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bstract

A novel approach has been developed to measure the voltages of individual batteries used in electric vehicle (EV) battery packs using a
nique selective battery measurement system. This system consists of a voltage measurement circuit that measures battery voltages using a set
f electromechanical relays connected in a matrix formation. A 16-bit microcontroller was used for controlling the operation of the relay matrix

ircuit. The system was designed for a pack of 12 series connected 12 Vdc lead–acid batteries. The proposed approach was found to be compact
nd is a universal one that can be used for any type of battery. Moreover, the method was very effective and produced good accuracy. In fact, test
esults over a wide temperature range of −20 to +40 ◦C indicated that the method is very precise with voltage fluctuations less than ±30 mV.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Several applications such as electric vehicles and uninterrupt-
ble power supplies require the use of series connected battery
acks for adequate power. These packs often need precise and
utonomous voltage measuring schemes for accurate battery
oltage measurements from time to time. The battery voltage
s a good indicator of whether any battery is losing charge
ue to extraneous factors. Some of the factors that contribute
owards reduction in battery life or charge retention include the
ype of battery cell design, ambient temperature, and length of
sage/storage [1,2]. This means that if there are certain subtle
ifferences between individual batteries in a pack, the batter-
es will not charge/discharge in a uniform manner, resulting in
vercharge and excessive discharge in some units.

All batteries must remain within a high and low voltage

perating range to prevent damage. During the discharge cycle,
atteries which are less efficient tend to go out of voltage bal-
nce before the rest. This phenomenon limits the total battery
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apacity. Also, during the charge cycle, batteries which are more
fficient tend to get charged a little higher than the rest, resulting
n an overcharge. Batteries such as nickel metal hydride (NiMH)
nd lead–acid when overcharged are subject to an oxygen recom-
ination cycle at their negative electrodes, and this causes their
ycle life to be significantly reduced over a period of time [1,2].

It is possible to obtain a fair idea of the state of health of a
attery by keeping track of its terminal voltage. For example,
he open circuit voltage (OCV) and state of charge (SOC) for a
2 Vdc, 13 ampere-hour (Ah) EnerSys Genesis G13EP lead–acid
attery have the following linear relationship for the 10–100%
OC range [16]:

OC = OCV − 11.6

0.0126
(1)

Therefore, the SOC of each battery in series connected packs
an easily be predicted by measuring its terminal voltage after
ome period of time at rest. This information is used to iden-
ify weak batteries so that they can receive an additional boost
harge to balance the pack. It is therefore imperative that battery

oltage monitors be accompanied with some type of equaliza-
ion scheme to maintain voltage balance [3–8]. In fact, these
ystems combine to form battery management systems (BMSs)
hat monitor several critical battery parameters, such as the volt-
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Fig. 1. Modular batt

ges and temperatures of individual batteries, and take corrective
ction whenever an imbalance arises in the battery pack [9,10].
ig. 1 shows a typical modular battery management system that
onsists of several local modules (LMs) each catering to the
eed of a well-defined section of the battery pack. In this case,
ach LM monitors eight batteries and consists of several key
omponents that include a transfer circuit, multiplexer, analog-
o-digital (A/D) converter, microcontroller, and an input–output
I/O) buffer. A serial data link provides communication between
ach LM and a common central module (CM). The CM com-
ands all LMs to simultaneously measure and store their battery

oltages locally, and the results are then sequentially transmitted
o the CM. It is apparent that the transfer circuit is one of the
mportant elements in each LM and thus, needs special attention
n design and development. In fact, these voltage measurements
an be quite tricky because each measurement must be trans-
erred from the battery pack to the ground reference used by
he data processing system as shown in Fig. 2. Although this

ight seem to be a simplistic task, the system needs to obtain
ata quickly to prevent a catastrophic condition from occurring.
igh performance batteries such as lead–acid, lithium-ion and
iMH have higher energy densities, and therefore, they require

recise monitoring to ensure safety and performance.

