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Abstract 

The work in this thesis is focused on the development and validation of an automotive battery 

monitoring system that estimates the health of a lead-acid battery during engine cranking and 

provides a low state of health (SOH) warning of potential battery failure. A reliable SOH 

estimation should assist users in preventing a sudden battery failure and planning for battery 

replacement in a timely manner.   

Most commercial battery health estimation systems use the impedance of a battery to estimate the 

SOH with battery voltage and current; however, using a current sensor increases the installation 

cost of a system due to parts and labor. The battery SOH estimation method with the battery 

terminal voltage during engine cranking was previously proposed. The proposed SOH estimation 

system intends to improve existing methods. The proposed method requires battery voltages and 

temperature for a reliable SOH estimation. Without the need for a costly current sensor, the 

proposed SOH monitoring system is cost-effective and useful for automotive applications.  

Measurement results presented in this thesis show that the proposed SOH monitoring system is 

more effective in evaluating the health of a lead-acid battery than existing methods. A low power 

microcontroller equipped prototype implements the proposed SOH algorithm on a high 

performance ARM Cortex-M4F based MCU, TM4C123GH6PM. The power dissipation of the 

final prototype is approximately 144 mW during an active state and 36 mW during a sleep state. 
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With the reliability of the proposed method and low power dissipation of the prototype, the 

proposed system is suitable for an on-board battery monitoring as there is no on-board warning 

that estimates the health of a battery in modern cars. 
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1 Introduction 

The lead-acid battery is still the most common rechargeable battery available on the automotive 

market due to its low cost with good performance, low maintenance requirements, low self-

discharge rate with 2% to 3% loss per month, wide operating temperature range of -40 °C to 60 

°C, and mature technology with more than 140 years of development [1, 2]. 

Lead-acid batteries have been widely used in automotive applications, and the gasoline-powered 

cars often use starting, lighting, and ignition (SLI) batteries to provide a large burst of current for 

a short period of time to start their engines [3]. This thesis explores several existing methods of 

state of health (SOH) estimation for lead-acid SLI batteries and presents a reliable method for the 

battery SOH estimation. 

Electrical loads require more power from a battery in modern cars due to increased number of 

automotive electronics, such as in-car entertainment systems and on-board camera systems. 

Furthermore, many of modern cars automatically switch off their engines at stop-lights with the 

auto stop-start technology [4]. In other words, monitoring the health of a car battery becomes more 

important as cars become more advanced. While modern cars are equipped with various sensors 

for warning such as charging system warning and low tire pressure warning, currently there is no 

on-board warning that can prevent a sudden battery failure.  

This thesis presents an on-board SOH monitoring system that estimates the health of a lead-acid 

battery during engine cranking and provides an advance warning several weeks prior to battery 

failure. It is advantageous that the proposed battery monitoring system is applicable to any type of 

a car equipped with a 12-volt lead-acid battery. Replacing an unhealthy battery with a low SOH 
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warning before the battery fails to start a car reduces unnecessary battery replacement and 

maintenance costs. 

The organization of the thesis is as follows. Chapter 2 explores existing methods of automotive 

battery SOH estimation and their shortcomings. Chapter 3 describes the proposed automotive lead-

acid battery SOH estimation method. Threshold development procedures for SOH estimation, 

battery SOC estimation, and experimental setup are also described briefly. Chapter 4 explains the 

implementation of the system with the proposed SOH monitoring algorithm embedded on a 

hardware prototype. Chapter 5 presents power dissipation of the system as well as battery test 

results with the proposed SOH monitoring system and ten lead-acid batteries. The battery test 

results are compared to other existing SOH estimation methods in this chapter. Chapter 6 draws a 

conclusion with future improvements. 
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2 Preliminaries 

The battery SOH is a figure of merit implying the condition of a battery and related to its energy 

storing and current-delivering abilities, however there is no standardized metric [5]. For a vehicle 

with a lead-acid battery, it is important to estimate and monitor the SOH with a high reliability so 

one can estimate when to charge or replace the battery before battery failure. Replacing an 

unhealthy battery with a low SOH on time can avoid walk-home situations and eliminate 

unnecessary maintenance cost and efforts. 

2.1 Impedance Based SOH Estimation Methods 

In recent years, electrochemical impedance spectroscopy (EIS) has been used by battery 

manufacturers and automotive service centers to estimate the remaining life span of a lead-acid 

battery due to its reliability [6]. EIS is an effective technique for understanding the behavior of 

electrochemical power sources. For automotive applications, EIS measures the internal impedance 

of a battery in the frequency domain for the battery SOH estimation [7].  

Grube investigated the characteristics of battery voltage and load current during engine cranking, 

and he confirmed that the relationship between voltage and current can be used to infer the 

condition of a lead-acid battery. Figure 1 (a) shows the relationship between battery voltage and 

load current of a healthy lead-acid battery during engine cranking. The battery voltage is linearly 

proportional to the current drawn to the load; however, this relationship tends to become non-linear 

as the battery becomes aged or unhealthy as shown in Figure 1 (b) [8]. 
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                                      (a) Healthy battery                                                           (b) Unhealthy battery 

Figure 1: Impedance characteristics of healthy (left) and unhealthy (right) batteries [8]. 

While the shape of the battery impedance has a strong correlation with the age of a lead-acid 

battery, the SOH estimation technique with EIS requires a costly current sensor with typically 10 

mA current resolution over a wide range from 0.1 A to 1000 A, which increases installation cost 

and effort due to additional parts and labor [9]. Since the use of a current sensor makes the SOH 

estimation system costly, commercial SOH estimation products are often used by an automotive 

service professional or for research purposes [10].  

2.2 Cranking Voltage Based SOH Estimation Methods 

Grube observed that there is a relationship between battery cranking voltage characteristics and 

cranking power capability in lead-acid batteries [8]. Figure 2 (a) and (b) show typical voltage 

waveforms of healthy and unhealthy batteries.  
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         (a) Healthy battery                                                                      

 

           (b) Unhealthy battery                                                                   

Figure 2: Voltage characteristics of healthy (top) and unhealthy (bottom) batteries [8]. 

It should be noted that the battery cranking voltage waveforms shown in Figure 2 (a) and Figure 2 

(b) correspond to the voltage waveforms shown in Figure 1 (a) and Figure 1 (b) respectively. For 

an unhealthy battery as shown in Figure 2 (b), the second valley voltage, denoted as V2 in Figure 

2 (a), is smaller than the first valley voltage, denoted as V1 in Figure 2 (a) due to the low cranking 

power capability of the battery. 
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In fact, Grube’s cranking voltage based SOH estimation method exploits the difference between 

the first two valley voltages during engine cranking to estimate the SOH of a lead-acid battery. 

Grube’s algorithm compares the difference between two valley voltages, denoted as ∆V2 in Figure 

2 (a), with a fixed threshold of 0.7 V for the SOH estimation. According to his algorithm, the 

battery is considered unhealthy if ∆V2 is less than 0.7 V. 

OCV

V1

V2

 V2

 V1

 
Figure 3: Typical cranking voltage waveform. 

Although Grube’s SOH algorithm provides an appropriate warning for an unhealthy battery 

without the need for a costly current sensor, his fixed threshold voltage does not account for the 

effect of an initial voltage drop (denoted as ∆V1 in Figure 3) and battery temperature for the SOH 

estimation [8]. With a fixed threshold voltage, a battery estimated unhealthy could be estimated 

healthy on another day due to different internal or external battery conditions. 

