
 
 

Delft University of Technology

Lunar Rover Power Electronic System

Hubers, Martijn ; Gagic, Mladen; Shekhar, Aditya

DOI
10.1109/IECON51785.2023.10312700
Publication date
2023
Document Version
Final published version
Published in
Proceedings of the IECON 2023- 49th Annual Conference of the IEEE Industrial Electronics Society

Citation (APA)
Hubers, M., Gagic, M., & Shekhar, A. (2023). Lunar Rover Power Electronic System. In Proceedings of the
IECON 2023- 49th Annual Conference of the IEEE Industrial Electronics Society (Proceedings of the Annual
Conference of the IEEE Industrial Electronics Society). IEEE.
https://doi.org/10.1109/IECON51785.2023.10312700
Important note
To cite this publication, please use the final published version (if applicable).
Please check the document version above.

Copyright
Other than for strictly personal use, it is not permitted to download, forward or distribute the text or part of it, without the consent
of the author(s) and/or copyright holder(s), unless the work is under an open content license such as Creative Commons.

Takedown policy
Please contact us and provide details if you believe this document breaches copyrights.
We will remove access to the work immediately and investigate your claim.

This work is downloaded from Delft University of Technology.
For technical reasons the number of authors shown on this cover page is limited to a maximum of 10.

https://doi.org/10.1109/IECON51785.2023.10312700
https://doi.org/10.1109/IECON51785.2023.10312700


Green Open Access added to TU Delft Institutional Repository 

'You share, we take care!' - Taverne project  
 

https://www.openaccess.nl/en/you-share-we-take-care 

Otherwise as indicated in the copyright section: the publisher 
is the copyright holder of this work and the author uses the 
Dutch legislation to make this work public. 

 
 



Lunar Rover Power Electronic System
Martijn Hubers, Mladen Gagic and Aditya Shekhar

Dept. Electrical Sustainable Energy - Delft University of Technology, The Netherlands

Abstract—The small, light-weight and modular Lunar rover
must survive several earth days in harsh environment after its
moon landing. Its power electronic system with integrated solar
generation needs power for its mission and also to stay warm
in very cold temperatures of the moon. This paper presents the
design of the power electronic system of the Lunar Zebro rover.
Two topologies are compared that result from using a 12 V bus
and 24 V bus. The design of the DC/DC converters required is
presented for CCM and DCM operation. The losses in the DC/DC
converters operating in CCM and DCM are calculated for the
two bus voltages to determine the mode of operation and bus
voltage that results in the highest efficiency. Further, the average
power loss during operation of the rover is estimated for both
bus voltages. Operating the DC/DC converters in CCM using a
12 V bus results in the lowest losses.

Index Terms—DC-DC Converters; Buck; Boost; Buck-Boost;
Bidirectional; DCM; CCM; Efficiency; Power Electronic System
; Moon Rover.

I. INTRODUCTION

Exploration of the moon has regained interest recently [1].
The Artemis program of NASA has as its goal to send humans
to the moon yearly to establish surface capabilities [2], while
SpaceX is also planning to land humans on the moon with
Starship [3]. The radiation-rich environment on the moon
poses serious health risks for astronauts [4]. Locations with
the least amount of radiation will be most suitable to establish
moon bases. To find these locations, a map of the radiation
environment on the moon is required. This is the goal of the
Lunar Zebro project, which will ultimately send a swarm of
small, lightweight rovers to map the radiation environment on
the moon [5].

The power electronic system is one of the most critical
systems of the Lunar Zebro rover. It must be able to store
energy, is responsible for supplying power to all subsystems
inside the rover, and should charge the batteries from the
PV panels mounted on top of the rover. In addition, it must
operate in the harsh conditions of the moon. The radiation
environment on the moon can cause early failure in power
electronic components [6]. Furthermore, it must be able to
withstand the extreme temperatures on the moon, ranging from
-250°C at the poles during the night to +120°C at the equator
during the day [7].

In a system where multiple sources and loads are inter-
connected, it is common practice to have a central DC bus
[8]–[10]. This has several advantages. First of all, the power
flowing into and out of the batteries is controlled using a single

The authors are with the department of Electrical Sustainable Energy in
the DCE&S Group at Delft University of Technology. For contact email:
a.shekhar@tudelft.nl.

