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The work presented in this thesis was completed with the aim tof providinge a complete picture of the dynamic charge acceptance (DCA) behaviour of lead-acid (Pb-APbA) batteries of different carbon additive technologies.  .  It was inspired by the growth in the electric vehicle (EVs) market due to the increasing need for clean energy and the fact that, despite advancements in their technology, EVs still remain expensive due to the cost of the battery.  .  Considering their inexpensive manufacturing costs, as well as material cost, the advancement of automotive Pb-APbA batteries for EV use is an area of high interest.  .  The recentresent development of Pb-APbA batteries with carbon additives a makes them a reasonable battery choice in the future for EVs, due to their continuous improvements in charge acceptance and battery life.
To help the reader to understand the challenges of using PbA-B batteries in EVs the high-rate, partial-state-of-charge operation mode required of them is reported on, as well as the detrimental effects this can have on the Pb-APbA battery technology.  .  The benefits of carbon additives to Pb-APbA are then presented as well as the different high carbon Pb-APbA battery technologies used within this work.  .  DCA measurements are defined and their applicability toof in determineining a battery’s suitability for use in EVs is outlined.  .  This thesis will then describe the test rig designed to complete the DCA tests as well as the LabVIEW (Laboratory Virtual Instrument Engineering Workbench) control software.  .   The results of the (DCA) testing are then reported on and discussed before the scope for further study is examined.    
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ADC 	Analogue to digital converter  
AGM 	Absorbent Glass Mat
BEV		Battery electric vehicle	
Cexp		Experimentally measured capacitance of the battery  
CHA		A charging period within the testing sequence 
Char		Test results for charging state of charge steps
Cnom		Nominal capacitance of the battery 
DCA		Dynamic charge acceptance
DCH 	A discharging period within the testing sequence 
Dis 		Test results for discharging state of charge steps 
e-  		Electron
EV		Electric vehicle 
H+ 		Hydrogen ion
H2O		Water
H2SO4	Sulfuric acid
HEV		Hybrid electric vehicle 
HRPSoC	High rate partial state of charge
ICE		Internal combustion engine 
ICEV		Internal combustion engine vehicle 
k 		An integer value
LabVIEW	Laboratory Virtual Instrument Engineering Workbench
LIB 		Lithium ion battery 
NI		National Instruments
NiMH 	Nickle metal hydride
OCV 	Open circuit voltage 
Pb		Lead
PbA		Lead-acid
PbO2	Lead dioxide 	Comment by katharine: Hi Luke, do I add all chemical symbols to the glossary? 
PbSO4 	Lead Sulfate
PUA 	A pause period within the testing sequence
Q		Charge added or removed to or from the test battery
SLI		Starting lighting ignition
SoC		State of charge 	
TDMS	Technical Data Management Streaming
VI		Virtual instruments	
VRLA	Valve regulated lead acid
x 		The charging current factor that the capacity of the battery is multiplied by during microcycles
μCycle	A complete microcycle within the testing sequence
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Introduction
The work in this thesis aims to towards the construction of a test rig to investigate the dynamic charge acceptance (DCA) properties of carbon enhanced lead-acid (PbA) batteries, using a made for use test rig.  .  The test rig is verified by comparative measurements of DCA  in a number of different carbon enhanced Pb-APbA batteries together with a standard motorcycle starter battery, used as the control.  .  This chapter aims to define dynamic charge acceptance (DCAA) in termsof of battery performanceies, particularly, Pb-A batteries, and show how itDCA is measured.  .  It will outline the rise of electric vehicles (EVs) as well as what benefits batteries with a high DCA have into the EV market.  .  This will be done by presenting previous research in the area as well as outlining the need to investigate the future potential of advancements in Pb-APbA technology.   .  The test procedure used throughout testing will be presented and finally this chapter will outline the thesis structure.

1.1. [bookmark: _Toc456648800]The history of the automotive lead-acid battery
While commercial EVs may seem to some to be a relatively new technology, born out of the While commercial EVs may seem to some to be a relatively new technology, born out of the recognition of the damage caused by fossil fuels, EVs have been in use since the 19th century.  The first examples, created in the 1830s, relied on non-rechargeable batteries, before the invention of the mass-produced rechargeable battery which led to a wider use of the technology [1.1].  Due to the unreliable nature of early internal combustion engine vehicles (ICEV), and the need for a manual crank start, most private cars of the time would have been electric [1.1].  During this time EV technology was complemented by the PbA battery, the first rechargeable battery technology.  
First established in 1859, a creation of Gaston Planté [1.2], the PbA battery rapidly found its place in the automotive world as well as stationary storage applications.  The battery, in its infancy, consisted of two lead (Pb) plates, separated by rubber strips, which were immersed in a sulfuric acid (H2SO4) electrolyte solution.  After a current was passed from one plate to the other and then removed from the solution a potential voltage appeared across the plates, allowing for a reverse current to be generated from the battery cell [1.2].  recognition of the damage caused by fossil fuels, EVs have been in use since the 19th century.  The first examples, created in the 1830s, relied on non-rechargeable batteries before the invention of the mass-produced rechargeable battery which lead to a wider use of the product.  Due to the unreliable nature of early internal combustion engine vehicles (ICEV) and the need for a manual crank start most private cars of the time would have been electric [1.1].  During this time EV technology was complimented by the PbA battery.  First established in 1859, a creation of Gaston Planté, the PbA battery rapidly found its place in the automotive world as well as stationary storage applications.  The battery in its infancy consisted of two lead plates, separated by rubber strips, which were immersed in a sulfuric acid solution electrolyte
Despite further developments, the Pb-APbA battery was initially restricted by its limited capacity and low specific energy,  – the measure of energy stored per kg, as well as .the slow manufacturing process.  
It had previously been established, by Kӓstner, Nobili, Schönbien and Wheatstone in 1810, 1828, 1838 and 1843 respectively, that passing a current through lead electrodes that are submerged in an H2SO4 solution will result in a formation of lead dioxide (PbO2) on one of the electrodes [1.2].  However, it wasn’t until 1881 that the major breakthrough in PbA battery technology was developed by Camille Fauré: a process of coating the lead plates in a red lead oxide, sulfuric acid and water paste   However by 1881, largely due to the work of Camille Fauré[1.2].,   When this paste was applied the plates, which were then charged, active masses of Pb and PbO2 were formed on the separate plates.  This process not only allowed for the industrial production of PbA batteries, but also the the specific energy of the battery was greatly improved to 8 Wh kg-1 at 10 hours discharge rate. This allowedllowing for one of the first practical EVs, powered by rechargeable PbA batteries, to be invented by Gustave Trouvé in 1881 [1.2].  .  Within 20 years this technology was fitted in submarines, dirigible balloons and, by 1899, a PbA battery powered EV broke a speed record of 109 km h-1 [1.2].  .  
However, despite their initial popularity, as technology moved on and the self-starter for the ICEV was invented in 1911, production of EVs fell into decline.  .  With an increasedAs access to cheap fuel, a substance with a higher specific energy of 9000 Wh kg-1 compared to even the modern day PbA battery’s specific energy of 30-40, Wh kg-1 [1.2] grew the ICEVs popularity grew and the rechargeable PbA battery was left with the secondary automotive functions of starting, lighting and ignition (SLI) [1.1].  .  
Despite changes to the battery design the chemical reaction within the system was established in 1882 by Gladstone and Tribe [1.4] and has remained unchanged.  It is known as the double sulfate theory and is as follows: 
	PbO2 + Pb + 2H2SO4  ↔ 2PbSO4 + 2H2O
This can be further broken down for the negative electrode:
Pb + HSO4  ↔  PbSO4 + H+ + 2e-
and for the positive electrode: 
PbO2 + HSO4 + 3H+ + 2e-  ↔  PbSO4 + 2H2O
For all above reactions a discharge period reads from left to right and in reverse for a charging period.  

Despite all of the advancements there were still a number of fundamental problems with the PbA battery, including water loss and over gassing during use.  It was found that charging both of the electrodes would result in an electrode potential of –0.358 V on the negative electrode and 1.690 V on the positive electrode causing a total cell voltage of 2.048 V [1.4].  As this voltage is higher than the standard voltage used for water decomposition, charging the battery will result in a loss of water in the electrolyte during operation [1.4].  This was especially true in the early 20th century when the lead sheets that had previously made up the electrode plates had been replaced with lead alloy grids, consisting of lead and high levels of antimony, while sintered PVC was used for the separators [1.2].  While, the antimony in the positive electrode helped to improve the drive cycle of the battery, as the electrode naturally corroded it was found that the antimony was deposited on the negative plate via the acidic electrolyte [1.2].  This was prone to triggering a hydrogen evolution during low overpotentials, resulting in an acceleration of water decomposition in the electrolyte [1.2].  Therefore the battery water levels would need to be systematically topped up.  To combat this the antimony-lead plate grids were replaced with calcium-lead and the problem of water loss and the maintenance connected to it were reduced [1.2].  Yet as ICEVs have improved the automotive PbA battery has experienced its own technological advancements.  One of the early problems highlighted with the SLI battery was the periodical need for maintenance due to a loss of water during operation.  By the 20th century the lead sheets, that had previously made up the electrode plates, had been replaced with grid lead alloys consisting of lead and high levels of antimony, while sintered PVC was used for the separators.  The antimony in the positive electrode helped to improve the drive cycle of the battery, however, as the positive electrode naturally corroded it was found that the antimony was deposited on the negative plate via the acidic electrolyte.  This was prone to causing a high level of water decomposition in the electrolyte resulting in the need to systematically top up the water levels.  A reduction in antimony and an increase of calcium reduced the problems of water loss and the maintenance connected to it [1.2].  

This, however,  was not enough to allow for the battery to be sealedd, ass, during charging and overcharging periods, hydrogen is produced on the negative electrode due to the reaction: 
2H+ + 2e-  →  H2 
While oxygen is produced on the positive plate during these periods due to: 
H2O  →  O2 + 2H+ + 2e- 
Both of these gas evolutions will a side effect to the operating chemical reaction of the PbA battery is a production of oxygen on the positive plate resulting in an increase of pressure in a closed system [1.4].  .  Therefore, the focus turned to facilitating an oxygen recombination cycle where the separator material and  electrolyte would allow for the oxygen to reach the negative plate where it couldan be reduced.  .  Two separator types, both consisting of silica, were developed.  The first; one, in 1935, was created by Otto Jache from Sonnenschein and  consisteding of a porous silica gel. The second  and the other was made in 1967 by D.  McClelland and J.  Devitt of Gates Corporation and consisted of silica glass fibres. The latter was , known as absorbent glass mat (AGM) [1.2], made of silica glass fibres.  .  These both create small gas channels allowing the oxygen to dissipate through the material to the negative electrode where the following reaction can occur to create an oxygen recombination cycle: 
O2 + 2H+ + 2e-.    →  H2O
However, despite the silica separators, it is still possible that the production of oxygen at the positive plate can become too high for the oxygen reduction at the negative plate.  Therefore a valve was built into the cell lid to allow for a release of excess pressure creating a valve regulated lead acid (VRLA) battery [1.4].  The valve is kept closed during normal operation to prevent gases entering the battery, only opening to vent the oxygen when the pressure within the battery reaches a predetermined value.  Before the battery reaches atmospheric pressure the valve is closed again [1.5].  An example of the current conventional construction of a SLI type VRLA battery is shown in figure 1.1
[image: ]
Figure 1.1: A deconstructed diagram of a convention SLI type VRLA battery. Reproduced by permission of Elsevier Ltd [1.3]
Layers of the positive plates, separators and negative plates seen in figure 1.1 create cells of 2.048 V which are connected with the battery pack to create batteries of various sizes
PbA batteries can generally be classified as:
· Flooded batteries: Require regular maintenance due to water loss.  A higher level of electrolyte is used to flood the cells in order to reduce the need for water top up [1.5]
· Gel VRLA: VLRA battery where the acid electrolyte is greatly reduced and immobilised by hardening it into a gel.  As water is initially lost during charging the gel dries and cracks, allowing for the oxygen recombination cycle to complete. [1.5]
· AGM VRLA: VLRA battery where the reduced acid electrolyte is absorbed into a highly porous separator where the oxygen recombination cycle occurs through the interstices [1.5]
Currently SLI batteries are usually flooded or AGM batteries with a nominal voltage of 12 V for passenger cars and 24 V for heavy duty commercial vehicles in Europe [1.4].  

[bookmark: _Toc452250930][bookmark: _Toc452253745][bookmark: _Toc452621756][bookmark: _Toc456648801]As, despite the silica separators, the production of oxygen at the positive plate can become too high for the reduction at the negative plate a valve is built into the cell lid to allow for a release of excess pressure.  These batteries are known as VLRA [1.3].  
[bookmark: _Toc452250931][bookmark: _Toc452253746][bookmark: _Toc452621757][bookmark: _Toc456648802]PbA batteries are generally classified as flooded batteries, gel VRLA or AGM VRLA where flooded batteries require regular maintenance while VLRA do not.  Currently SLI batteries are usually flooded or AGM batteries with a nominal voltage of 12 V for passenger cars and 24 V for heavy duty commercial vehicles in Europe [1.3].
1.2. [bookmark: _Toc456648803]New demand for electric vehicles
With the current growing interest of governments in reducing CO2 emissions [1.6] EVs have once again become a research subject of high significance.  .  As transport has major environmental effects, with figures for 2014 showing that it was responsible for 14% of the total anthropogenic greenhouse gassesgases produced [1.74], EU targets for 2021 have been set for a reduction in CO2 emissions of 40% for all new cars [1.85].   .  
Whilst there have been large incentives to encourage people to turn to EVs, such as providing large consumer grants of £5,000 for private EV payments [1.96], 69% of driving licence holders in the UK would still not consider buying an EV [1.107].  .  The main reasons for this lack of interest are the perceived problemsissues surrounding recharging andand the distance of travel the capacity of the battery would allow for, as well as high costs [1.10].  .  A large part of the additional cost to buying an EV over a conventional ICEV is the battery [1.118].  .  Therefore, if the public opinion of EVs is to improve, it is important to work towards finding a low cost battery technology which is able to meet the needs and expectations of the driver.   .  

1.3. [bookmark: _Toc456648804]Modern electric vehicle technology
Modern EVs can be split into two main types:, those that use only a rechargeable battery known as battery electric vehicles (BEVs) and those, known as hybrid electric vehicles (HEV), which work in conjunction with an internal combustion engine.  .  The former consists of an electric motor driven by a rechargeable battery, which is usually recharged using mains electricity while the vehicle is stationary.  .  Ultimately the benefits of this technology depend on the process of electricity generation, with renewable energy resulting in the highest CO2 emission reduction.  .  The second configuration, the HEV, also consists of an electric motor and rechargeable battery., Hhowever, the system is also assisted by an ICEV to either to drive, or accelerate the vehicle directly or to act as a generator to recharge the battery during use.  .  
To deal with the batteries’ energy depletion during use, all EVs utilise regenerative breakingbraking. This is where t where the electric motor is operated as a generator while the vehicle is decelerating to recharge the battery [1.119].  .  Here an electric brake is used in conjunction with the conventional mechanical brake (friction braking), both of which are controlled by the usual foot pedal.  The total braking torque is decided by the driver pressing the brake pedal whilst the load to each type of brake is decided by a control strategy.  The electric brakes work by running the electric motor attached to the driving wheels in reverse and using the inertia of the vehicle to turn the motor into a generator [1.12].  The back EMF created by this generator is boosted and acts as a voltage source, redirecting the current to recharge the battery during braking.  The initial braking is completed by the electric brake to recover the maximum energy, with the mechanical brakes initiating if the braking force required is greater than that created by the electric brake.  If the battery is full, and therefore not able to accept the charging current, the electric brake will not be capable of producing a sufficient braking force. This will result in all or most of the braking being completed by the mechanical brakes, therefore limiting the amount of energy regeneration [1.12].   It has been shown that the use of regenerative braking can result in an increase of up to 15% in the driving range of the EV [1.12]. Therefore it is important that the automotive battery is capable of accepting high charging currents during braking periods 
Additionally all HEVs employ an automatic stop start function.  .  This allows the internal combustion engine (ICE) V to cut out as soon as the vehicle is stationary, thus relying on the rechargeable battery to maintain the SLI functions until the vehicle moves and the  ICE is restarted.  .  The level of electrification in HEVs can also vary, resulting in a scaled level of cost to the user as well as reduction in local CO2 emissions.  .  
The levels of hybridisation are:se are 
· Micro-hybrid electric vehicles: U Uses only stop start function and regenerative breakingbraking which is common to all HEVs.  .  This has the lowest effect on CO2 emissions at 4-7% but also has the lowest cost per 1% CO2 reduction at €35-100..  Cars using this technology include the Land Rover Freelander 2TD4 and the BMW 320d 
· Mild-hybrid electric vehicles: In addition to the minimum HEV functions the electric motor is used for propulsion assist during an initial acceleration from a stop before the ICE takes over. .    TThe CO2 benefit of this vehicle technology is 8-12% with a cost of €200-250 per % CO2 reduction.  Models include the Mercedes Benz S400 BlueHybrid and the Honda Civic. 
· Full hybrid electric vehicles: As well as using the electric motor for propulsion assist this HEV type can also rely on the motor for drive power for a limited amount of time.   .  The CO2 benefit of this vehicle is 15-20% with a cost €200-250 per % CO2 reduction.  Models include the Toyota Prius and the Ford C-Max
· Plug-in hybrid electric vehicles: This vehicle is the most similar to the BEV as the battery is recharged from mains and can therefore utilise the electric motor during driving for extended periods of time.  .  It is still classed as a hybrid, however, as it still relies on the ICE to assist when the battery energy has been depleted.  .  This system has the best CO2 emission reduction of 20+% but has a higher cost of €300-500 per  1% CO2 reduction .  [1.43] Models include the Toyota Prius Plug in Hybrid, the Cevrolet Volt and the Ford C-Max Energi
With the varying levels of electric drivetrain required it follows that the demands of the batteries also varies, however, the battery in all types of EV it must be able to cope with high rates of discharge if only for maintaining the SLI functions of the car while the ICE is not in useoff.  .  


1.4. [bookmark: _Toc456648805]Automotive battery technology within electric vehicles
1.4.1. [bookmark: _Toc456648806]Nickel Metal Hydride 
Most of the current best-selling passenger EVs use nickel metal hydride (NiMH) for the rechargeable battery as it has a specific energy nearly double that of lead acid batteries at        30-80 Wh kg-1.  .  However they also typically cost at least three times more than lead acid batteries, 1.4-2.8 Wh $-1 compared to 5-8 Wh $-1. [1.1].  .  
One of the concerns of NiMH batteries is their high rare earth metal content, with estimates between 2.17-3.5 kg per EV battery pack.  .  The mining of rare earth metals has potentially similar political and environmental issues to the extraction of petroloil, with Europe importing 90% of its supply due to its own limited resources.  .  Price increases have led to the total cost of rare earth materials in NiMH batteries increasing by 3000% from the end of 2005 to June 2011 [1.14].  .  This has resulted in most technologies that are thought of as environmentally friendly trying to move away from their dependence on rare earth materials [1.140].

1.4.2. [bookmark: _Toc456648807]Lithium ion 
Previously it was believed that lithium ion batteries (LIB) would be unobtainable for commercial electric vehicles in the immediate future due to their high costs [1.1].  .  However with their price falling more rapidly than previously predicted it is likely they could eventually surpass NiMH usage with a number of the best-selling passenger EVs having already adapted the technology [1.15].  .  
The exceedingly higher specific energy of LIBs, 160 Wh kg-1 [1.1] compared to NiMH and Pb-APbA, certainly makes the formerLi-ion an attractive option, however with such a rapidly growing technology it is important to consider its waste management and disposal.  .  With the high likelihood of all EVs using LIBs by 2025 [1.15] predicted estimates of the number of LIBs entering the waste stream annually by 2020 in the US alone range between 30-500 million cells [1.15].  .  Without appropriate recycling and waste management regulations LIBs pose an environmental risk due to their content of copper, nickel, lithium and carbonaceous materials such as graphite and carbon black.  .  It is estimated that 42% of the materials, such as aluminium, copper and nickel, which make up the LIBs waste stream are currently recyclable while 48% are made of non-recyclable materials.  .  The remaining 10% includes lithium and manganese, two high value components that are not currently recovered from redundant batteries [1.151].
With the high predicted projection of EVs containing LIBs and their limited recycling facilities, access to, and the availability of, lithium resources becomes highly important.  .  While the planetary levels of lithium can easily cope with the increasing demand, when considering current production levels, the amount of available lithium is deemed inadequate for EV growth.  .  Regardless of production rates, as with rare earth metals, Europe’s own lithium resources are limited with their ownership only accounting for 3% [1.162].
1.4.3. [bookmark: _Toc456648808]Lead–acid  
As mentioned in section 1.1 all automobiles, regardless of their powertrain technology, still use a PbA battery for their SLI function, despite the high atomic weight of lead resulting in aits low specific weight energy of 30-40 Wh kg-1 [1.139].  .  Its extensive history has led to a cost-optimised manufacturing technology which, coupled with the low cost of raw materials, makes the PbA battery the most economically attractive option [1.1].   .  In terms of performance within SLI functions, PbA batteries have a sufficient power density of 180 W kg-1 the capability to deliver very high power with AGMs obtaining the highest power capabilities while their low self-discharge rate of 2-5% per month means they are capable of storing obtained energy for extended periods [1.2].  .  
Unlike NiMH and Li-ion, their well-established recycling systems means that more than 95% of automotive PbA batteries used in the majority of industrial countries are currently recycled.  .  This leads to 80% of the lead needed for new batteries coming from recycled lead.  .  This high recycling rate, as well as the low temperatures needed for the metal production, means that PbA batteries have the lowest levels for carbon dioxide emissions, criteria pollutant emissions and has the lowest production energy compared to other battery types [1.173].  .  

1.5. [bookmark: _Toc456648809]The role of the Pb-APbA battery in the future of EVs
Currently the immediate future of PbA batteries is with the micro HEV, where the function of the battery does not deviate significantly from the SLI battery.  .  It does, however, increase the demand on the battery.  .  Due to the stop start function the vehicle will likely perform around ten times as many engine cranks during its life time than wasas previously designed for, making the capture of energy during regenerative breakingbraking imperative [1.184].  .  To maximise this energy recuperation method it is necessary to run the battery in a constant partial state of charge, to ensure it is always able to receive charge, while subjecting it to high rate shallow charge and discharge events.  .  For HEV applications the optimal range of state of charge is above 30%, to provide enough energy for cold cranking, and below 70%, for efficient energy recuperation.   .  
This mode of operation, known as high rate partial state of charge (HRPSoC), has been found to cause the battery to prematurely fail, consequently raising the running costs for HEVs.  .  When a PbA battery is discharged at a low rate the normal electrochemical reaction, outlined in section 1.1, will cause lead sulfate crystals of various sizes to be deposited both on the surface and interior of the negative plate [1.19].  .  Charging at the battery at a low rate then dissolves these crystals.   .  However, as the battery is discharged with high currents, such as those needed for cranking, a progressively concentrated layer of tiny sulfate crystals develops on the surface of the plate, reducing the viable surface area for electron transfer [1.19].  .  This  therefore  limits the discharging chemical reaction, that of converting lead and lead dioxide to lead sulfate, to the surface of the platces instead of into the interior.  .  When the battery is subsequently charged, after a high rate discharge, this sulfate layer limits the utilisation of the active negative material [1.19]; therefore impeding the charging electrochemical reaction outlined in section 1.1. This , causesing an increase of the lead sulfate, as well as a hydrogen evolution, thuserefore limiting the batteries’ charge acceptance.  .  This will eventually limit the batteries power to an extent that will reduce the batteries ability to perform engine cranks [1.195].  .  
Various methods for improving the performance of the negative plate during this mode of operation were identified, such as: increasing the electronically conducting surface area, introducing an element to improve charge efficiency, and diminishing the growth of sulfate crystals [1.184].  .  Carbon quickly became a candidate to help provide these improvements.   
Early investigations provided encouraging results with increasing rates of carbon additives resulting in a decrease in sulfate crystal growth rate therefore garnering improvements in cycle life.  .  This was attributed to the carbon enhancing the overall conductivity of the negative plate by creating new conductive networks of carbon in between sulfate crystals [1.20].  .  As research expanded into different types and quantities of carbon additives the definitive function of the carbon remained unknown.  .   However theories have centred around the previously mentioned improved conduction network on the negative plate [1.2116], reduction in sulfate crystal growth [1.2017], reduction in hydrogen evolution [1.2218], increase in acid diffusion within the negative plate interior [1.2319] and the supercapacitive effects of carbon black.  .  Regardless of the precise reason, test results on batteries were encouraging.

1.5.1. [bookmark: _Toc456648810]The “UltraBattery” 
One of the proposed methods of utilising carbon additives was to provide an effective peak power buffer for the battery cell, in the form of an electric double layer supercapacitor.  .  This is an electrochemical energy storage device, where the high capacitance of the device allows for a largean accumulation of electrostatic charge on the electrode at the electrolyte interface results in a high capacitance.  .  As they are characterised by their high power density but limited energy density [1.240] they have emerged as an obvious compleiment to PbA batteries, effectively acting as a secondary battery.  .  
An early setup consisted of a parallel connection of a supercapacitor and a VRLA cell.  .  The performance of thisThis combination was tested bythen subjecting ited to a 2400 test cycles of a typical mild HEV drive cycle, taken from the Honda Insight, scaled down to represent the demands on a single cell within a pack [1.25].  .  While the VRLA cell, when unassisted, failed to manage to complete half the cycles, due to currents exceeding 100 A, the addition of a single supercapacitor improved the performance.  .  This test was completed with three capacitors with values ranging from 100 F to 2500 F where the highest capacitance resulted in the most improvement, allowing this combination to complete all 2400 test cycles [1.25].  .  It was observed that during high rate events the capacitor protects the battery by accepting and providing the majority of transient current for charging and discharging respectively.  .  As the peak rate of the current reduces, the battery is effectively charged by the supercapacitor to then act as the bulk long term energy storage device.  .  Once the current is removed this charging continues until their potentials reach equilibrium [1.25]1].  .  However, due to the operational voltages of the two devices differing, an electronic control system is necessary to regulate their individual current flow.  .  Due to this extra complexity the total cost of this system can be pushed to levels exceeding that even of LIBs [1.252], whilste the combined weight and volume of the Pb-APbA cell and supercapacitor would increase to approximately 2.5 and 3.4 times that of the NiMH system.  .  [1.251] 

The Furukawa UltraBattery is an evolution of this technology whereby an asymmetric super capacitor, consisting of a lead dioxide positive plate and a carbon based negative plate, is embedded in the same pack as lead-acid cell, consisting of a lead dioxide positive plate and a sponge lead negative plate [1.27].  .  This is illustrated in figure 1.2.  As these two devices have the same positive plate composition their negative plates can internally be connected in parallel.  While this connection removes the need for a control system the difference in operating potential of the devices can result in the battery cell reaching its end cell terminal voltage while the capacitor still holds energy on its plate.  [1.23] R
[image: ]
Figure 1.1 – The red positive lead oxide electrode is shared by both the lead-acid battery and the supercapacitor while their negative lead and carbon electrodes, shown in gold and silver respectively, are connected in parallel. Reproduced by permission of ECS – The Electrochemical Society [1.28]
As these two devices have the same positive plate composition their negative plates can internally be connected in parallel.  While this connection removes the need for a control system, the difference in operating potential of the devices can result in the battery cell reaching its end cell terminal voltage while the capacitor still holds energy on its plate [1.27].  
Regardless of this, tests conducted on the ultra-battery report a significant improvement in performance.  .  The charge and discharge power improvements were found to be ~50% and ~60% respectively when compared to the control cell without supercapacitor support.  .  The cycle life also experiences improvements with the UltraBattery completing ~17,000 cycles, consisting of charge and discharge pulses, compared to the ~1,400 cycles completed by the control cell.  .  This cycle life increaseds to remaining in a healthy state after 370,000 cycles if the pulse times were shortened and the battery was fully charged after every 25,000 cycles.  .  [1.262]

1.6. [bookmark: _Toc456648811]Dynamic charge acceptance 
As regenerative breakingbraking is standard in all EV and HEV technologies it was identified that a useful characterisation of a battery’ies ability to respond to the increasingly demanding electrical systems within modern automobiles iswas its ability to dynamically accept charge [1.139].  .  This is important, both for recovery of energy when the EV is braking –  – to reduce losses in the overall braking system – , and  also in the charging of the EV battery, – as an increased ability will lead to a faster recharge of the EV battery.  .  It has been noted that this ability is highly dependent on the battery’ies immediate history, meaning that merely cycling a battery through charge / discharge cycles during measurements will not present a true picture of the batteries behaviour.  .  Due to the nature of automotive use, the battery may have to accept a high current pulse after a rest period, a partial discharge or a partial charge. All of these all have an effect on the amount of charge the battery can accept [1.18].  Due to the nature of automotive use the battery may have to accept a high current pulse after a rest period, a partial discharge or a partial charge which all have an effect on the amount of charge the battery can accept [1.14]
.  [image: ]
Figure 1. 3: An example of the battery voltage and current during a drive cycle taken from a Volkswagan Passat 2.0l fitted with a CPT SpeedStart and an Exide 12 V battery pack.  The battery is being charged when the current is negative
This is demonstrated in figure 1.3, which shows the battery voltage and current behaviour during a drive cycle taken. This was taken from a Volkswagen Passat 2.0L fitted with a CPT SpeedStart Integrated Starter Generator and an Exide 12 V battery pack.  The car was driven by a professional driver at the Millbrook proving ground at Bedford and the raw data was provided by ProVector Ltd. When the current is positive the battery is being discharged. It shows a mixture of rest periods lasting ~100 seconds followed by high discharging pulses of ~250 A and relatively smaller recharging pulses of ~50 A. 
However it is also difficult to obtain a true picture of the DCA characteristics of the PbA battery in operation as it is inconsistent and hard to predict [1.27]T.  To combat false charge acceptance rates the idea of dynamic charge acceptance (DCA) was incorporated into automotive battery testing.  .  In real world terms DCA has been defined as “the amount of charge that is actually charged to the battery during regenerative braking phases of a driving cycle divided by the amount of charge that could be provided by the generator” [1.292].  .  There is currently no standard test method for producing DCA performance measurements, with car manufacturers incorporating varying tests into their micro-hybrid battery specifications.  To harmonise DCA testing a standardised method is being developed by the European industry.  Therefore efforts have been made in [1.27] to identify a quick testing method that presents a stable DCA result that is representative of real world conditions.  Testing in tThis thesis is based on methods analysed in this paper as well as those produced by Karden in [1.31].  This work investigates the covers the topic of dynamic charge acceptance (DCA results) in the case of of Pb-APbA batteries and explores a comparison between normal Pb-APbA batteries, carbon loaded PbA batteries, and a novel ‘UltraBattery’ configuration.  .  This thesiswork therefore aims to presents thea method used within this work forof measuring the DCA offor PbA batteries, and to gives a comparison of DCA testing forover different PbA battery technologies, whilst presenting an insight into the most appropriate PbA battery technology for (HEV) use.  .  


