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The Orion Multi-Purpose Crew Vehicle (MPCV) has the capability to transfer power to a
co-manifested payload (CPL) during transit from low-Earth orbit to the lunar vicinity. This
paper discusses a time-phased parametric power analysis to determine the Orion power
transfer capability limit. Charge and discharge curves were generated for various power
transfer conditions and measured against various minimum system voltage limits.

The Orion electrical power system (EPS) utilizes an unregulated bus architecture, which
has important implications when the system is operating under very high load demand
conditions, such as during power transfer. This analysis highlights three important effects of
this architecture. First, increasing load demand decreases the maximum state of charge (SOC)
the batteries can reach when charging. Second, increasing load demand also decreases the
allowable battery depth of discharge. These two together can significantly reduce the effective
useable capacity of the batteries. Finally, low battery voltage decreases the power generation
of the solar arrays. This can lead to significantly longer recharge times or even push the system
out of energy balance. These effects have important implications for mission design and
vehicle operations and must be accounted for when conducting sizing and design of an
unregulated spacecraft EPS.

I. Introduction

The Orion Multi-Purpose Crew Vehicle (MPCV) is a crewed spacecraft for deep space exploration missions as
part of NASA’s Artemis program. The Orion electrical power system (EPS) consists of four solar array wings (SAWSs)
for power generation and four lithium-ion batteries for energy storage. The EPS distributes power to other subsystems
and components by means of four 120 VDC, unregulated power busses, also known as a “battery-on-bus” architecture
[1].

The Artemis program also includes several other spacecraft, including the Human Landing System (HLS) and the
various modules of the Gateway space station. Orion has the capability to dock with many of these vehicles, and the
Orion EPS supports the capability to provide power transfer to a docked vehicle. This is designed for contingency
scenarios as well as for nominal power transfer to a co-manifested payload (CPL) during transit from low-Earth orbit
(LEO) to the lunar vicinity. This capability introduces a unique challenge for power system design, since the CPLs
are independent vehicles; this means that their power consumption will undoubtedly be much greater than the load
demand of an additional internal component that is typically considered in an EPS design. Additionally, CPLs were
not well defined when the Orion EPS was being sized and designed, so the specifics of their power budgets and load
demands were outside of the initial Orion design space.

These other vehicles are earlier in their respective design cycles than Orion, which has flight articles already in
production and processing for launch. As a result, Orion must determine its power transfer capability to inform the
CPL designs. It is relatively straightforward to find the hardware limit on power transfer by examining the electrical
current ratings of the EPS components and harnessing up to the docking interface. However, this limit alone does not
determine the power transfer capability; just because the hardware can transfer a certain amount of power does not
mean that Orion will always have that amount of power available to transfer. This paper discusses the results of a
time-phased parametric power analysis, using the System Power Analysis for Capability Evaluation (SPACE) program
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to determine the maximum continuous power transfer level that Orion is capable of supporting on top of its own
nominal load demand.

The analysis highlights several counterintuitive impacts of a high-power load demand on Orion’s EPS
performance. These impacts are inherent to the unregulated bus EPS architecture and provide several lessons learned
that should be considered when sizing EPS components.

Il. EPS Architecture and Power Regulation

An important function of the EPS is to control and regulate the power and voltage provided to the various electrical
loads. EPS architectures can be divided into several different categories depending on how they provide that
regulation. For a typical spacecraft EPS with a photovoltaic power generation source and chemical batteries for energy
storage, the defining architecture features are the controllers for the solar arrays and batteries.

A. Solar Array Control

Solar arrays must be controlled to prevent excessive power generation. Generating too much power above and
beyond the vehicle loads can damage the batteries by overcharging them. Additionally, almost all electrical energy
generated by a spacecraft’s solar arrays must ultimately be dissipated as thermal energy, so excessive power generation
can also stress the vehicle thermally. The two most common power control options are a peak-power tracker (PPT) or
a direct energy transfer (DET) design. A PPT is a DC-DC converter in series with the solar array that, as the name
implies, allows the solar array to track the peak power point of its characteristic current-voltage (1-V) curve to
maximize power production. It can also be used to purposefully operate the array at a different voltage, producing
less-than-peak power to control overall power generation. A DET design involves a shunt regulator in parallel with
the solar array that shunts excess power back through the array for dissipation to space. DET designs are generally
simpler, lower mass, and more efficient than PPT systems and are thus more common in spaceflight applications [2],
[3].

Orion utilizes a DET design for solar array regulation. The primary power management and distribution (PMAD)
components within Orion’s European Service Module (ESM) are the two power conditioning and distribution units
(PCDUEs). Each PCDU contains sequential switching shunt regulators (S3Rs) that shunt sections of the SAWSs as
needed to limit the total power generation.

