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Battery Cell Monitoring Unit

Eric C. Danson

(ABSTRACT)

The proposed cell monitoring unit for sensing voltage, current, and temperature in a 12-cell
18650 lithium-ion battery module aims to be low-power, serving as the core of an energy-
efficient battery management system and facilitating battery management functions with
cell data. Notable features include a switchable voltage divider, a single op-amp differential
amplifier and level shifter, and a high-precision composite amplifier. The proposed circuit is
implemented on a printed circuit board. Measurement results show that the highest power
dissipation under continuous operation is from the current sensing circuit at 6.03 mW under
a 4 A string current, followed by the voltage sensing at 2.52mW for the top cell and the
temperature sensing at 34.9 pW. The measured power figures include the power dissipation
from the battery cells in addition to the cell monitoring unit. The maximum output error is
68 mV for cell voltages up to 44.4V, 36 mA for current up to 4 A, and 0.37°C for temperature

up to 73°C.



Battery Cell Monitoring Unit

Eric C. Danson

(GENERAL AUDIENCE ABSTRACT)

Battery management systems are required in modern rechargeable battery-operated devices
to help ensure that the batteries operate within the manufacturer-specified operating range.
Otherwise, damage to the batteries or to the device may occur. Battery modules are com-
prised of smaller energy cells to achieve the specified energy capacity and power output. At
the core of a battery management system is a battery cell monitoring unit that interfaces the
management system with the battery module by providing data about each of the battery
cells, including voltage, current, and temperature. To help minimize the power dissipation
of battery-powered devices and prolong the battery life, the power consumed by the battery
management system should be small. This project aims to detail the design and results of
a low-power cell monitoring unit as the core component of energy-efficient battery manage-
ment systems. The proposed circuit is designed for a 12-cell lithium-ion battery module
and implemented on a printed circuit board. The maximum measured power dissipation un-
der continuous operation is 6.03 mW for the current sensing circuit, followed by the voltage

sensing circuit at 2.52 mW and the temperature sensing circuit at 34.9 pW.
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Chapter 1

Introduction

1.1 Motivation

Future trends in battery management system (BMS) technology focus on techniques for
state estimation, active cell balancing, and optimal charging to maximize battery safety,
efficiency, and lifespan [1-6]. For example, the state of health reflects the available discharge
capacity relative to the rated capacity and is an important metric for knowing when to replace
aging batteries or to identify the onset of battery failure [7]. Since the BMS functions rely
on battery cell monitoring, this project aims to increase the energy efficiency of battery-
powered systems through a low-power cell monitoring unit (CMU). Considering the large
number of battery cells in electric vehicles, reducing the power dissipation of each CMU as
well as improving the sensed value accuracy is important. However, the power dissipation of
CMUs has been neglected so far, and, to my knowledge, there are no recent papers published
in open literature regarding low-power design of CMUs. A side effect can be reducing the
cost of such systems by using low supply voltages and avoiding the need for specialized
high-voltage components to interface with the battery module. A low-power CMU has the
potential to be self-contained, being self-powered by energy harvesting techniques and able

to operate independently of the battery module being monitored.
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1.2 Outline

Chapter 2 reviews lithium-ion batteries and cell monitoring units. Chapter 3 presents the
proposed circuit with optimizations for low power dissipation. Chapter 4 shows the results,
including accuracy and power measurements. Chapter 5 concludes the thesis and proposes

possible improvements.



Chapter 2

Preliminaries

2.1 Lithium-Ion Battery

Lithium-ion (Li-ion) batteries have high energy and power density, low weight, low internal
impedance and self-discharge resulting in high efficiency, and a long cycle life compared to
lead-acid and nickel-metal hydride compositions [8, 9]. Cylindrical 18650 Li-ion cells, where
18650 refers to the physical 18 mm diameter and 65 mm length, have a typical 2.5-4.2V
operating range and a nominal 3.6-3.7V rating [10]. Battery modules are organized as
parallel strings of series cells to provide the required voltage, current capability, and energy

capacity for a given application.

2.2 Cell Monitoring Unit

The CMU is the key building block of a BMS. A CMU usually monitors cell voltages,
currents, and temperatures within a battery module. The CMU provides data to detect
under /overvoltage, overcurrent, and under/overtemperature conditions that could damage

the battery. The cell data can also be used to calculate the overall battery state of charge

and health in a BMS [9-11].



