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Abstract : This study examines the stability and efficiency of regenerative braking systems under varying Tire-Road friction
coefficients. To allocate hydraulic and electric braking forces, a four-input, single-output Adaptive Neuro-Fuzzy Inference
System(ANFIS) controller is designed, considering the effects of braking intensity, vehicle speed, battery state of charge
(SOC), and Tire-Road friction coefficient on regenerative braking performance. ANFIS is employed because it can
autonomously adjust fuzzy rules and parameters based on training data, enabling real-time adaptation to external disturbances
and environmental changes. The controller is trained by using optimized datasets in generating membership function
parameters to ensure effective torque distribution. The electric vehicle model and the regenerative braking system are
implemented in MATLAB/Simulink, and simulations are performed under four driving conditions, including the New
European Driving Cycle(NEDC). The proposed ANFIS-based control system can successfully recover braking energy, thus
achieving improvements in energy recovery efficiency of 0.35 %, 0.43 %, 0.02 %, and 0.86 % under four driving conditions,
respectively, compared to conventional fuzzy neural network(FNN) controllers.

Key words : Regenerative braking(2] 4 #l5), Electric vehicle(# 7] A--5-2}), ANFIS(Adaptive Neuro-Fuzzy Inference
System, $+=), Battery( ¥l E] 2]), Tire-road friction coefficient(E}] o] -:= v} 24| 4)
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Fig. 1 EV powertrain architecture. The labels indicate: C -
clutch; D - differential; FG - fixed gearing; GB -
gearbox; M — electric motor;
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Fig. 2 EV model
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Table 1 Tire-road friction parameters*"

Surface condition G, C, Cs C,
Asphalt, dry 1.029 17.16 0.523 0.03
Asphalt, wet 0.857 33.822 0.347 0.03

Snow 0.1946 | 94.129 | 0.0646 0.03
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Table 2 Parameter of EV?® Table 3 Parameter of disc brake*?
Parameter Value Unit Parameter Value Unit
Air density (p) at 20 °C 080795 | Kgm® The friction coefficient (f) 05 %
Coefficient of acrodynamic drag (Cp) 0.35 - Hydraulic cylinder area (Az) 0.00322 m?
Front area of the vehicle (A) 2711 m? The numbser of cylinder (n) 2 R
Acceleration of gravity (g) 9.8 m/s’ Brake disc diameter (D) 280 mm
Maximum motor torque 250 Nm Cylinder diameter (d) 50 mm
Rolling transmission efficiency (p,) 0.012
DR RE R TkRda) | 8 o 27 Fo) A Eoloj o w2 o) B e e
Distance from c.g. to rear axle (L,) 14 m q},
D g Chil 5 AR 2 7] A5 Abe] T B Table 29} 2.
Height of vehicle c.g. 025 m
Vehicle mass (m) 1490 Kg
2.2.4 Op2H A F
Wheel radius (Rw) 0.31 m HEASH (Fps)

Tire-Road Friction Coefficient ()

0 01 02 03 04 05

06 07 08
Slip Ratio (x;)

Fig. 5 Tire-road friction coefficient versus slip ratio
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Table 4 Parameter of regenerative braking system*?

Efojof-.- ¥ DR |8 22{f ANFIS 2l A& A[of 22t

Parameter Value Unit
Stator phase resistance (Rs) 0.005 ohms
Armature inductance 0.000835 H
Flux linkage 0.07111510954334 Wb
Moment of inertia 0.089 I
Viscous damping 0.005 F
Pole pairs 4
Nominal Voltage 400 v
Nominal Capacity 250 AH
Internal Resistance 0.016 ohms
Initial state-of-charge 80 %
Fully charged voltage 465.5949 v
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Table 5 Basic fuzzy control rules
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Table 6 SOC variation for each driving cycle and strategy

Driving cycle Control strategy SOC [%]
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FTP-75 FNN control strategy 3.34
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NEDC FNN control strategy 2.85
Fuzzy control strategy 3.42
ANFIS control strategy 0.15
NYCC FNN control strategy 0.17
Fuzzy control strategy 0.21
ANFIS control strategy 243
WLTC FNN control strategy 3.29
Fuzzy control strategy 3.95
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