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This work describes the implementation of three maximum peak
power tracking methods devised for small satellites. The three meth-
ods are the analog oscillating maximum power point tracking, the
analog global maximum peak power tracking, and the analog global
maximum output power tracking. An interplanetary mission (Mars—
Asteroid belt) with complex power-voltage solar array characteris-
tics, including several local maximum power points, is considered to
evaluate each peak power tracking technique. The three peak power
tracking techniques have been integrated into an unregulated battery
bus topology using synchronous buck converters as solar array regu-
lators. High-reliability design is achieved using analog electronic parts
with space-qualified counterparts. Each peak power tracking method
has been optimized individually for the best performance and then
compared with the others. The experimental validation suggests that
the preferred method strongly depends on the expected power—voltage
solar array characteristics and mission parameters.
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NOMENCLATURE

Acronyms and Definitions

AGMOPT
AGMPPT

AMPPT
AU

CCM
CLK
DacamorT
DagvppT
dc—dc
DSP

EOC

ESA

EPS

fAMPPT
fCiO

vain

FOCV

Jw
GMPP

LAk

K;
K,

LEO
LPF
MOPT
MPP
MPPT

PPT
oC
PCB
PSO
PWM
SA
SAR
SC
S&H,

S&H;
TacMmoPT
TacmpPPT

IMPPT

Analog global maximum output power
tracking.

Analog global maximum peak power track-
ing.

Analog maximum power point tracking.
Astronomical unit.

Continuous conduction mode.

Clock signal (used in different circuits).
Duty cycle (AGMOPT method).

Duty cycle (AGMPPT method).

direct current to direct current.

digital signal processors.

End of charge (referred to battery).
European Space Agency.

Electrical power system.

Frequency of the AMPPT method.

Cutoff frequency of the output current filter
(AGMOPT method).

DC—dc converter input voltage control loop
crossover frequency.

Fractional open-circuit voltage.

DC—dc converter switching frequency.
Global maximum power point.

Leakage current of the voltage reference cir-
cuit (referred to AGMPPT and AGMOPT

methods).

Current sampling attenuation  factor
(AMPPT method).

Voltage sampling attenuation  factor
(AMPPT method).

Low Earth orbit.

Low-pass filter.

Maximum output power tracking.
Maximum power point.

Maximum peak point tracking (also referred
as PPT).

Peak power tracking.

Open circuit.

Printed circuit board.

Particle swarm optimization.

Pulsewidth modulation.

Solar array.

Solar array regulator.

Short circuit.

Sample and hold circuit for voltage (AMPPT
method).

Sample and hold circuit for current (AMPPT
method).

Period of the AGMOPT method (tscan +

IMPOT)-
Period of the AGMPPT method (topr +

IMPPT)-
Time interval in which the solar array reg-
ulator operates at the GMPP (AGMPPT
method).
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IMOPT Time interval in which the solar array regu-
lator operates at the maximum output power
(AGMOPT method).

Time interval in which the dc—dc converter
is turned OFF (AGMPPT method).

Time interval in which the dc—dc converter
is operated in a current control mode with a
varying reference (AGMOPT method).
Time interval in which the ramp used to
perform the scanning process is active (AG-
MOPT method).

Rise time of the dc—dc converter input volt-
age control loop.

MPP voltage reference for the AGMOPT
method.

MPP voltage reference for the AGMPPT
method.

IoFF

ISCAN

tramp

trvin
VAGMOPTyef

VAGMPPTref

[. INTRODUCTION

Maximum peak power tracking (MPPT) with dc—dc
converters has been the subject of research in many space
programs since its introduction in 1968 [1] because it
improves photovoltaic source utilization. It has been of
particular interest in LEO satellites due to changes in SA
temperature during eclipse and sunlight transitions and
in interplanetary probes because of the large variations
in irradiance and temperature working conditions. Due to
the low photovoltaic power available on small satellites,
MPPT techniques become essential functions of their power
management and distribution systems [2]. Unlike terrestrial
applications, which commonly adopt digital techniques for
MPPT, satellites mainly rely on analog circuits to perform
PPT and control the dc—dc converters.

Traditionally, MPPT methods for space applications
have been designed to operate with uniform power—voltage
characteristics with a single MPP. The original method pro-
posedin[1], which has evolved in different implementations
[3], [4], [5], [6], describes a boost converter controlled by a
flip-flop, which is triggered by the output of two elements
that give at their output the difference between the actual
current and a fraction of that current and, analogously,
the difference between the actual voltage and a fraction
of that voltage. It is worth mentioning that this method
does not require the computation of the SA power, which
was not obvious at that time, and even today is somewhat
cumbersome when using space-grade parts.

Another, but simpler, widely used MPPT is the FOCV
method [7], which is sustained by the fact that the MPP
voltage of a solar cell is proportional to its OC voltage. Due
to considerable temperature variations in the space envi-
ronment, FOCV requires temperature compensation [8]. A
slightly different approach is to track the maximum power
at the dc—dc converter output. Because the converter output
voltage remains constant at the PPT operating frequency,
either in a regulated bus electrical architecture or in a
battery bus, it can be assumed that the output power tracking
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becomes the output current tracking. In [9], a maximum
output current tracker is used in an unregulated battery bus.

A critical aspect is the implementation complexity,
which directly impacts MPPT reliability and power con-
sumption. As an example, space-qualified analog multipli-
ers are scarce and cumbersome to use, so other methods of
analog multiplication have been proposed to simplify the
overall design. In [10], a PWM multiplier for an analog
MPPT is proposed for a cubesat.

