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Chapter 1

Introduction

1.1 Context

Nowadays, the three main sources of energy used to power the satellites are the solar, the nuclear and the
(electro)chemical energies.
In cheap and low-power applications (several watts), simple batteries are already able to power the whole
system during a couple of days. However, this solution is not sufficient any more for bigger satellites whose
equipment requires hundreds of watts up to a few kilowatts, and which are sent in space for several weeks.
In such applications, fuel cells appear to be a more interesting alternative. But this technology relies on
a given quantity of fuel stored in the satellite, limiting the time duration of the mission without refuel.
For longer missions, the vast majority of satellites therefore harvest part of the almost unlimited power
irradiated by the sun. This light energy is collected by means of solar arrays and is then converted into
electricity using the photovoltaic effect. Most of the time, this technology is coupled to a set of batteries
that power the satellite during eclipse periods. But this solution is not suited for all types of missions,
and especially out of the solar system where the sunlight cannot be caught.
In such cases, the only viable solution is the nuclear energy using radioisotopes or reactors. These nuclear
sources generate their power in the form of heat, which is then transformed into electrical energy by means
of thermoelectric converters. However, the cost of these nuclear equipments, inflated by the security mea-
sures that have to be taken, exceed by far that of a power system based on solar arrays.

This is the reason why solar energy is currently dominating in space applications, and explains why lots
of research are still conducted all around the world in order to improve the performance of these systems
or to reduce their costs. However, all of this light power reaching the solar arrays has to be adequately
extracted to avoid undesired losses (due for instance to inappropriate controllers). Therefore, this power
extraction relies more and more on maximum power point trackers (MPPT), with the objective to use the
solar arrays as efficiently as possible.

1.2 Motivation

In particular, this work aims at testing the performances of a MPPT based on the principle of synchronous
demodulation, which has been extensively used in telecommunication strategies. As in several other
MPPTs, the idea is to introduce a small perturbation in the system at a precise frequency and to see how
it reacts. The difference here lies in the fact that a single current sensor placed on the bus side would
allow several converters to work simultaneously with the same current measurement, thereby eliminating
the cost of additional sensors and conditioning circuits.

1



1.3 Thesis outline

This thesis will first introduce the three fundamental concepts used throughout this paper, namely the
solar arrays, the dc-dc converters and the associated MPPTs as well as the synchronous demodulation.
It will continue with a state-of-the-art on solar array regulation in satellites, both in terms of power
conditioning and bus regulation. Subsequently, the principle of maximum power point tracking based on
synchronous demodulation will be detailed and simulated in order to analyse the performances that can
be achieved; the potential problems will be identified and some solutions will be proposed to improve its
robustness. A way to address one of these issues has been implemented in the following chapter, and its
performances are compared to that of synchronous demodulation. Finally, the thesis will end up with a
conclusion summing up the important results coming out of this work.
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Chapter 2

Technical background

2.1 Solar arrays

In space, one of the most important source of energy is the light that the sun irradiates. In order to har-
vest this free energy source, the satellites are equipped with solar arrays that transform this energy into
electricity to power the on-board equipments. Since solar array’s concepts will be ubiquitous in this paper,
this section aims at introducing their main characteristics to those who are unfamiliar with this technology.

2.1.1 Structure of a solar array

Solar string

As represented in figure 2.1, a solar string results from the series connection of several solar cells. The
string voltage is defined by the number of cells connected in series, while its current does not exceed that
of a single cell.
A bypass diode is also added in parallel with each cell to provide a path for the current in case of a cell
failure, which avoids to loose the entire string.

Solar array

Basically, a solar array (SA) is the just a combination of several identical strings connected in parallel to
sum up their currents; the number of those strings will depend on the power requirements of the loads.
An additional blocking diode is also added at the end of each string to prevent them from drawing current
from the others. In some satellites, the connectors separating the SAs from the loads can be quite long;
in this situation, strings with a higher voltage are used to minimize the Joule losses.

2.1.2 Electrical equivalent circuit

The aim of this section is not to make a deep analysis on how solar cells work, but to present their main
characteristics in order to develop a simplified model that can be easily used in the following chapters.
Basically, a solar cell can be seen as a current source placed in parallel with a diode as represented in figure
2.2. More advanced models also include a series and a parallel resistor at the output as well as a capacitor
in parallel, or even several diodes in parallel with the current source; but these parasitic elements will be
neglected in this paper for the sake of simplicity.
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Figure 2.1: Typical structure of a solar array. With the courtesy of [14].

Figure 2.2: Simplified electrical circuit of a solar cell.

The current source models the photo-generated current resulting from the conversion1 of the light
energy into electrical energy. Next to that, a diode is added in parallel to model the amount of current
being diverted from the load due to different recombination effects.
The equations linking this diverted current Id and the voltage Vd across the diode terminals are the

1This conversion process is based on the photovoltaic effect.
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following:

Id = Io

(
eVd/Vt − 1

)
(2.1)

Vt =
kT

q
Ni (2.2)

where:

• Io is the diode saturation current (in [A])

• k is the Boltzmann’s constant (= 1.3806 · 10−23 [J/K])

• T is the cell’s temperature (in [K])

• q is the electron charge (= 1.6022 · 10−19 [C])

• Ni is the diode ideality factor (number close to 1 in practice, here we consider that Ni = 1)

If several cells are connected in series, the same model can be used but the voltage Vt has to be multiplied
by the number of cells; the voltage measured across the string is then multiplied by the same number. On
the contrary, a parallel connection maintains the same voltage but sums up their currents.

In the end, under a voltage Vsa, a solar array delivers a current Isa given by:

Isa = Isc − Io
(
eVsa/Vt − 1

)
(2.3)

where Isc represents the photo-generated current (which corresponds to the short-circuit current in this
simplief model).

2.1.3 I-V and P-V characteristics

A solar cell (and by extension a solar array) is often represented by its "I-V" and "P-V" characteristics.
These curves, represented in figure 2.3, describe its possible operating points under given conditions (ir-
radiance and temperature).

From the upper graph of figure 2.3, we can state that a solar array can be assimilated to a current
source (Isa ≈ Isc) if its voltage is sufficiently smaller than VMPP . However, if the voltage continues to
increase, the current starts to drop significantly until zero (in open-circuit conditions).

As it can be seen from the lower graph, the electrical power produced by the solar array also strongly
depends on its operating voltage, which is defined by the circuit connected to its terminals. Several so-
called "maximum power point tracking" (MPPT) algorithms have therefore been developed to force the
solar array to work at VMPP , and then to produce as much power as possible.

The last point worth mentioning here is that the slope (dP/dV ) of the "P-V" curve is :

• negative before the MPP,

• zero at the MPP,

• and positive after the MPP.
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This simple observation is one of the key aspects used by the MPPT algorithm evaluated in this report.
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Figure 2.3: I-V and P-V characteristics of the solar array considered in this paper (at 25◦C).
Isc = short-circuit current, Voc = open-circuit voltage, MPP = maximum power point.

2.1.4 Effect of the temperature

As stated before, the characteristic curves presented in the previous section vary with the environmental
conditions. An important factor is the temperature of the P-N junction, which typically varies from −100
to 100◦C.
The temperature dependence of the solar array can be taken into account as follows :

• the short-circuit current Isc is modified: Isc(T1) = Isc,298 (1 + αIsc(T1 − 298)), where αIsc > 0

• the open-circuit voltage Voc is modified: Voc(T1) = Voc,298 (1 + βV oc(T1 − 298)), where βV oc < 0

• the thermodynamic voltage Vt varies according to the equation 2.2.

The impact of these temperature deviations are depicted in figure 2.4.

2.1.5 Effect of the illumination

The solar flux irradiating the solar array obviously modifies the electrical power that it can produce. In
the practical range of operation, the light intensity does not affect the photo-conversion efficiency η. The
relation between the photo-generated current Iph and the light power Plight catched by the array can be
approximated as [2]

Iph = K(T )η(T )Plight (2.4)

with K being a temperature-dependent factor. For a given temperature, we can then assume that the
photo-generated current is proportional to the incoming light power.
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The figure 2.5 depicts how the illumination affects the I-V and P-V characteristics of an array. As
suggested in this figure, the open-circuit voltage also slightly varies in practice.

2.2 DC-DC converters and maximum power point tracking

If the solar arrays presented above were directly connected to the batteries, the latter would impose the
operating voltage to the arrays. Unfortunately, this voltage is not necessarily equal to VMPP , meaning
that the solar arrays could work under their full potential.

To prevent this waste of energy, a common solution is to place a switched-mode dc-dc converter between
the array and the bus. This controllable electronic circuit allows to adapt the voltage to the user needs.

Figure 2.6: Schematic of a buck converter with its output LC filter.

The converter topology that will be used in our model is the well-known buck (or step-down) converter.
This circuit, depicted in figure 2.6, first converts the input voltage in an AC pulsed signal using a switching
device (like a MOSFET) and a diode, and then converts this signal back into a DC voltage by means of
an LC filter.

The control signal, usually generated by pulse width modulation (PWM), is either HIGH or LOW
and determines the state ("ON" during θT and "OFF" during (1− θ)T seconds, with θ the duty cycle) of
the switching device:

• during ON state, the switch conducts and the diode is blocked → VL = Vin − Vout

• during OFF state, the switch is open and the diode conducts the current → VL = −Vout
In steady state the inductor does not accumulate any energy, meaning that the mean voltage over a

switching period T is equal to zero:

0 = V̄L =
1

T

(∫ t0+θT

t0

(Vin − Vout)dt+

∫ t0+T

t0+θT
(−Vout)dt

)
(2.5)

= (Vin − Vout)θ − Vout(1− θ) (2.6)
= Vinθ − Vout (2.7)

8



Therefore, in a step-down converter operating in continuous conduction mode2 (CCM), the input and
output voltages are related to each other by

Vin =
Vout
θ

(2.8)

In our case the output voltage is fixed by the batteries; the input voltage can then be controlled through
the duty cycle θ of the converter. The control of this converter is performed by a maximum power point
tracker (MPPT) whose role is to continuously adapt the duty cycle (through the control signal) to keep
Vin as close as possible to VMPP .

Figure 2.7: Parallel-damped LC filter usually placed between the solar array (on the left) and the
converter (on the right).

In practice, an input filter (as represented in figure 2.7) is added between the solar array and the con-
verter to avoid pulling a pulsed current out of the solar array, because such a situation would drastically
reduce the power produced.
However, this low-pass filter has an inherent drawback: it adds some inertia to the system and then limits
the bandwidth of the control system. When it is possible, its cut-off frequency should therefore be chosen
in such a way that it does not interfere with the MPP tracker.

For land applications, lots of MPP tracking algorithms have been developed. Among them, we can
cite the well-known Perturb and Observe (often referred to as P&O) or the Incremental Conductance
algorithms.

The principle of the P&O algorithm is very simple. It increases or decreases the duty cycle θi−1 by a
small step ∆θ to modify the operating point of the array. The resulting power Pi is then measured, and

• if the power has increased compared to the last measurement (Pi > Pi−1), it continues in the same
direction (i.e. increasing or decreasing θi−1);

• if the power has decreased compared to the last measurement (Pi < Pi−1), it goes back in the
opposite direction.

2The current in the inductor is always positive during the whole switching period.
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Its mains drawback is that it never knows when the MPP has been reached. Therefore, it continuously
jumps from one operating point to another around the MPP and this induces a voltage ripple which
reduces the efficiency. To reduce this ripple, the duty cycle step can be chosen smaller, but this solution
adds inertia to the system since more cycles will be needed to cover the same voltage range.

Unlike the P&O, the Incremental conductance algorithm has the advantage to know when the solar
array operates at its MPP, thereby eliminating or at least reducing the ripple. However the additional
computation complexity of this solution compared to the efficiency improvement sometimes does not worth
it. This method is based on the slope of the P-V curve (dP/dV = I + V [dI/dV ]):

• if the slope is negative (dP/dV < 0⇒ dI/dV < −I/V ): the solar array operates on the left side of
the MPP;

• if the slope is positive (dP/dV > 0⇒ dI/dV > −I/V ): the solar array operates on the other side;

• if the slope is zero (dP/dV = 0 ⇒ dI/dV = −I/V ): the solar array produces as much power as it
can.

However, most of these MPPT are usually implemented onto microprocessors, which is generally
avoided in space-borne systems. It may happen in some cases that the MPPT relies on the main satellite’s
computer to operate, but it is usually a costly solution because it increases the development efforts and
the risks. For that reason, the majority of MPPT algorithms implemented in space are based on analog
control loops and must therefore preferably stay quite easy to implement.

2.3 Synchronous demodulation and correlation

Since the MPPTs that will be implemented in chapters 4 and 5 will be based on the principles of syn-
chronous demodulation and autocorrelation, these two concepts will be briefly introduced in this section.

