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Abstract 

 

 Plug-in hybrid electric vehicles (PHEV) with all-electric range (AER) combine battery 

driven electric motors with traditional internal combustion engines in order to reduce emissions 

emitted to the atmosphere, especially during short, repetitive driving cycles such as commuting to 

work. A PHEV utilizes grid energy to recharge the electrical energy storage device for use in the 

AER operation. This study focuses on battery systems as the electrical energy storage device and 

evaluates commercially available technologies for PHEV through scaled hardware-in-loop (HIL) 

testing. This project has three main goals: determine the state of technology for PHEV batteries 

through an extensive literature review, characterize commercially available batteries including 

simulated HIL response to a real-world PHEV simulation model, and finally, develop a tool to aid 

in choosing battery types for different vehicle styles (a battery decision matrix). The five different 

battery types tested are as follows: A123 Lithium Iron Phosphate (LiFePO4) Li-Ion, Genesis Pure 

Lead-Tin lead acid, generic absorbed glass mat (AGM) valve regulated lead acid (VRLA), SAFT 

Nickel-Metal Hydride (NiMH) and SAFT Nickel-Cadmium (NiCd). The batteries were 

characterized in terms of capacity and maximum power as well as tested on an individually scaled 

real-world duty cycle derived from a model developed by the University of Manitoba and the 

University of Winnipeg. 

 

 When comparing the results of the characterization testing with the literature review and 

manufacturers’ data it was found that there are discrepancies between the batteries tested and the 

manufacturers’ specifications for mass and capacity. Furthermore, the response to duty cycle 

testing shows that it is imperative that the internal resistance of the batteries and their conductors 
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should be considered when designing a vehicle, although the literature suggest that this is not 

commonly done. The results from testing were incorporated into a simple decision matrix 

factoring in vehicle design constraints, battery performance and cost. Through the duty cycle 

testing, the dynamic resistance of each of the batteries was determined by measuring the voltage 

response of the battery to variations in current draw. This resistance figure is important to include 

in simulations as it effectively reduces available energy the battery can supply due to increasing 

current demands, as voltage drops in response to a load. 
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Nomenclature 

 

All Electric Range (AER) – The distance that a hybrid vehicle can travel on stored electricity 

before engaging its alternative motive or energy sources (during charge depleting mode). 

 

Anode – The negative terminal of a battery, under load current flows from the battery. Anodes are 

designed for specific chemical reactions within batteries to achieve maximum performance. 

During recharge, the current flows into the battery from the anode. 

 

C-rate – The “C-rate” of a battery is a metric used to describe the amount of current a battery is 

outputting or accepting in either charge or discharge modes. It is represented as a ratio of the 

batteries rated capacity. For example, a 5Ah battery accepting 20A would be charging at 4C. 

 

Cathode – The positive terminal of a battery, under load current returns to the battery after doing 

work. Similarly to anodes, cathodes must be specifically designed for various applications. 

During recharge, the cathode returns current to the generator. 

 

Depth of Discharge (DOD) – The total percentage discharged from a battery at a given time. A 

battery with 0% DOD would be freshly charged, where as a battery with 100% DOD would be 

completely empty (based on manufacturers’ specifications). 
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Electric Vehicle (EV) – A vehicle powered solely by an electric motive power source, powered by 

onboard electric potential energy storage devices. EV denomination does not include fuel cell 

vehicles (FCEV). 

 

Energy Density – Energy density refers to the amount of energy a battery can store per unit 

volume, usually denoted by Watt-hours per liter (Wh/l). 

 

Open Circuit Voltage (OCV) – The OCV refers to the standing voltage of the battery with no 

loads or leads connected to the device, i.e. measured at the terminals. It is important that the OCV 

be measured after a period of inactivity (1hr) to record accurate OCV values. The OCV is often 

used as a tool to measure the SOC of the battery; however there are implications with measuring 

SOC as the battery is being used. 

 

Plug-in Hybrid Electric Vehicle (PHEV) – An automobile using two forms of energy storage and 

motive power, usually batteries paired with an electric motor, and petroleum paired with an 

internal combustion engine. 

 

Power Density – Power density refers to the amount of power a battery system can deliver per 

unit volume, usually denoted by Watts per liter (W/l). 

 

PHEVxx – A PHEV with “xx” kilometers of AER based on standardized driving profiles. 

Depending on the aggressiveness of the user as well as the vehicle control strategy the range may 

vary.  
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Specific Energy – Specific energy (Wh/kg) refers to the amount of energy in Watt-hours (Wh) per 

unit mass (kg) that a battery system can deliver over its state of charge, often this value is 

reported at the state of 100% DOD. 

 

Specific Power – Specific power (W/kg) refers to the maximum amount of power (W) per unit 

mass (kg) that a battery system can deliver. Often this value is reported with the battery being at 

100% SOC over a short period of time due to voltage drop over battery discharge. However it 

may be reported differently. 

 

State of Charge (SOC) – The state of charge refers to capacity of the battery in percentage. As the 

battery is discharged the state of charge is reduced, similarly as the battery is charged, it 

increases. 50% SOC is equal to 50% DOD. 

 

United States Advanced Battery Consortium (USABC)–A research consortium based in the 

United States with the goal of developing electrochemical storage technologies which support 

commercialization of fuel cell, hybrid and electric vehicles. 

 

Watt-hour – A Watt-hour (Wh) is a measurement of energy used in battery nomenclature to scale 

Joules. One watt-hour is equal to 3600J (1 J/s * 3600s/hour).
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Chapter 1 

Introduction 

 

 As global oil reserves dwindle while both carbon pollutants and prices increase, the need 

for alternative energy transportation becomes more apparent. One technology that can bridge the 

gap between fossil fuel dependency and renewable green technology in the automotive field is the 

plug-in hybrid vehicle (PHEV) (Burke, 2007, Markel & Gonder, 2007, Markel et al, 2006, 

Kempton & Lund, 2008). By combining an alternative energy source, such as rechargeable 

electric batteries, and a smaller high-efficiency gasoline engine, PHEVs are driving the 

development and effective implementation of batteries and electric vehicles, as well as the 

development of the electrical generation grid. Hybrid electric vehicle (HEV) systems have 

already been introduced into the consumer market with such models as the Toyota Prius; however 

in the interest of moving away from fossil fuel energy sources, a demand for PHEV systems with 

all-electric range (AER) is increasing (Li, 2009). A PHEV with AER (PHEV-AER) effectively 

acts as a battery electric vehicle (BEV) for a certain range and would then change control 

schemes to a standard HEV for the remainder of the users trip until recharged. The 

implementation of a well-designed PHEV-AER would allow a significant portion of consumers to 

use their vehicle without any direct production of greenhouse gasses or particulate emissions. 

However, in order to develop safe, efficient and effective PHEV designs, important questions 

regarding battery electrochemistry, size, mass, life cycle, optimal state of charge (SOC) and 

performance need to be investigated.  
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 Based on literature reviews to date, the primary focus of PHEV research has focused on 

emissions testing, either through simulation or full-scale models, investigation and development 

of battery systems, and grid integration and impacts. In order to provide further useful data for the 

development of PHEV systems, collaboration through Auto 21 Network of Centers of Excellence 

was proposed for multiple engineering research partners to address the need for practical PHEV-

based analysis of real-world duty cycle development, new advanced battery materials, and battery 

characterization and optimization of currently available technologies. This research project on the 

whole is meant to further bridge the gap between renewable energy technologies and fossil fuel 

dependencies. 

1.1 Objective 

 The aim of this thesis is to characterize battery performance and metrics into a useable 

decision matrix and develop a simple optimization tool to aid in choosing appropriate battery 

systems and sizes for various vehicle types. It is hypothesized that there are discrepancies 

between the battery performance data provided from manufacturers and those derived from 

testing for use in PHEV systems.  It is also critical for effective PHEV system design to 

understand and characterize attributes other than battery performance, such as cost, volume, mass, 

thermal considerations and life cycle.  While the focus of this study is on performance, some 

information will be gathered on these additional attributes to support further research. 
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1.2 Research Plan 

 The research and testing for this project was split into three phases: 

• An extensive literature review from academic and commercial sources to produce a 

preliminary battery performance matrix and develop further understanding of battery 

control and response 

• An experimental component including multiple battery systems scaled down for reasons 

of both cost and safety to be tested using a collaboratively developed duty cycle to 

augment and validate the battery performance matrix 

• Development of a simplified optimization tool used to aid in choosing battery size as well 

as battery chemistry for user-customizable vehicles factoring in costs. 

 

1.2.1 Literature Review 

 The literature review serves multiple purposes: primarily it is to gain state-of-the-art 

knowledge on the broad topic of PHEVs and related battery technologies. More specifically, 

PHEV-AER battery requirements and the operation of multiple battery technologies must be fully 

understood. Understanding the battery requirements for PHEV-AERs is more difficult than may 

be assumed, as PHEV-AER systems must rely completely on electrical storage systems for 

motive power, all accessory loads and internal climate control of the cabin during AER operation. 

This research project, however, is solely focusing on the motive power requirements of the 

battery systems. The motive power requirements represent the majority of the energy and power 

load on the battery system; however the auxiliary loads should not be ignored when analyzing the 

whole vehicle system to specify an appropriate battery system. The other aspect of the literature 

review is to summarize the manufacturer data regarding battery performance metrics, understand 
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the appropriate operating and safety conditions and examine any alternative sources for insight 

into battery testing and performance from journals and academic sources. 

1.2.2 Experimentation 

 The purpose of the experimental component of the project is to evaluate a variety of 

suitable battery technologies for use in PHEV vehicles. The testing component will measure 

response to simulated driving cycles as well as characterize the batteries and compare the 

performance to the data available from manufacturers. Performance metrics can be derived from 

standardized testing of the US Advanced Battery Consortium (USABC) peak power, capacity and 

duty cycle response of each of the batteries. These metrics are to be used as a tool to aid in sizing 

and choosing appropriate battery systems for various simple PHEV models. 

1.2.3 Decision Matrix 

 The purpose of the decision matrix tool is to use data derived from experimental testing 

of duty cycle response in order to choose a battery type and size for a specific vehicle. The 

vehicle characteristics must be specified, including drag coefficient, mass, constraints (volumetric 

and mass limits for the battery), and friction coefficients. Furthermore, investigation of an 

optimization process to further the efforts of the decision matrix using different driving cycles is 

important. The battery system choice must be considered based on attributes including 

performance, specific volume and mass, system integration, life cycle, initial cost, and 

replacement cost.   
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Chapter 2 

Literature Review 

2.1 PHEVxx System Requirements 

  

 Plug-in hybrid electric vehicles with all-electric range (AER) act as an electric vehicle 

when in the AER mode of transportation with an electric motor providing the motive power and a 

battery or other energy storage device providing the electrical energy for the vehicle (both motive 

and accessory loads). When implementing a battery system for these vehicles, there are many 

important factors: safety, cost, vehicle performance requirements and various battery performance 

metrics, and balancing these will prove to be challenging for vehicle manufacturers. Safety, being 

of utmost importance, cannot be ignored while optimizing the different battery variables.  

  

 In order to appropriately size storage and motive components of a PHEV the power and 

energy requirements must be evaluated. Vehicle power influences the size of both the electric 

motor/generator and the internal combustion engine to achieve desired motive performance 

specifications, and similarly influences battery system power. Battery energy in a simple sense 

determines the AER capabilities of the PHEVxx system. However, since power and energy of a 

battery system is inherently related through transient effects of Joule’s direct current law, P = VI, 

the power-energy (P/E) ratio of a battery is an important metric (Pesaran, 2005). Traditionally, 

batteries have been designed to fulfill either end of the power/energy spectrum; PHEVxx battery 

systems however, must be an optimized design of both specific power and energy. Typical 

Hybrid Electric Vehicles (HEV) systems require P/E ratios >10, whereas EV systems require P/E 
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of 1-3.  However, PHEV systems, due to their design demands, are pushing current battery 

technology limits (Bradley, 2007). An example Ragone plot shown below in Figure 1 

demonstrates general battery chemistries performance in terms of specific energy and power. 

 

Figure 1: A Ragone plot illustrating battery performance in terms of specific energy 

(Wh/kg) and Specific Power (W/kg) (Rosenkranz et al, 2008) 

  

 Battery levels are typically controlled by an onboard system in a vehicle; the SOC will be 

varied within a certain window within specific batteries tolerances. PHEVs inherently have two 

operational modes, charge depletion and charge sustainment. Charge depletion is the portion of 

the driving cycle in which the motive power for the vehicle is being provided solely from the 

battery system. Once the battery depth of discharge (DOD) reaches a certain level, having been 

depleted during the electric driving portion of the trip, the charge sustainment mode engages, 

ensuring the batteries are not over-discharged. Charge sustaining mode helps to maintain the 
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battery system, resulting in a longer battery calendar life. An example of a PHEV20 showing 

charge depleting and sustaining modes can be seen in Figure 2.  

 

Figure 2: PHEV20 Simple Operation Modes illustrating the shift from charge depleting 

mode to charge sustaining mode while maintaining constant power 

 Typically, once a PHEV is in charge sustaining mode, it must be plugged-in to replenish 

the battery. Standardized charging, defined by SAE J1772, can be broken into different categories 

of charging power, as shown in Table 1 (Taylor et al, 2009). 

Table 1: SAE J1772 Charging Levels 

Type Voltage Power 
Level 1 AC 120 V 1.2 - 2.0 kW 
Level 2 AC 
Low 

208-240 V 2.8 - 3.3 kW 

Level 2 AC 
High 

208-240 V 6 - 15 kW 

Level 3 AC 208-240 V >15 - 96 kW 
Level 3 DC Vehicle Battery Bus >15 - 240kW 
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 The importance of high rate charging for PHEV systems is limited due to their ability to 

drive regardless of battery SOC as stated by Kalhammer et al. (2009). However, increasing the 

battery-powered range by charging as much as possible should be considered to reduce 

environmental impact of burning hydrocarbon fuels. Private charging systems will likely be 

limited to Level 2 AC charging. Level 3 charging systems will likely be used in 

commercial/public applications (Morrow et al, 2008). 

 

2.2 Characterizing Battery Performance 

 

 Important battery performance metrics including energy and power density, specific 

energy and power, usable state of charge, voltage response under load, current output, calendar 

life, and charge acceptance, must all be balanced with cost in order to develop a usable, 

affordable vehicle for the general public. Energy, power and usable SOC directly affect the other 

variables (Markel& Simpson, 2006). An extensive search of commercially available 

manufacturers’ battery performance metrics yielded a preliminary battery matrix as shown below 

in Table 2. It is of interest to note that the performance characteristics of the batteries given in 

Table 2 are often derived from tests done on single cells and with little information regarding the 

specifics of the testing methods. Advanced chemistries often require control and safety circuitry 

as well as thermal management when constructed into large battery packs, which increases the 

size, mass and cost of the battery system (Affanni et al 2005). 
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Table 2: Battery Matrix Derived from Manufacturers’ Specifications 

 
*Sources (Kalhammer et al, 2009, Nemry et al, 2009, Buchmann, 2001, Linden, D et al 2002) 
 
 In the battery industry it is commonly known that as more current is drawn from a 

battery, the battery responds by decreasing the available energy capacity; furthermore as the 

current draw is increased on a battery the voltage potential produced by the battery will drop as 

well, as reported in detailed application manuals from manufacturers and explained by the 

relationship V=IR. This requires that for a linear power curve a non-linear current curve will be 

required. 

 

2.3 Lead-acid Batteries 

 

 Lead-acid (Pb-acid) batteries are a robust and inexpensive battery system, and are 

currently the most commercially available of all large capacity batteries. They have a wide range 

of manufactured sizes and form factors, and are available worldwide. The performance benefits 
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of lead-acid batteries are well understood: simple charging, high rate discharging, SOC 

indication, high degree of recyclability and low cost. However the disadvantages may pose 

problems with the application of PHEV systems: relatively low cycle life, limited energy density, 

and some potential safety hazards (Salkind et al, 2002). 

