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Power Sizing and Power Performance Simulation Tools
For General EPS Mission Analyses

Clayton Gibbs*. Patrick Bailey†, Roger Hollandsworth‡, Jon Armantrout§

Lockheed Martin Space Systems Company, 1111 Lockheed Martin Way, Sunnyvale, CA 94089

Several Electric Power System modeling and simulation tools have been developed at 
Lockheed Martin that are being used in detailed EPS component designs and also in detailed 
EPS transient performance analyses.  A consistent set of very detailed EPS components are 
used within each of the tools.  The components can be chosen by the user to be very simple, 
such as time-averaged component values, or extremely detailed, such as instantaneous non-
linear models that have been verified against component test data.  These tools have been 
used for a variety of satellite mission studies, and have been successfully used in both EPS 
component sizing studies and in detailed component and system transient performance 
calculations.  Several EPS systems models are presented for discussion, the EPS component 
models are summarized in detail, and example results are included.  Detailed battery models 
are also being incorporated and utilized to determine the degrading capacity and expected 
operational life of the Hubble Space Telescope Mission.

I. Introduction and Background
lectric Power System (EPS) modeling and simulation tools continue to play a very significant role in the design 
and sizing of Electronic Power System components for both general satellite applications and various ground-

based electric power generation stations.  Most sizing and simulation tools utilize simplistic models and time-
averaged power requirements to arrive at best-guess component sizes and capabilities, which are then over-sized by 
selected design engineering margins depending upon their specific application.

Lockheed Martin has developed detailed simulation models for each component and each subcomponent of the 
entire general EPS to allow detailed non-linear simulations, design analyses, component sizing, and transient 
performance for all EPS applications of interest.  A previous IECEC-1997 paper has documented many of the 
models used in the past for these simulations.1  These models have been further developed over the years, and are 
now all contained in the Lockheed Martin Power Tools Suite, or PTS code.2-4  As these models are all modular and 
interconnect, both simplistic models and very detailed models can be used to verify the results from other analyses.  
These tools are being used to size and study several planned missions.  A summary of the capabilities of the 
component models and detailed example results are given and referenced in this paper.  EPS components including 
the battery cells and solar array cells can be evaluated and sized for any life, eclipse, and load combination.  Using 
more historic and simpler models for the EPS components, these detailed results can be easily compared to design 
studies performed several years ago.  It is found that the use of these detailed models can result in EPS designs that 
are significantly lower in cost and lighter in weight than those designed by other design tools.

II. EPS Simulation
EPS Simulation Tools are generally divided into the following two classes:

• EPS Component Sizing Tools
• EPS System Transient Performance Tools
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A detailed EPS simulation model should provide the following results:

• Ability to Calculate at Any Orbital Position
• Ability for Any Sun Angle or Sun Intensity
• Instantaneous Voltages and Currents
• Instantaneous Thermal Effects

• Transient Behavior
• Component Aging
• Launch Effects
• Orbital Cycle and Life Cycle Effects

The EPS Component Sizing Tools in the PTS code allow the input of average orbital component parameters to 
determine average component sizes and weights. The inputs may include: EPS life, sun and eclipse profile, 
component average temperatures, cable lengths and sizes, and battery size and composition.  The outputs include:  
component sizes, dimensions, weights, costs, electronic cards types and counts, solar array series and parallel cell 
counts, battery sizing, and power use summaries.

Depending upon what input parameters are specified, the user can specify what output variables are to be 
calculated.  This allows the input and output parameters to be chosen by the user.

The EPS System Transient Performance Tools in the PTS code allow the input of instantaneous orbital, sunlight, 
and load conditions to determine the instantaneous operating characteristics in each of the EPS components, such as 
voltage, current, temperature, and heat transfer.  Performing these calculations for each position over the orbit or 
several orbits in a mission will result in the time-dependent, transient EPS response of each component within the 
EPS.  The inputs include:  EPS life, sun angle and intensity, load, component detailed designs, component 
temperatures, and battery charging methods.  The outputs include:  voltages and currents anywhere in the EPS, 
battery depth-of-discharge, maximum depth-of-discharge, battery heat generation, and EPS temperatures.

