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Abstract. Electric Vehicles (EV) have been introduced in the market as a zero-emission solution for the automotive industries, but they are not globally zero-emissions. In fact, there are components, like brakes and tires, emitting dangerous pollutants also in electric cars. This paper focuses on the analysis of a possible ways to reduce the pollutants emitted by the braking system on electric vehicles, in order to reach possible real zero-emissions drive, more specifically during regenerative braking. The aim is to develop a driving model able to simulate the braking behaviour of a vehicle, understanding how impactful regenerative braking is on the dust emissions of the car, comparing the global parameter to a model where regenerative braking is not present. The validation of the model has been performed comparing the computed data to the ones obtained during on-track tests. Finally, it has been possible to implement the optimal driving layout to maximise the regenerative braking and obtaining the maximum reduction of the dust emitted by the braking system.
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Introduction
The future of automotive industry is focused on breaking down CO2, NOx, and particulate emissions, then the development of new generation electric vehicles has the final scope to minimise the pollutant emitted by a vehicle, totally removing the combustion emissions coming from the traditional internal combustion engine [1]. However, not all the pollutants are coming from the engine, there are a great number of emissions coming from non-combustion component, like the brakes for example. As it has been reported by Kukutschová et al. [2] [3], Hagino et al. [4] or Perricone [5]. 
This article investigates how already implemented features on EVs, like regenerative braking, whose the studied capabilities are generally focused on the effects of enlarging the possible range of the vehicle and improving efficiency of the driveline recovering, impact on reducing non-combustion emissions [6]. The goal is defining a driving model connected to a brake abrasive model that can evaluate the amount of dust saved using the regenerative braking system. The results can be compared to real case scenarios recorded during on-track tests on two different cars. Defining a global dust parameter for each vehicle, comparing it to a hypothetical car with the same characteristics but without regenerative braking applied, allows to understand better how impactful this technology is on secondary pollutant emitted. This type of analysis would be new and could add know-how to the carmakers to develop the optimal regenerative braking layout to be implemented to optimize the range of the vehicle and at the same time minimizing the pollutant emitted.
Model Configuration
The model developed, using MATLAB Simulink software, allows to simulate the mono-dimensional behaviour of a car with an electric powertrain, computing: the pressure at the brake piston, the current regenerated by the Electric Motor (EM) and the dust generated by the disc-brake pads interface from each disc brake caliper. Considering as input the dimensional characteristics of the car and its speed and acceleration during the on-track test. The model should be able to calculate the amount of dust created by a car with the same geometrical characteristics without Regenerative Braking (RB), so that, as a result, a comparison on the effects of RB on brake-pads consumption can be performed. The following models were taken into consideration:
•	Braking and Electric Motor (EM) Model.
•	Abrasion Model.
•	On-Track Test Description.
Two cars were tested, allowing to validate the model in different working condition. CAR1 has four disc-brakes and two EM, one for each axis, while CAR2 has drum-brakes on rear wheels and disc-brakes on front wheel and only one EM on rear axle.
Braking and EM Model
The braking model has been developed starting with speed and acceleration as input signal, computing the maximum braking force (Fbr,max) needed to stop the vehicle as the product between the vehicle mass (mv) and the acceleration (a). For quantifying the needed braking force (Fbr), it is needed to subtract all effects of resistance acting on the vehicle, implemented in Fig. 1 in “Traditional Braking Model Block and shown by equation (1) [7], [8]:
					   	(1)
Where: C0, C1, C2 are the coast-down coefficients, ρ is the air density, Cd is the aerodynamic drag coefficient, A is the frontal surface of the vehicle and Rr is the rolling resistance. Then the total amount should be divided between front and rear axle following the braking valve distribution design, to recreate the real situation. Starting from Chen [9] design of the EBD it has been possible to define the equation (2) and (3) respectively for the first and second part of the typical EBD curve.
	(2)
	(3)
To validate the data obtained with the model through the available signals obtained with the on-track tests, the forces should be transformed into pressures, using (4) as descripted by Meng [7], where the force on the axle Faxle is divided by the friction coefficient between the brake pad and the disk µ and for the piston surface Apiston:
		(4)
The model can compare the behaviour of a vehicle with and without the regenerative braking system. For this reason, the braking model analysed up to this point considers a non-regenerative vehicle; subtracting in equation (1) a regenerative braking force coefficient, defined considering the dimensioning of EMs on the vehicle itself. 
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Fig. 1 Regenerative Braking Simulink Model
One of the main capabilities for an EM is to perform equally in both traction and deceleration manoeuvres in term of torque and power [10] [11]. This allows to use RB for recovering energy and enlarging the maximum allowable vehicle range. This capability is limited because of the battery, in order to limit the overheating effects [12]and most importantly for the inverter, whose role is fundamental in order to manage vehicle performance in traction and for this reason it is mounted to have the better performance in acceleration, limiting the deceleration and, as a consequence, the RB capability of the whole vehicle.
The best way to simulate this behaviour is rescaling the total power and torque available at the EM in regeneration on a lower percentage. For this reason, an empirically computed regenerative level coefficient kRB has been implemented and introduced in regenerative model to simulate the real behaviour of the car.
The RB logic considered different strategies and idea descripted in different sources [13] [14] and is based on the idea to model the RB as a sort of inertia that reduces the total amount of braking force to be re-distributed on the two axes. To compute the value of the RB force on each axle (FRB,axle) the following equations were applied:

		(5)
		(6)
Where: Tist is the instantaneous torque computed starting from the EM specific curve, i0 is the final ratio, ix is the gear ratio and rw is the wheel radius.
The regenerative force coming from the different axles has been cumulated and subtracted to the braking force already computed and represented in Fig. 1
Abrasion Model
An already developed and tested model by Akihiroi Ijima et al [15] was identified. The model defines a rug diagram from where it is possible to obtain the dust emitted in the contact between the brake-disk and the brake-pad.
Mathematically the abrasion model is not consistent respect the one defined before as it computes a total dust emitted per braking, while the braking model developed computes the instantaneous braking manoeuvre performed, for this reason an offset has been computed and evaluated starting from different standard braking manoeuvres comparing the result obtained considering them as instantaneous and continuous. After that the offset (equal to 0.222 mg/axle) has been introduced inside the whole model.
On-Track Test Description
Experimental tests have been performed on two different vehicles, which have been sensorized to acquire speed, acceleration, current and braking pressure.
The testing plan defined has been defined as follows, to evaluate different effects of RB among the driving life of the vehicle. All the manoeuvres described in Table 1 have been performed on a straight line, reaching a peak velocity, then, after a constant speed period, the deceleration occurred.
[bookmark: _Ref96595696]Table 1 Testing Plan Manoeuvres
	Throttle Release
	Low Pressure Brake
	Mid Pressure Brake
	Limit Brake

	Initial velocity 40 km/h and 60 km/h
	Initial velocity 40 km/h and 60 km/h
	Initial velocity 40 km/h and 60 km/h
	Velocity 120 km/h

	No pressure applied to the brake pedal
	Low pressure applied to the brake pedal (0.4g)
	Medium pressure applied to the brake pedal (0.6g)
	Maximum pressure to the brake pedal

	Throttle release when target speed is stable
	Throttle release just before braking
	Throttle release just before braking
	Straight line trajectory until vehicle stop

	Straight line trajectory until track ends
	Straight line trajectory until vehicle-stop
	Straight line trajectory until vehicle-stop
	Avoiding the ABS & no pressure control


