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Figure 2 – ABS Hydraulic Pressure Estimation 

Once calculated, the hydraulic brake pressure 
estimation is used in the ABS control strategy. As with 
any estimation, there are sources of error in the system 
that cannot be eliminated. The two main sources of error 
in the estimation are variation in the valve flow-rate and 
variation in the caliper displacement to brake pressure 
conversion. The valve flow-rate variation can be caused 
by many factors: fluid temperature, magnetic efficiency, 
system voltage, etc. The variation in the caliper 
displacement to brake pressure conversion is caused by 
a change in the overall compliance of the system which 
can be caused by wear, temperature, brake lining 
changes, etc. 

These two sources of error were treated via simulation. 
First, they were treated separately, and then in 
combination to study their effects on vehicle stopping 
distance and vehicle yaw rate. They were treated as 
deviations from the normal system, not taking into 
account individual contributors to each type of error. 

ABS SIMULATION 

SIMULATION ENVIRONMENT - In performing this 
analysis, the first step was selecting the simulation 
environment. CarSim, MatLab/SImulink, and 
AMESIM were used to construct the simulation 
environment. CarSim was used as the vehicle model; 
MatLab/Simulink was used to model the control 
algorithm and manage the overall simulation; and 
AMESIM was used to model the hydraulic modulator 
(Figure 3). 

Figure 3 – Simulation Environment 

VEHICLE SELECTION – To improve the overall 
applicability of the results of this analysis, two vehicles 
were selected for the simulation. The goal was to select 
two vehicles with configurations that were different 
enough to be significant without requiring a complete 
recalibration of the control algorithms involved. 

The vehicles were as follows: a small front drive vehicle 
(Vehicle #1), and a midsized rear drive vehicle (Vehicle 
#2). The general parameters for these vehicles were as 
follows: 

Vehicle #1: Mass = 1360 kg; Wheelbase = 2.608 m; 
Track = 1.39 m 

Vehicle #2: Mass = 1730 kg; Wheelbase = 2.967 m; 
Track = 1.566 m 

EVALUATION MATRIX – Once the vehicles were 
selected evaluation criteria were developed. Two 
parameters were selected for analysis: stopping 
distance and vehicle yaw rate. 

To evaluate variation in the selected parameters from 
the nominal situation, errors were generated in the brake 
pressure estimate. Errors in the estimate were thought 
to be capable of influencing both stopping distance and 
yaw rate because the brake pressure estimate is used to 
alter the hydraulic valve control times. Therefore, 
deviations in the pressure estimate could cause the 
actual wheel brake pressures to deviate from the 
nominal case and affect both stopping distance and yaw 
rate. 

Once these vehicle level parameters were selected, a 
test matrix was developed to induce errors in the brake 
pressure estimate. First, the caliper compliance was 
varied; second, the valve flow-rate was varied; third, 
caliper compliance variation and valve flow-rate variation 
were combined. The parameter values are shown in the 
following tables (Tables 1 and 2). The first line in the first 
table is the nominal case where no parameter deviation 
was induced in either the caliper compliance or the valve 
flow-rate. 



 

LF Caliper 
Compliance; 
Valve Flow 

RF Caliper 
Compliance; 
Valve Flow 

LR Caliper 
Compliance; 
Valve Flow 

RR Caliper 
Compliance; 
Valve Flow 

Nominal Nominal Nominal Nominal 

1.2*Nominal; 
Nominal 

1.2*Nominal; 
Nominal 

1.2*Nominal; 
Nominal 

1.2*Nominal; 
Nominal 

1.4*Nominal; 
Nominal 

1.4*Nominal; 
Nominal 

1.4*Nominal; 
Nominal 

1.4*Nominal; 
Nominal 

1.2*Nominal; 
High Flow 

1.2*Nominal; 
High Flow 

1.2*Nominal; 
High Flow 

1.2*Nominal; 
High Flow 

1.4*Nominal; 
High Flow 

1.4*Nominal; 
High Flow 

1.4*Nominal; 
High Flow 

1.4*Nominal; 
High Flow 

1.2*Nominal; 
Low Flow 

1.2*Nominal; 
Low Flow 

1.2*Nominal; 
Low Flow 

1.2*Nominal; 
Low Flow 

1.4*Nominal; 
Low Flow 

1.4*Nominal; 
Low Flow 

1.4*Nominal; 
Low Flow 

1.4*Nominal; 
Low Flow 

Table 1 – Caliper and Valve Variation for Straight-line Stopping Distance 
Study  

 