A. EPS Component Models
The component models contain the necessary data to be able to provide cost, size, weight, performance, 

reliability, technology, and power consumption information.  These data can be included to make each component 
scalable for any defined application.

In the past, several EPS modeling tools have been written in FORTRAN or C code, allowing the defined outputs 
to be easily calculated from the defined inputs.  In these codes, the solution is then determined by defined sequential 
causality; i.e. in the manner in which the equations are written.  A drawback of the use of these models is that the 
input and output variables are rigidly defined and linked by that causality.  If the user wishes to arbitrarily choose 
what the input and output parameters are for a given component model, then those EPS codes must include the 
proper decision trees to select which causality model (e.g. which subroutine) is to be used, and provide such a model 
for each case that may be encountered.  When updating the equations of such a model, all the equations in each 
causality model must also be carefully updated.  This is not difficult to do for most linear subsystem models.  
However, it is extremely difficult to do for non-linear subsystem or component models.

With the advent of high-speed desktop computers, other EPS models are now being written in SPICE, PSPICE, 
and in EXCEL (and similar equivalent modeling platforms).  These application platforms allow the component 
models to be identified and linked by defined equations that are then iteratively solved until a converged solution is 
found.  The use of these platforms allows greater flexibility and complexity in the way in which the components are 
modeled, and also allow the inclusion of non-linear and feedback effects which cannot be easily incorporated into 
the above FORTRAN or C program simulations.  However, the numerical convergence to a steady-state or 
equilibrium solution at each time-step may require a much longer period of time than that of the direct sequential 
methods above, and in some cases, depending upon the application platform and the models, the solution may not 
even converge!

B. Numerical Solution Concerns
Several comparison studies had been previously performed using the PSPICE platform and the EXCEL 

spreadsheet application to simulate the complex, non-linear EPS component models used as described below.1  It 
was found that while the PSPICE application was very useful in several respects and did solve the non-linear 
convergence and numeric solution problems, it also generated very large and lengthy output files that are very 
difficult to process, edit, and understand.  On the other hand, the use of the automatic conversion algorithm inherent 
within the EXCEL application program is also able to easily converge and solve these complex systems without the 
generation of such overhead.  In addition, the use of Visual Basic Macros within EXCEL 2000 has made the use of 
this application much easier (over the use of the old EXCEL 4 Macros) and much faster.  While the use of such 
applications does guarantee a convergence to a system solution, experience has shown that a numerical convergence 
can almost always be reached.  Also, the first converged solution may not be the best solution from an engineering 
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and design standpoint.  Several trade studies are then usually performed to insure that the chosen EPS component 
types, sizes, and operational characteristics are all adequate for all of the mission and operational requirements, 
before detailed steady state and transient performance studies are performed.

In addition, the use of EXCEL also allows for the automatic storage of data for the presentation of plots of 
selected results, which are valuable assets to the design engineer and the EPS power systems analyst.

C. EPS Architecture Types
The EPS architecture types that have been incorporated into the EPS tools include:

• Battery dominated bus with direct connect, series switched solar array segments
• Battery dominated bus with peak power tracked solar array
• Sunlit regulated bus with direct connect, series switched solar array segments
• Sunlit regulated bus with peak power tracked solar array
• Fully regulated bus with direct connect, parallel shunted solar array segments, and battery charge / 

discharge regulators connected to the regulated bus

These architectures have been used to model some of the LMSSC EPS satellite bus systems, such as:  LM700, 
several Peak Power Tracker based systems, A-2100, and A-2100M.1

III. EPS Components and Models
A summary representation of the general EPS that can be defined by the EPS component models used is shown 

in Figure 1.

