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Abstract— This manuscript details a design method for a 
500kW solar power based microgrid system for space 
applications. The design method utilizes multi-objective 
optimization with the Genetic Algorithm considering four 
parameters that characterize solar power based microgrids 
(battery voltage, PV maximum power, PV maximum power point 
voltage, and number of panels per string). The final optimization 
metric is the ratio of daily average deliverable power to total 
system mass (W/kg) metric. The microgrid system is composed of 
a number of modular DC-DC micro-converters, of which four 
topologies (buck, boost, buck-boost and non-inverting buck-
boost) are evaluated and compared. The non-inverting buck-
boost converter is determined to be the best candidate, and the 
optimal system characteristics are provided and analyzed. The 
final system design achieves a specific power of 35.56W/kg, with 
optimized result of 743.7V battery voltage, 439.5W PV maximum 
power, 182.7V PV maximum voltage, and three panels per string. 
Based on the optimizations results, a prototype is designed, tested, 
and analyzed in terms of efficiency and low temperature 
reliability. The converter achieved a peak efficiency of 98.4%, a 
power density of 3.54W/cm3, a specific power of 3.76W/g, and 
operated for over 267 hours of 11-minute low temperature cycles 
from 0oC to -140oC. 
 

Index terms— DC-DC power converters, design optimization, 
maximum power point trackers, microgrids, non-inverting buck-
boost, photovoltaic systems, space exploration, system-level 
design, wide band gap semiconductors, low temperature testing. 

I.  INTRODUCTION 
As the world exhibits increasing interest in the colonization 

of neighboring planets and moons in our solar system, one of 
the primary concerns is how to generate and store power. 
While nuclear fission power systems have been previously 
investigated by NASA [1]-[3], solar power has remained the 
leading candidate for power generation due to its lower total 
system mass for similar amounts of power generation [3].  

While research regarding solar energy based microgrids 
specifically for space applications is quite sparse, much 
research has been completed regarding spacecraft power 
system design [4]-[9]. A power supply system was designed 
and analyzed for a microsatellite in [4], however the focus was 
on the maximum power point tracking (MPPT) technique. In 
[5], a low-power electronics system was designed for a Mars 
rover, but it utilized direct energy transfer from the solar panels 
to the battery. In [6], an automated power-system design 
strategy was developed for spacecraft power subsystems to 
minimize cost and weight; however, power electronics 

considerations were not specifically mentioned or analyzed. 
The electrical power system in the International Space Station 
was investigated in [7]. However, this work primarily 
investigated the reliability, fault tolerance, and resilience of the 
power system. In [8], a DC microgrid system based on solar 
arrays was proposed and designed for spacecraft applications, 
but their work focused primarily on the control implementation 
and robustness as opposed to analyzing power electronic 
design decisions within the system itself. Finally, a 
mathematical approach was taken in [9] to minimize the total 
system mass of a space-based power system. While drawing 
some similarities to the presented work, this paper did not 
explicitly analyze system characteristics (conductor 
efficiency, converter topology and efficiency, etc.), but instead 
optimized a general multi-order polynomial model. 

In fact, aside from the authors’ initial study in [10] there is 
limited prior work on system-level optimal design of a solar 
power microgrid system considering primarily the role of 
power electronics and the goal of reducing system mass and 
power loss. Optimization of the overall system mass in space 
applications is critical, since all the equipment involved in 
power generation, distribution, and storage, must be carried in 
the transportation vessel.  

Solar generated DC microgrid systems can be generally 
categorized into two groups: full-power processing methods 
and mismatch power processing architectures. Distributed 
Maximum Power Point Tracking (DMPPT) technology is a 
promising candidate in the full-power processing category. 
The structure of a DMPPT based system can be seen in Fig. 
1(a) where n PV panels and DC-DC converters are connected 
in series to an energy storage unit. Additionally, m strings are 
connected in parallel to realize the system’s full output power. 
DMPPT systems are valuable for their mitigation of string-
level partial shading phenomenon, because each panel directly 
interfaces a power electronic converter [11]. Another 
advantage of the DMPPT architecture is redundancy [12]. 
However, DMPPT structures require that each converter 
process the full PV panel output power, which may be a 
disadvantage.  

