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Abstract
This  paper  introduces  a  sliding  mode  braking  force  observer  to  support  a  sliding  mode 
controller for air-braked heavy vehicles. The performance of the observer is examined through 
simulations  and field  testing  of  an  articulated  heavy vehicle.  The  observer  was  found to 
operate robustly during single-wheel vehicle simulations, and provide reasonable estimates of 
surface friction from test data. The effect of brake gain errors on the controller and observer 
are  illustrated,  and  a  recursive  least  squares  estimator  is  derived  for  the  brake gain.  The 
estimator converged within 0.3 s in simulations and vehicle trials.
Keywords: emergency  braking  system;  pneumatic  actuators;  parameter  estimation;  state 
estimation
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1. Introduction

Heavy Goods Vehicles (HGV’s) have considerably lower maximum retardation rates than 
passenger cars (Werde and Decker, 1992), contributing to their higher rate of involvement in 
fatal accidents than any other road vehicles (Annon., 2006,  Peeta et al., 2005). The mandatory 
use of anti-lock braking systems (ABS) on air braked vehicles in Europe has mitigated this 
problem somewhat.  However, current HGV ABS systems use heuristic control approaches 
that work on cycles of predicting and superseding the limits of tyre-road adhesion, and then 
reducing the brake pressure to allow the wheel to rotate again (Kienhofer and Cebon, 2004). 
When considering a typical wheel slip vs. braking force curve (Figure 1), the periodic locking 
and unlocking of the wheel substantially reduces the average braking force compared with the 
desired value at the peak of the curve.  In addition,  the pneumatic  chamber  fill  and dump 
process uses a lot of air, which requires energy to generate and large reservoirs for storage.  

Figure 1 – Braking coefficient (longitudinal tyre force / vertical tyre force) vs. 
longitudinal slip on asphalt 

An  alternative  approach  to  ABS  is  wheel  slip  control,  which  optimizes  wheel  slip 
continuously  during  braking,  thereby  maximizing  deceleration  while  maintaining  vehicle 
maneuverability. Preliminary estimations with a proof-of-concept control system and vehicle 
simulation predict reductions of up to 35% in braking distance relative to conventional ABS 
(Miller et al., 2008a). Moreover, since only small adjustments are made to keep the wheel at 
the optimum slip point, slip control can also reduce compressed air consumption. 

To  achieve  these  benefits,  the  bandwidth  of  the  pneumatic  system  must  be  increased 
substantially. It has been shown in Miller et al. (2008a,  2008b) that actuation delays in heavy 
vehicles could be reduced by an order of magnitude by placing fast pneumatic valves directly 
on brake chambers. Such reductions in actuation delay would allow advanced braking control 
methods to be used on pneumatically braked vehicles. 

In  general,  however,  advanced  control  methods  require  knowledge  of  the  slip-friction 
characteristics of the tyre-road system. This is impractical to measure directly and must be 
estimated.  Past studies on tyre force estimation have focused on estimators for cars (Ray, 
1997,  Hodgson and Best, 2006,  Unsal and Kachroo, 1999,  Drakunov et al., 1995). Heavy 
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vehicles  have  very  different  tyre  characteristics  and  dynamic  behaviour  to  cars,  and  so 
represent a significantly different estimation problem. Only Ribbens et al. (2007) and Patel et 

al. (2008) designed observers specifically for trucks. Neither of these investigations included 
experimental results. The purpose of this paper is to introduce an advanced braking control 
algorithm for HGV’s, to discuss the estimation algorithms necessary to support the controller, 
and to supplement the discussion with experimental results.

2. System Model

A ‘quarter-car’ braking simulation was used during control system design. The simulation has 
four degrees of freedom (see Figure 2): longitudinal motion of the vehicle, rotational motion 
of the wheel, and vertical motion of the sprung and unsprung masses. The longitudinal motion 
of the vehicle in the simulation is described by

0=+ xvx vmF ˙ (1)

where Fx is the longitudinal tyre force (braking force), mv is the total vehicle mass, and vx is 
the longitudinal velocity of the vehicle. The rotational speed of the wheel, ω, is related to the 
braking torque, TB, and the braking force by

0=+− Bx TrFJω̇ (2)

with r being the radius through which the braking force acts. It is assumed that braking torque 
is proportional to the pressure in the brake chamber, Pc, and that disc brakes are used, so brake 
fade can be neglected (Radlinski, 2007). Hence, 

cB GPT = (3)

where G  is called the “brake gain.”  