Figure 1. EPS Component Models and EPS System Representation
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Each of the EPS components shown in Figure 1 is summarized below, including a listing of all of the input and 
output parameters which define that particular component.  Mission and orbital characteristics are included to 
provide the sunlight and eclipse driving functions to particular component models.

D. Mission Characteristics
The Mission Characteristics input into the model include:

• Average Life 
• Average Sun Load
• Average Eclipse Load
• Transient Sunlight Intensity

• Transient Sunlight Angle
• Transient Load Required
• Transient Radiator Load Allowed
• Transient Temperature Conditions

E. Orbit Characteristics
The Orbit Characteristics input into the model include:

• Duration
• Eclipse
• LEO or GEO
• Equinox:

   Intensity of Sun
   Normal Inclination
   Inclination Error

• Solstice:
   Intensity of Sun
   Normal Inclination
   Inclination Error
   Dual Axis Tracking
   Charge or Discharge in Sun

• Charge Load
• Discharge Load

F. Simulation Parameters
The simulation parameters that are input into the model include:

• Start and Stop Times
• Given Time Step Size
• Auto-calculated Time Step Size

• Numerical Convergence Criteria
• Restart Options
• Results Plotting Options

G. Solar Array
Each solar array is defined as a group of strings (connected in parallel) of a number of solar array cells 

(connected in series).  Each array is considered to be built from one type of solar array cell.  Currently, two separate 
arrays can be defined and utilized within the EPS.  Each solar array cell is modeled upon the well-known Hughes  
Solar Cell Model that relates the cell voltage to the current for a given temperature and solar illumination.  This 
relationship is illustrated in Figure 2.

The solar array model is entered, pre-aged, into a table of available solar cell types available for simulation.  
Currently, over 20 different solar cell types are available for user input.  The degradation analysis for solar cells, 
being unique to each specific application, is performed using a specialized solar cell degradation model.  The system 
model accepts the user-selected modeling parameters from the solar cell library and provides run time adjustment of 
temperature and operating point of the selected cell configuration.  An example of a solar cell string configuration 
over a range of temperatures (the higher voltage curves are colder) and operating voltages is given in Figure 2.

The inputs to the EPS Solar Array Component Model include:

• Fraction Provided by Solar Array 1
• Fraction Provided by Solar Array 2
• Maximum Number of Solar Array Groups
• Number of Solar Array Circuit Groups
• Static or Automatic Solar Array Cell 

Number Calculations

• For each Solar Array:
   Solar Cell Type
   Number of Cells per String
   Number of Strings per Group
   Operating Temperature
   Testing Temperature
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Figure 2. Solar Array Power vs. Voltage for 
Various Temperatures

Figure 3. Battery Voltage Model (Generic) for 
One Temperature

H. Blocking Diode
The blocking diodes are represented by non-linear equations relating the diode's voltage drop to its current flow.

I. Resistance
The power loss within each component is given in terms of its electrical resistance, as illustrated in Figure 1.  

This can include known resistances, and simulation models for wire resistances and bus bar resistances based upon 
the sizes of the metal, wire gauge and length, and operating temperatures.

J. Solar Array Switching Network
An automatic Solar Array Switching Network (SASN) is also modeled and can be used to automatically switch 

groups or strings of cells off and on as determined by the power demands of the EPS system.  This is illustrated in 
Figure 1.

K. Power Junction Box
A Power Regulation Unit (PRU) or a Power Switching and Distribution Unit (PSDU) can be used, as determined 

by the EPS Architecture Selection.

