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1. Introduction
This report details the findings of an investigation into the Teves Mk4 ABS and the Bosch 2EH ABS. The ABS is defined and looked at in depth throughout the report.
The two systems had been set up on test rigs in the workshop to allow a full operations test to be carried out. The full operations test included a full test of all pinouts of both ABS, as well as gaining signal waveforms from various components such as the pulse generator, brake light feed and the rear brake solenoid. This data is then analyzed and discussed. The methodology of the procedures carried out, safe working practices (SWP) and full equipment list are also included. The main operational differences between both systems is highlighted throughout the report
A fault diagnostic chart has been produced in order to aid a future technician to determine the cause of a fault when the ABS warning light is in the on position. The flowchart used to illustrate this fault is also discussed to point out its strengths and weaknesses.
Finally, the strengths and weaknesses of both systems is discussed in the conclusion as well as a look into Past and present OBD systems.














2. Background
[bookmark: _Hlk29040906]2.1 What is ABS?
The safety of a vehicle is partly determined by the tractive forces that exist between it and the road. Many systems exist to improve a vehicles safety and ABS is one of them. ABS (Anti-lock brake system) enhances the safety of a vehicle by increasing its traction potential. The added traction gained via ABS can then be used to either reduce braking distances or to enable the driver to steer the vehicle while under braking. (Khanse, K et al., 2015)
[bookmark: _Hlk29040929]2.2 How ABS intervention works
Under normal braking Conditions ABS is not active. However, when the ABS sense sa wheel is about to lock up (tyre loses traction) the brake force is regulated by the ABS. It has 3 stages. Stage 1 is Pressure Increase. More brake fluid is passed through the brake cylinder to increase braking pressure. Stage 2 is Pressure Sustained. This stops anymore hydraulic fluid running to the brake piston, which holds the current level of braking. If this isn’t enough Stage 2 is initiated. Stage 3 is Pressure Reduction which reduces the amount of brake force being applied to avoid wheel lock up.  (AUTODIAGNOS, n.d)
A wheel will lock up when the tyre cannot absorb the lateral forces acting upon it. When a wheel locks up and stops moving, there is a difference in velocity as the car is still moving. This is known as ‘Slip Coefficient’ or ‘Slip’. 0% slip means the car is free to roll whereas 100% slip the wheel is locked and the car is still moving. The maximum slip coefficient of a modern car is ~20% depending on tyre and road surface. (Alfa Romeo, n.d)
Speed sensors in the wheels determine if a wheel is about to lose traction and lock up. There is a sprocket on the wheel and a sensor (typically a hall effect sensor or a magneto resistive) attached to the car. The signal is then converted to a digital signal. (Automotive Engineer, 1999)
ABS aim to achieve the optimal control of wheel acceleration and slip angle. A modern ABS has several different states which include: “Initialize, Hold Brake Pressure, Increase Brake Pressure, Fast Increase Brake Pressure, Step Increase Brake Pressure, Decrease Brake Pressure, Step Decrease Brake Pressure and Exit Braking.” (Khanse, K et al., 2015) Each wheel can be in a different state at one time all working in unison to increase traction.
A typical ABS on a modern vehicle is capable of control all 4 wheels with a single unit. The brake pressure is regulated by solenoids in the Hydraulic Control Unit. (Khanse, K et al., 2015) The 2 systems discussed in this paper have different solenoid systems and operate in different ways to achieve the same outcome.



[bookmark: _Hlk29040962]2.3 Teves Mark 4 ABS
The Teves system can operate with 2, 3 or 4 pairs of valves depending on the setup of the car. It could have ABS installed on just the front wheels (2 valves); Independent front ABS and 1 valve for both rear wheels (3 valves) or independent front and rear ABS (4 valves).  Each pair consists of an inlet and outlet valve. Table 1 shows the 3 phases of ABS intervention and what state each valve is in during that phase/ The valves either allow or stop brake fluid from the brake fluid reservoir to the brake cylinder depending on the wheel sensor read out. (AUTODIAGNOS, n.d)
	Phase
	Inlet Valve
	Outlet Valve

	Passive (No ABS Intervention)
	Open (12v)
	Closed (12v)

