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Abstract 

 

The Pressure Generation Unit (PGU) is the key actuator in an Electro Hydraulic Brake (EHB) system, where accurate 

friction modelling is essential for realistic pressure generation and reliable system simulation. This paper compares two 

friction modelling approaches for a physics-based PGU model: the Hyperbolic Tangent model and the dynamic LuGre 

model. The Hyperbolic Tangent model offers a simple and computationally efficient representation of friction, while the 

LuGre model is more complex and captures nonlinear friction effects such as hysteresis, pre-sliding displacement, and 

the Stribeck effect. Both models are implemented using equivalent formulations in Simulink and manually written C-

code to enable a direct comparison under identical operating conditions. Their performance is evaluated by analysing 

load, plunger displacement, and plunger velocity responses, with the simulated plunger displacement also validated 

against experimental measurements. The results show that the LuGre model provides a more realistic representation of 

the PGU dynamics, with closer agreement to the measured plunger displacement, particularly during low-speed operation 

and motion reversal, while the Hyperbolic Tangent model remains an efficient alternative for applications where 

computational cost is a primary concern. In addition, the compiled C-code implementation enabled efficient integration 

into the complete EHB model and completed the simulation approximately three times faster, demonstrating its suitability 

for Software-in-the-Loop (SiL) and future real-time embedded automotive applications. 

 

Keywords: Electro Hydraulic Brake; Pressure Generation Unit; LuGre Friction Model; Hyperbolic Tangent Friction 

Model; Software-in-the-Loop (SiL). 

 

 

1. Introduction  

 

Driven by the increasing demand for enhanced vehicle safety and efficiency, Brake-by-Wire (BBW) systems have 

emerged as a key technology in modern automotive braking. These systems replace, either partially or completely, the 

conventional mechanical linkage between the brake pedal and the wheel brakes with electronically controlled actuation. 
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Compared with conventional hydraulic braking systems, BBW technologies provide faster response, improved pressure 

modulation and seamless integration with advanced vehicle functions such as Anti-lock Braking Systems (ABS), 

Electronic Stability Control (ESC), Automatic Emergency Braking (AEB) and regenerative braking.[1] Among the 

different BBW architectures, Electro Hydraulic Braking (EHB) has grown as one of the most practical solutions because 

it combines the proven reliability of hydraulic braking with the flexibility and precision of electric actuation, making it 

well suited for modern and electric vehicles [2]. 

A key component of the EHB system is the Pressure Generation Unit (PGU), which is responsible for producing the 

hydraulic pressure required for brake actuation. As the actuator directly governs pressure generation, its dynamic 

behaviour has a substantial influence on braking performance, pressure tracking accuracy, and the overall stability of the 

braking system [3]. As a result, developing an accurate mathematical representation of the PGU is essential for controller 

design, system optimisation, and virtual validation prior to experimental testing. 

One of the main challenges in modelling the PGU is the accurate representation of mechanical friction. Friction arises 

from the interaction of the moving components within the transmission mechanism and exhibits strongly nonlinear 

behaviour, particularly during low-speed motion, direction reversals, and transient operating conditions. These effects 

include stick-slip motion, hysteresis, and pre-sliding displacement, all of which can significantly influence pressure 

generation and actuator response. If such nonlinearities are not adequately captured, the simulation may fail to reproduce 

the behaviour of the physical system accurately, leading to reduced confidence in pressure prediction and control 

development [4]. Experimental studies have also shown that nonlinear friction effects, such as stick-slip behaviour and 

friction memory, can strongly influence the agreement between simulated and measured responses [5]. 

Various friction models have been proposed to represent these nonlinear characteristics. Simple static models, such 

as the Coulomb model and its continuous Hyperbolic Tangent approximation, are computationally efficient and 

straightforward to implement, making them attractive for real-time applications. However, they cannot accurately 

reproduce dynamic friction effects such as friction memory, hysteresis and pre-sliding displacement. Dynamic friction 

models, particularly the LuGre model, overcome these limitations by introducing an internal state that describes the 

average deformation of microscopic surface asperities, enabling realistic representation of stick-slip motion, the Stribeck 

effect and hysteresis under varying operating conditions [6],[7],[8]. Although the LuGre model generally provides higher 

simulation fidelity, its increased computational complexity may become a limitation for embedded real-time applications. 

The increasing complexity of EHB systems has also changed the product development process, making Model-Based 

Design (MBD) the preferred approach for system development and validation. MBD enables engineers to evaluate system 

behaviour and optimise control strategies using executable mathematical models before hardware implementation [9]. 

