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Abstract
This paper presents the analysis of an innovative braking system as an alternative and environmentally friendly solution to traditional automotive friction brakes. The idea arose from the need to eliminate emissions from the braking system of an electric vehicle: traditional brakes, in fact, produce dust emissions due to the wear of the pads.  The innovative solution, called Zero-Emissions Driving System (ZEDS), is a system composed of an electric motor (in-wheel motor) and an innovative brake. The latter has a geometry such that it houses MagnetoRheological Fluid (MRF) inside it, which can change its viscous properties according to the magnetic field passing through it. It is thus an electro-actuated brake, capable of generating a magnetic field passing through the fluid and developing braking torque. 
A performance analysis obtained by a simulation model built on Matlab Simulink is proposed. The model is able to simulate the transient 1D motion of an electric vehicle equipped with four wheels, each having a ZEDS mounted. It has the ability to simulate a road test, supervise the behavior of the vehicle, monitoring parameters such as the State of charge (SoC) of the battery, the current used by the vehicle's battery, speed, drive torque and the decoupling between the regenerative braking torque and the Magneto-Rheological brakes torque. 
The primary goal of the model is to verify the capability of the braking system to develop a sufficiently high torque to satisfy safety standards and regulation requests. The study creates also a starting point for thermal analysis of the system.
Introduction
The main goal of automotive research, focused primarily on electric propulsion, is to eliminate combustion emissions from vehicles. The new generation of electric vehicles completely eliminates combustion emissions and is able to use the energy obtained from the regenerative braking, thus reducing the work of friction brakes, which, in addition to dissipating energy, generate dust emissions due to pad wear [1] [2]. 
 All the components acting on a frictional basis generate wear subproducts, which could have a dimension of micro or nanometres. Those are commonly called particles and are defined on a dimensional basis in categories as PM10 (aerodynamic diameter lower than 10μm), PM2.5 (aerodynamic diameter lower than 2.5μm), or PM1 (aerodynamic diameter lower than 1μm). Infact, brake wear is known as the primary source of traffic-related non-exhaust particle generation. Liu et al. [3] underline how, although in older studies the PM emitted by the braking system is around 20 to 30% of the global particulate emitted by the car using a WLTP or NEDC cycle, analysing a new WLTP-B cycle (specifically designed for analysing more realistic manoeuvres) it is possible to realise that the brakes are the largest contributor reaching 49% of the global PM emissions. For this reason, the new Euro-7 Standard, published in November 2022 and to be activated for July 2025, introduced for the first time the concept of non-exhaust pollutants: “non-exhaust emissions consist of particles emitted by tires and brakes of vehicles Emissions from tires is estimated to be the largest source of microplastics to the environment. As shown in the Impact Assessment, it is expected that by 2050 non-exhaust emissions will constitute up to 90% of all particles emitted by road transport”. [4] For the first time, limitations have been introduced for the non-exhaust emissions, alarming the main carmakers, whose scare is given by the complexity of evaluating the secondary pollutants and finding efficient solutions for reducing these emissions.
 Rahimi [5] proposed a novel approach for brake emission estimation with a neural network brake emission modelling in order to provide fundamental information to the decision-makers to better insight into the rate of non-exhaust emissions generation.
However, as Wagner [6] explains, the regenerative braking system is not part of the service brake and, due to its heavy battery, the EV brakes are even larger than those of a conventional vehicle. In addition, the close dependence of regenerative efficiency with the SoC of the battery leads to the need to size the brakes so that they can independently provide the safety conditions required by regulations. 
The paper exposes a suitable solution to replace traditional friction brakes to develop a real zero-emissions driveline. ZEDS is an idea which presents a system consisting of a MagnetoRheological (MR) brake placed in series with an in-wheel motor. The brake, thanks to its special geometry, is integrated with the rotor of the in-wheel motor, thus creating a cavity that can accommodate a film of MR fluid. Through a system of coils in the stator of the brake, a magnetic field is generated that passes through the fluid, changing its viscous properties, thus generating braking torque. An electro-actuated braking system is thus realized that does not exploit the friction between discs and pads and therefore does not generate pollutant emissions. Through a model built on MATLAB Simulink, the longitudinal dynamics of a vehicle equipped with four ZEDS, one for each wheel, was simulated. The model provided results that demonstrated the feasibility of the system, both from a performance and safety point of view.