1.7. [bookmark: _Toc456648812]Test procedure
Attempts have been made to standardise DCA testing for all battery chemistries to allow comparisons between battery type and size.  .  An initial testing procedure to be used in this workhere was devised at the start of the work, and while certain parameters were adjusted and/ tuned as testing progressed, the general structure, as seen in figure 1.41, remained constant throughout. , based on a testing procedure produced by Karden [1.24].  An outline of this procedure, based on a testing procedure produced by Karden [1.31],   is given below while a flow chart representation is provided in appendix A1.
The test procedure iwas broken down into five6 sections, as outlined below:
· The Pre Test Conditioning (PTC), where the experimentally verified capacity Cexp (A/Ah) of the battery iwas measured.
· Discharging micro-cycles, completed when the battery iwas in one of five5 different states of charge (SoC).  .  The battery iwas discharged to each SoC prior to the micro-cycling.
· Mid-test rest, where the battery iwas discharged to 0% SoC and rested for a period.
· Charging micro-cycles, completed at five5 different states of charge.  .  The battery iwas charged to each SoC prior to the micro-cycling.
· Post Test, where the battery iwas discharged as a post-test capacity measurement and then charged back to 100% SoC either for storage of for/ commencement of the next test.
Pre Test Conditioning
Discharging Microcycles
Charging Microcycles
Post Test
Mid-test Rest Microcycles

Figure 1.1 4 – Battery current demand, seen in the lower graph, and the battery voltage response, seen  top graphabove, over a full test cycle where the sections correspond to those outlined above.  .  Charging currents are negative

The Pre-test Conditioning
Thise test is used to initially estimate the current SoC of the battery.  .  It cannot be assumed that the battery is fully charged at the start of the test, so conditioningthis puts the battery into a known state.
· The battery is initially fully discharged at 25A to its pre-test lower voltage limit, usually 10.5V for a 12V (nominal) battery..  These voltage limits were taken from [1.31]
· The battery is fully charged at a fifth of its nominal capacity, Cnom/5 (A/Ah) for 10 hours to its pre-test higher voltage limit, usually 14.8V for a 12V (nominal) battery.
· The battery is then be fully discharged at 25A to its pre-test lower voltage limit again
· The battery is fully charged at Cnom/5 for 10 hours to its pre-test higher voltage limit again, this cycling allows the battery to be exercised before the capacity measurement.
· The battery is fully discharged at Cnom/5 to its pre-test lower voltage limit.  .  This data is used to find the experimentally measured capacity, Cexp, this capacity is then used for the tests to determine the SoC levels during the tests.

Discharging Microcycles
· The battery is charged at Cexp/5 to first test SoC level.
· The battery is then rested, where a zero current demand is applied to the battery for one hour to establish the “open circuit” voltage (OCV) prior to the tests.
· Micro-cycles, a single micro-cycle being shown in figure 1.52, are then completed 20 times.  The number of micro-cycle as well as the charging rate and time limits were used in accordance with [1.31].  .  The structure of the individual micro-cycle is: 
· The battery is chargedd at with a high charging current for 10 seconds. If the battery reaches the upper voltage limit during this time, this being dependant on the battery not reaching a voltage limit, if the limit is reached, the magnitude of the charging current is reduced to maintain constant voltage charging. The amount of current accepted by the battery is monitored keep the battery at the voltage limit without exceeding it.
· The battery is then rested for 300 seconds
· The battery is discharged at 1C until the integrated charge delivered during the charging pulse iswas removed from the battery
· The battery is rested again for 300 secondss.  .   
[image: ]
Figure 1.52: Current accepted by the battery, seen in the lower graph, and the battery voltage response, seen above, for one microcycle.  .  Charging currents are negative
· The battery is discharged at Cexp/5 to the next test SoC level.
These three last steps are repeated at each test SoC.

During the microcycles the battery voltage is was initially limited at 16 V, however,  this level is programmable in the software.  .  The level of the high charging current applied during the micro-cycle iswas also able to be modifiableied for different sets of tests, if required. , and When presented the results are scaled to the capacity of the battery under test, making the tests comparable between batteries of different sizes.
Mid-test rest
In-bBetween the sets of micro-cycle tests carried out whilst discharging the battery, and those carried out whilst charging the battery, a mid-term rest is introduced as part of the test specification.
· After the 20 micro-cycles are completed at the final SoC level, the battery is discharged at Cexp/5 until the battery voltage reaches its lower voltage limit.
· The battery is was then rested for 30 minutes before the charging micro-cycle tests are carried out.
· 
Charging MicroCycles
These are the same as the discharging micro-cycle tests, with the battery charging, instead of discharging, to the next SoC level between sets of micro-cycles.
Post Test
· The battery is fully discharged at Cexp/5 to its lower voltage limit.
· The battery is then fully charged at Cexp/5 for 24 hours to its higher voltage limit, to bring it up to 100% SoC and place it in a known condition at the end of the test, either for storage, or subsequent testing.  .  

1.8. [bookmark: _Toc456648813]Conclusion
This chapter has provided information on lead-acid battery technology and its potential within the electric vehicle industry.  .  Dynamic charge acceptance was presented as a way of gauging the ability of the battery to operate in high-rate partial-state-of-charge conditions.  .  The test procedure used for obtaining DCA data for this thesis was then outlined.

The results of the tests on the battery types will be explained in chapter 4.  .  Having outlined the test procedure for the battery comparisons, the remainder of the thesis will explain the hardware requirements for the tests (Chapter 2), the software written to implement the tests (Chapter 3), and the results of the tests (Chapter 4).  .  A flow chart representation of the testing sequence as well as a state diagram of the software is included in appendix 1 and appendix 2 respectively. full user manual for the software has been included in the appendices.
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[bookmark: _Toc456648815]
Design of test rig setup hardware 
Having discussed the testing of batteries in chapter 1, this chapter will detail the development of a hardware test rig capable of implementingg some charge / discharge cycles, as well as carrying out tests to determine the dynamic charge acceptance of the test batteries.  .  It will also present the utilisation of a temperature controlled chamber to house the batteries whilst under test.  .  The control software designed for the test rig will then be described in chapter 3.  .  Initially this chapter will outline the requirements of the test rig set up needed to complete the tests before explaining the components of the setup.  .  

2.1. [bookmark: _Toc456648816]Test facility design requirements 
To ensure the hardware is flexible, the test rig needed to be capable of applying (and accepting) high currents to (and from) the battery, whilst monitoring the battery voltage and current.  .  The value of the applied current needed to be adjustable during the testing, as the current applied during any test cycle varies, depending on the individual test battery capacities at each test temperature.
It was decided that the test facility was to be capable of supplying a current of at least 5 times the ampere-hour capacity of batteries under test (5C).  .  As the initially batteries proposed for this study, a Furukawa FTZ12–HEV, and a Yuasa YTX9–BS, have nominal capacities (Cnom) of 8.5 Ah and 8.4 Ah respectively, the test rig was to have a current rating in excess of ±45 A.  .  However, to ensure significant overhead on the facility, and to ensure larger batteries, such as the 6V 24Ah Exide batteries, could be tested, a rating of ±100 A was chosen.
AIn addition, as the current applied to the battery during the testing was related to the experimentally measured capacity of the battery, Cexp, and as this is a function of the battery temperature [2.1], it also was important to keep the battery at a constant and known temperature for the duration of the tests.  .  The two approaches commonly taken are to use a water bath for the battery, which is excellent at controlling the test temperatures, but is difficult to construct, and a temperature controlled chamber where the only the ambient temperature is controlled around the test battery.  .  A very tight temperature control, as may be achieved with a water bath, may not be indicative of a typical battery operating environment within a vehicle. As the battery is where it is usually operated ‘air-cooled’,, so the simpler temperature controlled chamber was chosen as a compromise, to remove variations in battery performance caused by changes in laboratory temperature without necessitating a fluid filled cooling system.
It was also important that the battery was not damaged during testing.  .  The upper and lower voltage limits were set to 14.8 V and 10.5 V respectively and used for all low rate charging and discharging cycles to ensure that either overcharge or overdischarge could not lead to damage throughdue to extensive gassing or sulfation of the electrodes.  .  These were taken from limits used by Karden for AGM PbA batteries in previous tests [2.2].   .  However, during short periods of less than 10 seconds, it was thought that the battery could withstand a short-term overvoltage without leading to significant damage.  .  This decision was made based on the fact that AGM VRLA batteries have an inherent ability to re-combine any gassesgases produced in such a time., Ttherefore the transient upper voltage limit was raised to 16 V, as it is in [2.2], for short term charging spikes during testing.  .  This meant that it was necessary to be able to apply adjustable upper and lower voltage limits in the test rig.  .  
It is assumed at this stage that the test periods will be of the order of several hours, possibly days, and therefore long term stable testing and data recording will be required from the rig.
The requirements of the test rig are listed below and shown, with values, in table 2.1:
· Apply high currents of various values throughout the tests, both positive (discharging) and negative (charging).
· Maintain a constant and known temperature for the battery.
· Record battery voltage and current..  The sample frequency of 10Hz was chosen as a compromise between sampling speed of the system and the large amount of data which will be generated when the test is run continuously for days.
· Apply adjustable upper and lower voltage limits to the battery during the testing. 
· 
	Rig requirement
	Value

	Max battery voltage under test
	16 V

	Minimum battery voltage under test
	10.59 V

	Maximum test current magnitude
	100 A

	Sample frequency
	10 Hz



Table 2.  .  1 – The main specific parameter requirements of the test rig are given as well as the required values
2.2. [bookmark: _Toc456648817]Test facility implementation.
The list of requirements above led to the final design of the test facility, shown in figure 2.1, composedrising of a temperature controlled chamber, based around a commercially available freezer with an inbuilt heater and temperature controller, as well as a custom built test rig which iwas controlled by a PC.  .  Throughout testing, the battery under test iwas kept within the chamber to keep it at a constant temperature.  .  The custom built test rig iwas capable of controlling currents up to around 100 A whilst monitoring the battery voltage and the current accepted by the battery, based on a previous design by Prof Stone.  .  The current demand and the upper and lower voltage limits iswere set using National Instruments (NI) DAQmx interfaces, and controlled using a PC.  .  
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Figure 2.1 – Test rig, seen on the right and temperature controlled chamber, to the left.  .  The battery is contained within the controller throughout testing and connected to the rig via the cables seen on the front panel.

2.3. [bookmark: _Toc456648818]Test Rig
A system diagram of the test rig is shown in figure 2.21.  .  The main power supply for the system is the dc link voltage, provided by two 12 V batteries,It comprises of two linear power supply units (PSU’s), one providing a link voltage potential to allow for charging and discharging the test battery. ,A whilst the secondary power supply PSU supplprovidies power for the control board and the current limiter within the rig.  .  It also contains two NI DAQmx interfaces, the USB6212 and the USB6009.  .  The first device outputs the current demand to the hardware whilst inputting the battery current and voltage for data acquisition.  Twhile the second device provides the upper and lower voltage limits for the test battery, and allows them to be set dynamically during the test.  .  To achieve the latter the limiter circuit uses the values from the USB6009, compares them with the feedback of the battery voltage, and limits the battery current demand accordingly if the voltage limits are being exceeded at that current demand leveled.  .  This is explained in more detail in section 2.3.4.  .  If the battery voltage is within the desired limits, the current demand is unmodified and passed to the control board.  .  To apply the desired current to the battery the control board is used to compare the instantaneous current demand with the feedback of the battery current, which is given by the current transformer.  .  The control board thenhis in turn controls the battery current via the push-pull power stage.  .  This is explained in more detail in section 2.3.2
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Figure 2.2 – Schematic diagram of the test rig showing the main components of the rig and how they interact with each other.  .  Both PSUs are powered by mains electricity and the DAQmx devices are used to interface with the control PC

2.3.1. [bookmark: _Toc456648819]Power Supply (DC Link) 
The power supply to the system dc link is external to the design of the rig, and is shown in figure 2.2 as DC Link Batteries,the Linear Power Supply above the push-pull power stage.  .  This power supply needs to be able to supplyource the full current for the test rig (>100 A), therefore two 12 V batteries in series are used for the dc link for the test rig, giving a nominal dc link voltage of 24 V.  .  With a maximum voltage on the test battery of 167 V, and the fully discharged dc link batteries’ lower voltage limit of of 10.5 V each (21 V total), theis gives a worst case isof 4 V dropped across the push-pull power stage in the test rig at maximum current.  .  Under these conditions, the limiting maximum impedance of the switching devices is 4/100 = 40 mΩ.  .  The dc link batteries need to be capable of supplying the full current, and are kept float charged by a 30 A, variable voltage laboratory power supply which is connected whilst the test rig is operational, and is set to float charge the dc link batteries at 2 x 13.8 = 27.6 V.  .  The dc link voltage can drop when full current is delivered however this is only applied during microcycles and will therefore only last 10 s.  .  The dc link batteries used in the rig are 2 x 100 Ah, 12 V, NorthStar stationary storage batteries connected in series, which were available in the laboratory.
2.3.2. [bookmark: _Toc456648820]Push-Pull power stage
The push pull power stage, shown as Pushpull Stage in figure 2.2 and shown in detail as part of figure 2.figure 2.24, is required to control the current flow into and out of the battery under test.  .  This power stage is based on n-channel MOSFETS, and is controlled by the control board described in section 2.3.3.  .  The MOSFETS, seen as Q3 and Q4 in figure 2.4, effectively form a bridge leg configuration, but are operated in a linear mode.  .  The control board converts the n-channel ‘top-leg’ devices to behave as pseudo p-channel devices giving a topology which is a standard class B linear amplifier, given that there is zero bias current flowing in the quiescent condition, and the linearity of the output is not a design criterion.  .  Feedback of the current to the battery under test is done via a LEM 125 A closed loop Hall Effect current transducer.  .  The output of the current transducer is fed into the control board to provide closed loop control of the output current as described below.
As the MOSFETs in the power stage are to carry 100 A maximum, and have a link voltage of <30 V, low voltage MOSFET devices would seem ideal.  .  However, as the system is effectively a linear  amplifier, there is a high power dissipation within the devices.  .  The maximum power dissipated in the top MOSFET (Q3) would be when the dc link voltage is a maximum, and the battery voltage is a minimum, giving 27.6-10.5 V across the MOSFET = 17.1 V.  .  In this condition, at maximum current, the MOSFET would be expected to dissipate 100*17.1 = 1710 W in the device.  .  The device package with the highest power dissipation ability is the ISOTOP package, and a power limit is usually 300 W for this package, therefore ~1800/300 = 6 devices are required in parallel for Q3, assuming perfect sharing.  .  For the lower MOSFET (Q4), the maximum expected power dissipation would occur at full battery voltage (~16 V) and full current.  .  This is 16*100 = 1.6 kW, therefore around 6 devices in parallel are required in the bottom switch position (Q4).  .  
These are worst case scenario’s for the test rig, as the maximum current expected to be seen in the tests is 45 A, but to ensure the rig is flexible and able to cope with future tests, the higher ratings are assumed.  .  Due to the high power dissipation of the switching devices, tThe cooling of the parallel branches devices requiresd a forced air cooled heatsink., Toand allowing the device case to reach 80oC, to allow for higher temperature at the silicon, with a 20oC ambient temperature there is 60oC temperature rise allowed on the heatsink.  .  This allows headroom for the silicon temperature to rise above the device case temperature.  Usually the silicon die should be kept below 150°C, hence there is a headroom of 70oC for the die temperature rise.  This gives a maximum thermal resistance of 60/1800 = 0.033oC / W for the heatsink under worst case conditions.  .  This is quite a low thermal resistance, hence the requirement for forced air cooling.  .  The heatsink chosen was a 0.48oC / W device, where 2 could be mounted together to form a cooling channel, with a fan at each end and the MOSFET devices split between the two heatsinks.  .  A thermal switch was also mounted on the heatsinks, and used to shut down the system if the heatsink gets too hot.  .  
A close-up of some of the devices mounted on the heatsink arrangement can be seen in figure 2.3.  .  The resistors R15 and R7 in figure 2.4 are specific to each device, and therefore are made up from 6 resistors, one in series with each parallel MOSFET device.  .  These resistors provide feedback of the current in each device to the drive by lowering the effective gate-source voltage of the device as the drain current increases.  .  This gives rise to current sharing between the MOSFET devices, as if one has an increase in current relative to the others, the gate-source voltage of that device is lowered relative to the others, hence the current is reduced in that device.  .  The MOSFETs used in the test rig are IXYS 60V 100A devices, the main criterion for operation is the power dissipation capability of the package, and not the device silicon ratings as it is operated exclusively in a linear (high dissipation) mode.
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Figure 2.3 – The interior of the test rig including a fan-cooled heatsink and ISOTOP power devices.
The MOSFETs used in the test rig are IXYS 60V 100A devices, the main criterion for operation is the power dissipation capability of the package, and not the device silicon ratings as it is operated exclusively in a linear (high dissipation) mode.
2.3.3. [bookmark: _Toc456648821]Control board 
The purpose of the control board, as mentioned in the previous section, is to control the current flow to and /from the test battery.  .  The dc link voltage, shown as the linear power supply in DC Link Batteries in figure 2.2, is provided by the main linear power supply unittwo 12 V batteries to  providing a potential for charging the battery as well as deliverproviding current to the output stage to charge the test battery when a negative (charging) current is demanded.  .  A positive current demand leads to no current being taken from the dc link batterieslinear PSU, and the test battery being discharged through the push-pull power stage.  .  
The operation of the power stage, shown in figure 2.4, can be illustrated by considering the differential amplifier on the control board (U1 in figure 2.4) which compares the instantaneous current demand with the current feedback from the test battery, provided by a 1:1000 current transformer.  .  A more negative value on the current demand input will cause the output of the differential amplifier, U1, to fall, therefore reducing the amount that the transistor, Q1, is turned on.  .  This, in turn, will turn on MOSFET Q3 proportionally and the battery will charge from the link voltage.   .  A positive current demand will lead to Q4 turning on proportionally with current demand causing the battery to discharge.  .  
To allow for the high currents needed to charge and discharge the test battery, the push pull stage of Q3 and Q4 as well as the resistor bank, R15 and R7, is repeated in parallel giving three parallel branches.  The resistors R15 and R7 give some direct negative feedback of the current in the output power device to the gate drive of each device, and ensure the branches operate in parallel sharing the battery current.  The parallel push-pull output stages are mounted on a large heat sink with a cooling fan to ensure good heat dissipation and close thermal coupling of the devices, as the power devices are operating in a linear mode dissipating a large amount of heat.  The rest of the control circuit is contained within the control board, where low currents and low dissipation is not a problem.
The control board is powered by the secondary power supply, as lower voltages are required by the control electronics, and this provides power supply decoupling between the control and power circuits.
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Figure 2.4 – Circuit diagram of the control board
To allow for the high currents needed to charge and discharge the test battery, the push pull stage of Q3 and Q4 as well as the resistor bank, R15 and R7, is repeated in parallel giving six parallel branches.  The resistors R15 and R7 give some direct negative feedback of the current in the output power device to the gate drive of each device, and ensure the branches operate in parallel, sharing the battery current.  
The parallel push-pull output stages are mounted on a large heat sink with a cooling fan to ensure good heat dissipation and close thermal coupling of the devices.  The rest of the control circuit is contained within the control board, where low currents and low dissipation do not present a problem.  The control board is powered by the secondary power supply, as lower voltages are required by the control electronics, and this provides power supply decoupling between the control and power circuits.
2.3.4. [bookmark: _Toc456648822]Programmable voltage limiter board
As the upper and lower voltage limits were required to change at various points during a test cycle, a variable voltage limiter circuit was needed. Thisto ensured that the battery was protected from overvoltage during longer low rate charge cycles whilst allowing higher voltages during high rate microcycles.  .  A linear current limiter was designed by Dr James Green so that the current would limit if the voltage moved out of the acceptable range of the batteries’ safe operation.  . This circuit, shown in figure 2.5, was based around a series of operational amplifiers, and compares the instantaneous battery voltage with the reference voltage values set as the upper and lower voltage limits by the software and via the DAQmx routine in the LabVIEW control software and a ‘USB6009’ USB coupled ADC / DAC hardware module.  
The inputs to this circuit are the battery current demand, actual battery voltage, and the current upper and lower voltage limit values outputted by the software via the USB6009.  The circuit shown in figure 2.5 compares the battery voltage limit with the upper and lower voltage limits and controls the current demand, Id, applied to the power stage and hence to the battery.  
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Figure 2.5 – Circuit diagram of the programmable voltage limiter board
This circuit, shown in figure 2.5, was based around a series of operational amplifiers, and compares the instantaneous battery voltage with the reference voltage values set as the upper and lower voltage limits. This is set by the software and via the DAQmx routine in the LabVIEW (Laboratory Virtual Instrument Engineering Workbench) control software and a ‘USB6009’ USB coupled ADC / DAC hardware module.  
The inputs to this circuit are the battery current demand, actual battery voltage, and the current upper and lower voltage limit values outputted from the software via the USB6009.  The circuit shown in figure 2.5 compares the battery voltage limit with the upper and lower voltage limits and controls the current demand, Id, applied to the power stage and hence to the battery.  
As the output range of the USB6009 is 0 to 5 V, the battery voltage input is dropped acrosss a potential dividers consisting of R1/ and R2 and R5/R6 for upper and lower voltage limits respectivelyto scale the input.  .  For the upper voltage limit, this scaled battery voltage is then compared, using the differential amplifier, U1, with the upper voltage limit value set by the USB6009 and the LabVIEW control software.  .  If the battery voltage is found to be greater than the upper voltage limit, transistor Q2 is turned on and the current demand is reduced.  .  The same process occurs for the lower voltage limit. W, when the battery voltage potential divided by R5 and R6, is less than the limit, transistor Q1 opens and the current is limited.  .  If the battery voltage is within the voltage range of the limiter, neither Q1 or Q2 opens and the current demand is applied to the battery unmodified.
2.3.5. [bookmark: _Toc456648823]Temperature controlled chamber.
As the performance of the battery changes with the operating temperature of the battery, the temperature was kept constant throughout each of the tests.  .  This was achieved using a commercially available freezer which was then used as the basis of a temperature controlled chamber, an example of which is shown in figure 2.6.
A commercial PID controller was used, shown in the box on top of the freezer in figure 2.6, to control both the freezer on/off and an internal heater and fan, shown in the bottom of the open freezer, figure 2.6.  If the temperature of the freezer rises above a set point (25oC shown in figure 2.6 on the display), an alarm condition is triggered within the controller and the freezer is turned on to lower the temperature.  
[image: ][image: ]
Figure 2.6 – Temperature controlled chamber consisting of a commercially available freezer and an internal heater and fan.  .  These are controlled by a PIiD controller to set the temperature with a 1 oC margin
This was achieved using a commercial PiD controller, shown in the box on top of the freezer in figure 2.6, controlling both the freezer on/off and an internal heater and fan, shown in the bottom of the open freezer, figure 2.6.  If the temperature of the freezer rises above a set point (25oC shown in figure 2.6 on the display), an alarm condition is triggered within the controller and the freezer is turned on to lower the temperature.  The heater control is more analogue and not on/off, as with the freezer, therefore the temperature can be controlled to within 1oC of the actual temperature set-point, and maintained when in use by this arrangement.  .  This gives a controlled ambient temperature for the battery, and therefore allows a more consistent test temperature than could be achieved in the laboratory alone, giving repeatability between tests.  .  The temperature within the chamber can be controlled from -10oC to 50oC, allowing a reasonable range of practical temperatures for battery operation to be obtained..  

2.4. [bookmark: _Toc456648824]Control Interface System
The USB6009 and USB6212 devices are USB data acquisition systems, capable of interfacing to the LabVIEW system.  .  The USB6009 gives a 14-bit (differential) ADC input at up to 48kS/s, and 12-bit DAC capability for the hardware interfacing while the USB6212 gives a 14-bit (differential) ADC input at up to 400kS/s, and 16-bit DAC capability for the hardware interfacing.  .  
The control of the test rig is carried out using a LabVIEW based graphical control interface.  .  The National InstrumentsNI DAQ systems were designed to be interfaced to LabVIEW, and therefore this was the most easily implemented approach to the testing / test rig control.  .  The LabVIEW system is running on a host PC, with the DAQ devices providing the software / hardware interface.  .  
This chapter has described the hardware for the test rig setup giving details of the main rig components as well as cooling chamber and the interface system with the control PC.  .  The following chapter will describe the LabVIEW software written to control the system, and facilitate testing of the sample batteries.
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[bookmark: _Toc456648826]
Test procedure software
In the previous chapter the full test rig setup requirements were outlined and details were given as to how the design of the rig met these requirements.  .  This chapter will focus on the software designed to manage the testing sequence.  .  An overview is given of how the LabVIEW programming was used to create the control software is given with details of how its main functions and how it was designed to interface with the hardware.  .  The results of this test are then presented in the following chapter.  Presented iInitially is a description of how the test procedure, outlined in chapter 1, was divided in terms of software tasks.

3.1. [bookmark: _Toc456648827]Overview of LabVIEW software
In order for the hardware, described in the previous chapter, to complete the test outlined in chapter 1 a control program was written in LabVIEW (Laboratory Virtual Instrument Engineering Workbench), a programming environment which allows the user to create programs using a graphical programmable language referred to as “G”.  .  The software was based on some previously available software for test rig control developed by Dr James Green, with modifications carried out by myself to include rig-specific issues.  Each program created using LabVIEW is called a virtual instrument, VI, and consists of a front panel, used to interface with the user, and a block diagram which contains all of the code [3.1]. 
The software communicates with the hardware using two national instrumentNI DAQmx devices, the USB6009 and the USB6212, which allows the program to control the relay system and the current demand, as described in chapter 2, and the current demand as well as enabling it to record the battery’s voltage and current.
To create the test program, the requirements for the software were broken down into four main tasks, or ‘slave’ VIs:
· Checking the state of charge (SoC) of the battery.  .  (Checking SoC VI)
· Charging or discharging the battery, either to a new SoC or fully.  .  (Charger VI)
· Allowing the battery to rest by opening the relays connecting the battery to the rig, and allowing the battery to drift to its open circuit voltage (OCV).  .  (Rest VI)
· Micro-cycling the battery as described in chapter 1 (Microcycler VI)
These slaves can be run independently, however during testing they are run in conjunction with, and are controlled by, a “master” VI.  .  The master VI does not complete any of the data acquisition, but instead monitorsing which part of the overall test the program is in at a given time, and therefore which slave VI needs to be opened and what tasks it needs to be completed.  .  Once the relevant slave VI is opened the master establishes a message queue connection with the slave, as a means of communication, and sends it the parameters needed for its specific tasks.  .  
This data canhas beeen obtained by the master VI in one of three3 ways.  .  If the parameter is variable for different tests, such as current charging rates, it is uploaded to the master at the beginning of each test, using a configuration file, and stored in a subVI called the shifter.  .  However, if the parameter is constant for all tests, such as the sampling rate, then this is written into the master VI.  .  Finally, some parameters are depend on data obtained during testing which the master updates to the shifter throughout the test .  
Once it has received the relevant parameters from the master VI, the slave VI establishes communication with the DAQmx devices.  .  As the devices are only capable of outputting and inputting ±10 V an individual scale is applied to each port of the device, using the program ‘Measurement and Automation Explorer’ within LabVIEW.  .  The slave VI is then able to apply a proportional voltage to the appropriate port of the DAQmx devices which can control the current applied to the test batteries, as well as switch the relays, as explained in chapter 2.   .  The battery current and voltage are then read from the appropriate input port of the device and are sent back to the master using the queue previously established.  .  All slave VIs interact with the DAQmx devices using the same code, which is explained in section 3.7, while the master VI has no direct communication with the devices.
An outline of the Master and the four slave VIs is given below, while the the full state diagramss of each VI and a full documentation of the software areare included in appendix A2 and A3 respectively.

3.2. [bookmark: _Toc456648828]Master VI
The master VI doesn no’t complete any of the actual testing routines but acts rather as a manager, overseeing the running of the slave VIs as and when required.  .  The main tasks of the manager are opening, running and closing slave VIs as well as dealing with the data that they have acquired.  .  Before the test is run the user is required to enter three parameters that are essential for test completion.  For the software to be able to save the data coherently a root path to an assigned folder must be entered including a root name.  Throughout the testing sequence separate files are created for all stages using the same root name with an individual number. These are stored in the NI technical data management streaming (TDMS) file format.  As well as this, the user must enter the root path to the select: a folder to save the data to with a TDMS root name which will be common for all data files in this test; a configuration file which containsing all the data for variable parameters needed for running the tests.  Finally; and a data path to a log  folder is required, in which to save any logging data files in;, again, with a text file name that will be common to all log files saved.  .  
The configuration file shoween in figure 3.1 (a) is a text file consisting of all of the variable parameters of a test, for example upper and lower voltage limits, lengths of tasks, current demands etc.  .  During start up the values are taken from this file and stored in the shifter subVI seen in figure 3.1 (b).  .  This allows the master to access the data needed to be sent to the slave VIs as well as store data retrieved from the slaves, often setting them as new parameters for future tasks.  This means that the test parameters can be changed, by changing values in the config file without having to change any of the program’s code.
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a.
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b.


