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Abstract

Sufficient testing of the power generation subsystem on nanosatellites (e.g. CubeSats) is often forgone due to the diffi-
culties and cost involved in recreating the orbital solar environment. In this paper, a novel and accessible method to
test the power system of a solar panel powered nanosatellite is presented. Hardware is designed and prototyped to apply
several independent and arbitrary solar panel current vs. voltage curves in real-time to the satellite. This simulated
output is wired into the nanosatellite harness in place of the solar panels and allows all systems downstream of the solar
panel connections to be tested in a realistic setting. To accompany this, a process to convert data of the illumination of
the solar cells of the satellite into characteristic solar panel curves is shown. Performance measurements of the system
are provided, as well as test results when attached to a CubeSat. These measurements show that the system reproduces
a realistic and low-noise input to the satellite as desired. Hardware and software are released freely under an Open
Source licence.
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1. Introduction

Realistic ground testing of satellite power systems is
expensive due to difficulties in reproducing the solar en-
vironment in orbit. With the recent increased demand for
nanosatellites, such as CubeSats, in which the develop-
ment cost has decreased dramatically, there is often little
room in the budget for such testing. Since the power sys-
tem is one of the most important subsystems on a satellite,
there is a need for alternative testing methods.

In this paper, an accessible and practical method to
test the power system of nanosatellites is described. The
method is based on simulating the expected electrical be-
haviour of the solar panels and using computer controlled
hardware to emulate these at the power system inputs. It
is assumed that detailed simulations developed for the op-
timisation of the solar panel configurations, e.g. [1], have
been conducted and the resulting individual cell illumina-
tion in orbit is available. Intuitive and fast methods which
use this data to calculate the combined solar panel beha-
viour of the satellite are presented. The methods are ne-
cessitated by the growing number of deployable structures
(such as solar panels, booms, and antennae) on nanosatel-
lites. These structures can partially shade solar cells on
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the satellite, creating complex solar panel curves and de-
grading the overall power output [2].

A computer controlled hardware simulation circuit, im-
plemented on a small Printed Circuit Board (PCB), which
can provide arbitrary current vs. voltage curves is described
and connected to the satellite power system. The pro-
grammed solar panel curves in the hardware are updated
in real-time based on the simulation results. With this
developed system, every component of the satellite down-
stream from the solar panel connections can be tested and
verified in the lab before launch, during realistic orbit con-
ditions and with known inputs. The system described in
this paper is developed for use in nanosatellite testing;
each independent output channel is capable of supplying
approximately 25 W.

The hardware and software developed and presented
in this paper has been released under an Open Source li-
cence and is free for anyone to use, see the project GitHub
website [3].

1.1. Paper overview

An overview of the simulation system is shown in Fig-
ure 1. It is assumed that the illumination levels for each
cell on the satellite is known from e.g. previous simulations
of the satellite. One description of how such a system can
be developed is given in [1]. Section 2 details how this data
is used to model the IV curve of each individual cell, and
how these interact to give the complete IV curve present at
the input to the satellite power system. Section 3 describes
the hardware design of the simulator system. Section 4 dis-
cusses how these two developments are used together to
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Figure 1: Flowchart overview of the system. The first two steps are
not considered in this paper. Sections 2 and 3 concern the parts
labelled software and hardware respectively.

provide real-time updating and presents a demonstration
of three simulators used together to simulate and verify a
full orbit.

1.2. Photovoltaic systems for nanosatellites

Most recent nanosatellites launched use solar cells to
generate power in orbit for experiments and subsystems
to function [4]. As the complexity of missions carried out
on nanosatellites has increased these solar cell arrays have
grown to often include deployable panels with a large num-
ber of total cells to provide adequate power. Solar cell
systems do not act like a typical power supply, where the
output voltage is fixed and the maximum current is lim-
ited. Instead, they present a current vs. voltage (IV)
curve dependent on several factors, most importantly the
illumination. This curve must be actively exploited by ap-
plying a voltage across the cells to generate power. A Solar
Array Interface (SAI) which drives the voltage across each
panel is a vital part of any satellite. These come in sev-
eral flavours, ranging from simple Direct Energy Transfer
(DET) systems in which the panels are connected directly
to the battery voltage, to Maximum Power Point Tracking
(MPPT) systems in which the voltage is actively controlled
to always present an optimal load to the solar array, and
generate more power [5]. As the solar conditions present
on different solar panels and cells differ, it is necessary
to have several independent MPPTs on-board for optimal
tracking. Typical MPPT based SAIs for nanosatellites
provide at least three independent inputs [6], such that
each illuminated face may be optimised individually.