Chapter 3

Proposed Cell Monitoring Circuit

The proposed CMU (Fig. 3.1) is developed for a single string of twelve 18650 Li-ion cells
to demonstrate the circuit’s capability. Additional units can be added for battery modules
containing parallel strings for higher cell counts. Figure 3.2 shows an example implemen-
tation with three CMUs for 36 cells. The proposed CMU is not specific to any particular
manufacturer’s battery series; the circuit depends only on the battery’s operating voltage,
current, and temperature range. The proposed architecture is flexible and could be adapted

to other battery types by adjusting the component parameters.

Cell 11—
—!_ — Voltage
> CMU |—— Current
Cell 1 ==
> > Temperature
Cell o—I—f

Figure 3.1: System overview block diagram.
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MCU
Cell 11 —_!_—_> Cell 35—.!_—7—> >
. —> Vs1 . —> Vs3 Vs1,2,3 ~|: >
] emut —ourt e 7] eMus > cumd Gy 23 »| Apc
Cell 1 == Cell 25 =L )
o L s
Cell 0= Cell 24 = >
A A
4 4 4

Voltage Address
Enable

Figure 3.2: System overview block diagram example for 36 cells.

3.1 Voltage Sensing

Figure 3.3 shows a block diagram overview for voltage sensing. A sequential approach is
chosen in which only one cell voltage is measured at a time rather than a parallel approach
where multiple cell voltages are measured simultaneously. Thus, only one cell needs to be
connected to the sensing circuitry, which helps minimize the energy drawn from the battery
module during measurement. A sequential approach also requires fewer active components,
as opposed to an amplifier for each individual cell in the parallel approach, thus reducing
the overall power dissipation and limiting potential sources of measurement error variance

between cells.
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Voltage \
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Shifter Vs
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A
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Cell 0 —=

min

Enable Address

Figure 3.3: Voltage sensing block diagram.

3.1.1 Cell Voltage Divider

The power dissipation is proportional to the circuit’s supply voltage when considering that
analog integrated circuits (ICs) such as op-amps are biased by current sources. Common
components available on the market also often have maximum voltage ratings less than the
battery module voltage. By scaling down the cell voltages with a voltage divider, the resulting
signal is compatible with the low supply voltage desired for the active sensing components.
A voltage divider with enable (Fig. 3.4) is configured in a 10:1 ratio with the component
values in Table 3.1 to scale the maximum battery module voltage, seen at the top cell, from
50V to 5V. The Viien signal allows each cell to be connected or disconnected from the
measurement circuitry. Q1 controls the current through R; and R, and consequently the

gate voltage of Q2 to control the current through R3 and R,. The output is

Ry
Viiw = =——=Veey = 0.1V, 3.1
d Ryt R, el I (3.1)
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when Ve is asserted and zero otherwise. The voltage divider created by R, and Ry with

the output
Ry

Voo =——"V. = 02703V, 3.2
g2 R+ Ry i i (3.2)

when Viien is asserted limits the maximum source-to-gate voltage seen by Q2 to a safe
value to avoid damaging the transistor. Q1 and Q2 are chosen to have a sufficiently large
maximum drain-to-source voltage rating to withstand the battery module voltage. Q1 and
Q2 are also selected to have a low threshold voltage to be able to be switched from a typical

3.3V microcontroller’s digital 1/O pins.

§R1

g R2
g R3
|_
Vswitch —| e Q1  Vdiv
I

§R4
\Y4

Vcell

T3I
8

Figure 3.4: Voltage sensing divider schematic.
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Table 3.1: Voltage Sensing Divider Component Values

Component Value
Ry, Ry 2.7M€Q
Ry 1 MQ
Ry 300 k€2

Q1 Infineon BSS123N H6237

Q2 Infineon BSP316P H6327

3.1.2 Differential Amplifier and Level Shifter

A level shifter can effectively move the cell’s minimum voltage to near zero (Fig. 3.5), which
reduces the maximum voltage seen by an analog-to-digital converter (ADC) and improves
the maximum attainable resolution because the ADC reference voltage can be reduced to
the difference between the minimum and maximum cell voltages. The maximum theoretical

resolution for an N-bit ADC is
‘/ref

(AV) i = ON - (3.3)

Reducing Vs from 3.3V to 1.8V, for example, results in a 45.5% higher maximum theoret-

ical resolution, although the effective resolution is limited by noise and bandwidth [12].
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Cell Voltage (V)
A

\ 4

Figure 3.5: Level shifter operation.

