry of the MPPT. The CLI application layer uses the FreeRTOS CLI framework
[32]. This enables a convenient way of creating various commands that control code execution
by using a serial connection between a developers PC and a MCU. The author created vari-
ous commands to speed up and ease the process of MPPT development and debugging. The

following list gives the reader an overview of the most useful commands:

* MPPT _SUSPEND call suspends the running MPPT function by suspending the FreeR-
TOS task.

* MPPT_RESUME call resumes the MPPT layer FreeRTOS task.

* MPPT _DATA call returns currently produced telemetry of power production as well as

the recent charging or fault states.

* MPPT _PLOT call is used to sweep through all digital potentiometer resistance values in

order to display the location of MPP.

In addition to the CLI, a graphical user interface (GUI) was created using Python with PyQt
graphic library. The GUI interface can be seen in figure 4.3. The GUI provides a straightfor-
ward way to monitor the MPPT telemetry. The GUI has two graphs, one of which depicts the
resistance change over time, and the other displays produced input and output power. The right
part of the interface shows latest live values received over via the serial port connection.

The GUI interface was able to display necessary data, which helped the author to speed
up the process of algorithm development as well as to log essential data during test MPPT

procedures.
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S5 Testing

This chapter contains the results of the software and hardware testing as well as an explana-

tion of how the tests were conducted.

5.1 SMU testing

The first tests were conducted via a source and measuring unit (SMU) that is capable of both
sourcing current and measuring voltage, simultaneously. The SMU used the LUA scripting lan-
guage, allowing for the creation of different test scenarios. The testing algorithm were created
using mathematical expressions describing the behaviour of solar cells. The mathematical terms
were based on Geoffrey Walker’s Matlab model [12], and the full script implementation can be

seen in appendix II.

Figure 5.1. The SMU testing setup for P&O algorithm

The SMU testing results are shown in figure 5.2. In total two tests has been made The left
part of the figure shows the MPPT work with different incidence angles simulated by an SMU
script. The angles started from O degrees (directly facing the Sun) and were incremented by

15 degrees until an angle of 90 degrees was reached (perpendicular to the Sun). Each angle
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Figure 5.2. The results of SMU testing.

was set for 15 seconds to produce an estimated power level that the actual solar cell would do.
As can be seen, the efficiency at higher power production levels 7.2 W to 4.9 W the algorithm
kept the efficiency of 75-79%. However, the algorithm started dropping its efficiency when
power production dropped below 4W and proceeded. The author suggests that the I-V curve
has started to flatten, and P&O could not track the MPP efficiently. The right part of the figure
emulates the satellite’s rotation at a speed of one revolution per second. A mean efficiency of
78% was achieved during this test. However, there is a concern that the algorithm can’t keep up

the efficiency at higher angle speed changes, so this issue needs to be researched more.

5.2 MPPT testing in sunlight

In order to test the solar power harvesting system in the actual sunlight, a test bench was
created. The testing setup consisted of 6 AzurSpace 3G30A mechanicals type cells [33] con-
nected in series. Mechanicals are cheaper variant of the real solar cells but they have minor
defects. The output of the created solar panel was directly connected to an old revision of the
fourth solar panel PCB. The PCB was connected to a Raspberry Pi host computer allowing for
software debugging.

The communication with a MPPT was enabled by an FTDI FL232RT [34] UART interface.
The interface was plugged into the Raspberry Pi USB port, and the other end was connected
with the MCU UART peripheral through dupont wires.

Figures 5.3 and 5.4 give the reader an overview of the created setup and how the different

41



components of it were connected with each other.

RaspberryPi
PC Network
D connection
D e FTDI FT232RL
A
== A
STLink
Serial
Solar panel—>» SP 4
8Vv4
Battery management 2 cell
y 9 <€<—>{ lithium-ion
board
battery

Figure 5.3. The block diagram of testbench configuration.

During the testing, different types of loads were used to simulate the satellite: a pro-
grammable 150 W electronic load, a 2-cell (2s) Lithium-ion Panasonic NCA 103450 [35] battery
and a combination of both. Both loads were connected to the MPB. The main difference was
the battery being connected to MPB through a battery management board for balancing and

protection purposes.
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Figure 5.4. The image of testbench configuration.

Unfortunately, the SMU test results could not be replicated and the the final efficiency of the
MPPT in the actual sunlight is approximately 60% at full illumination. Due to problems with
data saving, the results of the testing were lost.

The probable cause of slightly dropped efficiency can be the state of damaged solar cells. In
addition, the high peak to peak voltage of 500 mV to 1 V has been discovered during the testing
of MPPT circuitry, which also could cause performance issues. Another hypothesis may be a
wrongly configured resistor network around the digital potentiometer, that sets inappropriate
adjustment range of reference voltage.

In order to achieve better results, the author proposed the following solutions in order to fix

underperformance issues.

Recalculate values for the resistor network.

Reduce the peak to peak voltage by adding additional capacitors close to the input of
LT3652 battery charger IC.

Recheck testing setup in order to find connection issues.