2.3.1 Synchronous demodulation

The principle of synchronous detection is based on the orthogonality property of sinusoidal signals. If a
sine signal is multiplied by another sine and then integrated over a long period of time (much longer than
the sine periods), the resulting signal y(t) will be close to zero if their frequencies are different, and close
to 1/2 if they are the same (a phase-shift would reduce that value):

y(t) =
1

T

∫ t+T

t
A1sin(ω1τ + φ)A2sin(ω2τ)dτ (2.9)

=
1

T

∫ t+T

t

A1A2

2
(cos((ω1 − ω2)τ + φ)− cos((ω1 + ω2)τ)) dτ (2.10)

Depending on the frequency matching:

if f1 = f2 ⇒ y(t) ≈ A1A2

2
cos(φ) (2.11)

if f1 6= f2 ⇒ y(t) ≈ 0 (2.12)

Now, if we have a modulated signal

x(t) = A1sin(ω1t) +
∞∑
k=0

Ax,ksin(ωkt) (2.13)

whose amplitude A1 is the information that we want to extract, and containing other parasitic signals; a
receiver equipped with

10



• an ideal3 oscillator, to produce a signal Acsin(ω1t) called carrier ;

• a mixer, to multiply the incoming signal with the carrier;

• an ideal4 low-pass filter, to integrate the signal from the multiplier;

would therefore be able to extract the useful information, with a potential offset due to the parasitic signal
(if it contains a component at a frequency ω1):

y(t) =
Ac
2

(A1 +Ax,1) (2.14)

2.3.2 Cross-correlation

The cross-correlation is a well-known technique used to measure the similarity of two signals s1 an s2. The
idea is to compute "how similar to s1" every delayed version of s2 is. The correlation is then a function
of the delay. If the two signals are real, their cross-correlation can be expressed as:

y(τ) = (s1 ? s2)(τ) =

∫ ∞
−∞

s1(t)s2(t+ τ)dt (2.15)

The synchronous demodulation presented above can then be seen as a particular case of cross-correlation
using sinusoidal signals. With an ideal oscillator(φ = τ = 0), the maximum correlation would be obtained,
resulting in an output signal of y(0) = (s1 ? s2)(0).

The material required to perform a cross-correlation is then the same as for synchronous demodulation.
The only difference is that the oscillator does not necessarily produce a sinusoidal signal.

3Without phase-shift.
4Completely suppresses non-DC components.
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Chapter 3

Solar array regulation in satellites: state of
the art

The electrical power systems embedded in satellites are responsible for the on-board power management,
control and distribution. Nowadays, lots of different architectures are present on the market but the global
picture generally stays the same (see figure 3.1). What differs is the way to implement the basic functions,
namely the solar array (SA) conditioning, the bus regulation and the power distribution.

Solar
Arrays
(SA)

SA
Conditioning

(DET,	
MPPT…)

Power	Distribution
(PCDU)

Battery	
regulators
(BCR,	BDR…)

Batteries

BUS

Users

Power	flow

Figure 3.1: General structure of the electrical power system.

This chapter will be divided in two sections, the first section will be devoted to the SA power condi-
tioning techniques (DET and MPPT) while the second will be focused on the most famous bus regulation
schemes. Since the power distribution is of lower interest in this analysis, the topic will not be discussed.

3.1 Solar array conditioning

Among the existing topologies, two categories have to be distinguished:
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• direct energy transfer (DET) systems, where the bus is connected directly to the SA;

• non-direct energy transfer systems where the bus voltage is decoupled from the SA by means of
dc-dc converters (or more generally by active components). Usually, these converters are controlled
by maximum power point tracking (MPPT) algorithms.

3.1.1 DET systems

The main advantage of DET systems is their simplicity: it saves weight, costs and power losses. This
solution is for instance well-suited in missions where the I-V characteristics do not vary significantly
during the mission, and whose period of sun exposure is long enough to recharge the batteries at a lower
rate than if the SA was operating at MPP.

Figure 3.2: Evolution of the solar array I-V and P-V curves
with sun exposure, temperature and ageing effects.

With the courtesy of [14].

Since the SA operates at the bus
voltage, it does not produce as much
power as it can; we usually say that
the extracted power is in average
10% lower than the MPP. For that
reason, the SA has to be oversized
compared to a MPPT solution.

Moreover, because of the continuous
degradation of the array, the I-V
and P-V curves evolve with time
as represented in figure 3.2. In
DET systems, the operating point
has to be chosen according to the
end-of-life (EOL) characteristic and
in non-optimal sun exposure condi-
tions, thereby wasting a significant
portion of the available power at
the beginning-of-life (BOL). In such
situations, the MPP tracker would
adapt the operating point to the
conditions and stay close to the peak
power point (when necessary).

The inherent coupling between the
array and the bus also reduces the
flexibility regarding the components
selection. Indeed, for a given tech-
nology, the number of cells per string
has to be chosen in accordance with
the selected bus voltage.

The DET topologies can be classified in two categories:

• shunt regulation: the excess of SA power is suppressed by shunting several sections of an array;

• series regulation1 : the power is transferred to the bus through a power regulator.

1To be correct, series regulators should be placed in the non-DET systems; but the following section will focus on MPPT
systems.

13



Shunt regulators

The most basic topology is known as the linear shunt regulator and was a common choice for small low-
power satellites (see figure 3.3). The principle is simple: all the power that the loads do not use is diverted
from the bus to be dissipated through transistors (and sometimes also resistors); the transistor’s control
signal determines the amount of current to draw from the bus.
Its main drawback lies in the excessive heat generation that makes the task of thermal designers more
difficult. For that reason, this topology has been replaced in most applications by switching regulators.

Figure 3.3: Architecture of a linear shunt regulator.
With the courtesy of [13].

A well-known switching shunt regulation scheme is the S3R architecture, which is mainly used in high
power systems2 and in regulated bus topology (see section 3.2.3). The idea of a switching shunt regulator
is to divide the SA into discrete sections that are switched on and off depending on the power requested by
the loads (see figure 3.4). Each switching device is associated to a comparator having two predetermined
hysteresis thresholds. These thresholds are slightly different for each switch such that a single voltage is
sufficient to control all the comparators. This voltage therefore defines the amount of current delivered
by the SA, and is itself determined by an error amplifier comparing the bus voltage with a predetermined
value (e.g. fixed by means of a zener diode).
To avoid shunting the whole bus, an additional diode is placed between each switch and the bus. For
safety reasons, a second diode is also added in series with the first to protect the bus in case of a diode
failure; but this additional safety margin comes at the cost of a reduced efficiency.
The particularity of this type of shunt regulator is that one of the switches is controlled in a PWM fashion
(all the others are either on or off). The advantage is that the power sent on the bus can be controlled
with precision without dividing the array into lots of small sections being either on or off. This approach
also benefits from a reduced power dissipation compared to linear regulators, but at the cost of extra EMI
generation due to the switching harmonics.

2E.g. this solution has been widely used in European geosynchronous satellites.
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Figure 3.4: Illustration of the S3R’s shunt principle, where a
SA is divided in several sections (SAS).

With the courtesy of [4].

However, when the S3R is used along with
very high power sources in GEO or high
power LEO satellites, the BCR (battery
charge controller) of the regulated bus be-
comes too bulky, which reduces the ben-
efits of this topology (known for its very
interesting mass/power ratio). In order to
solve this problem, the S4R topology (se-
quential switching shunt series regulator)
has been developed by the ESA. The SA is
still connected to the bus through a shunt
module as for the S3R, but the BCR is
replaced by a series regulator between the
SA and the batteries. This series switching
regulator is based on the same principle as
the shunt presented above, but the power
flowing through the transistor goes to the
batteries instead of shorting an array’s sec-
tion.

Series regulators

As explained in the preceding paragraph about S3R, the blocking diode has to be doubled for safety
reasons. This second diode dissipates a non-negligible power because of the associated voltage drop. A
topology called S2R (series switching regulator, represented in figure 3.5) has therefore been developed
to replace this diode by a transistor whose voltage drop during ON state is lower than that of a diode,
thereby reducing the losses. A snubber circuit is often placed in parallel with that transistor to prevent it
from burning during high transients caused by the SA capacitance.

Figure 3.5: Illustration of the S2R principle (this circuit is duplicated for each section of the SA). With
the courtesy of [1].
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3.1.2 MPPT systems

Unlike DET systems, most MPP trackers are able to extract almost all the energy that SAs can produce,
whatever the conditions (temperature, sunlight exposure, life-related SA degradations, battery state or
failures). In missions where the satellite undergoes sensitive flux or temperature variations3, or when the
satellite’s constraints are non-negligible in terms of size and mass, the MPPT solution is often preferred to
its DET counterpart; indeed, it allows to reduce the size of the SA as well as that of the batteries. Moreover,
the decoupling introduced by the converter allows a greater flexibility in the components’ selection, since
it alleviates the matching requirements.

The main drawbacks of MPP trackers mainly correspond to the advantages of DET solutions, i.e. the
system becomes more complex and the additional series elements dissipate more power, thereby lowering
the converter’s efficiency. In space, the problem of thermal dissipation is also a real issue since there is no
natural convection nor conduction with an external medium; the only way to evacuate the heat (internally
generated or due to the sun’s exposition) is by radiation on the dark side of the satellite, i.e. the side
which is not facing the sun. However, high temperature gradients between different parts of the satellite
are also an important issue because it causes the hot parts to expand while the others do not which creates
important mechanical stresses. For that reason, heat pipes with a high thermal conductivity are placed in
the satellite to transport the heat from the hot spots to the dark side.

It should be noted that the MPPT does not extract the maximum power all the time. As long as the
loads and batteries requirements exceed the power produced, the SA operates at its MPP; but when the
needs drop below the SA’s capabilities, the operating point is shifted to balance the power transfer and
avoid dissipating the power difference.

Plenty of MPP tracking systems have already been developed and many patents and scientific papers
are published in this area, as shown in figure 3.6. Among them, we can distinguish those that are based
on simple assumptions or measurements (called "indirect MPPT") from those that really track the MPP
("direct MPPT")[10].

The first category’s advantage is its simplicity but it does not really operate at MPP, it is an estimation.
Therefore, important deviations from the initial model may lead to significantly lower efficiencies. Here
are two common solutions:

• the operating voltage is regulated based on the measured SA temperature;

• the SA voltage is set to a a constant fraction of the open-circuit voltage (the fraction depends on
the technology in use) which is measured either by periodically quickly disconnecting the loads or
preferably thanks to a pilot cell used for that purpose. There is also an alternative solution based
on a fraction of the short-circuit current.

The other MPPTs are based on current and/or voltage measurements and are therefore able to track the
actual MPP, whatever the conditions. However, it often comes at the cost of a higher complexity. Among
them, we can find

• the "P&O" discussed in the previous section;

• the bus current maximization;

and many others. The following paragraphs will detail two other analog direct MPP trackers.

3Typically in LEO or in planetary missions (e.g. in the MESSENGER spacecraft launched by the NASA to orbit the
Mercury planet facing temperatures from -150 to 270◦C)[14].
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Figure 3.6: Overview and characteristics of different existing MPPT techniques. With the courtesy of [3].

Impedance matching

As early as in 1972, a MPPT concept based on impedance matching has been developed. First tested
in the AEROS satellite and because of its success, it was subsequently reused in other missions such as
Globalstar or Rosetta[8].
The impedance method is based on the fact that the dynamic Zd and static Zs impedances of the SA,
defined as

Zd =
dV

dI
Zs =

V

I
(3.1)

are equal (in magnitude) at MPP: Zd = −Zs.
This relation comes from the fact that, at MPP, the slope of the P-V curve is zero. Therefore, it follows
that:

0 =
dP

dV
=
d(V I)

dV
= I

dV

dV
+ V

dI

dV
= I +

V

Zd
⇒ Zd = −V

I
= −Zs (3.2)

The circuit implementing this MPPT algorithm in Rosetta is depicted in figure 3.7. Based on two
sample and hold circuits, two comparators, a flip-flop and an integrator, the circuit permanently oscillates
around the MPP, and also requires the use of both current and voltage sensors. This implementation has
the advantage to avoid complex calculations (such as multiplications), but still requires a non-negligible set
of components, especially due to the sample and holds that have to be built based on discrete components.
Moreover, the oscillating behaviour of the MPPT generates a voltage ripple causing extra (but reasonable)
losses in the system.
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Figure 3.7: Circuit implementing the impedance matching method in Rosetta. With the courtesy of [8].

MPPT based on capacitive differentiation

A very simple MPPT technique based on capacitive differentiation has been proposed by Caldwell[1]. The
principle lies here in the fact that the slope of the PV curve is equal to zero at MPP. This solution requires
the SA voltage to be sensed and differentiated by a capacitor to control the converter’s PWM. Let us
assume that the SA starts in open-circuit conditions and that it slowly decreases towards the MPP. Once
the MPP is exceeded, the sign of the derivative action will be reversed and will pull the system back to
its MPP.