Innovative Zero-Emissions Solution 
MR brakes uses the innovative technology of the MR fluid. This smart fluid can change its rheological properties, changing its yield stress as a function of the magnetic field applied on it, because of the structure of a ferro-magnetic particulate inside the fluid itself, then, when excited, organizes itself in a way that makes it more rigid. Some examples of this technology have been showed by Sohn [7] and how the torque needed to stop the vehicle could be reached adapting the internal geometry. Other studies of magnetorheological brakes have been done over the years, often through an adaptation of the geometry of classic disc brakes to take advantage of the physical properties of the fluid [8] or by devising new geometries deemed more efficient [9] [10] [11]. The effectiveness of the system in term of reaction to the braking command from the driver is faster than traditional brakes [12]. In fact, considering a time response of around 0.3 s for a traditional disk-brake system whose fluid must be compressed and transfer the pressure to the brake-piston, the MR brake system has an instantaneous response, starting from a needed brake-by-wire system that sends the signal to the MR fluid that has an instantaneous response transforming its yield stress value  [13] [14].
Two main drawbacks for this technology are considered: the resistive torque during zero-magnetic field at cruising speed and the temperature during every working condition. In fact, the fluid is generating an equivalent rolling resistance that must be as low as possible to not reduce the acceleration performance of the vehicle. Another pivotal issue is the temperature, because the MR fluid is operative under 140-150°C [15]. For this reason, temperature management must be studied to satisfy every working condition.
The proposed design
The geometry layout proposed by Imberti [16] [17] is represented in Figure 1. It is composed of combining an in-wheel motor with an external braking stator, while in between the MRF is inserted, for creating in that area the resistive forces needed to create the braking torque. The idea is to use the free spaces around the external part of the in-wheel motor to maximize the arm of the resistive forces generated by the changes in yield stress of the MRF, and, in this way, optimize the decelerating torque. 
In particular, the rotor (1) is designed with a protuberance (4) that goes over the stator volume (2), to use the free space as the interference surface with the MR brake stator. The MR stator has been designed to obtain a sort of clamp (3) able to surround the part (4) and have part of the interference surface both on the inner and on the outer part of the rotor. It has also been thought of as a concave component to obtain an acceptable volume for the connection to the rest of the vehicle and the suspensions. On the external part of the clamp (5) the coil must be fixed. It has been considered as a double component of a bobbin where the coil is wrapped up and its dimensioning has been performed during the electro-magnetic validation, as one of the most effective parameters on the development of a sufficient magnetic field on the MRF.
The reason why the concept has been chosen is because it allows to consider different advantages. 
[image: ]
[bookmark: _Ref148532037]Figure 1. Schematic Layout of the Innovative Braking Solution.
A geometric description of the ZEDS is presented in Figure 2. In particular, all the parameters considered for the calculation of braking torque generated by the MR brake are shown: 
1. Ri_ext is the external radius of the rotor;
2. Re_int is the internal radius of the rotor;
3. L_ext is the depth of the outer annular section in contact with the MRF;
4. R_out_ext is the external radius of the stator;
5. R_out_int is the internal radius of the stator;
6. L_int is the depth of the inner annular section in contact with the fluid;
7. L_out is the outer width of the MR brake stator.
 [image: Immagine che contiene schizzo, disegno, cerchio, diagramma
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[bookmark: _Ref148610054]Figure 2. Innovative Solution Geometry 
Onother study made by Terzo [18] presents a comparison of two geometric configurations (Figure 3).
In the first case (left), the traditional operation of the actual disk-brakes using the MR technology. In the second (right), a new geometric configuration in which the two rotating parts are composed of cylinders of different diameters arranged concentrically. The fluid is inserted into the annular crown. 
In this second case (right), the meatus, in which the fluid is contained, is small compared with the diameter of the two cylinders, so the tangential tension of the fluid can be considered independent of the radius. It has been shown that as the geometric parameters that determine the footprint of the two devices vary the coaxial cylinder solution is always able to deliver higher torque. In particular, the comparison of the transmitted torque Cc(Re) from the solution with cylinders with that Cd(Re) transmitted by the disc solution, gives the result reported in Figure 4.