DC/DC converter. Secondly, the system is made modular as
additional systems can be connected to the DC bus. Finally,
the input voltage of the DC/DC converters for the 12 V, 5 V,
and 3.3 V output are regulated instead of the fluctuating battery
voltage. This simplifies the design of these converters.

The value of the DC bus voltage will influence the design
and efficiency of the power electronic system, as well as the
topology, the type of DC/DC converters required, the voltage
rating of the components, the efficiency of each DC/DC
converter, and the system efficiency during operation. The
efficiency is a key parameter, as a higher efficiency results
in longer operation of the rover. Furthermore, the temperature
rise in the components is reduced, increasing their reliability
and reducing the size of the heat-sink [11].

The DC/DC converters are operated in Continuous Conduc-
tion Mode (CCM) or Discontinuous Conduction Mode (DCM).
In CCM, the current ripple in the inductor is smaller, reducing
the core losses, and reducing the conduction losses in the
switch, diode, and output capacitor. However, the inductor
required is larger, increasing the winding resistance thus the
conduction losses [11] [12]. In DCM, the switch turns on
at zero current and without diode reverse recovery current,
which reduces the switching losses [13]. However, the inductor
current ripple is increased, increasing the conduction losses in
the switch, diode, and output capacitor, as well as the core
losses in the inductor [14] [15].

In this paper, the power electronic system that results in the
highest efficiency is determined. This is done by modelling the
losses in the two topologies operating in CCM and DCM. The
losses in the DC/DC converters are modelled, as well as the
average power loss during operation. The paper is structured
as follows. First, in Section II, an overview of the power
electronic system is given, discussing the topology using a
12 V and 24 V DC bus. Next, in Section III, the design of the
DC/DC converters is discussed. In Section IV, the losses in
each DC/DC converter are modelled. Section V discusses the
system efficiency for the two bus voltages based on the usage
profile of the rover. Finally, Section VI gives conclusions.

II. OVERVIEW POWER ELECTRONIC SYSTEM

The power electronic system can be divided into the fol-
lowing subsystems:

• The battery pack, consisting of five Panasonic
NCR18650B batteries in series.

• The PV panel, capable of generating 18.12 W of power
• The bidirectional converter connected to the battery
• The DC/DC converter connected to the PV panel
• The buck converter that regulates the 12 V output
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• The buck converter that regulates the 5 V output
• The buck converter that regulates the 3.3 V output
A bus voltage of 12 V and 24 V is considered. Because the

voltage of the battery pack varies between 13.5 V and 21 V, a
bus voltage in between this range results in a bidirectional
buck-boost converter. This is undesirable, because a buck-
boost converter results in larger voltage stress, thus more losses
than a buck or boost converter [16].

A. 12 V bus

The topology using a 12 V bus is shown in Figure 1. The
bidirectional converter always operates in buck mode when
discharging the batteries. No DC/DC converter is required for
the 12 V output. However, a buck-boost converter is required
for the PV panel.

Fig. 1: Topology using a 12 V bus

B. 24 V bus

The topology using a 24 V bus is shown in Figure 2.
Discharging the batteries results in boost operation of the
bidirectional converter. At the PV panel, a boost converter
is required. This results in fewer losses than the buck-boost
converter of the 12 V bus. Furthermore, the conduction losses
in the DC bus are reduced. However, a buck converter is
required for the 12 V output, which introduces additional
losses.

III. DESIGN DC/DC CONVERTERS

The design of the DC/DC converters required for a 12 V bus
and 24 V bus is discussed next. The design equations from [17]
are used to calculate the inductance and capacitance required
for CCM and DCM. A switching frequency of 100 kHz is
used.