B. Battery Control

Unlike solar arrays, batteries do not always require a controller to regulate their interaction with the electrical bus,
as batteries themselves have a regulating effect on the bus voltage. The type of controller, or lack thereof, determines
whether a bus is regulated, quasi-regulated, or unregulated. A fully regulated bus features a constant-current charge
controller as well as a boost regulator that operates when the battery is discharging. The combination results in a highly
stable bus voltage, but at the cost of low efficiency. A quasi-regulated bus features only a battery charge controller,
which maintains the bus at a constant voltage only when the battery is charging. During discharge, the bus voltage
follows the battery voltage without any active regulation. An unregulated bus does not have any controller on the
battery and the battery connects directly to the bus. For this reason, it is also sometimes referred to as a “battery-on-
bus” architecture. This architecture is highly efficient but results in a significant variation in bus voltage on the order
of 20% [2], [3].

Orion utilizes an unregulated bus design, and its four batteries are each connected to one of the four nominally 120
VDC buses. Due to the unregulated architecture, the bus voltage can vary between 98 V and 136 V. The power and
data units (PDUs) do contain instrumentation to monitor battery status and provide circuit protection to the bus, but
there is not a true controller that regulates the battery.

I11.  Analysis

A. Model

This analysis was conducted using the SPACE computer program. SPACE was initially developed at NASA’s
Glenn Research Center to model the EPS of the International Space Station (ISS) and has since been modified to
model the EPS performance of several other spacecraft, including Orion. There are currently no flight data from Orion
to validate the SPACE performance predictions against, but SPACE has been extensively validated with on-orbit data
from ISS over several decades. Additionally, several code-to-code comparisons have been conducted between SPACE
and the EPS model developed independently by Lockheed Martin, the Orion prime contractor [4].



While most of the specifics of the SPACE code’s operation are beyond the scope of this paper, it is worth briefly
discussing the basics of the battery model used within SPACE. Modeling the performance of any battery is a difficult
task as there are a multitude of non-linear factors that affect battery performance. While battery technologists may use
complex first principles models to simulate the chemical reactions within the battery, batteries are usually represented
by an equivalent circuit model for the purposes of power system analysis. Specifically, batteries are typically modeled
as an ideal voltage source in series with a resistor and some number of parallel resistor-capacitor (RC) pairs used to
model transient effects. A power system model focused on overall energy balance, such as SPACE, can be considered
a quasi-steady-state analysis, and as such the RC pairs can be ignored. SPACE uses a simple resistive model as shown
in Fig. 1, where Voc is the battery open-circuit voltage and Rin: is the battery internal resistance.
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Fig. 1 Equivalent circuit battery model used in SPACE

The resulting battery terminal voltage, Voar, is therefore a function of Voc, Rin, and the battery current, lpa, as shown
in Eq. 1. Ipa is assumed to be positive when the battery is charging.

Vhatt = Voc + Ipatt Rine 1)

While this resistive model results in a very simple relationship between Vpar and Voc, Rint, and lpar, the complexity
is introduced by the fact that none of these parameters are constants. Ipa is a function primarily of the total system
load demand but is also dependent on Vpar, and as a result the battery current and voltage must be solved for iteratively
as part of a load flow model. Both Voc and Rin: depend on various factors, including degradation, temperature, and the
battery state of charge (SOC). These curves also change depending on whether the battery is charging or discharging.
The dependence on SOC dominates the other factors, and for a lithium-ion chemistry the most significant variation is
the change in Voc, which increases as SOC increases and vice versa. Ry also depends on SOC but remains nearly
constant over most of the operating range, with significant changes only occurring near full charge and full discharge.

B. Input Assumptions

Orion is designed to nominally operate in a solar inertial attitude with the aft (or tail) pointing towards the Sun,
which is referred to as a “tail-to-sun” attitude. This attitude provides the best possible power generation from the
SAWSs. Dynamic events such as main engine firings are stressing periods for power; they often include maneuvers
away from the tail-to-sun attitude, restrictions on the solar arrays’ ability to track the sun due to thruster plume or
structural loading concerns, and increased electrical loads from propulsion and guidance components associated with
the burns.

However, the overall mission trajectory for an Orion/CPL lunar transit is not yet fully defined, which leaves several
important details unknown. In particular, the number of eclipses, burns, and other off-pointing events and their phasing
and proximity to one another are not yet known. Similarly, Orion’s nominal steady-state power load demand varies
throughout the mission, and a detailed time-phased load profile has not yet been developed. As a result, instead of a
detailed study of a particular mission, this analysis was set up as a parametric characterization of the EPS performance
under a variety of load conditions.

For each case, Orion was held in the standard tail-to-sun attitude with a constant relative sun vector. All thermal
effects from the Earth and moon were ignored to approximate the translunar coast environment. For discharge cases,
all solar array strings were shunted to simulate an eclipse without duration limits.