The scaled cell voltages are multiplexed with differential outputs from two analog 16-to-
1 multiplexers into a differential amplifier and level shifter comprised of a single op-amp
(Fig. 3.6) with the component values in Table 3.2. The amplifier is configured for 10x gain,
the inverse of the cell voltage divider, to scale the cell voltages back to the original level and
maintain the dynamic range. For cell N, the differential amplifier calculates the cell voltage,
Vn — Vn_1, while the level shifter simultaneously shifts the cell voltage from 2.8-4.4V down
to 0.1-1.7V (Fig. 3.5). The 0.1V offset is to account for op-amps not being able to output
exactly 0V from a single supply. The total output is

R1 R5 Rl Rl
‘/ou =1+ Vo — =5 U1 — 7‘/’;'6
t ( R2HR3) Ri+Rs° Ry Ry / (3.4)

=10 ('U2 — Ul) —2.7.

A dedicated Analog Devices LT6656-1.25 voltage reference for the level shifter provides a
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stable V,..; input as opposed to using the supply voltage line which can fluctuate under load.
The circuit is powered from a single 5V supply to accommodate a 50V battery module but

could support a higher battery module voltage with a different cell divider ratio.

Vref

2 R2

R1
M\

R3
VI —AM _s.
— Vout
R4 +
V2 N\

ZRS

\Y%

Figure 3.6: Voltage sensing differential amplifier and level shifter schematic.
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Table 3.2: Voltage Sensing Differential Amplifier and Level Shifter Component Values

Component Value
Ry 1 MQ
Ry 463 k2
Rs, Ry 100 k2
Rs 316.5 k(2
Vier 1.25V
Ul Maxim MAX9917

Buffers are added at the multiplexer outputs (Fig. 3.7) in the prototype implementation to
isolate the level shifter from the preceding stages and maintain the desired gain by mitigating
loading effects. An instrumentation amplifier serves the same purpose in a single package
but currently has limited options available in the low-power category. The multiplexers are
the Maxim MAX396, and the buffers are the Maxim MAX9917. All the components are
chosen for a low supply current and have an enable feature to turn off the device and save

power when the voltage is not being sensed.
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Vref

§R2

R1
U1 AN
Vi —+ R3
AMA _—
— Vout
R4 +
U2 MV
V2 —+
/ § RS
vV

Figure 3.7: Voltage sensing differential amplifier and level shifter schematic with buffers.

Figure 3.8 shows the simulated frequency response of the proposed voltage sensing circuit in
LTspice. The 6.45 kHz bandwidth is limited by the multiplexer output capacitance in parallel
with the voltage divider resistance creating a pole in the low kHz range. The bandwidth could
be increased by using smaller resistors at the cost of higher power dissipation or by using
multiplexers with a smaller output capacitance. Simulation results show little dependence

of the frequency response on temperature between —40-150°C (Fig. 3.9).
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Figure 3.8: Simulated voltage sensing frequency response.
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of ;
g Temp. (°C) ]
%/ -10 [ | —— -40 ]
[0} i -7 ]
S | 26
= 20F 4
? | o
= 30 F 125 ]
_40 [ L L L L L
1 10 100 1k 10k 100k 1M
Frequency (Hz)
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_ 100 F Temp. (°C) o
2 -40
2 200 F 7 ]
< - =
£ -300 o
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-400 | .
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(b)

Figure 3.9: Simulated voltage sensing (a) magnitude and (b) phase over temperature.

3.2 Current Sensing

The power dissipated in a resistor

Pr=I’R (3.5)

is proportional to the current squared, so a current sense resistor can dissipate significant

power at high currents. However, low sense resistor values require greater amplification
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and careful attention to the signal path to maintain accuracy in the presence of non-ideal
component characteristics including offset voltage, leakage current, and Johnson-Nyquist
noise. Components with very low offset voltage, bias current, and noise trade power for
precision, so reducing the power dissipated by the sense resistor increases the power in other
parts of the circuit, but the overall power saved is much greater than the extra power needed
for amplification. For example, a 3 A current will dissipate 450 mW in a 50 m{2 resistor and

0.45mW in a 50 uf2 resistor, while op-amps consume power on the order of a few mW or less.