A. Buck Converter

The buck converters in CCM are designed to operate at
BCM at IBCM=12.5%Io,max=0.5 A. For DCM, the inductance
is calculated at maximum output current to always operate in
DCM. The output voltage ripple is maximum at maximum

Fig. 2: Topology using a 24 V bus

load current, hence the capacitance is calculated at maximum
output current as well

B. Boost Converter

For the boost converter operating in CCM, the inductance
and capacitance required is largest when Vin = 0.5Vo. To limit
the size of the inductor in CCM, the inductor current ripple
is set at IBCM = 25%Iin,max to operate in BCM. Similar as for
the buck converter in DCM, the inductance and capacitance in
DCM are calculated at maximum load current. The inductance
reduces for smaller PV panel voltages until it becomes 0µH.
This implies that a limit must be set for the PV panel voltage
for the converter to start operating in DCM. This limit is set at
20% of Ppv,max, so at Vpv ≈ 3V . The capacitance is calculated
at Maximum Power Point (MPP), where Vpv = 15.14V and
Ipv = 1.197A.

C. Buck-Boost Converter

For the buck-boost converter in CCM, the inductance re-
quired is largest when Vin = Vo. The converter operates in
BCM at IBCM = 20%Io,max. The output capacitance required
is largest at MPP. For DCM, the same operating conditions
are applicable as for the boost converter in DCM to obtain the
worst-case conditions.

D. Bidirectional Converter

For the 12 V bus, the bidirectional converter operates in
buck mode when discharging the batteries. Because the power
is larger when discharging than when charging, the design
is based on discharging mode. Hence, the design steps are
the same as for the buck converter. The worst-case condition
occurs at maximum battery voltage. For the 24 V bus, the
bidirectional converter operates in boost mode when discharg-
ing the batteries. In this case, the worst-case condition occurs
at minimum battery voltage. Because this converter has the
largest power rating, Io,min=10%Io,max to limit the current
ripple and thus the conduction losses.
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E. Specifications and Component Values

The specifications of each converter for a 12 V and 24 V
bus is shown in Table I. The resulting values of inductance
and capacitance calculated and used are shown in Table II.

TABLE I: Specifications of the DC/DC converters

Po [W] Vin [V] Vo [V] Io,max [A] IBCM
[A]

∆Vo
[V]

Bus Bidirectional
12V 90.22 13.5 to 21 12 7.519 0.752 0.12
24V 90.22 13.5 to 21 24 3.759 0.376 0.24

PV converter
12V 18.12 0 to 16.14 12 1.51 0.302 0.12
24V 18.12 0 to 16.14 24 0.755 0.151 0.24

3.3V buck
12V 13.20 12 3.3 4 0.5 0.033
24V 13.20 24 3.3 4 0.5 0.033

5V buck
12V 20 12 5 4 0.5 0.05
24V 20 24 5 4 0.5 0.05

12V buck
24V 48 24 12 4 0.5 0.12

TABLE II: Calculated and used inductor and capacitor values,
for each converter for a 12 V and 24 V bus in CCM and DCM

L calc
[µH]

L used
[µH]

C calc
[µF]

C used
[µF]

Bus Bidirectional

12V CCM 34.2 47 11.4 15
DCM 0.887 0.47 415.81 594

24V CCM 44.19 47 68.53 99
DCM 3.06 2.2 100.64 132

PV converter

12V CCM 62.66 75 55.65 68
DCM 8.02 6.8 66.39 100

24V CCM 125.31 150 15.73 22
DCM 10.97 10 19.81 22

3.3V buck

12V CCM 23.93 33 27.46 33
DCM 2.99 2.2 395.42 400

24V CCM 28.46 33 32.67 47
DCM 3.56 3.3 325.81 400

5V buck

12V CCM 29.17 33 22.10 33
DCM 3.65 3.3 219.9 220

24V CCM 39.58 47 21.05 33
DCM 4.95 4.7 210.28 220

12V buck

24V CCM 60 75 8.33 15
DCM 7.5 6.8 91.49 100

The choice of inductors is based on the SGIHLP series from
Vishay. The capacitors are selected from the Kyocera AVX
high reliability tantalum capacitors series. These inductors and
capacitors are available in space-grade and non-space-grade
variants. For the bidirectional converter, the EPC2014C GaN
switches are used. For the other converters, the EPC8004 GaN
switches are used. Various Si Schottky diodes are used for the
converters.

IV. LOSSES IN DC/DC CONVERTERS

The losses in the switch, diode, inductor, and output capac-
itor are considered to determine which bus voltage and mode
of operation results in the highest efficiency of each converter.