Mismatch power processing architectures are another area 
of recent research. The general system structure of a mismatch 
power processing system can be seen in Fig. 1(b), where n PV 
panels are connected in series, and m strings are connected in 
parallel to realize the total system output power. The DC-DC 
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power electronic circuit network facilitates intermediate 
differential power processing (DPP) between neighboring 
panels. To that extent, there is an immediate advantage of DPP, 
since each converter ideally only processes the differential 
power between adjacent PV panels. Frequently, an additional 
DC-DC converter is utilized between the DC bus and the 
energy storage unit (not pictured) to control string-level 
MPPT. A variety of circuit topologies and control strategies 
have been explored on DPP systems [13]-[17]. The voltage 
equalizer converter and associated control strategy in [13] 
forces voltage equality of adjacent PV panels. While this 
approach does not utilize communication between converters 
or require local sensors, its disadvantage lies in its inability to 
guarantee true MPP operation of each panel. In the DPP 
structures and associated control methods in [14]-[16], power 
electronic circuits are operated to inject, or extract, current 
from the interconnection of each PV module, equalizing 
current flow. Advantages include reduced converter count and 
MPPT performance dependent on the control algorithm. 
Disadvantages include the necessity of an additional central 
converter for true MPPT and difficult system extension. The 
generation control strategy in [17] is another candidate for a 
DPP architecture. This strategy has benefits in its simple 
circuit structure and non-utilization of PV module sensors; 
however, its complex control and poor system extension 
hinder its practical effectiveness. Table I summarizes the 
system-level discussion and is used to identify trade-offs 
between MPP accuracy, system extension, control complexity 
and reliability. 

This manuscript outlines the motivation, algorithm, and 
analysis of the system-level design of a photovoltaic (PV) 
panel-based DC microgrid for space applications. The system 
optimization model is established and subsequent converter 
level design is carried out to verify the converter loss model 
utilized, as well as demonstrate the converter’s desired 
performance characteristics. 

The paper is organized as follows: Section II provides 
background information on critical design criteria for the 
proposed microgrid system. In Section III, the optimization 
variables are identified, and bounds are constructed. Section 
IV specifies the loss model used for each converter topology. 
In Section V, the optimization method is outlined and results 
are presented. In Section VI, specific topologies and the 
optimization results are analyzed to draw a conclusion on the 
best design. Section VII explores the relevant hardware design 
criteria. Section VIII presents the hardware and experimental 
data for the converter’s efficiency, and low temperature 

reliability. Finally, section IX draws conclusions with relevant 
discussions. 

II.  BACKGROUND 
The main considerations in the design of solar generated 

microgrids for space applications include: 
1. Minimize total system mass and maximize power 

generation (i.e. maximize W/kg) 
2. Operate panels at maximum power point (MPP) 
3. Maintain system operation during credible failure 

modes – modular design to be easily reconfigurable 
With the above considerations in mind, the full-power 

processing DMPPT architecture is selected for the following 
reasons. First, DMPPT systems offer a simple solution to 
ensure that each panel will operate at its MPP. Difficult control 
problems dealing with string-level partial shading conditions 
can be neglected in the DMPPT architecture, since each panel 
directly interfaces a power electronic converter performing 
MPPT. Secondly, to avoid a further loss of efficiency in an 
additional DC/AC conversion step, microgrids for space 
applications will be fully DC [2]. As can be noted in Table 1, 
several differential power processing architectures are 
dependent on a central converter for MPPT performance, 
while the DMPPT architecture does not. In a purely DC 
system, this additional central converter may decrease system 
reliability and compromise the benefits of the DPP system. 

