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ABSTRACT

A presentation is made of the advanced models and various results that have been
obtained to simulate complex Lithium Ion (LiIon) battery behavior within any satellite
Electric Power Systems (EPS). The battery cell behavior is modeled by the publically
available Quallion Lithium Ion battery cell model, whose voltage behavior is defined to
be a complicated function of the cell current, the cell temperature, and the cell state-of-
charge. A battery is defined to be composed of a series of cells, whose individual
properties in each cell at any given time may be different. The overall EPS battery is then
composed of a number of such batteries connected in parallel. The simulation model
allows the properties of each individual cell in the overall EPS battery to be individually
different (for example, each cell at a different state-of-charge and at a different
temperature), and each cell can be degraded or dropped out of the battery at any given
time. Simulation results are shown for the cases of both charging and discharging, to
illustrate the effects of varying the temperature between cells, and the effects of changing
the state-of-charge between cells. Studies are also included that show the effects on the
overall EPS battery voltage when the individual battery cells are not fully charged (to
100% state-of-charge) during recharging or during rebalancing. In addition, results are
shown as cells are degraded and dropped from operation.

These models and results are very important for complex EPS simulations and
predictions. The inability of cells stacked in series to fully rebalance during recharging
can lead to battery voltages lower than planned or designed for, and can result in EPS
performance that is much less than expected or desired. Such battery models are planned
to be included in the Power Tools Suite (PTS) system of codes and tools used at
Lockheed Martin Space Systems Company. These models are already being used in the
Satellite EPS Transient Code (Sat-Tran)* that has been independently developed by
ENNEAD LLC for satellite EPS transient simulation, operation, validation, and
prediction.

* Now expanded to the EPS Time Dependent Simulation (TDS) tools and codes package.
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SUMMARY

The following are summary comments that were made during the presentation of each
slide in the presentation (PowerPoint 2003). The slide numbers and titles are included.

1. Title Slide. Dr. Bailey is an Executive Partner with ENNEAD LLC, which is a new
consulting company providing high quality expertise to the aerospace industry and other
highly technical companies and corporations around the world.

2. Author Resume. Dr. Bailey has had experience as a Captain in the USAF (3 years), on
staff at Los Alamos Scientific (now National) Laboratory (3 years), Project Manager at
EPRI in Nuclear Reactor Safety and Analysis (8 years, including the incident at Three
Mile Island), and has been with Lockheed and Lockheed Martin since 1986 (25 years).
He was a Senior Staff Electrical Engineer and a Group Engineer at their Space Systems
Company in Sunnyvale, CA, and he retired from Lockheed Martin in November 2011.

3. Abstract. This is my favorite example of how not to make a slide. Please learn.

4. The Problem. There is a definite need for tools that can accurately simulate the Electric
Power System (EPS) behavior in complex power system designs, such as those that are
being used and planned in commercial or military satellites. Such tools can be used in
proposals, sizing, design, design modification, and more importantly, in on-orbit mission
analyses and mission planning.

5. The Solution. “Lumped Parameter Models” are created and used that accurately
simulate the behavior of each EPS Component over specific ranges of system variables,
that can be used for dynamic time dependent analyses with time steps as small as 10
seconds and above, for very long time periods, such as for weeks or months. These
models ignore the capacitance, inductance, and impedance effects that may and often
contribute to fast transient behavior, such a very fast power spiking. Other tools to
perform such long simulations are currently being used, which can be very simplistic,
such a simple or linked spreadsheets, and can require proprietary access or computer code
application licenses. ENNEAD has developed the TDS tools and codes independently, by
examining the publically released information regarding the Power Tools Suite developed
at Lockheed Martin.

6. EPS Simulation - PTS. The Power Tools Suite (PTS) tools and codes were developed
by Lockheed Martin Space Systems Company over the course of several years, and have
been used for the analyses of several EPS satellite systems. As more solar array models
and battery cell types were added to the codes, the size of the simulation code increased
to over 80,000 lines of code. The concepts, models, uses, and results of these tools have
been publically released in several conference papers and presentations. These have all
been collected on the website shown for reference. A major difficulty in the use of these
tools is the business downturn in the aerospace industry and the expected budget cuts in
the US military and aerospace industry for FY 2012 and beyond. It would be major
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benefit if the methods developed in these codes could be applied to other applications and
future missions.

7. EPS Simulation – PTS (IECEC 2004). PTS diagram of an EPS system in a lumped
parameter configuration. From a 2004 IECEC paper (International Energy Conversion
Engineering Conference). Note the solar array, the batteries, and the loads are connected
by the lines which represent wiring.