Figure 3.1 – (a) A section of an example of the configuration file used by the user to determine the parameters of the test.   .  (b) A section of the shifter used by the master used throughout the test.  .  The data from the config file is entered into the shifter at the beginning of the test while other data is updated during the test
This allows the master to access the data needed to be sent to the slave VIs as well as store data retrieved from the slaves; often setting them as new parameters for future tasks.  This means that the test parameters can be altered, by changing values in the config file without having to change any of the program’s code.
Each time a slave VI is opened the master VI determines what specific task it needs to complete based on the current position of the test, an example of which is seen in figure 3.2.  The parameters for that task are then pulled from the shifter and sent to the Slave VI, as seen in figure 3.3.  This data is stored in the shifter of the slave VI for the VI to access when needed
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Figure 3.2 – The master VI determines the parameters to send to the Charger VI.   .  The Test Charger Discharger Pre-Amble array, seen in pink, stores the names of the pre-test stages and the Test Charger Discharger Pre-Amble Counter, seen in blue, is used to shift through the stages.   .  The SubVI, seen in figure 3.3, containing the parameters for that stage is then opened.
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Figure 3.3 – The subVI holds the parameters to send to the Charger VI.   .  The shifter is accessed to retrieve the parameters, seen in orange, which are sent with a corresponding string message, seen in pink, to the Charger VI.   .  The bottom six orange values are constants for the tests and cannot be changed using the configuration file.
Each time a slave VI is opened the master VI determines what specific task it needs to complete based on the current position of the test, an example of which is seen in figure 3.2.  
The parameters for that task are then pulled from the shifter and sent to the Slave VI, as seen in figure 3.3.  This data is stored in the shifter of the slave VI for the VI to access when needed 
During the running of the slave VI, data is constantly being sent back to the master VI partly to be displayed on the front panel, as seen in figure 3.4, and alsos well to provide the master with data needed for the rest of the test.
[image: ]
Figure 3.4 – The front panel of the master VI.   .  The TDMS data path root, test config file and log file name are entered by the user while all other values are updated during the test
Once the slave VI has finished running a “Finished” message is sent back to the master VI which will cause the master VI retrieve any last data before closing the slave VI.   .   
Having explained the master VI, a description of what each slave VI does is given below.

3.3. [bookmark: _Toc456648829]Checking SoC VI 
The Checking SoC VI is only run once, at the beginning of the test, to establish the initial SoC of the battery.   .  After the master VI has opened the slave VI, and communication between the two has been established, the master VI sends the general data its has stored about the battery to the slave VI.   .  This includes the nominal capacity of the battery as well as the voltage when it is at 0% SoC and 100% SoC.   .  The slave VI also ensures that the relays are closed and reads the OCV of the battery, as explained in section 3.7.   .  These values are then entered into equation (3.1), in the way shown in figure 3.5, in order to find the SoC of the battery, as both a percentage and in Ah.  .  These values are entered into a TDMS file as well as being sent back to the master VI.
	
	(3.1)



If the battery has been over or under charged the SoC is recorded as its 100% or 0% respectively, again as both a percentage and in Ah.   .  
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Figure 3.5 – The “Calculate SoC” action of the Checking SoC VI.   .  This action uses a sub VI to calculate the SoC of the battery.


3.4. [bookmark: _Toc456648830]Charger VI
This VI is called at various points during testing, either fully charging and discharging during the preamble and post–test or partially charging to move between test SoCs.  .  Each time the charger VI is opened it will apply the required current demand, as explained in section 3.7, to the battery to partially or fully charge or discharge it.   .  As explained in section 3.2 the parameters, such as current demand and how much charge to add to or remove from the battery, are sent from the master VI to the slave VI.   .  Once the parameters have been set, the slave VI opens the relays and applies the desired current to the battery until its present task is finished.   .  
Early on during testing this slave VI is used to determine the experimentally verified capacity, Cexp, of the battery, which is then used throughout the test.   .  This is done during the preamble where the battery is subjected to 3 charge/discharge cycles, as explained in chapter 1, while the current accepted by the battery is monitored.   .  Whilst the Charger VI is running, integrated charge is repeatedly calculated, as seen in figures 3.6 (a) and (b), by accessing the instantaneous current and integrating it with the current of the battery the previous time this calculation was made.   This value of integrated charge is added to a running total and is sent back to the master VI, to be stored in the master’s shifter, and used to update the front panel of the master VI.  
[image: ]
Figure 3.6 –  (a)  The battery data, which includes the current accepted by the battery, is fed into the subVI seen in figure 3.6 (b) This is used, with prior battery data as well as a counter for integrated charge, to calculate the total integrated charge
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Figure 3.6 – (b) This subVI accesses the current from the battery data as well as the current value from the last time this action was completed.   .  It then calculates the integrated charge for that period of time and adds it to a running total of integrated charge


While the Charger VI is running, integrated charge is repeatedly calculated, as seen in figures 3.6 (a) and (b), by accessing the instantaneous current and integrating it with the current of the battery the previous time this calculation was made.  This value of integrated charge is added to a running total and is sent back to the master VI, to be stored in the master’s shifter, and used to update the front panel of the master VI.  
The final value of the final discharge is used as the Cexp for that test and is later accessed by the master to calculate the amount of charge needed to move to the required SoC, as well as the amount of current demand to be applied to the battery during the microcycles 
There are four ways for the charger VI to come to a finish, depending on whichat task it is completing, all of which are seenseen in figures 3.7 and 3.8.   .  All four methods will trigger the same reaction:, where the slave VI is told to stop and the master VI is sent a message informing it that the slave has finished.   .  
[image: ]
Figure 3.7 –  The amount of charge that has been added to or removed from the battery, the amount of charge required to integrate and the lower cut off current and voltage values, seen in orange, are used with the battery data, seen in brown, to determine if the charger VI has finished its task. 
These finish triggers are: 
· Tthe VI has been running for at least 60 seconds and amount of charge added to or removed from the battery is equal to the amount that the master has requested.
· The VI has been running for 60 seconds;  anda lower current limit has been set by the master and, once the VI has been running for 60 seconds, the amount of current accepted by the battery falls below thisthe level lower current limit that has been set by the master
· A; a lower voltage limit has been set by the master VI and the battery voltage falls below this value
· T; the VI has been running for the amount of time set by the master.  .  
The current task that the VI is completing will determine the finish condition as follows:
· When the slave VI is moving between SoCs then no current cutoff limits are set, voltage limits are set as those for 0% SoC and 100%, to ensure no overcharge or overdischarge. .  The time limit set by the master is sufficiently large enough to allow for the required charge to be added or removed. The and the VI will be stopclosed once the required charge has been that value added or removed from the batteryhas been met.  . 
·  If the battery is being fully charged then no current or voltage limits are set and the amount of charge to integrate is set above that which the battery is capable of.  .  This will allow the battery to be fully charged for the required time, while the limiter reduces the current once the battery reaches its upper voltage limit, as explained in chapter 2, to allow for constant voltage charging, as explained in chapter 2.  . The VI will stop once the time limit set by the master has been met or the current applied to the battery falls below the level set by the master.
· If the battery is being fully discharged then a lower voltage limit is set by the master whilste time and integrated charge limits are set high enough to allow the battery to reach this lower voltage, where the slave VI will then stop.  .  
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Figure 3.7 –  The amount of charge that has been added to or removed from the battery, the amount of charge required to integrate and the lower cut off current and voltage values, seen in orange, are used with the battery data, seen in brown, to determine if the charger VI has finished its task.  
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Figure 3.8 – The last possible end time is set at the beginning of charge or discharge using the current time and time limit sent from the master.  .  To check the end time this value is compared with the current time to determine if the VI’s task is finished.  .  The green sub VI subtracts the current time from the last possible end time to generate the time remaining which is then sent back to the master VI

3.5. [bookmark: _Toc456648831]Rest VI
The Rest VI is used, before a set of microcycles, to establish the OCV of the battery at each test SoC as well as allowing the battery a to rest at the mid-point of the test.  .  During the running of this VI the relays are openclosed, by the method described in section 3.7, and the battery voltage is allowed to drift for a desired rest time.  .  This duration is set by the configuration file and is sent to the slave VI from the master.  .  The VI finishes once it has identified that this time has elapsed, as seen in figure 3.9
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Figure 3.9 – The VI uses a subV to determine if the current time is equal to the end time.  .  If not the time remaining is calculated, stored in the shifter of the slave VI, and then sent back to the master where it will be displayed on the front panel.  .  Once the time has elapsed the slave VI is told to stop and a meassage to say that the slave is finished is sent back to the master

3.6. [bookmark: _Toc456648832]Microcycle VI 
The microcycler VI is called once the battery has moved to a set SoC, and the OCV has been established.  .  It runs once at each set SoC where it iterates through the desired number of microcycles.  .  As explained in Chapter 1, one microcycle involves applying a high charging current for a short period of time and then allowing the battery to rest for a short amount of time.  .  The battery is then discharged to remove the charge added to the battery during the charging period and the battery is rested for the same amount of time again. .  Unlike the resting period before each set of microcycles, where the relays are opened to achieve zero current, the relays remain closed throughout the microcycles and a current demand of zero is applied to the battery during rest periods.  The method for this is explained in section 3.7
 During the charge and discharge periods the relays are opened and the desired current is applied to the battery, while during the microcycle rests the relays are kept open with no current demand.  The method for this is explained in section 3.7
The number of microcycles, as well as the current demand and the charging, discharging, and rest times, are set using the configuration file and sent to the slave by the master during the slave VIs start up.  .  For the charging pulse the current demand is a multiple of the experimentally verified battery capacity found at the beginning of the test.  .  The amount of charge applied to the battery during each charging pulse is monitored and this value is then removed from the battery during the discharging pulse, as seen in figure 3.10.  .  This is done to ensure that the current SoC of the battery does not drift during each set of microcycles.   .  
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Figure 3.10 – During the charging pulse of the microcycle the total charge added to the battery is recorded and stored in the shifter and is set as Charge to Integrate.  .  The discharging integrated charge is then monitored during the discharging pulse.  .  Once the Discharging Integrated Charge has reached the Charge to Integrate the discharge pulse will finish
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Figure 3.11 – At the end of each microcycle any net difference between integrated charge is calculated.  .  As discharging integrated charge is negative this is done by adding the two values together.  .  This is then added to the running total for each microcycle in this set while the values in charging and discharging intgrated charge are reset to zero.  .  At the beginning of each set of microcycles the value of integrated charge is reset to zero.
To ensure that any potential drift is kept to a minimum, any difference between the charge added to the battery and that removed from it is recorded at the end of each microcycle and added to a running total, as seen in figure 3.11.  .  At the end of each set of microcycles this value is sent back to the master so that it can be taken into account when calculating how much charge to add to or remove from the battery to move it to the next SoC, as seen in figure 3.12.   .  
[image: ]
Figure 3.12 –  The master calculates the amount of charge to integrate to move the battery to the next test SoC for each set of microcycles.  .  

3.7. [bookmark: _Toc456648833]DAQmx Interface
Every time a slave VI is run it will interact with the DAQmx devices, to run the test to– set limits, currents, relay states s etc. , and to obtain the data from the tests.  .  ForIn each slave VI this is done in the same way.  .  As seen in chapter 2 the devices are used to apply current demand to the control board as well as applying the upper and lower voltage limits to the limiter.  .  They are also used to control the relay system as well as reading the data back from the battery.  .  All slave VIs complete these tasks using the same code.  .  
Each of these functions;, ‘reading from the battery’, ‘writing to the battery’, ‘switching relays’ and ‘setting limits’, is established as an individual task.  .  Within these tasks are the separate activities. F, for example within ‘reading from the battery’ there is: reading the voltage, reading the current and reading the current readback.  .  Each of these activities is assigned an input/output port in the USB6009 device and a linear scale.  .  
As the DAQmx devices are only capable of inputting and outputting ±10 V is it necessary to scale the appropriate inputs and outputs to the real-world values.  These data points for these scales were obtained using a voltmeter measuring battery voltage, an ammeter measuring current into the battery and a program written in LabVIEW to measure the voltage and current readback on the USB6009.  
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Figure 3.13 – Battery current scaling for USB6009 where the current demand applied to the battery is on the     y-axis and the corresponding voltage outputted from the device is on the x-axis
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Figure 3.14 – The battery current is applied to the battery current (activity) of the battery read task to increase the limits of the input range of the battery current port
As the DAQmx devices are only capable of inputting and outputting ±10 V is it necessary to scale the appropriate inputs and outputs to the real-world values.  These scales, as seen in figures 3.13 and 3.14, to These scales, an example of which is given in figures 3.13, were then produced and assigned to the battery voltage, battery current and current demand, as seen in figure 3.14.  This calibration was completed after every third test.  
allow for the high values used in this test.  
When a slave VI is opened one of the first things it does is established which tasks will be used within the program and create a reference to each task as seen in figure 3.15.  .  This reference is stored in the shifter of the slave VI as a ‘refnum’ so that when the devices are asked to complete a task, as seen in figure 3.16, the appropriate port and scale are used.
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Figure 3.15 – The tasks completed by the devices are initiated and a reference to each one is stored in the shifter
This reference is stored in the shifter of the slave VI as a ‘refnum’ so that when the devices are asked to complete a task the appropriate port and scale are used. This is seen in figure 3.16.

[image: ]
Figure 3.16 –  When the program requires the devices to complete a task the reference created for that task, by the method shown in figure 3.15, is used to apply the appropriate scales to the appropriate port
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3.8 [bookmark: _Toc456648841]Recording Data
The majority of the data is stored by the slave VIs, with the master VI only writing to one file in order to document the display data - the values which are shown on the master’s front panel during testing.  .  As with interfacing with the devices all VIs complete this task identically.  .  All data is saved in a TDMS file format as they produce due to the relatively small files that they produce for a large amount of data and they can be written to at a high speed the speed at which they can be written to.  .  The TDMS format also allows data to be grouped together in a three tiered hierarchy.  The top level, being the file, can contain an unlimited number of groups which in turn can contain an unlimited number of channels. The TDMS format also allows data to be grouped together in a three tiered hierarchy.  The top level, being the file, can contain an unlimited number of groups which in turn can contain an unlimited number of channels.    Every time a slave VI is opened it generates a new TDMS file name, using the TDMS root name sent from the master, and adding a unique number to it, as explained in section 3.8.  .  All data generated is stored in this file until the slave VI Is finished and closed.  .  As LabVIEW stores the data in a temporary cache whilst it writes it to a data file, splitting up the files in this way means that LabVIEW regularly releases the memory it uses.
When a slave VI is opened the master VI sends the data path root to the slave VI.  .  This is entered by the user at the beginning of testing and consists of the location oif the data folder for the current test as well as a root name for all data files.  .  This root name is then used to generate a file name by adding a number to the end of the filename, starting with 001.  .  The data folder containing the files is searched, and if there is already a file with this name the number is incremented until a unique file is found.  .  A new file is then created, as well as a reference to this file which is stored in the shifter of the VI.  .  The data is regularly written to this file, using this reference to locate the file, until the slave VI is closed.  .  Excluding the Microcycle VI, only one group is created for the duration of the slave VIs task with the current, the voltage and the current demand each being stored in a separate channel, as seen in figure 3.17.  .  In the case of the Microcycler VI, the data for each microcycle is stored in a different group incrementing a counter at the end of each microcycle to create a new group.   Once the task is finished the TDMS file is closed before the master VI closes the slave VI. 
For all slave VIs the battery voltage, battery current and battery current demand waveforms are stored in separate channels 
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Figure 3.17 – The data file reference is used to locate the required file.  .  The battery data is then written to the file with the voltage, current and current demand split into separate channels.  .  The constant stored in Nnumber of Rrun Ppresses is incremented at the end of each microcycle  to useis used as a counter to create a new group for .  In the case of the Microcycler VI each microcycle.  
In the case of the Microcycler VI, the data for each microcycle is stored in a different group incrementing a counter at the end of each microcycle to create a new group.  Once the task is finished the TDMS file is closed before the master VI closes the slave VI.  
For all slave VIs the battery voltage, battery current and battery current demand waveforms are stored in separate channels 
 is stored in a new group.
3.9 [bookmark: _Toc456648842]Conclusion 
 The software used for testing within this work was developed from a previously existing battery testing system, created in LabVIEW using the programming language G, with rig specific changes made to allow for its use.  Four slave VIs were created with an overseeing master VI controlling the order of testing as well as interfacing with the user.  During testing all required tasks were completed with the data captured accurately  
This chapter has given an overview of the software used to implement testing.  .  The reasoning for creating five VIs is described, as well as the relationship between the master VI and the slave VIs with an individual description of each VI.  .  The methods used for interfacing with the hardware described in chapter 2 and for storing the generated data, were also given.   .  A full state diagram of the VIs as well as the interactions between them is presented in appendix A2. while full software documentation is provided in appendix A3.
The following chapter will present the data obtained during testing to show the DCA characteristics of the batteries under test.  .  The results will be split into two sections.  .  The first section createdwill present using the data obtained when a lower charging current of 1.67C was applied to the battery during the microcycles, as explained in chapter 1, while the second section will contain the data from a charging current of 4C.  .  An explanation of the results will be given as well as a discussion and comparison between datasets.  .    
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DCA test results
Having presented the hardware and software designed for the testing in the previous chapters, this chapter concentrates on the results of the tests, presented in sections 4.2.1 and 4.2.2.  .  The sets of results are split into two groups each defined by the value of current applied during the charging pulse of the microcycles.  .  Initially a relatively low charging current of 1.67C was used, in keeping with testsas outlined by Karden in [4.1].  .  After reviewing these results it was found that the test batteries easily accepted this low level of current, especially att the lower SoCs, therefore leading to an incomplete set of results.  .  The charging current was then increased to 4C.  .  
4.1. [bookmark: _Toc456648845]Test Batteries
Testing was completed using three different PbA test battery technologies, a Furukawa FTZ12-HEVFTZ12–HEV 12V UltraBattery [4.2], two high carbon 6V Exide AS 06 024 C spiral wound PbA batteries connected in series [4.3], and a Yuasa YTX9-BSYTX9–BS 12V PbA motorcycle battery [4.43].  .  The high carbon batteries were available from ongoing projects at the University of Sheffield, and the Yuasa battery was sourced commercially as a similar size and capacity to the Furukawa UltraBattery, for comparison.  .  A table is given in table 4.1 detailing the parameters of the test batteries
	Battery
	Nominal Voltage
V
	Nominal Capacity, C20
Ah
	Dimensions (LxWxH)
Mm
	Weight
Kg

	FTZ12-HEVFTZ12–HEV
	12
	8.4
	150 x 87 x 110
	3.8

	AS 06 024 C
	6
	24
	65 x 175 x 190
	4.7

	YTX9-BSYTX9–BS
	12
	8.4 
	150 x 87 x 105 
	3.0


Table 4.1 – A table showing the parameters of the test batteries.  .  As two AS 06 024 C batteries were tested in series the nominal voltage, length and weight should be considered as double the values given here.
The FTZ12-–HEV, showseen in figure 4.1, is a combination of a PbA battery and an asymmetric super-capacitor embedded in the same cell.  .  The super capacitor consists of a lead dioxide positive electrode, the same as a LAPbA batteryB, and a porous carbon negative electrode.  .  As both positive electrodes are fabricated using the same material, the PbA and the supercapacitor can share their positive electrode while the negative electrodes are connected in parallel as illustrated in figure 4.2s outlined in chapter 1, section 1.5.1.  .  This enables the two technologies to share the load [4.5]
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Figure 4.21 – The Furukawa FTZ12-HEV UltraBattery.  .  It consists of a lead-acid battery and an asymmetric super-capacitor with the negative electrodes connected in parallel
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Figure 4.2 – The red positive electrode is shared by both the supercapacitor and the lead-acid battery while their negative electrodes, shown in gold and silver respectively are connected in parallel.   
The AS 06 024 C, seen as a set of two in figure 4.3, is a PbA battery with a carbon loaded negative plate.  .  It has been established that the addition of carbon to the negative active material works to counteract the deterioration of performance found in PbA batteries used within HEVs [4.6].
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Figure 4.3 – Two Exide AS 06 024 C carbon loaded lead-acid batteries connected in series

The YTX9-BS, seen in figure 4.4, is a commercial off the shelf VRLA PbA battery used as a comparison battery to give a benchmark for the other tests.
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Figure 4.4 – Yuasa YTX9-BS lead-acid battery.  .  This battery was selected due to its similar dimensions to the FTZ12-HEV UltraBattery
The results of the test, and comparisons with the standard battery will now be described in the following section.
4.2. [bookmark: _Toc456648846]DCA Results
As explained in chapter 1, DCA is a measure of the amount of current accepted by the battery during a specific period of time.  In the context of these tests, that period of time is each microcycle’s 10 s charging pulse, also explained in chapter 1. During this period an upper voltage limit of 16 V is applied to the battery.  When the battery voltage reaches this limit the current applied to the battery is reduced by the limiter, as explained in chapter 2, consequently reducing the charge accepted by the battery.  This behaviour is illustrated in figures 4.5 and 4.6 where each figure shows the current applied, as well the voltage response, during a set of 20 microcycles, 
In figure 4.5 the microcycles have been completed whilst the battery is in a higher SoC and the upper voltage limit has been reached almost immediately, therefore causing the current to limit.  The set of microcycles shown in figure 4.6 have been completed at a lower SoC, allowing the voltage to rise without reaching 16 V and therefore the battery is able to accept all current applied to it for the full 10 s.  The DCA of the battery is consequently higher in the microcycles shown in figure 4.6, than in those shown in figure 4.5.  
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Figure 4.5 – A set of 20 microcycles at 90% SoC where the current is reduced due to the battery hitting 16 V
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Figure 4.6 – A set of 20 microcycles at 42% SoC where the current remains constant for the full 10 s



4.2.1. [bookmark: _Toc456648847]1.67C Microcycle Charging Current
As explained in chapter 1, DCA is a measure of the amount of current accepted by the battery during a specific period of time.   In the context of these tests, that period of time is each microcycles 10s charging pulse, during which an upper voltage limit of 16 V is applied to the battery.  When the battery voltage reaches this limit the current applied to the battery is reduced by the limiter, as explained in chapter 2, consequently reducing the charge returned to the battery.  An example of this is illustrated in figures 4.5 and 4.6 where each figure shows the current applied during 20 microcycles, as well the voltage response.  
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Figure 4.5 – A set of 20 microcycles at 90% SoC where the current is reduced due to the battery hitting 16 V
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Figure 4.6 – A set of 20 microcycles at 42% SoC where the current remains constant for the full 10 s


For the first series of testing the charging current applied during the microcycles was the experimentally measured capacity of the battery, Cexp , for that test temperature, multiplied by 1.67. This is referred to as 1.67C. 
In figure 4.5 the microcycles have been completed while the battery is in a higher SoC and the upper voltage limit has been reached almost immediately, causing the current to limit.  The set of microcycles shown in figure 4.6 have been completed at a lower SoC, allowing the voltage to rise without reaching 16 V and therefore allowing the battery to accept all current applied to it for the full 10 s.  The DCA of the battery is therefore higher in the microcycles shown in figure 4.6, than in those shown in figure 4.5.  
Looking at an overview of the results for this charging current, seen in figures 4.7 and 4.8, theThis general trend of a battery having a higher DCA when it is at a lower state of charge becomes more evident when looking at figures 4.7 and 4.8.  .  Here the 10th microcycle is taken from each set of microcycles and is plotted against the test SoC at which it was completed, for the FTZ-HEV and the YTX9-BSYTX9–BS in figures 4.7 and 4.8 respectively.  .  In both figures the discharging SoC steps areis shown in (a) while the charging SoC steps areis shown in (b).   .  For all DCA graphs the charge accepted by the battery is normalised Cto the capacity exp of the individual battery at each test temperature to allow for comparisons between different battery capacities.
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Figure 4.7 – (a) The DCA of the FTZ12-HEV during the charging pulse of the 10th microcycle is shown for each discharging test SoC for all test temperatures.  .  (b) The DCA of the FTZ12-HEV during the charging pulse of the 10th microcycle is shown for each cdischarging test SoC for all test temperatures
For both batteries, for the majority of test temperatures, when the battery is at a lowest SoC the full charging current is acceptedd by the battery over the 10 second period.  .  As the SoC increases the DCA falls.  . TThis fall is more prominent in the YTX9-BSYTX9–BS, while the FTZ12-HEVFTZ12–HEV achieves a higher DCA characteristic over all.  .  In the case of the FTZ12-HEV, at the higher temperatures the battery remains fairly consistent in accepting the full current during the discharging SoCs, where the battery accepts all current in all but the two highest SoCs.   Regardless of the general trend of a lower DCA in the YTX9-BS, the trend of a higher DCA in the discharging SoCs sets is apparent in both batteries.
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Figure 4.8 – (a) The DCA of the YTX9-BS during the charging pulse of the 10th microcycle is shown for each discharging test SoC for all test temperatures.  .  (b) The DCA of the YXT9-BS during the charging pulse of the 10th microcycle is shown for each discharging test SoC for all test temperatures
In the case of the FTZ12–HEV, at the higher temperatures, the battery remains fairly consistent in accepting the full current during the discharging SoCs where the battery accepts all current in all but the two highest SoCs.  Regardless of the general trend of a lower DCA in the YTX9–BS, the trend of a higher DCA in the discharging SoCs sets is apparent in both batteries. 
As outlined in [4.7] it is expected that the DCA characteristic is higher immediately after the battery has beenis discharged as the hardening lead sulphate crystals which limit charge acceptance are more soluble after a discharge history.  .  This is especially true for PbA batteries containing carbon, such as the FTZ12-HEVFTZ12–HEV, as it has been established that the addition of carbon delays the formation of sulphate crystals with variedious successes depending on the type and amount of carbon [4.8]. 
The overview of results also highlight the effect temperature has on the batteries’ ability to accept charge, with an increase in temperature largely resulting in an increase in DCA.  The correlation with temperature is more obvious with the YTX9–BS while the FTZ12–HEV remains relatively consistent, especially for the discharging SoC steps. This is excluding 0°C where its DCA values fall for both discharging and charging SoCs.  For both batteries the optimal temperate of those tested was 40°C
The overview results of the FTZ12–HEV’s charging SoC steps, shown in figure 4.7(b), seem to indicate that for the top two temperatures during the charging tests the results for 70% SoC seem to have a higher DCA than those for 90%, which is unexpected. However, as these graphs show just one DCA results from each set of 20, it is important to view the full DCA results to gain a clearer picture. 


