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[bookmark: _Toc341870906]Introduction

Today chassis, of which steering systems are one of the critical components, are responsible for the vast majority of the ride, handling, comfort and safety as an integrated, and fundamentally important system.

A simple functional description of the chassis today completely fails to adequately illustrate that in many ways it is the foundation for the vehicle’s driving dynamics, has an enormous effect on cost, weight and all aspects of the performance of the vehicle from CO2 output to safety.

In this way there is a close connection between steering, as part of the chassis, its performance and the essential DNA of the vehicle. The way that systems are integrated today – the marrying of sensor technology, electronic and mechatronic systems with the more mechanical basic components – is  therefore a key battleground for OEMs, and the management of the compromises in steering performance, safety systems, cost and weight is an increasingly important aspect of product or brand differentiation.

Ford, for instance has progressively introduced electric power steering with an electro-mechanical rack and pinion system. Not only does this approach bring vehicle dynamics advantages, particularly with high front end dynamic loads, but it also allows a high level of synergy between several platforms, allowing some cost optimisation. The introduction of EPS also plays a key role as an actuator for the implementation of a range of driver assistance systems. 

The steering characteristic, a term used to describe the steering feel of a Ford vehicle objectively, is a key part of what the OEM refers to as the so-called Ford “steering system DNA”. The vehicle agility and the on-centre response are considered to be the most important elements of this DNA. Thus they are fundamental to differentiating the Ford brand at the ‘DNA” level.

[bookmark: _Toc341870907]Steering feel

Steering feel is influenced by a variety of parameters such as suspension geometry, tyre stiffness, bushing stiffness, spring rate, mass distribution, position of centre of gravity, body inertia, suspension damping and friction. It is also affected by many parameters in more electrified systems, such as including sensor resolution and hysteresis, actuator smoothness, compliance, inertia, friction and control algorithms.

While some aspects of feel can be quantified objectively, the most important element remains the subjective assessment by skilled ride and handling engineers. 

The more detailed understanding of the interaction between the electronic and mechanical components made possible by developing the components as modules has led to advances in the control of key parameters.

[bookmark: _Toc341870908]Vehicle electrification

The growth of electric and electric hybrid vehicles with electric architectures based on 12, 48 or 300 V sources will change vehicle systems. Using the 300-V native voltage of an electric vehicle for the Electric Power Steering (EPS) can reduce ECU size and motor size, but will still require sensors that operate at 12 volts. Therefore, if a high power output to the rack is required, the power section of the system can run at higher voltage while the logic sections continue to use 12 volts.

[bookmark: _Toc341870943]Figure 1: Average power consumption 1990 – 2010 for mid size and luxury cars [Source: AABC Europe]
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[bookmark: _Toc176412316][bookmark: _Toc341870909]Increasing influence of electrification

The market for light vehicle chassis systems has been changing rapidly over the past few years as technology has enabled levels of comfort and roadholding to improve. However, changes to steering systems that have brought about a range of advantages through varying degrees of electronic control, electric power assisted steering, additional vehicle stability and safety systems bring with them cost considerations. This means that, as part of the chassis system, steering design remains a delicate balance between cost and sophistication.

In addition, the chassis sector overall is notoriously difficult to build added value, particularly in the case of conventional chassis, steering, brakes and suspension. However, although steering performance can in many ways be considered as pre-competitive, the tier one suppliers (ZF Lenksysteme, JTEKT, Aisin Seiki, Freudenberg, Continental, TRW) have needed to bolster their group competencies to include the elements of electronics and mechatronics needed.

Power consumption is critical to fuel economy, and this is the single most important driver for vehicle technology as a whole today. Figure 1 illustrates the issue and shows that today’s luxury vehicles consume some 4.5kW of electrical power, and the steering system power consumption is therefore critical. Furthermore, as illustrated in Figure 2, using the European market as an example, actual power requirements based on customer use somewhat outstrip those required to satisfy the New European Driving Cycle (NEDC) test regime. 

Inevitably, as more electrification becomes the norm on vehicles, electrical energy becomes increasingly valuable, and at its most extreme, steering systems for electric vehicles must naturally be failsafe without the ability to resort to alternative power sources. 

[bookmark: _Ref215027723][bookmark: _Toc200952605][bookmark: _Toc341870944]Figure 2: Electrical power requirements for NEDC and actual customer requirements for various vehicle classes [Source: BMW]

[image: ]

The purpose of a modern chassis and steering is not just to provide superior safety and simple, straightforward handling, but also optimum comfort with maximum agility. The critical subsystems of a car’s chassis is the steering in combination with the suspension, and traditionally, depending on the chassis set-up, the car will place greater emphasis either on comfort or sporting performance.

Today it is becoming possible to sidestep this traditional compromise and by combining semi-active suspension and more sophisticated steering systems, vehicle dynamic performance which reflects the best of both worlds can be delivered. 

However, these systems are currently expensive and are likely to remain limited to vehicle sectors where margins can justify the cost premiums. Once again though, electronic integration and control is beginning to assert its beneficial effects. Within the next few years there is a movement forecast that full electric power steering will begin to appear with the potential for cost reduction and therefore application in medium to lower-end vehicle segments.

The prospect for the introduction of electric power steering was thought to be questionable due to its higher power demand. However the rapid development of hybrid and EV architectures brings with it the availability of high power electromechanical systems with a number of the OEMs, particularly in Europe, opting for a 48 volt standard.

[bookmark: _Toc341870945]Figure 3: Steering system design compromise (EPAS) [Source: ZF Lenksysteme]
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From a technical standpoint modern chassis systems can today realise almost any imaginable comfort characteristics, and the limiting factor in this respect as far as the customer is concerned is cost. However, many OEMs today see the building of brand loyalty through the steering and chassis system characteristics as a simultaneous process as enhancing manufacturing and vehicle efficiency, although fine-tuning in order to enhance model or brand specific characteristics is in reality noticed by very few drivers. 

In fact the widespread introduction of low rolling resistance tyres as original equipment on today’s vehicles has taken away one element of vehicle dynamics tuning that was extensively used by OEMs in press launch, where different tyre compounds could be used to enhance the driving dynamics with these market influencers.

Furthermore, the increasing regulatory pressure for lower CO2 emissions is persuading OEMs that not only is reducing weight, and particularly unsprung weight good for vehicle dynamics, weight reduction is also a critical contributor to greater vehicle efficiency.

[bookmark: _Toc176412317]


[bookmark: _Toc341870910]Steering and chassis performance

[bookmark: _Toc176412318][bookmark: _Toc341870911]Design compromise

Each different chassis system (chassis, steering, suspension, electronics) design has its own strengths and weaknesses. Every system is a compromise between weight, component size, complexity, the vehicle type and the cost, and even with basic designs strength and stiffness, the platform on which good handling is built can vary significantly depending on the details. 

[bookmark: _Ref175824009][bookmark: _Toc176412380][bookmark: _Toc341870946]Figure 4: Conventional chassis system compromises [Source Daimler]
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A further important characteristic is packaging and the need to be able to accommodate increasing systems such as active safety and passive safety measures, engine peripherals, roomier interiors and luggage space all impact design.

Fundamental to vehicle handling and behaviour are the vehicle centre of gravity, the body (sprung mass) centre of gravity and the axle (unsprung mass) centre of gravity. These three variables are crucial in determining the design of:

· Driving stability and the vehicle’s mass moment of inertia;

· Vehicle performance and climbing ability;

· Brake and four-wheel drive design; and

· vibration stability and NVH; 

Low centres of gravity are always desirable, as they are associated with fewer driving dynamic problems and increased vehicle performance during cornering and braking, but in practice the design options are relatively restricted.

The position of a vehicle centre of gravity and the body centre of gravity are highly dependent on the load; when people get into the vehicle or luggage is loaded in the boot or onto the roof, the centre of gravity changes the empty condition, in both the longitudinal and vertical directions. The body lowers when it is loaded, i.e. its centre of gravity drops. The centre of gravity of the people and, in particular, that of the luggage carried on the roof, is higher than that of the body so the end result is usually a higher overall centre of gravity.

[bookmark: _Toc176412319][bookmark: _Toc341870912]Manufacturing economics

A further complication comes from the economic reality of automotive manufacturing today. The high cost of engineering new platforms means that commonality between models becomes increasingly important in areas ranging from components and modules economies of scale, manufacturing systems through to the ability to utilise structural and dynamic calculations across a range of vehicles.

This serves to deliver shorter development periods (Nissan recently claimed a reduction from 30 to 16 months using a platform concept), reduced overall development costs and lower and more easily identifiable development risks.