The simplicity of this solution makes it very attractive for space applications where the weight is an
important issue. However, a major drawback of the capacitive differentiation method is that the voltage
variations have to be relatively quick. Indeed, a slowly varying voltage does not generate a sufficient gra-
dient to be detected by the capacitor and the associated control loop. This become even more a problem
with the new SA technologies where the output capacitance of the array becomes more and more signifi-
cant (because of a reduced number of cells in series), thereby filtering those desired voltage variations.
On the contrary, the switching harmonics generated by the converter could be sensed by the control loop
and interfere with the useful information. These two issues make that solution too fragile to be reliably
used in a satellite; further improvements would be needed for this solution to become acceptable.

To conclude this part, we can state that the challenges inherent to the power conditioning are still far
from being solved. The choice of using a DET or a MPPT system tightly depends on the mission, the
budget and from the potential flight heritage of the material. It is also linked to the type of bus being
selected for the mission, and this will be the topic of the next section.

3.2 Bus regulation schemes

There are three kinds of bus regulation schemes: the unregulated bus, the semi-regulated (or sunlight-
regulated) bus and the fully-regulated bus. These topologies mainly differ in the implementation of the
"Battery regulator" block of figure 3.1. Another type, the hybrid bus, also exists but it will not be detailed
here since it is just a combination of two separate bus in parallel: one unregulated for high load transients,
and one regulated devoted to "static" loads.

The choice is usually based on the mission. For instance if scientific payloads require precision or if
specific loads need a thermal stability, a fully-regulated bus may be preferred. But it also depends on the
power requirements of the satellite and on the user’s flight heritage.
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3.2.1 Unregulated bus

The so-called unregulated bus connects the bus directly to the batteries. The bus voltage therefore depends
on their current state of charge. The inherent benefit of this topology is its simplicity, thereby minimizing
power losses due to additional components. But on the other hand it requires more power regulation at
the loads since the user usually has to tolerate up to ±20% of bus voltage variations[9].

The association of a DET system and this type of bus forces the SA to operate at the battery voltage,
and an important issue comes at the end of the eclipse period. During eclipse, the batteries gradually
discharge and the bus voltage decreases as well. At the eclipse exit, the user loads still need to be powered
but batteries also need to be recharged. However the SA most probably operates far away from its MPP,
therefore preventing it to produce enough energy to recharge the batteries (or at a slower rate than during
the previous sun exposure). If a complete orbital period results in a significant battery discharge, after
several cycles the system will stop working properly. Also, a short-circuit failure of a battery cell would
cause the bus voltage to drop and then reduce the power extracted from the SAs.

When used along with a MPPT conditioning unit, this direct connection does not impact the operat-
ing point of the SA because of the switching regulator placed in between. The only drawback is that the
efficiency of the converter may vary with the state of charge of the batteries.

Usually, this topology can be found in inexpensive LEO satellites (such as microsatellites, i.e. satellites
ranging from 10 to 100 kg) used for Earth observation.
An unregulated bus is also particularly suited to pulsed loads since the batteries are free to discharge as
quickly as they can. In the case of a regulated bus, the battery discharge controller (BDR) would require
a careful design to allow such peaks to occur[9].

3.2.2 Sunlight regulated bus

Also called partially regulated bus or semi-regulated bus, this topology only regulates the bus voltage during
sun exposure. This improvement is achieved thanks to a battery charge controller (BCR) placed between
the bus and the batteries (see figure 3.8).

When the sunlight is available, two situations may occur:

• if the power produced by the SAs exceeds the load requirements, the bus is decoupled from the
batteries by the BCR that controls the battery recharge and regulates the bus voltage.

• if the loads need more power than what the satellite is currently producing, the batteries will mo-
mentarily help the SA and supply the difference. In this situation, the BCR is bypassed and the bus
voltage drops to the battery voltage; meaning that the bus is not regulated any more.

During eclipse, the BCR is deactivated and the batteries have to deliver all the power required by the loads.

If it is associated to a DET solar array regulator, this solution presents an advantage over the un-
regulated bus: the operating point of the SA can be selected through the bus voltage. However, this
combination also suffer from the so-called lock-up phenomenon briefly discussed above (and in the preced-
ing section).

If the load is momentarily asking for more power than what is currently produced, both the bus and the
SA voltage will drop to the battery voltage. This will cause the SA to produce less power and then hasten
the batteries discharge, thereby reducing the bus voltage even more. The only way to unlock the system is
to wait until the loads require less electrical power than what the array is currently producing. If it does
not happen, the power system protections will be activated and most of the loads will be disconnected
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from the bus to allow the batteries to recharge up to a sufficient level.
To avoid this latch-up issue, the SAs have to be oversized; but for large power systems, these mass and
costs penalties lead to the choice of a fully regulated bus.
Here again, a MPP tracker would not suffer from that problem thanks to the inherent decoupling property
of the dc-dc converter.

To avoid this lock-up phenomenon, this topology is mainly used in satellites with limited load power
(less than 1500 W), low bus voltage (usually from 22 to 35V), and in missions where the batteries have
enough time to recharge. Such conditions can be found in highly elliptical GEO missions or sun-orbiting
missions [15].
The NEAR and CONTOUR space probes have for instance used this this technology to manage the
on-board power.

Figure 3.8: Illustration of a sun-regulated bus.
With the courtesy of [15].

Figure 3.9: Illustration of a fully-regulated bus.
With the courtesy of [15].

3.2.3 Fully regulated bus

The most complex topology is the fully regulated-bus (see figure 3.9), since it continuously regulates the
bus during the entire orbit period. The only difference with the previous topology is that is also contains
a BDR instead of the discharge diodes4.

One the one hand, unlike the unregulated bus, a direct connection to loads lacking their own power
supply is possible. And on the other hand, the constraints imposed on the filtering stage of the other loads
can be alleviated since the expected bus voltage variations are usually designed to be way lower than with
an unregulated bus. The size and the weight of these load’s converters can then be reduced.
Thanks to the BCR and the BDR, the bus is always decoupled from the batteries, thereby leading to
a more flexible battery selection process; the system is also immunised against the lock-up phenomenon
present in the two other topologies.
Finally, the thermal design of the spacecraft becomes also simpler because the electric heater circuits
deliver a constant heat at a fixed bus voltage[9].

4If used in a S4R regulated architecture, the BCR is replaced by a series regulator, as explained in section 3.1.1.
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However, the two battery regulators increase the weight and the costs, and reduce the overall efficiency
of the system. As a consequence, extra solar power is required (need for either more or bigger SAs).
Furthermore, additional control loops have to be designed for these regulators; and the that of the BDR
is especially complex to allow it to cope with the peak power demands during battery discharge periods.

Such systems equip most of the medium to very high power GEO satellites where a sufficient bus voltage
is necessary to keep components relatively small and avoid thermal issues. For instance, the International
Space Station (ISS) operates with several regulated busses[14]. Nonetheless, many LEO science missions
also employ regulated busses for the sake of precision.
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Chapter 4

MPPT based on synchronous demodulation

This chapter will first introduce the principle of the maximum power point tracker implemented in this
report. Subsequently, the equations modelling the system will be developed, and the main design trade-
offs will be discussed in order to design an appropriate controller. The whole functional system will then
be characterised and the chapter will finally end up with an identification of the potential issues and
limitations of this solution.

4.1 Principle

As stated before, the mission of the peak power tracker is to control the converter in such a way that the
solar array operates as close as possible to its maximum power point, thereby harnessing the full potential
of the array.
Since the output voltage of the converter is assumed to be constant (and equal to the bus voltage), the
desired solar array voltage can be selected by playing on the average duty cycle which controls the dc-dc
converter (thanks to equation 2.8 for a step-down converter).

An MPPT based on synchronous demodulation adds a small perturbation (called carrier) on top of the
average duty cycle of the converter. This will induce a similar voltage ripple at the input of the converter
and then force the solar array voltage to oscillate around its current operating point. As represented in
figure 4.1, this voltage oscillation will also generate power variations at the same frequency1.

The key feature is that this power oscillation will either be in phase or in phase opposition with respect
to the carrier, depending on the slope of the P-V curve:

• if the variations are in phase, it means that the slope of the P-V curve is positive. The solar array
voltage is then lower than it should, and the duty cycle should be decreased.

• if the variations are in phase opposition, the slope of the P-V curve is negative. The controller should
then on the contrary increase the duty cycle to reduce the solar array voltage.

Since the bus voltage is assumed to be constant, these power variations on the solar array side are also
found at the output of the converter, in the bus current.
The AC component of this current is then sensed and demodulated to extract the sign of the P-V curves’
slope which is sent at the input of the PID controller. Indeed, the ideal value of the demodulated signal
would be 0, meaning that the solar array operates at MPP (where the slope is zero). As long as the PID
input is not zero, it will modify the duty cycle to get closer to the MPP.
In other words, the carrier will modulate the slope of the the P-V curve inside the system, and this

1This is demonstrated in appendix B.
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information will be retrieved at then end of the demodulation stage. A synthetic view of the system that
we just described is depicted in figure 4.2.
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Figure 4.1: Illustration of the power variations caused by the voltage ripple on the P-V curve.
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Figure 4.2: Schematic of the whole system. The electrical power system is represented in blue, while the
control blocks are in green.
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Main advantage

The main advantage of synchronous demodulation compared to other MPP trackers is that a single
current measurement allows to control several converters (each of them being associated to a different
solar array) as depicted in figure 4.3.
This comes from the fact that the information is here contained in the frequency domain. Therefore, the
converters could use oscillators at different well-chosen frequencies (i.e. whose harmonics do not interfere
with each other), and then demodulate the same current measurement with respect to their own carrier.
In this way, each MPP tracker has the possibility to extract the information related to its own solar array.
This principle is called frequency-division multiplexing (FDM).

Solar	array	1 Converter	1
(f1)

Solar	array	2 Converter	2
(f2)

Solar	array	3 Converter	3
(f3)

Loads	and	batteries

Current	measurement

Figure 4.3: Illustration of the main advantage of synchronous demodulation in MPP tracking.

4.2 System modelling

Before entering into the details, here is the convention that will be used to label the different quantities:

• ab represents an AC signal (without DC component);

• aB represents the amplitude of an AC signal;

• AB represents a DC value;

• Ab represents a complete signal, i.e. the sum of a steady-state component (AB) and an AC signal
(ab);

The PID controller that will be designed later in this chapter will be part of a voltage-control loop.
With the demodulated signal as input, it will therefore directly act on the solar array voltage Vsa. It will
then be necessary to find the transfer function between the demodulated signal and the array voltage.

As a first step, it is required to find the relation linking the output current of the converter Ibus to the
voltage of the solar array Vsa.
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If we assume that the DC/DC converter is ideal (no power losses: Psa = Pbus) and that the bus voltage
is constant (Vbus = VBUS), the current measured at the output of the converter is an image of the power
delivered by the solar array:

Ibus =
Pbus
Vbus

=
Psa
VBUS

(4.1)

As shown in figure 2.3, this power depends on the voltage (Vsa) at which the solar array operates.
If we linearize the system around its operating point (VSA), the voltage perturbation generated by the
oscillator (vsa = vSA cos(ωpt)) will cause the following output current variation:

∆Ibus =
1

VBUS

[
∆Psa|Vsa=VSA

]
(4.2)

=
1

VBUS

[
d(PSA)

dVSA
(vSA cos(ωpt))

]
(4.3)

This current perturbation is then be demodulated as follows:

1. first, the current is sensed and the information is converted in volts by a conversion factor Ksens

[V/A] (a value of 100 [V/A] is chosen here);

2. then it is multiplied by the carrier (vSA cos(ωpt)) to bring the useful information back to DC;

3. finally it passes through a low-pass filter (LPF) whose cut-off frequency ωc is chosen close to 0 [rad/s]
to keep the DC component while reducing the potential parasitic signals at other frequencies.

Mathematically, this demodulated signal sdemod can be expressed as:

sdemod = LPF [∆IbusKsensvSA cos(ωpt)]ωc
= Ksens

(
v2
SA

VBUS

)
d(PSA)

dVSA
LPF

[
cos(ωpt)

2
]
ωc

(4.4)

=
1

2
Ksens

(
v2
SA

VBUS

)
d(PSA)

dVSA
LPF [1 + cos(2ωpt)]ωc

(4.5)

≈ 1

2
Ksens

(
v2
SA

VBUS

)
d(PSA)

dVSA
(4.6)

This result of the equation 4.6 is the key of this MPP algorithm: all the factors are positive except for
d(PSA)

dVSA
whose sign depends on the operating voltage of the solar array. The demodulated signal will then

have the same sign as the slope of the P-V curve, i.e. positive if VSA < VMPP and negative if VSA > VMPP

(VMPP being the array voltage at MPP).

4.3 Carrier design

In this section, the two degrees of freedom related to the sine carrier (frequency and amplitude) and the
associated design trade-offs will be discussed.

4.3.1 Amplitude

The amplitude of the carrier plays a major role in the three following subjects: the system’s gain, the
cyclic power losses and the signal-to-noise ratio (often abbreviated as SNR).

Regarding the gain of the system, the equation 4.6 shows that the carrier’s amplitude has a significant
importance because it depends on its square (v2

SA). As a consequence, if the controller is designed to reach
a specific bandwidth, a modification of the carrier’s amplitude would jeopardize the system dynamics.
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The amplitude must therefore be chosen before the controller’s design.

