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Abstract. This paper describes the modelling and simulation of the Electrical Power
Subsystem (EPS) of the Thermal Analysis Support and Environment Characterization
Laboratory (TASEC-Lab). TASEC-Lab is a university experiment on board a sub-orbital
platform. It is designed to measure the convection heat transfer in high-altitude balloon
missions. The EPS provides, regulates, and distributes electric power to the different systems,
parts, and sensors that compose the TASEC-Lab (e.g., On Board Computer (OBC), temperature
and pressure sensors, cup anemometer, GPS, heaters. . . ). It mainly consists of a Li-ion battery
and two DC-DC converters, and they have been characterized by conducting laboratory tests
and fitting to experimental data. A real power consumption profile of the first TASEC-Lab’s
mission (designed by Universidad Politécnica de Madrid) is used as input to simulate the EPS.
The mathematical model is validated by comparison with experimental results.

1. Introduction
The TASEC-Lab project consists of a university experiment that has been recently flown (July
2021) in a stratospheric balloon (see Figure 1a). Its main objective is to characterize the
convective heat transfer on board this kind of platforms, which are becoming a very recurrent
solution for testing technologies before going to space. The environmental conditions above 20
km (which are very similar to those in space) together with the economical advantages and the
possibility of recovering the payload after the flight, make these platforms a suitable way to this
purpose. However, they are not only used as testing platforms, but also as scientific platforms
themselves. Many missions have been launched on board stratospheric balloons to study the
Earth, the atmosphere, or even the Sun [1, 2]. Being above 99% of the atmosphere and having
a constant view of the Sun makes these flights attractive to the scientific community.

The Instituto Universitario de Microgravedad ”Ignacio Da Riva” (IDR/UPM Institute) has
participated in the SUNRISE mission since its first flight in 2008. Staff from the IDR/UPM
Institute have been responsible for the thermal control system and they have been in in charge of
the thermal design and analysis [3]. Their work during these years arises some limitations when
modelling the convective heat transfer during the flight, which motivates the analysis of this
phenomenon using stratospheric balloon platforms. This kind of missions are usually analysed
as space mission does. Although at the floating altitude the conductive and radiative heat
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transfer are the main heat transfer mechanisms, the convective heat transfer is not negligible in
some parts under certain conditions [4, 5].

TASEC-Lab has been designed for studying the convective heat transfer in high-altitude
balloon missions, in order to obtain new correlations which will allow the thermal engineers
to improve their models [6]. As responsible for the Master’s Degree in Space Systems of the
UPM, the IDR/UPM Institute decided to make TASEC-Lab a university project by involving
Bachelor, Master and PhD students. The experiment has been completely designed, integrated,
and tested by these students at the IDR/UPM Institute facilities. The development process of
this experiment has been similar to the one involved in a satellite mission, following the same
phases but using Commercial Of The Shelf (COTS) components to get a low cost design.

The mission concept proposed by B2Space (the company in charge of the gondola design and
the operation of the launch) was to get an autonomous experiment in terms of electrical power.
For that reason, the Electrical Power Subsystem (EPS) of TASEC-Lab experiment is one of the
most important subsystems. It is responsible for providing and distributing the electrical power
using only a battery as the main power supply. The flight was expected to last up to 8 hours, so
no additional power source would be needed. However, a Power Control and Distribution Unit
(PCDU) is required to provide the power to the different equipments on board.

Detailing the power budget of the system for sizing the battery is not enough for achieving
a good design of the EPS. In this project, based on the expertise of the IDR/UPM Institute in
this field [7–22], a numerical simulator of the EPS has been developed by conducting laboratory
tests and fitting analytical models to experimental data. Modelling the behaviour of the DC-DC
converters and the battery allows the simulation of the battery output voltage as well as the
dissipated power in the DC-DC converters.

The work included in this paper describes how the EPS of TASEC-Lab has been designed,
simulated, and tested. TASEC-Lab Power Subsystem is described in Section 2, and the modelling
of the different components are detailed in Section 3. This model has been validated based on
an estimated power profile as described in Section 3. Finally, Conclusions are summarized in
Section 4.

2. TASEC-Lab EPS design
TASEC-Lab power subsystem (see Figure 1b), is designed with two main power lines with its
own voltage level requirements. One line supplies power at 5 V to the On Board Computer
(OBC), a Raspberry Pi 3B+. The OBC, in turn, feeds secondary power lines at 5 V and 3.3 V.
The second main line is powered at 12 V and supplies power to the cup anemometer, its heater,
and the experiment heater.