L. Battery

• Type of Battery Cells 
• Number of Batteries 
• Number of Cells per Battery
• Number of Failed Cells
• Required Capacity
• Voltage
• Sequenced Charging

• Maximum Depth-of-Discharge
• Available Charge Time
• Available Discharge Time
• Operating Temperature
• Recharge Ratio
• State-of-Charge Effects
• Cycling and Age Effects

The battery component model allows the use of a 2-D characteristic surface or tabular data tables to model the 
battery voltage as a function of both the depth-of-discharge and the discharge-rate at a specific temperature.  The 
battery model accepts both life aging parameters and run-time parameters.  Life adjustments are included for 
calendar life, cycle life, average life temperature and average life depth of discharge.  Run time parameters include 
instantaneous current, instantaneous temperature, and instantaneous depth of discharge.  Outputs include 
instantaneous voltage and instantaneous charge efficiency.  Figure 3 illustrates an example battery voltage as a 
function of rate and depth of discharge, with temperature held constant and life degradation set to beginning of life.
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As part of the PTS code development and application for various Lockheed Martin programs, a battery/cell 
performance model for the NASA Hubble Space Telescope (HST) program has also been developed that predicts 
actual discharge data as a function of both the depth-of-discharge and the discharge-rate at a specific temperature, as 
described in IECEC Paper No. 20034.5 Lockheed Martin is using some of the information from that model to predict 
performance of the HST batteries launched in 1990, which have significantly exceeded their 7-year design life.  
Results from these studies are plotted against actual battery test data in Fig. 5.  The minimum battery capacity, 
defined by mission requirements at battery servicing, is 45Ah delivered to a battery voltage of 26.4V.  HST uses a 
battery dominated spacecraft bus, which means that the batteries dictate the bus voltage.  If battery voltage drops 
below a value of 26.4V, then the spacecraft goes either into load shedding mode, turning off science instruments, or 
the vehicle is placed into a “safe mode” until battery voltage can be restored.  Studies underway to project when the 
HST batteries fail to meet minimum capacity requirements to 26.4V will ultimately be used to upgrade the PTS 
battery model described herein.

PTS is being used to model the decreasing battery capacity observed during the HST Mission.  Many recent 
NASA coordinated studies have shown that the HST battery cells are degrading at a faster rate than anticipated, and 
that the telescope itself may need to be placed in a safe mode in the near future, unless the existing batteries can be 
replaced.  Since a Space Shuttle Mission is no longer being planned to replace these batteries, NASA is considering 
contracting a robotic mission to place new batteries in parallel with the existing ones.

HST battery data from presentations at the 2003 NASA Battery Workshop are still being analyzed and 
simulated.6  An early study in 2004 suggested that:  “A lifetime and failure mode analysis for the existing HST 
nickel-hydrogen batteries has indicated that the batteries are likely to last out to 2011 to 2013 before it is probable 
that cell failures will limit operation of the power system.”7  However, this study also assumed that:  “This analysis 
has been done using the average operational [all six HST batteries] parameters shown…”, and does include the 
effects of any particular cells or batteries, or the effects of any cells failing before any other cells.  A more 
pessimistic NASA management assessment concludes that:  “Assuming the observed [2002 – 2004] capacity loss 
rate remains constant over the next five years [from 2004], the HST science program will have to be halted and the 
spacecraft will have to be placed in safemode in 2008…Prior to 2008, new operational constraints will be required 
and the use of smaller, less robust EPS safemode margins will have to be accepted.  Efforts are underway to identify 
battery reconditioning and recharge techniques that will stem the rate of capacity loss, improve cell balance, and 
prolong mission viability.  Relevant tests using the Marshall Space Flight Center (MSFC) battery testbeds have 
begun.”8  It is very apparent that accurate models based upon the existing MSFC battery test data must be used to 
determine accurate cell and battery degradation models, that can in turn be used with load and cycle system 
simulation and performance codes like PTS to determine realistic and expected future battery capacities and realistic 
operational margins.
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M. Current Control
The simulation proceeds according to the control laws present in the selected architecture. This includes the use 

of currents for battery heating, charge control, solar array switching, etc. The system currents and voltages are 
solved by an iterative numerical procedure that can guarantee numerical convergence to the proper current values in 
each branch of the EPS circuit.  

N. Charge Control
Ampere-hour integration, pressure, and VT are supported, along with an "ideal" charge control algorithm.

O. Battery Radiator
A generic battery-cooling algorithm is employed, however, specific spacecraft configurations can affect the 

simulation.