There are several techniques to measure the battery voltages
n series packs, the most evident method being using a resis-
ive divider. Fig. 3 shows such a circuit for 12 series connected
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Fig. 2. Typical voltage m
anagement system.

atteries. The disadvantages for such a system are fairly clear.
irstly, switches must be provided to prevent the resistors from
rawing current from the batteries when not in use. Secondly,
he voltages near the top of the stack require very accurate (and
xpensive) divider ratios. For example, consider the top bat-
ery in a stack of 12 12 Vdc batteries. Here, K12 = R1/(R1 + R12),

11 = R1/(R1 + R11) and so on. If the ideal values of K11 and K12
s defined in Fig. 3 are, K11 = 1/11 and K12=1/12

M11 = V11 × K11 = 12 Vdc, V11 = 132 Vdc (2)

M12 = V12 × K12 = 12 Vdc, V12 = 144 Vdc (3)

B12 = V12 − V11 = 12 Vdc (4)

owever, if the actual K12 is in error by +1% and the actual
11 is in error by −1%, the actual V12 = 145.44 Vdc, and
11 = 130.68 Vdc. This would mean that the measured VB12

quals 14.76 Vdc, instead of 12 Vdc (an error of 23%).
Another obvious method is to simply provide each battery

ith its own isolation amplifier [11]. The isolation amplifier
hifts the battery voltages to the common reference, and the accu-
acy problems related to resistive dividers are avoided. A typical

ircuit is shown in Fig. 4, where the individual VBx can be mul-
iplexed as in Fig. 3. Sample and hold circuits also can be added
o both Figs. 3 and 4 to provide a simultaneous measurement
can. This system meets the necessary accuracy requirements,

easurement system.
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Fig. 3. Resistive divide
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Fig. 4. Individual isolation amplifier measurement system.

ut it is physically large and expensive due to the high cost of
he amplifiers. A different method that is commercially available
ses localized data processing. Exact details are usually propri-
tary, but a typical system can be implemented with a circuit
imilar to Fig. 5. In this type of system, each battery has its own
icrocontroller, including an A/D converter and a galvanically

solated serial port. The serial data link provides communication
etween each microcontroller and a common central processing
nit similar to the CM in Fig. 1. Although technically feasible,
hese systems are still relatively expensive.

. Related work and proposed approach
This paper looks into the feasibility of using small telecom-
unication electromechanical relays in a unique matrix for-
ation to acquire voltage measurements from each battery in

c
m
t
S

Fig. 5. Localized data processi
r measurement.

eries packs. The motivation for exploring this approach stems
rom a similar circuit that was earlier used as an equalizer to
oost weak batteries in series NiMH packs [8]. Another version
f this circuit used solid-state relays in a matrix formation for
rickle charging weak batteries in a lithium-ion pack that con-
isted of 4 Vdc cells [9,10]. The present work builds on these
arlier equalizers by using different circuit components includ-
ng relays, microcontroller, interface components, and a new
lgorithm for voltage measurement and display. Also, this work
s more inclined towards 12 Vdc lead–acid batteries rather than
iMH or lithium-ion batteries.
Research work in this direction evolved from the idea that

ransfer circuits using both bipolar junction transistors (BJTs)
nd operational amplifiers (op-amps) [12,13] can be used to
easure individual battery voltages in series packs. Garrett and
tuart [12] describes a BJT transfer circuit that provides the
equired voltage shifting for measuring the segment voltages in a
eries battery pack. This circuit, however, requires the matching
f several discrete components. Here, each voltage measurement
an be processed by a microcontroller and the initial tolerances

an be reduced considerably by using correction factors in flash
emory for each measurement. But temperature induced varia-

ions prove to be more difficult to solve. For example Garrett and
tuart [12] presents data showing how temperature variations

ng measurement system.
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ment. Table 2 shows the relays that turn ON when any of the 12
batteries is selected for measurement. Relays 1, 2, 3, 4, and 7
were driven by signals directly from PH0, PH1, PH2, PH3, and