It is well known that DMPPT architectures can be employed 
with a variety of power electronic converter topologies [11]-
[12]. For this research, four topologies for DMPPT systems are 
considered: buck, boost, buck-boost, and non-inverting buck-
boost (NIBB). Each of the four converter topologies are shown 
in Fig. 2. In this research, enhancement-mode Gallium Nitride 
(eGaN) based switches are selected. This decision was made 

Table I. Microgrid power processing structural comparison. 
Structure Module 

Sensors 
Additional stage 

for MPPT 
Com. b/t 
modules 

Power 
processing  

Local module 
MPP accuracy 

System 
extension 

Control 
complexity Reliability 

DMPPT [10] V, I sensors No No Full Excellent Excellent Simple Good 
Voltage equalizer [12] None Required No Differential Poor Good Simple Fair 
DPP (PV to Bus) [13] V, I sensors Required No Differential Excellent Fair Simple Fair 
DPP (PV to PV) [14] V sensors Required Required Differential Fair Poor Complex Fair 
DPP (PV to PV) [15] V, I sensors Required No Differential Good Poor Simple Fair 

Generation control [16] None No No Differential Fair Poor Complex Poor 

Energy 
Storage

DC-DC1PV1

DC-DC2PV2

DC-DCkPVk

DC-DCnPVn

 

Energy 
Storage
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(a) (b) 

Fig. 1. General PV microgrid system for (a) a DMPPT architecture, and 
(b) a DPP structure. 
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primarily on the basis that GaN is resilient to high radiation 
conditions, critical for semiconductor reliability in space 
applications, as opposed to typical Si devices [18]. 
Furthermore, GaN MOSFETs have small gate charge, on-state 
resistance, and output capacitance, which contribute to high 
efficiency converter designs. 
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(a) (b) 
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PV Cin Co
Batt
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L

Sbo,LS

Sbo,HS

 
(c)  (d) 

Fig. 2. Converter topology for (a) buck (b) boost (c) buck-boost (d) NIBB. 

III.  VARIABLE IDENTIFICATION AND BOUND CONSTRUCTION 
In this research, the total maximum output power of the 

solar generated microgrid system is 500kW. Use cases for a 
500kW system include both solar-electric propulsion, and 
large permanent base installations. To size the solar power 
conversion system under the DMPPT architecture, the 
following parameters are identified: Battery voltage (Vbatt), 
number of PV panels/converters per string (Ns), PV panel MPP 
voltage (Vmpp), and PV panel MPP power (Pmpp). 

The system optimization is carried out considering a 
practical range for each parameter. The battery voltage range 
stems from ranges typically used in terrestrial applications. PV 
systems from 1kV to 1.5kV are commonplace due to string 
inverter considerations [19]. It is important to note that the 
maximum operating voltage of the microgrid could be 
significantly impacted by low-pressure environments in space, 
considering Paschen’s law [20]. For example, 1.5kV at 3Torr 
pressure may create operational challenges that counteract any 
mass savings. With that being said, 800V was selected as the 
upper limit, and the lower limit is set at 300V.  

The lower limit of Ns is equal to 2 due to the upper limit 
selection of the battery voltage, and the fact that currently 
eGaN devices are only commercially available with up to 
600V and 650V maximum drain-source voltage ratings. An 
upper limit of Ns = 10 is chosen arbitrarily. For Vmpp a range 
from 25V to 300V was selected. For Pmpp a range from 100W 
to 600W was selected. Currently, terrestrial solar power plants 
typically utilize 100W to 400W PV panels [19]. Thus, the 
minimum panel power was chosen to be 100W, which 
corresponds to the minimum panel power for terrestrial 
systems. On the upper end, 600W was selected, considering 
the possibility of custom panel designs. 

IV.  CONVERTER LOSS MODEL 
In the optimization routine, four different topologies are 

considered (see Fig. 2). The following losses are considered to 

compare topological performance: switch conduction loss (1), 
switch output capacitance loss (2), gate drive loss (3), reverse 
conduction loss (4), switch turn-on and turn-off loss (5)-(7), 
inductor conduction loss (8)-(9), and inductor core loss (10)-
(11). Loss formulae (1), (3), and (5)-(8) were obtained 
similarly to that presented in [12]. The output capacitor loss 
(2) is similar to the gate drive loss, where CoVds defines stored 
charge that is dissipated during hard switching turn-on. 
Reverse conduction loss (4) arises because eGaN MOSFETs, 
do not have an intrinsic body diode. Conduction from source 
to drain occurs when the gate-drain voltage is larger than the 
threshold voltage. The loss can still be modeled using the diode 
loss formulae with a forward voltage and zero reverse recovery 
charge [21]. In this case, negative off-gate-voltage is utilized 
to ensure switch-off operation and offer noise immunity. The 
downside is that the gate drive loss will slightly increase, as 
the loss is proportional to the sum of the threshold and off-gate 
voltages as seen in (4). Finally, core loss in (11) is calculated 
using the Steinmetz equation. Table II summarizes the 
formulae for each converter loss component. 

