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[bookmark: _Toc498625038]Abstract

This report identifies the specific potential failures with automotive steering systems and portrays the careful considerations of the potential effects it can have on the steering performance, a failure with the electrical components of an electrical power assisted steering (EPAS), the failure which is analysed is thermal stress(temperature), on the electrical components that provide power to the EPAS system (power module). 

Thermal stress on the EPAS power module will be analysed to meet the aims of the project. The aim is to determine how the thermal stress effects the power modules surface flatness and if it effects the working order of the power module.
This aim will be met through a theoretical approach using mathematics and using a complex methodology discussed in this report.

A methodology is carried out to explain how the aims will be met, discussing the various test equipment used and exploring alternatives to provide comparison of the best equipment to provide the most accurate and valid results.

Initial test data has been portrayed to develop an understanding of the test data expected from testing and to provide a comparison.
A prediction in to the possible outcome of the project has been discussed to determine the potential effects of the thermal stress on the power module.



















[bookmark: _Toc498625039]Technical Abstract 

This report explores the inherent potential failures with automotive steering systems, through identification of the potential failures and effects, analysis has been completed into the specific failure mode of thermal stress within a power module of an EPAS system. 

Further analysis of the thermal stress on an EPAS power module will be completed, the aims are to determine the effects of thermal stress on the flatness and electrical performance of the power module.
The aims will be met through mathematical analysis and using a complex methodology which is discussed in this report.

A methodology is carried out to analyse and discuss the methods that will be used to meet the discussed aims, the methodology provides an insight in to the bespoke equipment used to provide accurate results, with alternatives suggested and a critical analysis to determine the validity of the bespoke equipment in comparison.

Benchmark results are provided within the discussion to provide an insight to the flatness measurement data. Also, a hypothesis based on secondary research in to the thermal stress effects on the power module and its integrated direct bonded copper circuit. 
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1. [bookmark: _Toc498625041]Introduction

The main objective of this research report is to outline the concerns of a potential failure of an electrical power assisted steering system through extensive research into determining the implications on its capability following a product concern during the lifetime of the product. 
Through practical application and research, the product concern will be analysed to determine its severity and the effect it has on the steering performance.
Steering systems are extremely critical within an automotive vehicle, they allow the driver to control the vehicle accordingly in all instances such as cornering, therefore it is important to identify any inherent issues with the systems. This report will be looking at power assisted steering which was introduced to aid manual steering and reduce drivers turning effort while providing improved control, there are two main types of power assisted steering, these are Hydraulic and Electrical. 

[bookmark: _GoBack]Prior to the introduction of electrical power assisted steering, inherent issues with hydraulic steering systems would have been mainly mechanical such as loss of fluid or issues with the drive to rotary pump etc. Electrical power assisted steering however can also have mechanical issues much like hydraulic, such issues with the rack and pinion or steering column. Due to being electrical, electrical power assisted steering can also experience electrical failures, issues can occur with the power control module, such as noise and vibration damage, water ingress, electrical radiation interference and thermal stress. This project is set out to determine the effects of thermal stress on the power module of an electrical power assisted steering system. 

The power module that will be critically analysed is manufactured at KSR International Swansea. KSR produce and supply a power module which is used within electric power assisted steering. It was found that the integrated direct-bonded copper substrate(DBC) circuit within the power module had a defect. The defect was identified at end of the production line by quality inspection staff, and it was found that several power modules had missing thermal stress dimples on the back of the DBC substrate. To determine the effects of the missing dimples the power module will be thermal stress tested and critically analysed.
Testing will be carried out using testing equipment at KSR, a thermal shock chamber will be used to apply thermal stress to the power modules and surface flatness will be measured using an optical gaging product (OGP) coordinate measuring machine (CMM), where a measurement will be taken of the surface plane and compared to a product specification.
A production line electrical tester and ultrasound imaging will be used also to determine the electrical performance (working or not) of the power module.

1.1. [bookmark: _Toc498625042]Aims

· Identify the effects of thermal stress on the flatness and electrical performance of an electrical power assisted steering power module.
· Carry out analytic processes through mathematical and live simulation testing techniques to assess the effects of thermal stress.	