Through the progressive validation stages of Model-in-the-Loop (MiL), Software-in-the-Loop (SiL) and Hardware-in-

the-Loop (HiL), potential design issues can be identified early, reducing development time, cost and dependence on 

physical prototypes [10]. Erler and Essers demonstrated a similar validation approach in which the same virtual model 

was used for both SiL and HiL testing [11]. In automotive braking, Simulink-based ABS models have also been validated 

experimentally, with HiL recognised as an important tool for testing electronic braking systems [12]. 

Although extensive research has been conducted on brake pressure control and friction compensation in EHB systems 

and numerous friction models have been proposed to represent nonlinear friction behaviour, limited attention has been 

given to comparing the influence of different friction models on the dynamic response of the PGU itself. Furthermore, 

few studies have investigated the trade-off between simulation accuracy and computational efficiency using equivalent 

implementations in both Simulink and embedded C code, which is essential for real-time automotive applications. 

Therefore, this paper presents a physics-based PGU model incorporating two friction modelling approaches: the 

Hyperbolic Tangent model and the dynamic LuGre model. Both models are implemented using equivalent formulations 

in Simulink and manually written C-code and evaluated under identical braking conditions. Their influence on friction 

force, hydraulic pressure generation and overall system behaviour is analysed, providing guidance for selecting an 

appropriate friction model for virtual validation and future real-time automotive BBW systems. 

 

2. Pressure Generation Unit and Friction Modelling 

 

PGU is the core electromechanical actuator of the EHB system, responsible for generating the hydraulic pressure 

required for brake actuation. It converts the rotational motion of the electric motor into the linear displacement of a plunger 

through a ball screw–ball nut mechanism. The dynamic behaviour of the PGU is governed by the interaction between the 

mechanical transmission, hydraulic forces, and friction acting on the moving components. Therefore, an accurate 

mechanical model is essential for evaluating the influence of different friction modelling approaches on the overall system 

response. 

 

2.1 PGU Architecture 

 

The mechanical model describes the behaviour of the plunger within the PGU. As illustrated in Figure 1, the ball 

screw is directly coupled to the plunger and converts the rotational motion of the electric motor into a linear displacement. 

The plunger separates the hydraulic circuit into two pressure chambers with different effective cross-sectional areas. 

During normal brake actuation, the motor drives the plunger forwards. In this operating mode, hydraulic pressure is 

generated in the large chamber, whose effective area is defined by the full cross-sectional area of the large plunger 
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diameter. The resulting hydraulic force acting on the plunger is therefore determined by the pressure in the large chamber 

and its corresponding effective area. 

When the plunger reaches its maximum forward travel and additional brake pressure is required, the PGU switches to 

the reverse pressure-generation mode. The relevant hydraulic valves are actuated, and the motor reverses the direction of 

plunger motion. During the backward stroke, pressure is generated in the small chamber. The effective hydraulic area in 

this mode is the annular area formed by the difference between the cross-sectional areas of the large and small plunger 

diameters. The smaller effective area during the reverse stroke allows the PGU to generate additional hydraulic pressure 

while the plunger moves backwards. Since friction influences the plunger motion and the resulting pressure response in 

both operating modes, static friction, referred to as stiction, and sliding friction are included in the mechanical model. 

 

 
Fig. 1. Cross-sectional view of PGU 

 

3.2 Mechanical Dynamics 

 

 The translational motion of the plunger is described by Newton's second law. It considers all significant forces acting 

on the moving assembly. These include the spindle driving force, hydraulic forces generated in the large and small 

chambers, friction, and the stiffness and damping forces generated at the mechanical end stops. The resulting equation of 

motion is:  

 

𝑀𝑒𝑞𝑥̈𝐏𝐆𝐔 =  𝐹𝑠𝑝𝑖𝑛𝑑𝑙𝑒 + 𝐹𝑠𝑚𝑎𝑙𝑙 − 𝐹𝑙𝑎𝑟𝑔𝑒 − 𝐹𝑓𝑟𝑖𝑐𝑡𝑖𝑜𝑛 − (𝐹𝑐𝑜𝑛𝑡𝑎𝑐𝑡𝑆  + 𝐹𝑐𝑜𝑛𝑡𝑎𝑐𝑡𝐷) (1) 

 

where 𝑀eq denotes the equivalent moving mass of the motor and PGU assembly. The spindle force 𝐹spindle is generated 

by the ball screw mechanism and provides the driving force for the plunger. The hydraulic forces 𝐹large and 𝐹small 

correspond to the pressures acting on the effective areas of the large and small chambers, respectively. The friction force 

𝐹friction represents the resistance to motion and is modelled using either the Hyperbolic Tangent or the LuGre friction 

model. Finally, 𝐹contact𝑆 and 𝐹contactD represent the stiffness and damping components of the end-stop contact force, 

preventing unrealistic motion beyond the mechanical travel limits. 