Furthermore, the carrier’s amplitude also defines the amplitude of the movement on the I-V and P-V
curves. But we should keep in mind that the wider the oscillation is, the more power is wasted every cycle.
The graph drawn in figure 4.4 quantifies the losses (with respect to MPP) as a function of the carrier’s
amplitude. A quadratic fitting is also realized and attests that these are proportional to the square of the
amplitude; this result is consistent with the fact that P = V 2/R where R is the resistance of the array at
MPP.
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Figure 4.4: Evolution of the losses with the amplitude of the carrier at 100◦C.

Last but not least, wide oscillations around MPP are not completely undesired, because it will generate
larger (useful) bus current oscillations. Since the current measurement will most probably include other
parasitic signals present on the bus side and interfering with the useful information, an increased useful
power will be beneficial from the SNR perspective. A sufficient amplitude (and then power) is therefore
required for the useful information to be distinguished from the noise in the demodulation stage.

At this stage, considering the different aspects presented above, an amplitude of

vSA = 0.1V (4.7)

is chosen, mainly to reduce the cyclic power losses.

4.3.2 Frequency

The frequency of the carrier represents the frequency where the information (i.e. the current operating
point of the solar array) will be stored until reaching the demodulation stage. This frequency should
therefore be carefully chosen to prevent undesirable effects from taking place. Its design will be based on
the filters contained in the system and the potential perturbations.

The first elements to consider are the filters through which the carrier will have to propagate. These
filters will be detailed in section 4.4.2 but we can already state that the system contains two low-pass
filters (LPF): one at the input of the buck converter and the other at the output of the demodulation
stage, whose cut-off frequencies are respectively 1kHz and 0.1Hz.
Since the carrier signal has to reach the solar array, we can already conclude that its frequency must be
smaller than 1kHz. Subsequently, the spectrum of this carrier will be split in two parts due to the product
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in the demodulation stage: the first part will be located in DC and the other at twice its original frequency.
Since the interesting information resides in the DC component, the other part has to be sufficiently atten-
uated by the filter located at the output of the demodulation stage.

Finally, it would be interesting to place the information at a frequency where external perturbations
are not (or occasionally) present to avoid any interferences. In this case, the parasitic currents present on
the bus are assumed to range from 40Hz up to 10kHz. It would therefore be tempting to use a frequency
below 40Hz, but the double-frequency component would not be sufficiently attenuated by the output filter,
resulting in a larger voltage ripple on the solar array voltage.

Based on these considerations, the carrier frequency was chosen to be

fp = 100Hz (4.8)

to benefit from a sufficient attenuation of the double-frequency component without losing the information
in the system.

4.4 Controller design

This section will focus on the control loop regulating the solar array voltage. First, a global view of
the system to control will be presented. Its fundamental building blocks (filters and gain) will then be
discussed in more detail followed by the final PID filter’s design.

4.4.1 Overview of the system

To make things simple, the system can be seen as the successive blocks that the voltage command produced
at the PID’s output will have to pass before reaching the PID’s input. Let us here detail the path followed
by this voltage command:

• At first, the converter’s switch will introduce the PID’s command as a virtual voltage source ∆V at
the input of the converter2. This voltage source will not be seen by the solar array directly, it will
first have to pass the buck’s input filter before modifying the solar array voltage.

• Once it has reached the solar array, this voltage source ∆V will modify the operating point of the
array, and then also increment the value of its power slope (dP/dV ) by a factor ∆(dP/dV ). From
the command’s point of view, this corresponds to a gain of [∆(dP/dV )]/[∆V ] ≈ d2P/dV 2.

• This ∆(dP/dV ) will then be modulated (in amplitude) by the oscillations caused by the carrier vsa =
vSA sin(ωpt), which will modify the amplitude of the power ripple ∆P by a factor ∆(dP/dV )vSA; it
represents a gain of vSA.

• Subsequently, this solar array power ripple is transformed in a current ripple at the output of the
converter (gain of 1/VBUS), which is then sensed with a current transformer (gain of Ksens).

• In the demodulation stage, the mixer translates the measurement into a DC value (and another
component at twice the carrier’s frequency) with a gain of 1/2, and the information is finally filtered
to reject non-DC components before entering the PID controller.

In order to design the PID controller (see figure 4.5), we will then model the system by a constant gain
(combining all the gains listed above) and two low-pass filters. These filters correspond to:

2Let us not confuse that this ∆V has nothing to do with the voltage ripple vsa(t) generated by the oscillator, these are
completely independent.
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• the LC input filter of the buck converter (2nd order low-pass filter);

• the output filter of the demodulation stage (1st order low-pass filter).

The system, represented in figure 4.6, also includes the saturations but these are not taken into account
in the PID design.

0

Reference
(demodulated 
signal at MPP)

VSA command Demodulated signal

System to control

Error VSA command

PID controller

Figure 4.5: Main scheme used to design the PID filter.
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command Demodulation	filter
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DC gain
of the system

Buck	input	filter
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(from 0 to Voc)

 

Figure 4.6: Implementation of the "system" block presented in figure 4.5.

4.4.2 Fundamental building blocks of the system

As explained in the preceding paragraph, the open-loop response of the system presents two low-pass
filters and a DC gain. All of them will be detailed in the next paragraphs.

Input filter of the converter

The first filter is the one placed between the solar array and its associated converter. It ensures that
the converter does not force the solar array to produce a pulsed current, because this situation would
significantly reduce the average power delivered to the bus. Usually, it is a parallel-damped LC filter (as
shown in figure 2.7) that presents the following transfer function:

vout
vin

=
1 +RdCds

1 +RdCds+ L(C + Cd)s2 + LCCdRds3
(4.9)

≈ 1

1 + L(C+Cd)
RdCd

s+ LCs2
(4.10)

≈ 1

1 +
(

2ζ
ωc

)
s+

(
1
ω2
c

)
s2

(4.11)

As stated above, the cut-off frequency fc = 1/(2π
√
LC) of this second-order filter has to be smaller

than the switching frequency of the converter. But it should be high enough to allow the carrier (of
frequency fp) to reach the solar array. These two constraints can then be summarized as follows:

fc << fswitch,conv and fc > fp (4.12)
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Usually the switching frequency of a converter ranges from tens of kHz up to several MHz. We will
assume that this converter operates at 100kHz, and the cut-off frequency of the input filter is then here
chosen to be fc = 1 kHz.

Another important parameter is the damping factor ζ = L(C+Cd)/(2RdCd
√
LC) of the filter, since it

avoids the noise or other perturbations to be amplified at the resonance frequency. The maximum damping
is achieved with Cd = 4C and Rd =

√
L/C as demonstrated in [17]. This leads to ζ =

√
6/4 = 0.612 and

the resulting bode plot is presented in figure 4.7.
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Figure 4.7: Frequency response of the buck’s input filter.

Output filter of the demodulation stage

The other filter taken into account in the system dynamics is the low-pass filter placed at the output of
the demodulation stage. It is responsible for removing the parasitic signals that do not contain useful
information, i.e. non-DC components such as noise, high-frequency switching harmonics, potential fluctu-
ations due to EMC aspects, etc.
Its cut-off frequency should therefore be chosen as close as possible to 0 Hz. As a consequence, the
bandwidth of the system is limited and a high proportional gain will be needed to reach a decent control
bandwidth. Because of this effect, a simple first-order low-pass filter is used, whose frequency response
follows the relation:

vout
vin

(s) =
1

1 + τs
(4.13)

where we choose τ = 10/(2π) seconds, or equivalently fc = 1/(2πτ) = 0.1 Hz.
The bode plot of the resulting demodulation filter is drawn in figure 4.8.
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Figure 4.8: Frequency response of the filter placed at the end of the demodulation stage.

Gain of the system

The last step required in order to establish the transfer function of the system is to find the expression of
its DC gain. This gain can be described as a measure of how much a voltage step from the controller will
be amplified (or attenuated) at the output of the system, i.e. the demodulated signal.

If the system is currently operating at a voltage V̄SA and that a voltage step ∆VSA is suddenly applied
at its input (i.e. the input goes from VSA = V̄SA to VSA = V̄SA+ ∆VSA), the resulting demodulated signal
can be expressed as :

sdemod =
1

2
Ksens

(
v2
SA

VBUS

)
d(PSA)

dVSA
(4.14)

≈ s̄demod + ∆sdemod (4.15)

≈ 1

2
Ksens

(
v2
SA

VBUS

)(
d(PSA)

dVSA

∣∣∣∣
VSA=V̄SA

+
d2(PSA)

dV 2
SA

∣∣∣∣
VSA=V̄SA

∆VSA

)
(4.16)

Based on the definition of the DC gain Gsys given above, we obtain:

Gsys =
∆sdemod
∆VSA

=
1

2
Ksens

(
v2
SA

VBUS

)
d2(PSA)

dV 2
SA

∣∣∣∣
VSA=V̄SA

(4.17)

The analytical expression of the second derivative of the power has been computed in appendix A.2
and leads to the following relation:

d2(Psa)

d(Vsa)2
≈ 1

Vt
(Isa − Iph)

(
2 +

Vsa
Vt

)
(4.18)
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This function is illustrated in the upper part of figure 4.9, and a zoom around the MPP voltage is
presented in the lower part.
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Figure 4.9: Second derivative of the power with respect to the solar array voltage (on the entire range of
voltage in the upper graph, and a zoom around MPP in the lower one) at 25◦C.

It should be noted that the gain of the system is negative, and it explains why we can see a "+" sign
at the end of the feedback loop represented in figure 4.5. Indeed, the demodulated signal is here added to
the reference in order to feed the PID controller with a positive error.
Another important point is that the gain of the system strongly depends on the current operating point
V̄SA of the system. The main objective being to maintain the voltage around VMPP , the DC gain is then
computed at that particular point:

Gsys =
∆sdemod
∆VSA

=
1

2
Ksens

(
v2
SA

VBUS

)
d2(PSA)

dV 2
SA

∣∣∣∣
VSA=VMPP

(4.19)

Temperature dependence of the DC gain

As stated before, the gain of the system is computed at its MPP voltage. But this voltage and the
associated gain also vary with temperature. This paragraph therefore aims at analyzing the impact of
temperature on this gain, and at finding a way to take it into account.
The evolution of the gain at MPP with temperature is represented in figure 4.10.
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Figure 4.10: Evolution of
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with temperature.

Usually, the temperatures to which satellites are exposed range from -100 to 100◦C. The choice made
here is then to use the mean value over this range, i.e.

d2(PSA)

dV 2
SA

∣∣∣∣
VSA=VMPP

= −5.3 [A/V ] (4.20)

With the data listed in table 4.1, the system presents a DC gain Gsys of

Gsys =
∆sdemod
∆VSA

= −0.0757 [V ] (4.21)

The gain units appear to be in volts because of the demodulation step where a voltage is "multiplied"
by another voltage. However, the way such demodulations are implemented in practice produces a simple
voltage at the output. Therefore, the gain of the system has no unit in practice (or units in [V/V]).

Table 4.1: Data used to compute the DC gain of the system.

Parameter Value
Ksens 100 [V/A]
VBUS 35 [V]
vSA 0.1 [V]

4.4.3 PID design

By combining the different elements analyzed previously, the open-loop response of the system can be
drawn (see figure 4.11). Here all the graphs will assume that the system has a positive gain (which has an
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impact on the phase of the system which is shifted by 180◦), but since the feedback loop is positive, the
result is the same.

10
-2

10
-1

10
0

10
1

10
2

10
3

10
4

-160

-140

-120

-100

-80

-60

-40

-20

M
a
g
n
it
u
d
e
 [
d
B

]

Magnitude of the open-loop system response

10
-2

10
-1

10
0

10
1

10
2

10
3

10
4

Frequency [Hz]

-270

-180

-90

0

P
h
a
s
e
 [
°]

Phase of the open-loop system response

Figure 4.11: Open-loop response of the system.

The controller has to meet a set of robustness criteria to be acceptable. These criteria are summarized
in table 4.2.

Table 4.2: Robustness criteria that the controller needs to fulfil.

Modulus margin3 < 6 dB
Phase margin > 60 ◦

Gain margin > 6 dB

Lots of PID tuning techniques exist in the literature, such as the Ziegler-Nicholson or Tyreus-Luyben
techniques and others. In this case, we will use the loop shaping method presented in [16] because it has
the advantage of being very intuitive.

Proportional action
The proportional gain of the controller is the parameter who allows to play on the bandwidth of the
system. The bandwidth is defined as the frequency at which the magnitude plot of the open-loop response
(including the controller) has a gain of 1 (or 0 dB).
The controller will here be designed to reach a bandwidth of approximately 300 Hz (or 1885 rad/s).
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Figure 4.12: Open-loop response of the system with a simple P controller.