2. [bookmark: _Toc498625043]Research-Informed Literature Review

[image: ]As discussed, steering systems are an extremely important system within an automotive vehicle, they allow the vehicle to be accurately steered (turned) in a direction according to the drivers input. Steering systems consist of a steering column and wheel, and steering gears and linkage (Jain and Asthana, 2002). The drivers input through the steering wheel, rotates the steering column shaft – the steering gears transfer the rotational motion of the shaft to linear motion of the steering linkage which moves the vehicles front wheels in the desired direction and the steering gears increase the steering output allowing the drivers input effort to be reduced (Erjavec and Thompson, 2014).
There are two types of steering gear systems most commonly used in automotive vehicles, these are the “rack and pinion” and “recirculating ball” mechanisms. 
Rack and pinion systems use a pinion gear at the end of the steering column shaft, which transfers rotational motion to a geared rack which transfers linear motion to the wheels via tie rods (Noorulla et al., 2010) as shown in figure 1. [bookmark: _Toc498625056]Figure 1: Rack and Pinion (Source: Sharma, 2017)

[image: ]The recirculating ball system (figure 2) uses a gearbox at the end of the steering column shaft, which connects to an input shaft worm gear which rotates with the steering column, the worm gear has a ball guide  which contains ball bearings that mesh with the worm gear, the ball guide allows the ball bearings to pass through the thread of the worm gear then return in a loop which moves a sector gear which transfers the rotational motion to linear motion, the sector gear controls a pitman arm (up and down), which transfers the motion across the steering linkage to the tie rod ends (Bennett, 2007).  [bookmark: _Toc498625057]Figure 2: Recirculating ball system (Source: Bajza, 2009)


Most modern automotive vehicles have power assist systems to aid steering. Power assist systems were introduced to vehicles to overcome the larger steering effort required as vehicles become larger and heavier – also as tyres became wider the tyres resistance to motion became larger, therefore a greater effort was required (Horobin, 2003). 
An advantage of power assisted steering is it provides increased accuracy and reacts quicker to allow for sudden wheel movements while allowing for heavier steering loads (Nunney, 2015).
There are two main types of power assisted steering, Hydraulic assist and Electrical assist. Both assist systems are used within the automotive industry, however prior to the introduction of Electrical assist, hydraulic was more prevalent (Automotive Training Centre, 2014).
Hydraulic power assist systems (HPAS) work with the use of a hydraulic pump which is driven by the engine, predominantly driven by the engines crank via a belt. The hydraulic pump, delivers hydraulic fluid to a ram cylinder, which using pistons, manoeuvres the pressurized fluid through a rotary valve which transfers torque to a torsion bar connected to the pinion/worm gear (Denton, 2011).
However, although this system was widely used, there are many disadvantages to hydraulic power assist systems, one disadvantage is that the hydraulic pump is driven via a pulley which as mentioned is driven by the engine therefore, there is always energy drawn from the engine by the pump even when the assist to steering isn’t needed, as a result this method isn’t considered highly fuel efficient (Dell et al., 2014). In fact, hydraulic power assisted steering, as a system isn’t particularly fuel/cost efficient. 
2.1. [bookmark: _Toc498625044] Electrical Power Assisted Steering 

The steering system that will be critically analysed in this project is electrical power assisted steering (EPAS). EPAS is an alternative to hydraulic power assisted steering, which is entirely electrically powered by the use of an electric motor rather than a hydraulic pump (Jurgen, 1999). EPAS is becoming more prevalent in the automotive industry, this is because it allows improved assistive control, by reacting faster to steering alterations than hydraulic assist. EPAS also provides economic benefits, as it is cheaper to install and run throughout its lifecycle, the use of EPAS eliminates the large, heavy hydraulic components, therefore reducing the mass and size of the steering system and providing a reduction in overall vehicle mass (Crolla, 2009). With an electric motor replacing a hydraulic pump, there is less load being placed on the engine, and therefore EPAS only requires approximately 2% of the power that is required to power a belt driven hydraulic pump, therefore a significant reduction in energy usage and vehicle emissions (VanGelder, 2017).
Due to global emission standards, the automotive industry is under extreme pressure to reduce vehicle emissions and therefore reducing the mass and amount of energy used in each sector of the vehicle will help to reduce the vehicles overall energy consumption and ultimately reduce engine load to become more efficient and reduce its emission output, in order to aid this global mission – the requirement for downsizing doesn’t just restrict engines but also other vehicular systems i.e. steering [image: ]– a lighter and less energy consuming system will reduce the overall load on the engine (Kahfagy, 2017).[bookmark: _Toc498625058]Figure 3: Hydraulic vs Electrical Power assisted steering (Source: Denton, 2014)

