












Table 1 The dayside and nightside orbital proportions for both 𝛽min and 𝛽max orbits.

𝛽 [◦] Dayside Nightside

0 62% «8%

≈ 73.5 100% 0%

subsequent power analysis analyzes the spacecraft power generation capabilities for both 𝛽min and 𝛽max to bound the

power problem.

B. Simulating On-Orbit Power Generation

Analytical Graphics, Incorporated’s Systems Tool Kit (STK) was chosen to simulate the on-orbit power generation

of the SWARM-EX spacecraft. Utilizing STK’s internal Solar Panel Tool, which calculates the solar power 𝑃 generated

by the satellite model in use for a user-specified amount of time, the generated energy in one orbital period P and

average power 𝑃̄ are calculated asȷ

𝑃̄ =
1

𝑁

𝑁∑︁

𝑖=1

𝑃𝑖; P = 𝑃̄ · 𝑇 («)

where 𝑃𝑖 is the power at each time step 𝑖 and 𝑁 =
𝑇
Δ𝑡

is the total number of data points within an orbital period 𝑇 for

time step Δ𝑡.

Moreover, due to the differences in solar cell type, solar cell efficiencies, and solar array configuration between the

STK satellite model and the SWARM-EX spacecraft, 𝑃𝑖 is further manipulated asȷ

𝑃𝑖 =

(
𝑃max

𝑃max,STK

) (
𝜂

𝜂STK

) [ (
# wing cells

# wing cells STK

) (
# wing panels

# wing panels STK

)
𝑃wings,STK

+

(
# body cells

# body cells STK

) (
# body panels

# body panels STK

)
𝑃body,STK

] (»)

where it is assumed that all wing-mounted and body-mounted cells are respectively co-planar (CP). For SWARM-EX,

these parameters assumed into 𝑃𝑖 are defined under AM0 conditions in Table 2 for the pre-existing cubesat_3u.dae

model in STK.9

Table 2 Specifications for the STK CubeSat model file and the SWARM-EX spacecraft used to calculate the

subsequent power values.

Pmax [W] 𝜂 # Wing Cells # Body Cells # Wing Arrays # Body Arrays

STK 1.0« 28% 7 7 2 1

SWARM-EX 1.18 «2.2% 7 6 » 1

C. 100% Ram-Pointing Attitude Profile

By harnessing these methods to simulate on-orbit power generation, Figure 6 illustrates the shortcomings of the power

generation capabilities of the spacecraft when in the fully ram-aligned attitude profile (denoted “100% Ram-Pointing"),

particularly when 𝛽 = 𝛽min and the dayside is shortest. By restricting the SCI instrument suite pointing vector to the

ram-direction at 𝛽min, the inevitable power losses due to eclipse are supplemented by the significant cosine losses as the

Sun passes overhead; only when the Sun is directly overhead does ®𝐴 ∥ ®𝑆 and power generation become maximized.

The power losses are less significant at 𝛽max as the Sun looms high in the sky relative to the spacecraft at these times

9While Figure 1 details only 5 body-mounted solar cells, this analysis is conducted for 6 body-mounted solar cells as per an older design of

SWARM-EX. The removal of a body-mounted cell was made due to sizing constraints.
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®ℒII = 𝑣̂ − [sin (ß0◦ − 𝑚∠𝑆𝑉)] 𝑆 (10)

3. Case III: 90◦ ≤ m∠SV <
(
90◦ + 𝜓

)

Case III is the counterpart to Case II, in that the relationship between ∠𝑆𝑉 and 𝜓 allows the spacecraft to remain

within the 𝜓-cone off ram while maximizing solar panel power generation (i.e. 𝑚∠𝐵𝑂𝑆 = ß0◦) always. Depending on

the location of the Sun, the spacecraft will rotate through 0◦ off ram (i.e. ®ℒ ∥ 𝑣̂) to +𝜓◦ off ram. From this configuration,

the Law of Sines producesȷ

sin (𝑚∠𝑆𝑉 − ß0◦)