A common point to all analog traditional methods and
other proposals [11], [12] is that they have been devised for a
single MPP and therefore fail to find the GMPP when several
local maxima are present in the power—voltage characteris-
tic. In deep space exploration microsatellites, e.g., 6U and
12U cubesats, due to the low irradiance, permanent local
maxima can cause a serious risk to the energy balance.

Space is a harsh environment for solar cells. Degrada-
tion due to radiation, extreme temperature variations, long
satellite lifetime, and micrometeorite impacts can cause
solar cells to degrade or malfunction. Solar cell cover glass
degradation, irradiance and temperature variations between
cells, micrometeorites, and other effects are potential causes
of multiple local maxima, and they are common in space
environment. Besides, the shadows that the satellite itself
can generate on the solar panels, e.g., during maneuvers to
change orbit or due to a malfunction of the SA pointing
subsystem, can also affect the performance of the SA. It
should be noted that the bypass diodes create an additional
current path that modifies the power—voltage curve. These
and other factors can create complex power—voltage char-
acteristics with multiple local maxima. It is also important
to consider that each deep space mission is unique, with
completely different conditions for the power system and,
therefore, for the SA. Thus, the actual behavior of the solar
generator is difficult to predict, not only because of extreme
conditions but also because of the lack of heritage in most
cases. Depending on the root cause, these local maxima
will either disappear once the satellite returns to its correct
orientation or they will be permanently reflected in the P-V
curve of the SA.

In some terrestrial applications or applications where
high reliability is not required, the GMPP problem has
already been addressed from a digital perspective. A few
examples found in the literature are power—voltage curve
scanning in combination with the perturb and observe tech-
nique [13], the PSO technique for GMPP tracking [14], and
the modified incremental conductance algorithm [15]. How-
ever, all these techniques and other digital techniques, such
as adaptive perturb and observe [16], are not well suited for
high-reliability, robust, and simple global MPPT in space
applications. The main reason comes from the fact that they
all need a microcontroller or DSP for their implementation,
as described in [17]. A basic design principle to guarantee
full autonomy of the power system is that the EPS shall
not be controlled by programmable devices powered by the
EPS itself. On top of that, space-qualified programmable
devices, e.g., FPGAs, are usually expensive and power hun-
gry and can experience involuntary reconfiguration due to
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single-event upsets induced by radiation [18]. Furthermore,
a classical method used to calculate the reliability of a
system is the parts count method, which is based on the
generic failure rates of components, whereby a solution with
aminimum number of components has higher reliability [2].
For all these reasons, the preferred solution should consider
a simple MPPT algorithm, a discrete implementation, and a
reduced number of components with space-grade versions
available.

To the authors’ knowledge, the only GMPP tracking sys-
tem devised for space application is the AGMPPT, presented
in [19], where a simple way to GMPP tracking using analog
circuitry is described for nanospacecraft. It considers input
power—voltage curve scanning by charging—discharging the
input capacitance of the SAR dc—dc converter. However,
neither the detailed implementation nor the experimental
results and performance comparison with other methods
are presented. On the other hand, using a similar working
principle, in this work, a new GMPP tracking method, called
AGMOPT is presented. The AGMOPT method is based on
scanning the output current sweeping the reference signal
of the input voltage loop.

Nowadays, many microsatellite exploration missions,
with different scientific objectives, are ongoing or planned
by space agencies. Some examples are MarCO, DART, and
Solar Cruiser from NASA; M-ARGO, HERA, and LUMIO
from ESA; and EQUULEUS from JAXA [20], [21], [22].
In these types of missions, photovoltaic cell degradation
is more difficult to predict than in Earth orbit missions,
and there is a high level of uncertainty when it comes
to establishing the nominal operating conditions. Thus,
these are the cases where analog global MPPT methods
become relevant. The proposal and comparison of analog
global MPPT methods for space applications are rarely
discussed in the literature, so their study is necessary and
becomes the main contribution of this work. With this in
mind, this article aims to show and compare the strengths
and weaknesses of the two new GMPP analog methods
(AGMPPT and AGMOPT) and compare them with a tradi-
tional and well-established method [1], [3], [4], [5], [6].
It is worth noting that there is no previous comparison
of peak power trackers for microsatellite missions in the
literature. Although in [2], a comparison of MPPT-based
EPS architecture for cubesats is presented, it focuses on the
electrical architecture and does not include comparisons of
the tracking method. Therefore, and due to the great growth
in the number of microsatellites launched in recent years,
this work is valuable to the scientific community as it is
expected to contribute to the design of new SARs for future
microsatellites.

The rest of this article is organized as follows. Section II
describes the power subsystem and the three MPPT tech-
niques that will be compared. Section III deals with the
power system sizing and converter description. Section IV
discusses the MPPTs’ design guidelines, and Section V
describes the experimental setup. Section VI discusses the
main results obtained. Finally, Section VII concludes this
article.
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Fig. 1. Block diagram of a small satellite power subsystem (as
described in [24]) used as a baseline for MPPT comparatives.

[I.  SMALL SATELLITE POWER SUBSYSTEM AND PPT

With the advent of miniaturized electrical propulsion
systems, small satellites are today capable of performing
interplanetary and deep space missions at a lower cost than
traditional space missions with larger spacecraft. Within
the category of small satellites, cubesats, including all their
multiple size variants, have been adopted as a common
platform for many academic and research missions and have
already been proposed for some lunar and interplanetary
missions. Any small satellite requires a hard optimization of
the power subsystem in terms of size, mass, and efficiency,
eventually ending in simplified electrical bus architecture
and complex SA layouts that combine body-mounted and
small deployable panels. Regarding the power management
architecture [19], unregulated battery bus with MPPT SAR
(dc—dc converters) is by far the most common approach, and
in many cases, the buck converter is the preferred choice.
A typical power conditioning unit [24], which has been
considered for this study, is shown in Fig. 1.