1.3. Related previous work

The design of hardware solar panel simulators has been
studied repeatedly in the case of grid power generation.

The simplest design is formed by a circuit that amplifies
the IV curve of a photodiode to the scale desired, but
only provides limited control of the shape of the IV curve
[7]. A more refined analogue approach was shown in [8]
where a complex control circuit was developed that could
mimic real panels to a much closer degree. More recent
approaches employ switching DC-DC converters that are
controlled digitally via an FPGA [9] or microcontroller [10]
where an arbitrary IV curve can be programmed via a
lookup-table (LUT) to match any desired panel character-
istic. Commercial systems for solar array simulation are
also available. These typically provide high power (often
> 500 W) per channel [11] and are not suited for nanosatel-
lite testing where several independent outputs of low power
(≤ 20 W) are needed.

The issue has also been studied previously in the nanosatel-
lite regime. A switching DC-DC architecture was applied
in [12] but shows poor accuracy and noise. A funda-
mentally different approach was taken in [13], where in-
stead of using circuits to simulate the output of panels,
the solar spectrum was emulated using a combination of
Xenon lamps and LEDs. This has a useful application in
testing the full chain of equipment from a cell level but
is limited in that the individual cell illumination cannot
be controlled and it is difficult to illuminate several panels
simultaneously.

Methods have been developed to predict and optim-
ise the power system design of nanosatellites [1]. These
provide illumination data on a per-cell basis for real or-
bits. This information is used as input to the hardware
simulators for orbit-realistic real-time tests.

1.4. Design criteria

The hardware is designed to provide several fully in-
dependent outputs that are powerful enough to simulate
two 3U CubeSat solar panels connected in parallel.1 These
outputs are floating, i.e. isolated from the controlling com-
puter and mains power supply, and provided by a small
PCB which is practical to implement in the lab. The out-
puts can be combined in series or parallel if a higher power
is necessary. An arbitrary IV curve can be applied to each
of the outputs to simulate any state of the solar panels.
The hardware is designed with a bandwidth much higher
than the frequency typical SAI updates with and with low
output noise. The output is not interrupted while a new
IV curve is programmed, allowing for real-time updating.

The software system is designed to accurately and in-
tuitively calculate the IV curves that need to be applied
to the hardware. This software is not necessary to run
the hardware. Instead, simple IV curves (e.g. of static
output) can be applied to the system which still would
provide useful testing conditions for the satellite. For a
reader interested in only this, Section 2 may be skipped.

1In practice this means 16 cells of circa 1 W each.
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Figure 2: Equivalent circuit of solar cell with bypass diode.

2. Software for IV curve generation

2.1. Photovoltaic cell model

The classic single diode model of a solar cell with para-
sitic resistances is used in the simulations. The model is
shown in Figure 2 where a bypass diode is included. Each
component has parameters associated with it which must
be matched to the actual cells used in the satellite for good
results. From left to right the components and their para-
meters are:

1. Constant current source (generated current Ipv)

2. Cell diode (effective thermal voltage V td and satura-
tion current Isatd )

3. Cell shunt resistance (resistance Rp)

4. Cell series resistance (resistance Rs)

5. Bypass diode (effective thermal voltage V tb and sat-
uration current Isatb )

Methods for extracting these parameters from measure-
ments is an active area of research, see e.g. [14], and bey-
ond the scope of this paper. For this circuit, the current
at a given voltage can be written as [15]:

I(V ) =
Rp(Ipv + Isatd )− V

Rp +Rs
− V td
Rs

W (θ(V ))

+ Isatb

(
exp

(
−V/V tb

)
− 1
)

(1)

θ(V ) =
RsRpI

sat
d

V td (Rs +Rp)
exp

(
Rp(RsIpv +RsI

sat
d + V )

V td (Rs +Rp)

)
Where W (θ) is the Lambert W function,2 which is defined
as the inverse of the following function:

θ = W (θ)eW (θ) (2)

By assuming Rs � Rp and Isatd � Ipv Equation 1 is sim-
plified to:

I(V ) = Ipv −
V

Rp
− V td
Rs

W (θ(V ))

+ Isatb

(
exp

(
−V/V tb

)
− 1
)

(3)

θ(V ) =
RsI

sat
d

V td
exp

(
RsIpv + V

V td

)

2The largest value θ will take is approximately RsIpv/V t
d . Nor-

mally this is a small (< 1) number, thus the Lambert W function
may be replaced with an approximation which is faster to evaluate.