Table 1
Logic table for battery selection

Battery PH0 PH1 PH2 PH3 PH4 PH5

B12 0 0 0 0 0 1
B11 0 0 0 1 0 1
B10 0 0 0 1 1 1
B9 1 0 0 0 0 1
B8 1 0 0 1 0 1
B7 1 0 0 1 1 1
B6 0 0 1 0 0 1
B5 0 0 1 1 0 1
Fig. 6. Relay m

ay create variations in ‘�’ that affect the measurement values.
�’ effects can be reduced by using BJTs in Darlington pairs,
ut this probably means almost twice the number of discrete
ransistors since the selection of small surface mount Darling-
on pairs is very limited. Variations in component matching also

ay increase as more parts are added.
Transfer circuits using op-amps have been found to provide

xtremely accurate measurements. However, they face severe
eakage issues and additional circuitry is therefore required
hich increases their cost [13]. These circuits are well suited

o lithium-ion batteries that can experience thermal runaway if
ccidentally overcharged and this necessitates such extremely
ccurate voltage measurements for each cell. Lead–acid and
iMH batteries also have maximum voltage limits that should
e observed, but the issue here is a decrease in lifetime instead of
hermal runaway. Therefore, monitoring of several cells together
s usually adequate, such as the common practice of measur-
ng a segment of six 2 Vdc cells for lead–acid batteries. Since
oltage accuracy is not as critical for these batteries, it turns
ut to be impractical to use the complicated and expensive
p-amp transfer circuit here. While the discrete BJT version
s probably satisfactory, its disadvantages noted in this section
rove detrimental if the pack is used in conditions that have
xtreme temperature fluctuations. The disadvantages of previous
easurement techniques for monitoring voltages of lead–acid

nd NiMH batteries calls for investigating additional methods
owards designing transfer circuits. Thus, in this paper the main
bjective is to develop a novel approach using a relay matrix
ransfer circuit and controller that can be used for effective volt-
ge measurement. The proposed approach looks into a design
hat overcomes the deficiencies of the circuits that have been
eveloped till date.

.1. Relay matrix transfer circuit and control interface

The proposed voltage measurement circuit uses NTE elec-
romechanical relays [14,15] to access a particular battery

or voltage measurement. A 16-bit Motorola MC68HC812A4
icrocontroller [17] was used to implement the prescribed tasks.
ne isolation amplifier was used to route the selected battery
oltage to the microcontroller A/D converter. The microcon-

B
B
B
B

transfer circuit.

roller selects each battery individually in a cyclic manner. In
rder to select a battery for voltage measurement, a digital sig-
al is sent from the microcontroller I/O port to a control logic
nterface circuit. This signal represents a number that indicates
he battery selected for measurement. The control logic inter-
ace circuit decodes the signal and turns on the required relays
n a relay matrix module to select the required battery. This cir-
uit was tested on 12 series connected 12 Vdc EnerSys Genesis
13EP lead–acid batteries (B1–B12) rated at 13 Ah [16].
Fig. 6 shows the relay matrix module that comprises of seven

elays, and Fig. 7 shows the control logic interface module con-
isting of a set of FETs (Q1–Q7), two latches, and eight NAND
ates. PH0–PH5 (Port H of microcontroller) was used to output
six-bit binary number that represents the battery whose voltage

s required to be measured. Table 1 shows the binary numbers
or each of the 12 batteries. For example, in order to measure
he voltage of battery B5, the six-bit data output from PH0–PH5
f the microcontroller corresponds to 0011012 (in binary). This
ata is then latched onto the outputs of the two CD4042 latches
ausing field effect transistors (FETs) Q3, Q4, Q6, and Q7 to
urn ON. Therefore, relays 3, 4, 6, and 7 turn ON, and B5 is
onnected to the input of the isolation amplifier for measure-
4 0 0 1 1 1 1

3 0 1 1 0 0 1

2 0 1 1 1 0 1

1 0 1 1 1 1 1
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Fig. 7. Control circ