LF Caliper 
Compliance; 
Valve Flow 

RF Caliper 
Compliance; 
Valve Flow 

LR Caliper 
Compliance; 
Valve Flow 

RR Caliper 
Compliance; 
Valve Flow 

Nominal Nominal Nominal Nominal 

1.2*Nominal; 
Nominal 

Nominal Nominal Nominal 

1.2*Nominal; 
Low Flow 

Nominal Nominal Nominal 

1.4*Nominal; 
Nominal 

Nominal Nominal Nominal 

1.4*Nominal; 
Low Flow 

Nominal Nominal Nominal 

Nominal Nominal 1.2*Nominal; 
Nominal 

Nominal 

Nominal Nominal 1.4*Nominal; 
Nominal 

Nominal 

Nominal Nominal 1.2*Nominal; 
Low Flow 

Nominal 

Nominal Nominal 1.4*Nominal; 
Low Flow 

Nominal 

1.2*Nominal; 
Nominal 

Nominal 1.2*Nominal; 
Nominal 

Nominal 

1.4*Nominal; 
Nominal 

Nominal 1.4*Nominal; 
Nominal 

Nominal 

1.2*Nominal; 
Low Flow 

Nominal 1.2*Nominal; 
Low Flow 

Nominal 

1.4*Nominal; 
Low Flow 

Nominal 1.4*Nominal; 
Low Flow 

Nominal 

Table 2 – Caliper and Valve Variation for Yaw Rate Study 

A 40% increase in caliper compliance is probably 
unreasonable but such a large value was selected to 
test the extremes of the situation. The variation in valve 
flow-rate was taken from the valve flow-rate 
specification, using a 3-sigma number for the high and 
low flow-rates. This modification was only made to the 
apply valves. The release valve flow-rates remained 
nominal for all simulations. 
 
SIMULATION RESULTS 

STOPPING DISTANCE RESULTS – The stopping 
distance results were compiled for both vehicles on both 



a high coefficient (0.9g) and a low coefficient surface 
(0.2g). All of the simulation runs began at zero time with 
a master cylinder pressure application to 150 bars at 0.2 
seconds. No steering was allowed during any run. For 
the high coefficient runs, all of the stops were made from 
100 kph, and for the low coefficient runs, all of the stops 
were made from 70 kph.  

High Coefficient Stopping Distance – The variation in 
stopping distance on the high coefficient surface is 
discussed below. 

Caliper compliance variation and nominal valves - For 
vehicle #1, there was a 0.46 m increase in stopping 
distance on the 0.9g surface: from 48.35m to 48.81m. 
As expected, the baseline runs were the shortest and 
the stops with the caliper compliance increased by 40% 
were the longest. The following plots show the variation 
in the actual brake pressure and the brake pressure 
estimate for two cases: 140% of nominal and nominal 
(Figures 6 and 7). The maximum error in the pressure 
estimate is about 25 bars with the error decreasing to 
about 10 bars by the end of the stop for the case when 
the caliper compliance is increased by 140%. For the 
nominal case, there is an initial error of about 5 bars, 
which decreases to about 2 bars. 

The convergence between the pressure estimate and 
the actual pressure can be explained by the action that 
the ABS algorithm takes based on a lower estimated 
delta-pressure. With a lower estimated delta-pressure 
(master cylinder pressure minus estimated wheel 
pressure for the apply valve), the apply valves are 
commanded to flow fluid longer than they would be 
commanded at a higher estimated delta-pressure. The 
algorithm takes this action to produce the same pressure 
change in the wheel brake across the range of possible 
delta-pressures that the hydraulic valve might 
experience. Due to this increased flow time and an 
underestimated delta-pressure, the actual pressure will 
increase more than the estimated pressure. This causes 
the estimated pressure and actual pressure to move 
closer together with regard to the apply valve.  