[bookmark: _Toc176412381][bookmark: _Toc341870947]Figure 5: The complex functional harmony required to provide driving quality [Source: Ford]
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Aside from the cost of the drivetrain, the highest development and machine costs relate to the platform, i.e. the basic structure of the vehicle consisting of the floor of the vehicle and the support structure for the assemblies.

[bookmark: _Toc176412320][bookmark: _Toc341870913]Platform development and component commonality

The utilisation of the platform concept results in the same basic platform being adapted, for instance, for the steering or the drive train in different models of vehicle with different wheelbases and different track widths by extension of the support panels with unchanged connection conditions. Figure 6 shows this in the example of the B/C platform for the Audi A4, Audi A6 and VW Passat models. Using only four instead of the 17 original platforms, the Volkswagen group with its Audi, SEAT, Skoda and VW makes has been able to manufacture over 40 different types of vehicle, although the reality of this situation has proved somewhat messier than the OEM would like to broadcast. Similarly the Fiat group has been able to reduce its number of platforms from the original 20 to four. Nissan has made similar reductions with corresponding cost benefits.

The same concept is not confined to the actual platform with floor panel and side rail, but includes the chassis with the front and rear axle, the complete propulsion system including the engine and gearbox, the fuel tank, the steering system, the seat frame and even the central electrics and hence a total of 60% of all the development costs. The front axle developed for the Audi A8 is thus used with the necessary modifications in the Audi A4, Audi A6 and Volkswagen Passat models. Similarly BMW has used common front axles in the 7 Series and some 5 Series models, and Porsche has used similar wheel carriers and hubs as well as transverse links on the front and rear axles of the Boxster, and the front axle of the Boxster is also used in some 911 models. By standardising the cylinder-centre distance and confining themselves to two sizes of hole, Fiat succeeded in obtaining 67 variants from eight basic engines. With the consistent application of the same part philosophy, companies say that up to 30% of components can be used on different types.

[bookmark: _Ref174694154][bookmark: _Toc176412382][bookmark: _Toc341870948]Figure 6: Matching and similar parts for the Volkswagen B/C platform [Source: Audi]
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[bookmark: _Toc176412321][bookmark: _Toc341870914]Noise vibration harshness

Chassis and steering are especially important in ensuring low levels of noise, vibration and harshness (NVH) throughout the vehicle. Not only does a reduction in NVH allow for a more pleasant driving experience, but by putting less stress on connecting components it can help increase the life span of these components. 

One of the key methods for reducing levels of NVH is by using energy absorption materials. By having a high level of energy absorption, NVH levels are lowered, but more importantly, passenger protection can be enhanced in the event of a collision.

[bookmark: _Toc341870915]Key drivers

For OEMs and chassis system developers the job of managing the compromise between vehicle dynamics, cost, safety, systems integration and material choice has always been problematic and led to a wide range of solutions. However, the recent increase in the incentives to reduce fuel consumption and greenhouse gas output has made balancing this equation more difficult. 

Although, from a vehicle dynamics standpoint, there has always been a performance motivation towards lighter unsprung structure, the addition of regulation and significant penalties for not meeting targets has served to concentrate development across all areas of automotive technology, where before more development resource may have been devoted to cost reduction.

The following section sets out this most important of driving forces for chassis development.

[bookmark: _Toc341870916][bookmark: _Toc206561469]Fuel efficiency and CO2 emissions

The movement to set fuel economy standards was launched by the US following the first OPEC oil shock of the early 1970s, although the Corporate Average Fuel Economy (CAFE) standards that were introduced in 1975 were increased gradually for a few years and then allowed to relax once the global oil price had stabilised. However, since the end of the twentieth century, the EU and Japan have also developed fuel economy standards for the new light vehicle fleet. The EU opted to use grams of CO2 emissions per kilometre (g/km) as a unit of measure, Japan adopting kilometres per litre (km/l) of fuel and the US retaining miles per gallon (mpg) using the US gallon (3.7854 litres). China has also now set standards that are expressed in litres per 100km (l/100km).

[bookmark: _Toc206561470][bookmark: _Toc341870917]The United States

The original sales-weighted CAFE standards applied to light vehicles up to 8,500lb (3,856kg) in weight and OEMs that failed to meet the annual standard could be fined up to US$5.50 for every 0.1mpg that the average fuel economy of that year’s production fleet fell short multiplied by the total number of light vehicles sold. OEMs that sold fewer than 60,000 vehicles in the US annually were exempt from the standards. When the standard was relaxed in the mid-1980s, it stood at 27.5mpg for cars and 21.6mpg for ‘light trucks’ (pick-ups, SUVs and MPVs) and the increasing popularity of light trucks, which accounted for around half of the new fleet by 2007, resulted in a combined average of around 25mpg. 

In 2007, President Bush guided a new set of standards into regulation that targeted a light vehicle combined average of around 35mpg by 2020. However, in 2010, President Obama introduced new standards that set the combined average at 34.1mpg by the 2016 model year (the fourth quarter of 2015) and vehicles required to be included in the calculations included those up to 10,000lb (4,536kg).  OEMs remain eligible for CAFE credits through the production of alternative fuel vehicles, including EVs, and low-volume OEMs remain exempt. Penalties remain at US$5.50 per 0.1mpg times the number of vehicles sold. There have been several unsuccessful legal and legislative challenges to the right of the EPA and the CARB to be involved in setting the new standards, and the issue remains current at the political level.

In July 2011, President Obama announced new standards that will take effect in 2017 and which set the CAFE standard at 54.5mpg by 2025, with new cars required to average 62mpg and light trucks 44mpg by then. To meet these standards, the fuel economy of cars will have to improve by around 5% per year, while light trucks will have to improve 3.5% per year until 2021 and 5% per year beyond then.

The US National Highway Traffic Safety Administration (NHTSA) has estimated that the combined average for the 2011 model years will be around 27.3mpg with cars at 30.2mpg and light trucks at 24.1mpg.

In June 2011, CARB proposed increasing its ZEV mandate to require that 5.5% of all new vehicles sold in California, or around 80,000 new vehicles per year, will have to be ZEVs by 2018. The current mandate requires around 25,000 by 2017. CARB also proposed, in November 2011, a set of ‘Advanced Clean Cars’ regulations that specify challenging standards for both greenhouse gas and criterion emissions for 2025. These include:

· A greenhouse gas standard for cars and light trucks, model years 2017-2025, of 166g/mile (104g/km) of CO2 which represents a 47% cut from current levels;

· Reducing smog-forming emissions by an additional 75% from 2016 levels to help meet more stringent federal air quality standards expected in the next few years;

· A ZEV regulation that is designed to rapidly increase ZEV production to early commercial volumes. CARB analysis demonstrates that the ZEV regulation is required to put 1.4 million ZEVs on the road by 2025; and,

· Clean Fuel Outlets regulation designed to address the pending commercialisation of hydrogen fuel cell vehicles by requiring the construction of hydrogen fuelling stations, initially within California's major air basins, but ultimately throughout the state.

[bookmark: _Toc206561471][bookmark: _Toc341870918]The European Union

In 2009, the European Commission adopted a regulation that the average CO2 emissions of an OEM’s annual new car fleet must be no more than 130g/km by 2015 with a phase-in period beginning in 2012 when 65% of an OEM’s new cars must meet the standard. A tentative target of 95g/km has been proposed for 2020 and will be reviewed in 2013.

The standard for light commercial vehicles was initially set at 175g/km by 2012 and 160g/km by 2015 but the 175g/km target has been extended to 2017 with 147g/km set for 2010.

A small proportion - 10g/km - can be achieved using more efficient transmissions, low rolling-resistance tyres, efficient air-conditioning systems and the use of biofuels but the real target was to require the use of efficient ICEs. However, OEMs can gain credits through the production of EVs and hybrids. OEMs can also form alliances in order to meet the targets through averaging their combined annual new fleet. Penalties have been set at up to €95 per g/km although those that exceed the standard by only 3g/km may be fined only €5 per car.

[bookmark: _Toc206561472][bookmark: _Toc341870919]Japan

Although Japan’s OEMs had consistently exceeded fuel economy targets set some years earlier, in 2007 a new set of standards was introduced requiring new vehicle fuel economy to improve 23.5% over the 2004 level by 2015. The standards are set in 16 weight categories, with the new fleet average required in the categories ranging from 13.6km/l to 16.8km/l by 2015. The overall average is equivalent to around 39.5mpg (US) by 2015.

The standards also require an improvement of 7.2% over the 2004 level for small buses and 12.6% for small freight trucks.

[bookmark: _Toc206561473][bookmark: _Toc341870920]China

In 2004, China introduced fuel economy standards for light passenger vehicles that became effective from July 2005 for new models and from July 2006 for continuing models. The standards applied to vehicles up to 3,500kg (7,716lb) and with no more than nine seats. The standards were then reduced 10% for new models from January 2008 and for continuing models from January 2009. A third phase of reductions is planned from 2012, although details of the reduction required have not been specified.