The full DCA results for each test temperature are presented in figures 4.9b to 4.13b. During the test, as outlined in chapter 1, the battery is charged or discharged to the test SoC and allowed to rest before the set of 20 microcycles are completed.  Therefore the tests will generate an individual DCA value for every microcycle completed, in a set of 20, at each test SoC.  Each set of DCA results is plotted on the x-axis, with incrementing microcycles plotted consecutively against the estimated SoC that the set was tested at on the y-axis. Both charging and discharging SoC steps are plotted on the same graph
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Figure 4.9 – (a) The final OCV value  of both test batteries during the rest periods before each set of microcycles is plotted on the y-axis withset against the esitmatedestimated SoC for both charging and discharging plotted on the x-axis.  .  (b) For both batteries eachThe DCA valueresults fromof each set of 20 microcycles are plotted on  for both batteriesthe y-axis, set against the estimated SoC of the battey on the x-axis.  .  For both graphs testing was completed at 0°C
During the test, as outlined in chapter 1, the battery is charged or discharged to the test SoC and allowed to rest before the 20 microcycles are completed.  While the discharging and charging steps are fairly precise, what the battery does once the relays are closed cannot be controlled and the battery naturally floats to its OCV.  For this reason the test SoC values given in the DCA graphs, like those in figures 4.7 and 4.8, can only be considered an estimate.  To account for this the OCV for each test SoC is presented in figures 4.9a to 4.13a, together with the full DCA test results in figures 4.9b to 4.13b, for each test temperature.  The full DCA results consist of each set of 20 microcycles for both batteries plotted against the estimated test SoC for both discharging and charging SoCs.   
As with the general trend graphs in figures 4.7 and 4.8 the full DCA results show a more favourable DCA characteristic after the battery has been discharged.  However it become clear when looking at the full set of results that the initial high result immediately after a discharge history is prone to fall with each consecutive microcycle.  Whilst this conforms to the expectations provided by [4.9] it becomes evident that this is a more prevalent characteristic of the YTX9-BS, with the FTZ12-HEV being more likely to maintain the higher DCA.  It is also evident that even in the cases that the FTZ12-HEV results do demonstrate this behaviour, it is mostly true that the final DCA value remains higher in this test battery than the DCA value of the initial microcycle of the YTX9-BS for the same test SoC.
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Figure 4.10 – (a) The final OCV value of both test batteries during the rest periods before each set of microcycles is plotted on the y-axis with the estimated SoC for both charging and discharging plotted on the x-axis.  (b) For both batteries each DCA value from each set of 20 microcycles are plotted on  the y-axis, set against the estimated SoC of the battey on the x-axis.  – (a) The final OCV value  of both test batteries during the rest periods before each set of microcycles set against the esitmated SoC.  (b) The DCA results of each set of 20 microcycles for both batteries, set against the estimated SoC.  For both graphs testing was completed at 10°C
For the 1.67C series of results the discharges to each test SoC proved inconsistent with most discharges falling short by 4%. For all results, in this series of testing and the next, the amount of charge added or removed from the battery was calculated after the test and results are plotted against the calculated SoC.
While the calculation of the discharging and charging steps are fairly precise, what the battery does once the relays are closed cannot be controlled and the battery naturally floats to its OCV.  For this reason the test SoC values given in the DCA graphs can only be considered an estimate.  To account for this, the OCV values for each test SoC for each test temperature are presented in figures 4.9a to 4.13a.
Viewing the complete set of results also highlights the effect temperature can have on the batteries’ ability to accept charge with an increase in temperature largely resulting in an increase in DCA.  The correlation with temperature is more prevalent with the YTX9-BS while the FTZ12-HEV remains relatively consistent excluding 0°C, seen in figure 4.9, where its DCA values fall.  For both batteries the optimal temperate of those tested was 40°C, seen in figure 4.13.
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Figure 4.11 – (a) The final OCV value of both test batteries during the rest periods before each set of microcycles is plotted on the y-axis with the estimated SoC for both charging and discharging plotted on the x-axis.  (b) For both batteries each DCA value from each set of 20 microcycles are plotted on  the y-axis, set against the estimated SoC of the battey on the x-axis.  – (a) The final OCV value  of both test batteries during the rest periods before each set of microcycles set against the esitmated SoC.  (b) The DCA results of each set of 20 microcycles for both batteries, set against the estimated SoC.  For both graphs testing was completed at 20°C
As with the general trend graphs the full DCA results show a more favourable DCA characteristic after the battery has been discharged.  However it becomes clear, when looking at the full set of results, that the initial high result immediately after a discharge history is prone to fall with each consecutive microcycle.  This conforms to the expectations provided by [4.9], as it was outlined in [4.10], that the solubility of the sulfate crystals that result from a discharge period is inversely proportional on the local H2SO4 concentration. During discharging the H2SO4 solution immediately adjacent to the plates is depleted due to the reaction outlined in      chapter 1. As well as the batteries’ SoC, its immediate charging history and the test temperature, it can be seen that the length of time the battery is given to rest before completing microcycles has an effect on the batteries DCA.  This is consistent with [].  In this initial series of testing both sets of 90% SoC microcycles, those to the far left and far right of the graphs, were completed after the battery had been charged.  In the former both batteries were allowed to rest for an hour before the 90% SoC microcycles were completed while the latter the batteries were only rested for 10 minutes.  
For the lower temperatures the longer resting time leads to a more stable DCA result over the 20 microcycles, whereas despite the high initial value for the far right results the DCA rapidly falls with consecutive microcycles.  This pattern is not seen as much in the higher temperatures.
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Figure 4.12 – (a) The final OCV value of both test batteries during the rest periods before each set of microcycles is plotted on the y-axis with the estimated SoC for both charging and discharging plotted on the x-axis.  (b) For both batteries each DCA value from each set of 20 microcycles are plotted on  the y-axis, set against the estimated SoC of the battey on the x-axis.  – (a) The final OCV value  of both test batteries during the rest periods before each set of microcycles set against the esitmated SoC.  (b) The DCA results of each set of 20 microcycles for both batteries, set against the estimated SoC.  For both graphs testing was completed at 30°C
This reduction in H2SO4 results in sulfate crystals that are relatively soluble allowing for an efficient recharge. While the DCA of initial microcycles improves due to this solubility, subsequent charging increases the H2SO4 concentration, thereby decreasing the solubility of the crystals. Consequently the efficiency of the recharge is reduced leading to a reduced DCA [4.10]. 
This behaviour is a more prevalent characteristic of the YTX9–BS, with the FTZ12–HEV being more likely to maintain the higher DCA.  It is also evident that even in the cases where the FTZ12–HEV results do demonstrate this behaviour, it is mostly true that, for the same test SoC, the final DCA value remains higher in this test battery than the DCA value of the initial microcycle of the YTX9–BS.While it is a desirable behaviour for the battery to accept all current applied to it, the fact that the results for the FTZ12-HEV show that it accepts all charge even, in some cases, when the battery is above 70% full means that the true behaviour of the battery is incomplete.  To provide a clearer picture of the behaviour at the lower SoCs the charging pulse current was increased to 4C.  These results are presented in section 4.2.2
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Figure 4.13 – (a) The final OCV value of both test batteries during the rest periods before each set of microcycles is plotted on the y-axis with the estimated SoC for both charging and discharging plotted on the x-axis.  (b) For both batteries each DCA value from each set of 20 microcycles are plotted on  the y-axis, set against the estimated SoC of the battey on the x-axis.  – (a) The final OCV value  of both test batteries during the rest periods before each set of microcycles set against the esitmated SoC.  (b) The DCA results of each set of 20 microcycles for both batteries, set against the estimated SoC.  For both graphs testing was completed at 40°C
As previously mentioned in this section, the DCA result at 70% SoC during the charging SoC steps is, in the case of the top two temperatures, lower than that at 90% SoC. When looking at the full results, however, it appears that it is actually more prevalent; with at least one battery at each test temperature displaying this behaviour. These results show that when the batteries were at 90% SoC during the charging SoC steps their DCA behaviour is more akin to what would be expected in a discharging step e.g. a high initial DCA, which falls with each consecutive microcycle. As charging to 90% SoC causes the battery to reach its upper voltage limit, a reduced charging current is applied to the battery – albeit for a longer duration to reach the desired SoC. It may be that this reduction in applied current has an effect on the accumulation of sulfate crystals, however, the definitive reason for this is unknown and is an area for further research. 
As it has been documented in [4.11] that, as well as the batteries’ SoC, its immediate charging history, and test temperature, the length of time the battery is given to rest before completing microcycles has an effect on the battery’s DCA. It has been found that, in general, a longer pause will result in a lower DCA. This is believed to be due to the “Hardening Crystals” effect, where the solubility of the sulfate crystals that form on the negative plate, and limit DCA, reduces with time leading to a lower dissolution rate for older crystals [4.11].
To allow for some comparison in rest time, without radically extending the test time, one test SoC was chosen to have two sets of microcycles completed after a charging period but with different durations of resting periods. This was only possible for 90% SoC, those to the far left and far right of the full DCA graphs. As the battery is fully discharged by the end of the pre test conditioning it can then be recharged to 90% SoC. As a result, in this series, the first 90% SoC test was completed after the battery had been allowed to rest for 1 h while for all other SoCs, including the second 90% SoC test, the battery is rested for just 10 minutes. As the first 90% SoC DCA results do not mirror the aforementioned atypical behaviour of the second as severely , it may be that a longer rest time after a charge to 90% SoC may reduce this behaviour. Again this is an area of ongoing research
In this initial series of testing there are two anomalous results, one in 4.10(b) and one in 4.12(b) where the current applied to the battery drops out. The reason for this is unknown, however the remainder of the test results have not been affected.
While it is a desirable behaviour for the battery to accept all current applied to it, the fact that the results for the FTZ12–HEV show that it accepts all charge even, in some cases, when the battery is above 70% SoC means that the true behaviour of the battery is incomplete.  To provide a clearer picture of the behaviour at the lower SoCs the charging pulse current was increased to 4C.  These results are presented in section 4.2.2

4.1. [bookmark: _Toc431227432][bookmark: _Toc431227787][bookmark: _Toc431227914][bookmark: _Toc431295614][bookmark: _Toc431295746][bookmark: _Toc431322797][bookmark: _Toc431332898][bookmark: _Toc431372581][bookmark: _Toc443507825][bookmark: _Toc452250976][bookmark: _Toc452253791][bookmark: _Toc452621802][bookmark: _Toc456648848]
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4.2.2. [bookmark: _Toc456648851]4C Microcycle Charging Current
In this series of tests a string of two high carbon 6V 24Ah Exide Pb-APbA batteries, which both have a capacity of 24Ah,  was added to the FTZ12–HEV and YTX9–BS test batteries batteries to be tested..
As with section 4.2.1 an initial over view of the 10th micrcocycle for each set of 20 microcycles SoC for each temperature for all test batteries at each test temperature is presented in figures 4.14 to 4.16 for the FTZ12-HEVFTZ12–HEV,  YTX9-BSYTX9–BS and Exide batteries respectively 
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Figure 4.14 – (a) The DCA of the FTZ12-HEV during the charging pulse of the 10th microcycle is shown for each discharging test SoC for all test temperatures.  (b) The DCA of the FTZ12-HEV during the charging pulse of the 10th microcycle is shown for each discharging testThe DCA of the FTZ12-HEV during the charging pulse of the 10th microcycle is shown for each discharging test SoC for all test temperatures.  (b) The DCA of the FTZ12-HEV during the charging pulse of the 10th microcycle is shown for each charging test SoC for all test temperatures
Again the The overview graphs demonstrate a consistently superior DCA characteristic in the FTZ12-HEVFTZ12–HEV when compared to the YTX9-BSYTX9–BS, where the increased charging current has had less of an impact on the former.   .  The battery FTZ12–HEV is still able to accept the full charging current for the full chargingtotal time period when in the lower SoCs during the discharging SoC steps.  .  During the charging SoC steps, however, the battery only maintains its ability to accept the full charging pulse when it is in the lowest SoC. While t, however this is still fairly similar to the previous result.   it does provided a clearer picture of the battery behaviour.
The YTX9–BS, in comparison, only accepts the full 4C charging current when in the lowest SoC and this only occurs in the top two temperatures for the discharging steps and the top temperature for the charging.  The results for 10°C are omitted from these results as the battery failed before this test could be completed.  
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Figure 4.15 – (a) The DCA of the YTX9-BS during the charging pulse of the 10th microcycle is shown for each discharging test SoC for all test temperatures.  .  (b) The DCA of the YTX9-BS during the charging pulse of the 10th microcycle is shown for each discharging charging test SoC for all test temperatures
The YTX9-BS, in comparison, only accepts the full 4C charging current only when in the lowest SoC and this only occurs in the top two temperatures for the discharging steps and the top temperature for the charging.  The results for 10°C are omitted from these results as the battery failed before this test could be completed.
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Figure 4.15 16 – (a) The DCA of the Exide during the charging pulse of the 10th microcycle is shown for each discharging test SoC for all test temperatures.  .  (b) The DCA of the YTX9-BS during the charging pulse of the 10th microcycle is shown for each discharging test SoC for all test temperatures
As the order of test for all the batteries was: 20°C, 30°C, 40°C, 0°C, 10°C the failure of the YTX9–BS occurred during the last test in this piece of work.  It should be noted that, while the falling state of health of the YTX9–BS may have had an effect on the DCA results in the tests immediately before failure, when these are compared to earlier tests there is no marked difference in the behaviour of the YTX9–BS
For the string of Exide batteries theseis measure of DCA results shows that it does not match the performance of the FTZ12-HEVFTZ12–HEV despite the carbon additives.   .  For During the discharging SoCs, only during three tests does the battery accept the full charging current, even in the lowest test SoCs.  .  For the charging steps the majority of tests result in the battery only accepting the full charging current only in the lowest SoC.  .  This is excluding the test completed 0°C where the performance of all batteries is reduced

Again, as in the previous section, figures 4.17.a to 4.21a show the final OCV values immediately before each set of microcycles set against the test SoCs for each temperature while figures 4.17b to 4.21b show the full DCA test results for all test SoCs for each test temperature.






Again, as in the previous section, figures 4.17.a to 4.21a show the final OCV values immediately before each set of microcycles set against the test SoCs for each temperature while figures 4.17b to 4.21b show the full DCA test results for all test SoCs for each test temperature.
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Figure 4.116 7 – (a) The final OCV value of all test batteries during the rest periods before each set of microcycles is plotted on the y-axis with the estimated SoC for both charging and discharging plotted on the x-axis.  (b) For all batteries each DCA value from each set of 20 microcycles are plotted on  the y-axis, set against the estimated SoC of the battey on the x-axis.  – (a) The final OCV value  of all test batteries during the rest periods before each set of microcycles set against the esitmated SoC.  (b) The DCA results of each set of 20 microcycles for all batteries, set against the estimated SoC.  For both graphs testing was completed at 0°C	Comment by katharine: Hi Luke, the colours in these graphs are OK. There is a setting when printing that makes the difference in colour clearer

As with the overview graphs, the full DCA results show that the higher charging current results in the YTX9–BS rarely succeeding in accepting the full charging current.  This only occurs in the top two temperatures and only when the battery is lower than 30% SoC.  The string of Exide batteries, while appearing similar to the YTX9–BS for the higher SoCs, demonstrates a more appealing DCA characteristic when in the lower test SoCs than the YTX9–BS with this battery accepting the full charging pulse for more SoCs  
Despite having little impact on the FTZ12-HEVs DCA characteristic after a discharging history the increase in charging current has provided a clearer picture for all batteries after a charging history with even the FTZ12-HEV only accepting the full charging current in the lowest SoC, for most temperatures.  The higher charging current also means that the YTX9-BS rarely succeeds in accepting the full charging current, even when the battery is in the lower SoCs.  This only occurs in the top two temperatures and only when the battery is lower than 30% SoC.  The string of Exide batteries, while appearing similar to the YTX9-BS for the higher SoCs, demonstrates a more appealing DCA characteristic when in the lower test SoCs than the YTX9-BS.  
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Figure 4.1817 – (a) The final OCV value of both test batteries during the rest periods before each set of microcycles is plotted on the y-axis with the estimated SoC for both charging and discharging plotted on the x-axis.  (b) For both batteries each DCA value from each set of 20 microcycles are plotted on  the y-axis, set against the estimated SoC of the battey on the x-axis.  – (a) The final OCV value  of all test batteries during the rest periods before each set of microcycles set against the esitmated SoC.  (b) The DCA results of each set of 20 microcycles for all batteries, set against the estimated SoC.  For both graphs testing was completed at 10°C
Unlike the previous series of tests, where after the pre test conditioning the battery is charged to the first test SoC, during these tests the battery is fully charged after the pre test conditioning. Therefore the initial 90% SoC test is completed after the battery is discharged to from 100% SoC.  It is still allowed to rest for 1 h instead of 10 minutes.  The DCA results after the 1 h rest have a marginally more consistent behaviour than the remainder of the discharging SoC results, however there is not a substantial difference. It may be that a rest time of 1 hour is not sufficient for the “Hardening Crystals” effect to take place as this is the lower limit of rest time given in [4.11]. 

Unlike the previous series of testing, during these tests the initial 90% SoC is discharged to from 100% SoC but is still allowed to rest for 30 minutes.  For the YTX9-BS and the string of Exide batteries this also results in a more consistent series of DCA results, however the longer resting time generally has less of an effect on the behaviour of the FTZ12-HEV.  
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Figure 4.18 19 – (a) The final OCV value of all test batteries during the rest periods before each set of microcycles is plotted on the y-axis with the estimated SoC for both charging and discharging plotted on the x-axis.  (b) For all batteries each DCA value from each set of 20 microcycles are plotted on  the y-axis, set against the estimated SoC of the battey on the x-axis.  – (a) The final OCV value  of all test batteries during the rest periods before each set of microcycles set against the esitmated SoC.  (b) The DCA results of each set of 20 microcycles for all batteries, set against the estimated SoC.  For both graphs testing was completed at 20°C
While the majority of the behaviour of the batteries during this series of tests matches that of the previous section the phenomenon of the set of DCA results at 90% SoC in the charging SoC steps displaying behaviour more suited to a set immediately after a discharge is not seen in this section. While this was consistently seen during the 1.67C tests the only exhibition of this behaviour at 4C is seen for the YTX9–BS where, for all test temperatures, the initial DCA results of the 90% SoC in the charging SoC steps are relatively higher than the subsequent DCA results. It may, therefore, be that the higher charging current has an effect on this behaviour 


The OCV graphs show that, during the majority tests in this series of testing, the starting voltage for the initial microcycle for each test SoC were more consistant across the test batteries when compared to previous testing, especially for the discharging SoCs.  However, for the YTX9-BS the OCV for the charging steps is significantly higher than that for the dischargingn, despite the fact that for all these tests they had been set to the same SoC before being allowed to rest.  It has been identified that a higher OVC after a set rest time is an indication of acid stratifacton which is an idication of an aging battery.  This corresponds witht the fact that the YTX9 battery failed before all tests could be completed.   
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Figure 4.1920 – (a) The final OCV value of all test batteries during the rest periods before each set of microcycles is plotted on the y-axis with the estimated SoC for both charging and discharging plotted on the x-axis.  (b) For all batteries each DCA value from each set of 20 microcycles are plotted on  the y-axis, set against the estimated SoC of the battey on the x-axis.  – (a)The final OCV value  of all test batteries during the rest periods before each set of microcycles set against the esitmated SoC.  (b) The DCA results of each set of 20 microcycles for all batteries, set against the estimated SoC.  For both graphs testing was completed at 30°C
Conversely, during these tests it is noted that for the FTZ12–HEV, when the battery is at 30% SoC immediately after a charging period, the DCA of the battery actually increases for consecutive microcycles. This behaviour is also seen slightly for the surrounding SoCs but is most predominant at 30%. The reason for this is unknown and is an intriguing area for further research 
The OCV graphs show that, during the majority of tests in this series, the starting voltage for the initial microcycle for each test SoC were more consistent across the test batteries when compared to previous tests, especially for the discharging SoCs.  However, for the YTX9–BS the OCV for the charging steps is significantly higher than that for the discharging, despite the fact that for all these tests they had been set to the same SoC before being allowed to rest To provide a view of how DCA can be affected by the OCV immeditely before testing the results for the 20°C are presented in figure 4-22 with each set of micrcocycles plotted against OCV.  Those sets that fall within the same 0.1 range are plotted together.  The ranges of OCV for the x-axis can be found in table 4.2  
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Figure 4.20 21 – (a) The final OCV value of all test batteries during the rest periods before each set of microcycles is plotted on the y-axis with the estimated SoC for both charging and discharging plotted on the x-axis.  (b) For all batteries each DCA value from each set of 20 microcycles are plotted on the y-axis, set against the estimated SoC of the battey on the x-axis.  – (a) The final OCV value  of all test batteries during the rest periods before each set of microcycles set against the esitmated SoC.  (b) The DCA results of each set of 20 microcycles for all batteries, set against the estimated SoC.  For both graphs testing was completed at 40°C

It is also evident that the OCV for the YTX9–BS is consistantly higher than the other batteries for both charging and discharging tests.  It has been identified that a higher OCV after a set rest time is an indication of acid stratification which is an indication of an ageing battery [4.9].  This corresponds with the fact that the YTX9–BS  battery failed before all tests could be completed.  
To provide a view of how DCA can be affected by the OCV immediately before testing, the results for the FTZ12–HEV, YTX9–BS and Exide at  20°C are presented again in figures 4.22, 4.23 and 4.24 respectively. In these graphs each set of micrcocycles is plotted against OCV instead of SoC whereby all those sets that fall within the same 0.1 range are plotted together under a number on the x-axis.  The ranges of OCV and their corresponding numbers can be found in table 4.2  
	x-axis Value
	1
	2
	3
	4
	5
	6
	7
	8

	OCV Range (V)
	13.40 -13.49
	13.30 - 13.39
	13.20 -13.29
	13.10 -13.19
	13.00 - 13.09
	12.90 - 12.99
	12.80 - 12.89
	12.70 - 12.79

	
	
	
	
	
	
	
	
	

	x-axis Value
	9
	10
	11
	12
	13
	14
	15
	16

	OCV Range (V)
	12.60 -12.69
	12.50 - 12.59
	12.40 -12.49
	12.30 -12.39
	12.20 - 12.29
	12.10 - 12.19
	12.00 - 12.09
	11.90 - 11.99

	
	
	
	
	
	
	
	
	

	x-Axis Value
	17
	18
	19
	20
	21

	OCV Range (V)
	11.80 -11.89
	11.70 - 11.79
	11.60 -11.69
	11.50 - 11.59
	11.40 -11.49


Table 4.2: A list of ranges that the test batteries fell into during testing and the number that they correspond to in figures 4.22, 4.23 and 4.24	Comment by katharine: Hi Luke, the ranges of OCV in this table were increasing in the wrong direction 
In these graphs it remains apparent that, for this test temperature, the FTZ12–HEV is still superior compared to the other test batteries, in both charging and discharging steps. However, while these results clearly show a superior behaviour when the battery has a low OCV, where the FTZ12–HEV accepts the full charging current, when looking at the higher OCV results, the behaviour of all test batteries is relatively matched. 
It is still apparent that the FTZ12-HEV is still superior compared to the other test batteries in both charging and discharging steps.  During the discharging especially, when the OCVs of the batteries are similar, such as group 8 where all batteries have an OCV between 12.20V – 12.29V after a discharging step, the FTZ12-HEV out performs both batteries.
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Figure 4.21 22 – The DCA results of each set of 20 microcycles for all batteries.  .  Each set is plotted againt the range of OCV that the battey was in immediately befofre the 20 micrcycles were conducted.  .  These ranges and the x-aAxis number they correspond to can be found in table 4.2.  .  Testing was completed at 240°C
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Figure 4.23 – The DCA results of each set of 20 microcycles for all batteries.  Each set is plotted againt the range of OCV that the battey was in immediately before the 20 micrcycles were conducted.  These ranges and the x-axis number they correspond to can be found in table 4.2.  Testing was completed at 20°C
For example, in group 5 where all test batteries have an OCV between 13.00 V – 13.09 V after a charging step, the FTZ12–HEV only marginally outperforms the other batteries. In this group the FTZ12–HEV maintains a DCA of ~0.5 A/Ah with the others reaching ~0.4 A/Ah. This is improved in group 8 where all test batteries have an OCV between 12.70 V – 12.79 V after a discharging period. Here the DCA of the FTZ12–HEV falls between ~2 and 1.1 A/Ah, the YTX9–BS between ~1.2 and 0.9 A/Ah and the Exide string between 1.5 and 1 A/Ah. 
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Figure 4.24 – The DCA results of each set of 20 microcycles for all batteries.  Each set is plotted againt the range of OCV that the battey was in immediately before the 20 micrcycles were conducted.  These ranges and the x-axis number they correspond to can be found in table 4.2.  Testing was completed at 20°C
For the higher OCVs the FTZ12–HEV starts accepting the full charging currents after a discharging period when the OCV is 12.10 – 12.19 V while the other batteries can only manage an initial DCA of ~3.4 Ah//A, when OCV is 12.20 – 12.29, before rapidly falling. The Exide shows minimal improvement on the YTX9 – BS for this test temperature when the results are presented this way.
The Exide, in comparison, only shows an advantage after a charging history while the discharging microcycles are very similar to those of the YTX9-BS, where in some cases the YTX9-BS manages to just outperform the Exide string.  In the case of group 16 where the majority of batteries have an OCV between 13.00V and 13.09V for both a discharging and charging SoC set, excluding the FTZ12-HEV, the charging set is more favourable.  However the extent of the change in DCA performance based on the battery history is different in each battery with the YTX9-BS charging SoC step experiencing the greatest fall in DCA.  
	x-axis Value
	1
	2
	3
	4
	5
	6
	7
	8

	OCV Range (V)
	11.50 -11.59
	11.60 -11.69
	11.70 - 11.79
	11.80 -11.89
	11.90 - 11.99
	12.00 - 12.09
	12.10 - 12.19
	12.20 - 12.29

	
	
	
	
	
	
	
	
	

	x-axis Value
	9
	10
	11
	12
	13
	14
	15
	16

	OCV Range (V)
	12.30 -12.39
	12.40 -12.49
	12.50 - 12.59
	12.60 -12.69
	12.70 - 12.79
	12.80 - 12.89
	12.90 - 12.99
	13.00 - 13.09

	
	
	
	
	
	
	
	
	

	x-Axis Value
	17
	18
	19
	20

	OCV Range (V)
	13.10 -13.19
	13.20 -13.29
	13.30 - 13.39
	13.40 -13.49


The envelope of these results show that while the DCA of the FTZ12–HEV are still superior to, different levels depending on battery OCV, there is a marked difference between the charging and discharging results for this battery. For the Exide and YTX9 – BS, however, there is a more consistent result at this temperature with both charging SoCs and discharging SoCs having a more linear relationship between DCA and OCV. 
Table 4.2: A list of ranges that the test batteries fell into during testing and the number that they correspond to in figure 4.2
4.3. [bookmark: _Toc456648852]Conclusion
This chapter has presented the results of the test outlined in chapter 1, with test results separated into sections based on the charging current applied to the battery during microcycles. Initially two batteries were tested, the Furukawa FTZ12–HEV 12V UltraBattery and the Yuasa YTX9–BS 12V, a commercial PbA battery. For the first series of tests the charging current was limited to 1.67C. This provided a picture of the batteries behaviour when they were in a high SoC but, due to the batteries accepting the full charging current, information was missing for the lower SoCs. Even with an incomplete picture of the batteries’ behaviour the FTZ12–HEV presented a more appealing DCA characteristic with the YTX9–BS reaching its upper voltage limit for the majority of SoC, therefore creating a reduction in DCA.  
To provide a more complete picture of the DCA characteristic of the batteries the charging current was increased to 4C and a third battery technology was added to the test batteries. This was a string of two high carbon 6V 24Ah Exide batteries. While increasing the charging current to the higher value provided a better picture for the YTX9–BS – the amount of charging current it accepted in the lower SoCs was further limited – the FTZ12–HEV continued to accept the full charging current for the same SoCs for the majority of test temperatures. The results for the string of Exides displays a behaviour marginally improved to that of the YXT9–BS and not to the extent of the FTZ12–HEV. 


Finally the full set of DCA results completed at 20°C for each battery were plotted, instead of against the SoC, against the OCV of the battery immediately before each set of 20 microcycles were completed. These graphs confirmed the preferable behaviour of the FTZ12–HEV when the battery had a lower OCV but highlighted that when the batteries had a higher OCV they displayed relatively similar abilities.
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Discussion
As the results have been presented in chapter 4 this chapter will evaluate some of the interesting points and comment on the scope for further study.  .  Firstly a summary of what this thesis has presented is given before the results are discussed
This thesis has presented a dynamic charge acceptance (DCA) characterisation of two high carbon lead-acid (PbA) battery types containing differing carbon technologies – for the Furukawa FTZ12–HEV 12V UltraBattery and the high carbon 6V Exide AS 06 024 C spiral wound PbA battery two high carbon lead-acid (Pb-A) batteries containing differing carbon technologies, allowing for comparisons between the two.  A.  A third battery, thea Yuasa YTX9–BS 12V motorcycle battery – a commercial off the shelf VRLA battery, was also compared as a control measure.  .  The first chapter presented the requiremenway in whichts of automotive batteries for use within electric vehicles (EVs) are operated as well as presenting the argumentbenefits ofor the implementation of Pb-APbA batteries over lithium ion and nickel metal hydride for EVs with low levels of hybridisationover lithium ion and nickel metal hydride.  .  The concept of dynamic charge acceptance (of DCA) as a measure of assessing a batteries ability within EVs was introduced and the test procedure used for this piece of research was outlined.  .  
In Chapter 2 an explanation of the whole test setup, consisting of a test rig, a temperature cooling chamber and a control PC, was given.  .  Specific requirements of the test rig were also given and the chapter provided details on how rig components work.  .  
CThe following chapter, chapter 3, then provided information on the software used to control the rig during testing.  .  The main tasks of the test were explained as well asand how they were assigned to a separate software programs.  .  These programs were then explained, giving details ofn how their main tasks were achieved and how they interacted with each other.  .  The functions used for applying current, setting voltage limits and acquiring and recording data while the programs main tasks were completed were also explained.  . 
 The results of the DCA tests, as well as descriptions of the test batteries, were then presented in chapter 4.   .  These were split into two sections, 1.67C and 4C, based on the charging current value used during testing.  .  An overview trend of the tests for the FTZ12-HEVFTZ12–HEV and YTX9-BSYTX9–BS at 1.67C was given before presenting the full DCA test data.  .  During this section it was identified that the charging current levels were insufficient in providing a clear picture of the battery technologies and, as such, it was increased to 4C.  .  The results for the higher charging current were presented in the same manner as those of the 1.67C testing.   with the addition of presenting, for the test at 20°C, the relationship between DCA and the OCV immediately before the sets of microcycles.
5.1. [bookmark: _Toc456648856]Results discussion
When the results were presented the initial overview of the 10th microcycle for each test SoC in the 1.67C tests gave a clear indication that the ability of the FTX12-HEV exceeded that of the control battery especially during the discharging steps.  .  However the graphs showing the full results indicated that only viewing one response out of a set of 20 microcycles was not sufficient, therefore all results were presented for all temperatures.  .  As well as the set test SoCs the OCV values at the beginning of each microcycle set wereas included to allow for comparative results between not just the SoC but also OCV.   .  While the FTZ12-HEVFTZ12–HEV behaviour consistently remained preferable to that of the YTX9-BSYTX9–BS the full results indicated that the preferable discharging steps in the overview were less stable than those in the charging steps, with values for consecutive microcycles sharply decreasing.  .  Therefore it may be assumed that, while knowing the behaviour of the battery after a discharge is desirable,  the charging steps are a preferable method in consistent DCA measurement characteristics., however knowing the behaviour of a battery after discharge is still desirable.   .  It was also apparent that an increase in rest times also had a stabilising effect on the DCA result therefore an investigation into the effects on open circuit resting time for different battery technologies may lead to more predictable results.  .  However, it has also been shown that an increased the rest time has an effect on charge acceptance levels for standard VRLA batteries with a longer resting time resulting in a lower charge acceptance.    [5.1].
After the initials testsWhen the charging current was increased to 4C and the string of two high carbon Exide batteries was added to the test batteries.  .  While the FTZ12-HEVFTZ12–HEV continued its superior DCA behaviour during these tests the Exide batteries did not offer a significant increase in DCA results when compared to the control battery.  .  
When considering EV traction applications the results in this piece of work suggest that the FTZ12–HEV is the most suitable choice due to its consistent superior DCA behaviour when comparing it to the control battery – the YXT9–BS – and to the high carbon Exide batteries. As outlined in chapter 1 this will result in a more efficient recuperation of energy during regenerative braking. While the Exide batteries displayed an improvement when compared to the control battery this was significantly lower than the FTZ12–HEV. As well as this, when comparing the dimensions of the batteries, given in table 4.1 in chapter 4, while the             FTZ12–HEV is of a similar size and weight to the control battery the combination of the two      6 V Exides will result in an area and weight that is just over three times larger than the          YXT9–BS. As weight is an important factor in automotive applications, and considering the PbA batteries already diminished specific energy when compared to other battery types, the Exide string presents a less viable option compared to the FTZ12–HEV.
The breadth of test results in this work, across a full range of SoC and after both charge and discharge periods, gives rise for an opportunity to consider a metric of the DCA characteristics of automotive batteries. A definitive concrete metric has the potential be added to datasheets to aid in the selection of an appropriate battery. From the DCA vs OCV results, presented in figures 4.22 to 4.24 in section 4.2.2 of chapter 4, an envelope of the DCA behaviour for each of the test batteries was observed.  When a line is drawn through the 10th microcycle of each set of microcycles, as seen in figure 5.1, a clear picture of the DCA characteristics for the test batteries at 20°C can been seen. When comparing these envelopes for the test batteries a clear picture of the batteries behaviour is quickly and easily observed. For example, it is apparent that at the lower SoC the FTZ12–HEV outperforms the other tests batteries for both the discharging and charging steps. It is also clear, however, that the FTZ12–HEV has the greatest difference in behaviour for both sets of SoC steps. When compared to the Exide there is not as great an improvement in DCA when compared to the YXT9–BS however the behaviour of the discharging and charging SoC steps are more consistent with each other.
High OCVSoC
Low OSoCV