It can be seen from figure 3 that hydraulic power steering uses a significantly higher average energy consumption than electric power, based on figure 3, on average of motorway, main road and urban hydraulic uses approximately 360 watts more than electric.

2.2. [bookmark: _Toc498625045]Potential Failure Modes

Hydraulic and Electrical power assisted steering, much like many mechanised/electrical systems, both have inherent concerns regarding potential failure modes. 
HPAS is larger, heavier and has more parts than a EPAS system, therefore it could be suggested that there is more to potentially fail with HPAS, for example, hydraulic fluid leakage, which could lead to the system being without oil therefore the parts such as the rotary valve could cease and be damaged (Dell et al., 2014). Mechanical issues such as parts ceasing, i.e. rack and pinion gears etc. usually result in a decrease in steering ability, preventing full driving until fixed but allowing the vehicle to be manoeuvred to a safe place – full loss of steering is very rare in this circumstance (Thompson, 2013).
However, EPAS systems can have inherent issues also, mechanical issues are still a concern regarding damage to the components. Although, a major concern for EPAS is the electrical components that control the assist, electricals can be damaged by many contributing factors such as vibrations, electro-magnetic radiation/interference, water ingress and thermal stress/damage (Gilles, 2005). 

In this project, the potential failure mode that will be critically analysed is the thermal stress factor of the electrical components within the EPAS system. The electrical component which will be critically analysed is the power module within the EPAS system. 
The power module is used within a column assist type EPAS, which uses a power assist unit, controller and torque sensor. The power module is used within the power assist unit to power the electric motor, the controller receives information from the torque sensor which monitors load on the steering wheel, the controller uses the load feedback from the torque sensor to determine the amount of assist required by the power assist unit (motor) (Kershaw and VanGelder, 2017).

All electricals can become subject to thermal fatigue due to applied thermal stress within its environment, in this instance the power module will be within an engine bay of a vehicle, therefore will undergo a range of different temperatures. Thermal stress, can lead to both mechanical and electrical failures – the electrical failures can be caused by thermal fatigue to the power module internals such as transistors and capacitors etc. which can affect the performance of the module (Bâzu & Băjenescu, 2011). 
The power module can also experience electrical failure, caused by mechanical thermal fatigue. Different thermal properties of materials can mean that different materials react to thermal stresses differently, thermal stress within power modules can cause cracking and shape changes (warping) to the integrated circuits/DBC’s which can affect the damage solder joints causing the power module to fail (Frear et al., 1988).

Potential failures, causes and effects are critically analysed and reviewed prior to manufacture of the project using a DFMEA (Design Failure Mode and Effects Analysis), therefore all potential failure modes of a full power assisted steering system would have been considered. 
A DFMEA is a complex methodology completed by engineers, it consists of a list which is compiled of potential failure modes and their effects, it is important to ensure that the potential failure modes and effects are identified as early as possible i.e. design verification, to ensure any failure modes directly determined by the design are identified and all endeavours are made to alter design to minimise risk (Quality-One, 2017).
In the result, there is any assist system failure, there is a fail-safe and the system reverts to manual steering without assist (Hillier et al., 2004), even in fully electrical steering (steer-by-wire), the system has a backup source of power which provides a minimum of 50% of the required power (Els, 2017).

The defect DBC was identified at the end of the production line during manufacturing, it was discovered that many of the power modules were found to have missing thermal stress dimples on the back of the DBC as seen in figures 4 and 5. 