(a) (b)

Figure 1: TASEC-Lab during the pre-launch activities (a) and integration of the TASEC-Lab
EPS (b).
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The EPS is composed by a Li-ion battery, two DC-DC converters, a distribution harness,
and a mechanical switch to turn on the system (see Figure 2). As the main power lines have
different input voltages, and the voltage level of the battery changes with its State Of Charge
(SOC), a DC-DC converter per line is needed. The selected DC-DC converters are compact and
highly efficient buck converters [23]. Additionally, to ensure a good margin of remaining energy
after the TASEC-Lab missions, the EPS carries a 24 V 2900 mA·h Samsung Li-ion battery [24].
Regarding the mechanical switch, it is made through a D-SUB-9 connector, which is attached
to the lower tray and it is connected in series to the EPS bus line. To turn on the system, the
anemometer would be connected from the outside closing the circuit between the battery and
the DC-DC converters. This connector also allows the operation of the experiment without the
anemometer during the tests or the battery charging.

Figure 2: TASEC-Lab power subsystem simplified electrical circuit.

3. TASEC-Lab EPS modelling
The modelling of the EPS is an essential phase of the project. On the one hand, it helps to
ensure that the battery is well-sized to supply enough power during the mission. On the other
hand, the power losses affect the thermal behaviour of TASEC-Lab.

Several electrical and thermal tests have been performed emulating the electrical
consumptions and thermal environment of the first TASEC-Lab flight, respectively. Additionally,
TASEC-Lab is expected to perform additional flights, and the following missions or even the
payloads can vary from one to another. For this reason, an EPS model is essential to predict
the electrical and thermal behaviour of TASEC-Lab in future missions.

The EPS modelling starts analyzing the power consumption of the 5 V and 12 V lines. This
is done by defining the operative modes of TASEC-Lab, which consists in detailing for each
power line which components are turned on and its consumption at any time of the mission.
An estimation of the power consumption of TASEC-Lab is shown in Figure 3. The next step
is modelling the DC-DC converters. This allows to estimate their power losses, so the battery
consumption can be predicted. Finally, it is necessary to model the discharging performance of
the battery to predict its voltage or SOC during its operation. This is fundamental to determine
if the battery is capable of supplying enough energy without exceeding safe margins of remaining
capacity.
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Figure 3: Estimated power consumption on the 5 V and 12 V line during the TASEC-Lab first
mission (July 2021).

3.1. DC-DC converters
TASEC-Lab EPS carries the R-78T5 and R-78T12 DC-DC converters. Their datasheets [23]
include their efficiency curves as a function of the output current for different input voltages. In
the case of the R-78T5 model (5 V output) these voltages are 42, 36, 24, 12 and 8 V, whereas the
data of R-78T12 model (12 V output) is presented for 42, 36, 24, and 15 V input voltage levels.
Since the converters are connected in parallel to the battery, whose nominal voltage is around
22 V, the authors found compulsory an accurate characterization of the converters operating at
this voltage.

Figure 4: DC-DC converter electrical scheme test.

For this purpose, both DC-DC converters were tested following the the electrical circuit
shown in Figure 4. This electrical circuit consists of one DC power source, four multimeters, an
electronic load, and a DC-DC converter. This configuration allows an accurate measurement of
the input and output voltages and currents of the DC-DC converters.

On the one hand, the power source provides an input voltage to the converter. The power
source used is the ISO-TECH IPS 3303 [25]. To increase the accuracy of the measured input
current (Iin) and voltage (Vin), one multimeter is connected in series and another one in parallel.
The first one is used as ammeter and the second acts as voltmeter. Both multimeters used are
the Promax PD-181 [26]. On the other hand, the electronic load is used to set the current
consumption of the converter and the one used is the Mayuno M9812 [27]. Two multimeters
are connected at the DC-DC converter output to precisely measure the current (Iout) and the
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voltage (Vout). Again, one in parallel acting as a voltmeter and the other in series with the
electronic load used as an ammeter.

During the tests, the power source was supplying a constant voltage (measured by the input
voltmeter) of 22 V. Moreover, the electronic load was configured to demand a current (measured
with the ampermeter) from the minimum (0.1 A) to the maximum (1 A) output current in steps
of 0.05 A. In total, 19 measurements of input and output current and voltage were collected for
each of the two DC-DC converters. To give a graphical overview of the tests, the efficiencies
of the converters were calculated according to Eq. 1. Then, these efficiencies were plotted as a
function of the output current and for each input voltage (see Figure 5).

η =
VoutIout
VinIin

. (1)

(a) Efficiency of the 5 V DC-DC converter. (b) Efficiency of the 12 V DC-DC converter.

Figure 5: Efficiency of the DC-DC converters as a function of the output current for an input
voltage of 22 V. The fitting curves are plotted with solid lines and the experimental data with
cirlces.