 

2.3.1 Advanced Lead-acid Batteries 

 In an effort to improve lead-acid battery performance, several manufacturers have 

developed advanced lead-acid batteries, changing the electrodes, form factors and incorporating 

gas recombination strategies. A popular design is a valve regulated lead-acid (VRLA) battery, 

using a starved electrolyte system, whereby the electrolyte is immobilized. These VRLA batteries 

are sealed and utilize a re-sealable vent for safety. By sealing the system at appropriate charge 

rates the battery can recombine any gasses produced. The advantages over standard lead-acid 

batteries are a higher charge efficiency and low maintenance.  However, they are typically more 

temperature sensitive than standard lead-acid batteries as well as slightly more expensive (Salkind 

et al, 2002). Further developments of Pb-acid batteries are focused on the anode and cathode 

materials and interactions to improve mass and performance. 

 

 Lead-acid use in PHEVs typically has been limited to early adoptions of PHEV concepts 

(Bradley, 2007) likely due to availability and significantly lowers cost when compared with the 

emerging technologies such as NiMH and Li-Ion. Two industry examples of Pb-acid use in 

PHEVs are the 1997 Audi Duo PHEV50km (Smokers et al in Bradley, 2007) and the 2003 AC 

Propulsion Jetta PHEV64km (Cocconi et al, in Bradley, 2007). University of California, Davis 

also constructed a Pb-acid Sequoia PHEV58km in 2000 (Duvall et al, 2002 in Bradley, 2007). 



 

11 

 

Lead acid systems are typically challenged by their low specific energy and their low energy 

density, leading to large, heavy packs to meet the requirements of a vehicle. However, the real 

advantage of Pb-acid is that the technology is robust, well understood and very well adopted into 

the current market, leading to very low cost batteries and simple control circuitry. The Electric 

Power Research Institute (2003) addressed the lead-acid battery life issues. 

“While	  less	  costly	  on	  a	  kWh	  basis,	  lead	  acid	  batteries	  were	  not	  considered	  due	  to	  their	  
limited	  life	  (both	  cycle	  and	  calendar)	  which	  would	  require	  battery	  replacements	  several	  
times	  over	  the	  life	  of	  an	  HEV.	  New	  advanced	  lead	  acid	  batteries	  with	  extended	  cycle	  lives	  
might	  change	  this	  picture,	  but	  proof	  of	  this	  capability	  still	  is	  needed.”	  
	  
 However, solutions are in development for lead-acid systems that address the issues of 

specific power and energy as well as cycle-life. Products in development from Axion Power, 

Ultrabattery and Firefly Energy each have novel methods of decreasing lead-acid battery mass, 

increasing cycle-life and increasing performance. Axion Power has developed a Lead-Carbon 

(PbC) hybrid battery, replacing the standard lead plate anode with a super-capacitive activated 

carbon device. Axion claims higher possible recharge rates and significantly improved cycle-life 

(>1600 cycles in an Axion deep discharge test) characteristics without sacrificing maintenance 

requirements (Axion Power, 2009). The Ultrabattery project is collaboration between Furukawa 

and East Penn and CSIRO (Commonwealth Scientific and Industrial Research Organization), 

using a similar concept to the Axion PbC device, however Ultrabattery combines the super-

capacitor with a traditional lead anode, creating a hybrid electrode. Ultrabattery claims to have 

developed a device with 70% less cost for comparable performance to NiMH, comparable cycle-

life and improved charge and discharge rates (CSIRO, 2010). Early developments of the 

Ultrabattery demonstrate approximately 3 times the cycle-life of conventional lead-acid batteries 

with approximately 50% increased charge/discharge power (Lam, 2006). Firefly Energy 

originally developed a lead-acid battery technology utilizing “foamed” electrodes (increasing 
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surface area and decreasing mass) to maximize specific energy and power and increasing cycle-

life while maintaining low manufacturing costs (Firefly Energy, 2008). These recent 

developments in lead-acid technology show potential for the plug-in hybrid vehicle market, 

directly assessing the weaknesses of traditional lead-acid use in PHEV. 

 

2.4 Nickel-Metal Hydride Batteries 

 

 Nickel-metal hydride (NiMH) batteries gained popularity for EVs as an outcome of the 

California Air Resources Board mandates in the late 1990s, and from the developments of the US 

Advanced Battery Consortium. NiMH batteries are commercially available in cylindrical and 

prismatic configurations with a large range of capacities up to 250Ah. NiMH charging 

characteristics allow them to readily accept regenerative braking charging as well as quick 

charging with simple and inexpensive control circuits (Fetcenko, 2002). NiMH cells typically 

have a high self-discharge rate when compared to other battery chemistries.  

 

 NiMH batteries have been well adopted into the EV market. They are well known for 

their use in the second generation General Motors EV1 project as well as their current widespread 

deployment in many HEV systems such as the Toyota Prius models as well as Ford, GM and 

other manufacturers’ vehicles (Axsen et al, 2008). In comparison to HEVs, PHEV systems have 

higher energy storage requirements, with similar or higher power requirements. However, NiMH 

batteries have been deployed in a variety of PHEV development vehicles. Several PHEV NiMH 

vehicles have been developed and tested. UC Davis has had PHEV NiMH vehicles in 

development since 1996, GM EVI HEV concept in 1998, and more recently, in 2005 
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Daimler/Chrysler developed a Sprinter PHEV (Bradley, 2007). Recent developments in NiMH 

batteries have been limited to construction methods and advanced materials, improving the 

hydrogen storage in the electrodes. However, it has been suggested there is little room for 

improvement in this battery chemistry (Kalhammer et al, 2007; Kromerand & Heywood, 2007; 

Anderman, 2008 in Axsen et al, 2008). 

 

2.5 Nickel Cadmium Batteries 

 

 Nickel cadmium (NiCd) cells are similar to lead-acid in that they are a mature system, 

with several technological advancements having already been made. NiCd devices designed for 

traction applications are typically constructed using the sintered-plate method, developed from 

pocket-type construction, leading to a 50% gain in energy density (Evjen, 2002). An example of a 

sintered plate NiCd battery is shown in Figure 3. NiCd devices can suffer from voltage depression 

(memory effect) from continued small discharge/charge cycles; however, completing a 

maintenance cycle to restore the battery to initial capacities is usually possible. By using monitor 

and control mechanisms, high rate charging and temperature monitoring are possible with longer 

cycle life (Carcone, 1995). Compared to other NiCd technologies, sintered-plate cells are 

typically more expensive. One other disadvantage of NiCd cells is the use of the environmentally 

unfriendly cadmium element, which makes proper disposal of NiCd very important (Carcone, 

1995). 
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Figure 3: Sintered Plate NiCd battery 

 

 Nickel-cadmium batteries have had limited exposure in the PHEV spectrum of 

demonstration vehicles. Renault has released two models, one in 1998 and the latest in 2003 

(Bradley, 2008). Renault’s 2003 model, the Kangaroo, is an example of a range-extending EV, 

whereby the gasoline engine provides electrical power under high loads, but does not charge the 

battery pack, and cannot provide direct motive power to the vehicle (Carlson et al, 2007). A 

Peugeot-Citroen (PSA) project in 1998, the Berlingo Dynavolt was developed as a range-

extended NiCd PHEV as well (Hodkinson, 2001 and Bradley, 2008). 
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2.6 Lithium Ion Batteries 

 

 Lithium ion (Li-ion) batteries have experienced a high amount of growth since 1991 with 

the first available lithium battery from Sony (Kazunori et al, 1993 and Johnson et al, 1998).  

Potential growth of Li-ion could reach $8 billion US by 2015, from $878 million in 2010 (Gartnet 

et al, 2009). Li-ion batteries have undergone significant advances in manufacturing technology, 

electrode material development and safety.  Initially driven by consumer electronics, 

developments of some Li-ion systems have shifted to transportation applications since 1999 

(Vincent, 1999). Li-ion batteries typically have higher specific energy and power when compared 

to other battery technologies, but significantly higher costs. Lithium ion cells require no 

maintenance and have excellent charging and discharging characteristics; however, they generally 

require electronic control circuits as well as thermal management for safety. 

 

 Lithium ion batteries are examples of a so-called “rocking-chair” style of battery, 

whereby the Li+ ions are transferred between the anode and cathode upon charging and 

discharging. There are many different examples of chemistries for Li-ion wherein the anode and 

cathode materials are changed. These different chemistries often have significant effects on the 

voltage, power, energy, cycles and safety implications for the battery systems. In addition to 

different chemistry options available for Li-ion batteries, there is a separate group designated as 

lithium polymer batteries (Li-Po), which are manufactured in a flat customizable form-factor 

instead of the traditional cylindrical design. Table 3 below outlines the status of various Li-ion 

chemistries. 
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Table 3: Relative performance characteristics of Lithium Ion battery chemistries  

Name Description Automotive 
Status 

Power Energy Safety Life Cost 

LiCoO2 Lithium Cobalt 
Oxide 

Limited Good4 Good4 Low2,4, 
Mod.3 

Low2,4 Poor2,3 

Li NCA Lithium Nickel, 
Cobalt, Aluminum 

Pilot1 Good1,3 Good1,3 Mod.1 Good1 Mod.1,3 

LiFePO4 Lithium Iron 
Phosphate 

Pilot1, 
Developed 

Good1 Mod.2,6 Mod.1,2,4 Good1,4 Mod.1, 
Good2,3 

Li NCM Lithium Nickel, 
Cobalt, Magnesium 

Pilot1 Mod.3 Mod3, 
Good7 

Mod.3 Poor3 Mod.3 

LiMnS Lithium 
Manganese Spinel 

Developed1 Mod.2 Poor1,2,3 Excellent1, 
Good2 

Excellent1, 
Mod.6 

Mod.2 

Li2TiO3 Lithium Titanate Developed3 Poor3, 
Mod.7 

Poor3 Good3 Good3 Poor3 

Li MnT Lithium 
Manganese 
Titanium 

Research1 Good1 Mod.1 Excellent1 N/A Mod.1 

*Sources (1. Nelson, Amine, Yomoto (2007) p2, 2.Kromer and Heywood (2007) p37, 3.Kalhammer et al (2007), 4.Chu 
(2007), 5.Kohler (2007), 6.Anderman (2007), 7.UC Davis from Axsen et al, 2007) 
 

 Various PHEV demonstration vehicles have been constructed using Li-ion batteries.  In 

2006 Hymotion developed a 5 kWh upgrade kit for Toyota Prius vehicles based on A123 

LiFePO4.   In addition, Toyota has launched a test fleet of Prius PHEVs and Chevrolet has 

launched the Volt, a 64km AER PHEV. There are many other examples of EVs using Li-ion 

battery systems as well, such as the Nissan Leaf, released in 2010. 

 

2.7 Simulating Vehicle Driving Cycles 

 

 In order to choose, design and size a battery pack for a specific vehicle, the amount of 

energy and maximum power must be determined for that vehicles dynamics. In response to this 

challenge, many simulated driving cycles have been developed. Researchers have primarily 

chosen to adopt various emissions dynamometer schedule tests for PHEV driving cycle testing 
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for purposes of determining fuel economy and or GHG emissions (Duvall, 2005, Rajashekara et 

al, 2006 and Markel & Pesaran, 2007). Some examples of these driving/duty cycles and their 

properties can be found in Table 4. 

Table 4: Vehicle dynamometer testing schedule properties used in research and industry 

Name Time 
 

Distance  Max 
Speed 

Avg. 
Speed 

Max 
Acceleration 

Minimum 
Acceleration 

Stop 
# 

FTP-751 
(EPA) 

2477 s 17.77 km 91.2 km/h 25.8 
km/h 

1.48m/s2 -1.48m/s2 22 

EEC1 (Europe) 1184 s 10.93 km 120 km/h 33.2 
km/h 

1.05m/s2 -1.39m/s2 13 

JC082 (Japan) 1204 s 8.171 km 81.6 km/h 24.4 
km/h 

N/A N/A ~8 

INRETS1 real 
world (France) 

1947 s 25.12 km 128.7 
km/h 

46.4 
km/h 

3.17m/s2 -2.68m/s2 18 

HWY1 (EPA) 765 s 16.56 km 96.4 km/h 77.6 
km/h 

1.43m/s2 -1.48m/s2 1 

UCDS2 

(California) 
1435 s 15.7 km ~105 

km/h 
39.6 
km/h 

N/A N/A ~9 

*Sources (1.Rajashekara et al, 2006 2.DieselNet, 2010)  
 

 While standardized driving cycles such as these provide excellent test beds for various 

scenarios for vehicle efficiencies and emissions testing, they generally are not a good 

representation of typical acceleration figures. Evidence of development of driving cycles with 

constant acceleration figures for simplification is typical (Gong, in Shahidinejad et al, 2010), 

which further demonstrates the need for real world developed duty cycles accounting for the 

impact of speed, grade and the location and duration of stops for recharging opportunities 

(Markel & Pesaran, 2007). Detailed data from real world sampling can provide further insight 

into appropriate peak power and power duration requirements when sizing battery systems and 

designing engine/motor control strategies for charge sustaining modes. Also important to consider 

is that using simulation tools such as PSAT or ADVISOR, which have been designed around fuel 

economy predictions and not for vehicle design and development (Bradley, 2007), is that battery 



 

18 

 

specific conditions and responses are not considered, and as such these simulation programs may 

not provide the best data for PHEV design. Therefore, using a simulation tool with an 

implemented hardware-in-loop (HIL) battery configuration should provide more appropriate data 

(Rousseau et al, 2007). 

 

 In order to more appropriately test PHEV battery response to driving cycles and as part of 

this overall study, a “real world” driving cycle was developed in collaboration between the 

University of Manitoba and the University of Winnipeg. To collect real world data for 

development of a driving cycle, U. Winnipeg retrofitted 30 vehicles with GPS data recorders 

collecting position, speed and time, collecting over 900 sample trips. U. Manitoba then analyzed 

and developed a weekend and weekday driving profile from the data.  It is important to note that 

the cycle was developed in the absence of extreme climate conditions to represent general driving 

behavior (Shahidinejad et al, 2010). The development of the driving cycle used for further testing 

in this thesis can be further investigated in Shahidinejad, et al. (2010) and is explained further in 

Section 3.1 of this document. 

 

2.8 PHEV Development Research Needs 

 

 PHEV research has primarily been focused on emissions testing of PHEV demonstration 

model simulations, battery development and real world demonstration vehicles (Bradley, 2007 

and Axsen, 2008).  Development goals can be greatly varied between simulations and studies 

(Axsen, 2008), presenting the need for both more development of real world testing and analysis 

as well as the implication that specific PHEV goals may not need to be met before production and 
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success of a PHEV design (Axsen, 2008). Battery development goals from the USABC are listed 

in Table 5. While it is not necessarily clear how these goals were developed, it has been 

mentioned that battery testing and modeling for PHEV requires improvement in order to 

appropriately capture battery responses to testing (Bradley, 2009). 

 

Table 5: USABC PHEV goals 

USABC 
Vehicle 

Weight 
Allowance 
(kg) 

Peak Power 
(kW) 

Storage 
Capacity 
(kWh) 

Specific 
Power 
(kW/kg) 

Specific 
Energy 
(kWh/kg) 

PHEV 101,2,3 60 45 3.4 (used 
energy) 

750 ≤70 (deep 
discharge) 

PHEV 402,3 120 38 11.6 (used 
energy) 

~320 ≤120 (deep 
discharge) 

*Sources (1. Ashtiani, C., 2010 2.Kalhammer et al, 20093. USABC) 
 

 Testing of battery response to high cycle count PHEV duty cycles including those that 

incorporate various charging methods (high rate charging, opportunity charging, and effects of 

regenerative pulses), coupled with transient battery response, may provide significant insight for 

both battery and (P)HEV vehicle developers. While there has been some modeling and 

incorporation of thermal management of battery systems (Ford Focus electric active cooling) it is 

important that these tests also simulate extreme climates such as those found in Canada to 

determine the effects of low temperatures and a larger temperature exposure window on battery 

performance. 
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2.9 State of Charge Window 

 

 The battery SOC window represents the percentage of capacity a battery is allowed to use 

during cycling. Often battery SOC windows are reduced from full capacity as a larger DOD 

reduces cycle life and improves safety (Markel & Simpson, 2006, Axsen, et al. 2008, Pesaran et 

al. 2009). The effects of increased DOD reducing cycle life are exemplified in Figure 4. 