Table II. Formula of losses considered in converter efficiency model.  
 (1) 

 (2) 
 (3) 

 (4) 

 (5) 

 (6) 

 (7) 
 (8) 

 (9) 

 (10) 

 (11) 

The switch parameters are taken from one GaN MOSFET, 
the GaN Systems GS66508T. Furthermore, the use of a 100μH 
planar inductor for each converter is considered to include a 
realistic contribution of the core loss, and the inductor’s DC 
and AC trace resistances. The inductor design uses 16 2-oz, 
50-mil wide, copper turns across four PCB layers. The selected 
core for optimization is the ER32/6/25-3F36, designed for 
superior performance at low temperatures, which is important 
in space applications. Table III details expressions for the gain, 
switch drain-source voltage (Vds), inductor current (IL), switch 
current (Isw) and inductor current ripple (K) for each converter 
topology. 

Trends for the efficiency of each topology versus gain (Vin 
= 180V, Iin = 3A), and input power (Vin = 150V, G = 1), can be 
seen in Fig. 3. From Fig. 3(a) it can be inferred that the 
efficiency in each case increases as the converter gain moves 
closer to unity. From Fig. 3(b) it is evident that as the input 
power increases, there is an extremum point. Furthermore, it is 
clear in Fig. 3 that the buck-boost converter is limited in its 
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maximum achievable efficiency, primarily due to its higher 
switching-related losses because of the topology’s larger 
switch drain-source voltage stress. Finally, notice that the non-
inverting buck-boost converter performs as good as the buck 
and boost converters in the respective gain ranges, and only 
differs by an additional switch conduction loss from its third, 
permanently-on, switch in either operating mode (Sbu,HS in 
boost mode, or Sbo,HS in buck mode from Fig. 2(d)).  

Table III. Variable expressions for each topology under consideration. 
Var. Buck Boost Buck-Boost NIBB 

Gain    Col1, or Col2 

Vds  Vout Vin + Vout Col1, or Col2 

K    Col1, or Col2 

IL Iout Iin Iout/(1-D) Col1, or Col2 

Isw 

   
Col1, or Col2 

   

 
(a) 

 
(b) 

Fig. 3. Converter efficiency trends versus (a) gain and (b) input power. 

V.  OPTIMIZATION 
The following assumptions are made in the optimization 

model: (a) conductor density = 8.96e3kg/m2; (b) conductor 
resistivity = 1.68e-8 Ωm; (c) converter mass metric = 1W/g; 
(d) PV panel area metric = 100W/m2; and (e) PV panel mass 
metric = 1.7kg/m2. The conductor density and resistance are 
determined based on a copper-based distribution system. The 
assumption for converter mass metric was a target for the 
subsequent converter level optimization and design. Finally, 
the PV panel area metric and PV panel mass metric 
assumptions were made based on NASA studies of PV power 
systems seen in [2].  

The objective of the optimization is to maximize the average 
power distribution over one day while minimizing the total 
weight of the system (maximize W/kg). The flow chart for the 
optimization procedure is detailed in Fig. 4.  

 
Fig. 4. Optimization flow chart. 

The individual output power and system weight functions are 
given in (12) and (13), respectively.  

 
(12) 

 
(13) 

While an iterative loop was employed in [10], a Genetic 
Algorithm (GA) based approach is utilized here. The benefit 
of the GA optimization is that a Pareto front can be generated, 
demonstrating a group of designs that perform best for either 
objective (12), or (13). Finally, the Pareto front best candidates 
are compared against one another by the maximization of (14), 
to obtain the optimal system design.  

 (14) 

The results of the optimization are summarized in Table IV.  
Table IV. Summary of optimization results. 