[bookmark: _Toc498625059]Figure 4: DBC with no missing dimples (Source: Thomas, 2017)
Figure 4 shows the power module controlled sample, with no missing dimples, this is used in the project to provide a controlled comparison of the performance of the power module, it can be seen that the dimples are located on the outer surface of the DBC. 


[bookmark: _Toc498625060]Figure 5: DBC with missing dimples (Source: Thomas, 2017)
However, it can be seen in figure 5 that the dimples on the DBC are missing along the left side of the DBC, the project aims to determine the implications of the missing dimples on the DBC, although no power modules have been found without any dimples at all on the DBC. 
A sample of 6 of the defect parts have been selected for testing and analysis along with a sample of 6 controlled parts as a comparison.

2.3. [bookmark: _Toc498625046]  DBC Substrates

The DBC substrates are supplied to KSR for the use within the power module, the DBC substrate is an integrated circuit which is made up of copper and ceramic (a ceramic tile coated with a sheet of copper each side to produce a top and bottom layer of oxidised copper). The ceramic material is made up of Aluminium Oxide ().
 although a brittle material, is widely used for this purpose due to it low cost and therefore is widely used within the microelectronics manufacturing, it has a thermal conductivity of 24 W/mK @ 20C and therefore isn’t a perfect thermal conductor however the DBC with the ceramic and copper layers have a low coefficient of thermal expansion which is significantly lower than copper alone - as a result provides excellent electrical insulation (Dong et al., 2010).






































3. [bookmark: _Toc498625047]Methodology

All testing will be completed at KSR Swansea in a laboratory environment and various tools and equipment will be used, therefore appropriate PPE (personal protection equipment) will be used and all company health and safety guidelines will be followed.

3.1. [bookmark: _Toc498625048] Thermal Shock Cycling

Application of thermal stress to the controlled and defect samples, will be carried out by placing the power modules inside a thermal shock chamber (figure 6), the process of thermal shock cycling will be carried out in this project by objecting the power modules to 1000 cycles. Thermal shock cycling is a test where a thermal shock chamber is used to subject components/parts etc. to sudden changes in significantly high/low temperatures, achieved by rapidly over a controlled period moving the components/parts from one temperature section of the chamber to the other (Ward & Angus, 1999).[bookmark: _Toc498625061]Figure 6: Thermal Shock Chamber (Source: Thomas, 2017)


The thermal shock cycles will be carried out in 250 cycle increments, one cycle consists of -40C  5% for 30 minutes with a maximum of 30 second transition to 115C  5% for 30 minutes and maximum 30 second transition back to -40C  5%, this cycle will be repeated 250 times. The cycles are determined by the customers test specification where the customer specifies the discussed cycle for a total of 500 cycles in 250 increments, at which the power module is visually inspected by an ultrasound microscope to ensure there is no cracks or damage to solder joints and wire bonds on the DBC, also electrical test is carried out to ensure power modules are still in working order after each 250 cycles. This validation process is to provide the customer with data to show that the manufactured power modules meet their requirements.
However, in the instance the project will be completing 1000 cycles and as mentioned will be inspected every 250 cycles, KSR carry out the same 1000 cycles to provide further validation of their product, which provides peace of mind that they are producing a high-quality product. 
3.2. [bookmark: _Toc498625049] Visual Inspection and Electrical Test

[image: ]Following each 250 thermal cycles, the power modules will be taken from the thermal shock chamber and will be visually inspected by the failure analysis engineer, using a non-destructive method, with the use of Scanning Acoustic Microscopy (CSAM), which uses ultra-high frequency ultrasound to identify any physical failures within the power modules, such as cracks caused by the thermal stress. Other methods of non-destructive testing such as X-Ray could be used, however for this purpose CSAM imaging provides clearer and more accurate analysis due to the high-frequency ultrasound, which allows cracks to be identified much easier (Kessler, 2013).[bookmark: _Toc498625062]Figure 7: CSAM ultrasound (Source: Thomas, 2017)