The SAR dc—dc converter is a peak-current controlled
synchronous buck converter with two outer voltage loops,
represented in Fig. 1 as the error amplifier block, that
switches from EOC battery voltage regulation to input volt-
age control for MPP tracking [25]. The reference of the input
voltage control loop comes from the MPPT circuit, whereas
the reference of the output voltage loop is the battery EOC
voltage (Vgoc).

A. Analog Oscillating Maximum Power Point Tracking

The working principle of the well-established AMPPT,
shown in Fig. 2, is as follows. The MPPT reference signal
is a triangular waveform that results from the integration
of the R-S flip-flop’s output. The SA will oscillate between
two points, P; and Py, where the MPP is contained. To
explain the principle of operation, let us first consider that
the slope of the MPPT reference signal is positive and the
SA operating point moves from P; to P,. The SA current
decreases until it reaches k;-I1; at this point, a reset in
the flip-flop forces a negative slope in the MPPT signal.
Furthermore, the flip-flop’s output commands the voltage
sample and hold circuit, S&H,, and stores a new k- V5 limit.
Now, in the next part of the cycle, the SA operating point
moves from P5 to P; and SA voltage decreases. When the
SA voltage reaches k,,- Vo, the set output of the flip-flop turns
ON, the current sample and hold circuit, S&H;, captures a
new limit, k;-11, the slope of the MPPT reference signal
becomes positive, and the cycle repeats.
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Fig. 2. Block diagram of the proposed AMPPT as the baseline
approach for PPT comparatives and a sketch of its operation principle.

Static efficiency is maximized by reducing AV and en-
suring that k- Vo < Vipp < Va. The ratio of AV/AI'must be
chosen considering that at the MPP, |AV/Al| = Viypp/Iinpp
is verified [1], [3]. Increasing the frequency of the triangular
MPPT reference signal, fanppT, improves the dynamic re-
sponse; however, it could degrade the static accuracy of the
MPPT due to the nonlinear SA parasitic capacitance [26].
The nonidealities of the sample and hold and comparator cir-
cuits and sampling capacitors can also deteriorate the static
and dynamic performance of the AMPPT. Furthermore,
as represented in Fig. 2, maximum and minimum voltage
limits must also be defined to force MPPT operation within
a specific input voltage range and for start-up purposes.
This method oscillates around any local MPP. For a buck
converter connected to an SA that exhibits multiple local
MPPs on its power—voltage curve, the converter tends to
get stuck on the local MPP closest to the V¢ after start-up
(high-side MOSFET open).

B. Analog Global Maximum Peak Power Tracking

The proposed AGMPPT technique (see Fig. 3) uses the
input capacitance of the dc—dc converter, Cyy, to scan the
SA power—voltage curve and record the SA voltage at the
GMPP. The AGMPPT has two different operating states,
OFF and MPPT, which are controlled by the clock signal
CLK2. During the OFF period (CLK2 = high), the dc—dc
converter is disabled, and the batteries must provide power
to the bus. During the MPPT interval (CLK2 = low), the
dc—dc converter operates at the GMPP.

Focusing on the OFF interval, the first action is to dis-
charge the input capacitor through a current-limited shunt
switch. Once Ciy is discharged, action commanded by
CLK1, it charges again from the photovoltaic source, and
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Fig. 3. Block diagram of the proposed AGMPPT for PPT and PWM
multiplier operation for SA power computation.

the scanning process takes place. SA voltage and current
are measured, and SA power is computed using an analog
multiplier.

During the scanning phase (CLK1 = low, CLK2 =
high), the instantaneous SA power and the maximum SA
power obtained from the peak detector circuit are compared.
The comparator output signal drives the sample and hold cir-
cuit that stores the SA voltage when GMPP occurs, updating
the reference of the input voltage loop. Once the OFF-period
ends, the dc—dc converter is enabled again, regulating the in-
put voltage at the GMPP. AGMPPT performance is strongly
affected by the yield of global peak power acquisition
during the scanning period, the ability to maintain the MPPT
reference during the MPPT interval, and the AGMPPT duty
cycle, Dagmppr =torr/(torr + typpr)- Being the analog
multiplier a key element for the proposed AGMPPT, this has
been devised as a single-quadrant PWM multiplier followed
by an LPF. This approach allows discrete implementation
using space-qualified devices. As represented in Fig. 3, Vga
is encoded in the duty cycle, whereas /g, is encoded in the
signal amplitude of the PWM signal. The LPF removes the
carrier frequency and its harmonics.

C. Analog Global Maximum Output Power Tracking

Like the AGMPPT, the novel AGMOPT is also a two-
step method, i.e., the SCAN phase and the MOPT phase;
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however, its operation principle is different. During the
SCAN time, the dc—dc converter is operated under peak
current control with a varying reference that allows the
scan of the SA power—voltage curve. In this method, the
scanned region is de—dc converter topology dependent. For
a buck converter operating in CCM, which is considered
in this work and commonly found in small satellites, if the
duty cycle approaches zero, the SA voltage tends to be an
OC voltage. Conversely, when the duty cycle approaches
one, the SA voltage clamps to the output voltage, i.e., the
battery voltage. However, many PWM controllers limit the
minimum (burst mode operation) and maximum duty cycles
(due to limitations in high-side MOSFET driving and peak
current sensing), further reducing the scanned region.