Kerley improved Grube’s existing cranking voltage based SOH estimation method by 

incorporating the initial voltage drop and battery temperature in addition to the first two valley 

voltages. Kerley’s algorithm determines two individual threshold voltages from lookup tables 

based on the two parameters, ∆V1 and temperature. Once the two threshold voltages are 
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determined after a cranking event, the sum of the threshold voltages (Vth) is compared with a ∆V2 

for the SOH estimation. Based on his algorithm, a battery is considered unhealthy if ∆V2 is less 

than the value of Vth [11, 12]. 

Kerley’s measurement results show that his algorithm with the prototype works for the SOH 

estimation of lead-acid batteries, however his method does not take the state of charge (SOC) of a 

battery into consideration. It should be noted that the SOC is available battery capacity over 

nominal battery capacity, usually expressed as a percentage of nominal capacity [13]. Since the 

battery SOC is a critical parameter to consider as the performance of a battery with a low SOC is 

similar to the one of a falling battery, it is desired to consider the battery SOC for the battery SOH 

estimation. Moreover, both Grube’s method and Kerley’s method are based on a fully charged 

battery, and their methods become unreliable when the SOC of battery is low [11]. 

.  
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3 Proposed SOH Estimation Approach 

This chapter presents the proposed SOH estimation method, battery SOC estimation, experimental 

setup including battery aging and testing, and the development of threshold voltages for the SOH 

estimation of lead-acid batteries.  

3.1 Proposed Method 

The proposed method addresses the shortcomings of the previous cranking voltage based SOH 

estimation methods by considering SOC, ∆V1, ∆V2, and battery temperature. The purpose of taking 

the battery SOC into account is to develop a more reliable SOH estimation method. By considering 

the SOC of a battery, the SOH estimation should distinguish a battery with a low SOC from an 

unhealthy battery so one can simply charge the battery and avoid unnecessary battery replacement. 

The proposed algorithm uses three individual threshold voltages from ∆V1, SOC, and temperature 

for the SOH estimation. With the proposed SOH estimation method, a battery is considered healthy 

if ∆V2 is greater than the sum of the three threshold voltages, Vth.  

3.2 Battery SOC Estimation 

The SOC of a battery is a function of a specific gravity as shown in Figure 4, and the specific 

gravity is a function of battery open-circuit voltage and battery temperature [2, 14]. In other words, 

the battery SOC can be determined from two parameters, battery open-circuit voltage (OCV) and 

temperature. The OCV is a battery terminal voltage after the battery voltage is settled, and the 

battery terminal voltage is considered settled when the difference between the maximum battery 

voltage and minimum battery voltage in 60 minutes is less than 0.1 V for this work. For lead-acid 
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batteries, the specific gravity is defined as the concentration of sulfuric acid electrolyte relative to 

the concentration of water at a given temperature, and it is highest in a fully charged battery [15]. 

 
Figure 4: Battery SOC as a function of specific gravity [2]. 

Figure 5 shows a relationship between the cell voltage and the specific gravity of a lead-acid 

battery at 25 °C [14]. Since a lead-acid battery has six cells connected in series inside the battery 

container, a true OCV is six times the battery cell voltage. Therefore, a specific gravity of a lead-

acid battery can be estimated with a measured OCV assuming the OCV is measured at 25 °C. 

 
Figure 5: Battery cell voltage as a function of specific gravity at 25 °C [14]. 
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Since the specific gravity is a function of OCV and battery temperature, it is necessary to consider 

the temperature of a battery (Tbattery) for the SOC estimation. Once the specific gravity of a battery 

is determined from the measured OCV, the temperature coefficient (TC) of the measured OCV can 

be estimated from Figure 6.  

 
Figure 6: Temperature coefficient of OCV as a function of specific gravity at 25 °C [2]. 

It is important to note that both Figure 5 and Figure 6 assume that the battery OCV is measured at 

25 °C, which makes the following equation legitimate [2, 14, 16]. 

 𝑂𝐶𝑉25 ℃ = 𝑂𝐶𝑉𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 + 6 ∙ [(𝑇𝑏𝑎𝑡𝑡𝑒𝑟𝑦 − 25 ℃) ∙ (1000 ∙ 𝑇𝐶)] (1) 

With the equation shown above, the OCV at the temperature of 25 °C can be estimated with a 

measured OCV at any given battery temperature; for example, if a measured OCV is 12.6 V at 20 

°C, the estimated value of OCV25 °C will be 12.5 V according to the equation, Figure 5, and Figure 

6. When the OCV at 25 °C is determined, a battery SOC can be estimated based on Figure 4 and 

Figure 5. For the example given above, the battery SOC is 90%. The values from Figure 4 to Figure 

6 are extracted and used in the algorithm developed in the Energia environment with a TI EK-

TM4C123GXL evaluation board to estimate the SOC of a lead-acid battery [17].  



11 

 

3.3 Experimental Setup 

Since typical lead-acid batteries for vehicles last four to five years before requiring replacement, 

an accelerated aging process is desired to observe and analyze the battery characteristics in a short 

period of time until the battery is no longer able to start a car [18]. In order to develop the three 

threshold voltages, it is necessary to obtain cranking waveforms and temperature data of each 

battery after aging and testing. For the experiment, three new batteries and seven refurbished 

batteries are aged with repeated charging and discharging and tested on a car to obtain cranking 

voltages and temperature data.  

3.3.1 Battery Aging and Testing Procedures 

The SAE J240 life test for automotive storage batteries published by the Society of Automotive 

Engineers has become a widely used and trusted life test for battery aging. Even though the 

recommended test temperature is 40 °C in the original test procedure, a higher test temperature at 

75 °C is also acceptable and can accelerate the battery aging to further decrease the lifetime of the 

battery [19]. For this research work, the following battery aging and testing procedures for ten 

lead-acid batteries are derived from the SAE J240: 

1. During the battery aging process, each battery is submerged in a water bath maintained at 

75 °C for faster chemical reactions.  

2. Each battery is charged at 14.8 V for 10 minutes and discharged at 8 V for 5 minutes with 

a maximum current of 25 A, and this charging and discharging process is continuously 

cycled for 100 hours. 
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3. After 100 hours of battery aging with charging and discharging, each battery is charged for 

10 to 12 hours followed by an open-circuit relaxation for up to 24 hours to allow the battery 

terminal voltage to settle.  

4. Once the aging and charging process is complete, each battery is tested on a car with engine 

cranking. The voltage and temperature data of each cranking event are collected for the 

development of the threshold voltages. 

5. Procedures from 1 to 4 are repeated until each battery fails to start a car. 

3.3.2 Battery Aging Test Bench 

The battery aging test bench used for charging and discharging ten lead-acid batteries is shown in 

Figure 7. Ten batteries are submerged in a 110-gallon water bath. The water level of the bath is 

maintained at approximately 75% of the battery container height. A 1.5 kW immersion heater [20], 

as shown on the bottom left corner in the figure, is used with commercial temperature controller 

and thermocouple to maintain the water temperature at 75 °C. Three submersible water pumps are 

also used to circulate the heated water evenly in the bath.  
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Figure 7: Battery aging test bench. 