8. EPS Simulation – PTS (IECEC 2004). A computer screen from PTS simulating a
similar EPS system, indicating the voltages, currents, and powers calculated at the end of
a time step during a transient simulation. From a 2004 IECEC paper.

9. EPS Simulation – PTS (IECEC 2004). A description of some of the PTS EPS
Component models and their characteristics. From a 2004 IECEC paper.

10. EPS Simulation - PTS (IECEC 2011). PTS example results from a simulated orbital
mission, showing the solar array number one voltage vs. time, along with the battery
capacity, and the battery state-of-charge. Multiple orbits are indicated, where the battery
finally fully recharges after 16 orbits. From a 2011 IECEC paper.

11. EPS Simulation using Excel. The advantages of using Microsoft Excel Visual Basic
Macros – which give the same capability as FORTRAN, Basic, C, C++, and other
computer simulation languages, with the benefit of the use of large data sheets, and
automatic generation of plotted results. The user can also zoom in or out on any plot. The
function code block shown indicates how several different EPS sub-component models
(e.g. battery voltages from various battery cells) can be written and stacked. The code
would call the proper function module based on the user input for any given simulation.

12. EPS Simulation – TDS. The TDS EPS Simulation tools and codes, and their
advantages.

13. Solar Array Simulation. The TDS solar array is composed of wings. Each wing is
composed of strings in parallel. Each string composed of several cells in series. Only the
cells in each string are assumed to be of the same type. The number of wings, strings, and
cells is defined by user input. This allows for very complex solar arrays and the use of
multi-spectral cells (all of different types) for a higher overall solar array efficiency.

14. Battery Simulation. The TDS battery is composed of several stacks of cells in
parallel. Each stack can be a unique number and collection of any given battery cells
modeled within the code. As a special case, for n stacks of cells having the same number
(m) of identical cells per stack, this allows any battery of the form “nPmS” to be easily
modeled.

15. Detailed Battery Simulation. This shows how the battery can be composed of all
different cell types, with different numbers of cells per stack if desired.
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16. Detailed Battery Sim. Looks Easy… Not! During the simulation of each step, the
current in each battery stack is calculated based on the impedance seen in each cell, and
thus in each cell stack. During the cell charging or discharging in that time step, the
capacity in each cell will change. If the changes are large enough, such as in sudden
current changes or during current pulses, then the cell impedances will change. This
flowchart illustrates an iterative procedure to insure that the current splits into the cell
stacks agrees with the impedances calculated over that time step. It should be noted, as it
is not stated in the presentation, that each of the battery impedances for each cell are
numerically calculated for use before and after each time step. This is done by a separate
calculation, in which the current is changed by a small amount in both positive and
negative directions, the resulting voltages are saved, and the impedance is defined as the
change of voltage divided by the change in the current. The effects of any temperature
changes on the cell impedance are calculated and included in a similar manner.

17. Sample Detailed Battery Simulations. A “science fiction” LiIon battery cell is now
defined for our simulation cases that will follow. We will assume a cell voltage over 0 to
100 % depth-of-discharge (DOD), which is equivalent to 100% to 0% state-of-charge
(SOC), using a capacity of 5 Amp-hours, with a maximum fully charged voltage of 2.5
Volts. These numbers are completely arbitrary as to not impinge on anyone’s restricted or
proprietary, or thought-to-be-propriety, data. Correction terms are also included for
voltage vs. current and voltage vs. temperature effects; which are chosen here to be larger
than realistic values in order to amplify their affects during the simulations. The
simulations will all be 30 minutes long, using 1 minute time steps. Four cases will be
considered, and cell dropouts can be user defined at any given time for any given cell.

18. Chosen Battery Cell Model VCell @ I=0. This is the chosen battery cell voltage model
(normalized) for this battery cell as a function of the DOD. The model is defined by the
user input data points, and is assumed to of linear form between the given data points.
The number of given data points is arbitrary, and can be very large, such as when
modeling a specific battery cell where detailed test data is available.

19. Chosen Battery Cell Model (V/I, V/T). Here are the results of the same battery
model showing the effects of changing the current for a set given temperature. In this
case, the zero current voltage for this temperature is shown in red as max. at 2.0 volts.

20. Chosen Battery Model. In the simulation cases to follow, we will use a 2P6S model,
with each cell having different SOC initial conditions. To show the effects of only the
changing SOC, all of the cells are set to and held at the same input temperature.

21. Chosen Battery Cell Initial SOCs. Here are defined the user inputs for each stack and
each cell, the initial State-Of-Charge (SOC), and temperature of each cell type.