Figure 5.1 – A potential metric for adding DCA characteristics to data sheers is presented as the envelopes shapes of the DCA results of all three test batteries at 20°C. DCA has been plotted against OCV for both charging and discharging SoC steps and the lines of the envelope go through the 10th microcycle from each set of 20 microcycles
It must be recognised, however, that, in-keeping with all standard tests, there may be a variable relationship between a batteries performance in a DCA test and its performance in real-life 
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5.2. [bookmark: _Toc456648858]Future study
While the increase of the charging current to 4C obtained an enhanced picture of the behaviour of the batteries, the true performance of the FTZ12–HEV whilst in the lowest SoC is still unknown.  Therefore, the current would need to be increased to ensure that the battery would limit at all SoCs.  As the current limit of the rig used in this piece of work is limited to 100 A it was not possible to increase the current whilst still including the string of Exide batteries. Therefore work is currently ongoing in to this area with equipment capable of applying higher currents.
When viewing the two sets of results it appears that an increase in microcycle charging current leads to an increase in DCA even when the battery is in a higher SoC and is therefore limiting.  .  When, for example, the FTZ12-HEVFTZ12–HEV consistently limits during the 90% SoC discharging set of microcycles the two sets of results limit at different values.  .  The results for the 1.67C tests have the 90% discharging steps limit around 0.5 A/Ah with a maximum of 1A\Ah being reached for 40°C while, for the 4C set of results, the DCA only limits at 0.5 during the 0°C and reaches 2.9 A/Ah during the test at 40°C.  .  The current fall time in both sets of tests remains fairly constant at ~3-4 seconds regardless of initial charging pulse value.  .  As the voltage also remains consistent during the pulses the impedance of the test battery can be investigated, focusing on before and after high rate, to determine why the current falls away at the same rate. .  These impedance tests can also be completed at the set test SoCs, so as to give insight ionto how the impedance changes with SoC and what eaffects this may have on DCA.  .  These tests can be completed before and after a full series of tests to gain insight ionto what eaffects this testing has on the impedance of the battery and therefore how they affect the battery’ies state of health.  .  These investigations can be expanded to gauge what eaffect the higher voltage limit of 16 V has on the battery, even when applied for a short time. .  As the YTX9-BSYTX9–BS failed before the 4C series of testing could be completed, the increase in upper voltage limit may be having a detrimental effect on the battery. .  Therefore these DCA tests can be completed again with a decreased upper voltage limit of 14.8 V giving an insight into how the upper voltage limit during microcycles effects the battery’ies state of health. .  This will also allow a comparison between any benefits to DCA the increased limit may have and how this effects the change in impedance before and after testing
Although the gradient of increasing DCA values with decreasing SoC is fairly smooth, occasionally there is a “jump” in values from one SoC test to another.  .  This is usually in the charging steps and around the 30% SoC step.  .  As the cooling chamber is only in control of the ambient temperature the battery may be heating up at this point allowing for an increase in charge acceptance.  .  This test can be repeated with the battery temperature being set by a water bath or, if repeated with the same cooling system, with the battery temperature being monitored throughout testing.  .  
As the limit of 4C for the charging current resulted in a less than complete picture of the behaviour of all the batteries, with even the YXT9–BS control battery still accepting the full pulse when in the lowest SoCs for the highest temperature, further tests will an increased current should be completed. Additionally,  aAs this work was completed in relation to suitability of Pb-APbA batteries for EV operation the batteries currently being utilised in EV, nickel metal hydride and lithium ion, need to tested as well   
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As described in chapter 3, five virtual instruments (VIs) – one master VI used to control four slave Vis – were created in LabVIEW (Laboratory Virtual Instrument Engineering Workbench) to be used to complete the tests outlined in chapter 1.  Each of these VIs was created using a template architecture provided by LabVIEW called Top Level Baseline Prime (TLB’).  Within this architecture each task that the program completes is broken down and compartmentalised into “actions”.  A separate management system is used to monitor the current position of the program, known as its state, and uses triggers within these states to determine which actions should be completed.  As demonstrated in the state diagram figure A2.1, triggers can be used to transition either into a new state or back in to its current state where each trigger contains a list of actions that the program will complete while it is transitioning.  The appropriate trigger is selected based on inputs sent to the management system either from within an action or from an external event.  It is also shown in figure A2.1 that any action can be called by any trigger within any state, i.e. action 2 is called within trigger 1 and trigger 2 of state 1.
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Figure A2.1 – An example of a state diagram containing two states.  State 1 has two triggers one of which is used to transition into state 2 while the other is used to transition back into itself.  The second state has one trigger which used to transition into state 1.  Each trigger contains a list of actions which the program will complete while transitioning
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Appendix – Software Action Description (Software User Manual)
Introduction 	Comment by katharine: Katharine: Is the initial information saveable?
This appendix has been included to provide a further, more in-depth, description of the software described in chapter 3.   It can be used with the full state diagram found in appendix 2 to provide more information on the flow of the program as well as the intricacies of the individual aspects of the software.
As described in chapter 3 five virtual instruments (VIs), one master VI used to control four slave VIs, where created in LabVIEW to be used to complete the tests outlined in chapter 1.  Each of these VIs was created using a template architecture provided by LabVIEW called Top Level Baseline Prime (TLB’).  Within this architecture each task that the program completes is broken down and compartmentalised into “actions”.   A separate management system is used to monitor the current position of the program, known as its state, and uses triggers within these states to determine which actions should be completed.  As demonstrated in the state diagram figure A3.1, triggers can be used to transition either into a new state or back in to its current state where each trigger contains a list of actions that the program will complete while it is transitioning.  The appropriate trigger is selected based on inputs sent to the management system either from within an action or from an external event.   It is also shown in figure A3.1 that any action can be called by any trigger within any state
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Figure A3.1 – An example of a state diagram containing two states.  State 1 has two triggers one of which is used to transition into state 2 while the other is used to transition back into itself.  The second state has one trigger which used to transition into state 1.  Each trigger contains a list of actions which the program will complete while transitioning
A description of the TLB’ architecture is given below as well as an alphabetically listed description of all actions completed by each VI.  These can be used with the full state diagrams for each VI, found in appendix 1, to gain further knowledge of the software used during testing
Top Level Baseline Prime Architecture
The Top Level Baseline Prime (TLB’) architecture, seen in figure A3.2, consists of four while loops: an Initialise Application while loop, an Events Handler while loop, a Primary Execution while loop and a Close Application while loop.  
[image: ]
Figure A3.2 – The full architecture of the TLB’ template.  Consisting of four while loops: the initialise while loop, in green; the events handler while loop, in yellow; the primary execution while loop, in blue and the close application while loop, in pink
As VIs flow from left to right the Initialise Application loop is executed first before the program then runs Events Handler loop and the Primary Execution loop in parallel.  Once the task of the VI is complete it then transitions into the Close Application loop.
The system of states, actions and triggers, outlined in section A3.1, is contained within the Primary Execution while loop, seen in figure A3.3, which is where the bulk of the program is completed.  This while loop is split into two case structures.  The first is the System Actions/Messages case structure where all actions are completed while the second, the Transition Complete? case structure, contains the system used to manage the program.  The latter case structure is only operational after all actions within a trigger have been completed and its main task is to choose the next trigger based on where the program is within the test.  
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Figure A3.3 – The Primary Execution while loop contains two main case structures, the Systems/Actions Messages case structure and the Transition Complete? case structure.  The former is used to complete of the actions required of the program whist the latter, seen in figure A3.4, is used as a management system
The Transition Complete? case structure, seen in figure A3.4, achieves this using 3 more internal case structures.  The first, System States, holds all of the states of the program.  As explained in chapter 3, during testing each VI uses a subVI called a shifter to store parameters for the test.  This shifter also stores the current state of the VI which is then used to select the corresponding case of the System States case structure.  Each state contains a finite number of triggers, each of which will contain a list of actions that need to be completed as well as a message to inform the VI which state it needs to move into.  The third case structure, the Change State case structure, to the right of the System States case structure is used to change the state of the VI.  If the message within the trigger is different to the current state of the program the System Actions/Messages case structure is told to complete the “Change State” action which can be found in the lists below.
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Figure A3.4 – The Transition Complete? case structure consists of three internal case structures.  The System States case structure contains all states that the program will be in.  Each of these states contains a number of triggers, seen in the grey box, which are used to select which actions should be completed.  The third structure is used to change states
To achieve this a queue systems that runs between the while loops and case structures are used for internal communication as well allowing for the Master VI to communicate with the slave VIs.  Two queues, the Systems Trigger queue and the Action queue, are used to select the triggers and actions.  This means that a message or group of messages can be inserted or enqueued, in order, to a queue in one part of the program and removed or dequeued in another.  These messages can then be used to select the desired case of a case structure.  Therefore each trigger can enqueue a list of actions to the Actions queue to then be dequeued at the Systems Actions/Messages case structure where each message will select the corresponding case.  This is also true of the System Triggers queue where most triggers are enqueued within actions or due to an external event.  The third queue is the Comms queue and is used in the same way to send messages to and from the Master VI and its slave VIs.  Each VI creates its own Comms queue using the name of the VI and the word “comms”.
An error line in yellow runs through all parts of the VI.  This is used to deal with any errors experienced during testing as well as informing the VI which order it needs to complete things in.  If an error is loaded on to this line the “Error” action, found in the list below, is enqueued to the Actions queue
An alphabetised list of actions completed in the Primary Execution while loop of each VI is given below as well as the cases and events of the Initialise Application, Events Handler and Close Application while loops.
DCA Master VI
Initialise Application While Loop
This while loop is run once at the start of the program.  It is used to complete the preliminary tasks that will ensure the program is fit to run.  These tasks, listed below, are each stored in separate case structures

“Init Q” – Within this case, seen in figure A3.5, two queues are established, which are used by the VI to send messages.  This allows for the individual while loops within the Master VI to communicate with each other as well as allowing the Master VI to send and receive messages to and from the slave VIs

One queue, the System Triggers Queue, is initialised and sent both to the Event Handler while loop and to the System States, via the System Actions/Messages case structure, within the Primary Execution while loop.  This is used to send messages to the System Triggers case structure to inform it which trigger should be called.  Triggers can be enqueued due to the events initiated in the Event Handler while loop or the by an action.

The second queue is the Actions queue of the program and is used to select which action should be completed within the System Actions/Messages case structure of the Primary Execution while loop.   During the Init Q case the first actions required by the program are enqueued to this queue within an array and sent to the System Actions/Messages case structure.
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Figure A3.5 The init Q case is used to initialse the two queues used by the Master VI to communicate between while loops.  The top queue System Triggers is used to select the triggers withn each state while the queue below is the Actions queue, used to select  
“Initialise events” – Two events, a change in value in a user parameters and a termination user event, are registered and an array containing the refnums of these events is sent to the Event Handler while loop.  The termination event refnum is also stored in the framework data “Exit Event” of the shifter.  

“Set display” – Uses a sub VI to set the size and position of the front panel display
“Set shifter” – The shifter data is the data used or accumulated during the running of the program and is stored in the shifter type def.  The data is separated into 7 clusters: 
State: Stored the current state of the program
User Data: Parameters set by the user, mostly through the use of a config file, which are changeable based on the test the user wants to run.  This data is then stored in separate clusters:
Active Item Tag
SoC User Data 
Conditioning User Data 
Pre Test User Data
Discharging MicroCycles User Data 
Mid Test User Data
Charging MicroCycles User Data 
Post Test User Data
Display Data: This data is updated as the program is running.  The data is then displayed to the user on the front panel.  This data is then stored in separate clusters:
Active Item Tag
SoC Display Data 
Conditioning Display Data 
Pre Test Display Data 
Discharging MicroCycles Display Data 
Mid Test Display Data 
Charging MicroCycles Display Data 
Post Test Display Data
User Parameter Controls: Stored the data entered into the front panel by the user
Framework Data: Contains the “Exit Event” created in the “Initialise Events” case of the Initialise Application while loop as well as the “Terminate Error” array
Private Data: Contains the data used by the program to determine what actions it should take.  This includes refnums, counters and information from the slave VI’s:
SoC Checker Private Data 
Charger Discharger Private Data 
MicroCycler Private Data 
Rest Private Data 
Master Comms Queue
Master Comms Queue Name
Run Time Data: Contains calculations made by the program such as the amount of charge the program must remove from the battery for each SoC
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Events Handler While Loop 
This while loop deals with events that happen in the program.  They can either be caused by the user or, as in the case of the Exit Event, happen automatically during the program.  Each event is stored in the case of an Event Structure

Panel Close? – In the event that the user closes the front panel the “Close Application” trigger will be enqueued to the System Triggers queue.  This event is then discarded as the VI is closing.   

<Exit Event Ref>: User Event – This event is called by the “Exit” action in the System Actions/Messages case structure of the Primary Execution while loop.   It is called when the program has completed its test or an error occurs and the program is told to close itself down.  It will enqueue the “Close Application” trigger to the System Triggers queue and terminate the Event Handler while loop.  

<User Parameter>: Value Change – In the event that the user changes a parameter value on the front panel the “Cache User Parameters” trigger will be enqueued to the System Triggers queue.

“Run/Stop”: Value Change – In the event that the user presses the “Run/Stop” button on the front panel, changing its Boolean value, the “Run/Stop” case will be enqueued to the System Triggers queue.

Application Close While Loop
This while loop is used to complete the two main tasks that will ensure the program is ready to close.  These tasks, listed below, are each stored in separate case structures which the loop shifts into consecutively.  

“Close Display” – The memory that was not used by LabVIEW during the program is deallocated so it can be reallocated when the program is run again

“Clear References” - The framework data “Exit Event” of the shifter is used to destroy the user event “Exit Event”.

Primary Execution While Loop
This while loop runs, in parallel with the Events Handler while loop, after Initialise while loop has completed its tasks.  This loop carries out all of the testing
"", "Idle", "Transition Complete" – This action is primarily used as a safety measure.  If a blank space is accidentally queued into the actions queue or an action then the program will wait a small amount of time depending which state the program is in.  If it is in “<Startup>” or “<Shutdown>” it will wait 0 milliseconds while for all other states it will wait 50 milliseconds.  The Boolean selector for the Transition Complete? case selector is set to true to allow for a new transitional trigger to be selected.  If no new trigger has been enqued the “<None>” trigger will be selected.  This action can also be called intentionally by enqueing an “Idle” or “Transition Complete” action 
“Cache User Parameters” – The data currently stored in the front panel indicators: TDMS Data Path Root, Test Config File and Log File Name as well as the value of the Boolean button “Debug Logging On/Off” are entered into the shifter’s corresponding user data locations.  This action is called throughout the program to ensure that the user parameters are not altered by the program
“Calculate Charge to Integrate to Arrive at Next SoC Point” – The “Charging MicroCycles?” flag, stored in the shifter’s private data, is used to determine if the program in in the discharging or charging section of tests.  
This flag will be false or true respectively.  For each condition the charge required move the battery into the next test SoC is calculated.  The value is then stored in the microcycler run time data of the shifter under “Charge to Integrated to Arrive at Next SoC Step”.
“Change State” – This action is only ever called by the Change State case structure as explained in section A3.2.  This action can be used to disable certain parts of the front panel so the user can not adjust settings while the state is changing.  The main function of this case is to set the Boolean selector for the Transition Complete? case selector to true so that it will become operational allowing the state of the program to change as explained in section A3.2
“Check For End Of Preamble” – In this action, seen in figure A3.6, the value stored in the private data, “Test Charger Discharger Pre-Amble Counter” is accessed and is temporarily incremented by one.  This value is checked with the size of the private data, “Test Charger Discharger Pre-Amble Array”.  
If they are equal then the program has completed all the steps in the pre-test conditioning and the system trigger “End Of Preamble” is enqueued into the System Trigger queue.  If all the steps have not been completed then the new incremented value is stored in “Test Charger Discharger Pre-Amble Counter” and the system trigger “Next Preamble Test” is enqueued.  
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Figure A3.6 – The “Test Charger Discharger Pre-Amble Counter” is used with the array called “Test Charger Discharger Pre–Amble”, which holds all the pre-amble steps, to determine if the last step of the pre-amble has been completed.  If it has the trigger “End Of Preamble” is enqueued to the System Triggers queue
“Check Mid Test Charging Flag” – The “Mid Test Charge?” flag, stored in the private data of the shifter, is checked.  It is initially set to false during the Primary Execution while loops “Initialise” action and is set to true once the mid test rest has been completed .  
When the flag is false the system trigger “Mid Test Rest” will be enqueued in the System Triggers queue and when it is true the system trigger “Inter SoC Rest” is enqueued to the System Triggers queue and the program will continue with the charging half of the program
“Check Number of SoC Steps” – In this action, seen in figure A3.7, the “Charging MicroCycles?” flag, stored in the private data of the shifter, is checked.  It is initially set to false during the Primary Execution while loops “Initialise” action and it set to true once the final microcycle is completed in the final discharging SoC.  
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Figure A3.7 – The “Charging MicrcoCycles?” flag is used to determine if the test is currently in the discharging or charging set of SoC steps.  For each case the present SoC step number is compared with the total number of SoC steps in that set.  If these values are equal the trigger “MicroCycle Last SoC Step in Charging/Discharging Set” is enqueued to the System Triggers queue
When the flag is false the value of the shifters user data, “Discharging Present SoC Step Number” is accessed and temporarily incremented by one.  This value is then compared with the shifters user data, “Discharging Number of SoC Steps”.  If these values are not equal then the program has not completed all of the SoC steps in the discharging SoC set and the system trigger “MicroCycle Inter SoC Step” is enqueued to the System Triggers queue.  If the program has completed all of its discharging SoC Steps then the system trigger “MicroCycle Last SoC Step in Discharging Set” is enqueued to the System Triggers queue.  
If the “Charging MicroCycles?” flag has been set to true then the temporarily incremented value of the shifters user data, “Charging Present SoC Step Number” is compared to the value stored in the shifters user data, “Charging Number of SoC Steps”.   If these values are not equal then the system trigger “MicroCycle Inter SoC Step” is enqueued to the System Triggers queue.  If the program has completed all of it charging SoC Steps then the system trigger “MicroCycle Last SoC Step in Charging Set” is enqueued to the System Triggers queue.  
 “Check Post Test Charging Flag” – The “Post Test Charge?” flag stored in the private data of the shifter is checked.  It is initially set to false during the Primary Execution while loop’s “Initialise” action and it set to true once the program has completed its post-test discharge.
 If the flag is found to be false, the trigger “Post Test Recharge” is enqueued to the System Triggers queue.  If the flag has been set to true then the two steps of the post-test have been completed and the trigger “Close Application” is enqueued to the System Triggers queue
“Check This VI Comms Queue” – This case deals with messages sent from the slave VIs to the Master VI.  Each message sent is read from the master local message queue and the case structure within this action is used to determine which message has been sent.  The cases within this case structure correspond to each message and usually include a new system trigger to send to the “System Triggers” case structure as well as a message to be sent back to the slave.  If data is being sent by the slave it is entered into the shifter here.  If logging is enabled then the name of the VI, the time, the data, the priority of the message,  “Valid message received”, the message, and any corresponding  values or strings are logged for debugging purposes.  If more than one message is received a for loop is used to repeat the process until all messages have been read.  
Each message sent by the slave starts with a code to identify which slave the message has been from.  These are SoC, CHG, RST, and DCAMICRO for Checking SoC VI, Charger VI, Rest VI and Microcycler VI respectively.  A list of messages received by the master is given below
Messages received from all slave VIs:
SoC, CHG, RST or DCAMICRO Finished: The trigger “Slave VI Finished Action” is enqueued into the System Triggers queue.  If logging is enabled this message is logged for debugging purposes as described above.  
SoC, CHG, RST or DCAMICRO Front Panel Setup Complete Set: The trigger “Slave VI Front Panel Set” is enqueued into the System Triggers queue.  If logging is enabled this message is logged for debugging purposes as described above.
SoC, CHG, RST or DCAMICRO Master Comms Queue Name Set: This message is sent with a string containing the Master VI’s Comms queue name that has just been sent to the slave VI.  If logging is enabled this message, as well as, the queue name is logged for debugging purposes as described above.  This message will also cause “Slave VI Master Queue Name Set” trigger to be enqueued into the System Triggers queue.  
SoC, CHG, RST or DCAMICRO Received Close Application Trig: No trigger is enqueued into the System Triggers queue however if logging is enabled this message is logged for debugging purposes as described above.
SoC, CHG, RST or DCAMICRO Received Run/Stop Trig: No trigger is enqueued into the System Triggers queue however if logging is enabled this message is logged for debugging purposes as described above.
SoC, CHG, RST or DCAMICRO State: This message is sent with a string containing the current state of the slave VI.  The state is then used to select which trigger to enqueue to the System Triggers queue.  When the slave VI is in the Idle state the trigger “Slave VI Enters Shutdown State” is enqueued as seen in figure A3.8.  If logging is enabled this message, as well as the slave VI state, is logged for debugging purposes as described above.
SoC, CHG, RST or DCAMICRO TDMS File Name Set: This message is sent with a string containing the TDMS file name that has just been sent to the slave VI.  If logging is enabled this message, as well as the file name, is logged for debugging purposes as described above.  This message will also cause “TDMS Data File Name Set” trigger to be enqueued into the System Triggers queue.
Messages received from SoC Checker VI:
SoC Battery Empty OCV Set, SoC Battery Full Capacity [Ah] Set, SoC Battery Full OCV Set, SoC Sample Rate Set, SoC Samples to Read Set: These messages are sent with the corresponding values that have just been sent to the slave VI for setting the front panel parameters.  If logging is enabled these messages, as well as the values, are logged for debugging purposes as described above.
SoC SoC: This message is sent with the value of the SoC of the battery, taken from the display data “SoC [Ah]” from the slave VI’s shifter.  This value is entered into the display data “Initial Estimated Capacity [Ah]” of the Master VI’s shifter.  If logging is enabled this message, as well as the value, is logged for debugging purposes as described above.
SoC SoC Percent: This message is sent with the value of the SoC of the battery, taken from the display data “SoC [%]” from the slave VI’s shifter.  This value is entered into the display data “Initial SoC Estimate [%]” of the Master VI’s shifter.  If logging is enabled this message, as well as the value, is logged for debugging purposes as described above.
Messages received from Charger VI:
CHG Buffer Size Set, CHG Charge to Integrate Set, CHG Current Demand Set, CHG Cutoff Current Set, CHG Cutoff Voltage Set, CHS Lower Voltage Limit Set, CHG Minimum Samples to Read Set, CHG Sample Rate Set, CHS Time Limit Hours Set, CHG Time Limit Minutes Set, CHG Time Limit Seconds Set, CHG Upper Voltage Limit Set, CHG Use Cutoff Current Set, CHG Use Cutoff Voltage Set: These messages are sent with the corresponding values that have just been sent to the slave VI for setting the front panel parameters.  If logging is enabled these messages, as well as the values, are logged for debugging purposes as described above.
CHG Integrated Charge: This message is sent with the current value of the integrated charge removed from or added to the battery.  This is taken from the display data “Integrated Charge” from the slave VI’s shifter and entered into the display data “Integrated Charge” of the Master VI’s shifter.  If logging is enabled this message, as well as the value, is logged for debugging purposes as described above.
CHG Received Relays On Trig: No trigger is enqueued into the System Triggers queue however if logging is enabled this message is logged for debugging purposes as described above.
CHG Time Remaining: This message is sent with the value of time currently remaining until the end of the Charger VI’s current task.  This value is taken from the display data “Time Remaining” from the slave VI’s shifter and entered into the display data “Time Remaining” of the Master VI’s shifter.  If logging is enabled this message, as well as the value, is logged for debugging purposes as described above.
Messages received from Rest VI:
RST Hours Set, RST Minutes Set, RST Seconds Set, RST Sample Rate Set, RST Minimum Sample to Read Set, RST Buffer Size Set: These messages are sent with the corresponding values that have just been sent to the slave VI for setting the front panel parameters.  If logging is enabled these messages, as well as the values, are logged for debugging purposes as described above.
RST Hours Remaining: This message is sent with the value of hours currently remaining until the end of the Rest VI’s current task.  This value is taken from the display data “Hours Remaining” from the slave VI’s shifter and entered into the display data “Hours Remaining” of the Master VI’s shifter.  If logging is enabled this message, as well as the value, is logged for debugging purposes as described above.
RST Minutes Remaining: This message is sent with the value of minutes currently remaining until the end of the Rest VI’s current task.  This value is taken from the display data “Minutes Remaining” from the slave VI’s shifter and entered into the display data “Hours Remaining” of the Master VI’s shifter.  If logging is enabled this message, as well as the value, is logged for debugging purposes as described above.
RST Seconds Remaining: This message is sent with the value of hours currently remaining until the end of the Rest VI’s current task.  This value is taken from the display data “Seconds Remaining” from the slave VI’s shifter and entered into the display data “Seconds Remaining” of the Master VI’s shifter.  If logging is enabled this message, as well as the value, is logged for debugging purposes as described above.
Messages received from Microcycler VI:
DCAMICRO MicroCycles Set, DCAMICRO High Voltage Limit Set, DCAMICRO Low Voltage Limit Set, DCAMICRO Charge Current Set, DCAMICRO Charge Time Set, DCAMICRO Pause 1 Time Set, DCAMICRO Discharge Current Set, DCAMICRO Pause 2 Time Set, DCAMICRO Sample Rate Set, DCAMICRO Minimum Samples to Read Set, DCAMICRO Buffer Size Set: These messages are sent with the corresponding values that have just been sent to the slave VI for setting the front panel parameters.  If logging is enabled these messages, as well as the values, are logged for debugging purposes as described above.
DCAMICRO Integrated Charge: This message is sent with the current value of the ensemble integrated charge removed from or added to the battery after each set of microcycles.  This is taken from the display data “Ensemble Integrated Charge” from the slave VI’s shifter and entered into the display data “MicroCycler Ensemble Integrated Charge” of the Master VI’s shifter.  If logging is enabled this message, as well as the value, is logged for debugging purposes as described above.
DCAMICRO Received Relays On Trig: No trigger is enqueued into the System Triggers queue however if logging is enabled this message is logged for debugging purposes as described above.
DCAMICRO Present MicroCycle Number: This message is sent with the value of the current microcycle.  This value is taken from the display data “MicroCycle Number” from the slave VI’s shifter and entered into the display data “Present MicroCycle Number” of the Master VI’s shifter.  If logging is enabled this message, as well as the value, is logged for debugging purposes as described above.
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Figure A3.8 – The master’s Comms Queue is accessed and any messages found on it are dequeued.  These messages are used to select the corresponding case structure where the message is processed.  The message CHG State is used to determine if the Charger VI is in the Idle state.
“Clear shift registers” – An open case structure with shift registers wired through to set all shift registers to 0
“Close Charge Discharge VI”, “Close Checking SoC VI”, “Close MicroCycler VI”, “Close Rest VI” – These actions, an example of which is seen in figure A3.9, are identical for all slave VIs.  The master checks if the shifter’s private data regarding that particular slave VIs refnum has been updated with a refnum.  If it has, then that slave VI is open and the master will send a “Close Application” message to the corresponding slave VI’s Comms queue from the master’s Comms queue.  This message will then trigger the slave VI to enter its <Shutdown> state.   A “Not a Refnum” constant is then stored in the private data regarding that slave VIs refnum within the shifter.  When the refnum is found to be “Not a Refnum” when this action is called then the program will complete no tasks as the slave VI has already been closed
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Figure A3.9 – To close the SoC Checker VI the private data “SoC Checker VI Refnum” of the master’s sifter is access.  If there is a refnum there the message “SoC Trig Close Application” is sent to the slave VI.  The relevant private data of the shifter is then updated with a “Not a Refnum” constant.  
“Close Log File Stream” – The user data “Log File Refnum” from the shifter is used to close the log file
“Default” – This action exists purely for debugging.  If this action is called an error is generated informing the user that the “System Actions/Messages” case structure has received a message for which no case exists 
“Error” – This action is called when the error line running through the VI is loaded with an error.  This can occur for various reasons, such as if the VI fails to read from the DAQmx devices or there is a failure with the TDMS file.  If the error has been flagged as important the system trigger “Close Application” is enqueued to the System Trigger queue.  If not the error is cleared and the program continues.  
“Exit” – The framework data “Exit Event” of the shifter is used to generate the user event, Exit Event.  This event will trigger the <Exit Event Ref>: User Event case of the Event Handler while loop, outlined in section A3.3.2
“Get Charger Discharger Data” – The messages “CHG Get Integrated Charge [Ah]” and “CHG Get Time Remaining” are sent to the Charger VI’s Comms queue from the Master VI’s Comms queue.  These messages will cause the slave VI to retrieve the values of the “Integrated Charge” and the “Time Remaining” respectively from the display data of the slave VI’s shifter.  The slave VI will then send the integrated charge value with the message “CHG Integrated Charge” and the time remaining value with the message “CHG Time Remaining” to the Master’s Comms queue.  These values will be stored in the corresponding section of the private data of the shifter
“Get Charger Discharger State”, “Get SoC Checker State”, “Get MicroCycler State”, “Get Rest State” – A message is sent from to the slave VI’s Comms queue from the master’s Comms queue.  This message will cause the slave VI to retrieve its current state from “State” within its shifter and send it to the master’s Comms queue.  When the salve VI sends an Idle state the trigger “Slave VI Enters Idle State” is sent to the master’s System Triggers case structure.  
“Get State of Charge Data– The messages “SoC Get SoC Percent” and “SoC Get SoC” are sent to the SoC Checker VI’s Comms queue from the master’s Comms queue.  This triggers the slave VI to access the current values of its shifter’s display data, “SoC [%]” and “SoC [Ah]”.  It then sends the values back with a corresponding message.  These values are then stored in display data of the master’s shifter.  
“Increment Number of SoC Steps” – The “Charging MicroCycles?” flag, stored in the private data of the shifter, is checked.  It is initially set to false during the master’s “Initialise” action and is set to true once the Microcycler VI is closed after the final set of discharging SoC.  
If it is found to be false then the value of the user data “Discharging Present SoC Step Number” is incremented by one and the new value is stored.  If the “Charging MicroCycles?” flag has been set to true then the value of the user data “Charging Present SoC Step Number” is incremented by one and the new value is stored.  
“Initialise” – This action, seen in figure A3.10, is used to create the names of the slave VI’s Comms queues, which are used to interact with the corresponding VIs.  This is done by taking the VI name and adding comms to the end.  These names are stored in the private data of the shifter under each VI “Comms Queue Name”.  Messages can then be sent to the slave VIs using the relevant queue name.  Additionally, the names of the steps to be completed in the Pre-Test Conditioning section are entered, as an array, into the shifter’s private data “Test Charger Discharger Pre-Amble”.  There are also 3 flags that are initially set to false: “Charging MicroCycles?”; “Post Test Charge?” and “Mid Test Charge?”
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Figure A3.10 – Each slave VI’s Comms queue is created and stored in the private data of the shifter.  The name of each pre-amble step is entered into the array “Test Charger Discharger Pre-Amble” which is later used to move through each step.  The three flags used throughout testing are initially set to false.
“MicroCycler Read Back Data” – The messages “DCAMICRO Get Net Integrated Charge” and “DCAMICRO Get Present MicroCycle Number” are sent to the Microycler VI’s Comms queue from the Master VI’s Comms queue.  These trigger the slave VI to access the slave shifter’s user data “Ensemble Integrated Charge” and “MicroCycle Number”.  The values are then sent back with the corresponding messages “DCAMICRO Integrated Charge” and “DCAMICRO Present MicroCycle Number”.  
“Open Charge Discharge VI”, “Open Checking SoC VI”, "Open MicroCycler VI" and  "Open Rest VI" – This action checks if the shifter’s private data regarding the slave VIs refnum has been updated with a refnum.  If it has then the slave VI is already open and the Master VI does nothing except ensure that the slave VIs front panel is front most.  If the relevant private data has a “Not a Refnum” constant stored in it then the Master VI will open the slave VI, as seen in figure A3.11.  A static reference of the slave VI is used to generate the slave VI’s rufnum, which is stored in the private data of the Master VI.  This refnum is also used to open the slave VI, bring the front panel of the slave VI front most and set it running.  This action will then wait in a while loop until the slave VI has either entered its “Running” or “Run Top Level” state.
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Figure A3.11 – To open the Charger VI the shifter’s private data “Charger Discharger VI Refnum” is checked for a refnum.  If one is not found this VI is not yet open and the Master VI will open it using a static reference while the refnum produced is stored in the “Charger Discharger VI Refnum”.  The front panel of the slave VI is put frontmost and the Master VI waits in a for loop until the slave VI is running
“Open Log File Stream” – Opens the log file name entered by the user to the front panel at the start of the test.  The program ensures it has a unique file name and has a .tdms extension.  .\log is added to the file name and the new name is stored in the user data “Checked Log File Name” in the shifter.  This name is used to create a new file the Master VI can write to.  The refnum of the file is stored in the user data “Log File Refnum” in the shifter.
“Rest Read Back Time Remaining” – The message “RST Get Time Remaining” is sent to the Rest VI’s Comms queue from the Master VI’s Comms queue.  This triggers the slave VI to access its shifter’s display data of the hours, minutes and seconds remaining until the end of the rest period.  It then enters these into an array and sends the values back with a corresponding message.  These values are then stored in the private data of the shifter.  
“Read Test Config File” – the Test Config File path entered by the user to the front panel at the start of the test is read from the user data of the shifter and the file is opened.  The data from the config file is then entered into the corresponding sections of the shifter’s user data 
“Register user parameters” – Creates an array of the “Log File Name Path” refnum and the “Debugging Logging On/Off” Boolean refnum.  This array is then used to indicate the user parameters that the Event Handler while loop must react to changes to.  The array is also stored in the “User Parameter Controls” of the shifter.  
“Route MicroCycler Data” – The “Charging MicroCycles?” flag, stored in the private data of the shifter, is checked.  It is initially set to false during the Master VI’s “Initialise” action and is set to true once the Microcycle VI is closed after the final discharging SoC.  
If the flag is false then it will take the values from the shifter’s user data “Discharging Present SoC Step Number” and from the private data “Present MicroCycle Number” and “MicroCycler Ensemble Integrated Charge” and deposit it in the corresponding Discharging MicroCycler display data of the shifter.  
When the flag is true the program will take the values from the shifter’s user data “Charging Present SoC Step Number” and from the private data “Present MicroCycle Number” and “MicroCycler Ensemble Integrated Charge” and deposit it in the corresponding Charging MicroCycler display data shifter.  
“Route MicroCyces Inter SoC Step Data” – The “Charging MicroCycles?” flag, stored in the private data of the shifter, is checked.  It is initially set to false during the Master VI’s “Initialise” action and is set to true once the Microcycler VI is closed after the final set in the final discharging SoC.  
If the flag is false then it will take the values from the shifters private data “Integrated Charge” and deposit it in the display data “Discharge MicroCycles Inter SoC Step Charge Removed [Ah]”.  When the flag is true the program will take the values from the shifters private data “Integrated Charge” and deposit it in the display data “Charge MicroCycles Inter SoC Step Charge Removed [Ah]”.
“Route Mid Test Charge Discharge Data” - The “Mid Test Charge?” flag, stored in the private data of the shifter, is checked.  It is initially set to false during the master’s “Initialise” action and is set to true once the mid test rest has been completed.  If the flag is false then it will take the values from the shifters private data “Integrated Charge” and deposit it in the display data “Mid Test Remaining Capacity [Ah]”.  When the flag is true the program will take the values from the shifters private data “Integrated Charge” and deposit it in the display data “Mid Test Recharge Integrated Capacity [Ah]”.
“Route Mid-Test Rest Data” – The values of the “Hours Remaining”, “Minutes Remaining” and “Seconds Remaining” of the private data of the shifter are converted into strings, concatenated into a time format and stored in the display data of the shifter in “Mid-Test Rest Time Remaining” 
“Route Preamble Data” – As seen in figure A3.12 the private data “Test Charger Discharger Pre-Amble Counter” is used with “Test Charger Discharger Pre-Amble” to determine the current pre-amble step.  The string of the name of the preamble step is used to select the appropriate case and the private data “Integrated Charge” and “Time Remaining”, which contain the data sent from the slave VI, are deposited into the corresponding display data of the shifter for that step.  
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Figure A3.12 – The array containing the preable steps, “Test Charger Discharger Pre-Amble”, is used in conjunction with “Test Charger Discharger Pre-Amble Counter” to select the current pre-amble step.  The data stored in the private data “Integrated Charge” and “Time Remaining” are inserted into the corresponding display dataa