Whenever battery aging takes place, the water bath is covered with a polystyrene foam board on 

the top and foam insulation sheets on the side as shown in Figure 8 in order to minimize heat loss 

and water evaporation. 

 
Figure 8: Insulated battery water bath. 
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A custom PCB with a TI MSP430G2553 microcontroller serves as an automated battery cycler 

[21], as shown in Figure 9, to age up to three batteries with a DC power supply unit (PSU) and 0.5 

Ω 300 W wire-wound resistor. As ten lead-acid batteries were used for this research work, four 

battery cyclers have been used. A simplified diagram of the battery cycler is depicted in Figure 10.  

 
Figure 9: Automated battery cycler. 
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Figure 10: Simplified diagram of a battery cycler. 

It should be noted that the battery cycler has six load switches (VN5E010MH-E) surface mounted 

on the board [22]. Due to the heat dissipation of the load switches on the battery cyclers, copper 

heat sinks as well as a fan for each battery cycler are used to avoid any excessive heat. An analog 

current pin of the load switch is capable of sensing charging and discharging current of a battery. 

Each battery cycler charges two batteries and discharges one battery at the same time during 

battery aging, and voltage and current measurements of each battery are sent over to the host PC 

through I2C with a master board including a TI MSP430G2553 microcontroller to make sure that 

each battery is aged appropriately [21]. Figure 11 illustrates the block diagram of the battery aging 

test bench that ages ten lead-acid batteries. Since ten batteries were used and each battery cycler 

can handle up to three batteries at a time, one of the battery cyclers was used to age only one 

battery.  
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 Figure 11: Block diagram of battery aging test bench.  

Figure 12 shows voltage and current data during battery aging. Each lead-acid battery is charged 

at above 14 V for 10 minutes with the power supply and discharged approximately at 8 V for 5 

minutes with the resistor.  
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Figure 12: Voltage and current measurements during battery aging. 

The discharging current flowing from the battery to the resistor is approximately 16 A while the 

charging current flowing into the battery from the power supply begins with up to 23 A and 

gradually decreases to 7 A as the battery becomes more charged as shown in the figure above. 

Thus, both charging and discharging currents do not exceed 25 A.  

3.3.3 Battery Test and Data Collection 

After the battery aging process is complete for each battery, the battery is installed on a car for 

testing. During engine cranking with the aged battery, battery voltage and battery temperature were 

collected with a USB oscilloscope (Analog Discovery by Digilent [23]) and digital thermometer 

(TMD-56 by Amprobe [24]) for data logging. The sampling rate for battery voltage sensing with 
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the oscilloscope is configured at 10 kHz, and this sampling rate is more than sufficient for data 

analysis. 

Before engine cranking is performed, a commercial battery tester (PBT-300 by Midtronics) is also 

used to test each battery. The PBT-300 can estimate the health of a lead-acid battery based on the 

conductance of the battery and provide warnings if the battery is healthy, low in charge, or 

unhealthy [25]. Once the aging process and battery charging is complete, each battery is tested on 

a car with engine cranking as shown in Figure 13. The voltage and temperature measurements of 

each cranking event are recorded for the development of the threshold voltages.  

 
Figure 13: Battery testing on a car and data collection. 

Battery cranking waveforms of battery #10 is shown in Figure 14; it is important to note that there 

is approximately a week of battery aging between two consecutive battery tests, and the batteries 

are tested at the end of each battery aging and charging. The OCV of each battery test varies 

depending on how long the battery is charged before the test, and different OCV of a battery at a 
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given temperature causes the battery to have a different SOC at the time of a battery test. It is 

indeed important to test a battery with a different SOC to investigate the effect of the battery SOC 

on the SOH estimation. 

 
Figure 14: Battery cranking voltage waveforms of battery #10. 

Table 1 summarizes the data associated with each engine cranking of battery #10. Based on the 

table shown below, it can be observed that the initial voltage drop (∆V1) tends to increase and the 

first two valley voltages tend to decrease as the number of aging periods increases. The objective 

of the proposed SOH estimation is to provide a low SOH warning near the end of battery life. In 

such a way, the battery is still able to start a car, but the battery is estimated to be unhealthy so the 

user can have the battery checked by an automotive service professional or replace the battery in 

advance before battery failure. The measured data and test results are available in Appendix A: 

Battery Measurements and Test Results.  
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Table 1: Measured data from battery #10. 

Period °C 
OCV 
(V) 

SOC 
(%) 

V1 
(V) 

V2 
(V) 

ΔV1 
(V) 

ΔV2 
(V) 

Pass/Fail 

Week 1 27.1 12.20 37 10.46 10.70 1.74 0.24 Passed 

Week 2 12.4 12.39 65 10.85 10.94 1.54 0.09 Passed 

Week 3 8.0 12.37 63 10.72 10.93 1.65 0.21 Passed 

Week 4 6.3 12.14 31 10.42 10.63 1.72 0.21 Passed 

Week 5 7.6 12.20 39 10.34 10.46 1.86 0.12 Passed 

Week 6 9.1 12.32 56 10.33 10.55 1.99 0.22 Passed 

Week 7 5.3 12.52 83 10.39 10.76 2.13 0.37 Passed 

Week 8 7.9 12.51 82 9.96 10.11 2.55 0.15 Passed 

Week 9 20.8 12.39 63 10.13 10.17 2.26 0.04 Passed 

Week 10 21.4 10.39 0 N/A N/A N/A N/A Failed 

 

3.4 Threshold Development 

For this research work, the following procedures are adopted for the development of the three 

threshold voltages (Vth1, Vth2, and Vth3):  

1. Develop threshold slopes based on the aging data of the three new batteries.  

2. Fine tune the threshold values using the data from ten batteries.  

3.4.1 ∆V1-dependent Threshold (Vth1) 

The effect of battery aging is considered for the threshold development initially because the trend 

of the ∆V1 values with battery aging can be identified conveniently. Individual ∆V1 values of the 

three new batteries as a function of battery aging from week 1 to week 10 are shown in Figure 15. 

Based on the collected data as shown in the figure below, the initial voltage drop generally 

increases as the battery becomes more aged. 
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Figure 15: Individual ∆V1 of three new batteries as a function of battery aging. 

Since the typical initial voltage drop of a nearly new battery is 1.6 V based on the collected data, 

a threshold slope is developed as shown in Figure 16. When the threshold is set higher for a larger 

∆V1, it can prevent the case where a battery is incorrectly estimated to be healthy with a large 

initial voltage drop since a large Vth1 implies that a battery is more aged. Positive threshold voltages 

are assigned to the initial voltage drops greater than 1.6 V so smaller SOH values can be assigned 

to more aged batteries. Vth1 is set to linear to ∆V1, and it is developed by examining data from 

battery tests. The scale of the threshold values is based on the scale of ∆V1 values after comparing 

the collected data from ten lead-acid batteries. The threshold voltages used in the figure below are 

the final values used to satisfy the measurement data collected from all the batteries. 
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Figure 16: Vth1 as a function of ∆V1. 