The model used in these simulations is a practical sim-
plification. In space applications, multi-junction solar cells
are common. These consist of a stack of several solar
cell junctions optimised for different wavelength bands, in-
ternally connected in series. More complex circuit mod-
els which explicitly contain this have been developed [16].
However, comparisons of these models by fitting paramet-
ers to measured data of multi-junction solar cells show
that high accuracy can be reproduced even with the sim-
pler single diode model [17].

The circuit simulations employed in this paper are lim-
ited to a current and voltage range that must be chosen to
encompass the relevant behaviour of the solar cell. Figure
4 shows the resulting IV curves from Equation 3 for in-
dividual cells when the parameters are chosen as V td =
0.1135 V, Isatd = 10−10 A, Rp = 400 Ω, Rs = 0.001 Ω,
V tb = 0.03 V, Isatb = 10−3 A. It is assumed that Ipv =
0.5009iA where i is the illumination factor (in solar con-
stants) of the individual cell being considered. These para-
meters were tuned by hand to approximate the output of
the Azur Space 3G30A space-rated solar cells as given in
the datasheet [18] after a radiation fluence of 1015 (1 MeV
electrons/cm2). The simulation window is set to Vrng =
[−0.4, 2.6] V and Irng = [0, 0.6] A. The curve exhibits a
“flat” region in which the last two terms of Equation 3 are
negligible. When the applied voltage is increased, the first
of these terms will grow exponentially and cause the sharp
drop in output current. If the voltage is instead decreased,
the last term will grow, causing the sharp increase in out-
put current. The voltage in this region is negative, thus
this corresponds to power lost in the cell.

Each series string of cells is often fitted with a series
protection diode to prevent current from flowing in reverse
and damaging the cells. Its characteristic is given by the
diode equation:

I = Isatspd

(
exp

(
−V/V tspd

)
− 1
)

(4)

Where Isatspd is the saturation current and V tspd the effective
thermal voltage for the series protection diode. Assuming
I ≥ 0, Equation 4 can be inverted to read:

V = −V tspd ln
(
I/Itspd + 1

)
(5)

The same parameter values as for the bypass diode were
used in the implementation.

One should not be misled to believe that the paramet-
ers of space solar cells are constant. As the temperat-
ure of the solar cells varies throughout an orbit, the sat-
uration currents and thermal voltages of all components
will change. Higher temperatures will increase the current
moderately but decrease the voltage a cell can support
significantly. At an increase in temperature of 50◦C above
ambient, the maximum power is reduced by 14%3 [18] for

3The maximum-power-point voltage decreases from 2.244 V to
1.884 V and the current increases from 0.4851 A to 0.4991 A.
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Figure 3: A panel connected as 2s2p.

the modelled cells. If the temperature profile in orbit is
known, the modelling presented in this paper could be im-
proved by introducing temperature dependence in Equa-
tion 3. In the long term, degradation of the solar cells due
to the irradiation of charged particles will also decrease
the power output [19].

2.2. Series and parallel connection modelling

Several approaches can be taken to finding the total IV
curve of a solar panel of several cells. One such method
that involves producing and numerically solving an equa-
tion system based on combining Equation 3 for each cell
is given in [20]. In this work, an intuitive and simple to
implement alternative method is presented. It relies on
discrete sampling of the individual cell IV curves in a man-
ner which will recover the corresponding series string IV
curve at these samples. The result from this is combined
by repeating a similar calculation to produce the full panel
IV curve after the parallel connections.