 

3.3 Friction Modelling 

 

To investigate the influence of friction representation on the dynamic response of the PGU, two friction models are 

implemented and compared: a Hyperbolic Tangent friction model and the LuGre dynamic friction model. In both cases, 

the friction force 𝐹friction replaces the corresponding term in equation 1. 

 

Hyperbolic Tangent Friction Model 

 

The Hyperbolic Tangent model provides a smooth approximation of Coulomb friction while eliminating the 

discontinuity at zero velocity. The hyperbolic tangent friction force is expressed as: 

 

𝐹𝑓𝑟𝑖𝑐𝑡𝑖𝑜𝑛 =  𝐹𝑚𝑎𝑥tanh(𝑘𝑣)  (2) 

 

where 𝑣 is the spindle velocity, 𝐹max is the maximum friction force, and 𝑘 controls the transition steepness around zero 

velocity. Although computationally efficient and numerically robust, this model cannot reproduce pre-sliding 

displacement, hysteresis, or the Stribeck effect. 

 

LuGre Friction Model 

 

Unlike the Hyperbolic Tangent model, the LuGre model represents friction as a dynamic process by introducing an 

internal state variable that characterises the average deflection of the bristles at the contact interface. This enables the 

model to capture pre-sliding displacement, hysteresis, varying static friction, and the Stribeck effect. The steady-state 

friction characteristic is described by the Stribeck function: 
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𝑔 (𝑣) =  𝐹𝑐 + (𝐹𝑠 − 𝐹𝑐 )𝑒
−(

𝑣

𝑣𝑠
)2

  (3) 

 

where 𝐹𝑐 denotes the Coulomb friction level, 𝐹𝑠 the static friction level, 𝑣𝑠 the Stribeck velocity, and 𝑣 is the plunger 

velocity. 

 

The evolution of the internal bristle state is given by: 

 

𝑧̇ =  𝑣 − |𝑣|𝜎0. 𝑠𝑎𝑡(
𝑧

𝑔(𝑣)
)  (4) 

 

where 𝑧 represents the average bristle deflection and 𝜎0 is the bristle stiffness. 

The resulting LuGre friction force is calculated then as: 

 

𝐹𝑓𝑟𝑖𝑐𝑡𝑖𝑜𝑛 =  𝜎0 𝑧 + 𝜎2𝑣  (5) 

 

In the implemented model, both the static and Coulomb friction levels are continuously adapted according to the 

hydraulic load acting on the plunger and the current operating mode of the PGU. This allows the model to reproduce load-

dependent friction characteristics while preserving the dynamic behaviour described by the LuGre formulation. 

The simulations that is performed in MATLAB/Simulink used the fixed-step ode3 Bogacki–Shampine solver with a step 

size of 100 𝜇s. The same solver settings, model parameters, initial conditions, and input profiles are used for both friction 

models to ensure a consistent comparison. 

 The experimental validation is carried out directly on the physical PGU, where the plunger displacement is measured 

using a displacement sensor under the same operating conditions as the simulation. This allows a direct comparison 

between the measured response and the behaviour predicted by the two friction models. The experimental signal naturally 

contains the measurement noise present in the test setup, and no additional noise is introduced into the simulation. For 

real-time implementation, a representative ECU control-cycle requirement of 1 ms is considered as the target execution 

limit for the compiled C-code. The LuGre parameters represent the combined friction behaviour of the PGU and account 

for variations in hydraulic load and direction of plunger motion. In this manner, the main friction effects of the different 

contact interfaces are represented through an equivalent friction model rather than by modelling each contact surface 

alone. 

 

3. Results and discussion  

 

This section presents the validation of the proposed friction modelling approach at both the component and system 

levels. First, the Hyperbolic Tangent and LuGre friction models are compared at PGU level to evaluate their influence on 

the actuator dynamics. Subsequently, the selected LuGre model is implemented as compiled C-code and integrated into 

the complete EHB system. The compiled C-code implementation is then compared with the pressure request signals from 

the ECU to verify the suitability of the model for SiL and future HiL applications. 