[bookmark: _Toc188002411][bookmark: _Toc206564506][bookmark: _Toc341870949]Figure 7: Fuel economy standards to 2015 for selected countries (US mpg) [Source: Various]



China’s standards are also set in 16 weight categories but differ from Japan’s in that those for vehicles of less than 1,900kg (4,189lb) curb weight are less stringent while those for vehicles heavier than 1,900kg are more so. The standards do not distinguish between gasoline and diesel but vehicles are classified is being of ‘normal structure’ or ‘special structure’ with the standards for special structure vehicles 6% less stringent than those for normal structure vehicles within the same weight class. Normal structure vehicles are those with fewer than three rows of seats and a manual transmission, while special structure vehicles are those with more than three rows of seats or an automatic transmission. 

[bookmark: _Toc206561474][bookmark: _Toc341870921]Other countries

Australia, Canada, Taiwan and South Korea have also set fuel economy or CO2 emissions standards although Taiwan is following the US standards.

Although differing test cycle protocols are used to estimate fuel economy in different jurisdictions, the figure below provides something of a comparison between the main players in terms of light vehicle production globally.

Although a significant proportion of consumers in Europe, Japan and South Korea have, for many years, demonstrated a strong interest in fuel economy, and those in the emerging markets, out of even greater necessity have followed suit, there has been little evidence until recently that US consumers share this concern. 

Prior to 2004 when fuel prices exceeded US$2.00, fuel-efficient models did not sell well in the US. In 2003, Eron Shosteck, a spokesman for the Alliance of Automobile Manufacturers, claimed that US OEMs produced more than 30 models that were rated at 30mpg or better but that they were poor sellers. In 2004, a GM retiree, Charles Amann, said that statistically, consumers choose the stronger-performing vehicles when offered a choice of engines.

However, as fuel prices spiked in 2006, Consumer Reports conducted a survey that found that fuel economy was then the most important consideration for consumers considering the purchase of a new vehicle. In 2007, the Pew Charitable Trust found that nearly nine out of ten US consumers favoured stricter CAFE standards. That year, the Toyota Prius hybrid outsold the top-selling SUV, the Ford Explorer that was rated at 17mpg and GM vice chairman, Bob Lutz, was quoted as saying that gasoline-electric hybrids were the “ideal solution”.

However, consumers appear to have adjusted to the generally higher price of fuel and noticeable shifts towards more fuel-efficient vehicles have occurred only when prices have spiked, typically when they increase to around US$4.00 per gallon. Sherif Marakby, hybrid chief engineer at Ford, said that, “The fuel prices tend to affect demand [for hybrids] more. When fuel prices were peaking in 2008, you couldn’t buy a hybrid and waiting lists were out a year. Then fuel prices dropped to half and they were available.” 

Nevertheless, in mid-2011, with fuel prices spiking again, an AutoPacific survey found that only 21% of US consumers were considering a hybrid or compact car, whereas a similar survey found that 34% were considering those more fuel-efficient options at the time of the 2008 spike. A further analysis of the survey data suggests that those who were considering a hybrid or compact were doing so more because of road performance or increased content rather than fuel economy.

[bookmark: _Toc341870922]Materials considerations

Chassis systems including steering have long had low mass as a goal in order to reduce unsprung mass and improve vehicle dynamics. This has generally been tempered by the desire to produce low cost vehicles. As manufacturing methods, materials and design knowledge improve there is greater usage of low mass components. Any cost disadvantages are increasingly being accepted in the pursuit of lower mass vehicles for performance or fuel economy. 

The materials and processes that are already seeing extensive usage are high strength steel and aluminium (cast and sheet). High strength steels are commonly used in all structural elements of the chassis, as they are generally a cost effective alternative. Aluminium has been used primarily on higher priced vehicles such as BMW, Audi and Mercedes but is starting to be incorporated on other vehicle classes such as SUV’s (GM Acadia/Enclave lower A arms), minivans (Chrysler mini-van steering knuckle) and mid-size sedans (VW Passat steering knuckle assembly). Aluminium has also been used for high fuel economy vehicles such as the Toyota Prius and the GM Volt. 

[bookmark: _Toc292197082][bookmark: _Toc176412389][bookmark: _Toc341870950]Figure 8: Weight share of modules and their weight increase [Source: Audi ]
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There have been a limited number of components using cast magnesium, plastics and foam reinforcements. Magnesium has been used on higher priced vehicles but is starting to be incorporated on other vehicle classes such as the F150 cradle. As an example the Z06 version of the Chevrolet Corvette is using cast magnesium for the front subframe. Plastics have been used for a few components. Foam reinforced stampings have been used primarily as development aids, but with increased knowledge about this technique it should start to see more widespread use earlier in the design process. 

 There has always been a significant effort made to reduce the rotating mass of the chassis with innovations being made in brake rotors and wheels. These again have been primarily used on high price performance vehicles. Brake rotors can be found with partial aluminium content and even made out of carbon. While wheels have historically been made with aluminium, there is an increased availability of composite constructions.

Vehicles featuring lighter weight chassis components are more expensive to manufacture. Figure 9 examines this situation for whole vehicles. At the extreme of lightweighting options, carbon fibre, which enables a mass reduction of 40% to 60%, costs between US$8 and US$16 per kilogram. This is much more expensive than steel, which costs below US$5 per kilogram. However, a number of premium manufacturers have progressed rapidly to develop the capability for carbon fibre chassis components.  

[bookmark: _Ref161218518][bookmark: _Toc292197083][bookmark: _Toc176412390][bookmark: _Toc341870951]Figure 9: Cost comparison of lightweight vehicle structures [Source: Massachusetts Institute of Technology]
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Porsche’s Carrera GT was the first car to boast a carbon fibre monocoque chassis, which exhibits significant improvements in rigidity, a path pioneered in Formula One. However at that time (2006) the material carried a very significant price penalty; the Carrera GT sold for $440k. 

This is what makes [carbon fibre] a less practical and less favourable option among OEMs. As Jay Baron, CEO and President of Centre for Automotive Research explained, “If cost were not an issue, you'd make your cars out of carbon fibre, and they'd look like Formula One racing cars, and be very safe and light."

“You can make a very safe car out of carbon fibre – you just can't afford to buy it," commented Bruce Harrison, Director, North American Automotive Group, for IHS Global Insight at the time.

However, now Daimler has partnered with Japanese specialist Toray to manufacture carbon fibre reinforced plastics (CFRP) and aims to be in serial production by late 2012, this perhaps heralds a new generation of mass-produced chassis and steering components in this material.

Furthermore, Prodrive’s recent announcement that it has signed supply contracts with three luxury or sports car manufacturers worth $16 million over six years confirms that there is already an active niche, even for such high priced materials, and use may grow despite high cost as electric vehicles become more widespread. In Germany BMW and Volkswagen also have significant investments in carbon fibre manufacturing partnerships, and Fiat’s intention to increase its use has been demonstrated by the in-house concept Alpha 4C shown at the 2010 Geneva Motor Show.

Although primary vehicle mass reduction is often associated with additional costs to the OEM, a decision to lightweight may, depending on when in the vehicle development process the decision is taken, result in additional secondary mass savings, so that the value derived from lightweighting is greater than the costs. This then means that the incentives for making lightweighting decisions at a platform or chassis stage of development are considerably higher than they were until recently.

[bookmark: _Ref161715791][bookmark: _Toc292197084][bookmark: _Toc176412391][bookmark: _Toc341870952]Figure 10: Additional costs entailed by tougher European CO2 legislation for a vehicle with emissions of 161g per km [Source: TRW]
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The cost to carry out primary lightweighting can be analysed using a variety of different methods, including process-based cost modelling (PBCM). PBCM is a method that comprehends the technical requirements to run a process and attaches specific cost elements to each of the resources required. In doing so, it provides a means for estimating the costs of all inputs necessary to produce a part. Furthermore, because the cost is built up from the underlying resources and process requirements, the influence of changes to the production conditions, such as the production volume, on costs can easily be explored[footnoteRef:1]. [1:  MIT - The Impact of Mass Decompounding on Assessing the Value of Vehicle Lightweighting, 2006
] 


In addition the cost of the secondary weight savings may be analysed using PBCM. However, this is only possible if the detail of the design changes that result in secondary weight savings are known.

However, in today’s market conditions the stakes are higher than they have ever been for OEMs. Not only do they face considerable penalties (see Figure 10), the increasing cost of fuel and the increased volatility of fuel prices are now having a considerable impact on consumer demand. Suddenly lightweight chassis materials are taking on a very different cost perspective, and the value of each kilogramme saved has increased significantly. 