P. Battery Heater
Battery heaters of designated power levels are allowed, with specific temperature set points for automatic on-off 

operation.  

Q. Cabling
For each cabling connection:  Length; Gauge; Number of parallel Conductors; and Cable Temperature.

R. Electronic Data Module
Number of Various Electronic Cards to be Used
Number of Various Electronic Controllers to be Used
Battery Reconditioning

S. Power Diode
The power diode is represented by non-linear equations relating the diode's voltage drop to its current flow.

T. Loads
The EPS load is defined by orbital averaged sun and eclipse loads and by a time-dependent load profile for each 

load at a desired orbital scenario.  The defined loads include a normal payload, a bus load, and a special load.  Each 
may be separately defined, and a total load power is calculated for each time step during code execution.

IV. Example Models And Data
The operational capabilities of the EPS Tools are illustrated in Figure 4.

Figure 4. EPS Tools Operational Capabilities
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U. Specific Missions
The PTS code has been used over the past seven years to size and simulate the operation of several Lockheed 

and Lockheed Martin satellite programs, including:  Iridium (commercial), NASA (government), and various other 
programs.

V. Null Transients
Each component model is written and tested to insure null transient behavior – i.e. to calculate and produce a 

steady-state condition when expected.  This insures the accuracy of the overall system simulation and eliminates any 
round-off errors or accumulated numerical errors in the results. 

W. Sizing Calculations
Separate sizing calculations are included in the Power Tools Suite to calculate the required sizes of the major 

component models, given the sizes of other selected components.  The calculation logic used to size a component is 
different for each component.  Each component is addressed separately within the tools suite.

X. Detailed Simulations
Detailed simulations using the PTS code have been made over the past seven years for various EPS components 

and aerospace missions.  Results of some generic simulations have been previously reported.1

The use of these tools has also produced some rather surprising results, such as:
1.  A certain load/sunlight pattern was found to cause battery discharge in sunlight, resulting in a declining 

battery state-of-charge;
2.  A deployment delay was found advantageous in a certain scenario due to the timing of load profile and 

mission eclipse patterns; and
3.  A PSDU architecture was found more advantageous than a Power Tracker design for the same mission due to 

the interactions of the high peak-to-average power profile and the battery discharge profile that occurred during the 
non-eclipse portion of the mission.

Detailed simulations are continuing to be performed for various complex EPS components, and specific satellite 
missions.  For example, some missions require very small time-steps during the ascent phase to accurately model the 
rapid rotation of the spacecraft, the light incident on the solar array, and the effects of the changing temperature 
during the ascent.

V. Summary And Conclusions
Several EPS simulation models are in use today within the aerospace industry for both individual EPS 

component sizing, component simulation studies and EPS system transient performance.  Simple models can be 
coded in digital programs, and generally give lumped-parameter or conservative results that are usually increased by 
including large engineering margins which can be associated with higher costs.  Detailed non-linear EPS models can 
be made that model and reproduce actual test data; however, the use of these models in digital system simulations 
can be very difficult, and the numerical results can be questionable.

An EPS Sizing Tool and an EPS Transient Performance Tool have been developed in the Power Tools Suite at 
Lockheed Martin for use in general orbital satellite and ground-based power station applications.  The PTS tool 
allows the use of complex, non-linear EPS component models whose results reproduce actual test data.  EPS 
simulations are constructed from these models for both component sizing and performance studies.  The use of 
EXCEL allows general user selected input and output variables while maintaining modularity.  In addition, the use 
of Visual Basic Macros guarantees numerical convergence over each time step in the simulation.  The EPS 
component models have been shown to reproduce actual test data, and the EPS system models using the same 
components have been shown to produce accurate results in both EPS component sizing and transient system 
analysis calculations.  Results from other studies have shown that the models very closely reproduce contractor's 
data and results.

The PTS code is now being used in a variety of detailed EPS component sizing and performance calculations for 
various programs, architectures, and missions within Lockheed Martin.
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