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Motivations
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Driver Input    Electric Propulsion and 

   Enhanced Mechatronics

Reduction of 

global 

emissions

Improved vehicle 

safety and 

driving comfort

EV and HEV features Electric Propulsion and Enhanced 

Mechatronic Subsystems, such as brake-by-wire

The coordination between conventional and electric brakes 

has to occur without driver noticing

Driver Input    Electric Propulsion and 

   Enhanced Electronics
Reduction of global 

emissions

Improved 

vehicle safety

Increasing stiffening of driving safety and emission regulations has 

led the automotive industry to widen the fleet of EV and HEV

Driver Input    Electric Propulsion and 

   Enhanced Electronics

Reduction of 

global 

emissions

Improved vehicle 

safety and 

driving comfort
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Brake-by-wire: EHB 
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High-pressure 

accumulator

Supply 
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Rear Right Caliper

Boost valve

Inlet proportional 

valve

Pedal simulator

1) The brake pedal travel is measured and the 

pedal simulator creates the required feedback 

force to the driver

2) The VCU calculates the demanded brake 

pressure for each caliper and transfers the data 

to the EHCU

3) The EHCU realizes the actuation of wheel 

brake cylinders by setting the demanded 

pressure level in the wheel calipers through the 

proportional valves



Brake Colloquium & Exhibition - 35th Annual 

Brake Controller
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Brake 

Blending
Brake System

Veh. Dynamics

(IPG)

LKF Obs. for 

Wheel Torque

Brakes CoF 

Estimator

i

iFRbrakeT _

iwheelT̂

ibrake̂ yx aa ,

Obs. for tire 

motion and 

vertical load

izF̂

ii SL ss ˆ,ˆ

Electric Motors

pedals

Base Brake 

Controller

demT

i

demEMbrake i
T __

demFRbrake i
T __

iEMbrakeT _

𝑇𝑑𝑒𝑚 = 𝑚𝑣 ∙ 𝑎𝑥
𝑟𝑒𝑓

(𝑠𝑝𝑒𝑑𝑎𝑙) ∙ 𝑟𝑤
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𝑝𝑏,𝑑𝑒𝑚 =
(1 − 𝛼) ∙ 𝑚𝑣 ∙ 𝑎𝑥

𝑟𝑒𝑓
(𝑠𝑝𝑒𝑑𝑎𝑙) ∙ 𝑟𝑤

2 ∙  𝜇𝑏∙ 𝐴𝑝𝑎𝑑 ∙ 𝑟𝑐𝑙



Brake Colloquium & Exhibition - 35th Annual 

 𝜇𝑏𝑖 < 𝜇𝑏𝑖

Objective: BLCF compensation
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• Large BLCF deviations from the reference value 

employed in the controller can lead to unpredictable 

vehicle behavior, namely:

• The disturbance compensation abates the error 

between the demanded and the real deceleration level, 

resulting in an improved driving comfort and better 

system response
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Virtual Sensor of BLCF
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Wheel 

dynamics

Chassis forces 

virtual sensor

ωi 

ax,ayTire model
Prediction

Update

Observer for 

tire dynamics

Observer for 

wheel vertical 

load

iZF̂

ii SL ss ˆ,ˆ

iwheelT̂

RLS Filter

i

i

i

clcl

wheel

b
Fr

T̂


The KF combines information coming from 

models (prediction step) and sensors 

(update step), in presence of uncertainty, to 

provide a minimum variance estimation of 

the system state variables.
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Wheel Torque Observer
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• 𝑥(𝑡) = {𝜔1, … , 𝜔4,  𝜔1, … ,  𝜔4, 𝐹𝐿1
∗ , … , 𝐹𝐿4

∗ , 𝑇𝑤ℎ𝑒𝑒𝑙1 , … , 𝑇𝑤ℎ𝑒𝑒𝑙4}
𝑇 16 𝑠𝑡𝑎𝑡𝑒𝑠

 𝜔𝑖 =
𝑇𝑤ℎ𝑒𝑒𝑙𝑖 − 𝐹𝐿𝑖

∗ ∙ 𝑟𝑤

𝐼𝑤

Eq. of wheel dyn.