Figure 17 shows the original ∆V2 values as well as SOH values with only the ∆V1-dependent 

thresholds considered for the SOH estimation of battery #3. Based on the figure, the battery is 

healthy all the time if the ∆V1-dependent thresholds are not considered. In the figure, a battery is 

considered unhealthy if an SOH value (∆V2 – Vth1) is negative. By taking the ∆V1-dependent 

thresholds into account, the battery can be estimated as unhealthy at week 2, 5, 9, and 10. It is 

worth mentioning that the SOH values are negative at week 2 and 5 due to a low battery SOC, and 

it can be confirmed in Appendix A.  
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Figure 17: ∆V2 and ∆V2-Vth1 as a function of battery aging for battery #3. 

3.4.2 SOC-dependent Threshold (Vth2) 

As shown in Figure 17, it is possible that the battery can be incorrectly estimated unhealthy due to 

a low battery SOC. To prevent such cases, the SOC of the battery should be considered for the 

SOH estimation in addition to battery aging. Figure 18 shows SOC-dependent thresholds, Vth2. 

Since a fully charged battery should not be affected by Vth2, Vth2 is set to zero for a fully charged 

battery. Negative threshold voltages are assigned to the SOC less than 100% because a battery 

with a low SOC should not fail if the battery is actually healthy. It is important to note that the 

performance of a healthy battery with a low SOC is similar to the one of an unhealthy battery. 

When the threshold is set lower for a lower SOC value, it can prevent the case where a battery is 

estimated to be healthy at high SOC but unhealthy at low SOC. The threshold voltages used in the 

figure below are the final values used for the battery SOH estimation after calibration. 
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Figure 18: Vth2 as a function of battery SOC. 

Figure 19 shows SOH values considering only ∆V1-dependent thresholds as well as SOH values 

considering both ∆V1-dependent thresholds and SOC-dependent thresholds for the SOH 

estimation of battery #3. By considering SOC-dependent thresholds in addition to ∆V1-dependent 

thresholds, the battery is healthy throughout the entire battery aging periods except the last week.  

 
Figure 19: ∆V2-Vth1 and ∆V2-Vth1-Vth2 as a function of battery aging for battery #3. 
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3.4.3 Temperature-dependent Threshold (Vth3) 

Although the SOC of a battery takes temperature into consideration, a variation in the battery SOC 

due to temperature differences is insufficient to consider the effect of temperature on the SOH 

estimation. For example, with the measured battery voltage of 12.6 V, the SOC of the battery is 

93% at 50 °C, while the SOC of the battery is 91% at 30 °C. To better match the measurement 

results, it is necessary to use an additional temperature compensation with temperature-dependent 

thresholds in addition to battery aging and battery SOC. Figure 20 shows temperature-dependent 

thresholds, Vth3. A battery tends to supply current better with low resistance due to fast chemical 

reactions at a higher temperature. When a threshold is set larger at a higher temperature, it can 

prevent the case where a battery is estimated to be healthy at a high temperature but unhealthy at 

a low temperature [14]. Positive thresholds are assigned to temperature above 0 °C, and the 

threshold values are developed by comparing the performance of the batteries tested. Threshold 

values below 0 °C are extrapolated. It should be noted that the threshold slope is set to decrease 

with the temperature increase to match the battery test results collected from the ten batteries.    

 
Figure 20: Vth3 as a function of battery temperature. 
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After considering all three thresholds for the SOH estimation, the blue plot shown in Figure 21 

can be obtained. Figure 21 shows SOH values considering both ∆V1-dependent thresholds and 

SOC-dependent thresholds as well as SOH values considering all three thresholds for the SOH 

estimation of battery #3. It can be observed that the SOH values of the battery considering all three 

thresholds are relatively consistent until the fifth week, and the SOH values decreases afterwards. 

For week 10, the SOH value is negative. Therefore, a low SOH warning can be given during this 

period since the battery failed to start a car at week 11.    

 
Figure 21: ∆V2-Vth1-Vth2 and ∆V2-Vth1-Vth2-Vth3 as a function of battery aging for battery #3. 

With the threshold values developed for the SOH estimation, the health of ten lead-acid batteries 

could be accurately estimated as shown in Appendix A.  
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4 System Implementation 

This chapter describes the system implementation of the SOH estimation method. A stand-alone 

battery SOH estimation system, SOH estimator, is developed with the proposed algorithm to 

provide a low SOH warning for an unhealthy battery and prevent a sudden battery failure. 

4.1 System Block Diagram 

Figure 22 depicts a proposed block diagram of the SOH estimator. Two analog-to-digital 

converters (ADCs) are to sense battery voltage and temperature, and the use of a dependable 

temperature sensor is essential for the battery SOC estimation. Since the active operation of the 

SOH estimation system is only necessary during engine cranking, the power dissipation of a 

microcontroller unit (MCU) can be optimized by making the MCU sleep when not required. The 

purpose of using an accelerometer is to wake up the MCU with a door activity, such as a door 

opening or closing. A step-down converter, buck converter, is to supply a required voltage for 

system blocks from a battery. Indicator LEDs are to indicate the condition of a battery and status 

of the prototype.   

 
Figure 22: Block diagram of SOH estimator. 
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4.2 Hardware Prototypes 

Two PCB prototypes are populated to validate and test the SOH algorithm. Figure 23 (a) shows a 

prototype that includes an SD card slot for data logging of battery tests with a TI EK-

TM4C123GXL evaluation board equipped with two MCUs [17]. The evaluation board attached to 

the PCB board has an integrated in-circuit debug interface which allows programming and 

debugging of the prototype; however, this increases the power dissipation of the system as the two 

MCUs on the evaluation board operate at the same time during an active operation. The stand-

alone prototype, SOH estimator, as shown in Figure 23 (b) has only one MCU to minimize the 

power dissipation of the system. For the stand-alone prototype, JTAG connectors are for 

programming and debugging the MCU, and UART connectors are for serial monitoring.  

Both prototypes use the same type of MCU, temperature sensor, accelerometer, and buck 

converter. A high efficiency synchronous step-down converter, LTC3631 [26], converts the 

battery voltage to supply a 3.3 V for the MCU (TM4C123GH6PM [27]) and accelerometer 

(ADXL345 [28]). The TM4C123GH6PM used for the prototypes is an ARM Cortex M4F based 

MCU operating at a clock speed of 80 MHz with 256 KB of RAM, and the ADXL345 is a low 

power 3-axis accelerometer that supports an I2C interface. An analog output temperature sensor, 

LM34, is powered by a car battery, and it provides typical accuracies of ±0.5 °F for the temperature 

range of -50 °F to 300 °F [29].  

For the DC inputs of the prototypes, voltage divider and first-order RC low pass filter are included 

to sense battery voltages and reduce false valley detection due to noise. The ratio of the voltage 

divider is set to approximately 1/5 with the use of 10 KΩ and 39 KΩ resistors for battery voltage 

sensing since the maximum analog input voltage limit of the MCU’s ADC is 3.3 V. For the low 



29 

 

pass filter, a 0.47 μF capacitor is placed in parallel to the 10 KΩ resistor to help noise reduction of 

the battery voltage. Three indicator LEDs (green, yellow, and red) are used to indicate if the MCU 

is awake and ready for engine cranking, a battery needs charging, or a battery is unhealthy. 

The hibernation module embedded in the MCU allows the battery-backed memory to maintain up 

to sixteen 32-bit words during the sleep state so relevant parameters, such as recent OCV value 

and previous SOH values, can be retrieved upon wake-up for SOC and SOH estimation.  