H5, respectively. However, relays 5 and 6 were controlled by a
et of NAND gates in conjunction with microcontroller signals
H3 and PH4. This was done in order to perform the function
f reversing the polarity for batteries B2, B5, B8, and B11, so
hat the positive terminals of these batteries are connected to the
ositive terminal of the isolation amplifier whenever any one of
hese is selected for a measurement.
An Axiom MC68HC812A4 development board [18] was
sed for the implementation of the measurement circuit.
lthough a smaller eight-bit microcontroller such as the

able 2
ogic table for relay selection

attery Relay 1 Relay 2 Relay 3 Relay 4 Relay 5 Relay 6 Relay 7

12 0 0 0 0 0 0 1

11 0 0 0 1 0 1 1

10 0 0 0 1 1 0 1

9 1 0 0 0 0 0 1

8 1 0 0 1 0 1 1

7 1 0 0 1 1 0 1

6 0 0 1 0 0 0 1

5 0 0 1 1 0 1 1

4 0 0 1 1 1 0 1

3 0 1 1 0 0 0 1

2 0 1 1 1 0 1 1

1 0 1 1 1 1 0 1
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r the relay matrix.

otorola MC68HC11 could have been used for the system to
ave cost, the 16-bit MC68HC812A4 was chosen because the
evelopment board was readily available for use. The circuit was
airly inexpensive with the major cost components comprising of
he isolation amplifier and microcontroller. An Analog Devices
B41-07 isolation amplifier [19] was used to implement the gal-
anic isolation in the circuit. This device had an input voltage
pecification in the 0–20 Vdc range and therefore, the battery
elected for measurement can be directly connected to its input
erminals. It was also rated to provide an output voltage equal to
ts input voltage scaled down by a factor of four. This implies an
utput voltage in the 0–5 Vdc range that can be directly applied to
he microcontroller A/D input since the microcontroller operates
t 5 Vdc. The isolation amplifier had a reasonably low current
onsumption and was rated for a temperature range of −40 to
5 ◦C while each of the NTE relays were rated for a temperature
ange of −40 to 65 ◦C. This implies that the system as a whole is
uite robust and reliable under severe environmental conditions.

However, there are a few drawbacks that are worth highlight-
ng at the outset. If relays 1, 2, or 3 are stuck in either the ON or
FF position, the system will measure a different battery volt-

ge. For example, if relay 1 is stuck in its ON position, B9 will

e measured instead of B12, B8 will be measured instead of B11,
nd B7 will be measured instead of B10. The situation is more
rave if relays 4 or 5 misbehave. For example, in the case of B8
easurement, if relays 4 and 5 are stuck in their OFF positions, a
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for about an additional error of 20 mV. Although these initial
tolerances would be adequate for many applications, initial cal-
ibration could easily reduce these tolerances to less than ±0.2%
with precise reference voltages and correction factors in flash

Table 3
Initial battery voltage measurements

Battery Measured Actual Differential (mV) Difference (%)

B1 12.62 12.59 30 0.23
B2 12.65 12.62 30 0.23
B3 12.56 12.60 −40 −0.31
B4 12.60 12.63 −30 −0.23
B5 12.58 12.61 −30 −0.23
B6 12.57 12.60 −30 −0.23
B7 12.56 12.60 −40 −0.31
B8 12.59 12.63 −40 −0.31
24 A. Hande, S. Kamalasadan / Journa

egative voltage in the 40–50 Vdc range will appear at the input
f the isolation amplifier and undoubtedly damage it. Similarly,
f relay 6 is stuck in its OFF position and fails to reverse polar-
ty for B2, B5, B8, and B11, a negative voltage in the range of
0–13 Vdc will appear at input of the isolation amplifier. This
ill not damage the amplifier because it is rated for a ±20 Vdc

nput voltage, but a negative voltage in the 0–5 Vdc range will
e outputted to the microcontroller A/D input instead of a posi-
ive 0–5 Vdc output. However, the authors have not experienced
ny inadvertent relay failure during their tests so far and do not
nticipate failure until the relays have reached their maximum
ifetime. The experimental results are documented in the next
ection.