A. Losses in the switch

The losses in the switch consist of conduction losses and
switching losses. The conduction losses are calculated in (1).

Psw,cl = I2sw,rmsRDS (1)

Here, Isw,rms is the RMS current in the switch, and RDS the
drain-source on-resistance. The switching losses are calculated
in (2).

Psw,fs = (Eon + Eoff)Fs (2)

Here, Fs is the switching frequency, and Eon and Eoff the
turn-on and turn-off switching energy loss, respectively. These
are calculated using (3) and (4).

Eon =
1

2
Vsw,offIsw,onton (3)

Eoff =
1

2
Vsw,offIsw,offtoff (4)

Here, Vsw,off is the voltage the switch blocks when turned
off, Isw,on and Isw,off the current that the switch must switch
when turned on and off, respectively. Because Isw,on = 0 in
DCM, only turn-off losses occur in DCM. Finally, ton and toff
are the turn-on and turn-off times of the switch.

B. Losses in the diode

The losses in the diode consist of conduction losses and
switching losses as well. The conduction losses are due to the
forward voltage drop and on-resistance of the diode and is
calculated using (5).

PD,cl = VfID,av + I2D,rmsRD,on (5)

Here, Vf is the forward voltage drop of the diode, ID,av the
average diode current, ID,rms the RMS diode current, and RD,on
the on-resistance of the diode. The switching losses are due to
the junction capacitance and due to reverse recovery current.
However, since Schottky diodes are used, the reverse recovery
current can be neglected. Thus, the switching losses in the
diode are calculated using (6).

PD,fs =
1

2
CjV

2
R Fs (6)

Here, Cj is the junction capacitance, VR the reverse voltage
blocked, and Fs the switching frequency.

C. Losses in the inductor

The losses in the inductor considered are the DC conduction
losses and core losses, neglecting the AC winding losses. The
DC conduction losses are calculated using (7).

PL,DC = I2L,rmsRDC (7)

Here, IL,rms is the RMS inductor current, and RDC the
DC resistance of the inductor. The core losses in CCM are
evaluated using the core loss calculator provided by Vishay
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[18]. This tool calculates the core losses for CCM only. For
DCM, the core losses are calculated using the generalised
Steinmetz equation, shown in (8).

Pv = Ve
ki (∆B)

β−α

Ts
·(∣∣∣∣∆B

DTs

∣∣∣∣α DTs +

∣∣∣∣ ∆B

(1−D)Ts

∣∣∣∣α (1−D)Ts

) (8)

The Steinmetz coefficients α, β, and k are obtained from
curve fitting the core losses in CCM using the core loss tool
from Vishay. Further, Ve is the effective core volume, and ∆B
the change in flux density, shown in (9).

∆B = L
∆IL

NAc
(9)

Here, N is the number of turns of the inductor, Ac is the
area of the cross-section of the bobbin of the magnetic core,
and ∆IL is the current ripple in the inductor.

D. Losses in the output capacitor

The losses in the output capacitor considered are conduction
losses only. They are calculated in (10).

PCo = I2Co,rmsRESR (10)

Here, ICo,rms is the RMS current in the capacitor, and RESR
the equivalent series resistance of the output capacitor.

E. Results

The losses in each component for the converters operating
in CCM and DCM for the 12 V and 24 V bus are shown as
a stacked bar graph in Figure 3. The losses are shown as a
percentage of the power rating of the corresponding converter.
For all converters holds that operating in CCM results in higher
efficiency than operating in DCM. This is mainly due to the
significant decrease of the losses in the inductor. The losses in
the inductor are significantly larger for DCM, which is caused
by the significant increase of the core losses. In [14] it is
shown that the core losses in DCM can reduce the efficiency
up to 10%. All the calculated currents where verified using
simulations in Matlab Simulink.

For the bidirectional converter, only for DCM operation the
24 V bus results in a notably increased efficiency. From Figure
3, the losses in the switch and output capacitor in DCM are
reduced significantly for the 24 V bus. This is caused by the
reduction of the currents due to the increased bus voltage.

