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ABSTRACT

Automotive start, light, ignition (SLI) lead acid batteries
used in tanks are prone to capacity loss due to low
temperatures, self-discharge, sulfation and shorting of
plates. Monitoring and charge control of these batteries
can be improved by using the concept of a smart battery
system (SBS). In a SBS, battery data from sensors
embedded in the battery package are acquired by a
smart battery controller which processes this data, and
transmits charge control information, to a central
processor for effecting control actions over a controller
area network (CAN) bus.

Smart battery circuitry has been designed, developed
and implemented to monitor the SOC of a 12V
automotive lead acid battery used in tanks. The
hardware comprises ac impedance measuring hardware
interfaced to a Motorola 68HC12 microcontroller with a
built-in CAN controller interface. The SOC estimation
algorithms are based on a fuzzy logic model that is
directly implemented into the Motorola 68HC12
microcontroller. Details of the hardware and fuzzy logic
model design will be presented.

INTRODUCTION

Monitoring SOC is crucial for improving the life and
performance of SLI lead acid batteries. Since 1997,
Villanova University and US Nanocorp, Inc. have
collaborated on the development of patented fuzzy logic-
based methods for determining SOC and state-of-health
(SOH) of a battery [1,2]. In order to implement the fuzzy
logic algorithm for battery SOC determination, many
special calculations are required and memory space is
required to store both the fuzzy logic model itself and the
results of intermediate calculations. We previously
presented the design of a custom-designed SOC
monitor chip that efficiently performs the fuzzy logic
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calculations used in our approach to SOC determination
[3]. In the previous version of our design, battery
temperature, voltage and current were the inputs used to
estimate the battery’s SOC based on a coulomb
counting method. However, a more accurate approach
for SOC estimation employs ac impedance
measurements and has the added advantage of being
able to provide information on the battery’s SOH [4].

The circuit design required to accomplish this task
involves using analog circuitry for the impedance
magnitude measurement and a mixed signal circuit
design for phase detection. The custom microcontroller
optimized for implementing fuzzy logic algorithms whose
structure was described at the 40" Power Sources
Conference is then interfaced to the ac impedance
measuring circuitry to estimate the battery SOC. In this
paper, we present the design of the AC impedance
measuring circuitry together with the fuzzy logic model
for SOC estimation along with test results for the sub-
circuits. Furthermore, we describe a second-generation
design that employs a commercial microcontroller, the
Motorola 68HC12. This particular microcontroller offers
several useful features including fuzzy logic instructions
built into the chip’s instruction set and a CAN network
interface that can be used to enhance the performance
of the smart battery controller while concomitantly
reducing the size of the board.

AC IMPEDANCE MEASUREMENT CIRCUITRY

In order to measure the impedance of the battery, an AC
signal current must be injected into the battery under
test as shown in Fig. 1. A four-terminal measurement is

used to eliminate contact resistance effects. Usually i,

and v, are too small to be measured directly, and

hence some amplification stages must be provided to
amplify these signals as shown in Fig. 2. Following the



gain stages, rectifiers and low pass filters can be used to
obtain a DC output signal, which will be proportional to
the amplitude of the battery impedance. A phase
detector is also used to measure the phase angle of the
output signal relative to the input signal. Details of this
circuit are presented later in the paper. A block diagram
of the complete system is shown in Fig. 3.

Impedance test circuit
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Figure 3 Rectifier and filter for AC-to-DC conversion

In order to reduce circuit power consumption, we
developed an improved AC current source, shown in
Fig. 4. In Fig. 4, a large value capacitor is used to isolate
the DC voltage between the power supply and the tested
battery so that the voltage of the power supply does not
need to be higher than that of the tested battery. The
feedback from the output is used to ensure that the
average voltage of the output is equal to half the value of
the power supply so that the maximum non-distorted AC
value can be obtained at the output (a measured output
waveform is shown in Fig. 4.) The feedback from the
batt_n node is used to ensure that the current through
the tested battery will follow the signal of AC_input. This
circuit consumes about 50% less power than
conventional AC current sources.
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Figure 4 Improved AC current source

The amplitude of the AC test current should be above
300mA, and the actual required value will depend on the
internal impedance of the battery under test. If small
alkaline cells are used to provide the power for this
circuit, they will discharge very quickly and will therefore
not provide a practical solution. In order to solve this
problem, we have designed a power supply whose
power comes from the battery under test. This power
supply, shown in Fig. 5, can provide +/-5v the voltage
requirement for our current source and other circuits. In
this circuit, isolated DC to DC converters are just like a
load for the battery under test, and the only effect of
these two converters is that some current i will go
through the battery under test. If the filter can work well,
the extra current i will be a DC value or at least it will be
almost a DC value, and then its effect on the AC voltage
of the tested battery can be easily filtered by DC isolator.
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Figure 5 Improved power supply for +/-5V.