22. Given Time Dependent Input Data. Here the user defines all of the required input data
vs. time for each time step during the simulation. The input values are considered to be
constant over each time step. “Insol” is the amount of light falling perpendicular to the



5/6

solar array cell for this string or wing of interest, which is not changed in our cases here.
Note that at time step 10, a cell is defined to be dropped out: in stack 1, cell 1.

23. Case 1 – Constant Charge. Here we see that for Case 1, the current is held constant at
5 Amps over each time step for verification.

24. Case 1 – Constant Charge. Here are the SOC results for all 12 cells (2 stacks, 6 cells
each). We note that the SOC increases exactly in a linear manner, as expected using equal
duration time steps with a constant charging current at a set temperature. We also note
that the user has placed an arbitrary input maximum SOC value in each cell, at 110%, to
limit overcharging.

25. Case 1 – Constant Charge. Here are all of the cell voltages vs. time. We can see when
the cells drop out, that their voltage goes to zero. Note that the SOC values for those cells
did not go to zero in the previous slide, as we are not interested in that effect at this time.

26. Case 1 – Constant Charge. Here are the battery stack voltages vs. time. We can easily
see the effects of the cell drop outs.

27. Case 2 – Constant Discharge. Now we perform the same tests using a constant current
discharge of 5 Amps (negative for discharging).

28. Case 2 – Constant Discharge. Here we see all of the cells discharging in a linear
manner as expected. The minimum SOC allowed is zero, for a fully discharged cell
(mathematically).

29. Case 2 – Constant Discharge. Here are all of the cell voltages vs. time. We can see
when the cells drop out, that their voltage goes to zero.

30. Case 2 – Constant Discharge. Here are the battery stack voltages vs. time. We can
again easily see the effects of the cell drop outs.

31. Case 3 – Const. Current Cycles. We now assume a discharge-charge cycle over the 30
simulation duration. The current first discharges at 5 Amps (negative), and then charges
at 5 Amps (positive).

32. Case 3 – Const. Current Cycles. Here are the SOC results for all 12 cells. Again, we
note the smooth linear SOC behavior as expected.

33. Case 3 – Const. Current Cycles. Here are all of the cell voltages vs. time. We can see
when the cells drop out, that their voltage goes to zero.

34. Case 3 – Const. Current Cycles. Here are the battery stack voltages vs. time. We can
again easily see the effects of the cell drop outs. These tests verify that our models are
simulating the battery pack as expected.
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35. Case 4 – Sample Orbit Current Cycles. Now we create a “science fiction” orbital
cycle mission current profile for demonstration. We now add five additional current load
pulses of 5 Amps during discharging, in a regular periodic manner, and a charging profile
that assumes that the solar array is moving from edgewise to the sun to flat to the sun
over the charging cycle, charging from zero Amps to 5 Amps.

36. Case 4 – Sample Orbit Current Cycles. Here are the SOC results for all 12 cells.
Again, we note the smooth linear behavior as expected.

37. Case 4 – Sample Orbit Current Cycles. Here are all of the cell voltages vs. time. We
can see when the cells drop out, that their voltage goes to zero.

38. Case 4 – Sample Orbit Current Cycles. Here are the battery stack voltages vs. time.
We can again easily see the effects of the cell drop outs.

While these results look fairly simplistic, they demonstrate the accuracy and power of the
models and of the simulations. For a more complex simulation, where sunlight, current,
and temperature are all changing during the mission over each time step, the results will
be very complex, and much more difficult to analyze.

39. Conclusions. The use of Excel allows easy, fast, large, accurate simulations on
desktop and laptop computers without the need for special software or software licenses.
Accurate EPS Time Dependent Simulation is needed for power system sizing, proposals,
designs, design modifications, and on-orbit validations. Both the PTS (by Lockheed
Martin) and the TDS tool sets (by ENNEAD) are available for general EPS use.
However; TDS includes very detailed SA and Battery cell modeling, and is available for
general use; whereas PTS is proprietary to Lockheed Martin. Individual battery cells need
to be modeled for individual state-of-charge calculations and other important parameter
effects. Battery cells becoming “not full” during recharging or reconditioning and cell
drop-outs are all very important in EPS design and mission operation. These Time
Dependent Simulations can predict EPS behavior and on-orbit mission transients.

40. Questions and Answers. For additional information, please contact:

Dr. Patrick G. Bailey
ENNEAD LLC
P.O. Box 201

Los Altos, CA 94023-0201
ennead@sbcglobal.net

Also available is a copy of the full PowerPoint slide presentation (in PDF format), and an
additional summary paper that more fully describes the structure and the operation of the
EPS TDS tools and codes package. All of these files, including this paper summary, are
available on a CD by request from the author and the addresses above.