 

 

Figure 4: Genesis VRLA battery cycle life as a function of DOD (Enersys, 2009) 

 The SOC window impacts battery sizing, cost, cycle life and safety (Markel & Simpson, 

2006). Choosing an appropriate SOC window based on battery chemistry is an important research 

area for PHEVs in optimizing the balance between size, mass, performance, cost, and battery life. 

While several factors affect the life of a battery, cycle life
depends primarily on the depth of discharge (DOD). At a
DOD of 80%, the Genesis battery will deliver about 400
cycles; at 100% DOD, that number decreases to about
320 cycles. All cycle life estimates assume adequate
charging. Figure 2.3.1 shows the relationship between
DOD and cycle life.

Figure 2.3.1: Cycle life and depth of discharge (DOD)

In contrast to cycle life, ambient temperature
dramatically affects float life. For roughly every 8°C rise
in ambient temperature above 25ºC (77ºF), the float life
of a VRLA battery is cut in half. In other words, a 10-year
battery at 25°C (77°F) is only a 5-year battery at 33°C
(91°F). Additionally, float life is cut in half for every
100mV per cell over the recommended float charge
voltage.

The relationship between ambient temperature and
expected float life is given by the Arrhenius equation.
The equation defines the relationship between the
ambient temperature and the rate of internal positive-
grid corrosion of the battery, which is the normal process
of battery aging. 

A key point to note is that the temperature in question is
the battery ambient temperature. If the system is in a
25°C (77°F) environment and the battery is installed next
to a power transformer where the temperature averages
32°C (90°F), then all battery calculations must be based
on 32°C (90°F).

The Arrhenius equation is the theoretical foundation for
the relationship used in practice to derive the
acceleration factor for a given temperature. The equation
is shown below, in which AF is the acceleration factor
and T is the battery ambient temperature in ºC.

As an example, consider a battery in a float application
at an ambient temperature of 37ºC (98.6ºF). Replacing T
with 37 in the equation above the acceleration factor (AF)

in this case would be 2(1.5) or 2.83. A 10-year battery in
this situation should be expected to last only about
3.5 years (10/2.83 =3.5). Figure 2.3.2 graphically shows
the relationship between temperature and float life for
the EP and XE series batteries, assuming temperature
compensation and a reference temperature of 25ºC
(77ºF).

Figure 2.3.2: Battery temperature and float life

2.4 Constant-power and constant-current discharge
performance

Batteries are generally required to support either
constant-power (CP) or constant-current (CC) loads.
CP and CC discharge curves are provided in Appendix A
for Genesis XE and in Appendix B for Genesis EP
batteries. The information is provided in both tabular and
graphical formats, with each curve representing the
discharge profile for a specific model to a specific end
voltage. Consult an EnerSys technical support specialist
for applications requiring high power or high-current
deliveries for periods less than the minimum run time
shown on any graph or for operating temperature
significantly different from 25ºC (77ºF).

If intermediate run times are required, such as watts per
battery for 7 minutes to 1.67 volts per cell, the graphs
may be used to estimate the watts per battery available.

Generally speaking, most battery systems for indoor
applications are in temperature-regulated environments.
However, there are occasions when this is not the case.
This can happen when the batteries are installed in close
proximity to heat generating sources such as
transformers. In such cases, the user should know what
kind of life to expect from the batteries, since it is well
established that a battery’s overall performance is
sensitive to ambient temperature.

In addition to the dependence of battery life on ambient
temperature, battery capacity also varies with
temperature. Table 2.4.1 shows the variation in battery
capacity as a function of the ambient temperature.
The capacity at 25ºC (77°F) is taken as 100%.
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Chapter 3 

Experimental Setup and Procedures 

3.1 Duty Cycle Development and Testing Scope 

 

 Development of the PHEV driving cycle was derived from research by the University of 

Manitoba and the University of Winnipeg, as part of a multi-university collaborative project 

funded by the AUTO21 Network Centers of Excellence. The driving cycle was developed from 

data collected by the University of Winnipeg’s GPS program, collecting data from a fleet of 30 

vehicles in the Winnipeg area with second-by-second resolution (Shahidinejad, S. et al. 2010). 

The driving cycles were compiled into two different groups representing weekday profiles and 

weekend profiles. The groups of profiles were then compiled into different driving cycles 

depending on their figure of merit, comparing the cycles to corresponding average values. The 

outcome of the development is two different driving cycles that are representative of real-world 

driving profiles. For further information please refer to Shahidinejad, et al. (2010) for detailed 

information on driving cycle formation, and a presentation from Smith et al. (2009) at PCAG for 

information on the GPS data collection for the driving cycle. 
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3.1.1 Battery Testing Unit Power Profile 

 In order to accurately determine the battery response to the duty cycle the experiment was 

designed from the following control diagram in order to narrow the scope of the experimental 

work. Figure 5 below outlines the simplified experimental setup developed to analyze vehicle 

response at the battery level.  It is important to note that for this experimental setup, the type of 

PHEV (series or parallel) is irrelevant. This stems from the fact that during AER mode, the 

battery pack is the only device providing energy, as such the configuration of the vehicle does not 

matter for AER testing. 

 

Figure 5: Simple PHEVxx component diagram 

 The effect of simulating the vehicle at the battery level helps to remove potential 

assumptions and provide useful realistic battery characterization data in response to duty cycle 

hardware-in-loop (HIL) simulation. For the purposes of vehicle dynamics, a 3rd generation Toyota 

Prius was selected as the simulated vehicle shell. The internal components were simplified to 

efficiencies and total vehicle mass. Table 6 outlines the simulation vehicle setup.  
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Table 6: Test vehicle metrics 

Metric Symbol Property 
Aerodynamic Drag Coefficient Cd 0.27 
Frontal Area Af 1.75 m2 
Transmission Efficiency ηt 0.85 
Density of Air ρ 1.19 kg/m3 
Rolling Resistance Coefficient Crf 0.009 
Friction Coefficient Cf 0.7 
Mass (including passengers) m 1525 kg 
Motor Efficiency ηm 0.85 
Maximum braking regeneration 
coefficient 

Crb 0.7 

*Source: Soheil Shahidinejad, University of Winnipeg AUTO21 HQP and project partner 

 In combination with the vehicle metrics above and Newton’s laws, a force balance can be 

equated for the vehicle under motion in Eq. (4). The components of the force balance are listed 

below, Eq. (1)-(3).  

   (1)
 

    (2) 

    (3) 

  (4) 

Fd (N) is the simplified aerodynamic drag force acting on the vehicle at a given speed, V (m/s). 

Frr(N) is the simplified rolling resistance associated with the vehicle. It is only acting when the 

vehicle is in motion. Fa(N) is the force associated with accelerating the vehicle’s mass. Fe(N) is 

the force required by the engine to achieve the desired acceleration and overcome various drag 

and friction forces. Fg(N) is the force generated by the effects of gravity from driving on inclines. 

2

2
1 VACF fdd ρ=

mCF rfrr =

maFa =

Fa +Fd +Frr ±Fg +Fw = Fe
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Fw (N) is the force required to overcome the component wind velocity. In order to determine the 

power required by the engine the power law can be used, as shown in Eq. (5). 

   (5) 

To develop the battery duty cycle from the driving cycle, the acceleration was inferred from the 

difference in vehicle speed per time step, and the force balance was then applied. Since there is 

neither data on elevation nor wind conditions for the driving cycle, both Fg and Fw were assumed 

to be zero. If this data was available at a later time it could be integrated into the battery duty 

cycle easily. An example of the resulting power profile developed from the analysis of the driving 

cycle can be seen in Figure 6. The negative power represents the power provided by the battery 

systems, and the positive power is that which is by the regenerative braking. 

 

 

Figure 6: Section of PHEV20 Duty Cycle showing vehicle speed, motive power and regenerative 

braking power over time 
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 While the original intention was to create 3 different PHEV duty cycle tests, limits of 

time to complete testing, and budget to purchase larger capacity batteries shifted the focus to 

testing only the PHEV20 duty cycle AER. The specifications of the PHEV20 driving cycle are 

given in Table 7. 

 

Table 7: PHEV20 duty cycle characteristics 

PHEV 20 Characteristics Value 
Duration 1791 s 
Distance 19.87 km 
Maximum Speed 89.64 km/h 
Average Speed 39.96 km/h 
Maximum Acceleration 2.54 m/s2 
Minimum Acceleration -6.57 m/s2 
# Stops 11 
 

 Once the driving cycle was selected for the 20km trip, the power profile was created 

using equations (1)-(5). It is also important to note that efficiencies of the motor, regenerative 

braking, transmission and maximum regenerative braking power were included in the conversion 

to develop a battery power versus time profile for input into the battery testing unit (BTU). 

Because each different battery system has its own characteristics it was challenging to acquire 

battery packs that would be comparative. Since the purpose of the testing is to characterize the 

battery performance with little variability and easy repeatability and to monitor their response to a 

realistic driving schedule for a PHEV, the raw power profile was scaled to meet the capabilities 

of available battery packs. While the individual battery packs cannot be compared directly, their 

responses to the duty cycle can be. The results of the scaling and its effects will be further 

discussed in Chapters 5 and 6.   
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3.2 Battery Testing Apparatus 

 

 In order to determine battery response to real-world driving cycles, testing was set up 

utilizing a real-world driving profile providing speed and time information converted into a 

power profile for a specific vehicle setup, and combined with a programmable 

potentiostat/galvanostat battery testing unit in order to create a scaled simulation of the battery 

loading conditions experienced in a PHEV.  

 

 The battery-testing unit chosen was Arbin Instruments’ BT2000. The battery-tester was 

scaled to the 12V range at 100A to ensure a safe working environment within the limited lab 

facilities, and to meet budget constraints. The BTU is a computer-controlled 

potentiostat/galvanostat with auxiliary temperature and voltage measurements. It incorporates two 

independently controlled channels, both with a maximum power rating of 1.5 kW. Each channel 

has a voltage range of 2-15V and a current range of ±100A with an accuracy of measurement of 

1% of full-scale range (FSR). However, the system has higher pulse power capabilities as well as 

higher voltage potential, yielding a range of ~2-17V with ~±120A. 

 

 The battery voltage is measured at the terminals of each individual battery while the 

current (and power) is measured at the logic board behind the leads of the BTU. The leads from 

the BTU are comprised of insulated 2AWG stranded copper for the positive lead and 2AWG 

tinned copper for the negative lead, with a length of 6ft (1.8288m) each. The total maximum 

power loss for the cables would equal 27.4W at full current, which is approximately1.3% of the 

full-scale power. Calculations can be found in Appendix A. It is important to consider the power 
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loss through the cables as the power simulation controls are done at the chassis end of the BTU 

leads. The voltage drop for the cables is insignificant as the voltage is measured at the battery 

terminals; however the calculated voltage drop yields an insignificant amount of voltage drop as 

well (0.22824V, 1.3% FSR). Furthermore, power loss due to the cables is not relevant as all 

power calculations are done from the voltage measured at the battery terminals. 

 

 Included with the BTU is a software package to create testing schedules. An important 

function of the BTU is the ability to create power simulation schedules. The power simulation 

program attempts to follow a user defined power profile, by measuring the voltage of the battery 

pack the system will dynamically adjust the current draw to meet the demanded power request. 

This function is important in that it captures the transient effects of the voltage drop and power 

drop as the battery SOC is reduced, working the batteries harder as their capacity diminishes. 

 

 The Arbin BT2000 measures three variables directly, voltage (V) (at the battery terminal), 

current (A) using a shunt resistor, and temperature as an auxiliary. The machine also 

automatically calculates energy flow (Wh), power (W), voltage response (dV/dt), current response 

(dI/dt), and temperature response (dT/dt). These extra calculated variables assist in controlling 

tests as well as easily providing important information. 

 

3.2.1 Laboratory Safety 

 Safety in the laboratory is of primary importance when operating any kind of equipment 

and when dealing with contained chemical reactions. Standard practices at Queen’s University 

require MSDS documents and lab protocol during any type of emergency. Further to the 
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requirements of Queen’s, a ventilation fan was installed in the unlikely event of hydrogen gas 

evolution from lead-acid batteries and a splash shield was installed as well in the unlikely event 

that venting of a cell might occur. The chassis of the BTU was also grounded with 8AWG 

stranded copper wire. The MITSPRO scheduling software for the BTU has software safety 

controls setup for each test that if tripped, will sound an alarm and also terminate any connection 

with the batteries. Regarding the high current capabilities of the batteries and the BTU, all 

terminals were covered with insulators to prevent short circuits from low resistance objects, 

which could provide a potential burn risk. The risk of shock is extremely low as the BTU operates 

at voltages no higher than 17V (Bikson, ND). 

 

3.3 Battery Systems 

 

 In order to complete HIL testing, hardware must be purchased and sized appropriately to 

ensure useful results from testing. The battery systems that were tested in this experiment are all 

commercially available systems. While the test batteries themselves are not specifically designed 

for PHEV use, the chemistries and construction are common to the devices that may be used for 

EV design. In choosing and constructing appropriate batteries, it was important to consider the 

cost of the system, the limitations of the testing apparatus and related safety. The different 

chemistries tested were lead-acid, nickel-metal hydride, nickel cadmium and lithium iron 

phosphate. The lead-acid batteries were tested in two different configurations, a common standard 

absorbed glass mat (AGM) cell battery, and an advanced thin plate lead-tin VRLA battery. Table 

8 below outlines the battery specifications. 
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Table 8: Test battery specifications 

Chemistry 
(config.) 

Manufacturer Voltage Capacity Max C-rates Charging 
Scheme 

VRLA AGM Unknown -
Chinese 

12V 12Ah 3C cont. CCCV, trickle 

Lead-tin Enersys 12V 16Ah 10C cont. 
 

CCCV, trickle 

LiFePO4 (4S4P) A123-26650 (3.3V cell) 
13.2V 

(2.3Ah 
cell) 
9.2Ah 

30C cont. 52C 
pulse 

CCCV 

NiMH (10S) SAFT VHTF (1.2V Cell) 
12V 

(15Ah 
cell) 
15Ah 

3.33C cont. 
12C pulse 

CC, ΔT 
controlled,  
-ΔV controlled 

NiCd (10S2P) SAFT VHTF (1.2V Cell) 
12V 

(7Ah cell) 
14Ah 

3C cont. 
21C pulse 

CC, ΔT 
controlled,  
-ΔV controlled 

 

 As each battery’s chemistry has different properties and performance attributes each was 

sized differently. There have been many different papers exhibiting high cycle life potential for 

various batteries to 100% DOD; however these tests are not realistic for a high demand PHEV 

duty cycle. As learned by Toyota and demonstrated in various papers, reducing the SOC window 

for their NiMH pack results in gaining acceptable life-cycle characteristics in HEVs. However, in 

order to reduce the SOC operating window, one must increase the battery energy storage size, 

thus increasing the incremental costs and reducing the fuel savings (Markel & Simpson 2006). 

The sizing of the battery was dependent on three factors: useful SOC for acceptable life, 

maximum power output and cost. Both nickel chemistries were assigned an SOC window of 50% 

(between 80% and 30%), while the Li-ion was assigned an SOC window of 70% (between 90% 

and 20%), and the lead-acid batteries were given an SOC window of 40% (between 80% and 

40%) (Markel, 2006, Markel & Simpson 2006, Pesaran et al. 2009, Shahidinejad et al 2010). 
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 The full-size power profile was scaled for each battery pack based on the batteries 

capabilities after simple characterization testing. Each battery had its associated power profile 

scaled linearly; the scaling factors can be seen below in Table 9. It is important to note that due to 

the limitations of the BTU, the highest possible power profile tested is scaled by a factor of 16.47, 

achieving 1500W of power at its peak.  