Furthermore, as the world moves towards increased use of electric vehicles, unsprung mass reduction becomes an even more compelling argument, because vehicle range is proving to be both the critical measure on which vehicles are judged and difficult to solve through better battery technology. In the case of both primary and secondary weight savings financially, mass reduction is becoming much more valuable.

Can additional costs associated with lightweighting be passed on or do the OEMs have the margin to absorb them? Given that under the more aggressive EU regulation the consumer is likely to benefit to the tune of €65 billion for an overall CO2 saving of 25%, whether there is any scope for the customer paying more of the compliance costs depends on market segment as it always has done. In the high volume markets, such as the small and compact segments, margins are not sufficient to absorb the costs of lightweighting, and given the relatively high price elasticity in this segment, OEMs who try to increase costs will suffer in market share.

[bookmark: _Toc292197085][bookmark: _Toc176412392][bookmark: _Toc341870953]Figure 11: Average profit per vehicle versus CO2 compliance costs [Source: A T Kearney]
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Amongst the premium brands A.T. Kearney[footnoteRef:2] believes that BMW is best placed because of the high premium paid for the brand. Both Mercedes-Benz and Audi also have sufficient margin available to absorb costs. However this means that key sources of profit for these companies will disappear. This means that the key strategies for OEMs, particularly those with high market shares in parts of the world looking for aggressive CO2 reduction targets, are those which enable the maximum of the costs to be passed on to the customer, and this in turn depends on maximising the potential for the brand. Therefore brand image and pricing power will become more important in the future, and OEMs are likely to increasingly stress cost of ownership over initial capital outlay in their marketing approach. [2:  CO2 Legislation: Threat or Opportunity for the Automotive Industry?” Executive Agenda, Volume X, Number 2. Copyright A.T. Kearney, 2007. All rights reserved. Reprinted with permission.] 


In some ways therefore, mass reduction as a methodology for complying with CO2 reduction targets can be seen to hold an opportunity for a change in business model. By stressing cost of ownership rather than initial outlay there is an opportunity for OEMs to turn lower fuel consumption into a competitive advantage.

[bookmark: _Toc176412326][bookmark: _Toc341870923]Increasing electrification

[bookmark: _Toc153080629][bookmark: _Toc178397834][bookmark: _Toc217462739][bookmark: _Toc217463399][bookmark: _Toc217873803][bookmark: _Toc217874481][bookmark: _Toc217878547][bookmark: _Toc219573287][bookmark: _Toc176412327][bookmark: _Toc341870924]Systems integration

Through the 1990s, technological advances were characterised by an additive approach. To develop from a basic ABS system to a system that encompasses traction control and electronic stability control necessitated the addition of sensors and control modules for each function.

[bookmark: _Ref149980972][bookmark: _Toc219267799][bookmark: _Toc176412393][bookmark: _Toc341870954]Figure 12: The growth of integrated functions [Source: BMW]
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While this approach has often delivered the functionality required, it always comes with a cost in terms of systems complexity, power consumption, wiring complexity, packaging issues as well as a financial penalty that must either be absorbed by the supplier or OEM, or justified as a price increase to the consumer – bearing in mind that there is very rarely an opportunity to pass costs on to the consumer.

Furthermore, OEMs demand cost reductions from their suppliers of 3% to 7% on an annual basis, reasoning that they must be getting better at their role through economies of scale, the application of R&D, moving manufacturing to lower cost locations and general business improvement. As a key customer, they want a share of this improvement.

All of these aspects together drive an industry trend towards integration – the movement away from an additive approach toward one with the potential to reduce complexity.

Today, as illustrated in Figure 12, those mechanical functions that can be usefully integrated within the chassis have been addressed. Currently, technology improvement is concentrated on electronically based vehicle functions, and future technology advances within the integrated chassis will target the increasing number of software-based functions. 

The value percentage per vehicle of electronic systems increased from around 25% in 2007 to at least 35% by 2010 and this in turn is driving a move to module-based software platforms and a consolidation of the number of control units despite the increasing numbers of functions to be controlled.

[bookmark: _Toc219267800][bookmark: _Toc176412394][bookmark: _Toc341870955]Figure 13: The relationship between functions and control units to 2014 [Source: ADL]
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Of electronic component supply growth, the largest volume items, microcontrollers and power semi-conductors, the average annual growth is around 7% and 6% respectively, the highest growth rate being for sensors, which are forecast to see an average growth rate of 12% per year. At the sub-systems level, the production of electronic power steering units, for example, has increased from around 5.5 million units in 2005 to 15.5 million in 2010, with global market share increasing accordingly from 9% to over 21% in 2011. 

The integration of electronic and mechatronic systems in steering has become one of the key features of technology development and a key ingredient in enabling the OEMs to enthuse their customers with innovative products at attractive prices. Besides improving comfort, information and safety, electronics offer further inestimable possibilities for innovation.

Figure 14 illustrates the progress made in terms of X-by-wire systems as additional functions in both chassis performance and safety are integrated through electronic control systems.

[bookmark: _Ref175718875][bookmark: _Toc219267846][bookmark: _Toc176412395]


[bookmark: _Toc341870956]Figure 14: X-by-wire roadmap [Source: Ricardo]
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One of the fundamental drivers in increasing systems integration is packaging. If reducing fuel consumption is emerging as the most important external technology driver to the automotive industry, packaging is probably (along with the perennial cost question) the most important internal driver. Although vehicles have generally increased in size in any given segment over the past two decades, the amount of equipment and systems to be incorporated has increased even more so. It is difficult to find cars today without air-conditioning, vacuum pumps for brake boosting, complex brake systems based active safety systems and in many cases torque vectoring and increasingly complex suspension. All this equipment needs to be put somewhere, and although from an electronics standpoint miniaturisation can be part of the answer, the need for higher temperature tolerance and very low failure rates negates its wholesale use as in consumer electronics.

The most problematic area from a design point of view is the engine compartment, particularly the front (the area traditionally set aside for cooling systems) and the engine bay bulkhead around the IP beam. Inevitably this also impacts strongly on steering system design and integration. Typically, the bulkhead must have physical connection routes for steering and brakes (throttle-by-wire is now common) and usually also houses more fragile components such as ECUs, climate control systems, fluid containers and wiper mechanisms, as well as often being constrained by the suspension, chassis components and transmission housing. 

Furthermore, new pedestrian protection regulations require increased space above the engine, although this can be achieved by deploying the bonnet upward in the event of a pedestrian collision.

Counter to this trend, the increasing use of downsized engines, especially in European and Asian cars, liberates some space despite the requirement to package the turbo-charger (needed to maintain performance). Other new technologies such as the Integrated Starter Alternator Damper (ISAD) can also release some engine bay space as it replaces the belt-driven alternator (and indeed the need for service access space to the belt) and the external starter motor.

[bookmark: _Toc176412329][bookmark: _Toc341870926]The future for steering design

The evolution towards integrated vehicle control systems is the result of a long series of developments in automotive electronics and mechatronics. As the reliability of electronics in automotive environments has improved and the cost of electronics decreased, more of the individual control functions have evolved from mechanical systems to electronic and mechatronic systems. Equally important has been the development of vehicle networks and protocols that enable the sharing of sensor and control signals among the various vehicle sub-systems. As the OEMs strive to find the perfect solution between handling and ride comfort, electronically controlled systems will have a greater part to play in the future.

While still in its infancy with regard to production applications, a fully integrated chassis system, such as Delphi’s Unified Chassis Control, could control steering, suspension and braking functions and the inter-operability of all related sub-systems in the near future. However, this next step will require real-time vehicle information on all six degrees of freedom as well as on the status of each system’s control variables and a real-time communication link with all relevant systems, including the powertrain.

Both “steer-by-wire” and “brake-by-wire” are prerequisites for new safety and comfort enhancing functions, which can only be created by the interaction of several vehicle systems. As they become more complex, and future systems become networked to provide additional safety features, performance requirements of the central algorithmic processor will see a significant increase in required capabilities.

Advantages of a fully integrated chassis system include the following:

· Expands ride and handling capability envelopes, eliminating performance trade-offs;

· Reduces rollover propensity, especially on high-centre-of-gravity vehicles;

· Co-ordinates vehicle character and feel;

· Supports tuning flexibility;

· Helps driver avoid emergency situations;

· Improves stopping distances by up to 20%; and

· reduces driver effort, stress and fatigue while driving in poor weather.

[bookmark: _Toc341870927]Steering system trends

In terms of mainstream automobile use, Chrysler began fitting power steering to its models in 1951. While new materials such as plastics and light metal alloys have helped to reduce weight, the increasing complexity of steering geometry and progressively wider tyre specifications cause increased resistance in the steering wheel, necessitating ballast airing. 