AC IMPEDANCE PHASE ANGLE
MEASUREMENT CIRCUIT DESIGN

The main function of the phase detector, shown in Fig.
6, is to detect the phase difference between two
sinusoidal signals with the same frequency. AC1 and
AC2 are two sinusoidal signals and their average value
is zero. The waveforms for this detector are shown in
Fig. 7. From Fig. 7, it is easy to conclude that the phase
angle should be as follows:

If 81>602 ,then AC1 leads AC2 by a phase angle O1.
If 2 >01, then AC2 leads AC1 by a phase angle 62 .
(-180°<@1,02 < +180°).

Therefore, by measuring the DC voltages of &1 and

02 , the phase difference between the two signals AC1
and AC2 can be easily calculated. This phase detector
has passed the test on the breadboard level. The IC
design for this detector has also been completed, and
the chip fabricated. Testing of this chip has also been
successfully completed.
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Figure 7 Sample Waveforms for Phase Detector

PRINTED CIRCUIT BOARD LAYOUT

The devices have been implemented at the breadboard
level and in printed circuit boards. Fig. 8 shows a
photograph of the board populated with the components
for the complete board that would be implemented in the
battery casing.

Figure 8 Photograph of Printed Circuit Board of Smart
Battery Controller

AC IMPEDANCE CIRCUIT TEST RESULTS

All the circuits have been successfully tested except the
improved power supply, which is still undergoing testing.
The rest of the ac impedance measurement circuits
were



tested by making magnitude and phase angle
measurements at three different test frequencies (10
Hz, 100Hz and 1 kHz) on an Exide US6TMF and
comparing the results with a commercial instrument
(Solartron 1280B Electrochemical Measurement Unit).
An external +/-5V power supply was used to power
our circuitry for this testing. Test results are shown in
Table 1 and clearly show good agreement with
measurements made with our

Frequency | Impedance Impedance
(our circuit) (Solartron
|Z|/phase 1280B)
angle
me2/ degree | |Z|/phase angle

mQ/ degree
10Hz 14.8/-0.6 14.6/-0.5
100Hz 12.6/0.1 12.5/0.41
1000Hz 15.3/1.1 15.1/1.0

Table 1 Test results for AC Impedance Measurement
Circuit

test circuitry and measurements made with the
Solartron unit. However, compared to the Solartron
unit, our circuit is much smaller, consumes much less
power and may be implemented in the smart battery
application (of course it is not as versatile or as capable
as the Solartron instrument.)

AC IMPEDANCE MEASUREMENTS ON
AUTOMOTIVE BATTERIES

Galvanostatic ac impedance measurements were made
on 12V Exide US6TMF 100Ah batteries under open
circuit conditions using a Solartron 1280B
Electrochemical Measurement Unit. The measurements
were made at an AC signal amplitude of 500 mA over
the frequency range of 1Hz to 10kHz. Measurements
were made at four different temperatures (-20°C, 0°C,
20°C, and 40°C) on three different batteries. The test
procedure was as follows:

1) Charge battery

2) Discharge battery at constant current of 1.5A for 30
mins.

3) Rest at open circuit for 1 min.

4) Measure ac impedance

5) Repeat steps 2-4 until a cutoff voltage of 10.2V was
reached.

Some sample test data is shown in Fig. 9. It can be
clearly seen from Fig. 9 that there is a monotonic
change in both the magnitude of the ac impedance at
frequencies less than approx. 500Hz and phase angles
less than 40Hz. Good discrimination is seen in both the
magnitude and phase angle data at 10Hz and a
preliminary fuzzy logic model to estimate battery SOC at
different temperatures has been developed simply
based on this data. This model and its performance is
described next.
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Figure 9. Magnitude and Phase Angle Bode Plots for an
Exide US6TMF Battery at different depths of discharge
measured at a temperature of 0°C

FUZZY LOGIC MODEL FOR BATTERY SOC
ESTIMATION

A preliminary fuzzy logic model has been developed for
estimating the SOC of the Exide US6TMF batteries over
the temperature range of -20°C to 40°C simply using the
impedance magnitude and phase angle at 10Hz of the
battery and the battery’s temperature as the model
inputs. The fuzzy logic model was developed using the
Fuzzy Logic Toolbox for Matlab [5]. The measured
impedance data was divided into two sets, one for
developing the model (the “training” data set) and a
second for testing the model (the “testing” data set). Fig.
10 shows the membership functions for the three inputs,
namely |Z| at 10Hz, phase angle at 10Hz, and battery
temperature.