Low sense resistor values in the pf) range mean that parasitic resistance in the resistor
contacts or wires may contribute considerably to the current sensing output error at high
currents. High currents will produce a voltage drop across the parasitic resistance that
would be included in the measurement for two-terminal resistors. Four-terminal current
sense resistors (Fig. 3.10) instead provide two additional terminals directly across the primary
resistive material, and ideally no current flows through the sense terminals, avoiding potential

voltage drops at high currents that would be amplified by the measurement device.

Figure 3.10: Four-terminal current sense resistor.

3.2.1 Composite Amplifier

The current is sensed with a differential DC-stabilized composite amplifier (Fig. 3.11) based

on [13] with the component values in Table 3.3. The amplifier is configured for -10000x
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or 80dB gain and connected across a low-side 50 n{2 four-terminal sense resistor between
the battery module’s negative terminal and ground [14]. The gain is sufficient to amplify
signals in the 1V range up to the low V range. Unlike the voltage sensing circuit in which
each cell voltage may vary, all the cells in the battery module string have the same current,
so the current sensing circuit has only one output to be measured. Ul is configured as an
integrator to provide DC stability and gain at low frequencies, while U2 as an inverting
amplifier provides wide bandwidth and gain at high frequencies. The integrator does not
require a parallel resistor in the feedback path for stability, as the integrator is contained
within the feedback loop of the composite amplifier and self-regulates. As the input to
the integrator increases, the integrator output becomes more negative, thus reducing the
input to a stable value. The integrator’s high DC gain benefits accuracy by mitigating any
effect on the composite amplifier output due to U2’s offset voltage. The circuit’s effective
offset voltage is determined by Ul. The lowest power op-amps with wide bandwidth for
U2 currently available on the market utilize PNP transistor input stages with non-negligible
bias current in the hundreds of nA, so Q1 and Q2 form a current mirror to sink U2’s bias
current away from R; where a small voltage drop would be amplified and create an offset at
the output. Both Ul and U2 are chosen for a low supply current and have an enable feature

to turn off the device and save power when the current is not being sensed.
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Vllaat C2
g |
R1 R3
—A\WY AN
C1
I
1 R6 Q2
L — v
Rsense 3 U2
NM— V2 R2 b U1 - L Vout
b +
R4 +
L AMN————
R7
Q1

Figure 3.11: Current sensing schematic.

Table 3.3: Current Sensing Component Values

Component Value
Rsense 50 nf2
Ry, Ry 10Q
R, Rs, Rr 1k
R3, Rs 100 k2
C1, Cy 100 pF
Q1, Q2 onsemi MMBT5089
U1 Maxim MAX4238

U2

Analog Devices ADA4805-1
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The current through the sense resistor is obtained as

V:eense ‘/out 1 V;)ut
Isense = - . = - 3.6
Reense —10x 103 50 x 10-6 0.5 (3:6)

with the sensed current range determined by the supply voltage. A single supply allows
only for unidirectional current sensing, but a dual supply has the best accuracy for both
uni- and bidirectional sensing with the circuit’s ability to output 0V for a 0 A sense current.
Therefore, a 2.5V supply is chosen for the amplifier. A high-side sense resistor could also
be used and has the advantage of being able to sense short circuit conditions, but high-
side current sensing poses the challenge of interfacing with the full common-mode battery
module voltage [14]. The small low-side resistor provides a negligible voltage drop between
the battery module’s negative terminal and ground, so any load connected will effectively

see the full battery module voltage.

The composite amplifier’s overall transfer function can be found by superposition. Combining

the outputs due to each input, the total output is
Vp = Vol + Vo2 (3.7)

where

Ry 1 s 1
p=——|——— )y =—=10x 103 | ———— 3.8
LT TR, <1+5R302>U1 8 <1+8> o (3.8)

100x 103

is the output due to vy, and

Rs (R1 + R3) |1+ s (Ry1||R3) Cs s 1+ =i
— =1 1 _ .
V2 = R (RitRe) | 1tsReC, |2 100 - Jee (39

100x 103

is the output due to vy. Based on the transfer function analysis, the composite amplifier cir-

cuit has identical gain to that of the standard differential amplifier configuration in Fig. 3.12
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with

Vo1 = ——U1 (310)

and
Ry Ry (R1 + R»)

=1+ 2 L, = o T 3.11
Vo2 (+R1>Rg+R4”2 Ri(Bs + Ra) "> (3.11)

R1 R2
V1 MN aA"A%
U1
—— Vout
+
R3 R4
V2 MN MN é

Figure 3.12: Standard differential amplifier schematic.