Table 9: Battery scaling factors and peak power for duty cycle testing 

Chemistry Scaling Factor Peak Power 
Lithium Iron Phosphate 1/16.47 -1500 W 
Lead Acid 1/20 -1235.25 W 
Lead-Tin Acid 1/16.47 -1500 W 
Nickel Metal-Hydride 1/25 -988.2 W 
Nickel Cadmium 1/25 -988.2 W 

 

 The A123 LiFePO4 and SAFT nickel based systems are constructed using a cylindrical 

architecture. Each cell is linked together using current collector tabs or wires to form a battery 

pack. In the case of the A123 system, 4 cells were constructed into parallel modules with current 

collector tabs and then joined together with large gauge wiring to create 4 series modules. Figure 

7 shows a sample A123 LiFePO4 26650 cell with current collector tabs. The nickel-based 

batteries were purchased assembled, with the NiMH pack configured as 10 cells in series, and the 

NiCd pack configured as 2 parallel modules of 10 cells in series. Both nickel-based battery 

systems cells were assembled using current collector tabs. Detailed images of each of the test 

batteries are available in Appendix A.4. 
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Figure 7: A123 LiFePO4 26650 Cell with current collector tabs 

3.4 Battery Testing Methodology 

 

 Using the Arbin MITSPRO test scheduling software, battery testing was set up from a 

variety of built-in modes of operation. Two important modes for charging the batteries are 

voltage clamp and constant current operation. Voltage clamp applies a potential to the battery, 

allowing it to accept charge current, or discharge based on the internal resistance of the battery. 

Constant current mode applied or accepted a current charge to or from the battery as indicated. 

Power simulation was the mode of operation in which the batteries were duty cycle tested. This 

mode accepts a text document with time stamps and required power, and the machine then 

automatically adjusts the current to meet the power rating for the instantaneous voltage potential 

being developed by the battery. In addition to the modes of operation listed above the MITSPRO 
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software has various hardware monitoring tools that must be used to control schedule files and 

provide safety limits for each test.   

 

 The battery-testing unit also provides calculated measurements of the discharge and 

charge capacity (Ah), power (W) and charge and discharge energy (Wh). The accuracy of these 

measurements will be further discussed in Section 5.1. 

 

3.4.1 Environmental Test Conditions 

 The battery testing was carried out at ambient room temperatures and open environmental 

pressure. The temperature ranged between approximately 20-25°C. While this is a slight 

variation, these temperature values are within the operating conditions of both the batteries and 

the BTU. It is assumed that the natural fluctuation in room temperature had an insignificant effect 

on the test results. Furthermore, the battery-testing lab is sheltered from sunlight and has no 

significant air drafts. 

 

3.4.2 Battery Charging 

 Charging a battery can be executed easily by simply applying a voltage greater than that 

of the battery; however charging a battery safely must be done in a controlled environment. Every 

battery’s internal chemistry reacts differently to charge acceptance so battery manufacturers often 

provide important literature detailing standard charge methods as well as fast charge methods. 

Table 10 outlines the standard charge methods for each of the different battery packs used in 

testing. 
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Table 10: Battery charging methods and safety conditions for use in testing 

Battery Charging 
Method 

Final Charge 
Termination 

Std. 
Charge 
time 

Fast Charge Safety 
Conditions 

A123 26650 
LiFePO4 
(4S4P) 

CC (12A) to 
14.4V then 
CV at 14.4V 

ICV<0.01A 45min-1hr CC (40A) to 
14.4V then CV at 
14.4V ~15min 

Tmax<65ºC 
Current in range 

Pb-Acid CC (6A) to 
14.4V 
CV at 14.4V 

ICV<0.02A ~6-8h Not given (lab 
results around 3h 
with little risk) 

Current in 
range, 
ventilation 

Genesis Pb-
tin 

CC (6.4A) to 
14.7V 
CV at 14.7V 

ICV<0.016A  
Or 8hr in CV 

~3-4h <1hr to 95% SOC Current in 
range, 
ventilation 

NiMH CC (1.5A)  dT/dt>0.5ºC/min 
-ΔV  
Tmax 40ºC 

16h CC (5A)  
3-4h followed by 
trickle for 100% 
SOC 

Tmax<40ºC 
Std. 
<35ºC Fast  

NiCd CC (0.7A) -ΔV 
Tmax 50ºC 

16h CC (4A) 
3h + trickle 

Tmax<70ºC 
Current in range 

 

3.4.3 Battery Characterization Testing 

 In order to determine the performance metrics for the batteries used in the PHEV20 duty 

cycle testing a series of tests need to be performed. Important metrics easily tested are the 

capacity of the battery dependent on discharge time, power at full BTU draw at various SOC, and 

internal resistance to be compared to the manufacturers’ specifications before and after duty cycle 

testing. It is important to determine the energy and power available from the battery under 

different conditions in order to properly size battery systems. Each characterization test is 

described below in further detail. 
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3.4.3.1 Battery Capacity Testing 

 To determine a battery’s capacity as dependent on discharge rate, each battery was 

subjected to a constant current discharge for each rate until the manufacturer’s recommended cut-

off voltage is reached, signifying 100% DOD. The experimental process for each capacity test is 

listed below. This process was repeated for each battery for the discharge rates of 0.5C, 1C, 2C 

and Cmax. The testing was repeated for the 1C rate with a fast charge regime in place of the 

standard charge to determine the effects of fast charging on capacity. The testing protocol is as 

follows: 

 

1. Fully charge the battery as per manufacturer’s recommended standard charge 

methods. Allow battery to reach ambient room temperature before conducting 

step 2. 

2. Discharge battery at desired current rate, record voltage and temperature over 

time. Halt discharge once battery reaches cut-off voltage or if battery is outside 

safety parameters. 

3. Allow battery to rest for 30min. and then recharge battery according to the 

manufacturer’s specifications (Do not store battery at 100% DOD). 

 

The battery capacity will be recorded as the total energy dissipated for the duration of step 2. It is 

important to note that the battery capacity will be reduced as the discharge current is increased. 

Each test was performed two or more times per battery per discharge rate. 
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3.4.3.2 Battery Peak Power Testing 

 Determining the maximum power of the battery is important for sizing batteries for 

PHEV use. A battery must be able to provide the maximum power as designed by the vehicle at 

any state of charge and at any phase in the battery’s life. To determine the maximum power 

available from the battery the testing procedure is shown below. This testing plan was derived 

from the USABC Manual Appendix H: Procedure to Measure Actual Peak Power (USABC). 

 

1. Fully charge the battery as per the manufacturer’s recommended standard charge 

methods. Allow battery to reach ambient room temperature before conducting step 2. 

2. Discharge battery to desired SOC using C/3 current (SOC determined by fraction of 

discharged energy dissipated at recommended current). Rest 5minutes, measure OCV. 

3. Ramp battery discharge current and record voltage until voltage measured is 2/3 the OCV 

above. Record the current at which 2/3 OCV is reached. 

4. Repeat steps 1 and 2. 

5. Discharge battery using measured current from step 3 for 30s, record voltage and 

temperature. 

 

The peak power is defined as the average measured voltage over time from step 5 in conjunction 

with the discharge current and can produce the power developed using P=IV. This test will be 

repeated for SOCs of 80%, 40% and 30%. Testing should be conducted two or more times at each 

SOC level per battery. Peak power should not be confused with pulse power, which is the 

maximum available current available from the battery for a very short duration (<1s). 
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3.4.3.3 Duty Cycle Testing 

 The battery duty cycle testing is the most useful test to be completed on the batteries; the 

important information that the testing can provide is the transient battery response from being 

subjected to intense duty cycle testing. Each battery has a scaled power profile derived from the 

original duty cycle, as shown in Table 9. The testing procedure for the batteries is as follows: 

 

1. Fully charge the battery as per the manufacturer’s recommended standard charge 

methods. Allow battery to reach ambient room temperature before conducting step 2. 

2. Discharge the battery to the top of the defined SOC window at a rate of C/3. Allow 

battery to rest 5 minutes to stabilize. 

3. Begin the power simulation, measure voltage and temperature over time. 

4. Allow battery to rest 1hr, measure OCV. 

 

The information gathered during the test should allow for calculation of the discharge and 

recharge capacity, voltage drop under load and charge and temperature rise during test. The 

testing was conducted two or more times per battery. 
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Chapter 4 

Results 

4.1 Battery Testing Unit Accuracy 

 

 The Arbin BT2000 system manual reports the following accuracies as seen in Table 11. 

Table 11: Arbin BT2000 measurement accuracy 

Voltage Measurement 0.1% Full Scale Range 
Current Measurement 0.1% Full Scale Range 
Timing Minimum 10 ms 
 

While the measurement accuracies listed above are important to note, there is little discussed in 

the application manual regarding the accuracy of the machine-calculated measurements of 

capacity, power and energy. With this in mind a sample test was chosen to compare the machine-

calculated values to those calculated from reported values of voltage, current and time. 

 

 Comparing the calculated power and measured power using P=IV there was no variance 

between calculated and measured data. However, when comparing any measured data point that 

involved calculations with time, such as capacity and energy, with that of a manually calculated 

data point, variances were noted. The two comparisons are available in Appendix A.2. The mean 

variance for the capacity values was 2.83312E-05 ± 4.58417E-05. The mean variance for the 

energy values was -0.00311±0.00122. While examining the plot of the energy variance it is clear 

that the variance was increasing as the test was run. The manufacturer of the BT2000 stated 

however that because the machine calculates energy and power based on sampled data versus 

logged data, the two values could not be directly compared. Instead the machine logging accuracy 



 

38 

 

of 0.1% was cited as the total error for logged calculated values, with a significance of 3 decimal 

places. 

4.2 Battery Capacity 

 

 Battery capacity is an important metric used by designers to appropriately size batteries 

in various applications. When sizing the battery for a PHEV system it is important for designers 

to understand the relationship between diminishing capacity and increasing discharge rate, also 

known as the rate capacity effect (Panigrahi et al, 2001). Another important factor to consider is 

the implication of the SOC window, which limits the available battery capacity to improve cycle 

life.  

 Utilizing the battery capacity test outlined in Section 3.4.3.1, each of the test batteries 

were discharged at common constant current rates of 0.5C, 1C and 2C, followed by a capacity 

test of the battery at the maximum recommended continuous discharge current. The results of the 

battery capacity tests are shown in Table 12 below. The A123 battery system responded well to 

capacity testing, with negligible impact to capacity as discharge current was increased. Both lead-

acid batteries showed high reduction in capacity with high current discharge rates. The nickel 

based chemistries also showed a reduction in capacity with increased discharge rates, although 

not as severe as the lead-acid systems. 
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Table 12: Battery capacity results 

Battery Rate Capacity (Ah) Std. 
Dev. 
(n=3) 

A123 LiFePO4 
9.2 Ah Nominal 

0.5C 8.325 0.023 
1C 8.366 0.028 
2C 8.422 0.013 
12.5C* 8.313 0.051 

Genesis Pb-Sn 
16Ah Nominal 

0.5C 14.998 0.521 
1C 13.387 0.303 
2C 11.280 0.163 
7.2C* 7.759 0.248 

Lead-Acid AGM VRLA 
12Ah Nominal 

0.5C 7.828 0.193 
1C 6.994 0.278 
2C 5.800 0.191 
3C 5.015 0.112 

SAFT NiMH Cylindrical 
15Ah Nominal 

0.5C 13.420 0.365 
1C 13.725 0.033 
2C 13.608 0.208 
3.33C 12.409** 0.747** 

SAFT NiCd Cylindrical 
14Ah Nominal 

0.5C 13.668 0.176 
1C 13.197 0.954 
2C 11.480 1.435 
2.85C 11.571 1.187 

*A123 LiFePO4 and Genesis maximum discharge rates limited by BTU 
**NiMH 3.33C capacity test ended by cell temperature versus voltage cut off. 

Further battery capacity results and charts are available in Appendix B.1 and B.5. 

 

 The efficiency of charging was also investigated using the battery capacity 

measurements. As three tests were performed per rate per battery, the charging values were only 

compared to for the two charge cycles after the initial discharge. The results of the comparison 

can be seen in Table 12. Further data can be found in Appendix B.1 
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Table 13: Battery capacity charging efficiency 

Battery Charge 
Efficiency 
(%) 

Standard 
Deviation 
(n=3) 

A123 LiFePO4 99.861 0.299 
Genesis Lead-Tin 97.377 1.305 
AGM VRLA 97.341 1.644 
SAFT NiMH 87.994 1.821 
SAFT NiCd N/A N/A 
 

 The SAFT NiCd battery pack efficiency could not reliably be measured with the 

experimental setup due to the need for a separate recharge cycle on each of the two individual 

strings of batteries that complete the 14Ah pack. The NiCd strings were charged individually due 

to the need for charging control circuits to balance charging between two packs. 

4.3 Battery Peak Power 

 

 The peak power for a battery is defined (by the USABC) as a 30 second discharge at the 

maximum current rate that depresses the battery voltage to 2/3 of the open circuit voltage (OCV) 

at the tested state-of-charge (SOC). The BTU used in testing had a relatively low maximum 

current rating which limited the ability to conduct peak power testing to the USABC standards for 

certain battery packs; however the testing was still performed on each of the battery samples. The 

results of the testing are shown in Table 14. 
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Table 14: Battery 30s peak power at various SOC 

Battery  Full SOC Window Midpoint SOC Window Empty 
A123 LiFePO4 -1264.695W 

σ=3.739  
-1228.621W 
σ=5.110 

-1149.680W 
σ=1.645 

Genesis Pb-Sn -1319.172W 
σ=1.126 

-1205.282W 
σ=1.857 

-1115.244W 
σ=8.644 

AGM VRLA -1245.36 W** -1251.83 W** 
 

-475.58 W** 

SAFT NiMH -823.572 W 
σ=8.537 

-850.899 W 
σ=7.401 

-641.418 W* 

SAFT NiCd -921.098 W 
σ=22.926 

-784.121 W 
σ=24.417 

-549.932 W 
σ=16.173 

*Only 1 test could be performed. 
**Only 1 reliable test could be performed. 
Further results and charts are available in Appendix B.2. 

4.4 Duty Cycle Response 

 

 The test batteries were cycled using the developed duty cycle test in order to measure the 

response to the current and power demands. Each battery’s voltage and temperature were 

measured during the tests and the charge and discharge capacities were recorded. Table 15 below 

outlines the charge and discharge capacities during cycling as well as the post-duty cycle 

charging and charge efficiency. 
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Table 15: Duty cycle capacity response 

Battery Duty Cycle Charge 
Capacity (Ah) 

Duty Cycle Discharge 
Capacity (Ah) 

Post Duty 
Cycle Charge 
(Ah) 

Coulombic  
Charge 
Efficiency 

A123 
LiFePO4 

3.043 ± 0.006 8.212 ± 0.048 5.280 ± 0.363 97.895 % 

Genesis 
Pb-Sn 

3.153 ± 0.013 8.836 ± 0.051 5.875 ± 0.061 96.741 % 

AGM 
VRLA 

2.119 ± 0.203 7.502 ± 0.259 5.104 ± 0.386 N/A 

SAFT 
NiMH 

1.978 ± 0.012 6.069 ± 0.060 6.071 ± 0.083 75.013% 

SAFT 
NiCd 

1.961 ± 0.011 6.124 ± 0.111 N/A N/A 

 

 More interesting than the battery capacity effects of the duty cycle are the interactions 

between the change in voltage and the change in current observed during the testing as seen in 

Figure 8.  

 
Figure 8: Genesis VRLA duty cycle voltage and temperature response 
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 The simplest explanation of the interactions observed is that they are the result of the 

effects of the battery’s internal resistance. What is important is the difference between these 

measured values determined from real-life duty cycle testing and those reported by the 

manufacturer, as this value determines how the battery will respond with voltage changes as 

current requirements vary, which in turn may produce significantly different power output levels 

than assumed in simulations. 

 

 The relationship observed was a linear relationship between the change in current and the 

change in voltage. The value of the slope observed would inherently be the resistance as per the 

V=IR relationship. Table 16 outlines the observed relationships for each battery. Figure 9 shows a 

sample of the linear regression performed on the voltage-current response. 

Table 16: Battery internal resistance response 

Battery Resistance Measured (Ω) Regression Error (Ω) R-Squared 
A123 LiFePO4 0.012337  ± 8.59E-6 0.99143 
Genesis Pb-Sn 0.013417 ± 3.88E-5 0.93100 
AGM VRLA 0.025892 ± 1.75E-4 0.55265 
SAFT NiMH 0.036206 ± 3.02E-5 0.99267 
SAFT NiCd 0.036131 ± 6.28E-5 0.98173 
 

 The R-squared value for the AGM VRLA implies that the battery dynamic resistance is 

non-linear, however the data shown in Figure 10 shows that there is just a large amount of noise. 