 
                        (a) Data logger prototype                                                      (b) Stand-alone prototype 

Figure 23: Hardware Prototypes. 

4.3 Proposed SOH Algorithm 

For the stand-alone battery SOH estimation system that can repeatedly monitor the battery 

condition, the development of a robust battery SOH estimation algorithm is necessary to correctly 

estimate the health of a battery. The algorithm is developed in the Energia environment, and the 

total RAM usage of the proposed SOH estimation algorithm by voltage samples is approximately 

12 KB.  
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4.3.1 Algorithm Overview 

A decision path for the SOH estimation algorithm is shown in Figure 24. Once the prototype is 

connected to the battery terminals or constant 12-volt wires, such as alarm system or remote starter, 

with a frame ground on a car, the MCU waits until the battery voltage is settled to measure and 

store the OCV of a battery. For the battery SOC estimation, the MCU wakes up every 30 minutes 

to measure battery voltages, and the battery temperature is measured after a door activity is 

detected with the accelerometer. For the proposed algorithm, the battery voltage is considered 

settled when the difference between the maximum battery voltage and minimum battery voltage 

in 60 minutes is less than 0.1 V with the voltage range between 11 V and 13 V. 

Once the OCV is settled and stored in a register in the MCU, the MCU enters its sleep state and 

waits for a user to open or close the car door since the accelerations due to a door activity can be 

detected by the accelerometer. Once the MCU is awake due to a door activity and battery voltage 

is settled, the green LED is turned on to notify the user to start a car for the SOH estimation. At 

the same time, the battery SOC is estimated with the battery temperature. The yellow LED will be 

turned on if the battery SOC is less than 40% so the user can charge the battery. The ADC of the 

MCU samples car battery voltages continuously and waits for a cranking event. To prevent a case 

where the user opens or closes the car door but does not start the car, the MCU is configured to 

detect a cranking event for 3 minutes before returning to the sleep state again. When a cranking 

event is detected while the MCU is awake, the MCU carries out the battery SOH estimation and 

gives a low SOH warning by turning on the red LED if four consecutive SOH values are negative.  

After detecting a cranking event and estimating the SOH of a battery, the MCU is in the sleep state 

continuously unless the car is off. While the MCU is in the sleep state, the MCU wakes up every 
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10 minutes to sample the battery voltage to see if the voltage is below 13 V which will only be 

true when the user has turned off the car and the alternator is not charging the battery. When the 

battery voltage is sampled at below 13 V, the SOH algorithm cycle can be repeated once again and 

the MCU checks whether the battery OCV is settled or not.  

 
Figure 24: Decision path for proposed algorithm. 

4.3.2 Voltage Sampling 

The sampling rate is set to 200 Hz with 16-bit per sample for the prototypes, and this sampling 

rate is sufficient to correctly identify the first two valley voltages during engine cranking. Every 

five seconds, the MCU checks to see if there is a cranking event. When the cranking event is 

detected, the MCU processes the previous ten seconds of data for the SOH estimation. Ten seconds 
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of voltage samples is copied to a buffer array to allow the ADC to keep sampling without any 

interrupt. In addition to the low pass filter used for the prototypes to attenuate the high frequency 

noise of the battery voltage, a running average of four voltage samples from the copied array 

further reduces the possibility of false valley detection.  

4.3.3 Cranking and Valley Detection 

For robust SOH estimation, it is crucial to accurately detect a cranking event and as well as the 

first two valley voltages. Figure 25 illustrates a typical cranking voltage waveform of a lead-acid 

battery collected with the prototype for data logging.  

 
Figure 25: Typical cranking voltage waveform collected with data logger prototype. 

The proposed algorithm detects a cranking event if the difference between two consecutive battery 

voltages is greater than 0.25 V as shown from the circled region of Figure 26. This cranking 

detection method is confirmed to detect engine cranking for all batteries tested with the prototypes.  
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Figure 26: Voltage waveform zoomed from Figure 25 for cranking detection. 

Once engine cranking is detected, the MCU processes the average voltage samples to detect the 

first two valley voltages of a cranking waveform. The algorithm finds a valley voltage with five 

consecutive average voltage samples (V1, V2, V3, V4, and V5) with the following conditions: V1 >

V2 ≥ V3 ≤ V4 < V5), so V3 will be the valley voltage. The algorithm finds the first valley voltage 

followed by the second valley voltage. This valley detection method identified every valley 

voltages of all battery tests. 

 
Figure 27: Valley voltage with cranking voltage waveform from Figure 25. 
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4.3.4 Battery SOH Estimation 

When the first two valley voltages are identified, the battery SOH estimation is carried out with 

OCV, temperature, SOC, first two valley voltages. The sum of the three threshold values, Vth = 

Vth1 + Vth2 + Vth3, is compared with a ∆V2. With the proposed SOH estimation algorithm, a battery 

is estimated to be healthy if the SOH metric, ∆V2-Vth, is positive. It is expected that the SOH 

metric will decrease over the aging period since the value of Vth1 increases with the age of a battery.  
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5 Measurement Results 

This chapter shows the measurement results tested with three new and seven refurbished batteries 

as well as the power dissipation of the stand-alone prototype. Test results with the proposed SOH 

estimation method compared to other existing methods are also described in this chapter.  

5.1 Power Dissipation 

Because the proposed SOH estimation system operates in the sleep state most of the time, the 

stand-alone prototype dissipates approximately 144 mW during an active state and 36 mW during 

a sleep state as shown in Figure 28. For a fully charged small lead-acid battery, the developed SOH 

estimation system with the stand-alone prototype lasts more than a year without charging the 

battery since a standard small car battery has a capacity of 45 Ah [30]. Considering the self-

discharge rate of a lead-acid battery, the power dissipation of the prototype is insignificant [2].  

 
Figure 28: Power dissipation of stand-alone prototype. 
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5.2 Battery Test Results 

Figure 29 shows battery test results of the three new batteries tested with the proposed SOH 

estimation algorithm. When the SOH metric belongs to the area highlighted in red, below 0 V, it 

means that the battery is considered unhealthy. As shown in Figure 29, the proposed method 

predicts the battery failure 1 to 2 weeks before actual battery failure. It should be noted that all the 

battery test results in this research work are obtained through accelerated battery aging. Without 

any accelerated battery aging, the algorithm should provide more data points where SOH metrics 

are negative near the end of battery life. With the proposed algorithm, the prototype gives a low 

SOH warning if four consecutive SOH metrics are negative. In such a way, any outlier that is not 

consistent with the general trend of SOH estimation is not included when giving the low SOH 

warning. SOH metrics of all ten batteries near the end of battery life were negative as shown in 

Appendix A. 

 
Figure 29: Battery test results of three new batteries with the proposed algorithm. 
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The batteries were also tested with a commercial battery tester, PBT-300 by Midtronics, to test the 

condition of the batteries before each engine cranking is performed. The PBT-300 can provide 

warnings if a battery is healthy (OK), low in battery charge (LOW), or unhealthy (X) as shown in 

Table 2 below.  

Table 2: Battery test results of ten batteries with the PBT-300 by Midtronics. 