Similarly, the release valves will command shorter flow 
times because they are at high estimated delta-
pressures (wheel pressure for the release valve), and 
thus, the algorithm will calculate a larger reduction in 
estimated brake pressure than will actually occur. Both 
of these effects help the estimate converge with each 
release and apply cycle. Obviously, this can’t cause a 
complete convergence, but it does limit the estimate to 
reasonable values under most conditions. 

In the first plot (Figure 6), the estimate is significantly 
elevated due to the change in caliper compliance while 
the actual pressure is slightly reduced from nominal 
during the initial apply which is caused by the ABS 
algorithm. Despite this error in the estimated pressure, 
the pressure at which ABS activates (performs its first 

release) and remains active is very close to that of the 
nominal case (Figure 7) which explains, at least in part, 
why the stopping distance is increased by less than one 
meter. The deviation in pressure estimation has little or 
no effect in this case during the ABS stop. The cause of 
the stopping distance increase is due to the initial 
response of the system: the hydraulic response due to 
the increased compliance, and the early activation of the 
ABS apply ramp prior to the first ABS release. 

In the plots through out this paper, ‘pest’ refers to the 
estimated pressure and ‘press’ refers to the actual wheel 
pressure. A full list of names used in the figures can be 
found at the end of the paper. 

 

Figure 4 – High Coefficient 1.4*Nominal Compliance, LF Wheel Pressure 
and Estimate, Vehicle #1 

 

Figure 5 – High Coefficient Nominal Compliance, LF Wheel Pressure 
and Estimated, Vehicle #1  

 
For vehicle #2, there was a 2.75 meter increase in 
stopping distance on the 0.9g surface: from 42.95m to 
45.70m. As expected, the baseline runs were the 
shortest and the stops with the 40% increase in caliper 
compliance were the longest. Although the increase in 
stopping distance is larger in this vehicle than in the first 



vehicle, it is obvious that the difference comes from the 
initial pressure cycle (Figure 8). ABS is entered too 
early. If the early ABS activation is eliminated, the 
increase in stopping distance is similar to that of vehicle 
#1. 

With the ABS entry recalibrated (Figure 9), the data for 
vehicle #2 showed almost the exact same results as the 
data for vehicle #1. The nominal stopping distance was 
42.34 m, which was a 0.61 m reduction from the original 
stopping distance under nominal conditions. The 
stopping distance with the 40% larger calipers was 42.77 
m, which was only a 0.43 m increase in stopping 
distance. This number is in line with the vehicle #1 
results. For both vehicles, the results show that it is 
possible to influence the initial ABS apply by increasing 
the caliper compliance. This can lead to an increase in 
stopping distance. However, if the ABS entry is 
calibrated properly, the increase in stopping distance is 
small. 

 
Figure 6 – High Coefficient 1.4*Nominal Compliance, LF Brake Pressure 
and Estimate, Early ABS entry due to Pressure Estimate, Vehicle #2 

 
Figure 7 – High Coefficient 1.4*Nominal Compliance, LF Brake Pressure 
and Estimate, ABS entry re-calibrated, Vehicle #2 

 

Nominal caliper compliance and valve flow-rate variation 
– It was discovered that the wheel brake pressure 
estimate is largely unaffected by changing the valves to 
the high flow-rate valves (Figure 10). Due to this lack of 
variation, the rest of the high flow-rate valve runs will not 
be shown. Instead, the focus will be shifted to the low 
flow-rate valves, which did show a change in the 
estimated brake pressure and in stopping distance 
(Figure 11). 

 
Figure 8 – High Flow Valve LF with Pressure Estimate, Vehicle #1 

 
Figure 9 – Low Flow Valve LF with Pressure Estimate, Vehicle #1 

For vehicle #1, the stopping distance increased by 0.87 
meters when the lower flowing valves were used. This 
can be seen in the first ABS cycle, which is longer than 
the same cycle with the nominal valves (Figures 10 and 
11). After the first cycle, the wheel brake pressures are 
basically the same for the nominal and the low flow case 
despite 20 bars of error in the estimated brake pressure. 