The noise is likely due to the degradation of the AGM VRLA from the high stress of the duty 

cycle testing. 
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Figure 9: Linear regression of A123 LiFePO4duty cycle voltage response 

 

Figure 10: Linear regression of AGM VRLA duty cycle voltage response 
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4.5 Battery Temperature Response 

 

 As each battery is discharged and charged the battery will also undergo thermal changes 

depending on the battery chemistry. As most batteries have measurable internal resistances, some 

of the temperature changes can be associated with the resistive losses of I2R Joule heating. The 

electrochemical reaction resistance can explain another source of internal heat generation. 

Electrochemical reaction resistance is especially important in NiMH and NiCd chemistries, as it 

is an end-of-charge indicator (Gu and Wang, 2000). When NiMH and NiCd batteries reach the 

end of their charge cycles they begin to generate significant heat, the charging current must then 

be interrupted to prevent damage to the cells. The skin temperature of each different battery was 

measured to monitor the battery during testing for safety and control reasons and also to collect 

data on the self-heating characteristics of the batteries during discharge, charge, and duty-cycle 

testing. Table 17 lists the maximum operating temperatures and maximum cell temperatures for 

each different battery tested. The temperature rise over the duty cycle was recorded and is shown 

below in Table 18. 

Table 17: Maximum battery temperatures and safety limits 

Battery Maximum Ambient 
Operating Temperature 

Maximum Cell Temperature (Skin) 

A123 LiFePO4 -30ºC to 60ºC1 80ºC2 
Genesis Pb-Sn -40ºC to 45ºC3 N/A (Assumed Operating + 10ºC) 
AGM VRLA -15ºC to 50ºC4 N/A (Assumed Operating + 10ºC) 
SAFT NiMH -10ºC to 40ºC5 70ºC5 
SAFT NiCd -20ºC to 55ºC6 70ºC6 
Sources: 1. A123 Systems, 2009 2.A123 Systems, 2010 3.Enersys, 2006 4.Kung Long Batteries 5. SAFT NiMH 6. 
SAFT NiCd 
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Table 18: Battery temperature rise from duty cycle testing 

Battery Temperature Rise 
A123 LiFePO4 Internal: 6.5 ºC 

External: 5.5 ºC 
Genesis Pb-Sn T1: 5.2 °C 

T2: 4.3 °C 
AGM VRLA T1: 4.5 ºC 

T2: 4.1 ºC 
SAFT NiMH Internal: 17.7 ºC 

External: 13.2 ºC 
SAFT NiCd T1: 11.2 °C 

T2: 8.6 °C 
 

Information on the thermocouple placement and temperature response during duty cycle testing 

can be found in Appendix B.3.  

 

4.6 Physical Battery Properties 

 

 The important physical properties of the battery packs are their volume and their mass. 

The volume of the batteries was measured using basic linear measurements and standard 

volumetric shape calculations. It is important to note that for the cylindrical celled batteries 

alternative packing configurations may save space, however the cooling of the batteries must be 

taken into account by designers when arranging the battery packs. The mass of the battery packs 

was measured using a laboratory scale with an accuracy of ±0.001kg. An example of the volume 

calculation can be seen in the Appendix A.3. Table 19 outlines the results for volume and mass of 

each battery pack. 
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Table 19: Battery physical properties 

Battery Pack Volume (L) Mass (kg) 
A123 LiFePO4 1.778±0.015 3.293±0.001 
Genesis Pb-Sn 2.208±0.017 12.798±0.001 
AGM VRLA 1.772±0.014 8.632±0.001 
SAFT NiMH 0.935±0.009 5.252±0.001 
SAFT NiCd 1.821±0.022 9.007±0.001 
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Chapter 5 

Discussion 

5.1 Battery Testing Accuracy and Repeatability 

 

 The accuracy of the testing methods and equipment are important to consider, especially 

when considering small sample sizes. The characterization tests that were performed had a small 

number of iterations due to time constraints. However, a large number of duty cycle tests were 

achieved due to automation. In order to assess the relative accuracy of a small versus large 

sample size, the average and standard deviation for three tests was compared to the entire testing 

results. The data is shown in Table 20 along with the average, variance and standard deviation. 

The tests were performed in chronological order. 

Table 20: A123 duty cycle testing discharge energy data comparison 

A123	  
Cycle	  #	  

Discharge	  
Energy	  
(Wh)	  

A123	  
Cycle	  #	  

Discharge	  
Energy	  
(Wh)	  

	   	   	   	  
1	   101.996	   14	   101.966	  

	   	  
27	  Tests	  

1st	  3	  
Tests	  

2	   102.004	   15	   101.961	  
	  

Avg	   101.972	   101.993	  
3	   101.979	   16	   101.958	  

	  
Variance	   0.0004	   0.0002	  

4	   102.006	   17	   101.959	  
	  

Std	  Dev	   0.0205	   0.0131	  
5	   101.994	   18	   101.960	  

	   	   	   	  6	   101.990	   19	   101.950	  
	   	   	   	  7	   101.995	   20	   101.959	  
	   	   	   	  8	   101.976	   21	   101.956	  
	   	   	   	  9	   101.999	   22	   101.956	  
	   	   	   	  10	   101.985	   23	   101.968	  
	   	   	   	  11	   101.996	   24	   101.949	  
	   	   	   	  12	   101.991	   25	   101.946	  
	   	   	   	  13	   101.957	   26	   101.956	  
	   	   	   	  

	   	  
27	   101.935	  
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  While the average values of the discharge energy are different, due to transient effects of 

battery capacity diminishing over testing, the variance and standard deviation values are 

comparable. This indicates that while low repetition testing is not ideal, especially for 

investigating transient effects, the data provided is comparable in accuracy. Regression was 

performed on the this data and is available in Appendix B.6. 

 

5.2 Battery Capacity Testing 

 

 The purpose of the variable discharge rate battery capacity testing was to incorporate the 

decreasing battery capacity as a function of discharge rate into appropriately sizing batteries for 

PHEV systems. As seen in the results, certain batteries were impacted more significantly than 

others, depending on the rate of discharge. Each battery’s results will be discussed and analyzed. 

It is important to note that given further time for testing, the confidence of the results would be 

greatly improved. Due to time constraints each battery capacity test was repeated only three 

times. 

 

5.2.1 A123 LiFePO4 Capacity 

 A123 Systems Inc. manufactures the LiFePO426650 cells that were tested. The battery 

was configured as a pack of 4 cells connected in series, and then connected into 4 parallel units in 

order to provide appropriate levels of voltage and current capacity for a representative multi-cell 

battery. The final system was a 13.2V 9.2Ah pack according to nominal manufacturer’s 

specifications. During capacity testing, the pack capacity never produced more than 8.4Ah. The 

discrepancy between the tested capacity values and the reported values from the manufacturer are 
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likely due to discrepancies between the ideal testing parameters typically used by manufacturers, 

or the possibility that a cell that was either damaged or in poor health within the battery pack.  

 

 The A123 battery has a relatively flat discharge battery capacity curve, consistent with 

the discharge characteristics shown in the manufacturer’s data sheets (A123 Systems, 2009). 

There was minimal observed reduction in battery capacity as the discharge rate was increased to 

the maximum continuous current available from the BTU. A123 advertises that this battery is 

capable of constant current discharges of 70A per cell. As configured, the pack tested would be 

able to be discharged continuously at a rate of 280A (within cell temperature limits). Higher rate 

constant discharges should be performed on this battery pack to appropriately comment on the 

possibility of a discharge rate capacity relationship; however the test equipment was not capable 

of discharging at rates over 12C. The current test data suggests that the A123 battery responds 

well to all discharge curves up to 12C with only a slightly diminished capacity when compared to 

the 0.5C discharge rate. Figure11 below illustrates a typical discharge curve for the tested A123 

battery. 
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Figure 11: A123 13.2V 9.2Ah battery 10A constant current discharge curve 

 

 What is interesting for the A123 battery is that the discharge curve is very flat during the bulk of 

the discharge, meaning that the battery has excellent constant power performance. However, the 

flat discharge curve also indicates that more precise control circuits would be required for state of 

charge indication due to the sudden drop of voltage at the end of discharge. The state of charge is 

an important measurement for a vehicle control system, as it determines when the vehicle should 

be switching between AER and standard hybrid operation. 

  

 Comparing the capacity of the A123 Battery to the manufacturer data is difficult because 

the manufacturer reports information for single cells only. However the information available 
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from the manufacturer in the form of a discharge curve for various discharge rates (shown in 

Figure 12) suggests that there is a slight lowering of the battery capacity at increased discharge 

rates. 

 

Figure 12: A123 Systems discharge curves for ANR26650m1A cell (A123 Systems, 2009) 

 

The decreasing capacity with increased discharge rate was not reflected well in the results, with 

only the 12.5C discharge resulting in a decreased capacity, it is important to consider that due to 

time constraints the number of tests per discharge rate was limited to 3 and the BTU could not 

dissipate the battery’s maximum discharge rate. Also, the battery was constructed from 12 cells 

without a cell balancer, which may impact the results with a single poor cell impacting the pack. 

However, the voltage of each cell was checked individually, and as each cell voltage was very 

similar it was assumed that none of the cells were damaged or were of poor health. 
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5.2.2 Genesis Lead-Tin Capacity 

 The Genesis pure lead-tin VRLA battery used in testing was manufactured by Enersys 

Reserve Power, and has a 10hour (C/10) capacity rating of 16Ah. The established relationship for 

lead acid batteries capacity rate effect is Peukert’s Law, shown in Eq. (6). 

! = ! !
!"

!
   (6) 

where H is the rated discharge time (hrs.), C is the rated capacity at that discharge rate (Ah), I is 

the actually discharge current (A), k is the Peukert constant (dimensionless), and t is the actual 

time to discharge the battery.  

 

 Peukert’s law is very important when considering lead-acid batteries for use in PHEV 

systems as the batteries are usually rated at 20hr or 10hr discharge rates (i.e. C/20 or C/10) but 

typically face significantly shorter discharge times in actual use. The k constant is typically not 

reported by battery manufacturers, and increases over time with charge/discharge cycles, 

reducing the effective capacity as the battery ages. However, manufacturers typically report the 

capacity at multiple discharge rates or times. Table 21 below illustrates the difference between 

tested capacity and manufacturers rated capacity. 

Table 21: Genesis Lead-Tin discharge capacity comparison 

Discharge Rate Manufacturer As Tested ± std dev 
0.5C 12.4-13.9 Ah 14.998 ± 0.521 Ah 
1C 11.8 Ah  13.387 ± 0.303 Ah 
2C 9.5-10 Ah 11.280 ± 0.163 Ah 
7.2C 5.6-7.3 Ah 7.758 ± 0.248 Ah 
*Source: Enersys, 2006 
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As seen in Table 20, the capacities of the tested battery are generally better than those reported by 

the manufacturer. This is likely due to the manufacturers’ data being composed of multiple 

battery samples being tested multiple times. The comparison above suggests that the Genesis 

Lead-Tin sample used in this project is better than average or that the testing temperature of the 

manufacturer was lower than that of the lab. Figure 13 below shows a discharge curve for the 

Genesis battery. While the Genesis sample tested was a better than average sample in terms of 

capacity available during constant current discharges, the battery still exhibits the same capacity 

reduction trend at higher discharge currents. As the battery is discharged at higher rates, the 

voltage decreases to the end of discharge level faster, resulting in lower total capacities 

discharged from the battery before reaching the depleted SOC limit. However, the charge 

capacity is still proportional to the amount of energy lost during discharge, meaning that a battery 

discharged at high current rates will have a lower discharge capacity and a lower charge capacity 

to return the battery to 100% SOC at the standard charge rates.   
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Figure 13: Genesis 16Ah Lead-Tin VRLA battery 16A constant discharge Curve 

 

5.2.3 Absorbed Glass Mat Valve Regulated Lead-Acid Capacity 

 The smaller 12Ah AGM VRLA battery demonstrated a similar suppressed capacity as 

constant current discharge magnitude increased to that of the Genesis Pb-Sn. It is likely that due 

to the lower costs of the AGM VRLA the impact of the capacity rate effect is more significant. 

Table 22 below compares the sample AGM VRLA to the manufacturer’s specifications. 

Table 22: AGM VRLA Discharge Capacity Comparison 

Discharge Rate Manufacturer As Tested 
1C 5.4 Ah 6.994 Ah 
3C 4.32 Ah 5.015 Ah 
*Source Kung Long Batteries, ND 
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As with the Genesis lead-tin battery, the manufacturer’s rated capacities are lower than that 

tested. The reasons for this result are specifically unknown, however they are likely consistent 

with those described above with the Genesis VRLA. The discharge curve for a 1C discharge of 

the AGM VRLA battery is shown in Figure 14. 

 

 

Figure 14: AGM VRLA 1C constant current discharge curve 

 As with the other lead-acid battery, the AGM VRLA battery has a slightly gradient 

discharge curve, allowing for easier voltage SOC measurement. 
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5.2.4 Lead-Acid Battery Capacity Discrepancies 

 When comparing the recorded capacity values for both lead-acid chemistries tested to the 

data provided from manufacturers specifications it was discovered that the manufacturers’ ratings 

were lower than those recorded from testing. While there can be speculation regarding the quality 

of the samples tested compared those used for manufacturers data, a more likely explanation for 

the data discrepancy are the differences in the methods used for testing. One of the most 

important aspects of the capacity testing is determining when the battery is empty, which is 

typically referred to as a termination condition. In constant current discharges the two typical 

discharge termination conditions are the end of discharge voltage (EDV) and the temperature of 

the battery.  

  

 When testing the two lead-acid batteries the selected EDV was based on manufacturers’ 

specifications; for the AGM VRLA 10.00-9.60V based on current rate and the Genesis VRLA 

9.0V. A few factors in common can be discussed that typically cause lead-acid batteries to 

discharge more than their typical ratings. Firstly, the EDV rating controls only the end of 

discharge, manufacturer test data did not explain the charging methodology used for the batteries. 

Both lead-acid batteries were charged using an advanced constant-current, constant-voltage 

charging method that allows for a shorter charge time. It is possible that the charging method 

chosen to charge the batteries in lab provide more energy than those chosen by the manufacturers. 

Lastly, the temperature at which the battery is discharged presents a significant change in the 

available capacity (Salkind et al, 2002).  Discrepancies between testing temperature at the lab and 

the manufacturer’s test facility can account for variance between the recorded capacities. It is not 

certain which of the factors played the largest role, but the fact that both of the lead-acid batteries 
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tested reported higher capacities than the manufacturer suggests there may be a finite reason for 

the discrepancy. 

 

5.2.5 SAFT Nickel-Metal Hydride Capacity 

 The SAFT NiMH cylindrical cells exhibited relatively constant capacities over the 

discharge range compared to the lead-acid batteries; however none of the capacity values met the 

rated capacity of 15Ah. SAFT specifications denote that the capacity should drop slightly over 

increasing discharge rates, as seen in Figure 15. 

 

Figure 15: SAFT NiMH discharge curves (SAFT NiMH) 

 

It is important to note that from manufacturer’s recommendations, the end of discharge voltage is 

dependent on the discharge rate, with higher rates associated with lower cut-off voltages. This 

causes slightly increased capacities at higher discharge rates, which is evident in both the results 
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as tested and from manufacturer data. Using the manufacturer’s recommended maximum 

discharge rate, the batteries naturally self-heated to the maximum cell temperature. This led to the 

capacity test ending short of the end-of-discharge voltage, suggesting that the batteries may 

require additional cooling to achieve maximum performance.  