According to Figure 5, the efficiency of both DC-DC converters rapidly increases with the
current until it reaches a maximum, and then a quasilinear decrease is followed. In view of the
results, the authors have characterized this behaviour with three models.

The first model, hereinafter Exponential model, is based on a previous work of the IDR/UPM
Institute [7, 8]. In this model, the efficiency is defined as:

η (Iout) = ηmax

(
1 − exp

(
−Iout
Ich

))
, (2)

where ηmax is the maximum efficiency of the converter and Ich is a characteristic current. In
this case, this equation only partially describes the efficiency of the converter if it is slightly
modified with the addition of the parameter I0:

η (Iout) = ηmax

(
1 − exp

(
−Iout + I0

Ich

))
. (3)
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The exponential model fits well the efficiency of the converters at low current outputs.
However, for currents higher than the 50% of the maximum load, the fitting curve deviates
(see Figure 5). The fitting parameters are presented in Table 1a.

A second model to better describe the efficiency at high output currents is proposed. This
model, hereinafter Polynomial model, is represented by the following quadratic function:

η (Iout) = aIout
2 + bIout + c . (4)

This second model fits well for almost the entire Iout (see Figure 5), but a, b and c parameters
(see Table 1b) have no physical meaning.

Lastly, a third model consisting of a power function with a rational exponent has been
developed. In this model, hereinafter P-function model, the efficiency is calculated as:

η (Iout) = αIout
β + γIout + δ . (5)

The P-function model fits the experimental data with precision (see Figure 5) and its
parameters are shown in Table 1c.

Table 1: Fitting parameters of the DC-DC converters for an input voltage of 22 V.

(a) Exponential model.

ηmax Ich [A] I0 [A]
DC-DC5V 0.8847 0.1886 0.4760
DC-DC12V 0.9545 0.1330 0.3332

(b) Polynomial model.

a [A−2] b [A−1] c [A]
DC-DC5 V −0.0981 0.1432 0.8337
DC-DC12 V −0.0969 0.1329 0.9118

(c) P-function model.

α [A−1] β γ [A−1] δ [A]
DC-DC5 V 1.6152 0.9413 −1.5483 0.8138
DC-DC12 V 0.2352 0.3183 −-0.0999 0.8153

To compare the precision of the developed converter efficiency models, the Root-Mean-Square
Error (RMSE) of the efficiency has been calculated (see Table 2). Based on these results, the
P-function model is selected to model the converters as it presents the lower value of RMSE.

Table 2: Root-Mean-Square Error (RMSE) of the proposed DC-DC converter efficiency models
for an input voltage of 22 V.

RMSEExp. model RMSEPoly. model RMSEP-function model

DC-DC5 V 4.7855 · 10−6 3.5497 · 10−6 2.3104 · 10−6

DC-DC12 V 2.7807 · 10−6 5.3045 · 10−6 6.6284 · 10−7

3.2. Battery
The selected battery has a nominal capacity of 2900 mA·h. In other words, the battery lasts 1
h being discharged at 2.9 A. However, TASEC-Lab is designed to operate several hours and the
demanded current is variable with time. For that reason, battery discharge tests were performed
to characterize its behaviour at different discharge rates.

A total of four battery discharging tests were carried on using the Mayuno M9812 electronic
load controlled by Mayuno M9711 software. Starting from 25.2 V of Open Circuit Voltage
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(OCV), and setting a cut-off voltage of 16.2 V, the battery was discharged at a constant rate of
1C, 0.5C, 0.25C and 0.1C (i.e., 2.9 A, 1.45 A, 0.745 A and 0.29 A). During the tests, the battery
voltage, current, and elapsed time was measured and recorded.

The test data were used to characterize the battery with the linear discharging model based
on the energy discharge level developed at the IDR/UPM Institute [12, 28]. In this model, the
voltage level of the battery only depends on the the discharging current and the discharged
energy, φ, defined as follows:

φ(t) = φ0 +

∫ t

t0

(
V I +RI2

)
dt , (6)

where V is the battery voltage, I the discharging current, R the internal resistance and φ0 the
initial discharged energy. In turn, the battery voltage is equal to OCV, E (φ), minus the voltage
drop across the internal resistance:

V (φ, I) = E (φ) −RI . (7)

In this model, the OCV only depends on the amount of discharged energy. In a first approach,
if the battery is not fully discharged, E (φ) can be approximated by the following linear equation:

E (φ) = E0 + E1φ . (8)

Figure 6: Evolution of the battery voltage, V , as a function of the discharged energy, φ, for
different discharging current rates. Experimental results are plotted with solid lines and the
fitting curves with dashed lines.