Starting in the late 1960s, sports cars were becoming popular, thus making weight less of a problem. Yet the large numbers of light trucks (In a North American context) produced in the past couple of decades have contributed to the effect that increased vehicle weight is a significant issue. In terms of steering systems it seems obvious but is nevertheless true that the heavier the vehicle the more robust the assembly needs to be. This effect is further complicated under braking when a great deal of the mass of the vehicle is transferred to the front axle. Currently, trucks and SUVs still use hydraulic assisted power steering, in the majority of cases but more powerful electric motors and stronger power sources make it possible for these vehicles to move towards all electric assist.

Hydraulic assisted power steering and electrically assisted power steering have both advantages and disadvantages. Until recently power supply and electric motor development  limited electric assisted power steering to some extent. However, this is no longer the case and the more rapid progress of battery technology, including advanced lead acid, has led to a situation where adequate power is now available.

Today all steering systems are based on one basic principle: the turning movement of the steering wheel is converted mechanically into a linear or swing movement and then transmitted mechanically to the steered wheels. To that end, there is a closed chain of mechanical components between the steering wheel and the drive wheels.

Thus, hydraulics, electrics and electronics only serve to assist and refine the steering process. The main advantage of this design is the high system dependability. Even if individual hydraulic, electric or electronic components should fail, the vehicle retains a basic steering function, albeit a restricted one. It is, however, precisely that mechanical basic principle that prevents further development. Firstly, the steering column itself is a hazard in the event of a frontal impact and secondly, it presents a space problem given the trend to increasingly compact vehicles. A system without a steering column would solve both problems.

Today there are a plethora of driver assistance systems that can integrate with the vehicle steering, and as indicated through the example of Ford on page 1, Electric Power Steering (EPS) is a fundamental actuator for these technologies.

[bookmark: _Toc211245565][bookmark: _Toc176412348][bookmark: _Toc341870928]Electrically Power Assisted Steering (EPAS)

An EPAS system can effectively change the assist force for steering operation depending on information relayed to the ECU including steering angle, steering angle velocity, speed and acceleration of the vehicle and each wheel, and yaw rate. The EPAS system can therefore both reduce the steering load and optimise the assist force depending on the driving situation.

Key drivers for the implementation of EPAS are: 

· Improved driving dynamics; 

· Reduction in noise levels; 

· Energy efficiency; and 

· Active safety, comfort and convenience features. 

Furthermore, EPAS has some positive influences on vehicle affordability and cost of ownership – there is a reduction in assembly time when compared to hydraulic systems and there are significant packaging advantages such that by installing electrically assisted steering systems over a hydraulic system, the OEM can effectively reduce the number of components in the engine and passenger compartment. 

[bookmark: _Toc341870957]Figure 15: Mechanical and electric control systems for EPAS [Source: ZF Lenksysteme]
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A hydraulic system takes several minutes longer to install than an EPAS system, because installing a hydraulic system involves lines, couplings, attachment of the hoses in the engine compartments and filling.

[bookmark: _Toc211245566]There are four packaging options for EPAS as illustrated in Figure 18:

· Column-assist type – the power assist unit, controller and torque sensor are attached to the steering column. Suitable for small cars this option can be applied to fixed steering columns, tilt-type steering columns and other types;

· Pinion-assist type – the power assist unit is attached to the steering gear’s pinion shaft. Because the power assist unit is located outside the passenger compartment, assist torque can be significantly increased without causing increases in interior noise. This option is also suitable for small cars;

· Rack-assist type – the power assist unit is attached to the steering gear rack and the high reduction gear ratio enables very low inertia. This type is suitable for mid- and large-sized vehicles;

· Direct-drive type – in this option the steering gear rack and power assist unit form a single unit, facilitating low friction and inertia. 

The incentives to move to EPAS are reduced energy consumption and weight and in many cases, ease of packaging and installation. 

[bookmark: _Toc176412403][bookmark: _Toc341870958]Figure 16: Column mounted electrical assist [Source: ZF Lenksysteme]
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For example, it takes 4-6 minutes to fit on the assembly line compared to the 30 minutes for the more conventional hydraulic system, thereby cutting average total vehicle assembly time by 5%-7%. Because it uses energy only when it is operating, Fiat recently estimated that EPAS provided the Punto with a 3% fuel saving over mixed routes – a similar result to that which would be achieved by reducing the car’s weight by 50 kg. Including the control unit, the system weighs around 8 kg (16.5 lb) and is more than 1kg (2.2 lb) lighter than a comparable hydraulic system. Fiat also claimed that with the elimination of the conventional hydraulic pump, which is a critical noise-producing component, the passenger compartment became quieter. However, column mounted EPAS can have cockpit NVH issues due to its mass mounted on the IP beam and the lack of isolation to the vehicle occupants.

[bookmark: _Toc176412404][bookmark: _Toc341870959]Figure 17: Paraxial electrically assisted rack [Source: ZF Lenksysteme]
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As the system does not contain any fluid or rubber for disposal, the electric system is 95% recyclable compared to the 85% of hydraulic systems, making adherence to ELV regulation easier. There is also higher reliability due to the much lower temperature working of EPAS compared to a conventional system.

[bookmark: _Toc341870969]Table 1: Advantages of EPAS [Source: ZF Lenksysteme]
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Another advantage is its tuneability – on average it takes a few weeks for the OEM to tune the system to meet the specific vehicle handling requirements compared to the nine months of a conventional system, and it can be customised to the driver’s personal requirements. 

[bookmark: _Ref215205640][bookmark: _Toc341870960]Figure 18: Differing steering rack types, force and mechanical performance by vehicle class [Source: ZF Lenksysteme]
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Another significant driver in the development of EPAS has been the arrival of the hybrid and electric powertrain vehicle, especially those that can operate on electric-only power for extended distances with the internal combustion engine switched off and unable to drive a hydraulically-assisted system.

According to estimation by manufacturer Nexteer, EPAS can contribute around 5 – 7% to CO2 reduction and the introduction of more stringent reductions has been a major contributor to the growth of EPAS fitment across the industry as well as the lowering of manufacturing costs.

Fitment levels in 2010 were estimated to be around 30% of vehicles and by 2016 this is likely to have increased to over 50% averaged across all regions. However, it is likely that the fast growing markets, particularly China, will see some delay, but as regulation impacts they will quickly catch up.

Once EPAS reaches over around 40% of the market, it is likely that economy of scale benefits will quickly bring about the demise of traditional hydraulic systems as they become uncompetitive, and by 2020 hydraulic systems could have disappeared from light vehicle fitment.

[bookmark: _Toc176412349][bookmark: _Toc341870929]Surface acoustic wave

The key to the success of EPAS and future by-wire systems is an accurate, reliable, low-cost torque sensor. However, torque-measuring systems are complex and expensive. They are usually based on techniques that require an intermediate compliant member in the steering shaft (usually a torsion bar), and physical electrical connection between the steering shaft and the electronics. Other non-contact sensors have been seen to be costly, difficult to produce or susceptible to temperature or electrical interference.

The Torqsense transducer produced by Transense Technologies of the UK makes use of the little known Surface Acoustic Wave (SAW) phenomenon. This approach has allowed the development of very small transducers (5.0 x 2.0 x 0.5mm) which are not only accurate but require no physical contact between the revolving shaft and its housing.

Instead of simulating feedback to the driver through a package of electronics, the system, developed by Adwest Steering before its takeover by Dura Automotive in 1999, directly measures the torque required to turn the wheels at any given speed and converts this to a motor control signal. Called Elektr-a-Steer, it has been demonstrated to Volkswagen.

Surface waves are produced by passing an alternative voltage across the terminals of two interleaved comb-shaped arrays that are laid onto one end of a piezo-electric substrate. A similar ‘receiving’ array, at the other end of the transducer, converts the wave back into an electrical signal.

The frequency of the wave generated is dependent on the spacing of the ‘teeth’ in the comb array. The direction of the wave propagation is at right angles to the teeth. Any change in length alters the spacing of the teeth, and hence tension in the transducer reduces the operating frequency while compression increases it.

Two transducers are bonded rigidly to a shaft 45° to the axis and connected in a ‘half bridge’ configuration, so that when the shaft is subjected to torque, one is in compression and the other in tension. The frequencies from the two transducers are combined to produce either ‘difference’ or ‘sum’ signals, leading respectively to torque or temperature measurement.

Signals are exchanged via an RF coupling device comprising two rings: one rotates with the shaft while the other is stationary. This frequency of the excitation used is typically 100-1,000 MHz, with the frequency shift produced varying by up to 1MHz. On this basis, the torque can be measured to an accuracy of one part in a million.

It is the combination of SAW technology and close control of the motor that enables a notch-free performance. The system also has a self-centreing capability that adds to the realistic feedback experienced by the driver.