For simplicity assume there are four cells on the satel-
lite and these are connected in a 2s2p configuration as in
Figure 3, where the illumination factors are respectively
i = {1.0, 0.75, 0.5, 0.25}. Adapting the method to an ar-
bitrary set of cells is straightforward. Denote the number
of cells in series and parallel by ns = 2 and np = 2. The
cells are sampled with Equation 3 at N linearly spaced
voltages in the set V̄c ∈ Vrng and the corresponding cur-

rents produced at each cell are stored as Ī
(1)
c , Ī

(2)
c , Ī

(3)
c ,

and Ī
(4)
c . The IV curves and sample points for the case

N = 10 are shown in Figure 4.
In each series string of the panel the same current must

flow through each cell and bypass diode pair. Equation 3
gives the current as a function of voltage; the opposite is
desired, so a numerical approach is taken. By deciding the
currents to sample at, and using interpolation of the known
cell IV curve, an approximation of the voltages across the
cell is given at these currents. The PCHIP (Piecewise Cu-
bic Hermite Interpolating Polynomial [21]) available in the
standard distribution of Matlab is used in the implement-
ation. Let the interpolated approximation of the voltage
V at a current I based on the sample points {V̄ ; Ī} be de-
noted as V = P

(
I
∣∣ {V̄ ; Ī}

)
.4 Let Īs ∈ Irng be a set of N

4I.e. P
(
I
∣∣ {V̄ ; Ī}

)
= p(I) where p is the interpolating piecewise

polynomial calculated with the points in {V̄ ; Ī}.

Figure 4: IV curve of individual cells at different illumination factors.
Shown inside the simulation window and with sample points marked
when N = 10. The current going to infinity at negative voltages is
due to the bypass diode.

Figure 5: The sampled IV points for each of the series strings in the
panel using N = 10. The curves connecting the sample points is
given by PCHIP interpolation. The exact solution is given for large
N , it is practically recovered when N = 50.

Figure 6: The combined panel output curve for the 2s2p panel of
Figures 3-5. Several values of N are shown, the qualitative shape is
preserved down to N = 5.
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linearly spaced current points in the simulation window.
If the sampling is carried out at only these points, a large
number of samples N must be used to accurately approx-
imate the IV curve of the series string since each cell’s IV
curve has a “flat” region where the current changes slowly.
To combat this, a better choice of sampling points must be
used. The individual cell sampling already provides a set
of currents that will fall on each of these “flat” sections. By
reusing these points together with the new sampling points
a total of (ns + 1)N sampling points that are well spaced
will be used. For the string with cells 1 and 2 specifically,
the sampling currents and the interpolated voltages across
the string becomes (where functions applied to sets are
assumed element-wise):

Ī(1,2)s = Ī(1)c ∪ Ī(2)c ∪ Īs (6)

V̄ (1,2)
s =

∑
j=1,2

P
(
Ī(1,2)s

∣∣∣ {V̄c; Ī(j)c }
)

− V tspd ln
(
Ī(1,2)s /Itspd + 1

)
(7)

In the case that the points in Ī
(i)
c are not unique, they will

be supplemented by adding more new points in Īs such
that the total always is (ns+ 1)N and unique. The result-
ing IV curves and sample points for both strings are shown
in Figure 5. The process of adding the curves together can
be visualised by looking in Figure 4 at the two curves being
added. For a given current, the voltages must be summed.
A distinct step in the middle is thus seen when the current
is between the short-circuit currents of the two cells. The
positive voltage of one cell (ca. +2.3 V) is added with the
negative voltage for the other cell (ca. −.2 V). If the cells
being added have a similar illumination the short circuit
current will also be similar. This step is thus only seen if
the cells are mismatched in illumination, most commonly
due to cells being partially shaded.

Since these strings are connected in parallel the voltage
across each string must be the same, and their currents
are added. For the final result, negative voltages are of
little use. A set of 2N linearly spaced voltage samples are
defined, V̄p ∈ [0, 5.2], where both the number of points and
the upper voltage range has been scaled by ns. The final
IV curve of the whole panel is given by sampling again,
this time for the currents:

Īp =
∑

j=(1,2), (3,4)

P
(
V̄p

∣∣∣ {Ī(j)s ; V̄ (j)
s }

)
(8)

The final result will consist of nsN points. The resulting
curve and sample points are shown in Figure 6 for the
illustrated case of N = 10, as well as for N = 5 and N =
50. Visually, this is simply the addition of the currents of
the two curves in Figure 5. Going beyond N = 50 shows
no practical benefit and is the suggested sample count for
this method.