For vehicle #2, the results were the same as vehicle #1. 
There was a 0.8 m increase in stopping distance when 
using the lower flowing valves. The cause is the same 
as with vehicle #1: a slow pressure apply after the initial 
ABS release of pressure, especially on the front wheels. 



 
Figure 28 – LF Pressure and Estimate with Low Flow Valves and 
1.4*Caliper, Vehicle #2 

 
Figure 29 – LR Pressure and Estimate with Low Flow Valves and 
1.4*Caliper, Vehicle #2 

 
Figure 30 – Pressure and Wheel Speeds for Low Flow and 1.4*Caliper, 
Vehicle #2 

High Coefficient Yaw Rate – The brake pressure 
estimate was induced to have an error on one side of 
the vehicle with the error being applied either to the front 
brake only or the front and rear brake as stated above. 

All the runs were performed as follows. No steering was 
allowed during any run. All of the stops were performed 
at 100 kph on a high coefficient surface (0.9g) with valve 
flow-rates and caliper compliances being modified on 
only one side of the vehicle. Only one side of the vehicle 
was used in an effort to generate the worst-case yaw 
rates. 

Caliper compliance variation with nominal valves - The 
results showed an initial yaw rate deviation due to the 
different initial wheel pressures. This pressure difference 
was cause by the difference in compliance that was 
used to produce wheel pressure estimate errors. After 
this initial phase, the yaw rate is reduced. This can be 
seen clearly in the following plots which show first the 
yaw rate of the base run and the worst case run which 
was a 40% compliance change on the front and rear 
calipers on the left side of the vehicle (Figure 33). The 
plots after that show the wheel pressures and estimates 
for these wheel brakes (Figures 34 - 38). It should be 
noted that normal drivers can easily accommodate these 
yaw rates. 

 

Figure 31 – Nominal Yaw Rate and Worst Case Yaw Rate, Vehicle #1 



 

Figure 32 – LF and LR Pressure and Estimated Pressure for Nominal 
Case, Vehicle #1 

 

Figure 33 – LF Pressure and Estimate for 140% Case, Vehicle #1 

 

Figure 34 – LR Pressure and Estimate for 140% Case, Vehicle #1 

 

Figure 35 – Four Wheel Pressures for Nominal Case, Vehicle #1 

 

Figure 36 – Four Wheel Pressures for 140% Case on LF and LR, 
Vehicle #1 

It is clear from these plots that the estimate is not the 
cause of the vehicle yaw rate deviations from the 
nominal case. The estimates converge (Figures 35 and 
36) and the yaw rate is reduced throughout the stop 
(Figure 33). It is the difference in pressure or braking 
force at the beginning of the event due to the modified 
caliper compliance side-to-side that causes this yaw rate 
to develop. 
 
The same conclusions can be made for vehicle #2. The 
data shows the same results as can be seen in the plot 
below (Figure 39). 



 
Figure 37 – Yaw Data for Vehicle#2 with 1.2*Compliance Calipers on RF 
and RR 

Nominal compliance and valve flow-rate variation – The 
results with low flow valves on one and two wheels were 
similar to the results with the compliance change for one 
and two wheels on one side of the vehicle (Figures 40 
and 41). The initial yaw rate of the vehicle was increased 
over the nominal case as would be expected but was 
then controlled back to zero. This was the case for both 
vehicle #1 and vehicle #2. 

 

Figure 38 – Yaw Vehicle #1 with low flow valves and nominal calipers 

 

Figure 39 – Yaw Vehicle #2 with low flow valves and nominal calipers 

Caliper variation and valve flow-rate variation – Valve 
variation and caliper variation have very little additional 
effect on the yaw rate of the vehicle over the caliper 
change alone. The main effect is to prolong the yaw rate 
that occurs at the beginning of the ABS event (Figures 
42 and 43). It isn’t much different than the yaw rate that 
was seen with the compliance change alone. The 
change due to the valve alone was small as seen in the 
previous section. It can be concluded therefore that a 
change in caliper compliance is the largest factor in 
inducing yaw. It should be noted that the apply valves 
that were used had the same flow-rate during the 
pressure build prior to ABS. There is possible variation 
in this flow-rate, and if that were taken into account, this 
result might need to be modified. 