. Experimental results and discussion

The MC68HC812A4 microcontroller was used as the central
rocessing unit (CPU) of the measurement system. It possessed
n eight-bit A/D converter for digitizing the input analog voltage.
he microcontroller in this system measures the 12 voltages and
ends the results every 10 s via a serial RS232 link to a PC for dis-
lay and storage. Fig. 8 shows the algorithm used for executing
ach measurement scan. After initializing the system parame-
ers at start-up, the microcontroller selects B1 for measurement
y sending 0111112 (in binary) from Port H. This causes relays
, 3, 4, 5, and 7 to turn ON, and the measurement is stored in a
uffer. Next, the battery number is incremented and B2’s voltage
s measured. This process continues until the voltage of B12 is
easured. After obtaining the 12 voltage measurements, they

re sent to a PC for display via an RS232 link. The microcon-
roller is then forced into a low power sleep mode for about 9 s
o minimize power consumption. Here, an asynchronous timer
s invoked that generates an internal interrupt to wake the micro-
ontroller after 9 s. After waking up, the above steps are repeated
o obtain another measurement scan. The HyperTerminal pro-
ram was used to display the data on the PC.

A complete voltage scan time for the 12 batteries was about
00 ms. This relatively high value was due to a deliberate 50 ms
elay after each battery voltage measurement. This relatively
onservative delay was inserted to account for the contact bounc-
ng in the relays during each battery voltage measurement and it
an be reduced if necessary. Recent tests, however, have shown
hat anything less than 10 ms per voltage measurement is not
easible for the present design. This indicates a best case total
can time of 120 ms for all 12 measurements. In order to reduce
he scan time even further, other types of relays will be explored
n the near future. In the present set-up, the 9 s sleep time along
ith the voltage scan time, crystal oscillator wake up time, serial

ransmission delay, and other circuit delays accounted for a total
f ten seconds per voltage scan.

Table 3 compares the circuit measurements (measured) with
igital voltmeter measurements taken directly at the battery
erminals (actual). These results indicate a maximum error of
0.3%. Although the results in Table 3 are considered satisfac-
ory, it is of interest to note that the eight-bit A/D measurements
tself would have a maximum truncation error of approximately

20 mV. On average, detailed measurements could only account

B
B
B
B

Fig. 8. Voltage measurement algorithm.
9 12.60 12.63 −30 −0.23

10 12.59 12.62 −30 −0.23

11 12.57 12.61 −40 −0.31

12 12.51 12.55 −40 −0.31
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Table 4
Voltage deviations (in mV) from 20 ◦C measurements at different ambient
temperatures

Battery −20 ◦C −10 ◦C 0 ◦C 10 ◦C 30 ◦C 40 ◦C

B1 0 0 0 0 0 0
B2 −10 −10 0 −10 0 0
B3 −20 −10 −10 0 +10 +10
B4 −30 −20 −20 −10 0 0
B5 −20 −20 −10 0 +10 0
B6 −30 −10 −10 −10 +10 +20
B7 −20 −10 −10 −10 +10 +10
B8 −20 −20 −10 −10 −10 0
B9 −20 −20 −10 −20 −10 −10
B −10 −10 −10 0 0 0
B
B
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10

11 −10 −10 0 +10 0 0

12 −30 −20 −10 −10 0 0

emory. These correction factors will have to be updated at
pecific intervals of time to account for the changing electro-
hemical properties of the batteries over time. A procedure to
his effect is currently under development.

