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Abstract 
Battery packs for portable equipment must 
sometimes accommodate conflicting 
requirements to meet application needs. An 
electronically configurable battery pack was 
developed to support two highly different 
operating modes, one requiring very low 
power consumption at a low voltage and the 
other requiring high power consumption at a 
higher voltage. The configurable battery 
pack optimizes the lifetime and performance 
of the system by making the best use of all 
available energy thus enabling the system to 
meet its goals of operation, volume, and 
lifetime. This paper describes the cell 
chemistry chosen, the battery pack 
electronics, and tradeoffs made during the 
evolution of its design. 

Introduction 
Successful implementation of a remote 
application required an internal power 
source that fit a limited volume. The power 
source required an energy capacity for a 
minimum 5 year lifetime. The electronic 
equipment operates in 2 distinct modes, a 
standby and operational modes. The standby 
requires very low power at a low voltage, 
400uA from 3V. The system remains in 
this mode for more than 99% of its lifetime. 
In its operational mode, the system requires 
regulated 3.3V and 24V supplies. The 
power consumption is 1.5W from the 3.3V 
supply and up to 12W from the 24V supply. 
Enhanced system capabilities would be 
achieved if 24W could be drawn from the 
24V supply. The power source had to fit 
within a D cell volume. 

0 sj-1 control. Figure 1 provides a basic in u - 
output block diagram of the system. 
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Figure 1: Battery Pack / Power System 

Lithium Thionyl Chloride Cell 
The starting point was a D size Lithium 
Thionyl Chloride (LTC) cell developed and 
thoroughly characterized at Sandia. The cell 
has the characteristics of 3.6V open circuit 
voltage, excellent energy density achieving 
12Ahr at 500mA drain, 2.8V at 5A 
(conditioned), and a very low self discharge. 

LTC was excellent choice for the low power 
standby mode. The voltage delay 
characteristic of LTC cells didn’t make it the 
best choice for operational mode. After 
supplying a low current for a long period of 
time the source impedance of a LTC cell 
increases. Upon application of a pulse load 
the cell voltage can drop drastically. 
Eventually the source impedance decreases 
and the loaded cell voltage increases. This 
characteristic is referred to as voltage delay. 
In the case of this cell, it can eventually 
supply currents up to 5A at 2.8V. The 
problem was how to condition the cell 
without allowing the cell voltage to drop to 
the point were the system loses its mind. 

The power system consists of the cell(s), 
power converters, and power management 
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Operation from Low Voltage Source 
A low voltage source, regardless of the cell 
type isn’t optimal for the relatively high 
power consumption of the operational mode. 
The problem is the reverse of the more 
common one of creating a high current low 
voltage source from a higher voltage source. 

The efficiency of the switching converter 
required to step up the battery voltage source 
to 24V is a problem. To illustrate this effect 
assume a loaded battery has a cell voltage of 
2.W. In order to supply 12W from 24V 
with a 85% efficient converter 5A is 
required out of the battery. Fairly high 
currents are handled to generate only 12W. 
Resistance in the current path causes great 
inefficiency in the converter due to large 
currents. To compound the problem, the 
voltage across the battery is dropping as the 
load is increased. As the battery voltage 
drops the converter becomes less efficient 
and battery current must increase. All these 
characteristics are compounded until a 
maximum power limit is reached. The 
resistance in the source side of the converter 
is critical to the power levels that can be 
achieved. 

Figure 2 provides a simple model to estimate 
.he average current out of the battery versus 
:he load on the 24V converter. The 
assumptions of the model are a battery 
voltage of 3.6V with a source impedance of 
3.1 5Q2, converter efficiency of 95%, with the 
ximary resistance represented by Rloss. 

I 
Figure 2: Model to Estimate Current 

Figure 3 provides the results of the model 
showing battery current versus power out 
with 3 values of Rloss, 0.125, 0.075, 
0.035Q. The converter can no longer 
regulate at the point where the curve drops 
to 0 amps because of the conditions at its 
input. Note the very small primary 
resistance of 35mR (the curve that achieves 
the highest power) is required to achieve 
12w out. 
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Figure 3: Battery Current vs. Power Out 

Operation from a low voltage power source 
might be feasible at 12W but the problem 
would simply be passed to the power supply 
designer. The components used may be 
capable of handling much larger power than 
required just to get to the low resistance 
required to minimize losses. The power 
converter would probably require some sort 
of boost auxiliary supply to provide 
adequate bias to get the low switch drops 
required. All of this adds complexity and 
increases the size and cost of the converter 
notwithstanding the question of how such 
large currents affect the lifetime of the cell. 