“Route Pre-Test Rest Data” – The values of the “Hours Remaining”, “Minutes Remaining” and “Seconds Remaining” of the private data of the shifter are converted into strings, concatenated into a time format and stored in the display data of the shifter in “Pre-Test Rest Time Remaining” 
“Route SoC Data” – The values stored in the private data “SoC [%]” and “Capacity [Ah]” of the shifter are entered into the display data “Initial SoC Estimate [%]” and “Initial Estimated Capacity [Ah]” in the shifter
“Select MicroCycler FP Setting” – The “Charging MicroCycles?” flag, stored in the private data of the shifter, is checked.  It is initially set to false during the Master VI’s “Initialise” action and is set to true once the Microcycle VI is closed after the final set in the discharging SoC.  If the flag is false then the front panel for the discharging section is set and if the flag is true the charging section front panel is set.
For each section the variables relating to the MicroCycles, including voltage limits, time limits and sample rates, are set with values either from the shifter or from integer constants.  These values are built in to an array and sent to the Microcycler VI with a corresponding message used to inform the slave VI which case to open within its “Check This VI Comms Queue” action in order to store the correct variable.  The slave VI will store these values and also send the stored value back with a conformation message to say it has been set.   The last message sent from the slave VI is “DCAMICRO Front Panel Setup Complete Set”.  This will trigger the Master VI to send the message “Slave VI Front Panel Set” to the System Triggers case structure.
 “Select Preamble Charger Discharger FP Setting” – The “Test Charger Discharger Pre-Amble Counter” from the shifter’s private data is used to determine which step of the Pre- Test Conditioning will execute next.  For each step the variables pertaining to that test, including voltage limits, time limits and sample rates, are set with values either from the shifter or from integer constants.  These values are built in to an array and sent to the Charger VI with a corresponding message used to inform the slave VI which case to open within its “Check This VI Comms Queue” action in order to store the correct variable.  The slave VI will store these values in a VI server reference associated with the corresponding variable and also send the stored value back with a conformation message to say it has been set.   The last message sent from the slave VI is “CHG Front Panel Setup Complete Set”.  This will trigger the Master VI to send the message “Slave VI Front Panel Set” to the System Triggers case structure.
“Send Master Queue Name to Slaves” – As seen in figure A3.13 this action checks if the private data of the shifter pertaining to the VI refnums of all the slave VIs have been updated with a refnum.  If a slave VI has been opened there will be a refnum stored for that VI in the shifter.   The Master VI’s “Comms Queue Name” is sent to the opened slave VI’s Comms queue with a message “Set Master Comms Queue Name”.  The slave VI will then store this name in the private data of its shifter, using it to send messages to the Master VI
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Figure A3.13 – The Master VI checks the private data of its shifter reserved for the VI refnums for the slave VIs.  If a refnum is found, as for the SoC Checker VI, the Master VI’s Comms queue name is sent to that slave VI with a corresponding message
“Set Charge Discharger Relays On” - The message “CHG Trig Relays On” is sent to the Charger VI’s Comms queue from the master’s Comms queue.  This will cause the Charger VI to turn on the relays and the BMS.  The message “CHG Received Relays On Trig” is sent back to the Master VI.  
“Set Charger Discharger FP for Inter MicroCycle SoC Step” – The “Charging MicroCycles?” flag, stored in the private data of the shifter, is checked.  It is initially set to false during the master’s “Initialise” action and is set to true once the Microcycler VI is closed after the final discharging SoC set.  
If the flag is false then the front panel for the discharging section is set and when the flag is true the charging section front panel is set.  For each section, the variables relating to the charging or discharging to the next SoC, including voltage limits, the amount of charge need to integrate to arrive at the next SoC and the sample rates, are set with values either from the shifter or from integer constants.  These values are built in to an array and sent to the Charger Discharger slave VI with a corresponding message informing the slave VI of the case to open to store the correct variable.  The slave VI will store these values in a VI server reference associated with the corresponding variable and also send the stored value back with a conformation message to say it has been set.   The last message from to the slave VI is “CHG Front Panel Setup Complete Set”.  This will trigger the Master VI to send the message “Slave VI Front Panel Set” to the system trigger case structure
“Set Charger Discharger FP For Mid Test” – The “Mid Test Charge?” flag, stored in the private data of the shifter, is checked.  It is initially set to false during the primary “Initialise” action and is set to true once the mid test rest has been completed.  If the flag is false the front panel is set for the discharging from the last discharging SoC to 0%.  If it is true then the front panel is set for the charging from 0% to the fist charging SoC.  
For each section the variables relating to the mid test charge/discharge, including voltage limits, time limits and sample rates, are set with values either from the shifter or from integer constants.  These values are built in to an array and sent to the Charger VI with a corresponding message informing the slave VI of the correct case to open to store the variables.  The slave VI will store these values and also send the stored value back with a conformation message to say it has been set.   The last message sent from the slave VI is “CHG Front Panel Setup Complete Set”.  This will trigger the Master VI to send the message “Slave VI Front Panel Set” to the system trigger case structure.
“Set Charger Discharger FP for Post Test” – The “Post Test Charge?” flag stored in the private data of the shifter is checked.  It is initially set to false during the primary “Initialise” action and it set to true once the program has completed its post-test discharge.  
For the appropriate condition the variables relating to the post-test charge/discharge, including voltage limits, time limits and sample rates, are set with values either from the shifter or from integer constants.  These values are built in to an array and sent to the Charger VI with a corresponding message informing the slave VI of the correct case to open to store the variables.  The slave VI will store these values and also send the stored value back with a conformation message to say it has been set.   The last message sent from the slave VI is “CHG Front Panel Setup Complete Set”.  This will trigger the Master VI to send the message “Slave VI Front Panel Set” to the system trigger case structure.
“Set Charger File Name” – The message “CHG Set TDMS File Name”, as well as the string of the user data “Data Root Path”, is sent from the Master VI’s Comms queue to the Charger VI’s Comms queue.  The slave VI will store the TDMS data path in the user data of the shifter
“Set Charging MicroCylces Flag” – The private data Boolean indicator “Charging MicroCycles?” flag is set to true 
“Set MicroCycler Relays On” – The message “DCAMICRO Trig Relays On” is sent to the Microcycler VI’s Comms queue from the master’s Comms queue.  This will cause the Microcycler VI to turn on the relays and the BMS ignition.  The message “DCAMICRO Received Relays On Trig” is sent back to the Master Queue 
“Set MicroCycer TDMS File Name” – The message “DCAMICRO Set TDMS File Name”, as well as the string of the user data “Data Root Path”, is sent from the Master VI’s Comms queue to the Microcycler VI’s Comms queue.  The slave VI will store the TDMS data path in the user data of the shifter
“Set Mid Test Charging Flag” – The private data Boolean indicator “Mid Test Charge?” flag is set to true.
“Set Post Test Charging Flag” – The private data Boolean indicator “Post Test Charge?” flag is set to true.
“Set Rest File Name” – The message “RST Set TDMS File Name”, as well as the string of the user data “Data Root Path”, is sent from the Master VI’s Comms queue to the Rest VI’s Comms queue.  The slave VI will store the TDMS data path in the user data of the shifter
“Set Rest FP for Inter MicroCycle SoC Step Rest” – The “Charging MicroCycles?” flag, stored in the private data of the shifter, is checked.  It is initially set to false during the master’s “Initialise” action and is set to true once the Microcycler VI is closed after the final set in the discharging SoC.  If the flag is false then the front panel for the discharging section is set and when the flag is true the charging section front panel is set.
For each condition the variables relating the inter MicroCycle SoC step rest, including time limits, the sample rate, the buffer size and the minimum samples to read, are set with values either from the shifter or from integer constants.  These values are built in to an array and sent to the Rest slave VI with a corresponding message informing the slave VI of the case to open to store the correct variable.  The slave VI will store these values in a VI server reference associated with the corresponding variable and also send the stored value back with a conformation message to say it has been set.   The last message sent from the slave VI is “RST Front Panel Setup Complete Set”.  This will trigger the Master VI to send the message “Slave VI Front Panel Set” to the system trigger case structure
“Set Rest FP for Mid Test Rest” – The variables relating to the Mid Test Rest, including the time limit; the sample rate; the minimum sample to read; the buffer size, are set with values either from the shifter or from integer constants.  These values are built into an array and sent to the Rest slave VI with a corresponding message informing the slave VI of the case to open to store the correct variable.
The slave VI will store these values in a VI server reference associated with the corresponding variable and also send the stored value back with a conformation message to say it has been set.   The last message sent from the slave VI is “CHG Front Panel Setup Complete Set”.  This will trigger the Master VI to send the message “Slave VI Front Panel Set” to the system trigger case structure
“Set Rest FP for Pre-Test Rest” – The variables relating to the Pre-Test Rest, including the time limit, the sample rate, the minimum sample to read and the buffer size, are set with values either from the shifter or from integer constants.  These values are built into an array and sent to the Rest slave VI with a corresponding message informing the slave VI of the case to open to store the correct variable.  
The slave VI will store these values in a VI server reference associated with the corresponding variable and also send the stored value back with a conformation message to say it has been set.   The last message sent from the slave VI is “RST Front Panel Setup Complete Set”.  This will trigger the Master VI to send the message “Slave VI Front Panel Set” to the system trigger case structure
“Set SoC Checker Front Panel” – The variables relating to the SoC Checker VI, including the time limit; the sample rate; the minimum sample to read; the buffer size, are set with values either from the shifter or from integer constants.  These values are built into an array and sent to the SoC Checker slave VI with a corresponding message informing the slave VI of the case to open to store the correct variable.  
The slave VI will store these values in a VI server reference associated with the corresponding variable and also send the stored value back with a conformation message to say it has been set.   The last message sent from the slave VI is “SoC Front Panel Setup Complete Set”.  This will trigger the Master VI to send the message “Slave VI Front Panel Set” to the system trigger case structure
“Set SoC File Name” – This action sends the message “SoC Set TDMS File Name”, as well as the string of the user data “Data Root Path”, from the Master VI’s Comms queue to the SoC Checker VI’s Comms queue.  The slave VI will store the TDMS data path in the user data of the shifter
“Setup Master Message Queue” – A queue name is created by taking the name of the Master VI, removing the file extension and replacing it with “comms”.  This name is used to create a message queue and the queue name and the queue are stored in the shifter’s private data “Master Comms Queue Name” and “Master Comms Queue” respectively
“Start Charge Discharger VI”, “Start Checking SoC VI”, “Start MicroCycler VI”, “Start Rest VI” – The appropriate “Trig Run/Stop” message is sent to the slave VIs Comms queue from the master’s Comms queue.  This will cause the slave VI to enqueue the system trigger “Run/Stop” to its System Triggers queue and send the appropriate “Received Run/Stop Trig” message back to the master’s Comms queue 
“Stop Charger Discharger VI”, “Stop MicroCycler VI”, “Stop Rest VI” – The appropriate “Trig Run/Stop” message is sent from the master’s Comms queue to the Charger VI’s Comms queue.  This will cause the slave VI to enqueue the system trigger “Close Application” to its System Triggers queue and send the appropriate “Received Closed Application Trig” message back to the master’s Comms queue
“TDMS Open” – Takes the user data “Data Root Path” from the shifter and creates a file “Display Data” for the Master VI to write to.  The file is checked to ensure that it has a .tdms extension and that the name is original and the data won’t therefore copy over an existing file.
“Update display” – This action accesses any values stored in the display data cluster of the shifter, as well as the current state of the Master VI and the user data “Nominal Battery Capacity”.  It then feeds them into the corresponding numeric or string indicators on the front panel, as seen in figure A3.14.  The front panel indicators for Discharge MicroCycles Present SoC Step, Discharge MicroCycles Present MicroCycle, Charging MicroCycles Present SoC Step, Charging MicroCycles Present MicroCycle have their display data values incremented by one.  
A subVI is then used to write the data to the TDMS file “Display Data”, as seen in figure A3.15.  The relevant data is taken from the shifter and any time data is formatted into a time stamp.  These values are inserted into an array before the current time is used to create a waveform.  These waveforms are written to the TDMS file “Display Data” using the user data “Display Data TDMS File Refnum”.  A subVI is used to list the names of the individual channels the data will be stored in.   
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Figure A3.14 – The data currently stored in the display data of the shifter, as well as the state of the master VI and the user data “Nominal Battery Capacity” is inserted into the relavent front panel indicators.  A subVI, seen in figure A3.15, is then used to write this data to a TDMS file  
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Figure A3.15 – This subVI takes the relavent data, formats any timestamps, and creates an arra.  Each element of the array is then formatted into a waveform with the current time before being written to the TDMS file.  The channel names, under which all sets of data will be stored, are created using a subVI
“Wait” – The program waits 5000ms.  This action is called at various points to ensure enough time has been given for other actions.  For example the Master VI waits in between closing one slave VI and opening another.

Slave VIs
Slave VI Application Initialise While Loop
This while loop is used to complete the 5 main tasks that will ensure the slave VI is fit to run.  These tasks, listed below, are identical for each slave VI and are each stored in separate cases of the case structure 

“Clear shift registers” – An open case structure with shift registers wired through to set all shift registers to 0
“Init Q” – This case, seen in figure A3.16, sets up three queues which are used by the VI to send messages between the individual while loops and to the Master VI.

One queue, the System Triggers queue, is initialised and sent both to the Event Handler Loop and to the System States, via the System Actions/Messages case structure, within the Primary Execution while loop.  This is used to send messages to the System Triggers case structure to inform it which trigger should be called.  Triggers can be enqueued due to the events initiated in the Event Handler while loop or the by an action.

The second queue is the Comms queue of the slave VI and is created by taking the name of the slave VI and adding comms.  This queue is stored in the private data “Comms Message Queue” of the slave VI’s shifter and is used to communicate with the Master VI.

The second queue is the Actions queue of the program and is used to select which action should be completed within the System Actions/Messages case structure of the Primary Execution while loop.   During the Init Q case the first actions required by the program are enqueued to this queue within an array and sent to the System Actions/Messages case structure.
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Figure A3.16 – Three queues, to be used by the slave VI, are created in this case.  The System Triggers queue is created using a type def containing all of the names of all triggers used within this VI.  The two message queues, Comms and Action, are created using the name of this VI.

“Initialise events” – Two events, a change in value in a user parameters and a termination user event, are registered and an array consisting of the refnums of these events is sent to the Event Handler while loop.  The termination event refnum is also stored in the framework data “Exit Event” of the shifter.
“Set display” – Uses a sub VI to set the size and position of the front panel display 
“Set shifter” – The shifter data is the data used or accumulated during the running of the program and is stored in the shifter type def.  The data is separated into 7 clusters: 
State: Stores the current state of the program
User Data: Parameters set by the user, mostly through the use of a config file, which are changeable based on the test the user wants to run.  
Display Data:  This data is updated as the program is running.  The data is then displayed to the user on the front panel.
User Parameter Controls: Stores the data entered into the front panel by the user.
Framework Data: Contains the Exit Event created in the Initialise Events case 
Private Data: Contains the data used by the program to determine what actions it should take.  This includes refnums, counters and information from the slave VIs:
Run Time Data: Contains calculations made by the program such as the amount of charge the program must remove from the battery for each SoC
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Slave VI Events Handler While Loop 
This while loop deals with events that happen in the program.  They can either be caused by the user or in the case of the Exit Event happen autonomously during the program.  This while loop is identical for each slave VI except for the SoC Checker and each event is stored in the case of an Event Structure
SoC Checker VI
<Exit Event Ref>: User Event – This event is called by the “Exit” action in the System Actions/Messages case structure of the Primary Execution Loop.   It is called when the program has finished its test or an error occurs and the program closes itself down.  It will enqueue the “Close Application” trigger to the System Triggers queue and terminate the Event Handler while loop.  

Panel Close? – In the event that the user closes the front panel the “Close Application” trigger will be enqueued to the System Triggers queue.  This event is then discarded as the VI is closing.   

“Run/Stop”: Value Change – In the event that the user presses the “Run/Stop” button on the front panel, changing its Boolean value, the “Run/Stop” trigger will be enqueued to the System Triggers queue.

<User Parameter>: Value Change – In the event that the user changes a parameter value on the front panel the “Cache User Parameters” trigger will be enqueued to the System Triggers queue.
Rest VI
<Exit Event Ref>: User Event – This event is called by the Exit action in the System Actions/Messages case structure of the Primary Execution while loop.   It is called when the program has finished its test or an error occurs and the program closes itself down.  It will enqueue the “Close Application” case to the System Triggers queue and terminate the Event Handler while loop.  

Panel Close? – In the event that the user closes the front panel the “Close Application” trigger will be enqueued to the System Triggers queue.  This event is then discarded as the VI is closing.   

“Run/Stop”: Value Change – In the event that the user presses the “Run/Stop” button on the front panel, changing its Boolean value, the “Run/Stop” trigger will be enqueued to the System Triggers queue.

“Skip”: Value Change– In the event that the user presses the “Skip” button on the front panel, changing its Boolean value, the “Skip” trigger will be enqueued to the System Triggers queue.

<User Parameter>: Value Change – In the event that the user changes a parameter value on the front panel the “Cache User Parameters” trigger will be enqueued to the System Triggers queue.

Charger Discharger VI and MicroCycler VI 
“BMS Ignition”: Value Change– In the event that the user presses the “BMS Ignition” button, changing its Boolean value, the “Change BMS State” trigger will be enqueued to the System Triggers queue.

<Exit Event Ref>: User Event – This event is called by the “Exit action in the System Actions/Messages case structure of the Primary Execution while loop.   It is called when the program has finished its task or an error occurs and the program closes itself down.  It will enqueue the “Close Application” trigger to the System Triggers queue and terminate the Event Handler while loop.   

Panel Close? – In the event that the user closes the front panel the “Close Application” trigger will be enqueued to the System Triggers queue.  This event is then discarded as the VI is closing.   

“Skip”: Value Change– In the event that the user presses the “Skip” button on the front panel, changing its Boolean value, the “Skip” trigger will be enqueued to the System Triggers queue.	

“Relays”: Value Change – In the event that the user presses the “Relays” button on the front panel, changing its Boolean value, the “Change Relay State” trigger will be enqueued to the System Triggers queue, as seen in figure A3.17.
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Figure A3.17 – This event case is called if the user presses the “Relays” button on the front panel.  The system trigger “Change Relay State” to the System Triggers queue

“Run/Stop”: Value Change – In the event that the user presses the “Run/Stop” button on the front panel, changing its Boolean value, the “Run/Stop” trigger will be enqueued to the System Triggers queue.

<User Parameter>: Value Change – In the event that the user changes a parameter value on the front panel the “Cache User Parameters” trigger will be enqueued to the System Triggers queue.

“Zero Current”: Value Change– In the event that the user presses the “Zero Current” button on the front panel, changing its Boolean value, the “Zero Current Trigger” trigger will be enqueued to the System Triggers queue.
 
Slave VI Application Close While Loop
This while loop is used to complete the two main tasks that will ensure the program is ready to close.  These tasks, listed below, are identical for each slave VI and are stored in separate case structures which the loop shifts into.

“Clear References” - The framework data “Exit Event” of the shifter is used to destroy the user event, “Exit Event” while the array of user parameters refnums, created in the Application Initialise while loop, is used to unregister the events  

“Close Display” – The memory that was not used by LabVIEW during the running of the slave VI is deallocated so it can be reallocated to be used by other slave VIs.  The slave VI front panel is closed so that the user is returned to viewing the Master VI

Slave VI Primary Execution While Loop
This while loop runs, in parallel with the Event Handler while loop, after Initialise Application while loop has completed its tasks.  This loop carries out all of the testing and is therefore different for each slave VI 
SoC Checker VI
"", "Idle", "Transition Complete" – This action is primarily used as a safety measure.  If a blank space is accidentally queued into the actions queue or an action then the program will wait a small amount of time depending which state the program is in.  If it is in “<Startup>” or “<Shutdown>” it will wait 0 milliseconds while for all other states it will wait 50 milliseconds.  The Boolean selector for the Transition Complete? case selector is set to true to allow for a new transitional trigger to be selected.  If no new trigger has been enqued the “<None>” trigger will be selected.  This action can also be called intentionally by enqueing an “Idle” or “Transition Complete” action 
“Cache User Parameters” – The values currently stored in the front panel indicators: Sample Rate [S/s]; Samples To Read; Battery Full Capacity [Ah]; Desired SoC [%]; 0% SoC Voltage [V]; and 100% SoC Voltage [V] are entered into the relevant sections of the shifter user data.  This action is called throughout the program to ensure that the user parameters are not altered by the program
“Calculate SoC” – The user data “0% SoC Voltage”, “100% SoC Voltage”and “Nominal Capacity” and as well as the battery data “Present OCV” are all entered in to the SoCCalculation SubVI, as seen  in figure A3.18.  These are used to calculate the present capacity, present SoC and the estimated new capacity of the battery.  The values are all then stored as waveforms in the corresponding areas of the display data of the shifter
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Figure A3.18 – The user data “0% SoC Voltage [V]”,“100% SoC Voltage” and “Nominal Capacity”, as well as the battery data “Present OCV”, are used with a subVI to calculate the current SoC of the battery both as a percentage and in terms of Ah.  These values are then stored in the display data of the shifter
“Change State” – This action is only ever called by the Change State case structure as explained in section A3.2.  This action can be used to disable certain parts of the front panel so the user can not adjust settings while the state is changing.  The main function of this case is to set the Boolean selector for the Transition Complete? case selector to true so that it will become operational allowing the state of the program to change as explained in section A3.2
 “Check Received TDMS File Name” – The TDMS data path sent by the Master VI is entered in to a subVI, as seen in figure A3.19, that prepares it to be used by the program.  Initially the user data “TDMS Data Path”, which is sent to the slave by the Master VI and contains the location of the folder to which the data will be saved as well as a root name which all files will start with, is stripped to the root name.  This root name is given a .tdms extension and the data folder is checked to see if this is a unique file name.  If not a new file name is created by adding a number to the end, starting with 001.  The file is checked again and the number will increment by one until a unique file name is created.  This file name is then inserted into the “Checked TDMS Data Path” of the user data of the shifter
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Figure A3.19 – This subVI is used to create a file name that does not already exist in the current data folder.  The user data “TDMS Data Path” is used to determine the data folder and the root name that all files will begin with.  The unique file name is then stored in the user data “Checked TDMS Data Path”
	
	