 

2.2 Component-Level Validation 

 

The Hyperbolic Tangent and LuGre friction models are compared at the PGU component level to evaluate the 

influence of friction model selection on the dynamic response of the EHB system. Both models are implemented in 

Simulink using their respective mathematical formulations, while all remaining model parameters and operating 

conditions are kept identical to ensure a consistent comparison. Experimental measurements of the plunger displacement 

are also included to validate the simulation results. Figure 2 presents the load, plunger displacement, and plunger velocity 

responses. 

Both friction models accurately follow the requested load profile, with only minor differences under steady-state 

conditions. In one hand, the LuGre model provides smoother load tracking with reduced overshoot and fewer oscillations 

during transient operation, whereas the Hyperbolic Tangent model exhibits noticeable oscillations, particularly during 

motion reversal and rapid load changes. 

The experimental plunger displacement shows that the LuGre model agrees more closely with the measured response 

throughout the operating cycle. Specifically, after the load is released, the experimental response returns smoothly without 

oscillations, which is accurately reproduced by the LuGre model. On the other hand, the Hyperbolic Tangent model 

exhibits overshoot and oscillations that are not observed experimentally. Similar behaviour is reflected in the plunger 

velocity, where the LuGre model produces smoother transitions, while the Hyperbolic Tangent model generates higher 

velocity peaks and oscillatory behaviour. 

All in all, the results demonstrate that the LuGre model provides a more realistic representation of PGU dynamics by 

accounting for dynamic friction effects such as pre-sliding displacement, hysteresis, and friction memory. Therefore, it is 

better suited for high-fidelity EHB simulations, while the Hyperbolic Tangent model remains a simpler alternative with 

lower computational complexity. 
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Fig. 2. Comparison of Hyperbolic Tangent and LuGre friction models 

 

2.3 System-Level Validation 

 

Following the component-level validation, the LuGre friction model is implemented as compiled C-code and 

integrated into the complete EHB system. This implementation enables deployment of the model to real-time hardware 

platforms for SiL and future HiL validation. The model is evaluated using brake pressure demand signals recorded from  

the ECU during representative braking manoeuvres. Figure 3 presents the requested and generated brake pressure 

responses for all four wheel calipers. 

   The compiled LuGre model follows the requested brake pressure profiles in all four brake channels. The overall 

pressure build-up and release characteristics are well reproduced, while small deviations are observed mainly during rapid 

transient phases. These differences are expected because the brake pressure is generated through the complete nonlinear 

EHB system, where actuator dynamics, hydraulic behaviour, and friction effects influence the response. Nevertheless, the 

generated pressures closely follow the requested profiles throughout the braking manoeuvres, demonstrating stable and 

consistent system behaviour. 

The results confirm that the compiled LuGre friction model can be successfully integrated into the complete EHB 

model while preserving the desired dynamic response. In addition, the compiled C-code implementation executed 

approximately three times faster than the equivalent Simulink model, demonstrating its suitability for computationally 

efficient SiL, HiL, and future embedded real-time applications. 
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Fig. 3. System-level brake pressure response of the compiled C-code LuGre model 

 

4. Conclusion 

 

This paper presented a comparative evaluation of the Hyperbolic Tangent and LuGre friction models for the PGU of 

an EHB system. The comparison demonstrated that the LuGre friction model provides a smoother transient response, 

with reduced oscillations in load, plunger velocity, and plunger displacement owing to its ability to capture dynamic 

friction phenomena like pre-sliding displacement and hysteresis. On the other hand, the Hyperbolic Tangent model 

exhibited faster but more oscillatory behaviour while remaining computationally efficient. Based on these findings, the 

LuGre model is implemented as compiled C-code and integrated into the complete EHB system. The system-level 

validation showed excellent agreement between the compiled C-code implementations and pressure requests, confirming 

that the model can be translated into embedded code without significantly affecting its dynamic behaviour. Furthermore, 

the compiled C-code implementation completed the simulation approximately three times faster than the equivalent 

Simulink model, demonstrating its suitability for real-time execution and providing a reliable basis for SiL applications. 

 Future work will focus on deploying the compiled model on a HiL platform and evaluating its performance under a 

wider range of braking scenarios and operating conditions to further assess its robustness and real-time applicability. 
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