Period 
Battery 

#1 
Battery 

#2 
Battery 

#3 
Battery 

#4 
Battery 

#5 
Battery 

#6 
Battery 

#7 
Battery 

#8 
Battery 

#9 
Battery 

#10 

Week 1 OK LOW OK X LOW X OK OK OK LOW 

Week 2 OK OK LOW X OK X OK LOW OK OK 

Week 3 OK LOW OK Failed OK Failed OK LOW OK OK 

Week 4 LOW OK OK  OK  OK X OK LOW 

Week 5 LOW OK LOW  Failed  Failed Failed Failed LOW 

Week 6 OK OK OK       OK 

Week 7 OK X OK       OK 

Week 8 OK X X       X 

Week 9 OK X X       X 

Week 10 OK X X       Failed 

Week 11 Failed Failed Failed        

Table 3 lists SOH values of three new batteries and seven refurbished batteries, and it compares 

the proposed method to existing cranking voltage based SOH estimation methods with the 

measurement data obtained in this work. A cell highlighted in red means that the battery is 

estimated to be unhealthy with a particular battery SOH estimation method applied to the column. 

Based on Table 2 and Table 3, it can be observed that the proposed method provides a better failure 

prediction near the actual time of battery failure than the commercial battery tester and the other 

two methods except battery #4. The second valley voltage was lower than the first valley voltage 

for battery #4, and all three methods estimated that this particular battery is unhealthy for the entire 

periods. The existing cranking voltage methods fail to estimate the battery SOH correctly since 

they are based on a fully charged battery.  
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Table 3: SOH values of ten batteries with the measurement data obtained in this work. 

 Battery #1 (This work) Battery #2 (This work) 

Period 
∆V2 

(Grube) 
SOH Metric 

(Kerley) 
SOH Metric 
(This work) 

∆V2 
(Grube) 

SOH Metric 
(Kerley) 

SOH Metric 
(This work) 

Week 1 0.25 -0.03 0.26 0.32 0.03 0.34 

Week 2 0.16 -0.11 0.22 0.24 -0.07 0.16 

Week 3 0.02 -0.18 0.17 0.10 -0.06 0.30 

Week 4 0.14 0.01 0.47 0.27 0.09 0.34 

Week 5 0.15 0.00 0.40 0.24 0.09 0.17 

Week 6 0.16 0.04 0.22 0.25 0.08 0.10 

Week 7 0.16 -0.02 0.26 0.13 -0.08 0.05 

Week 8 0.19 -0.02 0.23 0.24 0.06 0.08 

Week 9 -0.24 -0.41 -0.21 0.19 -0.08 -0.06 

Week 10 0.14 -0.17 -0.10 -0.15 -0.51 -0.41 

Week 11 Failed Failed Failed Failed Failed Failed 

 Battery #3 (This work) Battery #4 (This work) 

Period 
∆V2 

(Grube) 
SOH Metric 

(Kerley) 
SOH Metric 
(This work) 

∆V2 
(Grube) 

SOH Metric 
(Kerley) 

SOH Metric 
(This work) 

Week 1 0.23 -0.07 0.19 -0.04 -0.35 -0.10 

Week 2 0.01 -0.28 0.15 0.00 -0.25 -0.26 

Week 3 0.15 -0.07 0.25 Failed Failed Failed 

Week 4 0.07 -0.10 0.16    

Week 5 0.01 -0.15 0.23    

Week 6 0.16 -0.02 0.12    

Week 7 0.17 0.02 0.16    

Week 8 0.26 0.05 0.15    

Week 9 0.18 -0.04 0.09    

Week 10 0.13 -0.22 -0.29    

Week 11 Failed Failed Failed    

 Battery #5 (This work) Battery #6 (This work) 

Period 
∆V2 

(Grube) 
SOH Metric 

(Kerley) 
SOH Metric 
(This work) 

∆V2 
(Grube) 

SOH Metric 
(Kerley) 

SOH Metric 
(This work) 

Week 1 0.07 -0.21 0.17 0.08 -0.21 0.15 

Week 2 0.17 -0.05 0.16 0.11 -0.14 -0.01 

Week 3 0.16 -0.02 0.17 Failed Failed Failed 

Week 4 0.02 -0.21 -0.38    

Week 5 Failed Failed Failed    
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 Battery #7 (This work) Battery #8 (This work) 

Period 
∆V2 

(Grube) 
SOH Metric 

(Kerley) 
SOH Metric 
(This work) 

∆V2 
(Grube) 

SOH Metric 
(Kerley) 

SOH Metric 
(This work) 

Week 1 0.30 0.01 0.24 0.10 -0.06 0.23 

Week 2 0.08 -0.08 0.13 0.18 0.02 0.37 

Week 3 0.10 -0.07 0.19 0.20 0.02 0.30 

Week 4 0.08 -0.10 -0.03 -0.04 -0.28 -0.01 

Week 5 Failed Failed Failed Failed Failed Failed 

 Battery #9 (This work) Battery #10 (This work) 

Period 
∆V2 

(Grube) 
SOH Metric 

(Kerley) 
SOH Metric 
(This work) 

∆V2 
(Grube) 

SOH Metric 
(Kerley) 

SOH Metric 
(This work) 

Week 1 0.34 0.03 0.14 0.24 -0.05 0.24 

Week 2 0.12 -0.06 0.06 0.09 -0.11 0.14 

Week 3 0.25 0.08 0.32 0.21 0.05 0.28 

Week 4 -0.79 -0.96 -1.03 0.21 0.06 0.44 

Week 5 Failed Failed Failed 0.12 -0.05 0.26 

Week 6    0.22 0.02 0.22 

Week 7    0.37 0.20 0.24 

Week 8    0.15 -0.07 -0.12 

Week 9    0.04 -0.29 -0.19 

Week 10    Failed Failed Failed 

Since all the new batteries failed to start a car after 10 weeks of battery aging, each period of 

battery is equivalent to five to six months of actual battery usage as new automotive lead-acid 

batteries last four to five years [18]. 

Table 4 compares SOH values of ten batteries estimated with Kerley’s method and estimated with 

the proposed method based on the measurement data obtained by Kerley [11]. As shown in the 

table below, the proposed method can provide a better failure prediction for battery #5 and battery 

#11 than the Grube’s method. Similarly, the proposed method provided a better failure prediction 

for batteries #1, #5, #9, and #11.  
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Table 4: SOH values of ten batteries with the measurement data from Kerley [11]. 