As discussed above, the demodulation filter highly attenuates "high" frequencies. Indeed, the system
presents an attenuation of 91.8 dB at 300 Hz. In practice, such a value at the output of the system could
be too small for the controller, but simple modifications could help to circumvent this problem:

• amplifying the current measurement;

• amplifying the oscillator voltage who enters the demodulation stage (but not the one applied to the
solar array !);

• or increasing the cut-off frequency of the demodulation low-pass filter.

In this analysis we will consider that the current measurement amplifies the signal by a factor 100 and
assume that the controller is able to cope with such a small demodulated signal, so we will not introduce
extra amplifiers in the system.

In order to reach a bandwidth of fbw = 300 Hz, the proportional gain is then set to

kp = 91.8 dB = 10(91.8/20) [V/V ] (4.22)

The resulting open-loop response is depicted in figure 4.12, where the red dot represents the unity gain
frequency.

Integral action
The integral action is important because it adds loop gain at low frequency, thereby allowing to reach a
zero steady-state error (the gain of the controller becomes infinite at 0 Hz).
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However, the integral action also adds a lag phase of 90◦ which could reduce the phase margin. For that
reason, the I-action has to be stopped at a frequency fi sufficiently lower than the bandwidth fbw where
the phase margin is computed. In order to attenuate the potential high-frequency parasitic signals, a
low-pass filter is usually added one decade after the bandwidth to "continue" the integral action. In this
case, the filters already present in the system eliminate the need of this additional low-pass filter.
It is a common practice to end the integral action at least one decade before the bandwidth (fi = fbw/10),
so this guideline will be tested and compared to two controllers whose I-action are terminated earlier.
Graphs in figure 4.13 show the step response performances for fi = 1, 10 and 30 Hz, and the table 4.3
compares the robustness characteristics of these controllers.
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Figure 4.13: Comparison of the step response of the system with a PI controller for different values of fi.

Table 4.3: Comparison of the system characteristics with a PI controller for different values of fi.

Criteria fi = 1 Hz fi = 10 Hz fi = 30 Hz
Modulus margin < 6 dB 3.5 dB 3.5 dB 3.6 dB
Phase margin > 60◦ 67.9◦ 66.1◦ 62.2◦

Gain margin > 6 dB 12.4 dB 12.3 dB 12.1 dB
Settling time (at 2%) < 10 ms 1 ms 9.4 ms 9.2 ms

From the table, we can conclude that all three controllers easily meet the specifications, but the ro-
bustness slightly decreases when the integral action gets closer to the bandwidth.
The plots also lets appear two interesting phenomena. On the one hand, the higher fi the more time it

35



takes to approach the steady state value, which is due to the inertia of the integral action. But on the
other hand, the time required to fit the exact value as well as the average error (computed up to steady
state) decreases when fi gets higher.

Since we are interested in minimizing the average error and because the margins are high enough, the
guideline of "1 decade below the bandwidth" will be followed here:

fi = fbw/10 = 30Hz (4.23)

but at the cost of higher settling time and overshoot.
The PI controller that has been designed so far has the following transfer function:

CPI(s) = kp

(
s+ ωi
s

)
(4.24)

where ωi = 2πfi.

(Tamed-) derivative action
The derivative action has two main purposes:

• to add phase lead around the bandwidth in order to increase the phase margin of the system

• to reduce parasitic resonance-like effects (acts like a damper)

The main purpose of a derivative action is then to improve the stability of the system.

However, because of this damping action, the derivative part of the controller tries to counteract the
dynamics introduced by the proportional gain and will then increase the settling time.

Following the loop shaping design guidelines, the PID controller would have the following transfer
function:

CPID(s) = kp

(
s+ ωi
s

)(
1 + s/ωd
1 + s/ωt

)
(4.25)

with ωd = ωbw/N and ωt = ωbw ∗N .

N is usually chosen to be equal to 3 and determines how the phase lead is spread around the bandwidth:

• if N increases, the phase lead increases and is spread over a wide range of frequencies. This leads to
a better robustness but the settling time increases.

• if N decreases, the phase lead is narrower but introduces a smaller delay in the system response.

It is important to note that the proportional parameter kp has to be modified to maintain the same
bandwidth. Indeed, the loop gain starts to increase at ωd (because of the zero) and up to ωt . To
compensate for that, the proportional gain has to be divided by N:

kp,(PID) =
kp,(PI)

N
(4.26)

The figure 4.14 compares three PID controllers with N = 1, 2, 3 to the PI controller designed previ-
ously, and the table 4.4 sums up their characteristics.

From the step responses, we can conclude that the PID performances are less interesting than those of
the PI controller in terms of reactivity, but the derivative action could be very useful to damp the potential
parasitic signals.
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In table 4.4, it can be noted that the PID significantly increases the phase margin, but the modulus and
gain margins are slightly less interesting than with a PI.
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Figure 4.14: Comparison of the step response of the system using PID controllers with varying N
parameters to the response using the PI controller designed previously.

Based on these considerations, we made a trade-off between reactivity and robustness: a PID controller
with N = 3 will be implemented to control the system. The values of the parameters (from the expression
4.25) are provided in table 4.5.

Table 4.4: Comparison of the system characteristics using PID controllers with different N and using the
PI designed above.

Criteria PI PID, N = 3 PID, N = 4 PID, N = 5

Modulus margin < 6 dB 3.6 dB 4.3 dB 4.3 dB 4.2 dB
Phase margin > 60◦ 62.6◦ 114.9◦ 123.2 ◦ 127.8 ◦

Gain margin > 6 dB 12.1 dB 10.9 dB 11.3 dB 11.8 dB
Settling time (at 2%) < 10 ms 9.2 ms 18 ms 21 ms 23.5 ms
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Table 4.5: Parameters of the final PID controller.

Parameter Design guideline Value

ωbw → bandwidth) - 2π · 300 = 600π [rad/s]

Gsys(ωbw)→ system’s gain at ωbw - −91.8 [dB]

N - 3
kp 10(|Gsys(ωbw)|/20)/N 12 965 [V/V ]

ωi ωbw/10 60π [rad/s]

ωd ωbw/N 200π [rad/s]

ωt ωbw ·N 1800π [rad/s]

4.5 Characterization

The PID controller designed in the previous section is now applied to the real system (simulated in
Matlab/Simulink) in order to verify that the algorithm works as expected. Subsequently, the dynamic
properties of the system will be analysed and the MPP tracking performance will be quantified. Finally,
the last topic of this section will be devoted to the robustness of the system.

4.5.1 MPP tracker behaviour

Before analyzing the dynamics of the system, we first verify that the MPP tracker works properly. The
testing method consists in several temperature steps applied to the system to simulate varying environ-
mental conditions. If the MPP tracker works correctly, the solar array voltage should converge towards
VMPP . In practice, the temperature variations have a certain inertia due to the gradual warming up of
the array; the worst case occurs at the eclipse’s exit when the solar arrays can start from -100◦ and end
up at 100◦ in approximately 3 minutes.
Unlike temperature variations, the light power may step up almost instantaneously; however the only pa-
rameter significantly affected is the photo-generated current, the MPP staying almost at the same voltage.
However, this quick variation may momentarily impact the slope seen by the controller, we will then verify
that the controller designed in the previous section is sufficiently "slow" to filter out this rapid light power
variation.

The figure 4.15 presents the behaviour of the system (in the lower graph) with respect to the tempera-
ture conditions (in the upper graph), and attests that the system tries to track the MPP by adapting the
solar array voltage.
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Figure 4.15: Behaviour of the system (lower graph) when the solar array temperature varies (upper
graph).

The behaviour of the system in response to a temperature step (from T1 to T2) can also be described
from the I-V and P-V curves. Here, two cases can be distinguished:

• case 1 (illustrated in figure 4.16): at VMPP,(T1), the corresponding current Isa,(T2) = 0.
In this situation, the current first drops to zero (meaning that the solar array temporarily does not
produce any electrical power) and the system progressively reduces the voltage applied to the solar
array. Once the open-circuit voltage of the "new" I-V curve is reached, the system converges towards
the peak power point (here with an important overshoot).

• case 2 (represented in figure 4.17): at VMPP,(T1), the corresponding current Isa,(T2) 6= 0.
This situation allows the controller to switch from the initial I-V curve to the new one and to track
the new maximum power point without interrupting the power production.
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Figure 4.16: Illustration of the case 1, both on the I-V and the P-V curves.
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Figure 4.17: Illustration of the case 2, both on the I-V and the P-V curves.
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4.5.2 System dynamics analysis

Temperature variations

In order to quantify the reactivity of the system when the temperature varies, two temperature steps (one
for each case) have been applied to the system:

• a positive temperature step from 75 to 100◦C (see figure 4.18);

• and a negative temperature step from 75 to 50◦C (see figure 4.19).

The dynamic characteristics of the system’s responses are presented in table 4.6.

A first observation is that the overshoots are quite significant. This is partly due to the decision taken
during the controller design4 to grant higher overshoots in exchange for a quicker convergence towards the
steady state value. It can also be noted that the overshoot is more significant for a temperature drop than
the contrary. This is probably due to the fact that the gain of the system slightly increases when the solar
array cools down.

The other remark concerns the settling time: the reactivity is slightly better for a temperature drop.
As for the overshoot, this is presumably due to the solar array cooling which modifies the system’s gain.
Our model did not take that feature into account since the system was linearized around the MPP at 25◦C.
Nonetheless, less than 30 milliseconds to reach the new MPP is a satisfying result. If the time response
is small enough, the most important for us is to stay close to the MPP once it has been reached. This
performance indicator will be the topic of section 4.5.3.
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Figure 4.18: Step response of the system to a temperature step from 75 to 100◦C (case 1).

4During the integral parameter design.
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Figure 4.19: Step response of the system to a temperature step from 75 to 50◦C (case 2).

Table 4.6: Dynamic characteristics of the system in response to a temperature step in each case (see
figures 4.18 and 4.19).

75◦C⇒ 100◦C 75◦C⇒ 50◦C

Settling time (at 2%) 23.2 ms 22.9 ms
Overshoot 20.9% 52.3%

Illumination variations

As for the temperature, a positive and a negative illumination steps are here applied to the system, and
its reactions are depicted in figure 4.20.

Since the voltage ripple generated by the oscillator is too large compared to the voltage difference
between the initial and final states, it is difficult to compute the value of the settling time. Therefore, we
redefined the settling time as the time it takes to reach its steady state behaviour, which will overestimate
the real value (at 2%). With this definition, we get the performances listed in table 4.7.

As we can see, an increased exposition takes less time for the system to reach its new MPP than an
illumination drop. Also, the overshoot is not negligible compared to the voltage variation but hopefully it
does not really affect the power loss since the MPP voltage difference between two different illumination
conditions is quite small.
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Figure 4.20: Step response of the system when exposed to a positive or a negative illumination step.

Table 4.7: Dynamic characteristics of the system in response to an illumination step (see figure 4.20).

I0 ⇒ I0/2 I0 ⇒ 2I0

Settling time 51 ms 20.1 ms
Overshoot 39.5% 23.2%

4.5.3 MPP tracking perfomance in steady state

Since the goal of an MPP tracker is to follow the peak power point, a good performance indicator is to
know what ratio of the available power can be extracted in steady state using this technique.
The results presented in this part come from of a simulation where the system is not disturbed by external
perturbations (this situation will be treated in the next section).

The figure 4.21 illustrates the instantaneous power extracted from the array when the system operates
at a temperature of 100◦C. These oscillations around the MPP are a direct consequence of the MPPT
based on synchronous demodulation, since a sine perturbation is voluntarily introduced in the system
around the operating point. However, these results clearly reveal that the amplitude of the power ripple
does not introduce significant losses in the system. Actually, the MPP tracking efficiency, defined as:

ηmpp =
Pextracted
Pmpp

(4.27)

is higher than 99.99% for the whole range of temperatures (from −100 to 100◦C). Of course, this efficiency
does not take into account the internal losses of the dc-dc converter since it is computed on the solar array
side.
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Figure 4.21: Solar array power in steady state when the system operates at 100◦C.

4.5.4 Robustness analysis

Model and data

Since we are considering an unregulated bus, the bus voltage corresponds to the battery voltage which has
been arbitrarily set to 35V. Furthermore, the satellite’s temperature is supposed to be at its maximum
(100◦C).

Let us assume that a sine perturbation vparas = vPARAS sin(fparast) is added on top of the DC bus
voltage VBUS . This parasitic oscillation will cause current fluctuations in the output inductor of the con-
verter, which will be sensed along with the useful information and then potentially cause additional power
losses.

This voltage ripple is assumed to have the characteristics listed in table 4.8.

Table 4.8: Characteristics of the bus ripple voltage.

Frequency range (fparas) 40Hz - 10kHz

RMS amplitude (vPARAS) 1.5 V

The current variation iparas induced in the output inductor Lout (whose value is designed in appendix
C for a current ripple of 0.5% of its nominal value) can be expressed in the worst case5 as

iparas =
vparas
sLout

(4.28)

5When the solar array is in short-circuit, i.e when the voltage drop across the inductor is maximum.
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Furthermore, it is assumed that the controller also contains an inner current control loop that attenu-
ates these current fluctuations (see 4.22).
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Figure 4.22: Bode plot of the transfer function from the voltage ripple to the attenuated current ripple.