 

5.2.6 SAFT Nickel-Cadmium Capacity 

 The nickel-cadmium cells used in testing were composed of two strings of ten NiCd 7Ah 

1.2V cells arranged in series (12V 7Ah) then placed in parallel (12V 14Ah). The two strings of 

ten were charged individually to avoid overcharging and damaging either of the packs because 

cell balancing and control circuits were not available. This meant that the charging efficiency 

would not be able to be accurately reported. However, the assembled pack (10 series, 2 parallel or 

10S2P) was tested for all other standardized tests in this report. The NiCd packs typically 

demonstrated a discharge curve as seen in Figure 16, which is very similar to those of the NiMH 

cells. 
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Figure 16: SAFT NiCd 1C constant current discharge curve 

 

5.3 Battery Peak Power 

 

 The battery peak power is a useful metric which impacts sizing of the battery and 

provides insight into loss of performance as the battery is drained. The peak power of each 

battery was plotted against the SOC to show how the power degrades at various SOC values; 

shown in Figure 17.  
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Figure 17: Battery Power as a function of SOC window level 

 

 It is important to note that the two batteries that show minimal degradation in peak power 

as the SOC was lowered were not tested to their maximum capabilities, but tested to the 

maximum current values associated with the BTU. It is likely that the realistic peak power is 

significantly higher when tested using the USABC peak power testing protocols. It is also likely 

that the peak power would degrade at lower SOC ratings, as shown from the results of the other 

batteries. Each battery was tested twice at 3 SOC levels due to test scheduling. The AGM VRLA 

battery was only tested once due to large degradation of the battery capacity, which was 

determined after discharging using manufacturers’ recommendations and receiving approximately 

60% of the stated energy. It is not certain which tests caused the failure of the AGM VRLA 

battery; however the high current rates are likely the source, as the battery was designed for short 

burst applications. 
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5.4 Battery Duty Cycle Response 

 

 The purpose of the duty cycle testing was to gauge the high current fluctuations, voltage 

fluctuations and efficiencies of the various battery systems. The initial intention of the project 

was to combine an optimization algorithm with the testing in order to help size the battery 

systems. However, due to budget constraints and logistical issues, the project was modified to 

focus on characterizing battery performance and demonstrating the difference between 

manufacturer specifications and real world response to EV portions of PHEV cycles. It is 

important to realize the difference between an EV cycle and the EV portion of a PHEV; PHEV 

battery systems require more power and similar energy densities to those of EV systems, thus 

their EV duty cycles are separately important. The measurements made during the duty cycling 

were voltage, current and temperature over time. With that information, the duty cycle capacities 

can be derived, as well as the DC internal resistance of each battery pack. The capacities are 

important because they shed light on the effective efficiency of the tests in terms of motive 

efficiency as well as charging efficiency. The internal resistance was measured to show the 

relationship between the current demand and the voltage response, illustrating the importance of 

controlling fluctuating power draw on the batteries. The measurements taken during the duty 

cycle testing were temperature, voltage and current; Figure 18 shows an example of a Genesis 

VRLA response from a single testing cycle. The temperature of the Genesis battery increased 

over time during the test. The voltage fluctuation is due to the dynamic internal resistance of the 

battery system. The measured current is a response to the BTU power simulation demands. 
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Figure 18: Genesis VRLA measured duty cycle response 

 

5.4.1 A123 LiFePO4Duty Cycle Response 

 The A123 LiFePO4 battery was scaled down from the original University of Manitoba 24 

hour duty cycle by a factor of 16.47, which places the maximum power requirement at 1500W, 

the maximum rating on the BTU. The limitation in this test was the BTU, as the A123 battery 

could peak much higher currents. However, when considering the sizing of the initial battery, 

9Ah fell within range for the appropriate SOC window. The battery was rated for an SOC window 

between 80% and 20%, which translates to an available 5.5Ah for discharge in the EV mode of a 

PHEV system. The remaining 20% allows for blended operation, and the initial 80% allows the 

batteries to accept inrush currents from regenerative braking without risking thermal issues. 
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Furthermore, the 60% overall SOC window will increase the cycle life of the battery by reducing 

the stress on the electrodes. During the duty cycle, the A123 battery depleted 8.212 Ah on 

discharging and recovered 3.043 Ah from simulated regenerative braking. The net change during 

the duty cycle was -5.169 Ah, which is within the limits of the 5.5 Ah SOC window. The 

recharging efficiency after the duty cycle was excellent at 97.8% based on the Ah energy lost. 

The internal resistance of the A123 cell was the lowest of all the tested batteries at 0.013 Ω DC. 

This low internal resistance is further lowered after consideration of all the current collectors 

present in the tested battery, which represent 4.323x10-4 Ω, lowering the battery resistance to 11.9 

mΩ. To optimize battery performance the pack must be designed to balance current collectors of 

low resistance with low mass. Overall, the A123 battery responded well to testing, with high 

efficiency and a low internal resistance, and a moderate self-heating of 6.5 ºC internally. 

  

5.4.2 Genesis Lead-Tin Duty Cycle Response 

 The Genesis lead-tin lead acid battery was also tested on the same 16.47 factor scaled 

duty cycle as the A123 battery, with the BTU limiting the maximum power available from this 

battery. Available for discharge in the SOC window is approximately 6Ah. During testing the 

battery discharged ~8.84Ah and charged ~3.15Ah, with the balance of ~5.68Ah of discharge 

fitting comfortably into the SOC window, with room for potential auxiliary loads. Recharging 

efficiency after the duty cycle was determined to be 96.741%, which is quite high for a lead-acid 

battery design (Salkind et al, 2002). The internal resistance derived from the duty cycle voltage 

and current response was measured to be 13.4mΩ. For larger batteries, such as the ones used in a 

potential PHEV application, the internal resistance would be lower per battery due to larger active 

plate area. The skin temperature of the battery increased 5.2ºC over the course of the test, lower 
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than that of the A123 cells, likely due to the significantly higher thermal mass associated with the 

dense lead-acid batteries. 

 

5.4.3 AGM VRLA Duty Cycle Response 

 The smaller capacity AGM VRLA battery had to be scaled significantly due to poor 

response during initial testing; the final scaling factor was 1/20th of the original power cycle. 

Once scaled to an appropriate level, the AGM battery responded poorly, degrading to the point 

where it would not discharge to 30% SOC regardless of discharge rate in further testing. On 

average during duty cycle testing the battery dissipated 7.50Ah and accepted 2.12Ah, when 

comparing this to the other larger capacity lead-acid battery, it is clear that despite the higher 

scaling factor, the battery had to dissipate more current to reach the required power, also 

supported by the higher internal resistance of 25.8mΩ which would depress the voltage further 

requiring more current. The battery skin temperature during testing increased at most 6.4ºC. After 

duty cycle test, the battery was recharged using standardized methods, but it never returned as 

much capacity as was dissipated during testing. Comparing the standard deviation of the AGM 

VRLA batteries to those of the others it is clear that the battery response was not as constant. It is 

not evident specifically why the AGM VRLA battery did not respond well; however it should be 

noted that this battery’s intended use is for a starting-lightning-ignition use in small vehicles such 

as motorcycles. 

5.4.4 NiMH and NiCd Response 

 The NiMH and NiCd batteries were both scaled by the same 1/25th factor from the 

original duty cycle and exhibit similar responses to testing. While the battery electrodes are 

different, both batteries are nickel-based chemistries with very similar charge and discharge 
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characteristics.  The average duty cycle discharge and charge capacities for the duty cycle testing 

for the NiMH and NiCd were 6.07Ah discharge, 1.98Ah charge, and 6.12Ah discharge and 1.96 

charge, respectively. The standard deviations for the above results were very similar, with the 

exception of the NiCd discharge capacities during testing, which were approximately 50% larger 

than that of the NiMH battery at a value of ±0.111Ah. The coulombic charging efficiency of the 

NiMH cells was relatively poor compared to the other battery chemistries at 75.013%. This is 

mostly due to the difficulty in charging regimes for nickel based chemistries where the end of 

charge is associated with a rise in temperature over time (around 0.5ºC/min) or with a negative 

voltage change (the voltage of the cell will rise until it reaches capacity and will then fall as the 

battery is over-charged). The internal resistances of the battery packs were measured to be 

36.21mΩ and 36.13mΩ respectively. This high internal resistance and the exothermic properties 

of both batteries during charge acceptance attributed to a high amount of internal heating during 

the duty cycles, with maximum values of 17.7ºC for NiMH and 11.2ºC for NiCd, suggesting that 

thermal management may be necessary. 

 

5.4.5 Mass Measurements 

 Each battery was weighed to determine the specific power and energy from testing. After 

weighing the batteries it was realized that there is a significant difference between manufacturers’ 

ratings and those of the samples tested. A comparison between manufacturers’ specifications for 

battery mass can be seen in Table 23. This is important when considering the specific energy and 

power of battery systems and thus the overall mass of the battery pack, as discrepancies in simple 

measurements such as mass can pose significant issues for vehicle designers. 
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Table 23: Comparison between reported and measured mass 

Battery Manufacturers’ 
Reported Mass 

(kg) 

Measured Mass 
(kg) 

% Increase 

A123 LiFePO4 1.15*1 3.293 186% 
Genesis Pb-Sn 6.12 12.798 109% 
AGM VRLA 4.823 8.632 79% 
SAFT NiMH 3.18*4 5.252 65% 
SAFT NiCd 5.04*5 9.007 78% 

*Denotes total mass of cells as reported by manufacturer does not include manufacturing materials such as 
current tabs. Sources (1. A123 Systems (2009) 2.Enersys (2006) 3.Kung Long Batteries (ND) 4. SAFT 
NiMH (ND) 5. SAFT NiCd (ND)) 
  

5.4.6 Dynamic Resistance Measurement 

 All of the battery dynamic DC resistances measured had very low error with the 

exception of the AGM VRLA battery. When comparing the raw results of this battery to the 

others it is obvious that this battery has sporadic errors. This is likely due to the addition of 

certain tests in which data was sampled at a higher rate than the duty cycle was being executed at. 

The duty cycle changes power demand every 1s, on some of the AGM VRLA tests the voltage 

was sampled at a rate of 1 sample per 0.1s. When comparing this data it added error to the 

method used to calculate the dynamic DC resistance due to transient measurements of the voltage 

dropping from capacity between the changes in current. It is believed that while there is a larger 

R-squared value, the result is still acceptable given the time required for retesting the AGM 

battery. 

 

 Three of the batteries tested were assembled out of cylindrical cells into a battery pack, as 

such; current collecting tabs are present linking the cells together. For the NiMH and NiCd 

batteries, the current collecting tabs represent a total of 6.0984x10-4 Ω, which is approximately 

16% of the two batteries measured resistance in Section 4.3, a significant amount of the measured 
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resistance. It is imperative that automotive manufacturers and academic researchers incorporate 

the wire resistance of not only the lead wires but also the current collecting tabs or bus bars 

present in the battery packs. Calculations for the current collecting tabs can be found in Appendix 

A.1. 

5.5 Battery Decision Matrix 

 

 In developing the battery decision matrix it was decided to use results from testing and 

physical properties of the vehicle in order to create adaptive weightings that follow vehicle needs. 

The design criteria upon which the batteries are weighted were determined to be specific energy 

(Wh/kg), energy density (Wh/L), specific power (W/kg), power density (W/L), energy cost 

(Wh/$), power cost (W/$), and cycle life (within SOC window). The results from testing were 

used as the inputs for the alternate battery weightings; each category was then scaled to 10 based 

on the best performer in that category. To decide upon the weighting factors of the design criteria, 

the physical aspects of the vehicle were incorporated; vehicle mass (kg), available battery volume 

(L), size factor (frontal area*coefficient of drag), vehicle AER (km), and rural or city use. The 

variable weighting factors were linked to the design criteria using basic relations, for example; 

specific energy requirements (Wh/kg) increase with range, size and mass requirements. Using the 

same vehicle specifications from the duty cycle testing, Figure 19 below is an example of a 

decision matrix based on the test results and the Toyota Prius physical specifications from Table 

6 in Section 3.1.1. 
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Figure 19: Sample battery decision matrix 

 

Full explanation of each of the design criteria weightings is available in Appendix C.1 
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Chapter 6 

Conclusions 

  

 The original three main goals of this research project were to evaluate the current 

available market of battery technologies suitable for use in PHEVs, complete testing and 

evaluation of commercially available battery technologies using a PHEV derived duty cycle, and 

to develop a battery decision matrix and optimization tool to aid in choosing and sizing battery 

systems for PHEVs. However, two key items that were not listed as specific goals but were 

critical elements in the project, were the design, sourcing, installation, and commissioning of 

suitable equipment to test battery systems using actual driving cycles, as well the acquisition of 

appropriate battery samples of various chemistries.  Although the project was successful in terms 

of developing the equipment and process for battery testing, as a result of the time and issues in 

achieving this, not all of these goals were achieved to the level of initial expectations. 

 

 Through the testing and literature review a common trend was found that manufacturers 

do not accurately report the physical properties or performance metrics of their batteries for those 

batteries tested. It is difficult to say whether this trend encompasses larger scale batteries without 

conducting appropriate testing. This trend is illustrated in the discrepancies reported in the results, 

most notably in the reported battery mass and capacities. One area where the trend was not 

common in all battery chemistries was the reduction in capacity as discharge rates increased. The 

common trend is easily illustrated in the chart in Appendix B.4. The A123 battery was the only 

system that had relatively constant capacities over the various discharge rates; however those 
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capacities are all lower than the rated capacity. The maximum power capabilities of each battery 

are important; however the majority of the batteries were limited by the BTU’s maximum current 

capabilities. This presents the need for larger scale battery testing (with larger equipment budgets) 

to more adequately test batteries to their performance limits. It is also very important to 

compensate for the reduction of the SOC window when considering a batteries capacity as stated 

and as deployed due to cycle-life constraints, especially important when manufacturers’ 

specifications on capacity are not accurate. 

 

 A significant result of the testing is illustrated in the dynamic DC resistance measurement 

that was measured during each battery’s duty cycle testing. The dynamic resistance accounts for 

the voltage drop or rise that the battery experiences as the current draw is increased and 

decreased. This voltage drop was measured at the terminals of each of the batteries. This result is 

important because it illustrates the well known phenomenon of resistive losses, causing the 

battery to compensate for the voltage drop with even more current as an engine control unit 

(ECU) draws a specific power requirement. As a vehicle designer, the losses associated with the 

battery, as well as the current carried by the cables, must be accounted for. Otherwise a battery 

system may be overtaxed with higher current rates than intended; decreasing the range the pack 

can propel the vehicle in AER mode, and quite possibly causing shortened battery life. 

 

 The battery decision matrix is based on a standard weighted evaluation engineering 

decision matrix. The objective of the matrix was to aid in deciding which battery is appropriate 

for a certain vehicle type.  It incorporates the testing results from battery systems as well as the 

physical properties of the vehicle design in question. The goal of this product is to have an 
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adaptable decision matrix for different battery types and different vehicle requirements, and 

particularly in terms of expected vehicle operation in EV range. While this is achieved on one 

level, a more detailed analysis of the design criteria weightings is likely required, as they are 

based partially on this author’s opinion. 

 

 Hardware-in-loop (HIL) testing was employed in this project through the duty-cycle 

simulation testing to add a physical component to simulation testing where they are “fooled” into 

acting like it would if it was deployed in its full configuration. The addition of HIL battery packs 

into simulation systems has advantages. Firstly, it accounts for the subtleties associated with the 

operation of battery systems mainly voltage and temperature response to power requests, which 

are difficult to simulate in software. The addition of HIL in an Argonne National Lab test showed 

a 5% increase in energy consumption per mile over the PSAT simulation model (Rousseau et al, 

2007). Secondly, it allows for direct testing of large-scale battery chemistry systems from various 

manufacturers to evaluate the performance of the battery systems in comparison with their design 

specifications. Finally, it can add the potential of qualitative data and scalability in the testing 

design. By adding HIL components to simulation testing, design work on many components can 

be done without costly full-scale prototyping. It should be mentioned however that HIL testing 

does take longer to test in most cases, and is certainly more expensive initially to set up testing 

due to the hardware components. 

 

 When deciding to scale the battery tests the decision was based primarily on availability 

of commercial systems, limitations in equipment funding for a BTU, and a realistic schedule. 

Ultimately, the decision was made to scale the batteries variably (meeting the limitations of the 
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BTU and the individual batteries) in order to characterize a variety of batteries, and such that the 

characterized results could be compared and appropriately understood. This method allows for 

simple comparison between different chemistries tested based on PHEV operation.  