Lithium Manganese Dioxide Cells 
The use of the LTC cell had two problems; 
low voltage power conversion and the 
voltage delay effect. A scheme was devised 
to work around the voltage delay but added 
considerable complexity to the circuit, so 
alternate battery chemistries were 
investigated. Lithium types remain a good 
choice with their low self discharge rates, 
good energy capacity, and high cell voltages. 
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In particular Lithium Manganese Dioxide 
(LiMn02) is a good choice because of its 
commercial availability in a number of cell 
sizes designed for high rate discharges. 
Compared to LTC, LiMn02 cells have a 
lower cells voltage, about 3V, lower energy 
density and higher self discharge, but are 
still good, are probably safer to use, and 
most importantly don’t have voltage delay 
effects - they respond on demand. 

Switching to a single LiMn02 D cell 
eliminated the problems of voltage delay but 
the problem of low voltage conversion still 
existed. In fact the lower voltage of the 
LiMnO2 cells enhances the low voltage 
conversion problem. An additional 
drawback of the D cell is that while a 
number of manufacturers can make one it is 
not widely available. 

Because of the problems associated with the 
D cell, a smaller, more commercially 
available LiMnO2 cell such as the Duracell 
DL123A in a 2/3AA size was investigated. 
A single cell of this size has a capacity of 
about 1.4A-Hr, not enough by itself, but 6 of 
these 2/3AA cells can fit in less volume than 
a single D cell. 

Considering a system with 6 smaller 
LiMn02 cells opened a number of 
possibilities. The high power operational 
mode could start with a higher voltage 
source if a number of these cells were 
connected in series greatly simplifying the 
power conversion to 24V. To illustrate this 
the values in the model of Figure 2 were 
changed to a battery voltage of 15V (5  cells 
in series) with a source impedance of 1.1R 
and a converter efficiency of 95%. The 
result is shown in Figure 4: Battery Current 
vs. Power Out. The value of Rloss was 
varied from 150mR, 25OmQ to 350mR to 
get the 3 sets of data. Of significance note 
that 12W power output is achieved with 1A 
drawn from the batteries, well within the 

ratings of the 2/3AA cells. There isn’t 
much of dependence on Rloss, the resistance 
which models the converters source side 
resistance, until the power approaches 36 W. 
Note that higher power levels are achievable 
with this configuration than from a low 
voltage source, even though the capacity of 
the low voltage source may be greater than 
the combined capacity of the smaller cells. 
Much simpler and more standard power 
converters and components can be used with 
the higher voltage source. 
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Figure 4: Battery Current vs. Power Out 

Until know the discussion has been 
primarily about the operational mode. The 
majority of the time the system is in its 
standby mode and this is were most of the 
capacity of the cells will be used. In this 
mode, low current is required from a low 
voltage source, about 3V. The best way to 
provide this 3V with respect to system 
lifetime is directly from the cells rather than 
through a converter. At low power levels 
converters are inefficient due to the 
overhead power required to operate the 
converters being close or higher than the 
load power. Assuming that the system 
electronics can operate off of a single cell 
voltage in the standby mode the best way to 
connect cells in terms of system lifetime 
would be in parallel adding the capacity of 
each cell together. So the two modes have 
conflicting requirements for the battery pack 
- a series pack for operational mode and a 
parallel pack for standby. The limited 



volume of the system won't allow for 
separate packs for each mode. 

Reconfigurable Battery Pack 
The previous investigations led to the idea of 
electronically configuring a 6 cell battery 
pack to support each mode - an all parallel 
configuration providing a single battery with 
high energy capacity for the standby mode, 
and a 5 cell series configuration to power the 
24V conversion and a single cell to power 
the 3.3V conversion for the operational 
mode These two modes will be referred to as 
the parallel and series modes for the 
remainder of this paper. 