 “Check This VI Comms Queue” – This case deals with messages sent from the Master VI.  Each message sent is read from the comms message queue and the case structure within this action is used to determine which message has been sent.  The cases within this case structure correspond to each message and usually include a new system trigger to send to the “System Triggers” case structure as well as a message to be sent back to the master.  If data is being sent by the master it is entered into the shifter here.  If logging is enabled then the name of the VI, the date, the time, the priority of the message, the name of the queue, “Valid message received”, the message, and any corresponding  values are logged for debugging purposes.  If more than one message is found a for loop is used to repeat the process until all messages have been read.  A list of messages received by the slave VI is given below
SoC Get SoC: This message will cause the slave VI to access the display data “SoC [Ah]” from its shifter which is then sent back to the Master VI’s Comms queue with the message “SoC SoC”.  If logging is enabled this message is logged for debugging purposes as described above.
SoC Get SoC Percent: This message will cause the slave VI to access the display data “SoC [%]” from its shifter which is then sent back to the Master VI’s Comms queue with the message “SoC SoC Percent”.  If logging is enabled this message is logged for debugging purposes as described above.
SoC Get State: This message will cause the slave VI to access its “State” from its shifter.  This is then used to select the appropriate case of an internal case structure, where each case contains a string of the reciprocal state.  Therefore the string of the current state is then sent to the Master VI’s Comms queue with the message “SoC State”.  If logging is enabled this message is logged for debugging purposes as described above.
SoC Set Battery Empty OCV, SoC Set Battery Full Capacity [Ah], SoC Set Battery Full OCV, SoC Set Sample Rate, SoC Set Samples to Read: These messages are sent from the Master VI with the corresponding front panel parameter values.  These values are stored in the corresponding user data of the slave VI’s shifter as well as the front panel server references.  If logging is enabled these messages, as well as the values, are logged for debugging purposes as described above.  A message is sent back to the Master VI’s Comms queue for each parameter to inform the master that the value has been set.  
SoC Set Front Panel Setup Complete: A message “SoC Front Panel Setup Complete Set” is then sent back to the master’s Comms queue.   If logging is enabled this message is logged for debugging purposes as described above.
SoC Set Master VI Queue Name: This message is sent with a string containing the Master VI’s Comms queue name which is stored in the private data “Master Queue Name” of the slave VI’s shifter.  A message “SoC Master Comms Queue Name Set” is then sent back to the master’s Comms queue with the received Comms queue name.  If logging is enabled this message, as well as the queue name, is logged for debugging purposes as described above.  This message will also cause “Master Queue Name Received” trigger to be enqueued into the System Triggers queue.  
SoC Set TDMS File Name: This message is sent with a string containing the TDMS file name which is then stored in the user data “TDMS Data Path” of the slave VI’s shifter.  A message “SoC TDMS File Name Set” is then sent back to the master’s Comms queue with the received TDMS file name.   If logging is enabled this message, as well as the TDMS file name, is logged for debugging purposes as described above.  This message will also cause “TDMS Data File Name Received” trigger to be enqueued into the System Triggers queue.
SoC Trig Close Application: This system trigger “Close Application” is enqueued to the System Triggers queue and a message “SoC Received Close Application Trig” is sent back to the master’s Comms queue.  If logging is enabled this message is logged for debugging purposes as described above.
SoC Trig Run/Stop: This system trigger “Run/Stop” is enqueued to the System Triggers queue and a message “SoC Received Run/Stop Trig” is sent back to the master’s Comms queue.  If logging is enabled this message is logged for debugging purposes as described above.
“Check Top Level” – The VI Execution state stored in the private data of the shifter is used to determine if the slave VI is running in conjunction with the Master VI or independently.  If the slave VI is running with the Master VI then the system trigger “<None>” is enqueued to the System Trigger queue, or else the trigger “Running Top Level” is enqueued
“Clear DAQmx Tasks” – The refnums relating to each DAQmx task, all stored in the private data of the shifter, are used to stop and clear the DAQmx tasks Battery Rig Read, Limiter Output, Battery Rig Write and Battery Rig Relay
“Close Log File Stream” – The shifter’s user data “Log File Refnum” is used to close the log file
“Close TDMS Write Stream” – The private data “TDMS Data File Refnum” is used to close the .tdms file that the Slave VI writes to
“Default” – This action exists purely for debugging.  If this action is called an error is generated informing the user that the “System Actions/Messages” case structure has received a message for which no case exists 
“Error” – This action is called when the error line running through the VI is loaded with an error.  This can occur for various reasons, such as if the VI fails to read from the DAQmx devices or there is a failure with the TDMS file.  If the error has been flagged as important the system trigger “Close Application” is enqueued to the System Trigger queue.  If not the error is cleared and the program continues.  
“Exit” – The framework data “Exit Event” of the shifter is used to generate the user event “Exit Event”.  This event will trigger the <Exit Event Ref>: User Event case of the Event Handler while loop, outlined in section A3.4.2.1.
“Get Data File Name” – This action only gets called when the slave VI is running independently from the master.  The user is asked to select a new and unique file name to create a file to write the TDMS data to.  The action then uses a subVI to ensure that the file name is unique.  The TDMS data path, which contains the location of the folder to which the data will be saved as well the file name just entered, is stripped to the file name.  This file is given a .tdms extension and the data folder is checked to see if this is a unique file name.  If not a new file name is created by adding a number to the end, starting with 001.  The file is checked again and the number will increment by one until a unique file name is created.  This file name is then inserted into the “Checked TDMS Data Path” of the user data of the shifter
“Increment TDMS Group Name” – This takes the value stored in private data “Number Of Run Presses” of the shifter, increments it by one and restores it in the same place.
“Initialise” – Sets the counter “Number Of Run Presses” stored in the private data of the shifter to zero.  The current execution state of the slave VI is stored in the private data “VI Execution State”.  This is used throughout the running of the slave VI to determine if it is running in conjunction with the Master VI or independently.  This action also enqueues the system trigger “Set File Name” to the System Triggers queue and sets the Boolean button “Run/Stop” to false.  
“Open Log File Stream” – This action takes the verified TDMS file path from the user data “Checked TDMS Data Path” converts the file extension into a string and adds “\.log”.  This string is converted in to a data path and stored in the user data “Log File Path” in the shifter.  This data path is also used to create a file that this VI can write to for logging purposes with the refnum being stored in the user data “Log File Refnum” in the shifter
“Open TDMS Write Stream” – A .tdms file, which the program can write to, is created using the shifter’s user data “Checked TDMS Data Path” and stored in the private data “TDMS Data File Refnum”
“Read From DAQmx” – As seen in figure A3.20 the private data “DAQmx Read Task Refnum” of the shifter is used with a DAQmx Read VI to read the data from the Battery Volatage, Battery Current and Battery Current Demand channels.  The user data “Number of Samples to Read” is used to define the number of samples per channel as well as being used in conjunction with the “Sample Rate” to definite the timeout.   This data is then stored as an array of waveforms in the display data “Battery Data” of the shifter while the “Number of Samples to Read” and the “Available Samples Per Channel” of the DAQmx Read VI are stored in the user data “Available Samples in Buffer” and “Samples Read” respectively  
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Figure A3.20 – A DAQmx Read VI is used to read from the DAQmx devices.  The refnum stored in the private data “DAQmx Read Task Refnum” is used to inform the VI which scales to apply to the appropriate device ports.  The battery data read from the devices is stored in the display data of the shifter
“Register user parameters” – Creates an array containing the refnums of the front panel indicators which is then used to indicate the user parameters that the Event Handler while loop must react to changes to.  The array is also stored as “User Parameter Controls” in the shifter.  
“Reset Run/Stop Button” – The Boolean button “Run/Stop” is assigned a false constant to turn the button off
“Send Finished Message” – The program checks to see if the slave VI is running in conjunction with the Master VI or independently.  If the slave VI is running with the Master VI it will then send the message “SoC Finished” to the master Comms queue from the slave VI’s Comms queue.  If the VI is running independently the program does nothing 
“Set Controls for Idle” – Disables the front panel numeric controls Sample Rate [S/s] and Samples To Read so that the user cannot access them 
“Set Controls for Running” – Disables and greys out the front panel numeric controls Sample Rate [S/s] and Samples To Read so that the user cannot access them
“Setup DAQmx Tasks” – The user data “Number of Samples to Read” and “Sample Rate [S/s]” as well as the required sample mode are inputted into a DAQmx Sample Clock with the input task Battery Rig Read.  This is then used to start the tasks to be completed by each DAQmx.  These tasks are Battery Rig Read, Battery Rig Relay, Limiter Output and Battery Rig Write.  The output tasks of these start triggers are stored as the refnums DAQmx Read Task Refnum, DAQmx Relays Task Refnum , DAQmx Write Task Refnum  and DAQmx Limiter Task Refnum  respectively in the private data “DAQ Tasks Cluster”.
“Update display” – This action accesses the values stored in the user data and display data clusters of the shifter, as well as the VI’s current state, which it then feeds into the corresponding numeric or string indicators on the front panel.  The continuous values of the display data “SoC [%]”, “SoC [Ah]”, “Average Battery Voltage”, “Charge to Add/Remove [Ah]” and “Estimated New Capacity [Ah]”, are entered into a waveform while the instantaneous values are entered into their front panel indicators.
 “Write Analogue Demand Sample to DAQ” – Takes the “DAQmx Write Task Refnum” from the private data of the shifter and assigns a zero value to the tasks two channels, Current Demand and BMS Ignition.  This is to ensure that even if the relays are open no input is applied to the battery during the SoC calculation.
“Write Display Data To TDMS” – In this action, seen in figure A3.21, a tdms file is opened using the private data “TDMS Data File Refnum”.  The group name is assigned using the string “Run” concatenated with a string of the value stored in the private data “Number Of Run Presses”.  The waveforms stored in the display data “Battery Data” are entered under the channel names Battery Voltage, Battery Current [A] and Battery Current Demand [A].  The data obtained in the “Calculate SoC” action is also stored with the corresponding channel name
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Figure A3.21 – The battery data calculated during the run of the SoC Checker VI is written to the TDMS file under one group name.  Each value is stored in a separated channel, the names for which are stored in an array and applied to the file.
“Write Relays Sample to DAQ” – Takes the “DAQmx Relays Task Refnum” from the private data of the shifter and assigns a false Boolean value to the tasks two channels to turn off both relays

Charger Discharger VI 
"", "Idle", "Transition Complete" – This action is primarily used as a safety measure.  If a blank space is accidentally queued into the actions queue or an action then the program will wait a small amount of time depending which state the program is in.  If it is in “<Startup>” or “<Shutdown>” it will wait 0 milliseconds while for all other states it will wait 50 milliseconds.  The Boolean selector for the Transition Complete? case selector is set to true to allow for a new transitional trigger to be selected.  If no new trigger has been enqued the “<None>” trigger will be selected.  This action can also be called intentionally by enqueing an “Idle” or “Transition Complete” action 
“Cache User Parameters” – The values currently stored in the front panel indicators including: Charge to Integrate [Ah]; Current Demand [A]; Sample Rate [S/s]; Min Samples To Read; Buffer Size; Upper Voltage Limit [V]; Lower Voltage Limit[V]; and Time Limit (Hours) are entered into the relevant sections of the shifter’s user data or the relevant VI server reverence.   
“Calculate End Time” – Takes the time limit values, sent from the Master VI, from the hours, minutes and seconds sections of the user data of the shifter and formats it into Hours:Minutes:Seconds.  This time is then added to the current time.  This new time is entered into the Data Display Last Possible End Time of the shifter
“Change BMS State” – The Boolean value stored the server reference of the “BMS Ignition” Boolean indicator is checked.  If it is true then the value of seven is deposited into the user data “BMS Ignition” of the shifter.  If it is false then the value zero is deposited into the shifter.
“Change Relay State” – The Boolean value stored in the “Relays” server reference is accessed and stored in the user data “Relays” of the shifter 
“Change State” – This action is only ever called by the Change State case structure as explained in section A3.2.  This action can be used to disable certain parts of the front panel so the user can not adjust settings while the state is changing.  The main function of this case is to set the Boolean selector for the Transition Complete? case selector to true so that it will become operational allowing the state of the program to change as explained in section A3.2
“Check Buffer Passed to HW” – The program waits for 1000ms 
“Check End Time” – The values stored in a time format in the display data “Last Possible End Time” is compared with the current time.  If the current time is greater than or equal to the last possible end time then the system trigger “Run/Stop” is enqueued to the System Triggers queue.  If the slave VI is running under the control of the Master VI the message “CHG Finished” is sent to the master’s Comms queue from the slave VI’s Comms queue.   The system trigger “Zero Current Trigger” will also be enqueued to the System Triggers queue.
 If the current time is smaller than the time stored in” Last Possible End Time” then this action does nothing and the program continues.  The current time is subtracted from the “Last Possible End Time” and stored in the display data “Time Remaining”.  
“Check Integrated Charge” – This action is used to determine if the charger discharger VI has finished.   There are 3 conditions that can potentially end the Charger VI.
The first condition is if the absolute value of the total integrated charge is equal to or greater than the absolute value stored in the shifter’s user data “Charge to Integrate”.  If this is true the trigger “Zero Current Trigger” is sent to the System Trigger case structure
The second condition is if the current value of the battery current is greater than the “Cutoff Current” value stored in the user data of the shifter, if the cutoff current is being used.  For these two conditions the under run counter stored in the user data of the shifter must be true.
The third condition is if the current value of the battery voltage is greater than the “Cutoff Voltage” value stored in the user data of the shifter, if the cutoff voltage is being used.
If any of these conditions is true the trigger “Run/Stop” is sent to the System Trigger case structure.  If the slave VI is being run with in conjunction with the Master VI the message “CHG Finished” is sent to the Master VI
“Check Received TDMS File Name” – The TDMS data path sent by the Master VI is entered in to a subVI that prepares it to be used by the program.  Initially the user data “TDMS Data Path”, which is sent to the slave by the Master VI and contains the location of the folder to which the data will be saved as well as a root name which all files will start with, is stripped to the root name.  This root name is given a .tdms extension and the data folder is checked to see if this is a unique file name.  If not a new file name is created by adding a number to the end, starting with 001.  The file is checked again and the number will increment by one until a unique file name is created.  This file name is then inserted into the “Checked TDMS Data Path” of the user data of the shifter
“Check This VI Comms Queue” – This case deals with messages sent from the Master VI.  Each message sent is read from the comms message queue and the case structure within this action is used to determine which message has been sent.  The cases within this case structure correspond to each message and usually include a new system trigger to send to the “System Triggers” case structure as well as a message to be sent back to the master.  If data is being sent by the master it is entered into the shifter here.  If logging is enabled then the name of the VI, the date, the time, the priority of the message, the name of the queue, “Valid message received”, the message, and any corresponding  values are logged for debugging purposes.  If more than one message is found a for loop is used to repeat the process until all messages have been read.  A list of messages received by the slave VI is given below
CHG Get Integrated Charge: This message will cause the slave VI to access the display data “Integrated Charge” from its shifter which is then sent back to the Master VI’s Comms queue with the message “CHG Integrated Charge”.  If logging is enabled this message is logged for debugging purposes as described above.
CHG Get State: This message will cause the slave VI to access its “State” from its shifter.  This is then used to select the appropriate case of an internal case structure, where each case contains a string of the reciprocal state.  Therefore the string of the current state is then sent to the Master VI’s Comms queue with the message “CHG State”.  If logging is enabled this message is logged for debugging purposes as described above.
CHG Get Time Remaining: This message will cause the slave VI to access the display data “Time Remaining” from its shifter which is then sent back to the Master VI’s Comms queue with the message “CHG Time Remaining”.  If logging is enabled this message is logged for debugging purposes as described above.
CHG Set Buffer Size, CHG Set Charge to Integrate, CHG Set Current Demand, CHG Set Cutoff Current, CHG Set Cutoff Voltage, CHS Set Lower Voltage Limit, CHG Set Minimum Samples to Read, CHG Set Sample Rate, CHS Set Time Limit Hours, CHG Set Time Limit Minutes, CHG Set Time Limit Seconds, CHG Set Upper Voltage Limit, CHG Set Use Cutoff Current, CHG Set Use Cutoff Voltage: These messages are sent from the Master VI with the corresponding front panel parameter values.  These values are stored in the corresponding user data of the slave VI’s shifter as well as the front panel server references.  If logging is enabled these messages, as well as the values, are logged for debugging purposes as described above.  A message is sent back to the Master VI’s Comms queue for each parameter to inform the master that the value has been set.  
CHG Set Front Panel Setup Complete: A message “CHG Front Panel Setup Complete Set” is then sent back to the master’s Comms queue.   If logging is enabled this message is logged for debugging purposes as described above.
CHG Set Master VI Queue Name: This message is sent with a string containing the Master VI’s Comms queue name which is stored in the private data “Master Queue Name” of the slave VI’s shifter.  A message “CHG Master Comms Queue Name Set” is then sent back to the master’s Comms queue with the received Comms queue name.  If logging is enabled this message, as well as the queue name, is logged for debugging purposes as described above.  This message will also cause “Master Queue Name Received” trigger to be enqueued into the System Triggers queue.  
CHG Set TDMS File Name: This message is sent with a string containing the TDMS file name which is then stored in the user data “TDMS Data Path” of the slave VI’s shifter.  A message “CHG TDMS File Name Set” is then sent back to the master’s Comms queue with the received TDMS file name.   If logging is enabled this message, as well as the TDMS file name, is logged for debugging purposes as described above.  This message will also cause “TDMS Data File Name Received” trigger to be enqueued into the System Triggers queue.
CHG Trig Close Application: This system trigger “Close Application” is enqueued to the System Triggers queue and a message “CHG Received Close Application Trig” is sent back to the master’s Comms queue.  If logging is enabled this message is logged for debugging purposes as described above.
CHG Trig Relays On: A true constant is applied to the user data “Relays” as well as the “Relays” front panel Boolean indicator.  This system trigger “Change Relay State” is enqueued to the System Triggers queue and a message “CHG Received Relays On Trig” is sent back to the master’s Comms queue.  If logging is enabled this message is logged for debugging purposes as described above.
CHG Trig Run/Stop: This system trigger “Run/Stop” is enqueued to the System Triggers queue and a message “CHG Received Run/Stop Trig” is sent back to the master’s Comms queue.  If logging is enabled this message is logged for debugging purposes as described above.
“Check Top Level” – The VI Execution state stored in the private data of the shifter is used to determine if the slave VI is running in conjunction with the Master VI or independently.  If the slave VI is running with the Master VI then the system trigger “<None>” is enqueued to the System Trigger queue, or else the trigger “Running Top Level” is enqueued
“Clear DAQmx Tasks” –The respective refnums are used to stop and clear the DAQmx tasks Battery Rig Read, Limiter Output, Battery Rig Write and Battery Rig Relay
“Clear Display Data” – Clears all the display data in the slave VI’s shifter 
“Close Log File Stream” – The user data “Log File Refnum” is used to close the log file
“Close TDMS Write Stream” – The private data “TDMS Data File Refnum” is used to close the .tdms file
“Data Calcs” – If the relays are switched on then the Battery Current waveform is accessed from the display data “Battery Data” of the shifter.  The instantaneous current is stored in the display data “Prior Battery Data” of the shifter as well as being inputted into a subVI with the display data “Integrated Charge” and the waveform stored in the display data “Prior Battery Data” the last time this action was called.  This subVI is used to calculate the charge added to or removed from the battery since this action was last called and this value of integrated charge is then added to the running total “Integrated Charge” in the display data.  
“Default” – This action exists purely for debugging.  If this action is called an error is generated informing the user that the “System Actions/Messages” case structure has received a message for which no case exists 
“Error” – This action is called when the error line running through the VI is loaded with an error.  This can occur for various reasons, such as if the VI fails to read from the DAQmx devices or there is a failure with the TDMS file.  If the error has been flagged as important the system trigger “Close Application” is enqueued to the System Trigger queue.  If not the error is cleared and the program continues.  
“Exit” – The framework data “Exit Event” of the shifter is used to generate the user event “Exit Event”.  This event will trigger the <Exit Event Ref>: User Event case of the Event Handler while loop, outlined in section A3.2.2.3.
“Force BMS to OFF State” – A zero value is assigned to the user data “BMS Ignition” of the shifter as well as updating the front panel by turning off the “BMS Ignition” Boolean indicator
“Force Relays to OFF state” – A false Boolean value is assigned to the user data “Relays” of the shifter as well as updating the front panel by disabling the “Relays” Boolean button and turning off the “Relays” Boolean indicator 
“Force Send Finished Message” – The private data “VI Execution State” is used to determine if the slave VI is running under the control of the Master VI.  If it is then the message “CHG Finished” is sent to the master using the slave VI’s Comms Message Queue and the Master Queue Name.  If the slave VI is running independently then this action does nothing
“Get Data File Name” – This action only gets called when the slave VI is running independently from the master.  The user is asked to select a new and unique file name to create a file to write the TDMS data to.  The action then uses a subVI to ensure that the file name is unique.  The TDMS data path, which contains the location of the folder to which the data will be saved as well the file name just entered, is stripped to the file name.  This file is given a .tdms extension and the data folder is checked to see if this is a unique file name.  If not a new file name is created by adding a number to the end, starting with 001.  The file is checked again and the number will increment by one until a unique file name is created.  This file name is then inserted into the “Checked TDMS Data Path” of the user data of the shifter
“Increment TDMS Group Name” – Takes the value stored in private data “Number Of Run Presses” of the shifter, increments it by one and restores it in the same place.  
“Initialise” – Sets the counter “Number Of Run Presses” stored in the private data of the shifter to zero.  The current execution state of the slave VI is stored in the private data “VI Execution State”.  This is used throughout the running of the slave VI to determine if it is running in conjunction with the Master VI or independently.  This action also sets the Boolean button “Run/Stop” to false.
“Open Log File Stream” – This action takes the verified TDMS file path from the user data “Checked TDMS Data Path” converts the file extension into a string and adds “\.log”.  This string is converted in to a data path and stored in the user data “Log File Path” in the shifter.  This data path is also used to create a file that this VI can write to for logging purposes with the refnum being stored in the user data “Log File Refnum” in the shifter
“Open TDMS Write Stream” – A .tdms file, which the program can write to, is created using the shifter’s user data “Checked TDMS Data Path” and stored in the private data “TDMS Data File Refnum”
“Read From DAQmx” – The private data “DAQmx Read Task Refnum” of the shifter is used with a DAQmx Read VI to read the data from the Battery Voltage, Battery Current and Battery Current Demand channels.  The “Minimum Samples to Read” is compared with the Available Samples Per Channel of the DAQmx Read and the larger of the two is used as the number of samples per channel and stored in the user data “Samples Read”.  “Minimum Samples to Read” is also used in conjunction with the “Sample Rate” to definite the timeout.  The Available Samples Per Channel is also stored in the user data “Available Samples in Buffer” and applied to the front panel indicator “Samples in Buffer”.  If the “Buffer Size” stored in the user data of the shifter is larger than the Available Samples Per Channel then the user data “Buffer Overflow” is attributed a true constant and activated.  
“Register User Parameters” – Creates an array containing the refnums of the front panel indicators which is then used to indicate the user parameters that the Event Handler while loop must react to changes to.  The array is also stored as “User Parameter Controls” in the shifter.
“Setup DAQmx Tasks” – The user data “Number of Samples to Read” and “Sample Rate [S/s]” as well as the required sample mode are inputted into a DAQmx Sample Clock with the input task Battery Rig Read.  This is then used to start the tasks to be completed by each DAQmx.  These tasks are Battery Rig Read, Battery Rig Relay, Limiter Output and Battery Rig Write.  The output tasks of these start triggers are stored as the refnums DAQmx Read Task Refnum, DAQmx Relays Task Refnum , DAQmx Write Task Refnum  and DAQmx Limiter Task Refnum  respectively in the private data “DAQ Tasks Cluster”.
“Unzero Current” – The front panel button “Zero Current” is disabled to the user while it is assigned a false Boolean value.  The system trigger “Cache User Parameters” is enqueued to the System Triggers queue.  This trigger, when activated, will cause the value stored in the “Current Demand [A]” front panel indicator to be entered into the user data “Current Demand” of the shifter.
“Update display” – This action accesses the values stored in the user data and display data clusters of the shifter, as well as the VI’s state, which it then feeds into the corresponding numeric or string indicators on the front panel.  This includes displaying the continuous values of the display data, “Battery Data”, as a waveform while the instantaneous values such as the display data, “Last Possible End Time” are entered into the relevant front panel indicators.
“Write Analogue Demand Sample to DAQ” – The “DAQmx Write Task Refnum” from the private data of the shifter is used with a DAQmx Write VI to send the values stored in the user data “Current Demand [A]” and “BMS Ignition” to the DAQmx devices.   The “DAQmx Limiter Task Refnum” is used with a DAQmx Write VI to send the values stored in the user data “Upper Voltage Limit [V]” and “Lower Voltage Limit [V]” to the devices.
 “Write Display Data To TDMS” – A tdms file is opened using the private data “TDMS Data File Refnum”.  The group name is assigned using the string “Run” concatenated with a string of the value stored in the private data “Number Of Run Presses”.  The waveforms stored in the display data “Battery Data” are entered under the channel names Battery Voltage, Battery Current [A] and Battery Current Demand [A].
“Write Relays Sample to DAQ” – Takes the “DAQmx Relays Task Refnum” from the private data of the shifter and assigns the Boolean value stored in the user data “Relays” to the tasks two channels to switch both relays.  If the user data is “True” then the relays will be switched on, if it is “False” then they will be switched off.  
“Zero Current” – The user data “Current Demand” is assigned the value zero and the Boolean indicator on the front panel is assigned a true constant to indicate to the user that the current has been zeroed