The vertical dynamics of the vehicle is described by
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where m, c, and k denote mass, stiffness, and damping respectively; z is displacement; and the 
subscripts ‘t’, ‘r’, ‘u’, and ‘s’ denote the tyre, road, unsprung, and sprung masses respectively. 
The vehicle model was subjected to road surface roughness with specified spectral content 
corresponding to  the  ISO classification  8608:1995  (Annon.,  1995),  and  quantified  by the 
International  Road Roughness Index (IRI) (Sayers  and Gillespie,  1986).  A semi-empirical 
truck tyre model from the University of Michigan Transportation Research Institute (UMTRI) 
was used to calculate the braking forces based on the wheel slip, λ, defined as (Fancher, 1995)

x

rx

v
rv ωλ −= (5)
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where rr is the rolling radius of the wheel.

            

Figure 2 – Quarter car vehicle model

Brake chamber  charging and discharging dynamics  were described  using one-dimensional 
flow theory and thermodynamic  relations  for unsteady flow through an open system. The 
governing equations are omitted here for brevity, and can be found in Miller et al. (2008b).  It 
was assumed that pulse-width modulated valves were used to control flow into and out of the 
chamber via linear pressure control.

3. Sliding Mode Slip Controller

A variable structure “sliding mode” approach was taken for the slip control problem, since 
variable  structure  controllers  are  robust  and  can  handle  unstable,  nonlinear  plants.  The 
derivation of the controller can be found in Miller et al. (2008a), with the final expression 
given by:
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s = λd – λ

where kc, Φ, and δ are positive design constants, s is the sliding surface, and λd is the desired 
slip. The controller gains were tuned for given actuator speeds to optimize performance and 
energy usage. Further details of this tuning can be found in Miller et al. (2008a).

Figure 3 shows the slip and chamber pressure time histories for a simulated stop using the 
sliding mode controller on a rough (IRI = 20 m/km), high friction (μ = 0.9) surface. A valve 
delay of 1 ms, which is the lowest practical delay possible for pneumatic brakes (Miller et al., 
2008a), was used for the simulations. The demand slip was set as the optimal slip point for a 
given  road  friction  level,  and  increases  as  the  vehicle  slows  to  account  for  the  velocity 
dependence of the tyre curves in the UMTRI model (Fancher, 1995). Keeping in line with 
industry practice, the brakes are fully depressed in the simulation once the vehicle speed drops 
below 2 m/s.

The speed of the valve allows the chamber pressure to respond to fast changes in the pressure 
demand signal. Consequently, the control system rejects the road roughness, causing the rapid 
variation in chamber pressure in Figure 3 b), and accurately regulates the wheel slip to the 
demand signal in Figure 3 a). In general, it was found that the vehicle stopped more than 30% 
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shorter in simulations with slip control when compared to conventional ABS algorithms and 
hardware (Miller et al., 2008a).

 
              a) Slip Time History             b) Chamber Pressure Time History

Figure 3 – Simulated sliding mode slip controlled stop on a high friction, rough road 
(μ = 0.9, IRI = 20 m/km)

4. Friction Force Observer

4.1 Observer Equations
The results in Figure 3 are encouraging, but the controller uses states that are impractical to 
measure, such as the tyre force  Fx.  Consequently, it  is necessary to derive a friction force 
observer. A sliding mode observer was chosen here to estimate the tyre tractive forces since, 
unlike Kalman filters,  sliding observers have stability guarantees and are robust to  model 
mismatches (Edwards and Spurgeon, 1998,  Misawa and Hedrick, 1989). Using standard state 
space notation, the governing equations for the sliding mode observer may be written as

( ) ( )yykyyLBuxAx o ˆsgnˆˆˆ −+−++=˙ (7)
Cxy =

where L and ko are design gains, and ’^’ denotes an estimate. 