Random walk

Tire model

µ𝑟𝑒𝑠𝑖 = 𝑐1 ∙ 1 − exp −𝑐2 ∙ 𝑠𝑟𝑒𝑠𝑖 − 𝑐3 ∙ 𝑠𝑟𝑒𝑠𝑖 ∙ exp(−𝑐4 ∙

𝑠𝑟𝑒𝑠𝑖 ∙ 𝑉𝐶𝑜𝐺) ∙ (1 − 𝑐5 ∙ 𝐹𝑧𝑖
2); Where 𝑠𝑟𝑒𝑠𝑖 = 𝑠𝐿𝑖

2 + 𝑠𝑆𝑖
2

1st order Euler

• 𝑦(𝑡) = {𝜔1
𝑠, … , 𝜔4

𝑠, 𝐹𝐿1
∗ 𝑣𝑠, … , 𝐹𝐿4

∗ 𝑣𝑠}𝑇

Measured quantities
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𝐹𝑥
𝑣𝑠 = 𝑚𝑎𝑥 − 𝐹𝑎𝑥 −𝑚𝑔 ∙ sin(𝜗)

modelaccelerometer

Provided by a virtual sensor
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Wheel Torque Observer

Paper # (if applicable)

9

Prediction

Update

 𝜔𝑖 =
𝑇𝑤ℎ𝑒𝑒𝑙𝑖

−𝑟𝑤𝐹𝐿𝑖
∗

𝐼𝑤

Tire model

µ𝑖 = 𝑓(𝑠𝑟𝑒𝑠𝑖 , 𝑉𝑥 , 𝐹𝑧𝑖)

𝑇𝑤ℎ𝑒𝑒𝑙𝑖 Random walk Virtual sensor

𝐹𝐿𝑖
∗𝑣𝑠

𝐹𝑆𝑖
∗𝑣𝑠

=  𝐴(𝛼𝑖,𝛿𝑤) ∙
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𝑣𝑠 = 𝑚𝑎𝑥 − 𝐹𝑎𝑥 − 𝐹𝑠𝑙𝑜𝑝𝑒𝑥

𝐹𝑦
𝑣𝑠 = 𝑚𝑎𝑦

𝑢(𝑡)

𝑦(𝑡)
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Simulation – IPG CarMaker
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Vehicle type Passenger full

electric vehicle

Total vehicle mass 1463 kg

Powertrain type AWD

Drivetrain type Individual in-wheel 

motors

Brake system type Decoupled EHB

Tire size 195/65 R15

Vehicle model experimentally validated

IPG Tire Model

IPG Brake Model
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BLCF Estimation – Dry Road – No blending

Vehicle model experimentally validated
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Compensation capability

Vehicle model experimentally validated
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BLCF Estimation – Changing road conditions – No blending
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BLCF Estimation – Blending
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𝑉0 = 72 𝑘𝑚/ℎ

𝑇0 = 150 °𝐶

𝑠𝑝𝑒𝑑𝑎𝑙 = 60%

The estimation accuracy deteriorates 

for lower excitation levels
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BLCF Compensation – Constant deceleration level
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The BLCF 

compensation allows 

attaining a constant 

vehicle deceleration 

level 

𝑉0 = 130 𝑘𝑚/ℎ

𝑇0 = 150 °𝐶

𝑠𝑝𝑒𝑑𝑎𝑙_𝑚𝑎𝑥 = 60%

(base braking)
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BLCF Compensation – Improved brake pedal feel
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• In the under-braking case (dash line), higher brake pedal travel must be applied to realize the 

same deceleration level. 

• In the over-braking case (dash-dot line), the same pedal actuation produces higher 

deceleration levels.

• The compensation algorithm detecting a friction loss event aligns the pedal travel-

deceleration curve to the ideal profile reducing the driver workload
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Conclusion

• A state observer based on Kalman Filter is implemented to estimate the 

friction coefficient

• The observer features a compensation capability against changing road 

conditions and is easily tunable in case of variation of plant characteristics

• The knowledge of the current BLCF is necessary for enabling the 

compensation function within the EHB control unit

• The BLCF compensation allows to attain a constant vehicle deceleration level 

with simultaneous improvement of brake pedal feel.
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