Fig. 11 shows the model-generated data and the
“training” data used to develop the model. The average
error of the training data using the single frequency
impedance measurements is less than 5%! Fig. 12
shows the model-generated data and the “testing” data
at 20°C. In the case of the testing data the average
testing error is seen to be about twice the error in the
model fit to the training data. Nevertheless, the
maximum error in the testing data at any of the four
temperatures did not exceed 7.5% (although individual
data points were in error by as much as 12%.) This is a
very good result considering the simplicity of the model.



A more accurate model is presently under development
using two different frequency inputs and is expected to
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Figure 10. Membership Functions for the three inputs to
the SOC estimation fuzzy logic model

yield less than 5% average error with the testing data
over the complete temperature range.
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Figure 11. Training data(0 ) and fuzzy logic model-
generated data (*) for SOC estimation of Exide US6TMF

batteries at different temperatures over the range -20°C
to 40°C
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Figure 12. Testing data (@) and fuzzy logic model-
generated data (*) for SOC estimation of Exide US6TMF
batteries at 20°C

SECOND GENERATION DEVICE

In order to increase the accuracy of the smart battery
controller and reduce the size of the smart battery
controller and the power consumption further, an
improved design is employed in a second-generation
unit. A commercial microcontroller, the Motorola 68HC12
with a CAN network interface is used in this second-
generation design. This commercial chip contains almost
all the required digital functions and the A/D converter.
This will save board space. Additionally, the amplified
AC signal will not be converted to a DC signal again so
that the conversion circuit can also be eliminated saving
further space on the board. Another important
advantage of this approach is that the error for the
impedance caused by this AC/DC conversion is
removed, improving the accuracy of the measurement.
As long as the two amplified AC signals are sampled,
the extraction of the ac impedance magnitude and
phase angle can be extracted using software code
embedded in the microcontroller. The microcontroller will
not generate any noise and the only error caused by the
microcontroller is the databus length and the A/D
conversion. In order to reduce the effect of the A/D
conversion and the databus length, the maximum values
and minimum values for these two AC signals are
looked for at first, and then the time for three crossing
points for these two AC signals are looked for again. The
main algorithm is shown in Fig. 13.
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From the theoretical calculations, the accuracy of the
impedance measured by this method will be much
higher than that by the first generation. Of course, the
actual accuracy will also depend on the algorithm
employed.

The hardware design for the second-generation unit has
been completed and the printed circuit boards
fabricated. The software code for extracting the
impedance magnitude and phase angle has been written
and the received boards have been fabricated and
preliminary test results have been obtained. Table 2
shows the magnitude and phase angle for initial testing
of the second generation device for a battery at 45%
SOC at room temperature.

100Hz 10Hz

Amplitude Phase Amplitude Phase

5.12 mQ) -9.12° 9.21 mQ -11.43°

Table 2. Preliminary test results for second generation
smart battery controller.

CONCLUSIONS

In this paper we have presented an embedded smart
battery controller for automotive lead acid batteries. We
have moved from a previous coulomb counting-based
design to one based on ac impedance measurements.
Compact, low power, ac impedance measurement
circuitry has been presented as well as preliminary test
results with this circuitry. We have also presented ac
impedance measurements made with a commercial
instrument on Exide US 6TMF batteries at different
temperatures over the range -20°C to 40°C. From this
data we observed sufficient discrimination in the
magnitude and phase angles at 10 Hz to suggest that a
viable fuzzy logic model to estimate battery SOC was
possible. Using these two impedance parameters and
the temperature as inputs, we were able to develop a
fuzzy logic model to estimate battery SOC to an average
accuracy of better than 8%.

A second-generation design which employs a smaller
board and uses a Motorola 68HC12 with a CAN network
interface has been completed. This second-generation
design has been fabricated and initial test results have
been presented.
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