 Battery #1 (Kerley) Battery #4 (Kerley) 

Period 
∆V2 

(Grube) 
SOH Metric 

(Kerley) 
SOH Metric 
(This work) 

∆V2 
(Grube) 

SOH Metric 
(Kerley) 

SOH Metric 
(This work) 

Week 1 0.93 0.55 0.16 0.51 0 -0.37 

Week 2 0.98 0.46 0.05 1.19 0.64 0.24 

Week 3 0.36 -0.03 -0.40 0.61 0.18 -0.27 

Week 4 0.63 0.22 -0.18 0.11 -0.36 -0.88 

Week 5 Failed Failed Failed Failed Failed Failed 

 Battery #5 (Kerley) Battery #6 (Kerley) 

Period 
∆V2 

(Grube) 
SOH Metric 

(Kerley) 
SOH Metric 
(This work) 

∆V2 
(Grube) 

SOH Metric 
(Kerley) 

SOH Metric 
(This work) 

Week 1 1.03 0.53 0.14 0.92 0.49 0.00 

Week 2 0.90 0.22 -0.18 0.58 0.05 -0.42 

Week 3 Failed Failed Failed 0.65 0.05 -0.50 

Week 4    0.56 0.14 -0.43 

Week 5    0.44 -0.05 -0.71 

Week 6    -0.14 -0.57 -1.23 

Week 7    Failed Failed Failed 

 Battery #7 (Kerley) Battery #8 (Kerley) 

Period 
∆V2 

(Grube) 
SOH Metric 

(Kerley) 
SOH Metric 
(This work) 

∆V2 
(Grube) 

SOH Metric 
(Kerley) 

SOH Metric 
(This work) 

Week 1 0.91 0.77 0.22 0.99 0.62 0.04 

Week 2 0.86 0.39 0.12 0.43 -0.01 -0.69 

Week 3 0.09 -0.31 -0.59 Failed Failed Failed 

Week 4 0.06 -0.28 -0.60    

Week 5 0.20 -0.14 -0.49    

Week 6 Failed Failed Failed    

 Battery #9 (Kerley) Battery #11 (Kerley) 

Period 
∆V2 

(Grube) 
SOH Metric 

(Kerley) 
SOH Metric 
(This work) 

∆V2 
(Grube) 

SOH Metric 
(Kerley) 

SOH Metric 
(This work) 

Week 1 0.44 -0.07 -0.45 0.84 0.28 -0.28 

Week 2 0.54 0.16 -0.29 Failed Failed Failed 

Week 3 0.52 0.10 -0.42    

Week 4 0.08 -0.28 -0.74    

Week 5 Failed Failed Failed    

 Battery #12 (Kerley) Battery #13 (Kerley) 

Period 
∆V2 

(Grube) 
SOH Metric 

(Kerley) 
SOH Metric 
(This work) 

∆V2 
(Grube) 

SOH Metric 
(Kerley) 

SOH Metric 
(This work) 

Week 1 0.37 -0.06 -0.32 0.81 0.33 0.01 

Week 2 0.33 -0.16 -0.41 Failed Failed Failed 

Week 3 0.06 -0.27 -0.58    

Week 4 Failed Failed Failed    
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6 Conclusion 

The proposed SOH estimation method presented in this thesis addresses the shortcomings of 

existing cranking voltage based SOH estimation methods by considering the SOC of a battery in 

addition to initial voltage drop, first two valley voltages, and temperature. Because the existing 

cranking voltage based battery SOH estimation methods are based on a fully charged battery, the 

estimation methods become unreliable as the battery SOC is low. The proposed algorithm uses 

three individual threshold voltages from ∆V1, SOC, and temperature for a reliable SOH estimation. 

With the proposed SOH estimation method, a battery is considered healthy if ∆V2 is greater than 

the sum of the threshold voltages.  

The measured data for the SOH estimation were obtained through accelerated battery aging and 

battery cranking tests with three new batteries and seven refurbished batteries. The development 

of the three individual threshold voltages based on the collected data is explained in this thesis. 

For this work, the SOC of a battery is estimated with battery open-circuit voltage and temperature.  

To validate and test the proposed battery SOH estimation method, two hardware prototypes 

implementing the proposed algorithm have been developed. The prototypes are designed to 

implement the proposed method and algorithm with low power consumption for actual automotive 

applications without any battery drain concerns. The prototypes can estimate the health of a battery 

during engine cranking and provide a low SOH warning for an unhealthy battery to prevent a 

sudden battery failure. A low SOC warning is also provided by the prototypes if the battery SOC 

is less than 40% so the battery can be charged for a better cranking ability. 
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A low power ARM Cortex-M4F based MCU included in the prototype implements the proposed 

SOH algorithm. The power dissipation of the stand-alone prototype is approximately 144 mW 

during an active state and 36 mW during a sleep state. The MCU is in the sleep state except the 

time when the MCU enters its active state due to a door activity for the SOH estimation. Any 

accelerations due to the door activity can be detected by the accelerometer when a user opens or 

closes the car door, and it will wake up the MCU to enter its active state. 

The measurement results show that the proposed SOH estimation method is more effective in 

estimating the health of a battery and predicting battery failure than existing cranking voltage based 

SOH estimation methods. It is important to remind that the developed system does not require a 

costly current sensor for the battery SOH estimation, which makes the system more cost-effective 

than commercial battery testers. With such low power dissipation and reliable SOH estimation, 

the proposed SOH estimation system is suitable for an on-board battery monitoring as currently 

there is no on-board warning that can prevent a sudden battery failure in modern cars. Replacing 

an unhealthy battery with a low SOH warning on schedule can reduce unnecessary battery 

maintenance costs. 

Future research work to improve the proposed SOH estimation algorithm includes incorporating 

charging and discharging history as well as the depth of battery discharging to keep track of the 

battery degradation. The fine-tuning of the threshold voltages with more battery tests should also 

help develop more reliable and robust SOH estimation algorithm. This SOH estimation method 

can be also extended for other types of batteries, such as lithium-ion batteries, for electric or hybrid 

cars.  
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Appendix A: Battery Measurements and Test Results 

Battery 
# 

Test 
# 

Date 
(mm/dd/yy) 

°C 
OCV 
(V) 

SOC 
(%) 

V1 
(V) 

V2 
(V) 

ΔV1 
(V) 

ΔV2 
(V) 

Vth 
(V) 

SOH 
Metric (V) 

1 1 09/14/14 22.4 12.29 50 10.70 10.95 1.59 0.25 -0.01 0.26 

 2 09/27/14 26.8 12.22 40 10.76 10.92 1.46 0.16 -0.06 0.22 

 3 10/04/14 13.5 12.28 50 10.90 10.92 1.38 0.02 -0.15 0.17 

 4 10/31/14 5.5 12.10 25 10.58 10.72 1.52 0.14 -0.33 0.47 

 5 11/12/14 7.4 12.13 30 10.49 10.64 1.64 0.15 -0.25 0.40 

 6 11/18/14 4.3 12.46 76 10.85 11.01 1.62 0.16 -0.06 0.22 

 7 11/24/14 10.2 12.33 57 10.75 10.91 1.58 0.16 -0.10 0.26 

 8 12/01/14 12.0 12.34 58 10.63 10.82 1.71 0.19 -0.04 0.23 

 9 12/07/14 7.8 12.37 63 10.57 10.33 1.80 -0.24 -0.03 -0.21 

 10 04/04/15 23.5 12.53 83 10.69 10.82 1.84 0.14 0.23 -0.10 

 11 04/10/15 17.7 12.25 42      Failed 

            

2 1 09/14/14 22.6 12.20 37 10.43 10.75 1.76 0.32 -0.03 0.34 

 2 09/27/14 27.3 12.23 40 10.26 10.50 1.97 0.24 0.08 0.16 

 3 10/31/14 5.8 12.13 30 10.26 10.35 1.87 0.10 -0.20 0.30 

 4 11/06/14 7.2 12.23 43 10.18 10.45 2.05 0.27 -0.07 0.34 

 5 11/12/14 4.5 12.49 80 10.50 10.74 1.99 0.24 0.07 0.17 

 6 11/18/14 5.7 12.55 87 10.44 10.69 2.11 0.25 0.15 0.10 

 7 11/24/14 9.8 12.35 60 10.17 10.30 2.18 0.13 0.08 0.05 

 8 11/30/14 5.4 12.46 76 10.11 10.35 2.34 0.24 0.15 0.08 

 9 12/07/14 8.0 12.26 47 9.16 9.35 3.10 0.19 0.25 -0.06 

 10 03/28/15 23.4 12.25 44 9.63 9.47 2.65 -0.15 0.42 -0.41 

 11 04/04/15 20.6 12.41 65      Failed 

            