Tyre slip-friction curves change on different surfaces and as the tyre wears. Consequently, it 
was decided to follow Ray (1997) and treat  the tyre forces as unknown parameters to be 
estimated, rather than assuming a tyre model in advance. The longitudinal force was modeled 
using a random walk, and it was assumed that the wheel speed, longitudinal acceleration, and 
chamber pressure can be measured. Based on this, the state equations for the system are
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From Equation (8), it can be seen that the system is observable without the accelerometer as 
an  output.  However,  accelerometers  are  commonly  available  in  commercial  emergency 
braking systems,  so it  was  of  interest  to  explore  whether  the extra  information  from this 
sensor would improve the efficacy of the observer. 

4.2 Observer Results

Band-limited white noise with a sample time of 0.002 s  was added to the wheel speed and 
acceleration  signals  in  the  simulations  when  evaluating  the  sliding  mode  observer.  The 
amplitude of the noise was tuned to emulate measurements taken during braking tests with a 
full-scale vehicle (Kienhofer and Cebon, 2004). Accelerometer bias, however, was omitted, 
since algorithms exist to estimate this online (Bevly, 2007).

The observer  gains,  L and  ko,  were  initially  calculated  using  the  pole  placement  method 
detailed  by Edwards  and  Spurgeon  (1998).  The  relative  weightings  for  each  state  in  the 
observer were then tuned iteratively with respect to wheel speed and longitudinal acceleration 
measurements  to  obtain  the  best  results.  Figure  4  shows  a  simulation  of  the  observer’s 
performance “in-the-loop” on a rough, high friction surface. The observer accurately tracks 
the “true” tyre forces, responding quickly to changes in force levels, and the controller is able 
to precisely track the target slip. 

 
              a) Slip Time History            b) Tyre Force Time History

Figure 4 – Simulated sliding mode observer performance on a high friction, rough road 
(μ = 0.9, IRI = 20 m/km)

4.3 Multi-Wheeled Models

A six-wheeled vehicle model, simulating an entire semi-trailer, was derived such that

0
6

1
=+∑

=
xv

i
x vmF

i
˙ (9)
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where  i  represents  the  wheel  number,  and  mv includes  the  weight  of  the  tractor.  Each 
individual wheel has the dynamics described by Equations (2) – (5) and is controlled by a 
sliding controller described by Equation (6).  The sliding mode observer was extended for the 
6-wheeled model assuming the 6 wheel speeds, chamber pressures, and vehicle longitudinal 
acceleration were measured. The observer states and measured variables were expanded as

[ ]
654321654321654321 xxxxxxxxxxxx FFFFFFFFFFFFωωωωωωx ˙̇˙̇˙̇˙̇˙̇˙̇˙˙˙˙˙˙˙˙˙˙˙˙˙ = T (10)

[ ]654321 ωωωωωωvy x˙=  T

where the subscripted ’1-6’ denotes the wheel number, and the braking force on each wheel 
was modeled similarly to Equation (8). The observer gains were tuned similarly to the single-
wheel case. 

The  observer  was  evaluated  experimentally using  an instrumented  semi-trailer  fitted  with 
wide single tyres and conventional ABS, and towed by a Volvo FH12 (2-axle) tractor. The 
vehicle was tested in the laden condition, with a gross vehicle weight of approximately 38 t. 
Brake chamber pressure, pressure demand, and wheel speeds were logged at 100 Hz at each of 
the 6 trailer  wheels,  as  was  the longitudinal  and lateral  acceleration,  and the longitudinal 
speed of the trailer. The test procedure involved accelerating the vehicle to the test speed of 50 
km/h,  disengaging  the  clutch,  and  electronically  sending  a  pressure  demand  of  6.5  bar 
(equivalent  to an emergency stop) to the trailer  ABS ECUs. Tests  were run at  the MIRA 
proving ground on  a “wet basalt tile” track with a nominal friction of  μ  = 0.2 (Ashley and 
MacKellar, 1985). The track had only small amounts of roughness. All vehicle parameters, 
such as brake gain and wheel radius, were known approximately during post processing of the 
measured data.