In an unregulated battery bus topology, if the scan time
is short enough, the output voltage remains constant, and
the maximum output power can be approximated by the
maximum output current. Thus, a simplified but efficient
approach is to detect the peak output current during the
scan time and store, using a sample and hold circuit, the
input voltage reference value at which the maximum output
power has been detected, see Fig. 4. Note that the analog
multiplier is not needed in this case. During the MOPT
phase, the input voltage reference is kept at the value that
provides the maximum output current. Due to the structure
of the buck converter, the output current is easy to measure
with a shunt resistor, and, in fact, many designs include
this resistor for current control loop purposes, either in
peak current mode or average current mode. Thus, there
is no need for additional current-sensing resistors. This is a

TORRES ET AL.: ANALOG MAXIMUM PEAK POWER TRACKING TECHNIQUES FOR SMALL SATELLITES

major difference from AMPPT and AGMPPT methods that
require input and output current sense resistors, penalizing
the efficiency. Even if the GMPP is outside the scanned
region, the maximum available power will be drawn from
the dc—dc converter, and this is relevant if the efficiency
curves of the dc—dc converter strongly depend on the input
voltage, which, in fact, occurs in many cases.

[ll. POWER SYSTEM SIZING AND CONVERTER
DESCRIPTION

To evaluate the different PPT techniques, the irradiance
and temperature conditions proposed in [24] have been
considered, specifically the irradiance encountered between
1.5 AU (Mars orbit, irradiance Ho = 615 W/m?) and 2.0 AU
(near the asteroid belt, irradiance Ho = 345 W/m?) and the
estimated temperature of the SAs, taking into account the
Stefan—Boltzmann law and spacecraft heat. Due to the long
travel distance, the maximum power of the photovoltaic
source is always necessary to achieve the required propul-
sion, and thereby the MPPT technique should be optimized
for slow but wide variations in the power—voltage curve
of the SA. A total of 120 triple junction cells (Azurspace
3G30C, [27]) are organized in 12 strings of 10 cells in series.
Each SAR module accommodates two solar cell strings,
processing between 6.81 W (2.0 AU) and 9.65 W (1.5 AU).

The following six different power—voltage curves cov-
ering different mission scenarios have been selected.

1) Uniform — single MPP at 1.5 AU,

2) Uniform — single MPP at 2.0 AU,

3) Nonuniform 1 at 1.5 AU — two local MPP and
GMPP closest to the SA SC point,

4) Nonuniform 1 at 2.0 AU — two local MPP and
GMPP closest to the SA SC point,

5) Nonuniform 2 at 1.5 AU — two local MPP and
GMPP closest to the SA OC point,

6) Nonuniform 2 at 2.0 AU — two local MPP and
GMPP closest to the SA OC point.

As indicated above, these power—voltage curves are
obtained by considering an SA with two strings in parallel,
each with ten cells in series (10S2P). In scenarios 1 and
2, no degradation is considered. In scenarios 3 and 4, a
degradation of three cells in one string has been considered.
Finally, in scenarios 5 and 6, degradation of five cells in one
string has been considered. A representation of those curves
is shown in Fig. 5. The battery is made up of 12 Li-ion cells
(SAFT 174865xlr, [27]) organized in 3 strings of 4 cells in
series. The battery bus voltage varies from 12.8 to 16.8 V.

In accordance with common space design practice and
the specific mission type, the following design constraints
have been considered.

1) Ilumination and temperature vary in a wide range,
and these changes have been considered at the solar
cell level. Furthermore, cell shadowing is a poten-
tial problem due to the complex structure of body-
mounted and deployable panels and the mission
profile.
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techniques.

2) Part list must be minimized, and only radiation hard-
ened components must be considered for the final
design.

3) DC-dc conversion and PPT must perform satisfacto-
rily under all circumstances, but they are critical un-
der low-power and low-current conditions (2.0 AU).

4) Each design should be optimized for the best perfor-
mance in terms of maximum bus power and mini-
mum power consumption, which could require some
additional considerations, such as changes in the
power converter values and different MPPT frequen-
cies for each method.

As the main SAR converter, a dc—dc buck converter has
been designed following the ESA standards [29], [30]. This
converter uses the LT3845 PWM controller from Analog
Devices. The main reason for using this controller is because
there is a space-qualified version, the RH3845MK. The
LT3845 implements an internal peak current control loop
and an antislope compensation circuit that removes the
current limit associated with slope compensation at high
duty cycles. The output of the internal transconductance
error amplifier is configured so that it can be manipulated by
an external control loop. In this case, the outer control loop
is a voltage loop that uses the voltage reference provided
by the MPPT circuits as a reference. The converter, which
is sized for supplying 10 W, has a switching frequency of
125 kHz, and in order to minimize current ripple at the
output, it uses a 470-uH inductor and a 44-uF capacitor.

Knowing the dc—dc converter efficiency under steady-
state conditions, without any PPT method, at points that
correspond to the GMPP for each scenario, is of paramount
importance to evaluate the three different MPPT methods.
These results have been summarized in Table I, and it can
be observed that the efficiency varies from 66% to 88%,
degrading the performance at lower input power.