[bookmark: _Toc176412350][bookmark: _Toc341870930]Software enabled features

A range of features can be built into EPAS through software controls. TRW claims that this system, when integrated with other systems within the vehicle can:

· Detect and compensate for the vehicle’s movement to one side through a suspension error or a side wind or cambered road (Pull Drift Compensation);

· Reduce vibration in the steering arising from uneven road surfaces and imbalanced torque at the wheels (Active Disturbance and road Shake Compensation);

· Perform parallel parking when linked with proximity sensors;

· Balance the movement of front-wheel drive vehicles (Torque Steer Compensation);

· Enable the driver to switch between different tuning to the steering system such as a city mode that requires less steering effort (Personalisation);

· A centralised function that arbitrates between feature requests and limits the sum of torque requests. If one system becomes active another feature can be deactivated in order to avoid negative impacts;

· Variable ratio, which helps the vehicle to be more responsive in different driving situations;

· Driver Steer Recommendation, which provides an interface to the braking system in order to request an additional driver torque overlay to the steering system. 

 Additionally, the steering system can be programmed to respond effectively to different vehicle and environmental conditions such as various tyre types, payloads or road surfaces. “When combined with driver assist technologies, such as camera-based systems for example, EPS can help assist the driver in staying in the intended lane by providing a torque through the steering wheel that guides the driver back toward the centre of the lane, ” says a company spokesman.

[bookmark: _Toc211245568][bookmark: _Toc176412351][bookmark: _Toc341870931]Electro-Hydraulic Power Steering (EHPS)

Electro-Hydraulic Power Steering (EHPS) is regarded as something of a stopgap between EPAS and the conventional hydraulic systems. This is a system where an electrical motor drives a hydraulic pump that provides hydraulic fluid to a conventional power assisted steering system. The hydraulic circuit is very similar, except that the tank and pump can be more readily integrated with the motor drive to produce a “power-pack” that can be incorporated with the steering gear to produce a complete steering system module. However, EHPS does not provide power only at the time it is needed, and although the motor is not working fully when not required, it is still ticking over between 700 to 2,000 rpm, depending on the type of EHPS system.

Its advantages include the ability of using existing HPAS (hydraulic power assisted steering), low development time and cost, and failure can result in loss of hydraulic assistance only. The ECU, power pack and sensors are not safety critical and there are no instability problems due to high inertia directly coupled to steering systems.

Such a system has seen volume production on GM’s Opel/Vauxhall Astra. Delivered as a single module from TRW’s plants in Germany, Belgium and the UK, it is fully filled with hydraulic fluid and tested by the supplier. It takes the carmaker about 30 seconds to install and connect the module to the vehicle’s electrical system. TRW claims that the approach dramatically improves assembly time — which is around 93% faster — and quality compared with conventional hydraulic systems.

[bookmark: _Toc211245569][bookmark: _Toc176412352][bookmark: _Toc341870932]Electric Power Steering (EPS)

While EHPS and particularly EPAS will become the most common installations on cars over the next ten years, they will eventually be superseded by full by-wire, or Electric Power Steering (EPS), systems. While both the vehicle manufacturers and the principal suppliers have already carried out a considerable amount of work in this area, the system to date has only been seen on various concept vehicles.

While the benefit of EPS to the driver will be to minimise the steering effort required, it offers an even greater number of advantages to the vehicle manufacturers. These include easier integration into the vehicle’s other electronic systems, energy savings, weight reduction, ease of installation and optimum adjustment to the vehicle.

With an electronically controlled motor replacing the conventional hydraulic system, energy is only consumed when necessary, leading to a saving of more than 80% compared to hydraulic systems. According to ZF Friedrichshafen, there are savings of around 0.2-0.3 litres/100 kilometres, depending on the vehicle model, with its Servolectric steering system – first seen on the Volkswagen Golf V in early 2003 – compared with hydraulic solutions. However, Servolectric is not technically EPS – which still requires legislation changes to allow its use, although a number of tier one suppliers have engineered such systems.

Omitting the steering valve, steering pump, oil tank and high-pressure hoses considerably reduces the weight and facilitates installation. Since it dispenses with oil and hydraulics, EPS is also completely maintenance-free.

The electric power operates independently of the vehicle engine, ensuring easy matching of the power steering assistance to any vehicle model. The electronic controls are distinguished with a wide variety of parameters, such as driving speed, steering angle, steering wheel torque and steering speed taken into account. Outstanding absorption of the road surface jolts is assured by programmable damping characteristics.

Depending on the installation space, the vehicle’s electrical system and the rack force required, the power steering unit is attached to the steering column, the pinion, the double pinion or parallel to the rack. For drivers, this means that as soon as they make a steering movement, precise sensors will register the appropriate steering wheel torque and steering speed. The data acquired is then passed on as an electric signal to the control unit. This then computes the required steering assistance. The servomotor is then controlled based on these computations.

This motor finally transmits the optimum servo torque via a worm gear or recirculating ball gear to the steering column, pinion, double pinion or rack of the mechanical rack-and-pinion system.

[bookmark: _Toc211245570][bookmark: _Toc176412354][bookmark: _Toc341870933]Active Front Steering (AFS)

Active front steering (AFS) is technology designed to make the front wheels turn a varying number of degrees depending on the speed of the vehicle. Beyond being a classic steering aid, the AFS can provide a variable steering ratio, which depends on, for example, vehicle speed. Depending on the driving situation, the effective steering angle at the road wheels becomes larger or smaller than the angle defined by the driver at the steering wheel. When driving slowly in road traffic, a direct steering ratio facilitates parking and negotiating sharp turns. 

The faster the driver turns the steering wheel, the larger that angle becomes. This can significantly reduce the existing vehicle response time as a result of a steering motion.

However, if the electronics shut down, the planetary gear in the differential controlled by the AFS is locked, and fixed ratio steering takes over. In the event of a planetary gear problem conventional steering then takes over, as there is a second shaft running from the steering rack to the planetary gear assembly, thus maintaining a mechanical linkage at all time.

Two methods exist for AFS based steering adjustment, the ZF Lenksysteme approach and the Ackerman method. With ZF Lenksysteme, the variable steering ratio (VSR) is the ratio between the steering wheel angle and the average road wheel angle, and this is changed in accordance with the driving environment, as a function of such factors as, for example, velocity. The VSR also depends upon the pinion gear angles, or the rack displacement, it being less at higher speeds than lower ones. This means more precision for smaller steering angles and reduced steering effort at larger steering angles. This system has steering lead function (SLF) that adapts the steering response to signals about the vehicle situation, such as wheel angular velocity that determines the desired SLF. The whole system has a feedback loop, where the driver's actions help control AFS actuator motion and the system response is fed back to the driver.

The Ackerman method adjusts the steering angle by computing the difference between a reference yaw rate (movement around the vehicle's vertical axis) and actual yaw rate. Steering ability depends upon vehicle mass, road conditions, and velocity, among other factors, so better control is achieved by controlling the yaw rate.

In technical terms the various functions and benefits offered by AFS are based on the principle of overlapping steering angles: an electromechanical adjuster between the steering wheel and the steering transmission adds an additional steering angle to the angle predetermined by the driver. The core element is therefore the override steering effect provided by the planetary gearing with one outgoing and two incoming shafts integrated in the split steering column. One incoming shaft is connected with the steering wheel and the second is driven by an electric motor via a self-inhibiting gear wheel transmission and thus serves to reduce the transmission ratio. The overall steering angle finally coming out on the outgoing shaft is made up of the angle determined by the driver on the steering wheel and the angle determined by the electric motor. Steering forces when turning the wheels, however, are not determined by the electric motor, but rather by separate power assistance, as with conventional steering. Additional components on AFS are the separate control unit and various sensors for determining both current driving conditions and the driver’s commands. AFS also communicates directly with the DSC control unit through the car’s on-board communication network.

[bookmark: _Toc211245759][bookmark: _Toc176412407][bookmark: _Toc341870961]Figure 19: Active steering system components [Source: ZF Lenksysteme]
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Under normal driving conditions AFS varies the steering transmission particularly at low and medium speeds, therefore making the car even more agile and nimble in its behaviour. In critical situations it serves furthermore to change the steering angles of the wheels, thus stabilising the car faster and more efficiently than the driver would be able to. This offers dynamic driving advantages in many situations.

AFS gives the driver significant dynamic driving benefits, typically on country roads, where it chooses a more direct steering transmission ratio than a conventional steering system, making the car even more agile and nimble in its response. Quite appropriately, steering behaviour of this kind is described as that typical “kart feeling”, the driver enjoying an even more agile and dynamic motoring experience. On the other hand, when driving at very low speeds, such as when parking, the driver only has to turn the steering wheel twice, thanks to this direct steering transmission ratio in order to manoeuvre the vehicle smoothly and without the slightest effort into the most confined parking space.