𝑥
=

sin (ß0◦)

ˆ|𝑣 |
= 1 (11)

We can then solve for 𝑥 = 𝑥III and, subsequently, ®ℒ = ®ℒIIIȷ

𝑥III = sin (𝑚∠𝑆𝑉 − ß0◦) (12)

®ℒIII = 𝑣̂ − [sin (𝑚∠𝑆𝑉 − ß0◦)] 𝑆 (1«)

4. Case IV:
(
90◦ + 𝜓

)
≤ m∠SV < 180◦

The final case, Case IV, is the counterpart to Case I, as the constraint to maximize solar power generation once

again makes the 𝜓-cone the limiting factor. The spacecraft are locked into an attitude configuration that is +𝜓◦ off ram

and yields non-optimal solar power generation according to the value of ∠𝐵𝑂𝑆. Then, according to the Law of Sinesȷ

sin𝜓

𝑥
=

sin (𝑚∠𝑆𝑉 − 𝜓)

ˆ|𝑣 |
= sin (𝑚∠𝑆𝑉 − 𝜓) (1»)

We can then solve for 𝑥 = 𝑥IV and, subsequently, ®ℒ = ®ℒIVȷ

𝑥IV =
sin𝜓

sin (𝑚∠𝑆𝑉 − 𝜓)
(15)

®ℒIV = 𝑣̂ −

[
sin𝜓

sin (𝑚∠𝑆𝑉 − 𝜓)

]
𝑆 (16)

The custom vector ®ℒ can then be defined by the piecewise functionȷ

®ℒ =





𝑣̂ −
[

sin 𝜓

sin(180◦−𝜓−𝑚∠𝑆𝑉)

]
𝑆, 0◦ ≤ 𝑚∠𝑆𝑉 < (ß0◦ − 𝜓)

𝑣̂ − [sin (ß0◦ − 𝑚∠𝑆𝑉)] 𝑆, (ß0◦ − 𝜓) ≤ 𝑚∠𝑆𝑉 < ß0◦

𝑣̂ − [sin (𝑚∠𝑆𝑉 − ß0◦)] 𝑆, ß0◦ ≤ 𝑚∠𝑆𝑉 < (ß0◦ + 𝜓)

𝑣̂ −
[

sin 𝜓

sin(𝑚∠𝑆𝑉−𝜓)

]
𝑆, (ß0◦ + 𝜓) ≤ 𝑚∠𝑆𝑉 < 180◦

(17)

F. Power Generation: 𝜓 = 30
◦-Cone off Ram; Maximize Sun Pointing

With these new 𝜓 = 30◦-Cone and, by extension, 𝜆 = 45◦-Cone attitude profiles defined, the solar panel cosine

losses are mitigated significantly. As is detailed in Figure 10, the time that 𝜃 = 0◦ and 𝐴̂ · 𝑆 = 0 when 𝛽 = 𝛽min is

increased from a single point in the 100% Ram-Pointing attitude to ≈ 20% of an orbit for the 𝜓 = 30◦-Cone attitude

profiles. This allows the spacecraft to generate > 50% more power than when in the 100% Ram-Pointing attitude

mode when 𝛽 = 𝛽min. Likewise, the flexibility of the 𝜓 = 30◦-Cone attitude profile fully maximizes power generation

when 𝛽 = 𝛽max, identical to the 100% Sun-Pointing attitude profile. These attitude profiles therefore allow peak

power generation for a greater segment of time, thereby increasing the overall power generation while still meeting the

FIPEX/LP pointing requirements. These marked improvements are characterized in Table «.
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Noting this requirement, the SWARM-EX team plans to utilize the Safe Mode orbit timeline for the high-drag

attitude as it is defined by the 100% Sun-Pointing attitude profile and provides the best opportunities to maximize Δ𝐵.