Parameter Buck Boost Buck-boost NIBB 
 758.2 733.1 689.7 743.7 

 [W] 335.7 384.5 418.8 439.5 
 [V] 266.1 194.7 133.7 182.7 

Ns 3 3 3 3 
W/kg 35.63 35.42 33.38 35.56 
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VI.  ANALYSIS 

A.  Structural Analysis 
Although the buck and boost topologies show strong results 

over the W/kg metric, they are susceptible to failures in certain 
fault and shading conditions. To identify the failure 
mechanisms, it is critical to first note the relationship between 
each individual PV panel’s input power and converter output 
voltage. As shown in [21], this relationship is given by:  

(15) 

    1)  Fault Condition: Consider a fault in the architecture 
depicted in Fig. 5(a). In this case, the output voltages of the 
first and third converters will be half of the full output voltage, 
calculated using (15). Thus the input voltage is 100V while the 
output voltage is 150V for the first and third converters. A 
buck converter cannot satisfy this gain relationship; the panels 
would go to their open circuit voltage, and power would not be 
distributed to the energy storage unit. Therefore, the buck 
converter topology is removed from the candidate pool. 
    2)  Partial Shading Condition: Consider a string-level 
partial shading condition in the architecture shown in Fig. 5(b). 
In this case, the output voltages of the first and third converters 
would be 2/5 of the battery voltage, while the output voltage 
of the second converter would be 1/5 of the output voltage, 
calculated using (15). Converters 1 and 3 have relationships 
that can be satisfied by a boost converter since the output 
voltage at 120V is greater than the input voltage. However, the 
second converter has an output voltage of 60V, which is less 
than the input voltage. The second PV panel will go to its open 
circuit voltage, and the second converter will be bypassed, 
limiting the total possible power flow to the energy storage 
unit. Therefore, the boost converter topology is removed from 
the candidate pool. 

Thus the non-inverting buck-boost topology is selected for 
the DMPPT architecture for its superior flexibility in both fault 
and shading conditions, and third highest W/kg metric. 

Vin = 
100V

Vout = 
300V

Fault 
and 

bypass

Vin = 
100V

Vin = 
100V

 

Vin = 
100V

Vout = 
300V

50% 
shading

Vin = 
100V

Vin = 
100V

 
(a) (b) 

Fig. 5. Structural breakdown conditions for (a) fault (b) partial shading. 

B.  Optimization Analysis 
The Pareto front of best candidates from the optimization 

for the NIBB converter topology is shown in Fig. 6(a). While 
each candidate performs differently for weight minimization 
and power maximization, the candidates were compared over 
the W/kg metric to identify the optimal design. The result of 
the comparison is presented in Fig. 6(b). It is clear that the 
optimal design occurs near the corner of the Pareto front.  

 
(a) 

 
(b) 

Fig. 6. Optimization Results (a) Pareto Front (b) Best Candidates W/kg.   

The trends for each design variable for the NIBB topology 
are shown in Fig. 7. In Fig. 7(a), the system prefers a large 
battery voltage. This can be explained two-fold. For a higher 
battery voltage and same system output power, there will be a 
lesser value of maximum charging current to the battery, 
reducing the sizing constraint of the copper distribution lines, 
hence minimizing both the conductor’s total weight and loss 
contributions. Thus, higher battery voltage achieves both 
maximizing the average power distribution as well as 
minimizing the weight contribution of the distribution 
architecture; both of which contribute to a larger W/kg. Fig. 
7(b) demonstrates the system’s preference to a specific panel 
input power. The shape is similar to what was presented in Fig. 
3(b). Fig. 7(c) illustrates that for a fixed battery voltage, the 
input voltage prefers to move such that the converter gain will 
correspond to the system’s maximum efficiency point. Finally, 
Fig. 7(d) exemplifies that the system strongly prefers a specific 
number of panels per string.  