3 1 09/14/14 22.2 12.27 47 10.43 10.66 1.84 0.23 0.04 0.19 

 2 09/27/14 26.9 12.00 7 10.22 10.23 1.78 0.01 -0.14 0.15 

 3 10/04/14 13.3 12.25 45 10.57 10.72 1.68 0.15 -0.10 0.25 

 4 10/31/14 7.7 12.29 52 10.48 10.55 1.81 0.07 -0.09 0.16 

 5 11/06/14 6.2 12.10 25 10.21 10.22 1.89 0.01 -0.22 0.23 

 6 11/12/14 6.7 12.39 65 10.31 10.47 2.08 0.16 0.04 0.12 

 7 11/18/14 4.7 12.38 65 10.33 10.50 2.05 0.17 0.01 0.16 

 8 11/24/14 9.9 12.39 65 10.20 10.46 2.19 0.26 0.11 0.15 

 9 12/07/14 8.3 12.30 53 9.90 10.08 2.40 0.18 0.09 0.09 

 10 04/04/15 23.7 12.47 75 9.82 9.95 2.65 0.13 0.42 -0.29 

 11 04/10/15 17.5 12.32 52      Failed 

            

4 1 09/27/14 27.1 12.19 35 10.20 10.16 1.99 -0.04 0.06 -0.10 
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 2 10/04/14 13.5 12.56 87 10.36 10.36 2.20 0.00 0.26 -0.26 

 3 10/31/14 6.2 12.66 95      Failed 

            

5 1 09/27/14 27.5 12.12 25 10.54 10.61 1.58 0.07 -0.10 0.17 

 2 10/04/14 14.2 12.45 73 10.93 11.10 1.52 0.17 0.01 0.16 

 3 11/12/14 7.9 12.34 59 10.38 10.54 1.96 0.16 -0.01 0.17 

 4 11/18/14 4.9 12.51 83 9.39 9.41 3.12 0.02 0.40 -0.38 

 5 11/24/14 9.6 12.30 48      Failed 

            

6 1 09/27/14 26.3 12.11 24 10.37 10.45 1.74 0.08 -0.07 0.15 

 2 10/04/14 16.2 12.5 80 10.79 10.90 1.71 0.11 0.12 -0.01 

 3 10/31/14 6.5 10.54 0      Failed 

            

7 1 09/21/14 27.2 12.26 45 10.47 10.77 1.79 0.30 0.06 0.24 

 2 11/06/14 7.8 12.41 68 10.74 10.82 1.67 0.08 -0.05 0.13 

 3 11/12/14 7.1 12.27 49 10.39 10.49 1.88 0.10 -0.09 0.19 

 4 11/18/14 7.7 12.52 83 10.55 10.63 1.97 0.08 0.11 -0.03 

 5 11/24/14 9.1 12.27 44      Failed 

            

8 1 10/31/14 7.5 12.26 47 10.49 10.59 1.77 0.10 -0.13 0.23 

 2 11/06/14 6.6 12.15 32 10.31 10.49 1.84 0.18 -0.19 0.37 

 3 11/12/14 7.1 12.18 37 10.13 10.33 2.05 0.20 -0.10 0.30 

 4 11/24/14 11 12.15 32 9.90 9.86 2.25 -0.04 -0.03 -0.01 

 5 11/30/14 5.3 6.99 0      Failed 

            

9 1 09/21/14 27.5 12.28 47 10.25 10.59 2.03 0.34 0.14 0.20 

 2 10/31/14 8.5 12.48 78 10.64 10.76 1.84 0.12 0.06 0.06 

 3 11/06/14 6.9 12.23 43 10.17 10.42 2.06 0.25 -0.07 0.32 

 4 11/18/14 4.1 12.72 100 10.46 9.67 2.26 -0.79 0.24 -1.03 

 5 11/24/14 9.8 5.28 0      Failed 

            

10 1 09/21/14 27.1 12.20 37 10.46 10.70 1.74 0.24 0.00 0.24 

 2 10/04/14 12.4 12.39 65 10.85 10.94 1.54 0.09 -0.05 0.14 

 3 10/31/14 8.0 12.37 63 10.72 10.93 1.65 0.21 -0.07 0.28 

 4 11/06/14 6.3 12.14 31 10.42 10.63 1.72 0.21 -0.23 0.44 

 5 11/12/14 7.6 12.20 39 10.34 10.46 1.86 0.12 -0.14 0.26 

 6 11/24/14 9.1 12.32 56 10.33 10.55 1.99 0.22 0.00 0.22 

 7 11/30/14 5.3 12.52 83 10.39 10.76 2.13 0.37 0.13 0.24 

 8 12/07/14 7.9 12.51 82 9.96 10.11 2.55 0.15 0.27 -0.12 

 9 03/28/15 20.8 12.39 63 10.13 10.17 2.26 0.04 0.23 -0.19 

 10 04/04/15 21.4 10.39 0      Failed 
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Appendix B: List of Batteries 

Battery # 
Battery 

Manufacturer 
Battery Description Note 

1 
AutoCraft 
Batteries 

AutoCraft Gold Battery, 
Group Size 86, 640 CCA 

This battery was purchased as new, and it 
failed after 10 successful cranks.  

2 
AutoCraft 
Batteries 

AutoCraft Silver Battery, 
Group Size 86, 525 CCA 

This battery was purchased as new, and it 
failed after 10 successful cranks. 

3 
Duralast 
Batteries 

Duralast Battery, 
Group Size 86, 525 CCA 

This battery was purchased as new, and it 
failed after 10 successful cranks. 

4 
Interstate 
Batteries 

Econo Power, 
Group Size 86, 525 CCA 

This battery was purchased as refurbished, 
and it failed after 2 successful cranks. 

5 
Interstate 
Batteries 

Econo Power, 
Group Size 86, 525 CCA 

The battery was purchased as refurbished, 
and it failed after 4 successful cranks. 

6 
Interstate 
Batteries 

Econo Power, 
Group Size 86, 525 CCA 

The battery was purchased as refurbished, 
and it failed after 2 successful cranks. 

7 
Interstate 
Batteries 

Econo Power, 
Group Size 86, 525 CCA 

The battery was purchased as refurbished, 
and it failed after 4 successful cranks. 

8 
Interstate 
Batteries 

Econo Power, 
Group Size 86, 525 CCA 

The battery was purchased as refurbished, 
and it failed after 4 successful cranks. 

9 
Interstate 
Batteries 

Econo Power, 
Group Size 86, 525 CCA 

The battery was purchased as refurbished, 
and it failed after 4 successful cranks. 

10 
Interstate 
Batteries 

Econo Power, 
Group Size 86, 525 CCA 

The battery was purchased as refurbished, 
and it failed after 9 successful cranks. 

 