The effectiveness of the observer for the three offside trailer wheels is shown in Figure 5. The 
estimated slip curves traced out by the wheels during the stop are shown in Figure 5 b). The 
true force time histories are not available for comparison.  However, the level of tyre-road 
friction  predicted  by the  observer  is  close  to  the  value  specified  for  the  track,  with  the 
discrepancy  thought  to  be  caused  by  the  near-freezing  air  temperature  during  the  tests. 
Moreover, the tractive forces of the three wheels encouragingly collapsed on each other, and 
the slip curves traced out have reasonable shapes. The scatter of data in Figure 5 b) is likely 
caused by sensor noise, variability in the actual surface friction, and the velocity dependence 
of the tyre force characteristics.

HVTT11: Improving Heavy Vehicle Emergency Braking Systems 7



  

              a) Speed time histories            b) Slip curve traced out during the stop

Figure 5 – Measured sliding mode observer performance on a low friction, wet basalt 
tile surface (μ = 0.2) with conventional ABS

4.4 Observer Robustness
A problem frequently neglected in the literature is the robustness of tractive force observers to 
brake  gain  errors.  Brake  gains  can  vary  by  over  30%  per  brake  due  to  manufacturing 
variations, ageing, moisture, stopping history, etc. (Radlinski, 2007). Since the brake gain is 
multiplicative to the input in Equation (8), errors in the gain directly affect the information 
that is being used for estimation. 

Figure  6 a) shows the performance of the sliding mode force observer on the single-wheel 
model with a 50% brake gain error in the algorithm and measurement of the wheel speed only. 
There is a corresponding 50% error in the estimated force. Figure 6 b) shows the performance 
of the observer with the same brake gain error and the longitudinal acceleration measured as 
well.  The  observer  was  not  in  the  control  loop  for  either  simulation  run.  Since  vehicle 
acceleration  is  directly  related  to  braking  force  through  Equation  (1),  the  accelerometer 
significantly improves the accuracy of the estimator. 

Unfortunately, the theoretical  benefit of the additional accelerometer measurements is only 
available for a single-wheeled vehicle, where Equation (1) holds. For a real heavy vehicle 
with multiple axles, Equation (9) applies instead. In this case, there are an infinite number of 
possible combinations of brake gains that can generate the measured longitudinal acceleration, 
and the observer does not have sufficient information to estimate each one accurately. 

HVTT11: Improving Heavy Vehicle Emergency Braking Systems 8
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             a) Measuring only ω       b) Measuring ω and ax

Figure 6 – Simulated sliding mode observer performance with a 50% error in brake 
gain (μ = 0.9, IRI = 0 m/km)

Figure 7 shows the performance of the nominal sliding observer on the six-wheeled model 
and a high friction, smooth road with brake gain variations ranging between 20% and 50% on 
each wheel of the vehicle. The brake gains are intentionally allowed to affect the sliding mode 
controller. The observer interprets Equation (9) to mean that the braking forces on all wheels 
are approximately the same and equal to the average of the set, as can be seen in Figures 7 a) 
and b), whereas this is clearly not the case in Figure 7 c). The observer gains, ko and L can be 
tuned so that the estimation relies more on the individual wheel speeds than the accelerometer 
measurements, but inaccuracies will ensue as in the case of Figure 6 a) due to the brake gain 
errors. Consequently, it is necessary to estimate the individual brake gains.
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         a) Forces on Wheel 1          b) Forces on Wheel 4         c) Slip on All Wheels

Figure 7 – Simulated sliding mode observer performance on a 6-wheeled model and a 
smooth, high friction surface (μ = 0.9, IRI = 0 m/km) with brake gain 

errors ranging between 20-50%

5. Brake Gain Estimation

5.1 Estimation Algorithm Equations

The observable system described by Equation (8) cannot be used as a parameter identifying 
observer  by augmenting it  with  the brake gain as a state,  without  adding more measured 
variables. Since all critical variables related to braking are already being used as inputs or 
measured states, an alternative approach to brake gain estimation was explored. The proposed 
algorithm estimates the brake gains before emergency braking, so they can be used at the start 
of the braking event. The procedure involves a short, strong application of the brake on each 
wheel  in  turn during free rolling.  In this  way, the braking force is  directly related to  the 
vehicle deceleration. A least squares approach can then be used to estimate the brake gain. 