Regenerative Braking: Analysis of the Performance
The two analyses presented in this section are the validation of the model and implementation of the regenerative level coefficient and the evaluation of different impacts of RB in different driving cycles with different brake intensity.
Model Validation
Using the speed and deceleration data coming from the mid-pressure braking manoeuvre is possible to compare them to the real data to estimate precise values for both CAR 1 and CAR 2 of kRB. The result obtained for CAR1 is equal to 0.4, while CAR2 has a coefficient equal to 0.25 respect the maximum available EM performance.
Two main data have been compared for evaluating those results: the current coming into the EM and the pressure on the braking callipers. The results shown in Fig. 2 represent the best fitting on the curve after having defined the better kRB available.
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[bookmark: _Ref96596129]Fig. 2 Front-Wheel Pressure (left) and Rear EM Current (right) - CAR1
It is possible to notice that the behaviour obtained is satisfactory, considering the difference after the braking impulse (since during the test the driver maintains the vehicle stopped) and for a small delay at the beginning due to a small difference between the real case and the simulations done for the regenerative forces.
RB Impact on Particulate Production in different Driving Condition
After the validation it is possible to use the model for simulating braking manoeuvres able to evaluate de effectivity of RB in reducing the dust emitted by the braking system. The two manoeuvres considered are the limit braking and a WLTP Cycle. For sake of brevity, the results are shown only for CAR 1 as it is considered representative enough.
3.2.1 Limit Braking
Limit braking is the most critical condition in deceleration testing, the one in which the braking system is stressed the most and during which RB is not that effective. Structurally, RB can always reach the same power peak, no matter what the vehicle speed is, limited by the EM performance curve and by the regenerative level coefficient. Considering a braking event with specific acceleration higher than the maximum achievable with RB, the percentage of the manoeuvre covered by RB itself is always the same. As it is possible to see in the left part of Fig. 3 for the pressure signals, the intensity and the reduced duration of the braking manoeuvre need a great impact and usage of the traditional braking.
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[bookmark: _Ref96605144]Fig. 3 Front Wheel Pressure (left) and Total Dust Produced (right) - Limit Braking Case
The great request for hydraulic braking force in this manoeuvre represent a small reduction in term of dust generated. In fact, as shown in the right part of Fig. 3 the dust generated in regenerative case is 14% reduced, as opposed to a 40% reduction in pressure needed. The difference in dust emitted reduction from the mid-pressure braking scenario depends on the faster overcome of the total regenerative power available. 
3.2.2 WLTP Cycle
Impacts of RB on vehicle behaviour during a driving cycle are pivotal in enlarging the car range, making it more efficient, but looking at the data already analysed, is safe to say that is way more effective in reducing the particulate generated by the brake-pads and disk-brakes during a homologation driving cycle like WLTP. In fact, most of the braking performed during the cycle is lower than the maximum one the vehicle can perform in release, without activating the braking system. In Fig. 4 it is possible to understand the results observing that the savings are close to 100%. The results obtained point out limits for the computation of a global footprint for a vehicle using the standards homologation cycles. NEDC or CACD cycles have been tested, but the same result has been pointed out. The purpose of these tests is to evaluate the traction performance of the vehicle instead of strong braking manoeuvres.
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[bookmark: _Ref96606234]Fig. 4 Dust Produced - CAR1 -WLTP Cycle
In conclusion, it is possible to say that two main parameters can be considered in designing a vehicle with the possibility to reduce dramatically the non-combustion pollutant emissions: Regenerative Braking and dimensioning of the braking system. The two parameters are strictly connected, in fact, RB allows to create smaller braking system, because they are less stressed and less used.
Conclusions
In conclusion, it is important to make considerations on the data analysed for developing the better layout for an electric car to maximise the effects of RB and obtaining the most energy recovered, but at the same time avoiding the use of friction brakes as much as possible. The strategies to be used are related to the idea of having the maximum regenerative power to be distributed on the vehicle to reduce the transmission ratio between the wheels and the EM, not only for a traction point of view. The solution that best satisfies all the condition described before is the one using a four EM. In this solution the vehicle has 4 electric motors independent one to each other, so that are better manageable by the ECU for obtaining good performance from a vehicle dynamics point of view maximising the use of RB. 
In fact, having a transmission ratio between the wheel and the EM allows that the torques applied to the wheel are equal to the one exiting by the EM itself, increasing the regenerative braking torque. At the same time, the energy regenerated is at least the same amount of the case with a single axle electric motor, considering the same motor specifications divided by two on each wheel.  Because of the reduced cumulative efficiency of the single EM, it is possible to obtain a limited peak performance for each in-wheel motor [16], so this solution remains comparable to the one with a single EM for each wheel axle. Four traction wheels are still needed to obtain the maximum regenerative capability. Having 4-wheel regenerative motors with a higher efficiency means that the maximum regenerative deceleration obtainable is higher with regenerative braking on only one axle, as well as other control benefits from this layout [17-20]. 
Implementing the new descripted layout inside the model, it is possible to understand what its performance are. The RB optimal design is able to perform a 0.6g deceleration without applying any mechanical force, enlarging the RB braking range demonstrated for CAR1, equal to 0.4g.
In conclusion it is possible to affirm that disk-brakes, developing more and more cars with RB strongly implemented, could become rarer on traditional mass production vehicles, going to be substituted by other tools, because the braking system should be lower stressed and used principally into two conditions: Limit and safety braking manoeuvres and high SoC vehicle driving. In those two conditions RB is not effective enough to be safe for the passengers and for this reason a redundant braking system would be always introduced.
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