Rest VI
"", "Idle", "Transition Complete" – This action is primarily used as a safety measure.  If a blank space is accidentally queued into the actions queue or an action then the program will wait a small amount of time depending which state the program is in.  If it is in “<Startup>” or “<Shutdown>” it will wait 0 milliseconds while for all other states it will wait 50 milliseconds.  The Boolean selector for the Transition Complete? case selector is set to true to allow for a new transitional trigger to be selected.  If no new trigger has been enqued the “<None>” trigger will be selected.  This action can also be called intentionally by enqueing an “Idle” or “Transition Complete” action 
“Cache User Parameters” – The values currently stored in the front panel indicators including: Sample Rate [S/s]; Min Samples To Read; Buffer Size; Rest Hours; Rest Minutes; and Rest Seconds are entered into the relevant sections of the shifter’s user data.   This action is called throughout the program to ensure that the user parameters are not altered by the program
“Change State” – This action is only ever called by the Change State case structure as explained in section A3.2.  This action can be used to disable certain parts of the front panel so the user can not adjust settings while the state is changing.  The main function of this case is to set the Boolean selector for the Transition Complete? case selector to true so that it will become operational allowing the state of the program to change as explained in section A3.2
“Check Buffer Passed to HW” – The program waits for 250ms
“Check Received TDMS File Name” – The TDMS data path sent by the Master VI is entered in to a subVI that prepares it to be used by the program.  Initially the user data “TDMS Data Path”, which is sent to the slave by the Master VI and contains the location of the folder to which the data will be saved as well as a root name which all files will start with, is stripped to the root name.  This root name is given a .tdms extension and the data folder is checked to see if this is a unique file name.  If not a new file name is created by adding a number to the end, starting with 001.  The file is checked again and the number will increment by one until a unique file name is created.  This file name is then inserted into the “Checked TDMS Data Path” of the user data of the shifter
“Check This VI Comms Queue” – This case deals with messages sent from the Master VI.  Each message sent is read from the comms message queue and the case structure within this action is used to determine which message has been sent.  The cases within this case structure correspond to each message and usually include a new system trigger to send to the “System Triggers” case structure as well as a message to be sent back to the master.  If data is being sent by the master it is entered into the shifter here.  If logging is enabled then the name of the VI, the date, the time, the priority of the message, the name of the queue, “Valid message received”, the message, and any corresponding  values are logged for debugging purposes.  If more than one message is found a for loop is used to repeat the process until all messages have been read.  A list of messages received by the slave VI is given below
RST Get State: This message will cause the slave VI to access its “State” from its shifter.  This is then used to select the appropriate case of an internal case structure, where each case contains a string of the reciprocal state.  Therefore the string of the current state is then sent to the Master VI’s Comms queue with the message “RST State”.  If logging is enabled this message is logged for debugging purposes as described above.
RST Get Time Remaining: This message will cause the slave VI to access the display data “Hours Remaining”, “Minutes Remaining” and “Seconds Remaining” from its shifter which are then sent back to the Master VI’s Comms queue with the messages “RST Hours Remaining”, “RST Minutes Remaining” and “RST Seconds Remaining”.  If logging is enabled this message is logged for debugging purposes as described above.
RST Set Hour, RST Set Minutes, RST Set Seconds, RST Set Sample Rate, RST Set Minimum Sample to Read, RST Set Buffer Size: These messages are sent from the Master VI with the corresponding front panel parameter values.  These values are stored in the corresponding user data of the slave VI’s shifter as well as the front panel server references.  If logging is enabled these messages, as well as the values, are logged for debugging purposes as described above.  A message is sent back to the Master VI’s Comms queue for each parameter to inform the master that the value has been set.  
RST Set Front Panel Setup Complete: A message “RST Front Panel Setup Complete Set” is then sent back to the master’s Comms queue.   If logging is enabled this message is logged for debugging purposes as described above.
RST Set Master VI Queue Name: This message is sent with a string containing the Master VI’s Comms queue name which is stored in the private data “Master Queue Name” of the slave VI’s shifter.  A message “RST Master Comms Queue Name Set” is then sent back to the master’s Comms queue with the received Comms queue name.  If logging is enabled this message, as well as the queue name, is logged for debugging purposes as described above.  This message will also cause “Master Queue Name Received” trigger to be enqueued into the System Triggers queue.  
RST Set TDMS File Name: This message is sent with a string containing the TDMS file name which is then stored in the user data “TDMS Data Path” of the slave VI’s shifter.  A message “RST TDMS File Name Set” is then sent back to the master’s Comms queue with the received TDMS file name.   If logging is enabled this message, as well as the TDMS file name, is logged for debugging purposes as described above.  This message will also cause “TDMS Data File Name Received” trigger to be enqueued into the System Triggers queue.
RST Trig Close Application: This system trigger “Close Application” is enqueued to the System Triggers queue and a message “RST Received Close Application Trig” is sent back to the master’s Comms queue.  If logging is enabled this message is logged for debugging purposes as described above.
RST Trig Run/Stop: This system trigger “Run/Stop” is enqueued to the System Triggers queue and a message “RST Received Run/Stop Trig” is sent back to the master’s Comms queue.  If logging is enabled this message is logged for debugging purposes as described above.
“Check Time Till Finish” – The values stored as a time stamp in the display data “End Time” is compared with the current time.  If the current time is greater than or equal to the last possible end time then the system trigger “Run/Stop” is enqueued to the System Triggers queue.  If the slave VI is running under the control of the Master VI the message “RST Finished” is sent to the Master VI’s Comms queue from the slave VI’s Comms queue.  
 If the current time is less than the time stored in “Last Possible End Time” then this action does nothing and the program continues.  The current time is subtracted from the “Last Possible End Time” and stored in the display data “Time Remaining”.  
“Check Top Level” – The “VI Execution State” stored in the private data of the shifter is used to determine if the slave VI is running in conjunction with the Master VI or independently.  If the slave VI is running with the Master VI then the system trigger “<None>” is enqueued to the System Trigger queue, or else the trigger “Running Top Level” is enqueued
“Clear DAQmx Tasks” –The respective refnums are used to stop and clear the DAQmx tasks Battery Rig Read, Limiter Output, Battery Rig Write and Battery Rig Relay
“Clear Display Data” – Clears all the display data in the slave VI’s shifter 
“Close Log File Stream” – The user data “Log File Refnum” is used to close the log file
“Close TDMS Write Stream” – The private data “TDMS Data File Refnum” stored in the shifter is used to close the .tdms file
“Default” – This action exists purely for debugging.  If this action is called an error is generated informing the user that the “System Actions/Messages” case structure has received a message for which no case exists 
“Error” – This action is called when the error line running through the VI is loaded with an error.  This can occur for various reasons, such as if the VI fails to read from the DAQmx devices or there is a failure with the TDMS file.  If the error has been flagged as important the system trigger “Close Application” is enqueued to the System Trigger queue.  If not the error is cleared and the program continues.  
“Exit” – The framework data “Exit Event” of the shifter is used to generate the user event, Exit Event.  This event will trigger the <Exit Event Ref>: User Event case of the Event Handler while loop, outlined in section A3.2.2.2.
“Force Send Finished Message” – The private data “VI Execution State” is used to determine if the slave VI is running under the control of the Master VI.  If it is then the message “RST Finished” is sent to the master using the slave VI’s Comms Message Queue and the Master Queue Name.  If the slave VI is running independently then this action does nothing
“Get Data File Name” – This action only gets called when the slave VI is running independently from the master.  The user is asked to select a new and unique file name to create a file to write the TDMS data to.  The action then uses a subVI to ensure that the file name is unique.  The TDMS data path, which contains the location of the folder to which the data will be saved as well the file name just entered, is stripped to the file name.  This file is given a .tdms extension and the data folder is checked to see if this is a unique file name.  If not a new file name is created by adding a number to the end, starting with 001.  The file is checked again and the number will increment by one until a unique file name is created.  This file name is then inserted into the “Checked TDMS Data Path” of the user data of the shifter
“Increment TDMS Group Name” – Takes the value stored in the private data “Number Of Run Presses” of the shifter, increments it by one and inserts it in the same place.  
“Initialise” – Sets the counter “Number Of Run Presses” stored in the private data of the shifter to zero.  The current execution state of the slave VI is stored in the private data “VI Execution State”.  This is used throughout the running of the slave VI to determine if it is running in conjunction with the Master VI or independently.  This action also sets the Boolean button “Run/Stop” to false.
“Open Log File Stream” – This action takes the verified TDMS file path from the user data “Checked TDMS Data Path” converts the file extension into a string and adds “\.log”.  This string is converted in to a data path and stored in the user data “Log File Path” in the shifter.  This data path is also used to create a file that this VI can write to for logging purposes with the refnum being stored in the user data “Log File Refnum” in the shifter
“Open TDMS Write Stream” – A .tdms file which the program can write to is created using the user data “Checked TDMS Data Path” of the shifter and the refnum for that file is then stored in the private data “TDMS Data File Refnum”
“Read From DAQmx” – The private data “DAQmx Read Task Refnum” of the shifter is used with a DAQmx Read VI to read the data from the Battery Voltage, Battery Current and Battery Current Demand channels.  The “Minimum Samples to Read” is compared with the Available Samples Per Channel of the DAQmx Read and the larger of the two is used as the number of samples per channel and stored in the user data “Samples Read”.  “Minimum Samples to Read” is also used in conjunction with the “Sample Rate” to definite the timeout.  The Available Samples Per Channel is also stored in the user data “Available Samples in Buffer” and applied to the front panel indicator “Samples in Buffer”.  If the “Buffer Size” stored in the user data of the shifter is larger than the Available Samples Per Channel then the user data “Buffer Overflow” is attributed a true constant and activated.
“Register User Parameters” – Creates an array containing the refnums of the front panel indicators which is then used to indicate the user parameters that the Event Handler while loop must react to changes to.  The array is also stored as “User Parameter Controls” in the shifter.
“Set Finish Time” – Takes the time limit values, sent from the Master VI, from the hours, minutes and seconds sections of the user data of the shifter and formats it into Hours:Minutes:Seconds.  This time is then added to the current time.  This new time is entered into the user data “End Time” of the shifter
“Setup DAQmx Tasks” – The user data “Number of Samples to Read” and “Sample Rate [S/s]” as well as the required sample mode are inputted into a DAQmx Sample Clock with the input task Battery Rig Read.  This is then used to start the tasks to be completed by each DAQmx.  These tasks are Battery Rig Read, Battery Rig Relay, Limiter Output and Battery Rig Write.  The output tasks of these start triggers are stored as the refnums DAQmx Read Task Refnum, DAQmx Relays Task Refnum , DAQmx Write Task Refnum  and DAQmx Limiter Task Refnum  respectively in the private data “DAQ Tasks Cluster”.
“Update display” – This action accesses the values stored in the user data and display data clusters of the shifter, as well as the VI’s state, which it then feeds into the corresponding numeric or string indicators on the front panel.  This includes displaying the continuous values of the display data, “Battery Data”, as a waveform while the instantaneous values such as the display data, “End Time” are entered into the relevant front panel indicators.  
“Write Display Data To TDMS” – A tdms file is opened using the “TDMS Data File Refnum” stored in the private data of the shifter.  A group name is assigned for this file using the string “Run” concatenated with a string of the value stored in the private data “Number Of Run Presses”.   The waveforms stored in the display data, Battery Data, of the shifter are entered under the channel names Battey Voltage, Battery Current and Battery Current Demand.  
Microcycler VI
"", "Idle", "Transition Complete" – This action is primarily used as a safety measure.  If a blank space is accidentally queued into the actions queue or an action then the program will wait a small amount of time depending which state the program is in.  If it is in “<Startup>” or “<Shutdown>” it will wait 0 milliseconds while for all other states it will wait 50 milliseconds.  The Boolean selector for the Transition Complete? case selector is set to true to allow for a new transitional trigger to be selected.  If no new trigger has been enqued the “<None>” trigger will be selected.  This action can also be called intentionally by enqueing an “Idle” or “Transition Complete” action 
“Check Buffer Passed to HW” – The program waits for 1000ms
“Cache User Parameters” – The values currently stored in the front panel indicators including: Sample Rate [S/s]; Min Samples To Read; Buffer Size; Upper Voltage Limit[V]; Lower Voltage Limit [V]; and Number of Microcycles are entered into the relevant sections of the shifter’s user data.   This action is called throughout the program to ensure that the user parameters are not altered by the program
“Change State” – This action is only ever called by the Change State case structure as explained in section A3.2.  This action can be used to disable certain parts of the front panel so the user can not adjust settings while the state is changing.  The main function of this case is to set the Boolean selector for the Transition Complete? case selector to true so that it will become operational allowing the state of the program to change as explained in section A3.2
“Charging Data Calcs” – If the relays are switched on then the Battery Current waveform is accessed from the display data “Battery Data” of the shifter.  The instantaneous current is stored in the display data “Prior Battery Data” of the shifter as well as being inputted into a subVI with the display data “Integrated Charge” and the waveform stored in the display data “Prior Battery Data” the last time this action was called.  This subVI is used to calculate the charge added to or removed from the battery since this action was last called and this value of integrated charge is then added to the running total “Charging Integrated Charge” in the display data.  
“Change BMS State” – The value stored the VI server reference of the BMS Ignition Boolean indicator is checked.  If it is “True” then the value of seven is deposited into the user data, “BMS Ignition”, of the shifter.  If it is “False” then the value zero is deposited into the “BMS Ignition”.
“Change Relay State” – The Boolean value stored in the “Relays” VI server reference is accessed and stored in the user data “Relays” of the shifter 
“Change State” – This action is only ever called by the Change State case structure as explained in section A3.2.  This action can be used to disable certain parts of the front panel so the user can not adjust settings while the state is changing.  The main function of this case is to set the Boolean selector for the Transition Complete? case selector to true to allow the state of the program to change as explained in section A3.2
“Check Charger Timer” – The user data “Charge Time [s]” is added to the time stamp stored in the user data “Charge Start Time” and then compared with the current time.  If the current time is greater than or equal to this calculated value then the system trigger “Charging Finished” is enqueued to the System Triggers queue.  If the current time is less than the calculated value then nothing happens and the program continues
“Check Discharging Integrated Charge” – The user data “Discharging Integrated Charge” and “Charge to Integrate [Ah]” is accessed from the shifter.  If the absolute value of “Discharging Integrated Charge” is equal to or greater than “Charge to Integrate [Ah]” then the “Zero Current Trigger” and “Discharging Finished” triggers are enqued to the system triggers queue.  If the current time is less than the calculated value then nothing happens and the program continues
“Check Pause 1 Timer” – The user data “Pause 1 Time [s]” is added to the time stamp stored in the user data “Pause 1 Start Time” and then compared with the current time.  If the current time is greater than or equal to this calculated value then the system trigger “Pause 1 Finished” is enqueued to the System Triggers queue.  If the current time is less than the calculated value then nothing happens and the program continues
“Check Pause 2 Timer” – The user data “Pause 2 Time [s]” is added to the time stamp stored in the user data “Pause 2 Start Time” and then compared with the current time.  If the current time is less than the calculated value then nothing happens and the program continues.  However if the current time is greater than or equal to this calculated value then a new system trigger is enqueued into the System Trigger queue.  The system trigger is determined by the amount of microcycles that have been completed.   The user data “Total Microcycles” and “Microcycle Number” are accessed from the shifter and compared.  If the latter is equal to the former then the system trigger “Microcycles Finished” is queued and if not then “Pause 2 Finished” is enqueued.
“Check Received TDMS File Name” – The TDMS data path sent by the Master VI is entered in to a subVI that prepares it to be used by the program.  Initially the user data “TDMS Data Path”, which is sent to the slave by the Master VI and contains the location of the folder to which the data will be saved as well as a root name which all files will start with, is stripped to the root name.  This root name is given a .tdms extension and the data folder is checked to see if this is a unique file name.  If not a new file name is created by adding a number to the end, starting with 001.  The file is checked again and the number will increment by one until a unique file name is created.  This file name is then inserted into the “Checked TDMS Data Path” of the user data of the shifter
“Check This VI Comms Queue” – This case deals with messages sent from the Master VI.  Each message sent is read from the comms message queue and the case structure within this action is used to determine which message has been sent.  The cases within this case structure correspond to each message and usually include a new system trigger to send to the “System Triggers” case structure as well as a message to be sent back to the master.  If data is being sent by the master it is entered into the shifter here.  If logging is enabled then the name of the VI, the date, the time, the priority of the message, the name of the queue, “Valid message received”, the message, and any corresponding  values are logged for debugging purposes.  If more than one message is found a for loop is used to repeat the process until all messages have been read.  A list of messages received by the slave VI is given below
DCAMICRO Get Net Integrated Charge: This message will cause the slave VI to access the display data “Ensemble Integrated Charge” from its shifter which is then sent back to the Master VI’s Comms queue with the message “DCAMICRO Integrated Charge”.  If logging is enabled this message is logged for debugging purposes as described above.
DCAMICRO Get State: This message will cause the slave VI to access its “State” from its shifter.  This is then used to select the appropriate case of an internal case structure, where each case contains a string of the reciprocal state.  Therefore the string of the current state is then sent to the Master VI’s Comms queue with the message “DCAMICRO State”.  If logging is enabled this message is logged for debugging purposes as described above.
DCAMICRO Get Present MicroCycle Number: This message will cause the slave VI to access the display data “MicrCycle Number” from its shifter which is then sent back to the Master VI’s Comms queue with the message “DCAMICRO Present MicroCycle Number”.  If logging is enabled this message is logged for debugging purposes as described above.
DCAMICRO Set MicroCycles, DCAMICRO Set High Voltage Limit, DCAMICRO Set Low Voltage Limit, DCAMICRO Set Charge Current, DCAMICRO Set Charge Time, DCAMICRO Set Pause 1 Time, DCAMICRO Set Discharge Current, DCAMICRO Set Pause 2 Time, DCAMICRO Set Sample Rate, DCAMICRO Set Minimum Samples to Read, DCAMICRO Set Buffer Size: These messages are sent from the Master VI with the corresponding front panel parameter values.  These values are stored in the corresponding user data of the slave VI’s shifter as well as the front panel server references.  If logging is enabled these messages, as well as the values, are logged for debugging purposes as described above.  A message is sent back to the Master VI’s Comms queue for each parameter to inform the master that the value has been set.  
DCAMICRO Set Front Panel Setup Complete: A message “DCAMICRO Front Panel Setup Complete Set” is then sent back to the master’s Comms queue.   If logging is enabled this message is logged for debugging purposes as described above.
DCAMICRO Set Master VI Queue Name: This message is sent with a string containing the Master VI’s Comms queue name which is stored in the private data “Master Queue Name” of the slave VI’s shifter.  A message “DCAMICRO Master Comms Queue Name Set” is then sent back to the master’s Comms queue with the received Comms queue name.  If logging is enabled this message, as well as the queue name, is logged for debugging purposes as described above.  This message will also cause “Master Queue Name Received” trigger to be enqueued into the System Triggers queue.  
DCAMICRO Set TDMS File Name: This message is sent with a string containing the TDMS file name which is then stored in the user data “TDMS Data Path” of the slave VI’s shifter.  A message “DCAMICRO TDMS File Name Set” is then sent back to the master’s Comms queue with the received TDMS file name.   If logging is enabled this message, as well as the TDMS file name, is logged for debugging purposes as described above.  This message will also cause “TDMS Data File Name Received” trigger to be enqueued into the System Triggers queue.
DCAMICRO Trig Close Application: This system trigger “Close Application” is enqueued to the System Triggers queue and a message “DCAMICRO Received Close Application Trig” is sent back to the master’s Comms queue.  If logging is enabled this message is logged for debugging purposes as described above.
DCAMICRO Trig Relays On: A true constant is applied to the user data “Relays” as well as the “Relays” front panel Boolean indicator.  This system trigger “Change Relay State” is enqueued to the System Triggers queue and a message “DCAMICRO Received Relays On Trig” is sent back to the master’s Comms queue.  If logging is enabled this message is logged for debugging purposes as described above.
DCAMICRO Trig Run/Stop: This system trigger “Run/Stop” is enqueued to the System Triggers queue and a message “DCAMICRO Received Run/Stop Trig” is sent back to the master’s Comms queue.  If logging is enabled this message is logged for debugging purposes as described above.
“Check Top Level” – The “VI Execution State” stored in the private data of the shifter is used to determine if the slave VI is running in conjunction with the Master VI or independently.  If the slave VI is running with the Master VI then the system trigger “<None>” is enqueued to the System Trigger queue, or else the trigger “Running Top Level” is enqueued
“Clear DAQmx Tasks” –The respective refnums from the private data of the shifter are used to stop and clear the DAQmx tasks Battery Rig Read, Limiter Output, Battery Rig Write and Battery Rig Relay
“Clear Display Data” – Clears all the display data in the slave VI’s shifter 
“Close Log File Stream” – The user data “Log File Refnum” is used to close the log file
“Close TDMS Write Stream” – The private data “TDMS Data File Refnum” stored in the shifter is used to close the .tdms file
“Default” – This action exists purely for debugging.  If this action is called an error is generated informing the user that the “System Actions/Messages” case structure has received a message for which no case exists 
“Error” – This action is called when the error line running through the VI is loaded with an error.  This can occur for various reasons, such as if the VI fails to read from the DAQmx devices or there is a failure with the TDMS file.  If the error has been flagged as important the system trigger “Close Application” is enqueued to the System Trigger queue.  If not the error is cleared and the program continues.  
“Discharging Data Calcs” – If the relays are switched on then the Battery Current waveform is accessed from the display data “Battery Data” of the shifter.  The instantaneous current is stored in the display data “Prior Battery Data” of the shifter as well as being inputted into a subVI with the display data “Integrated Charge” and the waveform stored in the display data “Prior Battery Data” the last time this action was called.  This subVI is used to calculate the charge added to or removed from the battery since this action was last called and this value of integrated charge is then added to the running total “Discharging Integrated Charge” in the display data.
“Enqueue Relay State Change” – The system trigger “Change Relay State” is enqueued to the System Triggers queue
“Exit” – The framework data “Exit Event” of the shifter is used to generate the user event, Exit Event.  This event will trigger the <Exit Event Ref>: User Event case of the Event Handler while loop, outlined in section A3.2.2.3.
“Force BMS to OFF State” – A zero value is assigned to the user data “BMS Ignition” of the shifter as well as updating the front panel by turning off the “BMS Ignition” Boolean indicator
“Force Relays to OFF state” – A false Boolean value is assigned to the user data “Relays” in the shifter.  The front panel is also updated by assigning a false Boolean value to the “Relays” Boolean indicator before disabling it to the user
“Force Relays to ON state” – A true Boolean value is assigned to the user data “Relays” in the shifter.  The front panel is also updated by assigning a true Boolean value to the “Relays” Boolean indicator before enabling it to the user 
“Get Data File Name” – This action only gets called when the slave VI is running independently from the master.  The user is asked to select a new and unique file name to create a file to write the TDMS data to.  The action then uses a subVI to ensure that the file name is unique.  The TDMS data path, which contains the location of the folder to which the data will be saved as well the file name just entered, is stripped to the file name.  This file is given a .tdms extension and the data folder is checked to see if this is a unique file name.  If not a new file name is created by adding a number to the end, starting with 001.  The file is checked again and the number will increment by one until a unique file name is created.  This file name is then inserted into the “Checked TDMS Data Path” of the user data of the shifter
“Increment TDMS Group Name” – Takes the value stored in the private data “Number Of Run Presses” of the shifter, increments it by one and inserts it in the same place.  
“Send Finished Message” – The private data “VI Execution State” is used to determine if the slave VI is running under the control of the Master VI.  If it is then the message “DCAMICRO Finished” is sent to the master using the slave VI’s Comms Message Queue and the Master Queue Name.  If the slave VI is running independently then this action does nothing
“Increment MicroCycles Counter” – The value stored in the private data “MicroCycle Number” of the shifter is accessed and incremented by one.  This new value is inserted into the same place.  
“Initialise” – Sets the counter “Number Of Run Presses” stored in the private data of the shifter to zero.  The current execution state of the slave VI is stored in the private data “VI Execution State”.  This is used throughout the running of the slave VI to determine if it is running in conjunction with the Master VI or independently.  This action also sets the Boolean button “Run/Stop” to false.
“Open Log File Stream” – This action takes the verified TDMS file path from the user data “Checked TDMS Data Path” converts the file extension into a string and adds “\.log”.  This string is converted in to a data path and stored in the user data “Log File Path” in the shifter.  This data path is also used to create a file that this VI can write to for logging purposes with the refnum being stored in the user data “Log File Refnum” in the shifter
“Open TDMS Write Stream” – A .tdms file which the program can write to is created using the user data “Checked TDMS Data Path” of the shifter and the refnum for that file is then stored in the private data “TDMS Data File Refnum”
“Read From DAQmx” – The private data “DAQmx Read Task Refnum” of the shifter is used with a DAQmx Read VI to read the data from the Battery Voltage, Battery Current and Battery Current Demand channels.  The “Minimum Samples to Read” is compared with the Available Samples Per Channel of the DAQmx Read and the larger of the two is used as the number of samples per channel and stored in the user data “Samples Read”.  “Minimum Samples to Read” is also used in conjunction with the “Sample Rate” to definite the timeout.  The Available Samples Per Channel is also stored in the user data “Available Samples in Buffer” and applied to the front panel indicator “Samples in Buffer”.  If the “Buffer Size” stored in the user data of the shifter is larger than the Available Samples Per Channel then the user data “Buffer Overflow” is attributed a true constant and activated.
“Register User Parameters” – Creates an array containing the refnums of the front panel indicators which is then used to indicate the user parameters that the Event Handler while loop must react to changes to.  The array is also stored as “User Parameter Controls” in the shifter.

“Set Charging Current” – The value of the user data “Charging Current [A]” of the shifter is inserted to the “Current Demand” VI server reference while -1000 is inserted to the “Charge to Integrate [Ah]” VI server reference.

“Set Charge Start Time” – The current time and date are entered into the user data “Charge Start Time” of the shifter

“Set Discharging Charge to Integrate” – The final value of integrated charge during the charging pulse, which has been stored in the user data “Charging Integrated Charge”, is inverted and set as the “Charge to Integrate [Ah]” VI server reference .  The value of the user data “Discharging Current [A]” of the shifter is inserted to the “Current Demand [A]” VI server reference
“Send Net Integrated Charge Signal” – The private data “VI Execution State” is used to determine if the slave VI is running under the control of the Master VI.  If it is then the message “DCAMICRO Integrated Charge” is sent, with the value stored in the “Ensemble Integrated Charge” user data of the shifter, to the master using the slave VI’s Comms Message Queue and the Master Queue Name.  If the slave VI is running independently then this action does nothing
“Set Pause 1 Start Time” – The current time and date are entered into the user data “Pause 1 Start Time” of the shifter

“Set Pause 2 Start Time” – The current time and date are entered into the user data “Pause 2 Start Time” of the shifter
“Setup DAQmx Tasks” – The user data “Number of Samples to Read” and “Sample Rate [S/s]” as well as the required sample mode are inputted into a DAQmx Sample Clock with the input task Battery Rig Read.  This is then used to start the tasks to be completed by each DAQmx.  These tasks are Battery Rig Read, Battery Rig Relay, Limiter Output and Battery Rig Write.  The output tasks of these start triggers are stored as the refnums DAQmx Read Task Refnum, DAQmx Relays Task Refnum , DAQmx Write Task Refnum  and DAQmx Limiter Task Refnum  respectively in the private data “DAQ Tasks Cluster”.
“Update display” – This action, as seen in figure A3.22, accesses the values stored in the user data and display data clusters of the shifter, as well as the VI’s current state, which it then feeds them into the corresponding numeric or string indicators on the front panel.  This includes displaying the continuous values of the display data, “Battery Data”, as a waveform while the instantaneous values such as the display data “MicroCycle Number” and “Net Integrated Charge” are entered into the relevant front panel indicators.  
[image: ]
Figure A3.22 – The current state of the VI as well, as the appropriate user and display data, is taken from the shifter and inserted into the front panel indicators.  The battery data is presented on the front panel as waveforms of the battery voltage, battery current and battery current demand
“Update Net Integrated Charge” – The user data “Ensemble Integrated Charge” is accessed and the values in the user data “Discharging Integrated Charge” and “Charging Integrated Charge” from the shifter are added to it.  This new value is then stored in the “Ensemble Integrated Charge” while the “Discharging Integrated Charge” and “Charging Integrated Charge” are reset to zero
“Unzero Current” – The front panel button “Zero Current” is disabled to the user while it is assigned a false Boolean value.  The system Trigger “Cache User Parameters” is enqueued to the System Triggers queue.  This trigger, when activated, will cause the value stored in the “Current Demand [A]” front panel indicator to be entered into the user data “Current Demand” of the shifter.
“Write Analogue Demand Sample to DAQ” – The “DAQmx Write Task Refnum” is used with a DAQmx Write VI to send the values stored in the user data “Current Demand [A]” and “BMS Ignition” to the DAQmx devices.   The “DAQmx Limiter Task Refnum” is used with a DAQmx Write VI to send the values stored in the user data “Upper Voltage Limit [V]” and “Lower Voltage Limit [V]” to the devices
“Write Display Data To TDMS” – A tdms file is opened using the “TDMS Data File Refnum” stored in the private data of the shifter.  A group name is assigned for this file using the string “Run” concatenated with a string of the value stored in the private data “Number Of Run Presses”.  The data for each microcycle is stored in a new group.   The waveforms stored in the display data, Battery Data, of the shifter are entered under the channel names Battey Voltage, Battery Current and Battery Current Demand.  
“Write Relays Sample to DAQ” – Takes the “DAQmx Relays Task Refnum” from the private data of the shifter and assigns the Boolean value stored in the user data “Relays” to the tasks two channels to switch both relays.  If the user data is true then the relays will be switched on, if it is false then they will be switched off.  
“Zero Current” – The user data “Current Demand” is assigned the value zero and the Boolean indicator on the front panel is assigned a true constant to indicate to the user that the current has been zeroed
“Zero Current to FP Value” – If the “Zero Current” Boolean indicator on the front panel is true the user data “Current Demand” of the shifter is set to zero.  If not, then value stored in the user data “Charging Current” is entered into “Current Demand”
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Fundamentals of Lead—Acid Batteries 105

The low theoretical specific energy of the lead—acid cell is a result of high atomic weight of
lead, which s one of the heaviest natural produci

2.12.2. General Notes on Lead—Acid Cell Design

‘The theoretical specific energy is never delivered in practical cells. To transform the lead—acid
cell into a practical power source, several design requirements must be met. Figure 2.51 shows
the construction of a conventional SLI battery [123].

‘The plates (electrodes) of the lead—acid cell comprise grids (current collectors) and acti
‘The active mass is built of two functional structur

energetic structure — participates in the electrochemical reactions of transformation of
the chemical energy into electrical energy and vice versa. The share of the energetic struc-
ture varies between 35% and 55%, depending on the design features of the battery and the
discharge current.

skeleton — it supports mechanically the energetic structure and conducts the current to
cach point of the active mas

The active mass is fixed in a lead-based grid that is chemically resistant to HpSOy solution.
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Figure 2.51:
Cut-away cell of SLI-Type lead—acid battery showing details of construction [123].
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“Clear shift registers”— An open case structure with shift registers wired through to set allshift
registersto 0

“Init Q- This case sets up three queues which are used by the VI to send messages between
the individual while loops and to the Master VI.

One queue, the System Triggers Queue, is initialised and sent both to the Event Handler Loop.
and to the System States, via the System Actions/Messages case structure, within the Primary
Execution while loop. This is used to send messages to the System Triggers case structure to
inform it which trigger should be called. Triggers can be enqueued due to the events initiated
in the Event Handler while loop or the by an action.

The second queue s the Comms queue of the slave Vi and is created by taking the name of the
slave VI and adding comms. This queue s stored in the private data “Comms Message Queue”
of the slave VI's shifter and is used to communicate with the Master VI.

The second queue is the Actions queue of the program and is used to select which action
should be completed within the System Actions/Messages case structure of the Primary
Execution while loop. During the Init Q case the first actions required by the program are
enqueued to this queue within an array and sent to the System Actions/Messages case
structure.

“Initialise events”~Two events, achange in value in a user parameters and a termination user
event, are registered and an array consisting of the refnums of these events is sent to the
Event Handler while loop. The termination event refnum is also stored in the framework data
“Exit Event” of the shifter.

“Set display” — Uses a sub VI to set the size and position of the front panel display

“Set shifter” - The shifter data is the data used or accumulated during the running of the
program and is stored in the shifter type def. The data is separated into 7 clusters:

+ State: Stores the current state of the program

+ User Data: Parameters set by the user, mostly through the use of a configfile, which
are changeable based on the test the user wants to run.

« Display Data: This data is updated as the program is running. The data is then
displayed to the user on the front panel.

+ UserParameter Controls: Stores the data entered into the front panel by the user.

+ Framework Data: Contains the Exit Event created in the Initialise Events case
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lincrement IDVIS Group Name - Iis takes the value stored in private @ata “Number Ot Kun
Presses” of the shifter, increments tby one and restoresit in the same place.

“Initialise” - Sets the counter “Number Of Run Presses” storedin the private data of the shifterto
zero. The current execution state of the slave Vi is stored in the private data “VI Execution State” of
the shifter. This is used throughout the running of the slave Vito determine if it is running in
conjunction with the Master VI or independently. This action also engueues the system trigger “set
File Name” to the System Triggers queue and setsthe Boolean button “Run/Stop” to false.

“Open Log File Stream— This action takes the verified TOMSfile path, storedin the user data,
Checked TDMS Data Path, convertsthe file extensioninto a string and adds “\.log”. This string is
then convertedinto a data path and stored in the user data “Log File Path” in the shifter. This data
path is also used to create a file that the program can write to for logging purposeswith the refum
beingstoredin the user data “Log File Refnum” in the shifter

“OpenTDMS Write Stream”— A.tdms file, which the program can write to, is created usingthe
shifter’s user data “Checked TOMS Data Path” and stored in the private data “TOMS Data File
Refnum”

“Read From DAQmX”— The private data “DAQmx Read Task Refnum” of the shifteris used with a
DAQMXRead Vito read the data from the Battery Volatage, Battery Currentand Battery Current
Demand channels. The user data “Number of Samples o Read” is used to define the number of
samples per channel as well as being used in conjunction with the “Sample Rate” to definite the
timeout. This data s then stored as an array of waveformsinthe display data “Battery Data” of the
shifterwhile the “Number of Samples to Read” and the “Available Samples Per Channet” of the
DAQmXRead Vi are storedin the user data “Available Samples in Buffer” and “samples Read”
respectively

Has one or more subdiagrams, o cases, exactly one of which
exccutes when the structure executes. The value wired to the
selector terminal determines which case to execute and can be
Boolean, string, integer, enumerated type, or error cluster. Right-
cick the structure border to add or delete cases, Use the Labeling
tool to enter valuels) in the case selector label and configure the
value(s) hended by each case.
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“Write Relays Sample to DAQ ~ Takes the DAQmx Relays Task Refnum from the private data of the
shifterand assignsa false Boolean value to the tasks two channels to turn off both relays

4.4.2 Charger Discharger VI
“Cache User Parameters”—The values currently stored in the front panelindicators including:
Charge to Integrate [Ah]; Current Demand [A]; Sample Rate [s/s]; Min Samples To Read; Buffer Size;

ua | x|

Context Help

Case Structure

True ]

Has one or more subdiagrams, o cases, exactly one of which
exccutes when the structure executes. The value wired to the
selector terminal determines which case to execute and can be
Boolean, string, integer, enumerated type, or error cluster. Right-
cick the structure border to add or delete cases, Use the Labeling
tool to enter valuels) in the case selector label and configure the
value(s) hended by each case.

Detailed help

[

S—

UpperVoltage Limit [V]; Lower Voltage Limit[V]; and Time Limit (Hours) are enteredintothe
relevant sections of the shifter’s user data or the relevant Vi server reverence.

“Calculate End Time” — Takesthe time limit values from the hours, minutes and seconds sections of
the userdata of the shifterand formats it into Hours:Minutes:Seconds. Thistime is then added to
the current time. This new time is entered into the Data Display Last Possible End Time of the shifter

“Change BMS State”— The value stored the This Vi Server Reference of the BMS Ignition Boolean
indicator is checked. Iftis “True” then the value of sevenis deposited into the user data, “8MS
Ignition”, of the shifter. Ift is “False” thenthe value zerois deposited into the “BMS Ignition”.

“Change Relay State” - The Boolean value stored in the “Relays” Vi Server Reference is accessed and
storedin the user data, Relays, of the shifter

“CheckBuffer Passed to HW" — The program waits for 1000ms.

“CheckEnd Time” ~ The values stored in a time format in the display data, Last Possible End Time is
‘compared with the currenttime. Ifthe current time s greater than or equalto the last possible end
time then the system trigger “Run/Stop” is enqueued tothe System Triggers Queue. If the slave Vi s
running under the control of the Master Vi the message “CHG Finished” is sentto the Master Queue
Name via the Comms Message Queue. The system trigger “Zero Current Trigger” will also be
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Charging Current = 1.67C
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Tested at 20°C

Charging Current = 1.67C
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Tested at 30°C

Charging Current = 1.67C

Upper Voltage Limit = 14.8V
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Tested at 30°C

Charging Current = 1.67C

Upper Voltage Limit = 14.8V
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Tested at 40°C

Charging Current = 1.67C

Upper Voltage Limit = 14.8V
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Tested at 40°C

Charging Current = 1.67C

Upper Voltage Limit = 14.8V
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Tested at 0°C

Charging Current = 1.67C

Upper Voltage Limit = 14.8V
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Tested at 0°C

Charging Current = 1.67C

Upper Voltage Limit = 14.8V
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Tested at 0°C

Charging Current = 1.67C

Upper Voltage Limit = 14.8V
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Tested at 0°C

Charging Current = 1.67C

Upper Voltage Limit = 14.8V
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Tested at 20°C

Charging Current = 1.67C

Upper Voltage Limit = 14.8V
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