	Pressure Sustained
	Closed (0v)
	Closed (12v)

	Pressure Reduction
	Closed (0v)
	Open (0v)





Table 1: Solenoid Phases of Teves Mk4 ABS				(AUTODIAGNOS, n.d)
On the Teves test rig, there were 4 solenoids, indicating that the system had independent front and rear ABS. As the Teves system was introduced in 1991, it only has 1st generation OBD which has limitations discussed further in the paper. In 1996 OBD2 was made mandatory in all vehicles sold in the United States and 2001 in Europe.  (Gendan Automotive Products, n.d)
2.4 Bosch 2EH ABS
The Bosch system operates differently to the Teves System. It has 3 solenoids instead of 4. 2 valves operate on the 2 front wheels and 1 solenoid operates both rear wheels. Similarly, to the Teves system, the Bosch has and Inlet and an Outlet valve. However, the main difference in the Bosch System is the addition of a multi-phase solenoid. Table 2 shows how this Solenoid works
	Phase
	Solenoid Valve

	Passive (No ABS Intervention)
	Open

	Pressure Sustained
	Partially Open (2 Amp)

	Pressure Reduction
	Closed (5 Amp)





Table 2: Solenoid Phases of Bosch 2EH ABS				(Alfa Romeo, n.d)
Functionally the system achieves the same outcome as the Teves system but in a smaller package as there are half as many solenoids. The Bosch System also features a Proportioning Valve situated on the rear axle. These valves are installed on cars with Brake disks installed on the front and drums on the rear. Their aim is to provide balanced braking during hard braking by lowering the brake pressure in the rear which helps shift most of the vehicles stopping power to the front wheels. (ASE, 2019) The Brake Proportioning Valve on the Bosch system reduces the brake pressure to 30% of its original pressure to achieve this. (Alfa Romeo, n.d) Early versions of the Teves system featured a similar valve however ion the Teves MK20e it was replaced with an Electronically Variable Brake Proportioning System or EVBPS. Its main advantage is that it can fine tune the brake reduction ratio instead of the fixed ratio set on the valve. This can make braking better in different driving conditions. Something the mechanical valve cannot. (AA1Car, n.d)
3. Methodology
This section details the complete methodology of the tasks undertaken as well as a list of equipment and why it was chosen.
As the testing was completed in a working group, each member was assigned a role; a Scribe; Multimeter user; Scope User and ABS Operator
3.1 Workshop Safety and PPE
Testing can be a very dangerous activity if safety procedures aren’t followed correctly. Before any testing can be carried out on the systems need to be checked over to ensure that there are no exposed wires or any faults with the system.
PPE - Steel toe cap boots and overalls are required when entering any workshop on campus. Failure to do so will result in dismissal from the workshop. In addition to this everyone entering the workshops are required to complete a Workshop Induction on Moodle which outline all the general safety risk of the workshop as well as the fire safety routine.
[bookmark: _Hlk29041057]3.2 Equipment
Digital Multimeter – A multimeter was used to help determine the voltages of the ECU pins as well as the resistive values of the engine components. A digital Multimeter was used over an analog multimeter due to their increased accuracy. The main disadvantage of a multimeter is that its unable to show values overtime, only the current value. It also cannot respond quick enough to voltage changes for the task needed. (Sanguri, S, 2012). 
Oscilloscope – An oscilloscope was used to gain scope patterns and voltages of components that the multimeter was unable to. The advantage of an oscilloscope is its able to see how a signal changes over time or in response to stimuli. The Oscilloscope software can produce freezeframe waveforms which can be printed and analyzed and a later date. The scale and axis of the waveform can be adjusted with great precision to allow better visualization of the waveform. (Charles, T, n.d)
[bookmark: _Hlk29041073]3.3 ABS ECU Voltage Testing
This testing was done in 2 stages. Once with the Ignition off and once with the Ignition on. 1 of the wires was attached to a ground point on the engine and ensured that it was connected securely. With the ignition feed off, each pin on the ECU was tested individually, ensuring that the multimeter pin was placed fully into the socket to gain a good connection. The value was then noted. The system was then switched, and each ECU pin was tested again in the same manner.
The oscilloscope data was gained in much the same way. Only attaching the Oscilloscope pins to the rig instead of the multimeter. The correct scale was then chosen on the UI enabling the full waveform to be seen.
[bookmark: _Hlk29041110]4. Teves MKIV and Bosch 2EH ABS Pinout Comparison
In this section, the ABS Pinouts will be discussed and compared as well as a discussion on signal waveforms captured from both systems
	Pin Number
	Description
	Ignition Off
	Ignition On