Figure 3.13 shows the simulated frequency response of the proposed current sensing circuit
in LTspice. R3 and C5 in Fig. 3.11 create a pole at 15.92kHz to limit the bandwidth and
minimize the error due to high-frequency noise. The usable bandwidth is approximately
1.592kHz before the magnitude begins to decrease, but an input-to-output delay occurs
after approximately 100 Hz where the phase begins to decrease. Simulation results show

little dependence of the frequency response on temperature between —40-150°C (Fig. 3.14).



20

CHAPTER 3. PROPOSED CELL MONITORING CIRCUIT
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Figure 3.13: Simulated current sensing frequency response.
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Figure 3.14: Simulated current sensing (a) magnitude and (b) phase over temperature.

Figure 3.15 shows the simulated common-mode rejection ratio (CMRR), defined as the ratio

of the differential-mode gain to the common-mode gain

Adm ‘

.l (3.12)

CMRR = ‘

The CMRR is 140dB or 10 x 10° at 0.1 Hz, so common-mode DC values are significantly

rejected. The curve corresponds to the integrator gain since the composite amplifier’s positive
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input goes to the integrator. Thus, increasing the integrator gain improves the circuit’s DC

accuracy and is limited by the chosen device’s open-loop gain.

160 p - - - . . '
140 | ;
120 f
100 F ;
80 f ;
60 |
40 :
20 |

0 [ 1 1 1 1 1 1
100m 1 10 100 1k 10k 100k 1M

Frequency (Hz)

—

CMRR (dB

Figure 3.15: Simulated current sensing CMRR.

Figure 3.16 shows the simulated noise density at the output from 0.1 Hz to 100 kHz. The
noise increases with temperature up to 286.4 pV root mean square (RMS) total at 125°C

(Table 3.4), which is much less than the 0.5V - A~! amplifier output from the current sense

resistor.

80 T T T T T :
< 70 '
T ]
3 60 Temp. (°C) 1
Z50f s
Py - ]
@ 40 26 | 7
© 30 59| 4
D 92 -
3 20
(@]
pd

—_
o

100m 1 10 100 1k 10k 100k
Frequency (Hz)

Figure 3.16: Simulated current sensing noise density over temperature.
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Table 3.4: Current Sensing Total RMS Noise From 0.1 Hz to 100 kHz

Temp. (°C) Total RMS Noise (pV)

-40 13.38
-7 14.95
26 23.67
99 56.17
92 133.7
125 286.4

3.3 Temperature Sensing

Resistance temperature detectors (RTDs), thermistors, and thermocouples are the three
main types of temperature sensors [15]. Thermistors are available with large resistance and
have high sensitivity, exhibiting relatively large changes in resistance per unit temperature
at the cost of a nonlinear response compared to a typical 1002 RTD. Figure 3.17 shows
an example negative temperature coefficient (NTC) thermistor characteristic curve in which
the resistance decreases exponentially with temperature. The high resistance and sensitivity
are ideal for minimizing the power dissipation while maximizing the sensing accuracy at low
supply voltages. The third sensor type, the thermocouple, has comparatively low sensitivity

but higher maximum operating temperatures.
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Resistance

>
Temperature

Figure 3.17: NTC thermistor characteristic curve.

3.3.1 Thermistor Divider

A thermistor in series with a bias resistor (Fig. 3.18) with the component values in Table 3.5
form a voltage divider to sense temperature [15]. The cells in the battery module, being in
close proximity to one another, are likely to have a small temperature variance, so only one
temperature sensing circuit is included to monitor all the cells. A small reference voltage
and large resistance are desired to minimize power, so the Analog Devices LT6656-1.25 is
chosen as the reference along with an NTC thermistor, the TE Connectivity GA100K6A1IA.
The bias resistor Rp is assumed to be temperature insensitive. The bias resistor value is
chosen to be equal to the nominal thermistor value so that the output voltage is half the
reference voltage at 25°C, allowing equal voltage swing in either direction for cold and hot
temperatures. No enable/disable function is included in the temperature sensing circuit be-
cause any reduction in power dissipation would be negligible when considering the additional

components required.
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Figure 3.18: Temperature sensing schematic.