A pseudocode implementation is given in Algorithm
1 and a Matlab implementation is freely available on the

project GitHub [3]. Notation from the text is generally
retained. For variables denoted with bars, the first dimen-
sion is omitted from the indexing.

Algorithm 1 Calculate total panel IV curve.
Input: array i, scalars ns, np, N .

Require: Length(i) = nsnp
V̄c ← Init. N lin. spaced values in Vrng
V̄p ← Init. Nns lin. sp. values, 0 to ns·Vrng[2]
Īp ← Init. Nns zeroes
for j = 1 to nsnp do //Sample each cell
Īc[j] ← Eq. 3 with V=V̄c and i=i[j]

end for
for k = 1 to np do //Each series string
a[1:ns] ← (1 : ns) + ns(k − 1) //ind. in string
Īo ← unique vals. of Īc[j], inside Irng, ∀j ∈ a
Īn ← (ns+1)N−Len(Īo) lin. sp. values in Irng
Īs ← Īo ∪ Īn
V̄s ← Eq. 5 with I=Īs
for l = 1 to ns do //Each cell in string
P ← interp.create(V̄c, Īc[a[l]])
V̄s ← V̄s + P.evaluate(Īs)

end for
P ← interp.create(Īs, V̄s)
Īp ← Īp + P.evaluate(V̄p)

end for
return Īp, V̄p

3. Hardware simulator

3.1. Overview

A hardware simulation system (named the Solar Panel
Simulator, SPS, Figure 7) was designed to emulate the
solar panel behaviour (the IV curve) in orbit and apply
this to the spacecraft power system. An analogue cir-
cuit (Figure 8) designed as a constant current source is
connected to the satellite. With the relatively low power
requirements, a linear design was chosen to simplify the
circuit and provide low noise. This is in turn controlled by
a digital feedback loop (Figure 9), running at 1 kHz. The
hybrid design ensures that there is no switching noise even
at this modest rate, and makes a low capacitance output
possible. The digital circuit measures the output voltage
(as applied by the satellite SAI) and sets the correspond-
ing current from a lookup-table (LUT) to reproduce the
desired IV curve. The board and circuit were designed for
an input voltage between 12 and 24 volts. Due to the drop
across the transistor, the maximum output voltage is ap-
proximately 3 V less than the input. The maximum power
dissipation from the heatsink is 25 W. As most satellites
have several independent inputs the system is intended to
be used with several separate SPS boards, each simulat-
ing either one SAI input or one physical solar panel of the
satellite. The design files and software related to the SPS
are freely available on the project GitHub [3].
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Figure 7: The assembled solar panel simulator PCB. The dimensions
of the board are approximately 150 × 50 mm. The design files are
freely available on the project GitHub [3].

Figure 8: Simplified schematic of the analogue circuit. High-side
current measurement is used in an op-amp feedback loop to follow
the setpoint current. A capacitor placed across the op-amp provides
lead compensation to ensure stability. The three connections to the
microcontroller are on the left and the output to the satellite is on
the right. The full schematic is freely available on the project GitHub
[3].

Figure 9: Flowchart overview of the digital system. A double buffer
is used for the LUT and the board is isolated provided an isolated
power supply is used.

3.2. Design

The SPS is designed as a cascade control system, where
the current is controlled by an analogue feedback and the
IV curve by digital feedback applied as input to the ana-
logue circuit. The hardware is implemented on a PCB
shown in Figure 7. A schematic of the analogue circuit
is shown in Figure 8. The digital control is applied in a
Teensy 3.2 microcontroller [22] through two 12 bit analogue-
to-digital converters (ADCs), and one 12 bit digital-to-
analogue converter (DAC), integrated in the Teensy 3.2.
This microcontroller runs the digital feedback loop at 1 kHz,
with which an arbitrary IV curve can be produced at the
output. A flowchart of the digital system is shown in Fig-
ure 9. The curve is stored in a LUT which is updated by
a computer over USB. A double buffer is implemented to
store the LUT, where one array is used for writing a new
LUT while a second array is used for reading the current
LUT. The array from which the current IV curve is read
(LUT 2) is only updated when the transfer is successfully
completed; no interruptions or incomplete IV curves will
be present at the output. The LUTs are stored as 16-
bit arrays of length 4096, each requiring 8 kB of memory
(however the values stored are only 12-bit). The computer
connection is made over an isolated serial5 connection. To
transfer over this 8-bit protocol each value of the LUT is
split into two, using the excess bits as identifiers. The
value read from the DAC is used as the index in which to
read from the LUT and the value stored is set to the ADC
as the desired current. The voltage measurement and cur-
rent setpoint are calibrated for each SPS with regards to
their corresponding digital value and are stored as a pair
of polynomials, in the PC, to generate the LUT for the
device. The measured voltage and current at the SPS out-
put (and thus SAI input) is shown on an LCD mounted
on the board. The SPS has been designed to allow the
outputs of several SPSs to be combined in either series or
parallel connection if desired. This opens the possibility of
using one SPS to simulate each physical solar panel on the
CubeSat for easy integration into the wiring harness, or
alternatively to provide more power for satellites with lar-
ger solar panels. Using 12 V input, the maximum output
is 2.1 A at 8 V. Using 24 V input, the maximum output is
1.1 A at 21 V.