Table 8 then illustrates that with these definitions, Δ𝐵 at both extremes of 𝛽 is at least 200%, thereby indicating that the

𝜓-Cone attitude profile also satisfies the requirements imposed by differential drag.

Table 8 Δ𝐵avg over an orbital period at 𝛽min and 𝛽max during the differential drag expansions/contractions of

SWARM-EX.

𝛽min 𝛽max

Low Drag High Drag Low Drag High Drag

Operational Orbit: SCI Safe Mode SCI Safe Mode

Average 𝚫B: «5».«% 200%

VII. SWARM-EX Power Budget: A Spacecraft Battery State of Charge Simulation Tool
With knowledge of how the spacecraft use and generate power during each orbital timeline, the spacecraft power

stability can be modeled using the SWARM-EX Power Budget, an automated, user-interactive spreadsheet which

simulates the battery SoC for three orbital timelines and parameters of the user’s choosing (Figure 18). Configurable

items includeȷ

• Orbital timelines for orbits 1, 2, and «.

• 𝛽 angle.

• Number of body-mounted solar panels.

• Number of wing-mounted solar panels.

• Number of solar cells per wing panel.

• Number of solar cells per body panel.

• Battery capacity [Watt-Hours] and yearly degradation.

• Solar cell temperature, peak power, efficiency, yearly degradation, and temperature gradients.

• Beginning of Life (BOL)/End of Life (EOL) battery/solar cell parameters.

• An additional contingency.

Following the definitions of these parameters, the power budget takes in the power draw and power generated at each

time step (1% of an orbit) to calculate the corresponding battery SoC ∈ [0%, 100%] asȷ

SoC =
Pgenerated − Pused

Pmax,battery

× 100% (22)

From the expression for the SoC, it can be seen that if Pused > Pgenerated, a spacecraft is forced to draw energy from

the battery. While this is an expected phenomenon, it is critical that the SoC returns to 100% after a few orbits to

indicate stability in the battery power state; a steady decrease in the SoC would eventually deplete the battery and yield

an inoperable spacecraft. The power budget therefore also calculates the time until battery depletion based on the slope

of the SoC.

Serving as the culmination of the power analysis, the power budget indicates that the SWARM-EX spacecraft will

remain power-positive during all thirteen orbital timelines. This not only validates the efficacy of the 𝜓-cone and

𝜙-cone attitude profiles, but also assures the team that the mission is well-positioned for success from the perspective of

power.
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Table 10 The results of CIRBE’s worst-case-orbit power analysis.

Required Solar Array Power 25.6 [W]

System Solar Array Power 28.» [W]

System Power Margin 10.8%

Battery Worst Case SoC 85.9«%

IX. Conclusion
Acknowledging the complexity of the mission’s technical objectives, the SWARM-EX team has harnessed the

expertise of previous CU CubeSat missions like CIRBE to develop a process for analyzing a spacecraft’s on-orbit power

stability that combines a ConOps established using operational modes and orbital timelines, advanced attitude profiles

simulated in STK, and an automated SoC simulation tool serving as the power budget. The modular approach to the

ConOps classifies all possible on-orbit power-draw states based on projected mission operations for the SWARM-EX

mission. The attitude profiles developed are derived geometrically to satisfy the various pointing requirements during

SCI and OGNC experiments while simultaneously maximizing power generation. When these profiles are applied to the

SWARM-EX orbit, the intersection of the ConOps with the power values generated by STK in these attitude profiles

allows the power budget to readily illuminate critical power issues, thereby facilitating improved comprehension of

spacecraft performance during each mission phase.

As small satellite projects continue to push scientific and technical boundaries, coordinated processes like these will

become more necessary for successful operations. The approach described here has allowed the SWARM-EX team to

systematically mitigate the risk of not sustaining power-positive operations; the team is now confident that the spacecraft

swarm will have enough power to execute the mission’s objectives. Therefore, the SWARM-EX team aims to have these

techniques serve as a specific case from which more advanced planning processes can be derived, some of which may

proliferate to other small satellite projects throughout the field.
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