Table 3.5: Temperature Sensing Component Values

Component Value

Rr, Rg  100kQ
Ve 1.25V




Chapter 4

Results and Discussion

4.1 Measurement Setup

Figure 4.1 shows the hand-soldered two-layer printed circuit board (PCB) prototype imple-
mentation with physical dimensions 4.9 in. x 2.9 in. The power dissipation was too small
to be accurately measured from a bench DC power supply. Instead, the power for each
subcircuit was found by measuring the voltage drop across a sense resistor placed between

the voltage supply and the circuit under test (Fig. 4.2) and using the formula

‘/867186
Rsense

PDUT - VDUT[DUT = (‘/supply - ‘/sense> (41)

The formula subtracts the voltage drop across the sense resistor, retaining only the voltage
and current delivered to the device under test (DUT). Measurements were recorded using

the Agilent 34401A 6.5 digit multimeter and the Digilent Analog Discovery 2 oscilloscope.

26
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Figure 4.1: PCB prototype implementation.
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Figure 4.2: Power measurement setup.

4.2 Voltage Sensing

The measured frequency response of the proposed voltage sensing circuit (Fig. 4.3) aligns

with the simulated response up to over 100 kHz.
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Figure 4.3: Voltage sensing frequency response overlay.

Figures 4.4 and 4.5 show the output waveforms for cells 0 and 11 with sinusoidal inputs.
The circuit was measured with sinusoidal inputs to show how the output varies over the full
battery cell operating range. The output voltage error increases with the cell number up to
a maximum 68 mV for cell 11 (Fig. 4.6) and can be reduced by removing the DC offset using

post-processing, centering the error around zero to be within 25mV over a 1.6 V range.

45 T T T ] 2
af 115
s S
o Veell . o
g 3.5 — Vout (ideal) 1 8
= ————— Vout =
> 1 >
3r 10.5
25 : : : 1o
0 5 10 15 20

Time (ms)

Figure 4.4: Voltage sensing output for cell 0 at 100 Hz.
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Figure 4.6: Voltage sensing error at 100 Hz.

The average power (Table 4.1) was measured with the cell inputs at the nominal 3.7V per
cell. While the power dissipated in the multiplexers and differential amplifier level shifter
from the PCB voltage supply is consistently around one third of a mW, most of the power

dissipation is from the cells in the voltage dividers.
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Table 4.1: Voltage Sensing Power Dissipation

Average Power (nW)

Cell Position (N)
PCB Cell N Cell N-1 Total

0 302.2  8.15 — 310.4
11 333.2 1187 997.3 2518

4.3 Current Sensing

The measured frequency response of the proposed current sensing circuit (Fig. 4.7) aligns
with the simulated response up to 10 kHz, but there is a left-half plane zero in the 100 kHz
range that causes the measured magnitude to drop off slower towards 1 MHz. The current
sense amplifier still operates as expected in the designed bandwidth and is able to amplify
the input voltage -10000x (Fig. 4.8) to within 18 mV of the ideal value (Fig. 4.9). The circuit
was measured with a sinusoidal input to show how the output varies over the full operating
range. With the 50 {2 sense resistor, every 0.5V in the output corresponds to 1 A. The

effective current error is then 0.018/0.5 = 36 mA over a 4 A range.
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Figure 4.7: Current sensing frequency response overlay.
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Figure 4.8: Current sensing output at 100 Hz.
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Figure 4.9: Current sensing error at 100 Hz.

The average power (Table 4.2) was measured with the amplifier inputs at constant differential
voltages corresponding to 1, 2, 3, and 4 A through the sense resistor. The power dissipated
from the PCB voltage supply is consistently around 5.2 mW, and the change in total power

is primarily from the current through the sense resistor.