 

 Overall, some progress was made towards the objective of characterizing batteries for use 

in PHEVs.  More time than expected was needed for designing, sourcing, and commissioning the 

equipment.  However, this in itself was a sound achievement, and much has been learned that can 

be beneficial in future research.  
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Chapter 7 

Future Work 

 

 The state of the battery research and development field is constantly improving. New 

electric and hybrid vehicles are being released each year, and advancements in battery technology 

are being made consistently. To further these developments and achievements, research is being 

done at many academic, governmental and commercial institutions. Through the course of the 

project, it is the opinion of this author that through continuation of this research project areas in 

the field that need further attention can be addressed. 

 

 One area in which improvement is needed is the method in which battery systems are 

chosen. In order to address this, an optimization method should be developed that incorporates 

real-world duty cycle simulation (based on physical properties of the simulated test vehicle), 

duty-cycle testing derived battery characterization, and full systems loads (the inclusion of 

auxiliary loads such as heating and cooling, battery control circuitry, power steering, starting, 

lighting, ignition and audio-entertainment). Developing a strong optimization tool will ideally 

provide further understanding on the balance between performance and cost for each different 

battery system.  Based on this, further investigation could yield low cost, acceptable performance 

solutions, which could be implemented effectively and more quickly than other solutions in order 

to reduce GHG emissions of personal transportation.  This is the major goal of PHEVs. 
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 A better method for testing and comparing different chemistries would be to investigate 

the battery needs of a specific vehicle (in terms of power, capacity and physical vehicle 

constraints) and then scale the system to reduce the safety risks associated with high voltage DC 

systems. One method to improve the results is to specify battery pack requirements for a vehicle, 

and then commission battery packs of different chemistries to meet those needs scaled by a 

common factor. It would also be important not to scale the batteries by too great a factor, which 

would eliminate the inefficiencies and complications associated with larger battery packs (such as 

internal heating and cooling issues, control circuitry, size and mass inaccuracies). The battery 

packs described in the method above could be compared more directly in terms of cost and large 

pack performance. The data from testing these larger packs would also provide more appropriate 

battery metrics for simulation and design tools. 

 

 If larger testing equipment is not available, the common factor must incorporate the 

existing limitations of the battery-testing unit (±100A at 2-15V constant draw). Furthermore, a 

larger variety of chemistries should be tested and all batteries to be tested should include any 

necessary control circuitry (cell balancing, over current protection, short circuit protection, 

voltage cut-off) to not only properly assess the size, mass and losses but also to properly address 

the cost associated with each battery pack. Characterizing the accuracy of current equipment for  

repetitive testing should be completed. 

 

  Finally, in addition to improving on the methodology described in this thesis, additional 

testing should be done to incorporate the effects of real-world duty cycle on the performance and 

characteristics of each battery system to the end of cycle-life. The intensity of the real-world duty 
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cycles means that the batteries are stressed with high pulse currents and large fluctuations in the 

magnitude of current changes, especially with regenerative braking. Manufacturers’ 

specifications for number of duty cycles are often derived from constant mid-range current 

discharge testing, which does not account for the stresses on the battery from duty cycle testing, 

which has been theorized to impact battery life (Duvall, 2005). Increasing the SOC window will 

impact the cycle life (Markel & Simpson, 2006), however in doing so a batteries size, mass and 

cost are decreased, properly understanding how duty cycle impacts cycle life will help to 

optimize battery sizing. 

  



 

77 

 

References 

A123 Systems (2009). “High Power Lithium Ion ANR26650m1A” A123 Systems, Inc. 321 
Arsenal St., Watertown, MA 02472. Retrieved Nov 2010 from 
(http://www.a123systems.com/cms/product/pdf/1/_ANR26650M1A.pdf) 
 
A123 Systems (2010). “ANR26650 Application Manual” A123 Systems, Inc. 321 Arsenal St., 
Watertown, MA 02472. 
 
Affanni, A., Bellini, A., Franceschini, G., Guglielmi, P., Tassoni, C. (2005) “Battery Choice and 
Management for New-Generation Electric Vehicles” IEEE Transactions on Industrial Electronics, 
Vol. 52, No. 5, October 2005 
 
Axion Power (2009). “Lead Carbon Energy Storage Device Overview” Axion Power 
International Inc. 3601 Clover Lane, New Castle, PA 16105. Retrieved May 2010 from  
(http://www.axionpower.com/profiles/investor/fullpage.asp?f=1&BzID=1933&to=cp&Nav=0&L
angID=1&s=0&ID=10298) 
 
Axsen, J., Burke, A., Kurani, K.S. (2008). “Batteries for Plug-in Hybrid Electric Vehicles 
(PHEVs): Goals and the State of Technology circa 2008”. UC Davis: Institute of Transportation 
Studies. Retrieved Oct 2010 from (http://escholarship.org/uc/item/1bp83874) 
 
Bikson, Marom, “A Review of Hazards Associated with Exposure to Low Voltages,” The 
Graduate School and University Center of the City University of New York, N.D., Retrieved 
November 2010 from (http://www.pulp.tc/BiksonMSafeVoltageReview.pdf) 
 
Bradley, T.H., Frank, A.A. (2007) “Design, demonstrations and sustainability impact assessments 
for plug-in hybrid electric vehicles” Renewable and Sustainable Energy Reviews, Volume 13, 
Issue 1, January 2009, Pages 115-128, ISSN 1364-0321, DOI: 10.1016/j.rser.2007.05.003. 
Retrieved September 2010 from (http://www.sciencedirect.com/science/article/B6VMY-
4P9T8GG-2/2/b9a7f473b53f091947abbd832457818b) 

Buchmann, I. (2001) “Batteries in a Portable World: A handbook on Rechargeable Batteries for 
non Engineers, 2nd Edition” Cadex Electronics Inc; 2nd Edition, May 2001.  

Carlson, R., Duoba, M., Bohn, T., Vyas, A.D. (2007) “Testing and Analysis of Three Plug-in 
Hybrid Electric Vehicles” Argonne National Laboratory, presented at SAE World Congress April 
16 2007. Retrieved Sept 2010 from (http://www.transportation.anl.gov/pdfs/HV/399.pdf) 
 
 
CSIRO (2010) “UltraBattery: No ordinary battery” Commonwealth Science and Industrial 
Research Organization, CSIRO Energy Technology, Bayview Avenue, Clayton South, Vic. 3169, 
Australia. Retrieved November 2010 from (http://www.csiro.au/science/Ultra-Battery.html) 
 



 

78 

 

DieselNet 2010 “Emission Test Cycles” © 1997-2010 Ecopoint Inc. retrieved Oct 2010 from 
(http://www.dieselnet.com/standards/cycles/) 
 
Duvall, M. (2005) “Battery Evaluation for Plug-in Hybrid Electric Vehicles” Electric Power 
Research Institute, Palo Alto, California 94304 © 2005 IEEE 
 
Duvall, M., Meyr, N., Huff B.R., Carde C., Parks J., Schurhoff R., et al. (2002) “Design and 
Development of the UC Davis FutureTruck”. SAE, 2002-01-1210, 2002. 
 
Electric Power Research Institute (2003). “Advanced batteries for electric drive vehicles; a 
technology and cost-effectiveness assessment for battery electric, power assist hybrid and plug-in 
hybrid electric vehicles. Palo Alto California, 1009299; 2003. Retrieved Sept 2010 from 
(http://my.epri.com/portal/server.pt?space=CommunityPage&cached=true&parentname=ObjMgr
&parentid=2&control=SetCommunity&CommunityID=405) 
 
Enersys (2006) “Genesis™ Pure lead XE and EP Application Manual” © 2006 Enersys Reserve 
Power, Reading Pennsylvania, USA19612-4145. Publication no. US-GPL-AM-003 Seventh 
Edition  
 
Evjen, J.M., Catotti, A.J., Lucero, R.D., Pickett D.F. Jr., Kulin, T.M., Linden, D. (2002) “Vented 
Sintered-Plate Nickel-Cadmium Batteries” Ch. 24 Handbook of Batteries © 2002 McGraw-Hill. 
Retrieved September 2008 from Knovel.com 
 
Fetcenko, M., Linden, D. (2002) “Propulsion and Industrial Nickel-Metal Hydride Batteries” Ch. 
30 Handbook of Batteries © 2002 McGraw-Hill. Retrieved September 2008 from Knovel.com 
 
Firefly Energy (2008) “Firefly Technology White Paper”. ©2008 Firefly Energy 6533 N. Galena 
Rd. Peoria, Illinois USA 61614. Retrieved February 2009 from 
(http://www.fireflyenergy.com/index.php?option=com_content&task=view&id=201&Itemid=96) 

Firefly International Energy (2010) Press Release, Firefly International Energy October 1, 2010 
retrieved October 2010 from 
(http://www.fireflyenergy.com/index.php?option=com_content&task=view&id=25&Itemid=93) 
 
Gartner, J. Wheelock, C. (2009) “Lithium Ion batteries for Plug-in Hybrid and Battery Electric 
Vehicles: Market Analysis and Forecasts” Market Report © 2009 Pike Research LLC 
 
Gu, W. B. and Wang C. Y. (2000) “Thermal-Electric Modeling of Battery Systems” Journal of 
the Electrochemical Society, vol. 147 no. 8, pp. 2910-2922. 
 
Hodkinson, R. and Fenton, J. (2001) “Lightweight Electric/Hybrid Vehicle Design” Oxford, 
U.K.: Butterwoth–Heinemann Oxford, 2001, Ch. 5. 
 
Ji Wu; Emadi, A.; Duoba, M.J.; Bohn, T.P. (2007) "Plug-in Hybrid Electric Vehicles: Testing, 
Simulations, and Analysis," Vehicle Power and Propulsion Conference, 2007. VPPC 2007. 



 

79 

 

IEEE , vol., no., pp.469-476, 9-12 Sept. 2007 
doi: 10.1109/VPPC.2007.4544171 
 
Johnson, B.A., White, R.E. (1998) “Characterization of commercially available lithium-ion 
batteries”, Journal of Power Sources, Volume 70, Issue 1, 30 January 1998, Pages 48-54, ISSN 
0378-7753, DOI: 10.1016/S0378-7753(97)02659-1. Retrieved Oct 24,2010 from 
(http://www.sciencedirect.com/science/article/B6TH1-3SJNDT8-
B1/2/613fe9f4b917ffc3d9c8257cb991d4f4) 
 
Kalhammer, F.R., Kamath, H., Duvall, M., Alexander, M. and Jungers, B (2009) “Plug-in Hybrid 
Electric Vehicles: Promise, Issues and Prospects” Electric Vehicle Symposium 24 Stavanger, 
Norway, May 13-16, 2009 
 
Kung Long Batteries (N.D) “Maintenance Free Motorcycle Battery WP-14B” © Kung Long 
Batteries Industrial Co., Ltd. No. 6 Tzu-Li 3 Road Nantou City Taiwan. Revision 3.2 
 
Kazunori, O. and Yokokawa, M. (1993) “Cycle performance of lithium ion rechargeable battery”, 
10th Int. Seminar of Primary and Secondary Battery Technology Applications, 1-4 Mar. 1993, 
Deerfield Beach, FL, USA, Florida Educational Seminars, Boca Raton, FL 
 
Lam, L.T., Louey, R. (2006)“Development of ultra-battery for hybrid-electric vehicle 
applications”, Journal of Power Sources, Volume 158, Issue 2, Special issue including selected 
papers from the 6th International Conference on Lead-Acid Batteries (LABAT 2005, Varna, 
Bulgaria) and the 11th Asian Battery Conference (11 ABC, Ho Chi Minh City, Vietnam) together 
with regular papers, 25 August 2006, Pages 1140-1148, ISSN 0378-7753, DOI: 
10.1016/j.jpowsour.2006.03.022. 
 
Li, Ye (2007) "Scenario-Based Analysis on the Impacts of Plug-In Hybrid Electric Vehicles' 
(PHEV) Penetration into the Transportation Sector," Technology and Society, 2007. ISTAS 2007. 
IEEE International Symposium on , vol., no., pp.1-6, 1-2 June 2007 
 
Lund, H., Kempton, W. (2008) “Integration of renewable energy into the transport and electricity 
sectors through V2G” Energy Policy, Vol. 36, Issue 9, September 2008. Pages 3578-3587, ISSN 
0301-4215. 
 
Markel, T. (2006) “Plug-in HEV Vehicle Design Options and Expectations” National Renewable 
Energy Laboratory. Presentation at ZEV Technology Symposium, California Air Resources 
Board, Sacramento, CA. September 2006 
 
Markel, T., Pesaran, A. (2007) “PHEV Energy Storage and Drive Cycle Impacts” National 
Renewable Energy Laboratory, Presented at 7th Advanced Automotive Battery Conference, Long 
Beach, California May 17th 2007 
 
Markel, T., Simpson, A. (2006) “Cost-Benefit Analysis of Plug-in Hybrid Electric Vehicle 
Technology” U.S. Department of Energy. WEVA Journal, Vol. 1 2006 
 



 

80 

 

Markel, T., Simpson, A. (2006) “Plug-in Hybrid Electric Vehicle Energy Storage System Design” 
National Renewable Energy Laboratory. Preprint for Advance Automotive Battery Conference, 
Baltimore, Maryland 2006. Retrieved May 2009 from 
(http://www.nrel.gov/vehiclesandfuels/vsa/pdfs/39614.pdf) 
 
Morrow, K., Karner, D., Francfort, J., (2008) “Plug-in Hybrid Electric Vehicle Charging 
Infrastructure Review”, Final report Battelle Energy Alliance, U.S. Department of Energy 
Vehicle Technologies Platform – Advanced Testing Activity, 2008 
 
Nemry, F., Leduc, G., Muñoz, A., (2009) “Plug-in Hybrid and Battery-Electric Vehicles: State of 
the research and development and comparative analysis of energy and cost efficiency” European 
Commission, Joint Research Centre, Institute for Prospective Technological Studies. JRC 54699. 
 
Nilsson, A.O., Baker, C.A., Linden, D. (2002) “Industrial and Aerospace Nickel-Cadmium 
Batteries” Ch. 26 Handbook of Batteries © 2002 McGraw-Hill. Retrieved September 2008 from 
Knovel.com 
 
Panigrahi T, D.; Panigrahi, D.; Chiasserini, C.; Dey, S.; Rao, R.; Raghunathan, A.; Lahiri, K.; , 
"Battery life estimation of mobile embedded systems," VLSI Design, 2001. Fourteenth 
International Conference on , vol., no., pp.57-63, 2001 
doi: 10.1109/ICVD.2001.902640 Retrieved Nov 2010 from: 
(http://ieeexplore.ieee.org/stamp/stamp.jsp?tp=&arnumber=902640&isnumber=19518) 
 
Pesaran, A (2006) “Battery Choices for Different Plug-in HEV Configurations” National 
Renewable Energy Laboratory. Presentation for PHEV Forum and Technical Roundtable 
SCAQMD, California. Retrieved March 2009 from 
(http://www.nrel.gov/vehiclesandfuels/energystorage/pdfs/40378.pdf) 
 
Pesaran, A., Markel, T., Tataria, H.S., Howell, D. (2009) “Battery Requirements for Plug-in 
Hybrid Electric Vehicles – Analysis and Rational” National Renewable Energy Laboratory. 
Presented at 23rd International Electric Vehicle Symposium (EVS-23), Anaheim, CA 
 
Rajashekara, K.; MacBain, J.A.; James Grieve, M. (2006) "Evaluation of SOFC Hybrid Systems 
for Automotive Propulsion Applications," Industry Applications Conference, 2006. 41st IAS 
Annual Meeting. Conference Record of the 2006 IEEE , vol.3, no., pp.1593-1597, 8-12 Oct. 2006 
doi: 10.1109/IAS.2006.256741 Retrieved Oct 2010 
from(http://ieeexplore.ieee.org/stamp/stamp.jsp?tp=&arnumber=4025428&isnumber=4025345) 
 
Rousseau, A., Shidore, N., Carlson, R., Freyermuth, V. (2007) “Research on PHEV Battery 
Requirements and Evaluation of Early Prototypes” Argonne National Laboratory, May 16, 2007 
Retrieved November 2010 from (http://www.transportation.anl.gov/pdfs/HV/434.pdf) 
 
Rosenkranz, C., Köhler, U., Liska, J.L. (2008) “Modern Battery Systems for Plug-In Hybrid 
Electric Vehicles” Johnson Controls-SAFT Retrieved September 2010 from 
(http://www.spinnovation.com/sn/Batteries/Modern_Battery_Systems_for_Plug_In_Hybrid_Vehi
cles.pdf) 