[image: ]
[bookmark: _Ref148532065][bookmark: _Ref148968243]Figure 3. Schemes of operation proposed by Terzo [18]
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[bookmark: _Ref148525144]Figure 4. Comparison of transmitted torques in the two geometric configurations vs. Re [18] 
Transient Braking Model
It is appropriate and advantageous to obtain feedback from simulation before moving on to the production of the prototype under consideration. Heydrich introduced a case study on the potential of new mechatronic chassis systems for
battery electric vehicles, in that case a brake-by-wire (BBW) system and in-wheel propulsion on the
rear axle combined with an integrated chassis control providing common safety features. [19]
So, a Simulink model has been created to implement data from a specific car, equipped with the ZEDS innovative braking. Specifically, the car is structured to have an integrated MR brake with an in-wheel motor (Table 1, EMRAX 268-MV  [20]) for each wheel [21] [22]. It can simulate a road test, supervise the behaviour of the vehicle, monitoring parameters such as the SoC of the battery, the current used by the vehicle's battery, speed, acceleration, drive torque, regenerative braking torque and that generated by the MR brakes, and others. All with corresponding graphs, so that it would be possible to estimate which of them most influence the charging process through regenerative braking and which of them consume the most energy. All this is aimed at optimizing the regenerative braking logic to increase with the greatest efficiency the state of charge and thus the energy range of the car itself. 
Whole system Layout
The main layout of the whole system(Figure 5) contains the basic blocks into which it is divided, thanks to which the driving cycle is defined, and then the test to be performed, the environmental conditions, and data are processed to monitor the behavior of the car, the braking system, the four in-wheel electric motors, and the battery.
[image: ]
[bookmark: _Ref148532088]Figure 5. Whole System Layout
As shown in Figure 5, the model has several main blocks, in particular:
"Input Test" block, in which the test to be performed is given as input; in particular, this gives as output the speed profile to be obtained from the vehicle and the slope of the road profile to be travelled by the vehicle in function of its instantaneous position;
“Vehicle Dynamics” Block, in which is given as input the speed profile you want, the road slope, and the voltage at which the battery is, and calculates the torque required to the individual in-wheel motors, the torque required to the magnetorheological brakes, then the relative currents required to these, the total power consumed during the individual calculation step, and the resulting vehicle dynamics and the resultant motion of the vehicle; the torque needed is calculated by means of a proportional-integrative control ("PI Torque Controller"), which receives as input the speed error, calculated as the difference of the desired speed and the current speed of the vehicle, and derives the required torque. The calculated torque, however, is the total torque required. Since the model can handle and simulate the operation of each ZEDS per wheel, it is necessary to distribute the total required torque over the 4 systems. During braking, the load is not equal on each wheel, since there is a load transfer on the front axle and the rear axle will be more unloaded, tending to lock up. advantage presented by ZEDS is its independent implementation. Specifically, the ECU is able to electrically activate the system present on each individual wheel, thus ensuring optimal distribution for vehicle dynamics. In the SIMULINK model, the calculated torque is multiplied by four variable coefficients (KFL, KFR, KRL, KRR) that have been calculated according to the maximum torque that each wheel can deliver. Specifically, depending on the dimensions of the vehicle's characteristics (mass, centre of gravity height, wheelbase, front and rear half-pass) shown in Table 2, its instantaneous acceleration and the slope at which it moves, the load transfer between the front and rear axles and, subsequently, between the two wheels of the axle was calculated. Thus, having derived the maximum transmissible torques for each wheel, they have been divided by the total transmissible torque. At this point, according to what has just been explained, each ZEDS block is given the required torque as input.
“Brakes” Block, in which, as a function of the required current to the brakes, the braking torque generated by each brake and each relative operating temperature is calculated;
“Battery” Block, in which the battery performance is simulated as a function of the total current required through an inverter that can calculate it according to the total power required by the in-wheel motors and possibly the brakes, then the SoC is provided as output.