The electrical test will be carried out by the validation engineer, following the non-destructive testing. The electrical continuity test is carried out to ensure that the power module is working correctly. An electrical continuity test is a means of ensuring that current flows through a circuit. Therefore, a voltage is sent through the power module and used to determine if it is in working order (Stewart & Jardine, 1994). 
An electrical continuity test can be carried out with simple electrical test equipment such as a multi-meter, however as this is a specialist power module with specialist power terminals, a specific and specialist electrical testing machine (figure 8) has been specially made for production to carry out the electrical continuity test on the power module during manufacture. [bookmark: _Toc498625063]Figure 8: Electrical Test Machine(top) and Internal contact points(bottom) (Source: Thomas, 2017)

It has specific contact points which line up to each terminal on the power module, with it being a production line tester, it is automated and therefore reducing human contact and subsequently reducing human error and increasing accuracy and validity of results (Cresswell, 2002).



3.3. [bookmark: _Toc498625050] Flatness Measurements

Flatness measurements will also be completed after every 250 cycles to determine the surface flatness of the back of the power module. Flatness measurements will be taken to determine if there is any warping occurring of the DBC and if the missing dimples has any accelerated effect - due to the thermal stress occurring during thermal shock cycling.
The flatness of the back of the DBC is a critical dimension specified by the customer on the design specification and drawing, this is because of the connection of the power module to the customer’s assembly, therefore the flatness is measured as part of the validation process during production and the data is reported back to the customer to provide analysis of the surface flatness.  Flatness is measured by determining the distance a surface differs from the specified plane (Quality Digest, 2007). 
[image: ]The flatness measurements are completed using a specialist coordinate measuring machine(CMM), produced by a company called Optical Gaging Products (OGP), this OGP machine (figure 9) uses specialist software which is programmed and calibrated every 6 months to ensure it is extremely accurate, the software is programmed with customers specified dimensions and tolerances and can therefore accurately measure the distance the surface differs from the specified plane – providing an accurate flatness measurement. [bookmark: _Toc498625064]Figure 9: OGP machine (Source: Thomas, 2017)

The flatness measurements are taken by measuring specific points across the surface, on each power module 29 points are measured, consisting of 15 points across the DBC and 14 points across the plastic moulding. The programme automatically takes an average of the points to determine a flatness measurement for the overall, DBC and plastic moulding flatness.
The OGP machine uses a specific programme to complete automated measurements, this could be completed using a manual touch probe CMM, however the OGP reduces human error with the use of automated control (Dhillon, 2013). 
The flatness measurements will be extracted from the integrated software into Microsoft Excel for analysis, and the results after each 250 thermal shock cycles will be reviewed and analysed, a comparison will be made from start to finish of testing with controlled and defect DBC’s.






4. [bookmark: _Toc498625051]Discussion

4.1. [bookmark: _Toc498625052] Bench-marking

Prior to testing beginning, the power modules have completed benchmark measurements, tests and inspections to provide a reference point for analysis before testing is carried out for comparison.
As mentioned, there is 12 power modules being tested in total (6 controlled and 6 defect), by using a sample of each, there is more data collected and therefore increases the validity of the critical analysis, compared to if only one of each power module was tested. A bigger sample tested increases the testing practice and provides an increased validity of the results, therefore improving the overall analysis and evaluation (Wei et al., 2013).

All power modules have been tested for electrical continuity using the production line electrical tester and all were identified as in working order. Following the continuity test the power modules were inspected using CSAM imaging and no cracks or damage was identified as shown in figure 10.
Initial benchmark measurements were also taken on the OGP machine, this gave an initial measurement of flatness for the power modules as shown below in figure 11.[bookmark: _Toc498625065]Figure 10: CSAM imaging Defect (left) and Controlled (right) (Source: KSR, 2017)


	(Microns)
	Part 1
	Part 2
	Part 3
	Part 4
	Part 5
	Part 6

	Controlled (No missing Dimples)
	
	
	
	
	
	

	DBC Flatness
	3.35
	3.6
	3.35
	3.24
	3.93
	3.69

	Plastic Flatness
	6.43
	6.66
	6.75
	6.95
	6.96
	7.43

	Overall Flatness
	7.25
	7.24
	7.05
	6.8
	7.46
	7.92

	

	Defect (Missing Dimples)
	
	
	
	
	
	