3.3. Testing

Since the SPS is designed as a cascaded control system,
it is vital that the inner (analogue) feedback has a much
greater bandwidth than the outer (digital) feedback. With
this, the analogue feedback system can be treated as per-
fect (i.e. ignored) when the digital controller is designed
[23]. In order to measure the bandwidth of the analogue
circuit, a step change of the desired current was applied
to the analogue circuit, as shown in Figure 10, while the

5A Universal Asynchronous Receiver-Transmitter (UART) link
running at a rate of 115200 symbols/second.
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Figure 10: Rising and falling step response of the analogue circuit.
The circuit was connected to a DC load in constant voltage mode.
Shown as setpoint is the measured output of the DAC (scaled to
current).

Figure 11: Testing of realistic IV curves for the SPS. Testing was
completed using a DC load and multimeter in a four wire configura-
tion. The voltages in the legend refer to the input voltage provided
to the analogue circuit.

digital feedback was disabled. The measurements show a
rise time of approximately 1 microsecond, corresponding
to a bandwidth of over 300 kHz. The digital bandwidth
is, due to the selected sampling rate, below 1 kHz. Thus
the cascade controller design is valid and we shall turn to
considering the combined analogue and digital system.

To test the accuracy of the output of the SPS, realistic
solar panel curves were programmed into the SPS. The
curves are based on scaling the i = 1 curve in Figure 4, by
multiplying the voltage and current by an integer number
of cells in series and parallel. To measure the output, a
constant voltage DC load was connected to the output
and a range of voltages tested. The results in Figure 11
show that the SPS is capable of accurately reproducing
the desired currents and voltages for both small and large
output powers.

a)

b)

Figure 12: Dynamic response of the digital feedback system. A 2s1p
LUT was applied to the system and the externally driven voltage
was changed. a) Shows the current and voltage over time. b) Show
a scatter plot of the measurements of a) on the programmed curve.

A dynamic test to confirm that the SPS correctly fol-
lows the desired IV curve when the applied voltage changes
was conducted. The results in Figure 12 show that the SPS
responds to the change in voltage smoothly and that the
programmed IV curve is tracked throughout. The meas-
urements show that the noise level of the SPS output is
approximately ±10 mV and ±5 mA in voltage and current
respectively. The response time in these measurements is
limited by the speed of the DC load, and are not indicative
of the SPS response time.

Finally, a real-world test was conducted where the SPS
was connected to the SEAM [24] satellite, a 3U Cube-
Sat powered by a Gomspace Nanopower P60 SAI. Figure
13 shows the curve which was programmed into the SPS
together with a measurement of the output voltage over
time. The voltage of this system is controlled by the Gom-
space SAI by an MPPT technique. By comparing the ap-
plied voltage with the maximum power point in the applied
curve, it is clear the SAI is successful in tracking.6 The
measurements also show that the SPS rise time is below
1 ms, allowing its use on faster SAIs as well.

6Some interesting inferences about the particular SAI can also be
made; the update rate is 5 Hz and the voltage is controlled in steps
of 50 mV.
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a)

b)

c)

Figure 13: Testing the SPS connected to a CubeSat MPPT. a) Shows
the IV curve programmed into the SPS and the corresponding PV
curve and maximum power point. b) Shows a measurement over
time of the output voltage applied by the Gomspace Nanopower P60
MPPT SAI. c) Shows an enlarged view of the region marked in red
in b), where the response time of the SPS is seen.