[bookmark: _Ref153444521]Table 1. Electric Motor Parameters
	Peak Motor Power at max load RPM [kW]
	200

	Continuous Motor Power [kW]
	91

	Maximal Rotation Speed [RPM]
	4500

	Maximal Motor Current [Arms]

	400

	Continuous Motor Current [Arms]
	190

	Maximal Motor Torque [Nm]
	500

	Continuous Motor Torque [Nm]
	213

	Torque / motor current [Nm/1Aph rms] 

	1.30

	Motor efficiency [%] 

	92-98



[bookmark: _Ref154047415]Table 2. Vehicle Parameters
	Vehicle Mass [kg]
	1040

	Pilot Mass [kg]
	80

	Wheel Radius [m]
	0.291

	Distance of the CG from the front axle [m] 

	0.861

	Wheelbase [m]
	2.152

	CG height [m]
	0.5376

	Friction Coefficient [-]
	0.7

	Rolling Resistance coefficient f0 [-]
	0.0136

	Rolling Resistance coefficient K [m/s2]
	6.5·10-6

	Vehicle Frontal Section [m2]

	2

	Aerodynamic Drag Coefficient Cx
	0.33




A more detailed description of “Brakes” block is discussed in the next paragraph.
Brakes Block
The "Brakes" block, as already anticipated, simulates the behaviour of the four brakes mounted on the four wheels of the vehicle. Specifically, the main function of the it is to calculate the braking torque generated by each individual brake as a function of the current sent as input to each of them. 
Having derived the torques for each brake, they are summed, and the total braking torque is used as input to the "Vehicle Dynamics" block to calculate the total torque acting on the vehicle.
The current sent to the individual brake is computed in the “Vehicle Dynamic” block as a function of the braking torque requested to the MR brakes. Starting from the current, it has been possible derive the magnetic field H [kAmp/m] generated in the MR fluid layer, known the trend of H a function of the coils’ current I. This trend has been at first obtained by Imberti [16] through simulations done with Altair Flux 2D. The application is magneto-static, as the magnet field has a constant value as a function of the current coil. It has a linear behaviour respect the magnetic flux generated, so, it is safe to say that higher the current, higher will be the magnetization of the MR fluid. Starting from the results obtained, it has been possible to move forward with new 3D simulations, through which more accurate developed magnetic field inherent data were obtained. 
In the Figure 6 the curve that correlates the magnetic field generated in the meatus with the current is presented.
[image: ]
[bookmark: _Ref148532572]Figure 6. Magnetic Density vs. Current in MRF
Subsequently, the trend of the yield stress developed in function of the magnetic field has been obtained, depending on the characteristics of the MRF (in this case MRF-132-DG).
Knowing the yield stress in the MR fluid, it has been possible to compute the braking torque developed, respecting the following formulas proposed by Terzo [18]. Posed:

(1)
Where:  is the external radius of the geometric configuration (right in Figure 3),is the internal radius of the geometric configuration (right in Figure 3).
So, it follows that: 

(2)
Where: is the tangential stress as a function of the magnetic field H and  are the angular speed of the two circular bodies shown on the right in the Figure 3, and is the MRF viscosity.
The expression of nominal torque as a function of geometric parameters becomes:

(3)
With:  is the width of the surfaces in contact with the MRF (Figure 3).
In contrast, the zero-field torque considers only the viscous term: It is important to note that this term, depending on , grows linearly as  increases.
Therefore, the equation of the null-field pair is: 