C. Analysis Approach

Orion’s nominal steady-state load demand was set at 7.5 kW as a typical value for non-dynamic events during
translunar coast. VVarious CPL designs have requested different levels of power transfer from Orion, so cases were run
with the baseline load of 7.5 kW, plus 0.0 kW, 1.8 kW, 2.5 kW, and 3.0 kW of additional power transfer. All cross-



ties between busses were closed for this analysis to remove any effects from load imbalance between different power
channels.

The Orion EPS has several minimum voltage limits, referred to here as the system design limit, software limit, and
operational limit. All are measured at the battery terminals. The system design limit is the minimum battery voltage
required to keep the entire EPS within the power quality specification. The software limit is several volts higher and
is the point at which the vehicle will automatically take action to prevent further battery discharge. Finally, the
operational limit is set by a flight rule to allow time for operators to react before the vehicle automation begins taking
action.

One of the counterintuitive effects discussed later in this paper is that the vehicle load has an impact on the
maximum SOC that the batteries can reach when charging. Similarly, since the relationship between SOC and voltage
varies with battery current, the SOC corresponding to a given voltage limit is not known a priori. As a result, an
iterative process was used to characterize the full charge and discharge curves for each load demand level. First, each
case was charged from an arbitrary 50% SOC until steady state to determine the maximum SOC the batteries would
reach under the given load condition. This SOC value was then used to initialize a case fully discharging from the
maximum to the minimum SOC corresponding to each of the voltage limits. Finally, each minimum SOC was used
to initialize a case fully charging from the minimum to maximum SOC.

IV. Results

Fig. 2 shows the battery voltage while discharging from steady state to the system design limit at various power
transfer levels, and Fig. 3 shows the battery SOC under the same conditions. Increasing power transfer decreases the
time it takes to reach the minimum voltage limit, as expected. Note, however, that the difference is due not only to the
difference in discharge rate (as indicated by the slope of the curves), but also due to the difference in initial conditions,
which will be discussed below. Additionally, Fig. 3 shows that although each case was run down to the same minimum
voltage, the corresponding SOC for that voltage changes depending on the load conditions.

Fig. 4 and Fig. 5 show battery voltage and SOC, respectively, when charging from the software limit back up to
steady-state conditions. Here, the differences in both recharge rates and final steady-state conditions are readily
apparent. The initial conditions in Fig. 5 also show more clearly the differences in SOC for a given voltage under
various loads.

The specific charge/discharge times and rates are important for the operation of the Orion EPS during power
transfer to a CPL, but what is more relevant to a wider audience is the set of counterintuitive or unexpected impacts
of very high load demand on an EPS utilizing an unregulated bus architecture. Three of these phenomena are discussed
in more detail below.

A. Impact to Maximum Battery SOC

The first and most easily apparent impact of high overall load demand on an unregulated bus is the limitation it
imposes on the maximum state of charge that the batteries can reach when charging. This is clearly shown in Fig. 4
and Fig. 5, where the batteries reach a steady-state condition at approximately 86% SOC with 3.0 kW of power
transfer, as opposed to a steady-state condition of 95% SOC with no power transfer.

Without a charge/discharge controller isolating the battery from the bus, battery charging is controlled by the
PCDU S3R. As discussed earlier, the open-circuit voltage of the battery increases as it charges, and it is clear from
Eqg. (1) that the battery terminal voltage increases as well. This in turn will raise the voltage of the entire bus. However,
as the batteries approach full charge and the bus voltage continues to rise, the S3R will begin to shunt SAW strings to
limit the voltage at the SAW/PCDU interface to the commanded PCDU setpoint. As the batteries continue to charge
and their voltage continues to increase, the voltage delta between the PCDU and the batteries decreases. This decrease
in voltage delta naturally decreases the current flowing into the batteries, eventually tapering and reducing the current
to zero. This is expected behavior and is the nominal method of battery charge control in an unregulated system; rather
than an active charge controller, the physics of the system prevents battery overcharging.

The final voltage delta between the SAWSs and the batteries at steady state is not zero, however, as there is some
voltage drop across the system. An increase in power demand increases the current draw from the components in
between the SAWs and batteries, increasing the voltage drop across those components. As a result, the voltage delta
between the SAWSs and battery terminals is proportional to the total vehicle load demand. Under high load demand
conditions, the increase in voltage delta is significant. Since the batteries will only charge up to the voltage available
to them at the terminals, this increase in voltage drop ultimately decreases the SOC that the batteries can reach.
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B. Impact to Minimum Battery SOC

The second, similar effect is that high power load demand reduces the allowable battery depth of discharge. This
can be seen in the final SOC values of Fig. 3 as well as the initial conditions in Fig. 5. Under baseline loads without
power transfer, the batteries reach the system design limit at 18% SOC when discharging. With 3.0 kW of power
transfer, the batteries reach the same voltage limit at 25% SOC.