[V. DESIGN GUIDELINES OF THE PROPOSED PPT
METHODS

This section describes the most relevant design aspects
of each PPT method.
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TABLE I
SAR Converter Efficiency (%) VearT = 16.8 V

Vparr=16.8 V

Py W) Poutna (W) Eff (%)

Uniform 9.65 8.39 86.94

1.5AU  Nonuniform 1 6.42 5.51 85.82

Nonuniform 2 5.05 3.88 76.83

Uniform 6.81 5.77 84.73

2.0 AU  Nonuniform 1 4.43 3.66 82.61

Nonuniform 2 3.61 2.54 70.36

VBATT: 128V

Py (W) Poutma (W) Eff (%,

Uniform 9.65 8.42 87.25

1.5 AU  Nonuniform 1 6.42 5.61 87.38

Nonuniform 2 5.05 4.07 80.59

Uniform 6.81 5.66 83.11

2.0 AU Nonuniform 1 4.43 3.53 79.68

Nonuniform 2 3.61 2.38 65.92

TABLE II
AMPPT Efficiency (%)

Kv, Ki 1.5AUUni 2.0 AU Uni 1.5 AUnU2 2.0AU nU2 AVG
0.905 0.951 0.925 0916 0.959 0.938
0913 0.954 0.928 0.923 0.962 0.941
0.921 0.957 0.931 0.924 0.965 0.944
0.933 0.961 0.934 0.929 0.967 0.948
0.944 0.966 0.937 0.934 0.969 0.951
0.953 0.968 0.941 0.936 0.974 0.955
0.964 0.973 0.945 0.940 0.967 0.958
0.977 0.977 0.950 0.943 0.982 0.963
0.989 0.979 0.904 0.948 0.919 0.938
0.995 0.910 0.772 0.948 0919 0.831

The bold entities indicate the corresponds to the maximum average value.

A.  AMPPT Circuit Design

Although the AMPPT method is simple in its concep-
tion, its design is not. The main reason is that the selection
of K, and K is highly dependent on the SA current—voltage
curve, and this curve considerably varies throughout the
mission’s lifetime. At the furthest point, 2.0 AU, the SA cur-
rent is the lowest (the solar constant is inversely proportional
to the square of the Sun’s distance), and the OC voltage is
the maximum (the temperature is minimum). Ideally, the
closer K,, and K; are to one, the better the static efficiency;
however, there are hardware limitations that eventually ask
for fine-tuning using the experimental prototype.

The design procedure followed in this work could be
summarized as follows.

Step 1: K, and K; definitions. SA power—voltage curve
numbers one, two, five, and six are considered (curves three
and four are discarded since GMPP is not tracked). K, and
K, mustbe equal to have almost the same power at P; and P,
as shown in Fig. 2. The optimum value has been obtained
experimentally, refer to Table II, and results K, = K; =
0.977.

Step 2: MPPT frequency selection. It can be adjusted up
to several tens of hertz according to the crossover frequency
of the input voltage loop; however, to avoid any problem
with the dynamic response of the SA [23], the MPPT
frequency has been limited to fayrppr = 16 Hz, which cor-
responds to the following component values: R1 = 240 k<2,
R2 =80k and C = 4.7 uF (refer to Fig. 2).
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TABLE III
DC-DC Converter Main Parameters for Each PPT Configuration

AMPPT  AGMPPT  AGMOPT
Input Capacitance (Ciy) 30 uF 128 uF 7.5 uF
Comp. Capacitor (Ccomp) 10 nF 18 nF 4.7 nF
Comp. Gain (Rci/Res) 3.84 7.50 1.83
Out. Current Sense Resistor (Rg) 50 mQ 50 mQ 80 mQ
In. Current Sense Resistor (R)) 200 mQ 200 mQ N/A
Output Inductance (Lo) 470 uH
Switching Frequency (fs) 125 kHz

Input Voltage Loop Crossover
Frequency (fcyy)

MIN: 859 Hz (128 uF 2 AU, 12.8Vioc)
MAX: 2860 Hz (7.5 uF, 2 AU,

16.8VEoc)
MPPT Period 60 ms 2s 125
Scanning time N/A 42 ms <250 ms

40

7.5uF, 2.0 AU, 12.8V
—— 7.5uF, 1.5 AU, 16.8V
—— 7.5uF, 2.0 AU, 16.8V
- = 30uF, 1.5 AU, 12.8V
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20 S%\ -
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Fig. 6. Measured input voltage loop gain, Tvin(8), for different Cin
capacitors, PV curves, and battery voltages.

Step 3: Max and Min limits. The maximum and min-
imum limits have been established as 95% of the greatest
SA voltage and 105% of the battery voltage, respectively.

Step 4: Converter input capacitance Ciy = 30 uF, input
current sense resistor Rspnsg = 200 m€2, and compensator
values are chosen to achieve a crossover frequency of the
input voltage loop between 2 and 3 kHz and a phase margin
greater than 60° over the full range of possible conditions
during the mission, as detailed in [31]. Compensator values
are included in Table III. The input voltage control loop gain
has been measured, and it is shown in Fig. 6.

B. AGMPPT Circuit Design

The main design consideration is the AGMPPT duty
cycle, defined as Dagmppr = tuppr/(tforr+ivpPT),
because it directly defines the maximum theoretical ef-
ficiency. Increasing tyippr Will increase Daguvppr by
reducing the MPPT refreshing frequency, fagmppr =
/(toprp+tymppr). Obviously, this is not an optimal solution
if power—voltage characteristics change rapidly, and it also
poses some additional complications to the sample and hold
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circuit that maintains the AGMPPT voltage reference. How-
ever, increasing fyppr has the beneficial effect of reducing
the number of dc—dc converter interruptions and, indirectly,
reduces the hysteresis problem of SAs [23], since fopp
can be augmented proportionally. When focusing on forr,
the scanning process and analog power multiplication are
the two critical design issues. The input capacitance of the
dc—dc converter is mainly determined by the input voltage
ripple and the input voltage loop stability requirements.
For a given SA power—voltage curve, small values of the
input capacitance will reduce the required scan time, and
less energy will be dissipated in the current-limiting switch
when itis discharged; however, it demands larger bandwidth
in the analog multiplier and peak detector circuits. Low part
count and low power consumption are also very important
design constraints for such low-power processing dc—dc
converters, especially at 2.0 AU. The accuracy and stability
of the AGMPPT reference signal are also critical. Near any
local MPP, the peak power value and instantaneous power
get very close, which compels a very precise comparator
to minimize the amount of hysteresis required to prevent
oscillations in the sample and hold switch. Furthermore, the
holding circuit requires very low leakage currents (/LgaK)
to maintain a stable AGMPPT reference voltage during
IMPPT-

The AGMPPT design procedure is an iterative method
that can be summarized as follows.