	DBC Flatness
	3.78
	3.83
	3.37
	3.44
	3.23
	3.67

	Plastic Flatness
	6.45
	6.79
	6.39
	6.82
	6.72
	6.52

	Overall Flatness
	7.12
	7.36
	6.13
	6.96
	6.37
	6.9


[bookmark: _Toc498625066]Figure 11: Benchmark flatness measurements
The flatness of the power modules is measured in microns, the overall flatness is significantly higher than the DBC flatness, this is because the overall flatness is taken from an average of the 29 total points measured across the power modules, the plastic moulding which makes up the casing of the power module, and therefore provides a higher distance from the surface plane effecting the overall flatness.
6 power modules have been measured and to provide valid critical analysis, an average of the 6 power modules will be taken to provide a flatness measurement for controlled and defect power modules.
Therefore, the overall flatness for the controlled power modules is 7.2 microns and defect is 6.8 microns, this is compared to the customer’s specification tolerance which is 120 microns, KSR have an upper control limit were all power modules must be below 90 microns, 30 microns lower than the specification tolerance, providing better control over the quality of the products produced, and both power modules are significantly lower.
The DBC will also be analysed for its flatness and the specification tolerance is 100 microns with an upper control limit of 80 microns. The average DBC flatness was measured as 3.52 microns for the controlled, and 3.55 for defect, again significantly lower than limits and tolerances set.

4.2. [bookmark: _Toc498625053] Project Predictions 

Due to the low thermal expansion of the DBC it is difficult to predict the outcome of the project, the initial assumption that can be made is a slight change in the flatness over the period of thermal cycling due to thermal stress and very slight expansion of the copper, however it cannot be stated that the number of cycles planned to carry out will be enough to identify significant warping and damage (cracks) to the DBC which will affect the working order to the power modules. 
Due to time and cost constraints of manufacturing and production, the thermal shock chambers are required for testing on alternative projects and products – therefore testing is limited to 1000 cycles, which follows the test cycles usually carried out by KSR.
In a report written by Thebaud, J. et al., in 2000, it is discussed that thermal stress accelerated the life of DBC substrates and due to the thermal stress the substrates are subject to cracking, due to the brittle condition of the ceramic (), an informed prediction would be to expect cracking of the DBC following extensive thermal shock tests and as a result a decline in the working order of the power modules (Thebaud, et al., 2000).[bookmark: _Toc498625067]Figure 12: Comparison with/without thermal relief dimples (Source: Curamik, 2014)

In comparison of the controlled and defect power modules, possibly there could be a difference in the effects of the thermal stress have, due to the DBC’s having thermal relief dimples, in a report written by Lehmeier and Kuhn in 2014 it was suggested that DBC substrates with thermal relief dimples were able to endure a longer lifetime of thermal shock cycles compared to DBC substrates with no thermal relief dimples as shown in figure 12. Therefore, it could be expected for the controlled power modules to perform better i.e. no cracks/better flatness than the defect power modules.
5. [bookmark: _Toc498625054]Conclusion

In conclusion, there are many inherent potential failures with manual and power assisted steering systems that can affect the performance of the vehicles steering.
EPAS which includes electricals are less robust than mechanical components when subject to certain environments, specifically in this project - thermal stress. 
The aims are to identify the effects of thermal stress on the power modules flatness and electrical performance. This aims to be completed by carrying out live simulation testing at KSR and through mathematical analysis.

The testing of the power modules will include thermal shock cycling, a total of 1000 cycles and every 250 cycles the power modules will be visually inspected and complete electrical continuity test followed by flatness measurements on an OGP machine.
The test equipment isn’t the only test equipment that can be used for the tests being completed. However, the power module is a very bespoke product and therefore bespoke equipment has been selected to provide the most accurate results – equipment such as the electrical tester and OGP machine, provide automated testing programmes and therefore reduce human error and increase the validity of the results.

Although it is difficult to accurately predict the outcome of the project, an informed prediction from secondary research in to similar research does suggest that the DBC’s will be negatively affected by the thermal stress, however, only through critical analysis of testing results and theoretical mathematic analysis can the extent of the thermal stress effect on the power modules be accurate identified.
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