 

Figure 40 – Yaw Vehicle #1 with low flow valves and 1.4*Compliance on 
LF and LR 



 

Figure 41 – Yaw Vehicle #2 with low flow valves and 1.4*Compliance on 
LF and LR 

CONCLUSION 

There are four conclusions that we can make with 
regard to the effect of estimated wheel brake pressure 
on ABS system performance. 

First, and perhaps the most important, the usage of the 
estimated pressure to improve ABS entry must be 
calibrated wisely. As was seen with vehicle #2, if the 
entry is not calibrated properly, a significantly longer 
stopping distance can result. 

Second, deviations in the estimated brake pressure on 
high coefficient surfaces had little or no effect on 
stopping distances on this surface. The largest factor 
was having low flowing apply valves at all four wheel 
brakes. 

Third, deviations in the estimated brake pressure on low 
coefficient surfaces had little or no effect on stopping 
distance. This was due to the lack of change in actual 
brake pressures and the relatively flat relationship 
between longitudinal force and wheel slip on this 
surface.  

Fourth, deviations in the estimated brake pressure on 
high coefficient surfaces had little or no effect on vehicle 
yaw rate. The largest factor in changes in the vehicle 
yaw rate was the change in caliper compliance or the 
difference in wheel brake pressures prior to ABS entry. 

It can be concluded from the above that the ABS 
algorithm, as tested, was robust to deviations in the 
estimated wheel brake pressure for all of the tested 
conditions. This is true because the main control 
parameter in the ABS algorithm is wheel slip, and the 
control is only augmented with reference to the 
estimated brake pressure. Therefore, the control was 
largely unaffected by errors in the estimated wheel brake 
pressure. If the estimated brake pressure was more 

heavily relied upon, a similar investigation might produce 
different results. 
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DEFINITIONS, ACRONYMS, ABBREVIATIONS 

ABS - Anti-Lock Brake System 

EHB - Electro-Hydraulic Braking 

lfpest – left front estimated brake pressure 

lfpest40 – left front estimated brake pressure on a 
caliper with 1.4 times the nominal caliper compliance 

lfpress – left front brake pressure 

lfpress40 – left front brake pressure on a caliper with 1.4 
times the nominal caliper compliance 

lfws – left front wheel speed 

lfpress40lowflow – left front brake pressure with 1.4 
times nominal caliper compliance and low flow apply 
valves 

lfpresslowflow – left front brake pressure with low flow 
apply valves 



lrpest – left rear estimated brake pressure 

lrpress – left rear brake pressure 

lrpress40 – left rear brake pressure on a caliper with 1.4 
times the nominal caliper compliance 

lrws – left rear wheel speed 

mcpress – master cylinder pressure 

rfpest – right front brake pressure estimate 

rfpress – right front brake pressure 

rfws – right front wheel speed 

rrpest – right rear brake pressure estimate 

rrpress – right rear brake pressure 

rrws – right rear wheel speed 

yaw_base – vehicle yaw rate for the nominal vehicle 
setup 

yaw_lf_low_flow_cal_nom – vehicle yaw rate with a low 
flow apply valve at the left front wheel and all calipers 
nominal 

yaw_lowflow_lf_cal40 – vehicle yaw rate with a low flow 
apply valve at the left front wheel and a 1.4 times 
nominal caliper at the left front brake 

yaw_lf_lr_low_flow_cal_nom – vehicle yaw rate with a 
low flow apply valve at the left front and left rear wheel 
and all calipers nominal 

yaw_lf_lr_low_flow_cal40 – vehicle yaw rate with a low 
flow apply valve at the left front and left rear wheel and 
1.4 times nominal calipers at the left front and left rear 
brakes 

yaw_rf20rr2040 – vehicle yaw rate with 1.2 times 
nominal caliper compliance on the right front and right 
rear calipers of the vehicle 

yaw_4040 – vehicle yaw rate with 1.4 times nominal 
caliper compliance on both calipers on one side of the 
vehicle 

 

 