Step 1: topr selection. AGMPPT duty cycle defines
the maximum theoretical efficiency, so the lowest fopp be-
comes the best. However, the dc—dc converter input capac-
itance and maximum allowed dPga/dt during the scanning
period should be considered. The PWM multiplier carrier
frequency has been set to 500 kHz, and the first-order LPF
cutoff frequency is 7.5 kHz (i.e., time delay = 21 us).
Considering all the SA power—voltage curves shown in
Fig. 5, it has been experimentally observed that a Cixy =
128 uF gives a maximum |dPga/dt| around 5000 W/s that
implies a reduction of less than 1% of maximum power
due to analog multiplication delay. Once Cyy is determined,
torr > Cin-Vocmax/Iscmin must be fulfilled. Thus, in this
case, foprp = 43 ms is chosen.

Step 2: AGMPPT period definition. The upper limit is
restricted by the Vypp variation over time, which depends
on mission considerations. The lower limit is defined by
the maximum frequency of the AGMPPT, which is linked
to the SA characteristics, the dc—dc input capacitor, the
number of allowable dc—dc interruptions, and the hysteresis
associated with the SA during the scanning process. In this
case, an optimum value has been experimentally identified
as TacmppT = 2 8, and eventually, Dagyppr = 98% is
obtained.

Step 3: AGMPPT reference capacitor selection
(CreracMmppT)- A stable AGMPPT voltage reference is
required during #yppr. The main contributors for the
AGMPPT reference capacitor discharge are the sample and
hold switch leakage current, the input leakage current of the
buffer stage, and the own capacitor leakage current. Thus,
CreraamppT > ZILEAK IMPPT/AVAGMPPTrer Must be
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satisfied. Considering AVacMmppTret < SMV, typpr =
1.96 S, and EILEAK <20 nA, CREF AGMPPT = 20.4 /J,F
(3 x 6.84F) is obtained.

Step 4: Input voltage control loop adjustment. Since the
input capacitance has been increased for scanning purposes
(step 1), the error amplifier values have been changed to
keep the similar performance as the AMPPT prototype.
Compensator values and input voltage loop gain are in-
cluded in Table III and Fig. 6, respectively.

To summarize, it is worth noting that the shorter the
scan time, the more complex the design of the critical
functions, i.e., the PWM multiplier, peak power detector,
and sample and hold circuit. A balance in circuit complexity
and part count is necessary to keep a small PCB area and,
more importantly, low power consumption of the AGMPPT
circuit.

C. AGMOPT Design

The AGMOPT adjusts the dc—dc control signal to
determine the optimum operation point. Therefore, the
AGMOPT performance is tightly linked to the dc—dc con-
verter characteristics. As with the AGMPPT, the AG-
MOPT duty cycle is the main design driver, DagmopT =
tvopT/(tscan + tvopt). Inabuck converter, as considered
in this study, during the SCAN period, the power processed
by the converter varies from zero to a certain power defined
by the battery voltage and the SA power—voltage curve,
whereas in the MOPT phase, the maximum output current
is supplied to the bus. Thus, the higher Dagnopr the
better the theoretical efficiency. Another relevant aspect is
the output current filtering. In a buck converter operating
in CCM, the output current requires little filtering effort,
reducing measurement delay and simplifying filter design.
Furthermore, filtered output current exhibits a fairly flat
response around the maximum output power point, making
peak power detection difficult. Finally, the maximum duty
cycle must be limited to avoid protection triggering of the
dc—dc converter and peak current loop instability.

The AGMOPT design procedure can be summarized as
follows.

Step 1: Adjust Cin. Input voltage loop bandwidth, as can
be observed in Fig. 6, strongly depends on Cyy. Reducing
Cin will provide a faster response and, consequently, fscan
could be reduced. This means that D pgypoT increases for
a particular Tagmopr. In this case, Ciy = 7.5uF assures
an fcyy, > 2 kHz, which means an approximate rise time,
tryin < 175 us.

Step 2: Determination of the control signal ramp. The
slew rate of the control signal, which defines the fscan,
should be selected depending on the crossover frequency of
the dc—dc converter input voltage loop, fc,i,. The maximum
value of the ramp must be dynamically changed with con-
verter input and output voltages. The control signal ramp
is designed to fulfill tryin/tramp <1% to limit the delay
during the scanning, defining a control signal ramp time,
framp < 250 ms. The control ramp ends when Viy =
Vo +2V.
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TABLE IV
PPT Part List
Part Number of parts
AMPPT  AGMPPT  AGMOPT

Resistors 26 32 28
Capacitors 25 25 14
Logic gates 8 9 3
BJT Transistor 0 2 1
Comparators 4 2 3
Diodes/Zeners 3 2 6
Analog switches 2 3 3
Flip-flops 1 0 0

Timer ICs 0 2 1
Op. Amplifier 4 4 2
Current sensor 2 2 1
Shunt resistor 1 1 0
MOSFETs 0 2 1
Total number of parts: 76 86 63

Step 3: Determination of Tagmopr. This has been
selected to achieve DagmopT = 98% as in the case of
the AGMPPT, obtaining Tagymopr = 12 s. To main-
tain AVagmoprtret < 30mV, assuming X/ gpak Similar
to that obtained in the AGMPPT, the reference capacitor
Crer aAcmoprT = 33 uF

Step 4: Output current filter. A low-pass first-order
filter is used to remove switching and harmonic content
from the converter output inductor current. The filter cutoff
frequency is selected to be half the switching frequency,
fcio = fow/2 = 62.5 kHz.