Table 4.2: Current Sensing Power Dissipation

Average Power (mW)

Input (A)
PCB Sense Resistor Total
1 5.247 0.05 5.297
2 5.243 0.2 5.443
3 5.238 0.45 5.688

4 0.231 0.8 6.031
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4.4 Temperature Sensing

The output voltage of the proposed temperature sensing circuit was measured inside a Yam-
ato DX302C drying oven from 23-73°C with a 0.1 mV resolution and recorded manually.
The recorded values were then converted to temperature in Kelvin using a Steinhart-Hart
model [16] given by

1

T=[A+BIn(R)+Ch(R)* (4.2)

with the coefficients in Table 4.3. The measured temperature (Fig. 4.10) is within 0.37°C of
a BK Precision 710 type K thermometer used as a reference (Fig. 4.11). The positive error
may be due to the reference thermometer updating slower than the prototype circuit. The
NTC thermistor’s nonlinear behavior [15] indicates lower sensitivity at higher temperatures
and thus a smaller output voltage change per °C, which explains the increasing error trend

when using a fixed 0.1 mV measurement resolution.

Table 4.3: Temperature Sensing Steinhart-Hart Coeflicients

Coefficient Value
A 0.8268935666¢-3
B 2.088305436¢-4

C 0.8052105920e-7
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Figure 4.10: Temperature sensing output.
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Figure 4.11: Temperature sensing error.

The average power (Table 4.4) was measured at approximately 23 °C and is dominated by
the voltage reference. The NTC thermistor’s resistance decreases with temperature, so the
power dissipation is proportional to temperature, although the overall power dissipation is

negligible compared to the voltage and current sensing circuits.
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Table 4.4: Temperature Sensing Power Dissipation

Average Power (nW)

Temp. (°C)
Voltage Ref. Thermistor Bias Resistor Total

23 24.11 5.905 4.888 34.90

4.5 Power Dissipation Comparison

Assuming that the voltage and current circuits are each enabled and being sampled 50% of
the time, the proposed CMU dissipates 4.36 mW in total with a 3 A string current (Table 4.5),
including the power dissipated by the battery cells. The current sensing circuit dissipates
the majority of the power followed by the voltage and temperature sensing circuits. It should
be noted that the average power dissipation of the voltage and current sensing circuits will
depend on the ADC sampling time and number of samples per second, so the power dissipated
by the switchable components will likely be much lower than the total figure shown under
normal operating conditions, by a factor of 500 if the circuits are sampled for 1 ms total each
second. The current sense resistor cannot be switched off and would then become the major

source of power dissipation.

Table 4.5: Power Dissipation Summary

Circuit Power Dissipation (mW)
Voltage sensing 1.26
Current sensing (3 A string current) 3.07
Temperature sensing 0.0349

Total 4.36
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Table 4.6 shows the estimated power dissipation of commercial ICs configured for 12 cells in
series and a 3 A string current. The estimated power is calculated from the minimum supply
voltage, the supply current, and the typical current sense resistor values given in the product
datasheets [17-20], usually 1 mQ at minimum. The proposed CMU reduces the overall power
dissipation by at least 60% compared to the Texas Instruments BQ769xx chips. The Linear
Technology LTC86xx chips do not support current monitoring. When current monitoring is
removed from the proposed CMU, the maximum power dissipation of the CMU would be
reduced to 1.29 mW. Then, the power dissipation of the proposed CMU is smaller than that
of the Linear Technology ICs by at least 90%.

Table 4.6: Commercial IC Power Dissipation Comparison

Estimated Power Dissipation (mW)

Part Interface
Voltage Supply Sense Resistor  Total
BQ769x0  Digital 2.66 9 11.7
BQ76952  Digital 12.7 9 21.7
LTC6803  Digital 34.6 — 34.6

LTC6811 Digital 244 — 24.4




Chapter 5

Conclusion and Future Work

A sequential voltage sensing architecture with a switchable voltage divider and a single op-
amp differential amplifier and level shifter, a small current sense resistor with a high-precision
composite amplifier, and a thermistor temperature sensing circuit achieve low power in a 12-
cell lithium-ion battery CMU. The highest power dissipation under continuous operation
is from the current sensing circuit at 6.03mW under a 4 A string current, followed by the
voltage sensing at 2.52mW for the top cell and the temperature sensing at 34.9uW. The
estimated power dissipation of the proposed CMU is smaller than commercial ICs by at
least 60%. As a future task, the sensed value accuracy in each circuit may be improved
by integrating a machine learning or optimal estimation algorithm to filter the noise in the

output and perform automatic circuit calibration in a microcontroller.
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