Finally, the resulting transfer function from the voltage to current ripple, combining both the induc-
tor’s admittance and the current-loop attenuation factor, is represented in figure 4.22. In the range of
interest, i.e. from 40Hz up to 10kHz, the voltage oscillations will then roughly be attenuated by a factor
of 40 dB.

But here, the demodulation and its low-pass filter are not yet taken into account. The carrier frequency
was chosen to be fc = 100 Hz in this case. These parasitic signals at fx will then be shifted towards fx−fc
and fx + fc and subsequently enter the demodulation filter whose cut-off frequency was designed to be at
0.1Hz. The risk will then probably come from the perturbations close to the carrier’s frequency that will
be shifted close to DC and then not attenuated sufficiently.

Results

In figure 4.23, the performances of the system when exposed to such bus voltage variations (at 40, 95,
100, 1k and 10kHz) have been quantified. The amplitude of the parasitic signal is fixed to vPARAS =1.5V
(RMS) while the carrier’s amplitude is varied6 from 50mV up to 1V to study the impact of the SNR-like
ratio vSA/vPARAS on the performances.

As it could be predicted from 4.22, it turns out that low-frequency bus ripples are more problematic
than high-frequency perturbations, especially when the carrier’s amplitude is significantly lower than that
of the ripple. The other interesting observation is that when the perturbation is close but not equal to
the carrier’s frequency (95Hz in this case), the performances are significantly reduced. This is due to a
beat phenomenon caused by the demodulation product. Indeed, the mixer brings all the frequencies close

6The proportional gain of the controller is scaled to keep the same bandwidth.
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to that of the carrier around DC; those perturbations are then not sufficiently attenuated by the output
filter and subsequently pass the PID controller. In the end, this beat appears on the solar array voltage
which forces the operating point to move more than expected, thereby increasing the power losses. Again,
it should be noted that this beat phenomenon can be significantly reduced by increasing the amplitude.

Finally, we can see that amplitudes lower than 100mV (orange line) should be avoided since the power
losses become too important (if an efficiency of more than 99% is required). But as stated previously in
the section about carrier’s design, increasing the carrier’s amplitude is not always a good option because
of the larger oscillations created around the MPP; this is why an amplitude of 1V (the violet curve) leads
to lower performances than with 0.5V (yellow).
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Figure 4.23: Power extracted from the solar array in steady state, when the system is exposed to sine
disturbances (of 1.5V RMS) at different frequencies.

Blue: vSA = 50mV; orange: vSA = 100mV; yellow: vSA = 500mV; violet: vSA = 1V.

Based on all these considerations, it turns out that an amplitude of 0.5V would have been a better
choice in terms of robustness, in case we would have to do it again.

4.6 Limitations and possible improvements

4.6.1 Highly non-linear gain

In order to design the controller, we made several assumptions to compute the DC gain of the system.

The first approximation was to consider that the voltage ripple vSA across the solar array is constant,
because it is a function of the operating point (as demonstrated in appendix B).
The second simplification lies in the fact that the gain of the system was computed at its MPP voltage,
but it is not always the case, especially when a temperature step is applied. However, under static or
slowly varying conditions, it is a good approximation.
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Finally this MPP voltage also varies with temperature. Here we simplified the model by taking the mean
gain of the system (at MPP) over the full range of temperatures, starting from −100◦C up to 100◦C.

The consequence of this highly non-linear gain is that the reactivity of the system can derive signifi-
cantly from what this model established. Nonetheless, if the control loop is properly designed, the MPP
tracker should still converge towards the MPP.

The choice of computing a fixed DC gain is based on the fact that most of the controllers used in
space are still analog feedback loops. The parameters of the PID are therefore fixed. Depending on the
equipment, we could imagine several PID controllers in parallel and a combination of switches that would
select which PID to use as a function of the environmental conditions. But this solution would add an
important number of components without significantly improving the performances.

4.6.2 Oscillator phase

In the simulations, the phase of the carrier was the same as that of the signal of the current measurement.
However, in practice a phase delay could exist between these two signals. The consequence would be that
the resulting DC component would be attenuated, since:

sin(ωt) sin(ωt) =
1

2
− 1

2
cos(2ωt) (4.29)

sin(ωt) sin(ωt+ φ) =
1

2
cos(φ)− 1

2
cos(2ωt+ φ) (4.30)

From these relations, we can conclude that the gain of the system would be multiplied by cos(φ), where
φ represents the phase shift between the two signals. Moreover, the noise would not suffer from this gain
reduction, only the useful part of the signal (and the parasitics at that frequency) will be affected. This
situation would be a serious problem since a delay of 90◦ would completely suppress the information, and
if it exceeds 90◦, it would modify the sign of the gain, leading to a positive feedback which would make
the system unstable.

Figure 4.24: Costas receiver, with the courtesy of [6].
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This problem could be addressed by a PLL-based7 circuit called Costas receiver whose role would be
to synchronize the carrier with the incoming signal as represented in figure 4.24. This receiver combines
two synchronous demodulators fed with the same measured signal but whose carriers’ signals are in phase
quadrature (90◦ shift).

The feedback loop included in the Costas receiver uses the fact that for small delays, cos(φ) ≈ 1 and
sin(φ) ≈ φ. A phase discriminator is then used to control a VCO (voltage-controlled oscillator) which
corrects the phase of the carrier itself. However, the intrinsic problem is that if the signal m(t) (the
useful information) is zero, the phase-correction process therefore stops working until m(t) goes back to a
non-zero value.
Such structures are often used to demodulate DSB-SC (double side-band, suppressed carrier) waves in
communication systems.

4.6.3 Single-frequency’s carrier

Since the carrier is a simple sine signal, all the information is contained at a given frequency. A permanent
parasitic signal located at that frequency would then virtually modify the MPP from the controller’s point
of view; indeed, at MPP, the demodulated signal would not be zero any more. The controller would then
modify the operating point of the converter to force its input to zero; causing the system to oscillate
around another point than the MPP and leading to continuous power losses.

However, this problem could be circumvented by enlarging the spectral content of the carrier, thereby
spreading the information at different frequencies. For example, a combination of several sine functions at
different frequencies could improve the robustness of the system. Another possibility would be to replace
the sine carrier by a pseudo-random bit sequence, but it will be the topic of the next chapter so we will
not go further in the detail here.

4.6.4 Beat phenomenon

Also related to the carrier’s frequency, a beat phenomenon has been observed for parasitic signals whose
frequency is close to that of the carrier. Indeed, these perturbations are shifted close to DC during the
demodulation process. The output filter’s attenuation is therefore not sufficient any more to prevent that
beat to pass the PID filter and appear on the solar array voltage, leading to significant losses.

Nonetheless, at least three solutions could be implemented to reduce the effect of this phenomenon.
The first solution would be to increase the inertia of the PID filter by decreasing its bandwidth down to
a frequency like 1Hz. This beat phenomenon would then be limited to the remaining frequencies, i.e in a
range of 1Hz around the carrier.

A second more reliable option lies in the fact that in satellites, the only perturbations present on the
bus are those generated by the other equipments. We could then emit a constraint stating that the devices
connected to the bus should not produce parasitic signals in a frequency range close to that of the carrier’s
frequency.

Finally, a third solution would be to use a highly-selective band-pass filter centred at the carrier’s
frequency on the measured signal, before the multiplication. This would attenuate the parasitic signals
located close to the carrier’s frequency, but at the cost of extra efforts in the controller design.

7PLL stands for phase-locked loop.
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4.6.5 Input filter of the converter

As explained previously, the filter adds inertia in the system because it slows down the dynamics of the
voltage command that tries to reach the SA. However, the dynamics altering the power flow from the SA
to the bus current should also have been taken into account. This would add a zero in the system as well
as an additional phase lag that would reduce the possible control bandwidth of the system.

4.7 Summary

This chapter presented a MPP tracker using the principle of synchronous demodulation to control a dc-dc
converter. Its main advantage is that several trackers could work in parallel on the same bus based on a
single current measurement, thereby saving extra sensors and their associated conditioning circuits.

Regarding the performances, the system designed in this chapter is able to track the MPP in approx-
imately 50 milliseconds while continuously forcing the solar array to deliver more than 99% of the power
that it is capable to produce, under given constraints. The steady state performances are similar to most
of the trackers currently on the market, but more advanced control techniques could probably improve the
system dynamics as well as its robustness’s margins.

Finally, some limitations have also been identified and deserve further investigations. The first draw-
back of the system lies in the fact that all the information is concentrated at a single frequency. A
perturbation located at that specific frequency would therefore prevent the system from working at its
MPP; the system would instead stabilize around a non-MPP. The use of a carrier with a larger spectral
content could however potentially attenuate this problem.
Moreover, a parasitic signal at a frequency close to that of the carrier would also introduce a beat signal
that could pass the PID controller and appear on the solar array voltage. A slower controller would help
to reduce this issue but the more reliable way to eradicate the two previously mentioned problems would
be to forbid the on-board equipment connected to the bus to produce signals close to the selected carrier’s
frequency.
The last significant issue would be a phase shift between the measured signal and the carrier during de-
modulation. Such a situation could severely hamper the system’s performances, but could be solved with
a Costas loop at the cost of extra material.
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Chapter 5

MPPT using PRBS modulation

This chapter is devoted to a slightly modified version of the MPP tracker presented in chapter 4. It will
begin with a short introduction putting forward the motivations that led to this new approach, followed
by a brief review of the underlying concepts. Some guidelines about the carrier’s design will then be
established before examining the performances of this type of modulation with respect to those obtained
with synchronous demodulation.

5.1 Motivations

The idea to replace the sinusoidal carrier by a pseudo-random bits sequence (PRBS) came from the ob-
servation that synchronous demodulation could potentially loose the MPP when exposed to perturbations
at the carrier’s frequency.
Thanks to its enlarged spectrum, a PRBS is less sensitive to single-frequency disturbances; making it
an interesting candidate to supplant the sinusoidal carrier. After some research, it turned out that this
principle was already patented in 2011 [11].

5.2 Principle

The use of a PRBS as carrier is related to the direct-sequence spread spectrum (DSSS) and results in a
noise-like modulated signal. The idea of spread-spectrum techniques is to transmit the information over
a bandwidth which is significantly wider than the original message, thereby spreading its power similarly
to a noise spectrum. Such techniques were initially developed for military applications to create secure
communications. Their robustness against noise and jamming can then be particularly useful to resist to
the potential bus current perturbations.
For this application, the modulation scheme can be represented as in figure 5.1: the converter modulates the
slope of the PV curve with the PRBS carrier, and the resulting bus current is sensed and cross-correlated
with the same carrier to retrieve the sign of the slope.

5.2.1 PRBS generation

Unipolar signal

A pseudo-random bit sequence can be generated with a linear-feedback shift register (LFSR), which is a
register whose input bit results from a linear combination (using XOR gates) of bits tapped from of its
previous state. This principle is illustrated in figure 5.2.

The carriers’ signal is obtained by taking the last bit of the register. A clock signal of period fclk
sequentially modifies the state of the register and consequently the value of the carrier. If N is the number
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Figure 5.1: Principle of the PRBS modulation.

of bits of the register, and if the taps have been wisely chosen, the register will go through 2N − 1 states1

before repeating the sequence, leading to a period of

Tcarrier =
2N − 1

fclk
(5.1)

However, this is not true for all linear combinations. Some of them, known as "non-primitive" polynomials
lead to a lower periodicity than a maximum-length sequence2 (MLS).
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Figure 5.2: Generation of a PRBS using the LFSR principle.

1The "-1" comes from the fact that the "full-zero" state does not occur; it cannot be used as initial condition neither
because the register would be blocked in this state.

2Several combinations leading to MLS are provided in D.
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Since the sequence is a special kind of square-wave signal, its Fourier transform corresponds to a sinc
function3, whose spectrum contains a set of spectral lines called harmonics (see figure 5.3). This discrete
aspect is due to the "pseudo-random" character of the sequence; its period is not infinite as it would be
for a truly random signal, and as a consequence the harmonics are not infinitely close.

Power spectrum of a unipolar PRBS.
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Figure 5.3: Power spectrum of an unipolar PRBS (with fclk = 1kHz and N = 4).

Power spectrum of a polar NRZ PRBS.
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Figure 5.4: Power spectrum of a polar NRZ PRBS (with fclk = 1kHz and N = 4).

3sinc(x) =
sin(πx)

πx
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From unipolar to bipolar

The problem of the actual sequence lies in the fact that it has an important DC component that would
bias the solar array voltage and result in a waste of power; this DC component is due to its unipolar
character: the value is either 1 or 0 but never negative.