Similarly, the PV converter is more efficient for a 24 V
bus. This is expected because the PV converter is a boost
converter for the 24 V bus, which is in general more efficient
than the buck-boost converter used for the 12 V bus [19]
[20]. Again, the increase in efficiency is most prominent for
DCM. In DCM, the losses in each component are reduced
significantly. In CCM, the losses in the switch and diode are
reduced. However, the inductor losses are increased because
the inductance used is doubled, resulting in significantly more
conduction losses.

Fig. 3: Losses in the switch (SW), inductor (L), diode (D), and
output capacitor (Co) of the bidirectional (Bidi), PV buck or
buck-boost converter (PV), 3.3 V buck (3.3V), 5 V buck (5V),
and 12 V buck (12V) converters. The losses are presented as a
percentage of the rated power of the corresponding converter.

On the other hand, for the 5 V and 3.3 V buck converters,
operating at a 12 V bus results in higher efficiency. This is
mainly due to the reduced losses in the diode. The duty
cycle is higher for the 12 V bus, so the diode conducts for
a shorter amount of time while the switch conducts longer.
The conduction losses in the diode are usually larger than
the conduction losses in the switch due to the contribution of
the forward voltage drop in the diode [11]. To improve the
efficiency, synchronous rectification can be implemented [21].
As expected, the the losses in the switch of the 12 V bus are
increased compared to the 24 V bus because the duty cycle is
larger for the 12 V bus.

The 3.3 V buck converter has remarkably low efficiencies,
mainly in DCM. This can be accounted for the fact that the
power rating is low (13.2 W) while the current is relatively
large (4 A). Therefore, the conduction losses make up a
significant part of the total power. Furthermore, the core losses
of the inductor in DCM are 1.81 W and 1.85 W for the 12 V
and 24 V bus, respectively. This corresponds to a 13.7% and
14.0% drop in the efficiency. From Figure 4 can be seen that
the losses in the 3.3 V, 5 V, and 12 V buck converters differ
by less than 1 W. This small difference is because different
components are used. Therefore, the low efficiency of the 3.3 V
buck converter is acceptable.

In [22], a synchronous buck converter operating in CCM
at 1.2 V and 6 A output has a measured efficiency of 95%. It
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is found that approximately 80% of the losses in the diodes
of the 5 V and 3.3 V buck converters are due to the forward
voltage drop. Thus, it is expected that these converters in CCM
approach a 90% efficiency when operated in synchronous
topology, which is in good agreement with [22].

The losses in each converter for both bus voltages and mode
of operations are summed up to determine which bus voltage
results in the lowest total losses. This is shown in Figure 4.
Operating in CCM with a 12 V bus results in fewer losses than
the 24 V bus in CCM. Similarly, operating in DCM with a 12 V
bus results in fewer losses than a 24 V bus. For CCM, even
without the 12 V buck converter considered for the 24 V bus,
the 24 V bus results in more total losses. For DCM, adding the
12 V buck converter with the 24 V bus results in more losses
using the 24 V bus. For both the 12 V and 24 V bus, operating
in CCM is more efficient than operating in DCM and results
in the lowest total losses. Therefore, the converters will be
operated in CCM. Furthermore, the 12 V bus results in 3 W
fewer losses than the 24 V bus in CCM.

Fig. 4: Losses in the converters for a 12 V bus and 24 V bus
operating in CCM and DCM

V. LOSSES BASED ON USAGE PROFILE

To verify if the 12 V bus results in fewer losses than the
24 V bus, the overall efficiency of the 12 V and 24 V DC
bus is compared based on the usage profile of the rover.
This is done by calculating the average power loss during
one operational cycle. One operational cycle means that the
fully charged batteries are first fully discharged at constant
load without energy generated from the PV panel, after which
they are completely charged from the PV panel at maximum
power point without any loads. This is a realistic usage
scenario because the rover does not operate while charging.
The influence of adding the 12 V buck converter but having a
more efficient boost converter for the 24 V DC bus topology

will be compared to the 12 V DC bus topology, where a
less efficient buck-boost converter is used but no 12 V buck
converter is required. This is done for the DC/DC converters
operating in CCM because it was found to be more efficient
than operating in DCM. The following assumptions are made:

• The efficiency of the 5 V and 3.3 V buck converter
remains unaffected by the change in bus voltage, and their
contribution to the average power loss is equal for a 12 V
bus and 24 V bus.