Rearranging Equation (2) to linearly parameterize the brake gain against the other variables,

c

xv

P
ωJvrmGy
˙˙ −−=⋅= 1 (11)

Following the standard recursive least squares formulation (Kiencke and Nielsen, 2000), the 
brake gain estimator is given by,

( ) ( ) ( ) ( ) ( )[ ]1ˆ11ˆˆ −⋅−+−= nGnynknGnG e (12)

( ) ( )
( )1

1
−+

−=
nPφ

nPnke

            ( ) ( ) ( ) ( )
φ

nPnk
φ
nPnP e 11 −−−=  

where n is a given time step, ke is the recursive gain, P is the covariance matrix, and φ  is the 
forgetting factor.
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5.2 Estimator Results
Figure 8 shows the effectiveness of the estimator in simulations on a medium friction, rough 
road. The six-wheeled simulation featuring sensor noise was used and a brake demand of 
2 bar was sent to the leading offside wheel for 0.3 s, starting 0.5 s into the simulation. Despite 
the  noise  and  roughness,  the  algorithm  quickly  estimated  the  correct  brake  gain.  The 
variability seen in Figure 8 b) is caused by instantaneous biases in the sensor noise.

a) Vehicle and Wheel Speeds b) Gain Estimation on Wheel 1

Figure 8 – Simulated brake pulse used for brake gain estimation on a medium friction, 
rough road (μ = 0.4, IRI = 20 m/km) with sensor noise

The  brake  gain  estimation  algorithm  was  tested  on  the  tractor  semi-trailer  described  in 
Section 4.2. The vehicle was unladen and had a total weight of approximately 20 t. The test 
procedure involved accelerating the vehicle to the test speed of 50 km/h on a high friction, 
slightly rough road,  disengaging the clutch,  and electronically sending a pressure demand 
pulse to the ABS ECUs for each trailer wheel in succession. The width and magnitude of the 
pulses were increased to 0.5 s and 3 bar respectively, to enhance the clarity of the results.

 

                a) Vehicle and Wheel Speeds              b) Gain estimation on wheel 4

Figure 9 – Measured brake gain estimation during vehicle tests on a high friction, mildly 
rough road
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Estimation  results  for  a  sample  run are  shown in  Figure 9.  Accelerometer  readings  were 
compared to those at the beginning of a test run, so the accelerometer bias could be removed. 
The brake gain of the vehicle was expected to be in the range of 0.014-0.017 N-m/Pa, based 
on manufacturer information and previous tests. The estimator converged to plausible values 
within 0.3 s, with the estimated value varying by only 10% after convergence. The estimator 
was not, however, consistent throughout all the runs. The data acquisition could only be run at 
100 Hz, and the coarseness of the data points caused slow and unreliable convergence for 
some runs. Further vehicle tests are planned with 500 Hz sampling to prove the reliability of 
the estimator.

6. Conclusions

(i) A sliding mode controller was presented for a pneumatically braked vehicle, and was 
shown to precisely control slip on rough roads in simulations.

(ii) A sliding mode braking force observer was derived assuming a random walk model 
for  the  force  and  using  measurements  of  longitudinal  vehicle  acceleration,  wheel 
speed, and brake pressure.

(iii) The  sliding  mode  observer  gave  accurate  results  in  simulations.  The  observer 
performed well in vehicle tests, approximately predicting the road friction level.

(iv) While  the  accelerometer  made  the  observer  robust  to  brake  gain  errors  in  single-
wheeled vehicles, the result does not hold for multi-wheeled vehicles. 

(v) A brake gain estimator  was derived using the recursive least  squares algorithm to 
supplement the sliding controller and observer. It requires pulsing each brake in turn 
during free-wheeling.

(vi) Brake gains were estimated  with reasonable accuracy during simulations  and gave 
promising values in vehicle tests.
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