To suppress the DC component, the output of the register is modified to be around 0 (-1 or 1V) and
then multiplied by a factor A which modulates the amplitude of the carrier. The resulting sequence is said
to be (bi)polar (symmetric + and - voltages) and NRZ (non-return to zero, because the value is never 0).
In practice however, the DC component is not completely removed since the sequence contains one more
1 than -1 (because of the impossible state full of zeros). A slight DC value of 1/(2N − 1) V can then be
observed , but it is negligible when the size of the register is sufficiently large.
Apart from this DC component, the first harmonic that represents the lowest frequency component of the
carrier is located at f(1) = 1/Tcarrier = fclk/(2

N − 1); the following lines are found at every multiple of
that frequency and the first lobe (called mainlobe) ends up at the shifting frequency f(2N−1) = fclk with a
null amplitude. The figure 5.4 represents the spectrum of the polar and NRZ PRBS version. The envelope
of its power spectrum is given by (

sin(π f
fclk

)

π f
fclk

)2

(5.2)

5.2.2 Autocorrelation of PRBS

The useful information is extracted in the same way as in a synchronous demodulation: the signal is multi-
plied by the carrier with a mixer. The only difference is that the information is spread over a wide range of
frequencies and the multiplication superposes all these pieces of information into a single DC component
(to reconstruct the whole message) because all the other harmonics cancel each other. However, parasitic
signals will most probably affect the current measurement so the low-pass filter used with the synchronous
demodulation will be kept to attenuate the potential non-DC components.

To introduce the carrier’s design discussed in the next section, it is important to understand how a
parasitic signal affects the spectrum after the mixer stage. To illustrate its impact, we will consider a
single sinusoidal signal as perturbation. As a reminder, a multiplication in the time-domain corresponds
to a convolution in the frequency domain.
To make things simple, let us dissociate the parasitic sine component (at ±fp) from the useful information.
On the one hand, the correlation of this perturbation with the PRBS carrier will shift the whole PRBS
spectrum around ±fp, modulated by the perturbation’s amplitude; on the other hand, the autocorrelation
of the PRBS with itself will result in a single DC component. Therefore, the total spectrum is obtained
by summing the DC value with the two symmetric shifted sinc spectra. The figures 5.5 and 5.7 illustrate
the aforementioned principle in the time-domain and in the frequency-domain, respectively; where the
measured signal is modelled as a PRBS (1V of amplitude, 8 bits and 500Hz of shifting frequency) to with
a parasitic sine signal is added (amplitude of 5V and frequency of 40Hz).

Finally, as represented in figure 5.6, the delay between the two PRBS sequences should be kept as
small as possible to maximize the DC component. But it is an interesting property since it allows several
MPPT to share exactly the same bandwidth but each being decorrelated from the others by choosing
different initial conditions.
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Figure 5.5: Time-domain illustration of the demodulation steps: the carrier (upper graph) is multiplied
by the measured signal (middle graph) to obtain a signal (lower graph, blue) whose DC component

contains the useful information (lower graph, red).

Figure 5.6: Autocorrelation function R(τ) of a PRBS of length K = 2N − 1 and period T = 1/f(1), as a
function of the delay τ between the two PRBS being correlated. With the courtesy of [5].
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Figure 5.7: Frequency-domain illustration of the demodulation steps: the carrier spectrum (first graph)
is convoluted with the spectrum of the measured signal (second graph) to obtain a spectrum (third

graph) whose DC component contains the useful information (fourth graph).
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5.3 Gibbs phenomenon

5.3.1 Clock’s frequency

In theory, the sinc function has an infinitely wide spectrum. Since the carrier introduced in the system will
have to pass in the buck’s input filter, the information contained at high frequencies (i.e. above 1kHz) will
be lost. The impact of such a situation is represented in figure 5.8. The power loss associated to sidelobes
filtering can be observed in the shape of the time-domain waveform, where the input’s filter frequency is
varied to keep one, two or three lobes of the sinc function. This is known as the Gibbs phenomenon: the
amplitude of the time-domain overshoot does not vary with the number of unfiltered sidelobes4, but the
time response does. The autocorrelation of the PRBS is therefore partially reduced (see the lower graph)
which modifies the gain of the system.
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Figure 5.8: Effect of the information loss if we keep two (LPF at 1kHz) or three (LPF at 1.5kHz) lobes
of the sinc function compared to ideal case (no LPF).

4The only way to prevent these oscillations from happening is to keep the whole spectrum.
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5.3.2 Carrier’s amplitude

In order to reuse the same controller as for the sine-based demodulation, the gain of the system must
remain the same. As a reminder, its expression was:

Gsys =
∆sdemod
∆VSA

=
1

2
Ksens

(
v2
SA

VBUS

)
d2(PSA)

dV 2
SA

∣∣∣∣
VSA=V̄SA

(5.3)

The factor 1/2 came from the fact that half of the carrier’s power was lost due to the filtered double-
frequency component. At first sight, the amplitude of the PRBS should then fixed to

vSA =
1√
2

(5.4)

to keep the same 1/2 factor in the system’s gain seen by the controller.

However, because of the Gibbs phenomenon, the sidelobes filtered out by the buck’s input filter rep-
resent a power loss. Based on simulations, we have determined the percentage of power remaining after
the filter, for different values of the ratio fclk

fc
(fc is the cut-off frequency of the input filter). The results

are listed in table 5.1. It is important to keep in mind that the number of harmonics contained in a single
lobe has no effect on these results.

Table 5.1: Power remaining in the signal when the number of lobes kept by the filter varies (with
fc = 1kHz).

fclk Number of remaining lobes Remaining power percentage

100 Hz 10 98%

200 Hz 5 96%

333 Hz 3-4 93%

500 Hz 2 90%

1 kHz 1 80%

5.4 Robustness

Since the system is the same as in the previous chapter, and since we took the precautions to keep the
same gain values, their dynamic behaviour are very similar. What is interesting here is to test whether a
PRBS modulation is really able to improve the robustness of the system. The system will then be tested
against parasitic signals presenting the same characteristics as those introduced in the previous chapter,
i.e. a ripple voltage of 1.5 V (RMS) ranging from 40Hz to 10kHz.

For this analysis, the PRBS’s parameters (frequency, amplitude and register size) will be varied in
order to look at the way the system reacts against each of them, and the best configuration will then be
compared to the results obtained by synchronous demodulation.

5.4.1 Impact of the clock’s frequency

To analyze the effect of the clock’s frequency, the register size is fixed to N = 4 and the amplitude will
be adapted to the number of unfiltered lobes (see table 5.1) to maintain the same gain in the system.
Three shift frequencies have been tested, namely 10Hz, 100Hz and 1kHz and the resulting steady state
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performance of the MPP tracker are represented in figure 5.9. In the following paragraph, the three cases
will be identified by the letters α =10Hz, β =100Hz and γ =1kHz.

From these results, it appears that a clock’s frequency of 1kHz (γ) leads globally to better results
than the two other options tested; it is the only configuration keeping an extraction ratio higher than 99%
whatever the frequency of the parasitic signal present on the bus. For low-frequency disturbances, the beat
effect is not very significant with γ since the PRBS spectrum shifted around the perturbation frequency
has less harmonics close to DC than the two other cases5. At 1kHz however, the two slower sequences α
and β do not suffer from that beat effect any more and achieve similar performances than that of γ.
Finally, the results against the perturbations at 10kHz can be explained by the fact that the correlation
of the carrier with a filtered version of itself does not result in a single DC component any more, but
also generate harmonics which are especially important at the multiples of the clock’s frequency. For
that reason, γ presents better performances than its opponents since these parasitic harmonics are first
attenuated by the output demodulation filter and then even more by the input filter of the converter.

For theses reasons, the following tests will be performed with a clock’s frequency of 1kHz.
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Figure 5.9: Effect of fclk on the steady state performances of the MPPT.

5.4.2 Impact of the register size

In order to understand how the harmonics’ density affect the system’s robustness, several tests have been
performed with different sizes: 4, 8 and 16 bits. The performances achieved by each of these configurations
are depicted in figure 5.10. According to what we saw in the previous section about the harmonics’ spac-
ing, we can expect that a reduced number of bits will lead to better performances than very large registers.

5The space between harmonics increases with the clock’s frequency.
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Compared to the clock’s frequency, the register size seems to have a lower influence on the perfor-
mances of the system. Nonetheless, the results confirm that smaller register sizes allow to extract a bigger
portion of the power that the SA is able to produce. As explained above, this is due to the fact that a
denser PRBSs’ spectrum will bring more harmonics close to DC.
Here also, the bigger performance variability between the tested configurations occur under low frequency
perturbations; the beat effect discovered in the previous chapter still seem to cause efficiency problems by
preventing undesirable signals to be attenuated.

For the last analysis about the carrier’s amplitude, a register size of N = 4 will then be maintained.
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Figure 5.10: Effect of the register size N on the steady state performances of the MPPT.

5.4.3 Impact of the carrier’s amplitude

The last parameter to play with is the carrier’s amplitude. The amplitudes tested are given by

vSA = K
1√
2

1

0.8
(5.5)

with the following values of K: 50mV, 100mV, 500mV and 1V. The factors 1/
√

2 and 1/0.8 are there to
keep the same gain as for synchronous demodulation; the first factor has been explained before and the
second takes into account that the carrier introduced in the converter looses all its sidelobes (keeps its
mainlobe only) due to the buck’s input filter.

The results, presented in figure 5.11, could have been predicted from what we saw in the synchronous
demodulation: if the amplitude is too small, the impact of the perturbations becomes more important.
However, from a given value (above 500mV in this case), the losses generated by the "desired" oscillations
exceed those that were caused by the perturbations, thereby reducing the overall efficiency. As for the
synchronous demodulation, there is a trade-off to make between the "desired" and undesired losses; an
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amplitude of 500mV seems here to be the best compromise among the tested configurations.

It should be noted that, above a certain amplitude, the PRBS does not show a strong dependence
with the perturbations’ frequency. It comes from the fact that the power associated to the DC compo-
nent increases with the square of the carrier’s amplitude; the harmonics then become less significant in
comparison to the other cases. This effect was also present in the sine-based modulation.
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Figure 5.11: Effect of the amplitude vSA on the steady state performances of the MPPT.

5.5 Comparison of both techniques

Finally, both techniques (synchronous demodulation and PRBS modulation) are compared to see whether
the PRBS really improved the performances. For both cases, an amplitude of 500mV was chosen since it is
the value that lead to the best results in the two situations6. The graph comparing the best performances
of both types of modulation is depicted in figure 5.12.

As we can see, with these amplitudes, both systems are able to extract more than 99.9% of the power,
regardless of the frequency of the bus’ perturbations.

When looking at low-frequencies, the PRBS reaches better performances than its sine counterpart.
This is due to the fact that the few harmonics that are transported close to DC have a much lower ampli-
tude than that of the sine carrier; the reduced amplitude of the parasitic components remaining after the
output filter therefore lead to a lower voltage ripple on the solar array.

On the contrary, when the perturbations present on the bus have a higher frequency, the sine com-
ponents are sent far away from DC which result in a high attenuation of the parasitics. Unlike the sine

6The PRBS also includes the two correction factors previously discussed.
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carrier, the PRBS’s shifted spectrum still presents some harmonics at low frequencies thereby causing a
small beat effect. This beat is more important for disturbances at 10kHz than at 1kHz since the PRBS’s
spectrum is null at the clock’s frequency (1kHz) being shifted to DC, and the surrounding harmonics have
a smaller amplitude than in the middle of the mainlobe.

As a conclusion, the PRBS slightly improves the performances at low frequencies but causes more
important losses when the bus is subject to high-frequency parasitic signals.
However, another important consideration should not be forgotten. With PRBS, several MPP trackers
can share the same frequency band without significantly interfering between each other by simply using
different initial conditions (that can be assimilated to a delay of more than 1/fclk); the sine-based mod-
ulation requires on the contrary to carefully choose the different frequencies at which they will operate.
Moreover, the PSD of a PRBS is also significantly lower than that of a sine with the same amplitude,
making it more suited in applications with stronger EMC requirements.
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Figure 5.12: Comparison of the two best configurations in sine-based and PRBS modulations.

5.6 Limitations and possible improvements

5.6.1 Input filter of the converter

Because of the buck’s input filter, the bandwidth available to spread the PRBSs’ spectrum is significantly
reduced. A higher cut-off frequency would allow to add even more space between the harmonics, thereby
improving the robustness performances against the bus perturbations that could affect the system.
This technique would then benefit from applications with converters’ switching frequencies of several MHz
for which a higher cut-off frequency would be possible.

Of course, we should keep in mind that all these modulations add their own perturbations on the bus
and could potentially disturb other equipments connected to that bus. For that reason, this solution asks
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for a prior information over the EMC requirements of the bus to know whether it would be suitable for
this application.

5.6.2 Time delays

As for the sine-based modulation, a time delay could severely hamper the performances of the system
because the DC component resulting from the autocorrelation would be affected, thereby modifying the
gain of the system. Moreover, this time delay could potentially interfere with the other trackers work-
ing on the same bus if the initial conditions of the LFSRs were badly chosen, especially if their size is small.