This phenomenon is easy to understand by looking at the battery equivalent circuit model in Fig. 1. The resistive
element means that the battery voltage is determined not only by SOC, but also by the current flowing into or out of
the battery. This happens in the “same direction” as the overall voltage change with SOC; that is, increasing the current
will cause the battery voltage to increase when charging and decrease when discharging. When the vehicle is in an
eclipse or the SAWs are pointed in such a way that they generate no power, the entire vehicle power load is fed from
the batteries, and the battery discharge current is directly proportional to the load demand. As a result, increasing the
total vehicle load demand increases the battery discharge current and leads to a lower battery terminal voltage for the
same SOC. Since the EPS operation is limited by minimum voltage limits rather than by SOC limits, this will cause
the system to reach those limits sooner and at a higher corresponding SOC.

Combined with the first effect, this means that the useable portion of the battery capacity is reduced when load
demand is high. The first effect limits the amount of energy that can be stored in the batteries, and the second limits
the amount of energy that can be extracted while remaining within the system voltage limits. This difference is
significant for vehicle operations; comparing at the software limit, adding 3.0 kW of power transfer decreases the
effective capacity of the battery by approximately 20%.

C. Impact to SAW Power Generation

The final counterintuitive effect of an unregulated EPS architecture is that low battery voltage decreases the power
produced by the SAWSs. Solar arrays are an assembly of solar cells, which are semiconductors whose behavior can be
described by an 1-V curve. A typical I-V curve of a triple-junction solar cell, the type used on Orion, is shown in Fig.
6 [5], [6]. The full SAW I-V curve changes with degradation, temperature, and the number of shunted strings, but the
general shape remains the same. The curve has a current leg, where the current output is close to constant as voltage
varies, and a voltage leg, where the current output drops rapidly in a small voltage range near the maximum open-
circuit voltage.

Current

Voltage
Fig. 6 Typical solar cell I-V curve

The Orion SAWSs operate primarily on the current leg of the 1-V curve for the entire bus voltage range, meaning
that the SAWSs generally output approximately the same current regardless of the bus voltage. In that sense, they can
be thought of as a constant current source within the EPS. When the batteries are at a low SOC, the bus voltage is
correspondingly low, and the SAW voltage is decreased as well. Since power is directly proportional to both current
and voltage, a lower voltage with approximately the same current will result in decreased power generation by the
SAWS.

The net effect, which the author has termed the “voltage pit,” has important operational implications. The lower
the battery SOC reaches during discharge, the more difficult it is to recharge from that condition. This can be seen in
the concavity of the curves, particularly those for higher power transfer levels, in Fig. 4 and Fig. 5. Note how the rate
of recharge increases as the batteries charge despite the steady-state conditions for load demand and power generation.
This phenomenon is less dependent on the total load demand than the previous two effects and will still occur under



baseline conditions with no power transfer. However, the effect is exaggerated by higher loads as it forms a feedback
loop; increased loads results in less power available to charge the batteries, which keeps the bus voltage at a low level
longer, which decreases SAW power generation, which keeps the available battery charging power low.

This results in extreme sensitivity to load increases and a drastic drop-off in capability when the loads are already
high. For example, in Fig. 4 and Fig. 5, increasing the power transfer level from 2.5 kW to 3.0 kW nearly doubles the
time it takes for the batteries to charge back to a steady state, for an increase of only 5% in the overall vehicle load. In
extreme cases, the voltage pit effect can even push the entire EPS out of energy balance. In another charge case not
shown in the figures, the batteries were initialized at the system design limit. With 3.0 kW of power transfer, the low
battery voltage so severely limits the SAW power production that the SAWs cannot meet the increased load demand
on their own. The batteries continue to discharge despite the SAWSs being in full sun with no off-pointing or
shadowing.

V. Conclusion

The phenomena observed here are inherent to the battery-on-bus EPS architecture and are not unique to Orion. As
a result, there are important lessons to be learned here for broader power system design and sizing. Extra care must be
taken when sizing power generation for an unregulated EPS since solar arrays may produce less than their nominal
power output when the bus voltage is low. Similarly, the total load demand can have a significant impact on the portion
of the battery capacity that is available to use, and this must be accounted for when sizing the system’s energy storage.
Beyond the system design, these effects also have important implications for mission planning and operations. EPS
designers must communicate these behaviors to mission managers and vehicle operators so that they are aware of
these impacts as they design and operate the mission.

This analysis also reinforces the importance of performing a time-phased analysis to determine the ability of an
EPS to accommodate increased loads, rather than relying on more basic estimation techniques. This is particularly
important for a case like this where significant power loads are added later in the design after power generation and
energy storage have already been sized. While these are best practices for designing any spacecraft EPS, the nonlinear
effects seen here make them especially important when designing or analyzing battery-on-bus architectures.
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