 

81 

 

 
SAFT NiMH (N.D.) “Super High Energy Series Nickel-Metal Hydride VH F 16000 XP” Saft 
Rechargeable Battery Systems. 12, rue Sadi Carnot. 93170 Bangolet, France. Document no. 
11121-0109 
 
SAFT NiCd (N.D.) “High Temperature Series Nickel-Cadmium VT F 70” Saft Rechargeable 
Battery Systems.12, rue Sadi Carnot. 93170 Bangolet, France. Document no. 11096-2-0604 
 
Salkind A.J., Anthony, G., Cannone, G., Trumbure, F.A., Linden, D. (2002) “Lead-Acid 
Batteries” Ch. 23Handbook of Batteries © 2002 McGraw-Hill. Retrieved September 2008 from 
Knovel.com 
 
Salkind A.J., Hammel, R.O., Anthony, G., Cannone, G., Trumbure, F.A., Linden, D. (2002) 
“Valve Regulated Lead-Acid Batteries” Ch. 24 Handbook of Batteries © 2002 McGraw-Hill. 
Retrieved September 2008 from Knovel.com 
 
Shahidinejad, S., Tara, E., Filizadeh, S. Bibeau, E. (2010) “Battery Storage Sizing in a Retrofitted 
Plug-in Hybrid Electric Vehicle” University of Manitoba, IEEE Vehicular Technology. Vol. 59, 
No. 6. July 2010 
 
Smokers R.T.M., Dijkhuzien A.J.J., Winkel R.G. (2000) “Hybrid Vehicles Overview Report 
2000” 
 
Srivastava, A., Annabathina, B., Kamalasadan, S. (2010) “The Challenges and Policy Options for 
Integrating PHEV into the Electric Grid” The Electricity Journal, April 2010, Vol. 23, Issue 3 
p83-91 
 
Taylor, J.; Maitra, A.; Alexander, M.; Brooks, D.; Duvall, M.; "Evaluation of the impact of plug-
in electric vehicle loading on distribution system operations," Power & Energy Society General 
Meeting, 2009. PES '09.IEEE , vol., no., pp.1-6, 26-30 July 2009 
doi: 10.1109/PES.2009.5275317 Retrieved August 2010 from 
(http://ieeexplore.ieee.org/stamp/stamp.jsp?tp=&arnumber=5275317&isnumber=5260217) 
 
Thomas H.B, Andrew A.F., (2009)“Design, demonstrations and sustainability impact assessments 
for plug-in hybrid electric vehicles”, Renewable and Sustainable Energy Reviews, Volume 13, 
Issue 1, January 2009, Pages 115-128, ISSN 1364-0321, DOI: 10.1016/j.rser.2007.05.003. 
Retrieved May 2010 from (http://www.sciencedirect.com/science/article/B6VMY-4P9T8GG-
2/2/b9a7f473b53f091947abbd832457818b) 
 
Vincent, C.A. “Lithium Batteries”, Industrial Electronic Engineers Review pp.65-68 March 1999. 
Retrieved Oct 2010 from 
(http://ieeexplore.ieee.org/stamp/stamp.jsp?tp=&arnumber=763322) 
 
 
 



 

82 

 

Appendices 



 

83 

 

Appendix A: Calculations 

A.1 Wire Loss Calculations 

 The resistive loss in the cables was calculated using the American Wire Gauge wire resistance 

calculation and the relationships between voltage, current, power and resistance. 

The wire resistance was calculated as follows: 

!!"""! = 10
!"#!!"

!"   

!!"""! = 10
!!!"
!" = 10!!.! = 0.158489Ω  

!!"!#$ =
0.158489Ω
1000′

!12! = 0.001902Ω 

Thus, the total wire resistance for 12’ of wire (6ft per lead) would equal approximately 

0.001902Ω per channel. Using P= I2R, we can calculate the maximum power loss for the wires 

under full load.  

!!"## = !!!!"!#$   

!!"## = 120! ! ∗ 0.001902Ω  

!!"## = 27.4! 

The maximum resistive power loss per channel would be 27.4W, which is ~1.3% of the full pulse 

power (~2040W). The voltage drop along channel leads can easily be calculated as well. 

!!"#$ = !!!"!#$   

!!"#$ = 120! ∗ 0.001902Ω  

!!"#$ = 0.22824! 

The voltage drop in the cables would be 0.22824V. However since the battery voltage is 

measured at the battery terminals, this is unimportant. 
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 The cylindrical batteries (A123 LiFePO4, NiMH, NiCd) all have current collector tabs 

that link individual cells together to form a battery pack, these current collector tabs are made 

from a nickel alloy in the case of the NiMH and NiCd batteries, while the A123 cells have a more 

complicated construction, involving nickel tabs on the cells joined to brass current collectors, 

finally followed by 8AWG stranded copper wire of short length. The resistance was calculated 

using simple methods to determine if there will be significant losses due to resistance of the 

current collecting tabs in each of these batteries. The equation for the metal resistance is as 

follows: 

! =
!"
!

 

where, R is the resistance (Ω), ! is the metal resistivity (Ω*m), l is the wire length (m) and a is the 

cross sectional area (m2).  

 

With nickel having a resistivity of 6.93x10-8 mΩ, and the current collecting tabs having a cross 

sectional area of 1x10-5 m2, and a wire length of 0.04 m the resistance of one of the tabs would be 

2.772x10-4 Ω. However, as there are 22 tabs (12 cells, 2 tabs per cell with the exception of the 

terminals), the total resistance of the current collecting tabs for the NiMH and NiCd batteries 

would be approximately 6.0984x10-3 Ω and ½ that for the NiCd parallel pack, 3.0492x10-3 Ω. 

Using similar methods the approximate resistance of the connections on the A123 LiFePO4 

battery is 4.323x10-4 Ω, which is approximately 3.5% of the measured resistance of the battery. 
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A.2 Capacity and Energy Measurement Variance 

 The two charts below are sample comparisons of the variance between calculated values 

and values reported by the machine.  

 

Figure 20: Measured and Calculated Capacity Variance 

 

 

Figure 21: Measured and Calculated Energy Variance 
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A.3 Volumetric Calculation 

In determining the volume of the battery packs, all were assumed to be rectangular prisms for 

simplicities sake. This does not consider the packing factor of the cylindrical cells or any 

additional thermal management or electrical control circuitry that would be required in a larger 

scale battery pack. The dimensions were measured with a tape measurer with an accuracy of 

±0.05cm and calculated as seen in the example below. 

! = !×!×ℎ  
! = 6.51 ± 0.05!"  
! = 16.42 ± 0.05!"  
ℎ = 8.75 ± 0.05!"  

  
! = 6.51 ∗ 16.42 ∗ 8.75 = 935.32!"! + !""#"  

!""#" = ! ∗
0.05
6.51

!

+
0.05
16.42

!

+
0.05
8.75

!

= 9.39!"!  

! = 935.32 ± 9.39!"! = 0.93532 ± 0.0939! 
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A.4 Tested Battery Systems 

 

 The tested battery systems are shown in the figures below, the images are meant to show 

the general construction methods used in each of the systems. Note that any quick-disconnect 

terminals were not included in measured battery pack mass. 

 

 
Figure 22: A123 LiFePO4 26650 cylindrical batteries arranged in 4P4S with current collector tabs 

and wiring 
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Figure 23: Genesis Pure-Lead Tin lead-acid prismatic battery manufactured into a valve-regulated 

plastic housing 

 

Figure 24: Standard absorbed glass mat lead-acid prismatic battery manufactured into a valve-

regulated plastic housing 
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Figure 25: SAFT nickel metal-hydride cylindrical cells arranged in a 10S shrink-wrapped pack fitted 

with quick-disconnecting terminals for testing 

 

Figure 26: SAFT nickel cadmium cylindrical cells arranged in two 10S packs fitted with quick-

disconnect terminals for testing in 10S2P configuration 
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Appendix B: Further Results 

 

B.1 Battery Capacity Results 

 Charts displaying the battery capacity as a function of the discharge rate for each of the 

test battery samples are displayed below. The error bars for each point are the respected standard 

deviations for each of the three tests performed. The measured error of the data is significantly 

lower than that of the standard deviation. 

 
Figure 27: A123 Lithium Iron Phosphate Battery Capacity 

It is interesting to note that the A123 capacity increases initially. This may be due to the fact that 

there is no cell balancing performed on the assembled battery pack implying that one of the cells 
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100% SOC using the recommended charge method before assembly into a battery pack. It is 

noticeable however that the battery capacity for the 12.5C discharge rate is lower than all of the 

other lower discharge rates. 

 

Figure 28: Genesis Lead-Tin Battery Capacity 
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Figure 29: VRLA Battery Capacity 

 Both the lead-acid batteries demonstrate the rate capacity effect well, with diminishing 

capacity as the discharge rate increases. 
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Figure 30: NiMH Battery Capacity 

 

The raw battery capacity testing results are displayed in Table 24 below. 

 

 

 

 

 

 

  

11	  

11.5	  

12	  

12.5	  

13	  

13.5	  

14	  

0	   0.5	   1	   1.5	   2	   2.5	   3	   3.5	  

Ca
pa
ci
ty
	  (A
h)
	  

C-‐Rate	  

NiMH	  0.5C	  
NiMH	  1C	  
NiMH	  2C	  
NiMH	  3.33C	  



 

94 

 

Table 24: Battery Capacity Testing Data 

C-Rate / Discharge Capacity A123 (Ah) Genesis (Ah) LA (Ah) NiMH (Ah) NiCd (Ah) 
0.5C 8.2997 14.3973 7.6106 13.0152 13.7921 
0.5C 8.3287 15.2602 7.9758 13.5229 13.5430 
0.5C 8.3462 15.3359 7.8988 13.7229 NA 
1C 8.3388 13.7368 7.2922 13.6883 12.5229 
1C 8.3664 13.2029 6.9486 13.7524 13.8718 
1C 8.3942 13.2222 6.7426 13.7343 NA 
2C 8.4096 11.4682 6.0093 13.3738 12.4954 
2C 8.4219 11.1838 5.7551 13.6785 10.4649 
2C 8.4346 11.1888 5.6356 13.7708 11.5770 

MAX C 8.2975 8.0413 5.1383 11.5550 12.4105 
MAX C 8.2706 7.6524 4.9893 12.7260 10.7313 
MAX C 8.3698 7.5800 4.9192 12.9453 NA 

 

B.2 Battery 30s Peak Power Results 

 The experimental measurement of the battery peak power was developed using USABC 

protocols as outlined in section 3.4.3.2. Extra experimental data was required for each different 

battery including open circuit voltage (OCV) measurement at different states of charge (SOC) 

and voltage response to a ramping current at different SOC levels. Two different battery 

examples will be described in this section to illustrate the methodology. 

 

Genesis Lead-Tin Peak Power 

 To determine the OCV at different SOC values of importance (80%, 50%, 40%) a test 

was conducted to slowly discharge the battery at a rate of C/3 until the appropriate amount of 

energy was discharged. For the 16Ah Genesis Pb-Sn battery tested, the appropriate energy 

discharged for 80%, 50% and 40% SOC were 3.2 Ah, 8 Ah, and 9.6 Ah respectively. The table 

below illustrates the voltage response after the slow discharge. The voltages were measured for 

15 seconds after a 5-minute rest period and averaged. 
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State of Charge Voltage 2/3 Voltage 
80% 12.775V 8.517V 
50% 12.402V 8.268V 
40% 12.283 V 8.189V 
 

Following the USABC Maximum Battery Power testing schedule, the OCV values were 

multiplied by 2/3 and used as a limit for the next step of testing. The objective of the next step 

was to determine what current value could suppress the battery voltage to 2/3 of the OCV at the 

specific SOC. To accomplish this, the battery would be subjected to a ramped current discharge, 

subject to the conditions that it would reach the maximum BTU current in less than 5 seconds. As 

the maximum magnitude of current discharge for the BTU was -118A, the testing was set to limit 

the current to either the 2/3 OCV voltages, or the maximum BTU current and record the value. 

The table below illustrates the results of the current ramping tests. 

 

State of Charge Current Voltage 
80% -118 A 11.307 V 
50% -118 A 10.447 V 
40% -118 A 10.042 V 
 

As seen above, the limit of the test was the BTU, incapable of discharging the battery at a high 

enough current to suppress the voltage to the 2/3 SOC value. The 30s constant current discharge 

test was then carried out at the BTU maximum discharge current; the response is shown in Figure 

31. 
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Figure 31: Genesis Pb-Sn Max 80% SOC Power Response 

The voltage response for each SOC was then averaged and multiplied by the constant current 

value to give a power rating for that SOC. The table below shows the power ratings for each test 

for each SOC. 

 

State of Charge Test 1 Power Test 2 Power 
80% -1319.97 W -1318.38 W 
50% -1203.97 W -1206.59 W 
40% -1121.36 W -1109.13 W 
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SAFT NiMH Peak Power 

 The peak power testing for the NiMH battery followed the same methods as the Genesis 

Pb-Sn battery above, however, unlike the Genesis battery, the NiMH was limited by the 2/3 OCV 

in the second test instead of the maximum BTU current. The two tables below show the battery 

response to the OCV-SOC determination and the ramped current. 

State of Charge Voltage 2/3 Voltage 
80% 12.968 V 8.645 V 
50% 12.608 V 8.405V 
30% 12.505 V 8.337 V 
 

State of Charge Current Voltage 
80% -101.207 A 8.625 V 
50% -103.412 A 8.397 V 
30% -91.308 A 8.329 V 
 

The final table below shows the results of the peak power testing. 

State of Charge Test 1 Power Test 2 Power 
80% -817.535 W -829.608 W 
50% -845.667 W -856.133 W 
30% -641.418 N/A 
 

Figure 32 below shows the voltage response during an 80% SOC peak power test. 
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Figure 32: SAFT NiMH 80% SOC Peak Power Response 
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cells in packs, a cell was chosen close to the middle of the pack for the internal measurement 

point, and similarly a cell on the exterior of the pack was chosen as the external measurement 

point. The lead-acid batteries are encased in a plastic housing to contain the acid; temperature 

measurement of these batteries was limited to the skin temperature at points near the terminals 

and on the sides or bottom. The figures below show the temperature response during cycling. 
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Figure 33: A123 Duty Cycle Temperature Response 

 

Figure 34: Genesis Lead-Tin Duty Cycle Temperature Response 
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Figure 35: AGM VRLA Duty Cycle Temperature Response 

 

Figure 36: NiMH Duty Cycle Temperature Response 
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Figure 37: SAFT NiCd Duty Cycle Temperature Response 

B.4 Battery Current-Capacity Response 

 

Figure 38: Battery Current-Capacity 
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B.5 Battery Results 

Full battery testing and literature review results are shown below. 

 

Figure 39: Full Testing Results 
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B.6 A123 Duty Cycle Capacity Regression for Comparison 

 

Regression of data in Section 5.1 showing slightly diminishing discharge energy as testing 

iterations increased for the A123 LiFePO4 battery pack. 

 

 

Figure 40: A123 LiFePO4 regression of duty cycle discharge energy 
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Figure 41: Residuals for linear regression on A123 LiFePO4 duty cycle discharge energy 
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Appendix C: Battery Decision Matrix 

C.1 Battery Decision Matrix 

 

Each of the design criteria weightings are factored by the following method, and then scaled 

based on the largest factor to 10. 

 

Specific Energy = Mass*Size*Range 

Energy Density = Volume*Range 

Specific Power = Mass*Size 

Power Density = Size*Volume 

Energy Cost = Mass*Range+1/3(Max factor) 

Power Cost = Mass*Size+1/3(Max factor) 

 

In order to adjust for the importance of costs based on this weighting method, the weights 

associated with cost were increased by a common factor of one third of the largest of the other 

factors. The “Max factor” refers to the maximum value of the other weightings before scaling. 

 

Cycle life was based on the assumption that if the battery system could not achieve 1000 or more 

cycles at the rated SOC window, it would have to be replaced during normal vehicle lifetime. As 

such, the two lead-acid batteries are not affected by the cycle-life component of the decision 

matrix. 

 