At higher speeds, the steering transmission ratio becomes increasingly indirect up to the level of a conventional steering (or even beyond). The level of steering forces increasing at the same time prevents any undesired and unwanted movement of the steering, giving the driver a significantly higher standard of driving stability. AFS serves to carry out driving manoeuvres at high speeds even more spontaneously, keeping the driver safely in control through purely intuitive movements of the steering. It is also beneficial whenever driving stability is limited such as on wet and slippery roads, in crosswinds or when braking on mixed surfaces.

In uncritical driving situations, the strain on the driver can be effectively reduced by the adaptation of steering-typical characteristics. Active changes in the steering angle help stabilise vehicles in the borderline areas of driving dynamics. The modulation gear ensures direct control of the drive wheels from the steering wheel when the control motor is stationary. One example of this is the adaptation of the steering ratio to the driving speed, which permits a considerable reduction in the steering effort needed for manoeuvring/parking and in inner-city traffic. To achieve functions of this type, the steering angle must be actively influenced.

[bookmark: _Ref215207554][bookmark: _Toc341870962]Figure 20: A schematic of AFS used in a driver assistance function to enhance vehicle stability [Source: ZF Lenksysteme]
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ZF Lenksysteme offers two steering assistance functions:

· Variable Steering Ratio (VSR) serves to adjust the steering ratio to the driving speed, meaning a direct ratio at low driving speeds and an indirect one at high driving speeds; and

· a further steering assistance function is Steering Lead (SLD). This permits an increase in agility – response to steering commands – and assistance of the driver in dangerous situations – front wheel angle in advance of steering wheel angle.

BMW was the first manufacturer to use the system, as an option on its E60 5 and 6 series models.

Active steering systems are capable of implementing both steering assistance functions and driving stabilising functions. The various steering assistance functions can individually be parameterised and adapted to the vehicle by the OEM. 

[bookmark: _Toc341870970]Table 2: Illustration of active steering effects on driver inbput [Source: ZF Lenksysteme]
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Figure 20 illustrates AFS used in an active safety context allowing steering interventions to improve vehicle stability in addition to the inputs through the braking system by the Electronic Stability Program (ESP).

[bookmark: _Toc176412355][bookmark: _Toc341870934]Four-wheel steering

Four-wheel steering has come and gone and come again to the automotive world. Honda introduced the feature on the Prelude in 1988, and Toyota followed with the Celica in 1989 and the Soarer in 1991, but successor models abandoned the idea. USA Today once called four-wheel steer “a fad of import-brand models”.

[bookmark: _Toc176412409][bookmark: _Toc341870963][bookmark: _Toc211245571]


Figure 21: Renault’s active four-wheel steer systems as fitted to the Laguna GT [Source: Renault]

[image: renault-active-drive-4-wheel-steering]

Chevrolet offered Delphi’s Quadrasteer in 2003-2005 on the GM 800 platform of big pickups and sport utilities. It won accolades like “best new technology” from the Canadian auto writers association, and it gave big vehicles like the 2500 series Chevrolet Suburban a 21% improvement in turning radius, reducing it from 13.6 metres to 10.7 metres. However, Quadrasteer added 130 kg and about $7,000 to the pickups and SUVs that offered it, and the technological success was not followed by commercial success.

Some years ago, at the 2007 IAA in Frankfurt, rear axle steering promised again to come to serial production for the Renault Laguna. Like earlier interpretations of the idea, the rear wheels steer in the same direction as the front wheels at higher speeds, for an agile and yaw-free emergency manoeuvre; at low speeds they turn in the opposite direction, providing a tighter turning circle and easier manoeuvring in tight situations, such as parking on a Paris street.

Research literature is full of studies of the utility of rear wheel steering. Some 200 papers have been delivered at the SAE since Honda’s in 1986 on “Four Wheel Steering System with Rear Wheel Steer Angle Controlled as a Function of Steering Wheel Angle”. Nissan, Toyota, Mazda, Renault, General Motors and Fiat are among the automakers that discussed their research, and Valeo and Magna are among the non-steering suppliers that have studied four wheel steering.

Nissan is actively fitting a system called 4 Wheel Active Steer. 

By controlling the steering angle of all four wheels, this active steering system improves stability and response at high speed while reducing the driver’s workload at low speed.

To help reduce the driver's steering workload by varying the steering gear ratio according to the vehicle speed, the steering angle when parking is reduced by about 30% compared with a front-wheel steering only system.

[bookmark: _Toc341870964]


Figure 22: A schematic illustrating 4 Wheel Active Steer functionality [Source: Nissan]
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[bookmark: _Toc176412353][bookmark: _Toc341870935][bookmark: _Toc176412356]Steer-by-wire

During late 2012 Nissan unveiled a steer-by-wire system that completely eliminates the mechanical connection between the steering wheel and the road wheels. 

[bookmark: _Toc341870965][bookmark: _GoBack]Figure 23: Nissan’s steer-by-wire system [Source: Nissan]
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Nissan calls this technology “independent control steering technology” and claims that it might appear in series production for Infiniti G-series models during 2013. Effectively the system replaces the steering column with software and motors to create a fully electric system. The OEM claims not only a better driving experience, but enhanced vehicle safety through allowing evasive action controlled entirely by the car.

The system is fairly straightforward. When the driver turns the wheel, several computer modules (some of which are redundant to ensure safety) control electric motors that actuate the steering rack more quickly than a traditional mechanical system. Furthermore, in the case of an electrical failure, the steering wheel can establish a mechanical connection through an emergency clutch, allowing the driver to retain control.

Steer-by-wire technology and a forward facing camera mounted ahead of the mirror can scan the road ahead and enhance the driver experience. Road conditions and feedback can be analysed filtering unwanted “noise” often transmitted through a mechanical linkage from the wheels to the hands. 

The camera system can also detect lane markings, stopped vehicles and other hazards, and allow the vehicle to be decentred in its lane as part of a lane keeping system. This is similar to other “lane keep assist” systems, but uses steering instead of the rear brakes to alter vehicle direction. Extending that functionality, Nissan also claims the driver won’t need to apply corrective force to the wheel on banked corners, and the system will automatically adjust the attitude of the vehicle to account for lateral movement caused by crosswinds.

Recent commentary from Nissan estimates that full steer-by-wire systems could be in mass production within three years and the OEM is confident that it can successfully overcome the legislative hurdles currently preventing its uptake. Safety legislation makes it illegal for vehicles capable of more than 40km/h to rely on an electronic link between the steering wheel and the steering rack in Europe. Cars must have a mechanical link in case the electronic system fails, but this negates the underlying benefits of steer-by-wire and renders its use pointless. However, the significant benefits and the opportunities to add additional features such as counter steering and automatic crash avoidance in conjunction with active safety systems are felt by some OEMs to outweigh the current legislative stance and create a winning argument for regulation change.

The advantages of full steer-by-wire include:

· Complex interaction with active safety systems and collision avoidance systems;

· Ease of production in terms of both systems fitment and left and right hand drive options;

· Packaging advantages that allow more space in the passenger compartment by doing away with the need for a steering column and increased space in the engine bay;

· Increased safety through the absence of any components protruding through into the passenger compartment from the engine bay. 

A further interesting feature of steer-by-wire technology is the ability to fine-tune the vehicle handling without any changes to the vehicle’s mechanical systems. Any adjustments can be achieved through software changes. Furthermore the steering unit can be positioned on the left or right of the vehicle by simply sliding the assembly across.

[bookmark: _Toc341870936]Automated parking 

Valeo and Continental AG are among the European suppliers who have shown prototype vehicles with automated parking systems in recent years, which is a clear indication that the feature is not restricted to steering experts. Parking involves very low speeds and a high risk of damaging bodywork, so sensors and geometry are more important than chassis stability. As parallel parking is a challenge for many drivers, the feature would seem to have market appeal. Toyota put the system on the road in 2003 in Japan on the Toyota Prius before extending it to other vehicles, including the Toyota Estima and the Lexus LS 460 and LS 600h. The equipment is supplied by Aisin Seiki.

However, “parking assist” has become a marketing phrase which OEMs also use for sensor systems like ultrasound, radar and camera that help drivers avoid bumping other objects but have nothing to do with steering. 

Toyota has had to wriggle out of the nomenclature trap. Toyota called its automated parking system “Intelligent Parking Assist” when it was introduced, but now its name is “Advanced Parking Guidance System”, while the more basic system, in which sensors deliver an audible warning when backing up, is called “Intuitive Parking Assist”.