Step 5: Input voltage control loop adjustment. Since the
input capacitance has been decreased (step 1), the error
amplifier values have been changed to keep the similar
performance as the AMPPT prototype. Compensator values
and input voltage loop gain are included in Table III and
Fig. 6, respectively. Note that in this case, an input current
sense resistor is not needed, since the buck converter out-
put current sense resistor is used, which has been slightly
increased to improve measurement accuracy.

Table III shows the main parameters of the buck con-
verter used in each PPT configuration, as well as the main
parameters of the PPT used. The measured input voltage
loop gain for each converter configuration is shown in Fig. 6,
showing that converter stability and dynamic response re-
main similar in all three cases.

The part count of the three peak power trackers, classi-
fied by groups, has been presented in Table IV. Itis observed
that AGMOPT requires less parts, favoring area reduction
and cost reduction.

V. PROTOTYPE DESIGN AND TEST SETUP IMPLEMEN-
TATION

To evaluate the proposed methods and carry out the
pertinent tests, a six-phase SAR prototype, as shown in
Fig. 1, is used. The original AMPPT is implemented on
the SAR board, whereas the AGMPPT and AGMOPT are
externally connected, refer to Fig. 7. It should be noted
that in the AGMPPT and AGMOPT prototypes, different
connectors and test pins have been included. To have a more
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Fig. 7. Experimental prototypes. Left: six-phase SAR with AMPPT.
Center: AGMPPT board. Right: AGMOPT board.
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Fig. 9. AMPPT at 2.0 AU, nonuniform 2 P-V curve, VgarT = 12.8 V.

confident reference in terms of the surface area required for
each PPT method, the number of components required to
implement each of the three systems has been taken as a
criterion, as presented in Table IV.

The six SA power—voltage curves have been simulated
with two computer-controlled Agilent E4351B SA simu-
lators connected in parallel. An ITECH IT-M3412 battery
simulator is used. Tektronix DPO 4034 oscilloscope, Tek-
tronix TPP1000 voltage probes, and Tektronix TCPOO30A
current probes are used for waveform acquisition with post-
processing Python scripts for results representation. A Rigol
DP831 power supply and a Fluke 8846A multimeter have
been used to perform current consumption tests.

VI.  EXPERIMENTAL RESULTS

The first batch of tests shows the operation principle of
each method. Figs. 8 and 9 show the most representative
signals of the AMPPT during its operation. It is observed
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Fig. 11.  PWM multiplier operation: a detailed view of the SCAN phase

(AGMPPT at 1.5 AU, nonuniform 2 P-V curve, VgarT = 12.8 V).

that signals are continuously oscillating, and no scanning
process takes place with this method. Furthermore, it is
clearly recognized that AMPPT gets trapped in a local MPP
in Fig. 8, i.e., it oscillates around the local MPP closest to
Voc, and it works properly in Fig. 9. This also happens with
nonuniform curve 1 at 1.5 AU.

Fig. 10 shows the AGMPPT operation. Before t = 0O s,
the SAR operates in the MPPT mode. At r = 0 s, Cin
discharges for 3 ms; then, the I-V scan phase starts and
takes around 40 ms. During this phase, it is observed that
Vsa moves from 0 to Vo, the P-V curve is computed
analogously, and the Vagmpprret 18 properly sampled and
retained in the GMPP. At t = 43 ms, a new MPPT phase
starts.

A zoomed view of the scanning process and the PWM
multiplier operation is shown in Fig. 11. In the first zoomed
area, at around # = 8 ms, the PWM signal (purple trace) has a
low duty cycle (low SA voltage) and large amplitude (large
SA current). However, in the second zoomed area, at around
t=21ms, the PWM signal exhibits a high duty cycle but low
amplitude. The filtered PWM signal (red trace) ultimately
mimics the SA P-V curve, where the two local MPPs are
clearly identified.

In Figs. 12 and 13, several cycles of the AGMPPT
technique are shown for nonuniform curves 1 and 2,
respectively, at 2.0 AU and Vpaprery =12.8 V. It is
clearly observed that GMPP tracking is properly achieved
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Fig. 14. AGMOPT at 2.0 AU, nonuniform 1 P-V SA curve, VgaTT =
12.8 V.

in both curves and Vga at GMPP does not drift during
TagvppT = 2 s. Thus, maximum SA power is extracted
regardless of the environmental conditions and complex
P-V curves.

The AGMOPT operation principle is shown in Fig. 14.
Before t = 0 ms, the SAR is in the MOPT mode. Atr=0s,
the scan process starts. Since the control reference signal
Vramp starts at zero volts, the SA operating point starts
from SA V. Next, as the Vg amp rises, the output current
increases, and the SA operating point moves toward the SA
SC operating point. The scan interval ends when Vg, is
close to battery voltage, t = 110 ms, which is clearly noted
since output current ripple Algyck reduces. It is also worth
to mention that Igyck remains proportional to SA power
and the battery voltage is constant during the scan period.
Filtering Ipyck and capturing the voltage at the maximum
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MOPT interval.

To conclude with the first batch of measurements, two
cycles of the AGMOPT method are represented in Figs. 15
and 16 for nonuniform curves 1 and 2, respectively, at
2.0 AU and Vgarrery = 12.8V. Itis clearly shown that
GMPP is correctly tracked in both curves.