Fig. 8 shows pie charts for the converter loss breakdown, 
system weight contribution, and system loss contributions at 
Pmpp. From the converter loss breakdown in Fig. 8(a), the major 
losses include low-side switching loss, and conduction-related 
losses. Fig. 8(b) demonstrates the balance of system losses 
between the conductors and the converters. Note that the 
optimization prefers a lower loss contribution from the 
conductors than the converters. Finally, Fig. 8(c) demonstrates 
that the optimization seeks to minimize the weight contribution 
from the converters and conductors, since the panel weight will 
be the most dominating contributor. 
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(a) (b) 

  
(c) (d) 

Fig. 7. Parameter trends for the NIBB topology system optimization. 

 
(a) 

 
(b) 

 
(c) 

Fig. 8. Pie charts for the optimal (a) converter loss breakdown (b) system 
loss breakdown (c) system weight breakdown. 

 Finally, since the value of solar irradiance to the PV 
generation system is time-dependent, it is important to 
visualize system efficiency and power delivery over the period 
of one day. Note that the length of one day depends on the 
orbiting body of the fixed installation; therefore, the time axis 
is normalized from 0 to 1. Considering the incident irradiance 
to change over one day as a half sine-wave, the system 
efficiency versus time can be seen in Fig. 9. It is shown that 
while the converter efficiency increases as the input power 
increases, the conductor efficiency slightly decreases due to 
increased output current. Albeit, the net system efficiency 
increases with increasing input power.  

VII.  HARDWARE DESIGN 
It is unrealistic to realize the exact parameters for the 

converter design given by the results of the optimization. For 
the subsequent hardware design, the following parameters 
were utilized: Vbatt = 800V, Pmpp = 600W, Vmpp = 185V, and Ns 
= 4. Note that the resulting W/kg metric for this system is 
35.42, which is very close to the optimized value in Table IV.  

 
Fig. 9. Time series system efficiency. 

A.  Component Selection 
    1)  Input Capacitor: The input capacitor was sized to 
exhibit a fast settling time following MPPT duty cycle 
perturbations. The assumed mode of operation is the boost 
mode for the following analysis. The equivalent filter model is 
shown in Fig. 10(a), where the PV panel is modeled as a 
resistance. As such, the transfer function of the filter can be 
calculated as in (16). 

 (16) 

The step response of the filter was calculated using Matlab for 
various input capacitor values, as shown in Fig. 10(b). Clearly, 
a small input capacitance offers much faster settling times 
(<0.5ms) at the expense of increased ringing magnitude 
(~1.5x). With Vin,max 220V, a 1.5x spike is still well within 
the MOSFET’s safe operating margin. Furthermore, a small 
valued input capacitance is beneficial to the converter’s overall 
power density and specific power metrics.  
    2)  Output Capacitor: The output capacitor was sized to 
maintain a strictly regulated output voltage throughout a full 
day of operation. From the capacitor current-voltage 
relationship, the required capacitance is calculated using (17).  

 (17) 

 

(a) (b) 
Fig. 10. (a) Input filter (b) effect of Cin on the input filter’s performance. 

    3)   MOSFET: Although the optimization was performed 
with the parameters of the GS66508T, other potentially 
suitable 600V and 650V GaN devices were considered. The 
possible candidates included TP320(2,6,8), PGA26E(07,19), 
and GS665(02,04,06,08,16). A comparison of the devices was 
made based on the daily average power delivering capability 
of the converter. The result of the analysis is presented in Fig. 
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11. The GS66508T switch is the best performer, and thus was 
selected for the converter.  

 
Fig. 11. GaN switch comparison. 

VIII.  EXPERIMENTAL RESULTS 

A.  Hardware Prototype 
As a proof of concept verification, a hardware prototype of 

the NIBB MPPT DC-DC converter was built, which is shown 
in Fig. 12. The input capacitor size was selected to achieve a 
fast step-response dynamic from the MPPT algorithm. The 
output capacitor size was chosen based on the full-load output 
current, while maintaining a tight output voltage ripple (ΔV = 
0.5V) according to Eq. (16), with additional margin. The 
converter component list is summarized in Table V.  

The control board was designed as a plug-in card to the main 
board terminal blocks in the bottom left corner. The prototype 
achieved a high power density of 3.54W/cm3. The hardware 
also achieved a high specific power of 3.76W/g, which was 
over three times higher than the target of 1W/g.  