The circuit performance was examined over a temperature
ange of −20 to 40 ◦C [20]. During each temperature test, the
ircuit was allowed to “soak” for atleast 4 h at each tempera-
ure level in order to establish thermal equilibrium. The batteries
hemselves were always kept at 20 ◦C since only circuit-induced

easurement errors were of interest. Table 4 shows the voltage
eviations (in mV) from the 20 ◦C measurements for the −20 to
0 ◦C temperature range. It can be observed that the fluctuations
n voltage measurement were minimal in the 20–40 ◦C temper-
ture range. In fact, the worst case deviation was only +20 mV
or battery B6. The measurement deviations for the rest of the
atteries were within ±10 mV. For temperatures below 20 ◦C,
t can be seen that the worst case B4, B6, and B12 varied only

30 mV over the 20 to −20 ◦C temperature range. The devi-
tion in the B4, B6, and B12 voltage measurement is shown in
ig. 9 with respect to the initial value at 20 ◦C. The values on the
-axis are the difference in voltage measurements with respect

o the corresponding 20 ◦C voltage measurement. For example,
he y-axis values for B4 are calculated as follows,

V4 = VB4-T − VB4-20 (5)

Fig. 9. B4, B6, and B12 results for the −20 to 20 ◦C range.
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here VB4-T = VB4 at the specified temperature and VB4-20 =
B4 at 20 ◦C.

It can be observed from Fig. 9 that as the ambient tempera-
ure decreases, the monitor measurements tend to decrease. This
robably is a result of the temperature effect on the relay contact
esistance, which tends to increase with a decrease in ambient
emperature.

. Conclusions

High performance batteries for applications such as electric
ehicles and uninterruptible power supplies will require precise
onitoring of the individual voltages in the series connected bat-

ery pack. Since previous monitoring schemes have proven inad-
quate and/or uneconomical, a new electromechanical-based
oltage measurement circuit was developed to transfer each
oltage to a common reference. The approach proved to be
ery effective and precise for measuring 12 series connected
ead–acid battery voltages. The technique used for measure-

ent is a universal one and is not restricted to one particular
ype of battery. This is because the measurement principle sim-
ly selects batteries for voltage measurement in a cyclic manner.
he circuit can also easily be modified for measuring voltages

rom packs having more than 12 batteries. This would, however,
equire a larger voltage scan time. Initial tests have showed that
acks with 48 series connected batteries only required a scan
ime of a few seconds. This indicates that the system might be
mpractical for high performance applications involving packs
hat possess more than 48 batteries.

The circuit is compact and makes use of inexpensive compo-
ents. Moreover, it can be broken down into modularized units
ocated close to the batteries so that each unit serves a particular
ection of the battery pack. Since applications such as electric
ehicles require several series connected batteries for propul-
ion, these modularized versions [9] are probably the best choice
or future implementation. The lifetime of relays used was rated
t a minimum of 3 × 105 switching operations at a relatively
igh power rating of 2 Adc, 30 Vdc [14,15]. This indicates that
he circuit should have a fairly long life.

Several tests were carried out in order to evaluate the voltage
easurement circuit over a wide temperature range. Experimen-

al results indicate that the circuit can achieve reasonable accu-
acy without the need for high precision components. Even with-
ut initial calibration, a ±0.3% maximum error was achieved,
nd temperature variations were less than ±30 mV over a tem-
erature range of −20 to +40 ◦C.

cknowledgements

This research was supported jointly by internal grants from
ake Superior State University’s (LSSU’s) school of engineer-

ng and the University of West Florida (UWF) towards an under-

raduate exploratory design project. The authors would like to
hank the support received from LSSU and UWF, and would
ike to acknowledge the expertise obtained from the University
f Toledo’s Power Electronics Laboratory.



7 l of P

R [

[
[

[

[

[

[

[

[

26 A. Hande, S. Kamalasadan / Journa

eferences

[1] D. Linden, Handbook of Batteries and Fuel Cells, McGraw-Hill, 1995.
[2] Rechargeable Batteries Applications Handbook, Technical Marketing Staff

of Gates Energy Products Inc., Butterworth–Heinemann, Boston, 1992.
[3] W. Retzlaff, Process and apparatus for charging a multi-cell battery, US

Patent 5,438,250 (1995).
[4] C. Pascual, P.T. Krein, Switched capacitor system for automatic series bat-

tery equalization, IEEE Appl. Power Electron. Conf. Proc. (1997) 848–
854.