Reconfiguring the battery pack optimizes the 
lifetime and pe$ormance of the system by 
making the best use of all available energy. 
Some of the considerations that went into 
the design of the pack were; draw zero 
power in parallel mode, be capable of 
reconfiguring with cell voltages to 2V, 
reconfiguration controlled with single logic 
state, current limiting the series stack, self 
protection, break-before-make configuration 
switching, parallel switches can have higher 
impedance since they handle low currents, 
the series configuration switches must 
handle high currents and need to be very low 
impedance when on, and lastly, since the 
cells are primary cells and not intended to be 
charged, energy from one cell must be 
prevented from flowing into another cell. 

Figure 5 shows the pack in parallel mode, 
The system is in parallel mode for a majority 
of time, so it is crucial to hold the pack in 
this state while drawing virtually zero 
power. The cells are connected in parallel 
with power mosfet switches and ORing 
diodes in series with each cell to balance the 
energy between the cells. The diodes appear 
undesirable but carry little penalty since the 
current through them is so low that the drop 
across them is small, and the nature of the 
load on the 3V is that of a current sink fairly 

independent of voltage. The diodes also 
serve as switches for the reconfiguration and 
if eliminated would be replaced by switches 
that may be more efficient but would require 
additional control circuitry. 
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Figure 5: Battery Pack in Parallel Mode 

Figure 6 provides a block diagram schematic 
of the system in the series mode. Note that 
the current limiting switches and power 
converters are not a part of the 
reconfiguration circuitry and can be moved 
around independently. The switches used in 
the series mode need to have very low on 
resistance. This switch resistance adds 
directly to the loss resistance that was a 
factor in Figure 4. Series resistance and 
drop is minimized by shorting the 2 ORing 
diodes left in the paths. 
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Figure 6: Battery Pack in Series Mode 
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Thus the control circuitry and the MOSFET 
switches have to be capable of operating 
Erom 2V. MOSFETs of this type typically 
have maximum Vgs of +/- 12V which can 
pose a problem in the series mode where 5 
cells are stacked to 15V. 

The ieries mode must be initiated with a cell 
voltage of 2V. The Rds of WTS is not 
acceptable at Vgs levels this low. The saving 
grace is that the switching needs to be 
initiated with 2V but once the cells start to 
stack up in series there are higher voltage 
levels available. Using these higher levels 
the gates can be biased high enough to yield 
acceptable Rds on. 

-.- 

This implementation did not use any auxiliary 
bias supplies to do the switching. All switch 
biasing came from the cells themselves. As 
the series stack forms each mosfet switch 
gets biased with the minimum sum of 3 cell 
voltages. The impedance of the series 
switches for this application is about 200mQ 
about the advertised source impedance of 
one 2/3AA cell. Lower resistance could be 
achieved now as better devices have become 
available. 

With different combinations of series and 
parallel switches there is the possibility for 
the cells to become shorted. There needed 
to be some built in assurance that prevented 
this from happening, such as break-before- 
make switching and ensuring the cell 
voltages are high enough for reliable 
operation. 

Control and Power Management 
A analog ASIC was designed to provide the 
reconfiguration control, self protection, and 
power management functions. A bipolar 
process was chosen because of voltage rating 
and suitability to circuits at 2V. 

parallel cell voltage. If this is below 2V the 
ASIC does not respond since the cell 
voltages are too low to provide reliable 
switching. If the voltage is above 2V, the 
ASIC proceeds to turn off the parallel 
switches, turn on the series switches, and 
apply power to the 3.3V and 24V converters 
with current limited switches. A self 
protection timer is started at the same time. 
If the 24V is not sensed to be up and running 
within 20mS, the ASIC reconfigures the 
pack back into a parallel mode. The 
assumption is that the reconfiguration or 
power converter has failed. The ASIC 
provides a break-before-make type switching 
when going fiom both parallel to series and 
series to parallel. 

Conclusion: 
By electronically configuring a multi-cell 
battery pack, the available energy in a limited 
volume is optimized for 2 very different 
modes of operation. The electronics to 
reconfigure the pack add complexity to the 
system, but the volume occupied by the 
electronics is less than a single 2/3AA cell. 
The addition of another 2/3AA cell would 
not come close to the benefits of lifetime and 
power output that reconfiguring the pack 
provides. 

The reconfigurable pack was an enabling 
factor in the success of the system it was 
designed for. 
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With respect to reconfiguration, when the 
ASIC receives a wake up signal it senses the 