There is no standard yet for exactly how a system should operate. Honda introduced a parking system in September 2006 on the Honda Life in Japan, which automatically steers the car to the proper position for backing into a parking spot, but lets the driver do the actual reversing. Other automakers are preparing the ground for future automated parking systems. Citroën has shown a C3 demonstrator with what it calls “City Park”, which (like the Toyota system) steers the car for its owner when backing up. 

In 2006, Mercedes-Benz introduced its parking assistance system that calculates the path to follow but lets the driver do the work, guiding him with visual and audible signals. BMW introduced an automated system in 2009.

All the automated systems so far require a larger parking space than a good human driver can enter, for one thing because the systems want to back in with a single manoeuvre. Citroën, for example, wants a minimum of 60cm more than the length of the C3.

[bookmark: _Toc341870937]NVH reduction

The sound and vibration comfort of modern passenger vehicles is an essential part of the OEM and model brand image. In addition it is a key driver for achieving high customer satisfaction rates and plays a significant role in the customer decision in purchasing a new vehicle subjectively. 

Nowadays the OEMs and suppliers are designing the sounds of the vehicles rather than just reducing the noise and vibration levels. Nevertheless in the automotive industry this field of work is still termed noise, vibration and harshness (NVH) engineering. 

Furthermore, overall noise and vibration levels are directly linked to vehicle quality. Development engineers are expending considerable effort to eliminate or reduce noise sources and determine their transmission path so the coupling of these sources to chassis modes can be eliminated.

Squeak and rattle (S&R) noise, in particular, conveys an impression of poor quality to the customer. Addressing these complaints in the field can be a significant warranty cost issue. The "design-right-the-first-time" approach is replacing the "find-and-fix" approach.

NVH problems have taken on new significance with improvement in overall noise control inside the vehicle. Pushed by buyer demand for audio system quality rivalling in-home system, powertrain, wind, and tire noise have been significantly reduced. Noises that were traditionally masked by these operating noises easily become as audible as whispers during a church service, and an important contributor to such noise is the steering system, particularly hydraulic rack and pinion types.

[bookmark: _Toc341870938]Pressure ripples in steering hydraulics

 (
Figure 
24
: Pressure traces from a l
eft turn on gravel surface at 25 km/h
 [Source: 
SAE ]
)[image: ]Identifying rattle noise in a hydraulic steering system involves separating mechanical from hydraulic noise. Certain conditions generated by a road-load feedback frequency to the steering gear result in a hydraulic sound much like that of mechanical rattle.

Pressures in the gear at low speeds in a left turn illustrate a large, unwanted pulse in the return line, and some noise heard inside the vehicle corresponds to this pressure spike. Pressure fluctuations in the return line occur at about 20 Hz, or roughly twice the frequency of tie-rod loads during normal driving. The pressure pulse reacts more quickly with the steering hydraulics. When the hydraulic steering system is pressurised quickly in one direction and then suddenly released, a pressure pulse occurs simultaneously in the opposite cylinder and return lines. The result is hydraulic rattle experienced by the driver.

Furthermore, the amount of steel tubing in the return line amplifies hydraulic rattle. During vehicle evaluations of hydraulic rattle, the return pressure trace was the main verification for damping unwanted pressure pulses.

 (
Figure 
25
: Power-assisted rack and pinion steering assembly with standpipe [Source: SAE]
 
)[image: ]Hydraulic rattle noise can be isolated from mechanical rattle with the installation of a standpipe in the return line (Figure 25). The standpipe contains a compressible column of air, which dampens the unwanted pressure pulse to a very low level. The standpipe used was a 250-mm length of rubber return hose, positioned as close to the valve housing return port as possible. The farther away from the return port the standpipe is, the lower its effect on dampening the pressure pulse. The standpipe is secured upright, with its upper end above the pump reservoir. Vehicle preparation must not purge air from the pipe.
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Figure 
26
: Reduced pressure traces from a l
eft turn on gravel surface at 25 km/h
 [Source: 
SAE ]
)[image: ]Reducing the pressure spike with a standpipe eliminated the audible noise (Figure 26). A sound track recorded during the noise evaluations and the identification on the sound track was matched in time with the pressure spikes. 

Evaluating the steering system under both low and high-speed conditions is important to determine if a certain feedback frequency through the tie rods excites the hydraulic system. Once the true source of steering noise has been resolved, further analysis will determine the necessary changes to meet vehicle validation acceptance levels for the vehicle.

[bookmark: _Toc341870939]Market developments

[bookmark: _Toc341870940]Technology progress

As well as the economic malaise affecting much of the automotive industry for various financial and economic reasons, there are a number of notable changes affecting the steering systems industry: 

Over the last three years it appears that the change to EPS has been accelerating, driven by government and consumer demands for more fuel efficiency. Today in Europe most platforms feature EPS as standard.

In addition a demand for low-cost EPS is emerging in developing markets, and cost advantages for these systems can be realised on a very large scale as this sector matures. Amongst the more developed markets, both AFS and four-wheel steering are establishing a market in the upper segments and steer-by-wire is likely to be in series production by 2015 in some quantity.

One of the key developments that arises from these developments is the rapid assimilation of steering systems into driver assistance sand active safety systems based on stability and the increasing integration within the active chassis of steering, suspension and brakes.

[bookmark: _Toc341870941]Sector development

Consolidation of the steering systems industry was considerably slowed by the collapse of global automotive and credit markets, however subsequently Delphi divested its steering business to GM. This leaves the following as major external suppliers of steering: ZF-Lenksysteme, TRW, JTEKT, ThyssenKrupp, Showa, NSK, Mando and Tedrive.

NSK, a leader in bearings whose past has been linked to Japanese OEMs, significantly boosted its European share through securing contracts with Renault. 

ZF-Lenksysteme is a 50:50 joint venture between ZF Friedrichshafen and Robert Bosch, and JTEKT is the result of a merger with Toyota Machine Works and Koyo Seiko.

Of all the major suppliers only ZF-Lenksysteme concentrates solely on steering products. The other companies supply a larger range of products generally related to the chassis. Therefore, the development of total chassis control and the fully integrated chassis may ultimately favour suppliers with broad chassis expertise. However, to date the sector has found it difficult, despite a steady stream of system innovation, to bring additional value to the market. Customers expect steering to work and the additional value of EPS over HPS is difficult to pass on ultimately to the retail customer. This has led to a difficulty in differentiating steering systems and therefore considerable pressure on cost and consolidation. In the future steering systems as integrated components of active chassis may be in a better position to demonstrate added value and therefore supply some differentiation.

[bookmark: _Toc341870942]Technology is changing

Hydraulic Power Steering systems (HPS) had a majority of the global market in 2007 but, as discussed previously, this domination is changing in order to deliver fuel economy benefits. EPS is advancing more rapidly than suppliers initially expected, because regulators and legislators, particularly in Europe, are pushing harder to reduce CO2 emissions. 

The market for EPS is moving to larger cars, with an intermediate step being electronically controlled hydraulic power steering (EHPS) using pumps that are engine-independent. Depending on powertrain and vehicle, the change from standard hydraulic power steering to electronic power steering delivers a 3.5% improvement in fuel efficiency. Changing from electro-hydraulic power steering to electronic power steering results in a 1.5% improvement.

Until regulatory pressure reached its current intensity, tradition slowed the expansion of electric power steering. Engineers, suppliers, purchasing agents and customers have been happy with hydraulic power steering, and hydraulic power steering continues to dominate the North American market with 75% of the market in 2013, according to one study, because it is so well entrenched in the large cars, pickups and SUVs that Americans have preferred.

EPS arrived in Europe in the early 1990s, when Renault's project for the Twingo allowed developers to think outside of the box, and the idea of electronic power steering was imported from Japan, where it had been developed in the 1980s for the micro cars there. It rapidly gained favour at Renault for vehicles up to the Megane in size and has been widely adopted at the low end of the Fiat, Volkswagen and Toyota ranges.

"Over the last two years, hardly any new vehicle will not have EPS," says Benno Koppl, an application engineer for Infineon Technologies. "EPS will be the standard solution for steering."

EHPS systems have helped high volume mid-sized cars like the Peugeot 407 and Citroën C4 to gain some fuel efficiency. But in the end, electric motors will dominate. In 2001, BMW chose an electro-hydraulic system from ZF Lenksysteme for the Mini, and for the new Mini, JTEKT provides an electric system.

"Electronic power steering was expensive, but it is becoming less and less expensive, so quantities are increasing," comments Yannick Lacour, strategic marketing director for JTEKT Europe. "We are mastering it better in production."

Engineers are redesigning the front axle load on some large luxury cars to take advantage of EPS. Electronic power steering is benefiting in some ways from the success of other electronic functions. ABS has become standard, and it became the building block for a host of other features like emergency brake assist and electronic stability control. Modern engines are controlled by electronic modules, as are windows, air-conditioners and audio systems. The car is becoming a computer with input and output devices.
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