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Fig. 1 High-level architecture of the proposed brake pressure estimation algorithm based on multilayer Artificial Neural Networks.

system (ABS). In [22], an extended-kalman-filter-based
estimation algorithm was developed considering hydraulic
model and tyre dynamics. In [23], an algorithm for online
observation of brake pressure was designed through a
developed inverse model, and the algorithm was verified in the
vehicle’s electronic stability program. In [24], the models of
brake pressure increase, decrease and hold are proposed,
respectively, by using the experimental data. And the models
can be used for fast online observation of hydraulic brake
pressure. In [25], a brake pressure estimation algorithm was
proposed for ABS considering the hydraulic fluid
characteristics. In [26], the estimation algorithm was performed
by calculating the volume of fluid flowing through the valve.
The amount of fluid is a function of the pressure differential
across the valve and the actuation time of the valve.
Nevertheless, the existing research on brake pressure estimation
was mainly investigated from the perspective of control
engineering, and an approach with the probabilistic method,
such as machine learning, has rarely been seen.

In this paper, an Artificial-Neural-Network-based estimation
method is studied for accurately observing the brake pressure
of an electric passenger car. The main contribution of this work
lies in the following aspects: 1) an ANN-based machine
learning framework is proposed to quantitatively estimate the
brake pressure of an EV; 2) The proposed approach is
implemented with experimental data obtained via vehicle
testing, and compared with other methods; 3) The proposed
approaches has a great potential to achieve a sensorless design
of the braking control system, removing the brake pressure
sensor existing in the current products and largely reducing the
cost of the system. Moreover, it also provides an additional
redundancy for the safety-critical braking functions.

The rest of this paper is organized as follows. Section II
describes the high-level architecture of the proposed multilayer
ANN for brake pressure estimation. Section III briefly
introduces the standard backpropagation algorithm and
illustrate the notations and basic concepts demanded in the
Levenberg-Marquardt algorithm. Section IV presents details of
the application of the LMBP method to training the feed-
forward neural networks. In Section V, experiment
implementations including feature selection, data collection and
preprocessing are presented. Section VI reports the
experimental results of the proposed brake pressure estimation
algorithm including performance comparison to other

approaches. Finally, conclusions are made in Section VII.

II. MULTILAYER ARTIFICIAL NEURAL NETWORKS
ARCHITECTURE

In order to achieve the objective of brake pressure estimation,
multilayer artificial neural networks are firstly constructed with
the input of vehicle and powertrain states. Details of the high-
level system architecture and structure of the component are
described in this section.

A. System Architecture
The system architecture with proposed methodology is

shown in Fig. 1. The multilayer artificial neural network
receives state variables of the vehicle and the electric
powertrain system as inputs, and then yields the estimation of
the brake pressure through the activation function. The
Levenberg-Marquardt Backpropagation algorithm is then
operated with the performance function, which is a function of
the ANN-based estimation and the ground truth of brake
pressure. The weight and bias variables are adjusted according
to Levenberg-Marquardt method, and the backpropagation
algorithm is used to calculate the Jacobian matrix of the
performance function with respect to the weight and bias
variables. With updated weights and biases, the ANN further
estimates the brake pressure at the next time step. On the basis
of the above iterative processes, the ANN-based brake pressure
estimation model is well trained. The detailed method and
algorithms are introduced in the following subsection.

B. Multilayer Feed-Forward Neural Network

Fig. 2 Structure of the multilayer feed-forward neural network.

In this work, a multilayer feed-forward neural network is
chosen to estimate brake pressure. A FFNN is composed of one




