* Re-examine ADC accuracy in sensing input current and input voltage.
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6 Conclusions and future work

During the thesis, the author implemented a working prototype of MPPT on the ESTCube-2
hardware. The thesis covered work on the development of software and described the conducted
tests in order to test the work of the MPPT algorithm.

The final implementation achieved an efficiency of around 75% to 79% at higher power
production levels. However, the algorithm could not maintain steady efficiency at lower power
production levels. Another issue is that the algorithm could not keep the steady efficiency at a
speed of one revolution per second. Finally, the author managed to find some hardware issues
in the previous revision of the MPPT and has either suggested or applied the according fixes.

Most of the requirements were met except achieving the response time from the algorithm
of one revolution per second, which is an important hard requirement for ESTCube-2.

In the future, the MPPT software should be tested with the new side panel PCBs and other
implemented algorithms. Due to the structure of created software, the software can be easily
expanded in the future. Many implemented algorithms have not been adequately tested, such as
variable step size P&O and Incremental conductance; therefore, future work will focus on tests

of those algorithms.
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Appendices

I MPPT Software

Due to the software being an intellectual property of the Estonian Student Satellite Founda-

tion, a copy of the software can be requested by contacting the ESTCube team at estcube @estcube.eu.
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II SMU Script

——Reset the instrument
reset ()

defbufferl.clear ()

—Source Settings
smu.source.func = smu.FUNC_DC_CURRENT
smu.source.vlimit.level = 16.140

smu.source.level = 0

——Measure Settings
smu.measure.func = smu.FUNC_DC_VOLTAGE
smu.measure.nplc = 0.01

smu.measure.sense=smu.SENSE_4WIRE

function AzurSpace(Va,insolation ,TaC,Ns,Iang)

—— Va = array voltage
—— la = array current
—— insolation = solar radiation energy on a given surface area (AMO=1367W
/m2)
—— TaC = Temperature in Celsius degrees
—— Ns = number of series connected cells (diodes)

——variables

k = 1.38%(107(-23)) —— Boltzmann’s constant
q =1.602%(10"(-19)) —— Charge of an electron
Tref = 273 + 28 —— reference temperature

Voc. Tl = 2.69 —— Open Circuit voltage @ T=28C
Isc_T1 = 0.5196 —— Short Circuit current @ T=28C

—— 7diode quality” factor, =2 for crystaline , <2 for amorphous, chosen to

—— fit the curve

n=1.5

—— Band gap voltage, 1.12eV for xtal Si, ?1.75 for amorphous Si.

—— Source for chosen value: Architectural Design Criteria for Spacecraft
Solar Arrays

Vg = 1.42

—— Temperature in Kelvins
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TaK = 273 + TaC

—— insolation in Watts/m2

insolation = insolation / 1367

—— Iph at reference temperature

Iph_.T1 = Isc_.T1 = insolation

—— Change in Iph per degree

a = 0.28e -3/Isc_T1

—— Photogenerated current Iph at selected temperature
Iph = Iph_T1 % (1 + a % (TaK - Tref))

—— =AxkT/q

Vt.Tl = (kxTref)/q

—— Diode saturation current of Diode 2 at T=28C
Id_-T1 = Isc.Tl / (math.exp(Voc.T1/(nxVt.T1))-1)
b = Vg = q /(nxk)

—— Diode saturation current at selected temp
Id = Id_.T1 = (TaK/Tref)"(3/n) =% math.exp(=b =(1/TaK — 1/Tref))
—— Chosen to match the curve

Rs = 0.304

—— =n=kT/q

Vt_.Ta = (nxk=Tref)/q

—— Measured voltage / Number of cells

Ve = Va/Ns

——calculates the current depending of the voltage
I = Tang - (Iph - Iang - Id = (math.exp ((Vc+lang=Rs)/Vt.Ta)-1)) / (-1 = (
Id =(math.exp ((Vc+lang*Rs)/Vt_Ta)—-1))*Rs/Vt_Ta)

return I

end

——variables

Isc_. Tl = 0.5196 —— Short Circuit current @ T=28C
n_cells = 6

time_to_run = 60 —— Each intensity

iterator = 1

temp = 28

I = Isc.T1

—— Calculated solar intensities depending on the incidence angle of Sun W/m

"2 with cover glass loss
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—— Incidence angles = 0, 15, 30, 45, 60, 75, 90
intensities = {1307, 1262, 1130, 914, 619, 262, 0}

smu.source.output = smu.ON ——turns on output of the SMU
timer.cleartime ()

first_dt = timer.gettime ()

while true do

Volt = smu.measure.read (defbufferl) ——reads voltage

value = intensities[1]

I = AzurSpace(Volt, value, temp, n_cells, I) ——intensities []]
print(I)

if T <= 0.05 then ——script has problems operating when currrent

close to 0 soo this prevents dropping current to zero

1=0.05
end
smu.source.level = 1 —— changes the current output value of the SMU
difference = timer.gettime () — first_dt

—— change intensiti

if (difference > time_to_run) then

—— #intensities if table.getn(intensities) throws error table.getn was

deprecated in 5.1 and removed in 5.2.

if (table.getn(intensities) > iterator) then

iterator = 1 + iterator
else
iterator = 1
end
first_dt = timer.gettime ()
end
end
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