• The efficiency of the bidirectional is the same during
charging and discharging.

• 80% of the battery pack capacity Ebp is used for walking,
which has a capacity of Ebp=57.60 Wh.

• The average output power drawn by the 12 V output is
12 W

The average power loss during one operational cycle is
calculated using (11).

PL,av =
EL,w + EL,ch

tcycle
=

PL,wtw + PL,chtch

tw + tch
(11)

Here, EL,w is the total energy loss in the 12 V buck converter
during walking, and EL,ch is the total energy loss in the DC/DC
converter of the PV panel during charging. Similarly, PL,w and
PL,ch are the power losses during walking and charging in the
corresponding DC/DC converters, and tw and tch are the times
the rover walks and charges, respectively. Using (12) and (13),
PL,w and PL,ch are calculated.

PL,w = PL,12V,w + PL,bi,w (12)

PL,ch = PL,pv,ch + PL,bi,ch (13)

Here, PL,12V,w and PL,bi,w are the losses in the 12 V buck
converter and bidirectional converter during discharging. Sim-
ilarly, PL,pv,ch and PL,bi,ch are the losses in the PV DC/DC
converter and bidirectional converter during charging. These
are calculated using (14)-(17).

PL,12V,w = P12V

(
1

η12V
− 1

)
(14)

PL,bi,w =
P12V

η12V

(
1

ηbi
− 1

)
(15)

PL,pv,ch = PPV (1− ηpv) (16)

PL,bi,ch = PPVηpv (1− ηbi) (17)

Here, η12V, ηbi, and ηpv are the efficiencies of the 12 V
buck, bidirectional, and the PV DC/DC converter, respectively.
Further, PPV=18.12 W is the maximum power generated from
the PV panel, and P12V= 12W the average power drawn by
the 12 V output. The time in seconds the rover can walk and
needs to charge is calculated using (18) and (19).

tw =
0.8Ebpηbiη12V

P12V
· 3600 (18)
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tch =
Ebp

PPVηpvηbi
· 3600 (19)

The nominator of (18) represents the energy that is available
from the battery pack at the output of the 12 V buck converter.
The efficiencies obtained in Section IV for CCM of the 12 V
buck converter, bidirectional, and PV DC/DC converter are
used in (14)-(19).

The 12 V bus results in an average power loss of 1.47 W,
while the 24 V bus results in an average power loss of 1.50 W.
Thus, the 12 V bus results in 30 mW less average losses. Since
both the losses in the DC/DC converters and the average power
loss are lower for the 12 V bus, it can be concluded that the
12 V bus is the best choice for the bus voltage. Therefore,
operating the DC/DC converters in CCM with a bus voltage
of 12 V results in a power electronics system with the highest
efficiency.

VI. CONCLUSION

In this paper, the design of the EPS of the Lunar Zebro is
presented. The design of the DC/DC converters in the EPS
for CCM and DCM are presented, both for a bus voltage of
12 V and 24 V. Further, the losses in the EPS are calculated.
First, the losses in each DC/DC converter in the EPS are
calculated. For both the 12 V bus and 24 V bus, CCM results
in fewer losses than DCM. Hence, the DC/DC converters will
be operated in CCM. Furthermore, the 12 V bus results in
fewer total losses in the DC/DC converters than the 24 V bus.
Secondly, the average losses during operation are calculated.
It is found that a 12 V bus results in 30 mW fewer losses on
average than a 24 V bus. Therefore, because both the losses
in the DC/DC converters and average power losses during
operation are lower for a 12 V bus, this bus voltage will be
used for the Lunar Zebro rover.
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[22] D. Butnicu and L.-C. Lazăr, “An efficiency comparative workbench
study of egan and silicon discrete transistor based buck converters,” in
2020 IEEE 26th International Symposium for Design and Technology
in Electronic Packaging (SIITME), 2020, pp. 350–353.

Authorized licensed use limited to: TU Delft Library. Downloaded on November 23,2023 at 09:14:10 UTC from IEEE Xplore.  Restrictions apply. 