However, as for the synchronous demodulation, a Costas loop could be used to synchronise the se-
quences. Other solutions based on learning sequences also exist, but the implementation details exceed
the scope of this work.
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Chapter 6

Conclusion

This paper presented a MPP tracker making use of the correlation principle to control a dc-dc converter.
The main advantage of this algorithm lies in the fact that several trackers are able to work in parallel on
the same bus, based on a single and identical current measurement. As a consequence, this solution allows
to save the costs of the potential sensors that would have been used instead, as well as the cost related to
their conditioning circuits.

With regard to the performances, the system designed in this paper achieves a reasonable dynamic
behaviour; in case of a modification of the temperature or illumination conditions, the MPPT brings the
system back to the MPP in approximately 50 milliseconds. For most applications, such a reactivity is
maybe not necessary and could instead be traded against robustness.
In terms of static performances, the two MPPT versions, namely the sine-based and the PRBS-based, are
able to extract more than 99.9% of the available power, which is a promising result. It should however be
noted that this value does not take into account the power necessary to feed the external circuit nor the
losses generated inside the dc-dc converter.
The two methods tested lead to relatively similar results; the PRBS is slightly more robust against low-
frequency bus perturbations (< 1kHz) but becomes less performing when their frequency increases. An-
other important consideration is that PRBSs generate bus perturbations over a wider spectrum but with
a reduced power spectral density compared to the sine-based solution. The appropriate technique should
then be determined based on the bus EMC requirements.

Finally, some limitations have also been identified and deserve further investigations. The greatest
danger that would severely impact both solutions would be a delay during the correlation. Such a sit-
uation could in the best case only reduce the system’s reactivity and robustness, but could also lead to
an unstable control loop. Several solutions exist to synchronise two signals together; among them, we
presented the well-known Costas loop often used in DSB-SC modulations. The other problem observed
was the sensibility of the sine-based modulation to the bus perturbations with a similar frequency. If the
frequency is exactly the same, the SA operating point is slightly shifted from the MPP but not enough
to significantly impact the performances; if the frequency is however close to it but exactly equal, a way
less desirable beat phenomenon occurs which amplifies the oscillations around the MPP. Hopefully, it ap-
peared that increasing the carrier’s amplitude significantly reduced the problem. Another solution could
have been to enlarge the frequency spectrum of the carrier to desensitize the system from the perturba-
tions’ frequency. This is the reason why a PRBS-based modulation has then been implemented, and it
appeared to solve the problem at low-frequency but introduced another at higher frequencies, leading to
similar performances.

As a conclusion, these two methods have lead to quite promising results but would require a practical
implementation to verify that the performances can be as high as those obtained from these simulations.

63



Bibliography

[1] P. R. Boldó. New Elements in Satellite Solar Array Regulation. PhD thesis, Universitat de València,
2007.

[2] Antonio De Luca. Architectural Design Criteria for Spacecraft Solar Arrays, Solar Cells - Thin-Film
Technologies. InTech, 2011.

[3] T. Esram and P. L. Chapman. Comparison of Photovoltaic Array Maximum Power Point Tracking
Techniques. IEEE Transactions on Energy Conversion, 22(2):439–449, 2007.

[4] A. Garrigos, J. M. Blanes, J. A. Carrasco, A. H. Weinberg, E. Maset, E. Sanchis-Kilders, J. B.
Ejea, and A. Ferrreres. The Sequential Switching Shunt Maximum Power Regulator and its Applica-
tion in the Electric Propulsion System of a Spacecraft. In 2007 IEEE Power Electronics Specialists
Conference, pages 1374–1379, 2007.

[5] Ian Glover and Peter M. Grant. Digital Communications. Pearson Education, 2010.

[6] Simon Haykin and Barry Van Veen. Signals and Systems. Wiley, 2 edition, 2002.

[7] Paul Horowitz and Winfield Hill. The Art of Electronics. Cambridge University Press, 3 edition,
2015.

[8] H. Jensen and J. Laursen. Power Conditioning Unit for Rosetta/Mars Express. In A. Wilson, editor,
Space Power, volume 502 of ESA Special Publication, page 249, May 2002.

[9] Wilfried Ley, Klaus Wittmann, and Willi Hallmann. Handbook of Space Technology. John Wiley &
Sons, 2009.

[10] Antonio Luque and Steven Hegedus, editors. Handbook of Photovoltaic Science and Engineering.
Wiley, 2 edition edition, 2011.

[11] Shawn R. McCaslin and Bertrand J. Williams. Pseudo-Random Bit Sequence Generation for Maxi-
mum Power Point Tracking in Photovoltaic Arrays, 2012.

[12] Ned Mohan, Tore M. Undeland, and William P. Robbins. Power Electronics: Converters, Applica-
tions, and Design. John Wiley & Sons, 3rd edition, 2002.

[13] Ich D. Ngo. Evolution of Solar Array Shunt Regulators for Boeing Satellites. Denver, Colorado,
August 2009.

[14] Mukund R. Patel. Spacecraft Power Systems. CRC Press, 2005.

[15] Vincent L. Pisacane, editor. Fundamentals of Space Systems. Johns Hopkins University Applied
Physics Laboratories Series in Science and Engineering. Oxford University Press, 2nd edition, 2005.

[16] R. M. Schmidt, G. Schitter, A. Rankers, and J. van Eijk. The Design of High Performance Mecha-
tronics. IOS Press, 2nd revised edition, 2014.

64



[17] M. Sclocchi. Input filter design for switching power supplies. http://www.ti.com/lit/an/snva538/
snva538.pdf, Accessed on the 19th of February 2017.

65

http://www.ti.com/lit/an/snva538/snva538.pdf
http://www.ti.com/lit/an/snva538/snva538.pdf


Appendices

66



A System modeling - Analytical expressions

A.1 First derivative of the solar array power

The analytical expression of the first derivative of the solar array power (with respect to the voltage) can
be expressed as

d(Psa)

dVsa
=
d(VsaIsa)

dVsa
(A.1)

=
d(Vsa)

dVsa
Isa + Vsa

d(Isa)

dVsa
(A.2)

=

(
Isa +

Vsa
Rsa

)
(A.3)

It can already be noted here that the second term is negative, because the slope of the I-V curve is
always negative and is equal to the inverse of the solar array resistance 1/Rsa.

But this expression can be further developed since

1

Rsa
=
d(Isa)

dVsa
(A.4)

=

d

(
Isc − Io

(
exp

(
Vsa
Vt

)
− 1

))
d(Vsa)

(A.5)

=
1

Vt

(
−Io exp

(
Vsa
Vt

))
(A.6)

=
1

Vt
(Isa − Isc + Io) (A.7)

≈ 1

Vt
(Isa − Isc) (A.8)

We can then finally write
d(Psa)

dVsa
≈ Isa +

Vsa
Vt

(Isa − Isc) (A.9)

A.2 Second derivative of the solar array power

Starting from the relation A.9 computed in the previous section, it is possible to derive the expression of
the second derivative of the power with respect to the voltage :

d2(Psa)

d(Vsa)2
=

d

(
Isa +

Vsa
Vt

(Isa − Isc)
)

d(Vsa)
(A.10)

=
d(Isa)

dVsa
+

1

Vt

(
d(Psa)

dVsa
− d(Vsa)

dVsa
Isc

)
(A.11)

=
1

Rsa
+

1

Vt

(
Isa +

Vsa
Rsa
− Isc

)
(A.12)

=
1

Rsa

(
2 +

Vsa
Vt

)
(A.13)
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And if we combine this result with the equation A.8, it leads to:

d2(Psa)

d(Vsa)2
≈ 1

Vt
(Isa − Isc)

(
2 +

Vsa
Vt

)
(A.14)
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B Output current of the converter

In order to analyze the output current, we will sequentially develop the expressions of the solar array
voltage and current, and finally combine them.

B.1 Solar array voltage

In this method, the duty cycle θ applied to the converter is the sum of an average component Θ regulating
the operating point of the array and a small oscillating perturbation θ̃ cos(ωpt). If we combine that with
the relation 2.8 that we established previously, we can write

Vsa =
VBUS
θ

(B.15)

=
VBUS

Θ + θ̃ cos(ωpt)
(B.16)

By using a 2nd order Taylor development, we can approximate Vsa by the relation:

Vsa ≈
VBUS

Θ

1−

(
θ̃

Θ

)
cos(ωpt) +

(
θ̃

Θ

)2

cos(ωpt)
2

 (B.17)

≈ VSA
(
1− θr cos(ωpt) + θ2

r cos(ωpt)
2
)

(B.18)

where VSA =
VBUS

Θ
and θr =

θ̃

Θ
.

Since θr << 1, the first order approximation is already sufficient

Vsa ≈ VSA (1− θr cos(ωpt)) = VSA − vsa cos(ωpt) (B.19)

with vsa = VSAθr
The ripple voltage reaching the solar array is therefore a sinusoidal signal at the same frequency as

that generated bye oscillator.

B.2 Solar array current

If we put the previous result (equation B.19) in the current expression of the solar array (equation 2.3), it
leads to:

Isa ≈ Isc − Io
(

exp

[
VSA
Vt

(1− θr cos(ωpt))

]
− 1

)
(B.20)

≈ Isc − Io

(
exp

[
VSA
Vt

][1−θr cos(ωpt)]

− 1

)
(B.21)

≈ Isc − Io
(

exp

[
VSA
Vt

](
1− VSA

Vt
θr cos(ωpt)

)
− 1

)
(B.22)

≈ ISA +

(
Io exp

[
VSA
Vt

]
VSA
Vt

θr

)
cos(ωpt) (B.23)

≈ ISA +

(
Io
Vt

exp

[
VSA
Vt

])
vsa cos(ωpt) (B.24)

≈ ISA +

(
−1

RSA

)
vsa cos(ωpt) (B.25)
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And then
Isa ≈ ISA − isa cos(ωpt) (B.26)

where ISA = Isa(Vsa = VSA) is the DC component of the current and isa =
vsa
RSA

is the peak-to-peak

amplitude of the alternating component. The current ripple is then in phase opposition with the voltage
ripple.

B.3 Bus current

Finally, if we assume the converter to be ideal, the SA power is entirely transferred to the bus. If the bus
voltage VBUS is fixed, we can then write that:

Ibus =
1

VBUS
VsaIsa (B.27)

≈ 1

VBUS
(VSA − vsa cos(ωpt)) (ISA − isa cos(ωpt)) (B.28)

≈ 1

VBUS

(
VSAISA − (VSAisa + vsaISA) cos(ωpt) + vsaisa cos(ωpt)

2
)

(B.29)

Since the ripples are supposed to be way smaller than the DC value, the 2nd order term can be
neglected, resulting in small-signal bus current component of:

ibus =
−1

VBUS
(VSAisa + vsaISA) cos(ωpt) (B.30)

Since at MPP, the dynamic impedance of the SA (vsa/isa) is equal to the opposite of its static impedance
(VSA/ISA); the ripple’s amplitude is then zero at MPP.
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C Output inductor dimensioning

The size of the output inductor Lo of a buck converter determines the current ripple allowed at the output.
For this application, let’s assume that the output ripple ∆Ibus has to be lower than 0.5% of the average
current IBUS (at MPP and at 25◦C).

Figure C.1: Illustration of the voltage vL across the inductor
and of the current iL flowing through it. Vd and Vo respectively

correspond to VSA and VBUS . With the courtesy of [12].

Table C.1: Data used to dimension the
output inductor of the buck converter.

PSA 800 W

VSA 70 V

VBUS 35 V

θ 0.5

fsw 50 kHz

From figure C.1, from the buck’s equation VSAθ = VBUS and from the inductor’s fundamental equation
vL = L(diL/dt), the half of the peak-to-peak amplitude of the current ripple can be expressed as:

∆Ibus =
1

2

(VSA − VBUS)

Lo
θTsw (C.31)

=
1

2

VBUS
Lofsw

(1− θ) (C.32)

If we assume that the converter is ideal, i.e. that it does not dissipate any energy, and that the solar
array operates at MPP at a temperature of 25◦C, we can express the average current as:

IBUS =
PSA
VBUS

(C.33)

The equation used to dimension the inductor is then given by:

∆Ibus
IBUS

=
1

2

V 2
BUS

LofswPSA
(1− θ) (C.34)

For a ripple current of 0.5% with the data1 listed in table C.1, an inductor of

Lo = 1.5mH (C.35)

is required.
1All the data are computed at MPP and at 25◦C.
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D Maximum-length sequences

For a PRBS to reach a periodicity of 2N − 1 and be considered as a MLS (maximum-length sequence),
the XOR gates of the feedback loop have to combine the right bits. For certain register sizes, it is possible
to achieve a maximum periodicity thanks to a single XOR gate. The figure D.2 lists which tap index n
has to be selected as a function of the register sizem (for the configurations where a single-tap is sufficient).

Since we are dealing with binary numbers, it is common to select a multiple of 8 (a byte). The table
provided in figure D.3 therefore lists possible taps combinations leading to a MLS.

Figure D.2: Tap index n leading to a MLS (2m − 1)
when a single XOR is used. With the courtesy of [7].

Figure D.3: Tap indices leading to a MLS (2m − 1)
when the size is a multiple of 8. With the courtesy

of [7].
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