	1
	ABS Warning Lamp Indicator
	0
	12.43

	2
	N/S/R Wheel Speed Sensor (Ground)
	0
	0.22

	4
	N/S/R Wheel Speed Sensor Signal
	0
	0.33

	5
	O/S/F Wheel Speed Sensor (Ground)
	0
	0.22

	6
	O/S/R Wheel Speed Sensor Signal
	0
	0.33

	7
	N/S/F Wheel Speed Sensor (Ground)
	0
	0.22

	9
	Brake Light Switch Feed
	0
	12.4

	10
	O/S/F Wheel Speed Sensor Signal
	0
	0.33

	12
	Serial Data Wire
	0
	11.23

	13
	N/S/F Wheel Speed Sensor Signal
	0
	0.22

	14
	O/S/R Wheel Speed Sensor (Ground)
	0
	0.33

	15
	Diagnostic Excitation Lead
	0
	0.24













Table 3: Bosch 2EH ABS Pinouts
The Bosch 2 EH system has a 15 Pin Out ECU with 3 pins not being occupied. This is a standard case as seen on the Vauxhall Calibra. (V6 Calibra ABS System, n.d). All pins have 0 voltage when the ignition is off as there is no power to the components.
Both test system have ABS on all 4 wheels. This is confirmed by 4 Pulse Generators (Speed Sensors) on both rigs. Only 1 pulse generator was tested on each rig due to a lack of time, so it is assumed that each pulse generator has a similar reading to the one tested as the components are the same.
The Bosch System showed a voltage of 0 on both Pulse Generators supply’s and ground when off which is normal as the vehicle is off and stationary, so the sensor wouldn’t get a signal from the cog on the wheel. However, on the Teves system it shows a voltage of ~2.4v when both ignitions were off and on. This is due to residual voltage being discharged by the capacitors of the system. (Chu et al., 2016)
Pin 12 on the Bosch System shows 0v when the ignition is off for the Serial Data Wire (OBD) and 11.23v when on. The Teves system is a different, showing a constant 10.8v throughout ignition cycles. Giving power to the OBD port while the car is off.

	Pin Number
	Description
	Ignition Off
	Ignition On

	1
	Pulse Generator Earth
	2.39
	2.4

	2
	Pulse Generator Earth
	2.39
	2.4

	7
	Permanent Live
	12.6
	12.5

	8
	Earth
	0.01
	0.02

	9
	Ignition Live
	0.2
	12.6

	10
	Pulse Generator Earth
	2.39
	2.4

	11
	Pulse Generator Earth
	2.39
	2.4

	12
	Live
	0.2
	12.5

	13
	OBD
	10.83
	10.78

	15
	Switched Live
	0.12
	12.4

	16
	Communication Line
	0.12
	12.4

	17
	Pulse Generator Supply
	2.35
	2.35

	18
	Pulse Generator Supply
	2.35
	2.35

	19
	Pulse Generator Supply
	2.35
	2.35

	20
	Pulse Generator Supply
	2.35
	2.35

	24
	Earth
	0.01
	0.02

	25
	Permanent Live
	12.61
	12.6

	30
	Permanent Live
	12.45
	12.45


















Table 4: Teves Mk4 ABS Pinouts
[bookmark: _Hlk29041207]4.1 Teves MKIV and Bosch 2EH Pulse Generator Resistance Check
Resistance of the Pulse generator cables was tested to compare to the manufacturers value. This was to ensure that the speed sensors were working correctly, enabling us to validate our results.
	ABS
	Tested Value (Ω)
	Manufacturers Value (kΩ)

	Teves MK4
	1090
	0.7–1.5 (AUTODIAGNOS, n.d)

	Bosch 2EH
	1090
	0.7-1.7 (Vauxhall Workshop Manual, n.d)