Figure 14: Evolution of IV curve (solid) at one SAI input. Data taken
from a simulation of the MIST [25] satellite, showing approximately
one third of an orbit at MPPT 2. The broken line shows the location
of the maximum power point.

4. Real-time IV updating

As the satellite orbits, the solar incidence angle changes
with time. This creates a dynamic situation, where the
output of the solar panels is changing and hence the power
available to the satellite. Figure 14 shows how the IV
curve evolves during a nominal orbit and how the max-
imum power point also moves. This figure shows the com-
plex evolution which can be seen in the real world. A
significant step in the IV curve, caused by partial shad-
ing during parts of the orbit, is clearly visible. During
less ideal circumstances, e.g. tumbling, the behaviour may
change rapidly and cause issues for the SAI of the satellite.

To provide realistic input to the SAI for any desirable
situation, software for real-time control of the SPS was
created. It is assumed that the illumination factor for
every cell is known, together with a timestamp. Using
a real-time clock, the methods of Section 2 are applied
to this data at the appropriate time, to provide the IV
curve that should be present at each SAI or solar panel
input of the satellite. These curves are converted, using
the individual calibration polynomials, to unique LUTs for
the SPSs that are connected to the corresponding inputs.
These are then sent to the hardware devices over the USB
connection as in Section 3. This system is agnostic to
the input data. Hand calculated approximations of the
illumination factors or complex simulations incorporating
e.g. realistic attitudes, deployment failures, or tumbling,
may all be used depending on the desired level of realism.

4.1. Demonstration

The purpose of this paper is to allow realistic real-time
testing of the power systems on CubeSats. In Figure 15 a
setup using three SPSs simultaneously to power each inde-
pendent MPPT input on the MIST Gomspace Nanopower
P31us is shown. In-house simulations of the solar condi-
tions in orbit, including effects of self-shading, is used as
the input data for this test. The test is run from a simple
Graphical User Interface (GUI) where the simulation is
controlled and the current state of the SPSs are displayed.
This GUI, the underlying classes for controlling the SPSs
via a computer, and a GUI for manual control of SPSs,
are freely available on the project GitHub [3].

The results of running one orbit are shown in Figure
16. The SPSs are updated every 6 seconds with a new IV
curve. The line shown in the figure is the maximum power
point of the IV curve programmed in each SPS and how
it evolves over the orbit. The housekeeping data from the
SAI is sampled every 6 seconds and shown as the broken
lines. The agreement between these values across the en-
tire orbit shows that the MPPT system of the satellite is
tracking the IV curves correctly, and is producing power
as efficiently as possible. Since the SPSs have been shown
in Figure 11 to be accurate, the difference seen between
the curves is is likely due to measurement errors by the
Gomspace P31us.
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a)

b)

Figure 15: Test setup with several SPSs running real-time updating.
a) Shows the components and how they are connected. b) Shows
the PC user interface with the current IV curves programmed in each
SPS, a timeline, and user controls.

Figure 16: Real-time simulation of one orbit for the MIST satellite.
The solid lines show the maximum power point of the programmed
IV curves on each of the connected SPSs. The broken lines show
the input powers as reported by the Gomspace P31us housekeeping
data.

5. Conclusions

We have developed hardware (the SPS) and a meth-
odology to provide realistic and accessible testing of the
power system aboard nanosatellites. The hybrid approach
to the SPS of combining an analogue constant current cir-
cuit with digital feedback provides a low noise output and
avoids high-frequency digital feedback. The hardware can
provide approximately 25 W of power and arbitrary, time-
dependent, IV curves. We presented a methodology to
generate realistic IV curves from knowledge of the illumin-
ation of the satellite solar cells. It relies on the previous
development of models for assessing power generation in
orbit and is intuitive and simple to implement. Any scen-
ario for which the orbit solar conditions have been sim-
ulated can be applied with the system. The Solar Panel
Simulator has been demonstrated to produce realistic out-
puts and real-time updating. Finally, the system has been
released as Open Source in the hope that it will be use-
ful for other nanosatellite developers as well. We invite
discussion and collaboration on the project GitHub [3].
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