(4)
However, the ZEDS geometry under consideration turns out to be slightly different from that analysed by Terzo [18].
In Figure 7 a partial section of only the upper part of the ZEDS is shown. The rotor (1) is hollow and, due to the geometry of the stator (2), causes the generation of a fluid film consisting of two annular sections arranged outside and inside the rotor (respectively green and blue annular section) and a lateral annular section (the red one). 
[image: ]
[bookmark: _Ref148532775]Figure 7. Partial Section of the Upper part of the ZEDS
So, the torque generated by each annular section was calculated by substituting the related parameters to the equation 1, equation 2, equation 3 and equation 4.
Consider the "Front_Left_Brake" block, which simulates the left front MR brake. What is described for torque calculation has been implemented in two sub-blocks called "Nominal Torque Calculation" and "Rolling Resistance Torque Calculation" (Figure 8).
[image: ]
[bookmark: _Ref148532969]Figure 8. Front-Left Brake Block
In Figure 9, it is easy to see how the functions H=f(I) and τ=f(H) where implemented by two look-up tables. Equation 3 applied to the three annular sections were implemented in three MATLAB functions.
[image: ]
[bookmark: _Ref148533369]Figure 9. Nominal Torque Calculation Block
Also, for the calculation of rolling resistance torque, equation 4 applied to the three annular sections was implemented within three MATLAB functions. It is possible to observe from Figure 10 that η viscosity is calculated by look-up table as a function of strain rate. Terzo [18] shows that there is a relationship between the viscosity of the MR fluid and the strain rate. However, this relationship needs to be derived experimentally, so currently η is set at a constant value of 0.112 Pa·s, but it remains a goal for model improvement to derive this relationship.
[image: ]
[bookmark: _Ref148533703]Figure 10. Rolling Resistance Torque Calculation Block
Analysis of the results
Imberti’s work [16] shows the results from fluid dynamic simulations with a resulting braking torque equal to 1110 Nm with the maximum magnetic field.
At this stage, the goal is to give further demonstration of the ability of MR brakes to generate high enough braking torque to ensure regulatory safety requirements. The required maximum torque target is 1025 Nm. Therefore, the "0 km/h-130 km/h- 0 km/h" test with only the use of MR brakes during braking is simulated. Specifically, at instant 0 s a reference speed of 130 km/h is imposed for a duration of 30 seconds, after which the reference speed is reset to 0 km/h. This test allows us to evaluate the performance of the in-wheel motors during the acceleration phase and the performance of the MR brakes during the final braking.
The longitudinal motion of an electric city car is simulated. The car is equipped of a lithium battery (parameterized through data typical of an electric city car [23]) and it has an integrated MR brake with an in-wheel motor for each wheel. The in-wheel motor chosen for the simulation is the. The simulation results obtained are shown in Figure 11, Figure 12 and Figure 13.
[image: ]
[bookmark: _Ref148534448]Figure 11. Vehicle speed compared to the desired speed of the Test "0 km/h- 130 km/h- 0 km/h"
[image: Immagine che contiene testo, linea, Diagramma, diagramma
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[bookmark: _Ref148534462]Figure 12. Torque generated by the left front MR brake with Test "0 km/h- 130 km/h- 0 km/h"
As shown in the Figure 11, the four MR brakes are capable of braking the vehicle to a stop in about 5.95 seconds. What is very interesting is definitely the maximum torque generated by each MR brake. As shown in the Figure 12, the maximum torque generated by the front left MR brake is 1084 Nm and the maximum rolling resistance torque is 34.7 Nm, reached at peak speed. 
One of the future development goals is the geometric optimization such that the dynamic ratio [18] defined as the ratio of nominal torque to zero-field torque is maximized:

(5)
Regarding the thermal behaviour of the brake, the "0 km/h-130 km/h- 0km/h" test is very stressful, as seen in Figure 13.
[image: Immagine che contiene linea, testo, Diagramma, diagramma
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[bookmark: _Ref148534769]Figure 13. MRF temperature [°C] in the left front brake brake with Test "0 km/h- 130 km/h- 0 km/h"
During braking, a temperature of the MRF fluid is reached above the acceptable threshold (150 °C). It is worth mentioning that the case examined considers a braking of considerable intensity without any regenerative contribution, so this is a very extreme working condition with an uncommon manoeuvre for an electric utility car. Nevertheless, the result suggests the need for an efficient cooling system to be implemented in the MR brake.
Conclusions
The goal of achieving a real zero-emission car dictates the need to find an innovative solution for the braking system as well. ZEDS can be considered an innovative idea that can meet and guarantee the achievement of this goal.
Starting from the innovative idea of a MR Brake a Simulink model capable of simulating the longitudinal dynamics of an electric vehicle, equipped with four ZEDS, was developed.
The Test "0 km/h- 130 km/h- 0 km/h” was conducted in which the vehicle is accelerated to 130 km/h and then stopped solely by the use of MR brakes: the results obtained demonstrate the ability of a single brake to develop a maximum torque of 1084 Nm, causing the vehicle to stop in 5.95 s. The outcome obtained can be considered positive, but the heating that the fluid undergoes through dissipation should not be neglected: in fact, the brake thermal model calculates a peak fluid temperature during braking of 174 °C, which is higher than the allowable value of 150 °C. This highlights the need to design a brake cooling system that ensures the fluid works at temperatures below the maximum possible value.  
The future goal is also the validation of the Simulink model, which is only possible after the design and implementation of a valid test-bench-prototype of the ZEDS. This will provide insight into the real behaviour of the brake, its instantaneous transformation of the fluid behaviour, also from its thermal point of view, and the instantaneous torque obtained. In this way, a validated model can be used to perform the global optimisation of the parts, so that a feasible and final layout could be considered ready. 
Another pivotal operation is a structural validation, in order to ensure the reliability of each component so that the prototype definition will be satisfactory safe and the construction of it will be optimal and feasible.
Once the prototype is ready tests on the real torque obtained and on the temperature at magnetic field equal to zero will be performed to understand if the simulation results are valid enough to proceed with the implementation analysis and a real on-car prototype.
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