[5] N.H. Kutkut, H.L.N. Wiegman, D.M. Divan, D.W. Novotny, Charge equal-
ization for an electric vehicle battery system, IEEE Trans. Aerospace
Electron. Syst. Conf. Proc. (1998) 235–246.

[6] T. Gottwald, Z. Ye, T. Stuart, Equalization of EV and HEV batteries with
a ramp converter, IEEE Trans. Aerospace Electron. Syst. 33 (1) (1997)
307–312.

[7] M. Tang, T. Stuart, Selective buck-boost equalizer for series battery
packs, IEEE Trans. Aerospace Electron. Syst. 36 (1) (2000) 201–
211.
[8] A. Hande, T. Stuart, A selective equalizer for NiMH batteries, J. Power
Sources 138 (1/2) (2004) 327–339.

[9] T. Stuart, C. Ashtiani, A. Pesaran, F. Fang, X. Wang, A modular battery
management system for HEVs, in: Proceedings of the SAE Future Car
Congress (Paper Number 2002-01-1918), Arlington, VA, 2002.

[

[

ower Sources 162 (2006) 719–726

10] T. Stuart, X. Wang, F. Fang, J. Pina, A. Hande, A modular battery man-
agement system submitted to the US Department of Energy National
Renewable Energy Laboratory and DaimlerChrysler, AG, 2000.

11] L.F. Dieu, Battery scanning system, US Patent 4,484,140 (1984).
12] D.B. Garrett, T. Stuart, Transfer circuit for measuring individual battery

voltages in series packs, IEEE Trans. Aerospace Electron. Syst. 36 (3)
(2000) 933–940.

13] X. Wang, T. Stuart, An op-amps transfer circuit to measure voltages in
battery strings, J. Power Sources 109 (2) (2002) 253–261.

14] R40 Series Relays, NTE Electronics Inc., 2005. http://www.nteinc.com/
relay web/pdf/R40.pdf.

15] R21 Series Relays, NTE Electronics Inc., http://www.nteinc.com/relay
web/pdf/R21.pdf..

16] Genesis Pure Lead Batteries, EnerSys Inc., http://www.
enersysreservepower.com/productInfoDetail.asp?id=100&brandID=3.

17] M68HC812A4 Datasheet, Freescale Semiconductors, http://www.
freescale.com/files/microcontrollers/doc/data sheet/MC68HC812A4.pdf.

18] CMD-12A4 Single Board Computer, Axiom Manufacturing Inc., http://
www.axman.com/.
19] Low Cost, Miniature Isolation Amplifiers, Analog Devices Inc., http://
www.analog.com/UploadedFiles/Data Sheets/90194225B40 41 0.pdf.

20] A. Hande, S. Kamalasadan, A. Srivastava, A selective voltage measure-
ment system for series connected battery packs, in: Proceedings of the
Southeastern Conference on IEEE, Memphis, TN, 2006.

http://www.nteinc.com/relay_web/pdf/R40.pdf
http://www.nteinc.com/relay_web/pdf/R40.pdf
http://www.nteinc.com/relay_web/pdf/R21.pdf.b
http://www.nteinc.com/relay_web/pdf/R21.pdf.b
http://www.enersysreservepower.com/productInfoDetail.asp%3Fid=100%26brandID=3
http://www.enersysreservepower.com/productInfoDetail.asp%3Fid=100%26brandID=3
http://www.freescale.com/files/microcontrollers/doc/data_sheet/MC68HC812A4.pdf
http://www.freescale.com/files/microcontrollers/doc/data_sheet/MC68HC812A4.pdf
http://www.axman.com/
http://www.axman.com/
http://www.analog.com/UploadedFiles/Data_Sheets/90194225B40_41_0.pdf
http://www.analog.com/UploadedFiles/Data_Sheets/90194225B40_41_0.pdf

	An electromechanical transfer circuit to measure individual battery voltages in series packs
	Introduction
	Related work and proposed approach
	Relay matrix transfer circuit and control interface

	Experimental results and discussion
	Conclusions
	Acknowledgements
	References