 
Fig. 12. Prototype design of 400W DC-DC MPPT converter. 

Table V. Converter component list. 
Component Quantity Product Total
Input Cap. 4 CGA9P4X7T2W105M250KE 4µF 
MOSFET 4 GS66508T n/a 
Inductor 2 FXC ER32/6/25-3F36 122µH 

Output Cap. 7 2220Y6300105KXTWS2 7µF 

Controller 1 STM32F108C8T6 n/a 

 

B.  Efficiency 
The converter efficiency was tested using a DC source, 

electronic load, and power analyzer. The converter was tested 
at duty cycle d = 0.1 in boost mode to realize a gain from Vmpp 
to Vbatt/4. The efficiency curve is shown in Fig. 13. The 
converter efficiency closely follows the theoretical efficiency, 
verifying the efficiency model utilized in the optimization. The 

converter achieves a peak efficiency of 98.4%, and over 98% 
efficiency for most of the operating range.  

Fig.13. Theoretical vs. experimental efficiency curves. 

C.  Low Temperature Performance 
The hardware prototype was tested to evaluate its low 

temperature performance. In space applications, particularly in 
solar deployments to the surface of planets and moons, large 
temperature variation can be experienced over one day. For 
example, the surface temperature on Mars can vary from a high 
of 30oC to a low of -140oC [23]. Therefore, the converter 
should be reliable in low temperature conditions with a large 
operating ΔT. Previously, low temperature GaN performance 
was the subject of investigation at the circuit level in [24]. 

The first experiment verified the low-temperature threshold 
for the converter’s operation. The test chamber was cooled in 
-10oC steps from 0oC, until converter operation failed. The first 
test utilized a cold start, meaning that the converter input was 
energized at each temperature step, and then shut down before 
cooling to the next temperature. In this test, the converter 
operated down to -110oC. At each step, the efficiency of the 
converter was measured, and the results are shown in a Fig. 14. 
The efficiency increased as the temperature decreased, likely 
due to reduction of the eGaN MOSFET’s on-state resistance. 

 
Fig. 14. Low temperature test: efficiency performance. 

In a second test, the converter maintained an energized state 
while the chamber temperature was slowly reduced. In this 
experiment the converter operated down to -160oC. In both 
experiments it was the MCU that failed at low temperature, 
which was verified by a scoped “heartbeat” PWM pulse on an 
extra I/O pin of the control board. 

Based on these results, the converter was tested on an 
accelerated thermal profile until failure. The low temperature 
testing profile is shown in Table VI. In the end, the hardware 
was tested for approximately 267 hours, or about 1,335 
temperature cycles, before converter operation failed. These 
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test results demonstrate the reliability of GaN semiconductor 
devices at low temperatures with a large ΔT. 

Table VI. Low temperature testing profile. 
Profile Stage Temperature Duration 

Soak 0oC 1 min 
Ramp Down 0oC → -140oC 3 min 

Soak -140oC 1 min 
Ramp Up -140oC → 0oC 7 min 

Total n/a 12 min 

IX.  CONCLUSION 
To conclude, this paper introduces the motivation and 

develops an algorithm to explore multivariable optimization 
for solar power based DC microgrid in space applications. The 
variables included the system battery voltage, PV maximum 
power, PV voltage at maximum power point, and the number 
of PV panels per string. Furthermore, four different DC-DC 
converter topologies with MPPT capability were analyzed and 
compared for their suitability in space applications. Following 
the robustness and efficiency analyses on the system 
structures, the NIBB converter utilizing eGaN transistors 
within the DMPPT architecture was selected as the best 
candidate. After system-level analysis and optimization, the 
system-level parameters are 743.7V battery voltage, 439.5W 
panel maximum power, 182.7V panel MPP voltage, and three 
panels per string, which is expected to have 35.56W/kg 
specific power. Finally, the NIBB prototype was built and 
achieved a peak efficiency of 98.4%, power density of 
3.54W/cm3, and specific power of 3.76W/g. The designed 
system verified the loss model utilized, and performed well 
through both the low temperature and large temperature 
variation testing, which verified converter performance for 
typical environments in space applications.  
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