The second batch of tests has been devised to determine
the efficiency (1) of each PPT method for each P-V curve
and the minimum (12.8 V) and maximum (16.8 V) battery
voltages. As illustrated in Fig. 17, the efficiency has been
defined as the ratio between the actual output power Poyr
minus the ancillary power required for the PPT circuit
Pppr and the maximum output power Poyrmax, Which is
obtained by varying the converter control signal (without
any PPT circuit) until maximum output power is detected
for each configuration of P-V curve and battery voltage.
Pppr is defined as Pppr = 5 V-Ippr/nppr, Where 5 V
is the ancillary MPPT voltage supply, Ippr is the current
consumption of the whole MPPT circuit, and nppr is
the ancillary MPPT voltage regulator efficiency. Measured
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Ipppare 21.9 mA for AMPPT, 29.2 mA for AGMPPT, and
18.8 mA for AGMOPT, and nppr = 80% is considered.

Figs. 18 and 19 represent the efficiency results obtained
for VBATTERY = 12.8 V and VBATTERY = 16.8 V,
respectively. It can be concluded that the AMPPT is the
most efficient method when the GMPP is located closer to
the V¢, which corresponds to the uniform and nonuniform
2 curves, achieving a peak efficiency of 97.8% at 2.0 AU
and VBATT =16.8V.

However, the AMPPT suffers a large efficiency drop in
nonuniform 1 curves, remaining below 68% in all cases,
which limits its use if multiple local MPPs are expected
during the mission. AGMPPT and AGMOPT maintain high
efficiency in all cases and when compared to each other,
but there is no clear winner in terms of averaged efficiency,
EnAGMPPTllz =93.2% and EnAGMopT/IZ = 93.7%, and
other considerations should be pondered for a final selection
(e.g., total number of parts, PPT refreshing rate, dc—dc
converter requirements, or any other).

VII.  CONCLUSION

In this work, three different analog peak power trackers
have been designed and evaluated for small satellite
missions, more specifically for ones where complex SA
power—voltage curves are expected. Two novel analog

TORRES ET AL.: ANALOG MAXIMUM PEAK POWER TRACKING TECHNIQUES FOR SMALL SATELLITES

power optimizer methods, AGMPPT and AGMOPT, are
compared with the well-established analog oscillating
MPPT. It is demonstrated that in uniform conditions, the
traditional method exhibits the best performance in terms of
efficiency and assures smooth operation of the SAR and bat-
tery. However, the AMPPT fails when several local maxima
are present in the power—voltage curve, and it only works
properly if the GMPP is closer to the OC voltage of the
SA. The AGMPPT exhibits higher circuit complexity but
better performance in GMPP tracking where the AMPPT
fails, but efficiency is penalized in uniform power—voltage
characteristics and when AMPPT correctly finds the
GMPP. Furthermore, it produces periodic connection and
disconnection of the SAR, causing transient battery charge
and discharge. An additional interesting feature that could
be exploited is that the SA power—voltage curve is available
for telemetry purposes. The last method AGMOPT is the
simplest arrangement, and it also considers the efficiency of
the de—dc converter. Since it perturbs the operation point to
locate the maximum output power, the battery is exposed to
constant charge and discharge. The main drawback of this
approach is the difficulty of precise output current tracking,
which results in a reduction in efficiency. However, this is in
part compensated by less consumption of the PPT circuits. It
also requires a longer refreshing frequency, since it strongly
depends on the bandwidth of the input voltage control loop.

Regarding the tracking time, defined as the maximum
time required by the PPT method to obtain the GMPP after
a change in the SA curve occurs, the AGMPPT has a fixed
tracking time of 2 s, and the tracking time of the AGMOPT
is 12 s. The tracking time of the AMPPT method depends
on the initial MPP point as well as the new MPP point,
which is 1.2 s in the worst case (estimated by computer
simulation). However, it should be noted that the transition
between MPPs goes smoothly. In this regard, transient local
maxima whose duration is less than the MPPT tracking time
will not be detected. However, local maxima with longer
durations will affect the satellite’s power balance, and the
proposed methods will extract the maximum available en-
ergy. It is worth to mention that tracking time is not so
critical when compared with the variation of the irradiance
and temperature in a deep space mission, whose time scale
is much longer.

As to the computation time, which corresponds to the
scanning time, i.e., the time required by each of the methods
to determine where the MPP is located, the AMPPT does
not perform the scanning process, while the computation
time is 42 ms and 250 ms for the AGMPPT and AGMOPT,
respectively.

As the electronic parts used are very common discrete
analog parts, it can be concluded that the differences in terms
of volume, weight, or unit cost between the three proposed
methods are negligible with respect to the total mass of
the entire satellite, not being a real limitation for the final
selection of any of the three methods. Thus, a final selection
depends on multiple considerations, such as power system
architecture or dc—dc converter topology.

6609

Authorized licensed use limited to: Univerdad Miguel Hernandez. Downloaded on October 30,2025 at 13:45:22 UTC from IEEE Xplore. Restrictions apply.



TABLE V
Summary of Main Features

Feature MPPT Method
AMPPT  AGMPPT AGMOPT
Number of parts 76 86 63
Relative unit cost, size, and mass* 1 1.13 0.83
MPPT circuit power consumption 0.110 W 0.146 W 0.094 W
Average efficiency (with local 85.13 % 932 % 93.7%
MPP)
Average efficiency (without local 95.25% 93.74 % 94.02 %
MPP)
Tracking time (worst case) 12s 2s 12s
Scanning time N/A 42 ms >250 ms

* Relative to the AMPPT, based on the number of components required for

each implementation.

the

Finally, Table V summarizes the main characteristics of
proposed MPPTs. These methods can be upgraded to

space-qualified designs.
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