Table 5: Resistance Values vs Manufacturer Values
Both systems were in the correct resistance range validating our waveform data discussed below.
[bookmark: _Hlk29041220]
4.3 Bosch 2EH Waveforms
[image: ]








Figure 1: Signal Waveform of Pins 2 and 4 on the Bosch 2EH ABS
Figure 1 shows the signal waveform of Pins 4 and 2 of the Bosch System. These are N/S/R Wheel Speed Sensor Signal (4) and N/S/R Wheel Speed Sensor Ground (2). The sensor installed on the Bosch system is an inductive sensor. The sensor measure wheel speed, acceleration, deceleration and most importantly wheel slip. It does this as the pulse generator seen as the top line on the waveform produces a voltage or magnetic flux. The magnetic flux is then closed by the teeth on the sprocket connected to the wheel. This creates an induced electromotive force at the sensor which is seen as an alternating current at Pin 4. Pin 2 shoes a small variation in Voltage. (Alfa Romeo, n.d) This is Back EMF. If an Electro Magnetic Field is created, then Back EMF will be seen. (Opentextbc.ca, n.d.)
If wheel slip would start to occur, then the speed of the wheel in question would decrease significantly as it loses traction (Alfa Romeo, n.d). This would be a drop in voltage as the sprocket would slow down which would reduce the magnetic flux read by the sensor (Opentextbc.ca, n.d.)
A similar waveform can be seen from the Teves System seen in Appendix A. However, there are a few differences to note. Although the waveforms look identical, the voltage scale is different. There is also a lot of interference on the line. The interference could be down to several factors. 1 being a damaged sensor. A damaged sensor would mean that the signal relayed to the ECU could be compromised. Another possibility could be a damaged tooth on the sprocket. As mention above, both systems work on a hall effect sensor and sprocket. If a tooth is damaged it can cause bad information to be read and relayed to the ECU. (Opentextbc.ca, n.d.)


[image: ]
Figure 2: Signal Waveform of Pin 9 on the Bosch 2EH ABS
Pin 9 is the brake light feed for the car. The brake light has a constant voltage when the car is on. Normally this is battery voltage. The waveform is showing 11.1v which suggests the battery was slightly undercharged while performing this test or there is something on the system causing a slight current draw. (Robinson, n.d.)
Once ABS intervention occurs, there is a huge current draw from the ABS pump which causes a voltage drop throughout the whole car. This is seen on the waveform where the voltage drops to 6.7v. (Robinson, n.d.)
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[bookmark: _Hlk29041565]Figure 3: Signal Waveform of a of Pressure Sustained Phase (Bosch 2EH)
This waveform displays the rear solenoid of the Bosch 2EH system while under the Pressure Sustained Phase. When the ABS pump kicks in there is a voltage drop to 1.2v as the ABS pump has a big current draw on the system (Robinson, n.d.), after this Back EMF can be seen. The voltage then settles at 9.7v, this is the pressure sustained voltage. As the solenoid switches to the 2-amp phase it causes a slight current draw on the system (similar to the pump turning on) which causes the system voltage to stay at 9.7v until the solenoid either switches off or switches to the Pressure Reduction Phase seen in Figure 4. (Robinson, n.d.)
Figure 4 displays the Pressure Reduction Phase of the rear solenoid. The first part of the waveform operates in the same way as the pressure sustained phase until the voltage drops to 5.7v instead of the 9.7v. This is due to the solenoid switching to its second phase which has a current draw of 5 amps. At around the midway point Back EMF is witnessed again as the solenoid changes from its 5amp phase back to the 2-amp phase which in turn changes the ABS phase from Pressure Reduction to Pressure Sustained.
[image: ]
[bookmark: _Hlk29041577]Figure 4: Signal Waveform of a of Pressure Reduction Phase (Bosch 2EH)
5. Fault Diagnostic Chart
In this section a Fault Diagnostic Chart for an ABS warning light “on condition” has been produced and analyzed.
A Flow chart was used to create the Diagnostic Chart for 2 main reasons. One of the main reasons is its visual clarity. Multiple processes can be seen in 1 document and it’s easy to follow without prior knowledge or use of one. The second reason is its ability to problem solve. A flowchart can break a problem up into smaller and easier to define parts. (Lynch, 2019)
The Diagnostic chart outlines the systematic approach of an ABS warning light “on condition” with the fault “Wheel Speed Sensor Resistance too high”
A Legend for the flowchart can be seen in Table 6 which outlines the different shapes used in the flowchart and their function.
	Symbol
	Name
	Function