In Figure 6, the battery voltage as a function of the discharged energy, calculated with the
experimental measurements and obtained with the proposed model, for different discharging
current rates is shown. The parameters of the model (see Table 3) have been extracted by
minimizing simultaneously the RMSE of the four experimental discharging curves. Moreover,
the fidelity of the model is confirmed by the small values of RMSE presented in Table 4. It
should be remarked that this model is valid as long as the discharging energy does not exceed
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around 45 W·h. Additionally, the lower discharging current, the better precision of the model.
These two conditions are met in the TASEC-Lab mission, as shown in the following section.
Therefore, its possible to conclude that the selected model is appropriate for the EPS modelling.

Table 3: Parameters of the battery discharging model.

E0 [V] E1 [ V
W·h ] R [Ω]

25.307 −9.6052 ·10−2 5.8541 ·10−1

Table 4: Voltage root-mean-square deviation (RMSE) of the battery discharging model for
different discharging current rates.

RMSE
1C 8.5305 · 10−2

0.5C 8.7933 · 10−2

0.25C 2.5770 · 10−2

0.1C 3.9354 · 10−2

4. Simulation and model validation
TASEC-Lab has been tested with the estimated power profile of its first mission. Besides, the
experimental results have been compared with a simulation to validate the proposed model. The
power consumption profile, shown in Figure 3, is decomposed in the two secondary power lines.
The 5 V line consumes a constant power of 3.5 W and the 12 V line presents four intervals of
different constant consumption. The consumptions of the 5 V and 12 V lines are emulated with
the IT8512A Programmable DC Electronic Load [29] and the BK Precision 8500 Programable
Electronic Load [30], respectively. On the other hand, the battery voltage is measured with the
aforementioned Mayuno M9812. The electrical circuit of the test is shown in Figure 7.

Figure 7: TASEC-Lab electrical circuit test.

On the other hand, the simulation is carried out coupling the performance of the DC-DC
converters and the battery with the following equation:



IC-MSQUARE 2021
Journal of Physics: Conference Series 2090 (2021) 012111

IOP Publishing
doi:10.1088/1742-6596/2090/1/012111

9

P (t) =
P5V

η5V
+
P12V (t)

η12V (t)
, (9)

where P (t) is the battery power consumption, P5V and P12V are the demanded power on the 5
V and 12 V lines and η5V, η12V are the efficiencies of the converters providing 5 V and 12 V as
output. Then, the following differential equation is solved:

dφ

dt
= P +RI2 , (10)

where the discharging current, I, is calculated as:

I =
P

V
, (11)

and the initial condition is:

φ (t = 0) = 0 . (12)

From this simulation, the most important results are shown in Figures 8 and 9. In Figure
8a the evolution of the converters efficiency is shown. The efficiency of the 5 V converter is
constant during the whole simulation as expected, since the output current remains constant.
As for the 12 V converter, its efficiency decreases in constant intervals likewise its output current.
Moreover, in Figure 8b the evolution of the bus current and the lines that supply power to the
converters is shown. The input current to the 5 V converter (line 1) linearly increases with
time, since the power consumption of this converter remains constant but the battery voltage
decreases with time. Regarding the input current of the 12 V converter (line 2), decreases with
a saw tooth shape, as the converter power consumption decreases in constant intervals. As for
the bus current is just the addition of the currents from lines 1 and 2.

(a) (b)

Figure 8: Evolution of the converters efficiency (a) and the current through the bus and the
power lines 1 and 2 (b) during the simulation.

Finally, the evolution of the battery voltage extracted from the experimental measurements
and from the simulation is shown in Figure 9. According to this figure, the behaviour of the
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simulated discharging curve is similar to the experimental one in the first third of the mission
time. Then the simulated voltage starts to deviate from the measured voltage until reaches
a maximum error of approximately 0.5 V. Regarding the modeling of TASEC-Lab EPS, these
deviations are acceptable, since the relative error is lower than 3%.

Figure 9: Evolution of the battery voltage during the test (dotted line) and the simulation (solid
line).

5. Conclusion
The purpose of the current study was to model the power subsytem of the university experiment
TASEC-Lab. Laboratory tests have been performed to model the behavior of the battery, the
DC-DC converters, and the complete power system. The DC-DC model proposed in this paper
(which is an original contribution), can accurately predict the performance of the converters
and is innovative to the authors’ knowledge. Additionally, the battery model developed at
the IDR/UPM Institute presents a good fidelity with the experimental results. Finally, power
subsystem simulations of further missions of TASEC-Lab will be carried out with the help of
these models.
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