	
	Start/End
	Represents a Start/End point

	
	Arrows
	Shows a relationship between shapes

	
	Process
	Represents a process

	

	Decision
	Represents a decision


[bookmark: _Hlk29041592]	Table 6: Key for flowchart					(Smartdraw.com, n.d.)

The flowchart follows loosely on a General 8-step Diagnostic Principles chart (Gonefcon.com, 2000) which has the following steps. Verify Concern, Perform Preliminary Checks, Refer to Service Information, Perform Checks, Find and Isolate Problems, Repair, Clear Fault Codes, Implement Preventative Measures.
The chart also follows a systematic approach from the easiest and quickest fix to the hardest and more time-consuming fix. This would benefit a workshop who need to meet time targets.
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[bookmark: _Hlk29041625][image: ]Figure 5: Fault Diagnostic Flowchart for ABS Light
[bookmark: _Hlk29041289]6. Bosch 2EH and Teves MK4 Strengths and Weakness’
Functionally both systems operate very similarly top achieve the same outcome. Both operate a solenoid-based system in order to adjust the braking phase to produce the maximum amount of traction. 
The Teves Mk4 system features 8 individual solenoids over the 3 on the Bosch System. 4 solenoids advantageous as it allows for independent control of all 4 wheels instead of independent front and combined rear on the Bosch. Having independent control allows for finer tuning of the braking system which would aid in shorter stopping distances and greater slip coefficient as each wheel may be in a different state at any given time. However, on the Bosch system a combined rear axle would mean that if the left wheel is close to lock up the entire axle would go into the Pressure Reduction Phase which may not have been the best case for the right wheel.
The downside of the independent Teves system is the number of solenoids required to gain the 4-wheel independence. 2 Solenoids per wheel (8 total) are required to operate the system compared to the 3 of the Bosch system. Not only does this possess an added cost and packaging issue for the Teves system it can also add a slight time delay to the system. As the system requires 2 solenoids to switch to change braking phase, this can add a small delay in the braking action. (Millett, 2018) This is the main benefit of the Bosch system however; the cost of a 2-phase solenoid can be a lot higher than a single-phase solenoid (Asco.com, n.d.) such that 8 single phase solenoids may be the cheaper option.
The ease and ability to diagnose the Bosch system is a great benefit over the Teves system. While performing the investigation, a lot more data was captured from the Bosch system to aid in the research. This was down to the ease of access to various pinouts which allowed for the oscilloscope to capture live data. Something which is possible on the Teves system but is a lot more difficult due to its packaging. This problem would be amplified if the systems were in a vehicle and not on a test rig.
Both systems were fitted with OBD2 (EOBD in Europe) which is the successor to OBD1. The goal of OBD2 was to focus on a vehicles emission control system. OBD2 offers, standardized trouble codes and better messaging formats and signaling protocols. The standardization helps simplify the diagnosis process regardless of the vehicles make or model. Both systems are similar in the way that circuits and sensors are checked for faults (shorts, out of range values and high resistance). However, with OBD1 the failure limits are much higher before an EML will occur as the unit has to completely fail. OBD2 allows for an EML to illuminate earlier allowing for the fault to be repaired earlier. OBD2 uses various diagnostic tests to evaluate emission control system to identify faults where the component fails to meet the minimum standards. If a component fails to reach the standards an EML will illuminate. This allows for faults to be repaired before excessive amount of pollutants are discharge into the atmosphere. (Michael, 2017) 
EOBD2 is the manufacturer specific features available through EOBD and allows manufacturers to access additional parameters about a fault to speed up the diagnostic process. (Michael, 2017)
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8. Appendices
Appendix A
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[bookmark: _Hlk29041693]Figure 6: Speed Sensor Waveform (Teves Mk4)
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