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1. INTRODUCTION

The vehicle drivetrain system consists of a permanent magnet direct current (PMDC) motor,
proportional-integral (P1) based motor controller, and battery. Drivetrain (engine/transmission) efficiency is
one of the significant parameters to substantially increase the average fuel economy of the vehicle. In driving
cycles, a small percentage of improvement of drivetrain efficiency will improve the reduction in carbon
dioxide emissions. In hybrid vehicles, modern drivetrain technologies produce a higher impact on the
reduction of engine losses. From the literature, it has been found that each percentage of loss reduction can
improve the energy consumption of the vehicle to meet the future emission target. The design of the
drivetrain model of the vehicle involves the basic principle of Newton’s second law of motion. To model the
dynamic behavior of a vehicle, the dynamic equations which describe the physical aspects of the vehicle are
required. As per Newton's second law, the net driving force exerted by the vehicle depends on the
acceleration of the vehicle.

The vehicle’'s motion depends on the force produced by the drivetrain of the vehicle which
overcomes the resistive forces due to various resistances such as aerodynamic resistance, rolling resistance,
gradient resistance, and inertia resistance offered by the vehicle. To know the energy efficiency of driving of
internal combustion (IC) engine vehicles, energy consumed to propel the wheels should be determined.
Normally IC vehicle has 10% to 25% of energy losses when the power is applied to propel the wheels [1].
The vehicle type, vehicle model, and speed of the vehicle strongly influence the energy consumption of a
vehicle. It is a measure to estimate how far a vehicle will travel with the available fuel. According to the
estimation of energy consumption and improved configuration of drivetrain technologies, reduction in cost
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and reduction in CO emissions can be achieved. Many authors proposed methods to estimate the energy
consumption in plug-in hybrid vehicles. Based on real-world measurements an electric vehicle energy
consumption models have been built. The energy consumption of electric vehicles (EVs) is usually a
variable parameter that depends on other parameters such as road and traffic conditions, driving capability,
and temperature. Using detailed values of real-time data three models were constructed to predict the energy
consumption for an electric vehicle [2]. A comparison is made between the two versions of Toyota Yaris and
claimed that there is a strong reduction in consumption using hybrid vehicles for lower and medium speed
and increases its efficiency [3].

The study of driving power estimation for Toyota Prius vehicle proposed a traction force-speed
based fuel consumption model. They indicate that the hybrid vehicle driving mode transition is one of the
significant parameters which affect energy consumption [4]. The authors describe the process tools such as
cost, installation space requirements, weight, the dynamic performance of safety, and efficiency are required
for quantitative evaluation of drivetrain concept. Efficiency is one of the most important criteria which
determine the overall quality of the drivetrain. All components within the drivetrain are characterized by
their efficiency. The power flow of an electric vehicle is investigated to determine the system performance
[5], [6]. The study has been done for how the speed factor of the electric motor influences acceleration time
along with experimental verification. They developed an algorithm to determine the tractive performance of
a designed electric vehicle [7]. Whale optimization algorithm (WOA\) is used to optimize the gain parameters
of PI controllers and adjust their gains values (K, and Kj) in correspondence to deviations of EV speed and
torque [8]. Energy consumption of the dynamic model of an electric vehicle is examined and the
corresponding graph is simulated for the New European Driving Cycle (NEDC) and worldwide harmonized
light vehicle test procedure (WLTP) [9]. The vehicle driving range is affected by increased energy
consumption at high speeds, large loads, and battery discharge capacity. A study has been carried out to
optimize charger selection algorithms, the impact of large loads, and the safety margin for battery discharge
[10]-[16]. A comprehensive review of energy consumption is carried out in electrical systems [17]. A
simulation model for each of the key components of an electric vehicle such as motor, controller, battery,
and drivetrain [18]. A preliminary design has been demonstrated with the use of computer tools [19]. Work
focused on the design of the electric propulsion unit and evaluation of the traction motor efficiency maps the
drivetrain of the vehicle efficiency of commercially available Honda Insight and Toyota Prius HEVs [20],
[21]. Electric vehicle (EV) energy consumption is affected by the traffic environment, terrain, and resistive
forces acting on the vehicle, vehicle attributes, and the driver's driving behaviour. With the above
unavoidable circumstances, EVs may face a driving safety issue and deteriorates the EV's energy efficiency
[22], [23]. The perceived emergence of electric power train noise and its implications were evaluated to
prove the responsibilities of the electrified power train [24]. A heuristic technique is also used to reduce
electric energy consumption by increasing drivetrain efficiency through component selection [25]. From the
literature search, it has been revealed that the automotive industry is still facing design challenges in
developing innovative methods to improve drivetrain efficiency. The drivetrain is the core of vehicle
technologies. The drivetrain of a vehicle is comprised of a group of components that use the power generated
by the engine to move the vehicle. Since the developers are facing difficulty in identifying drivetrain
performance and efficiency leads to increasing attention of researchers.

In this paper, a simulation model of the drivetrain has been developed to evaluate the tractive force
and energy flow of a vehicle for the given torque and speed conditions. From the calculation, the total
resistive force offered by the vehicle and energy consumption due to resistive force during motoring and
regeneration has been obtained. So that better reduction of fuel consumption can be obtained and the results
will indirectly influence in increasing the driving range of the vehicle.

2. ESTIMATION OF TRACTIVE EFFORT OF THE VEHICLE

During driving, resistive forces act on the vehicles. The electric vehicle motion on an inclined
surface is based on resistive forces like an aerodynamic drag force, tire rolling climbing resistance forces and
inertia resistance force, and vehicle velocity. The road load resistance values are calculated based on the
vehicle specification. Figure 1 shows the schematic of the vehicle. In this paper, the vehicle model, Mercedes
Benz Class C Saloon has been considered. The specifications of the vehicle are given in Table 1.

2.1. Aerodynamic drag resistance

The resistance offered by air in the atmosphere as the vehicle passes through it is known as
aerodynamic drag. It can be of two forms, drag on the surface of the body due to frontal area and skin
friction. Owing to the formation of two pressure areas, aerodynamic drag exerts opposite force as the vehicle
moves through the air. The high-pressure zone is created at the front of the vehicle and the low-pressure zone
is created at the back of the vehicle. These pressure zones exert force against the vehicle’s motion. The
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friction of the skin is caused by the contact of moving air with the external part of the vehicle. The shape of
the drag plays the main part of aerodynamic drag as opposed to the skin friction of approximately 90 percent
of the vehicle’s overall dynamic drag. The mathematical relation of aerodynamic drag is specified in (1).

1
FARZE,D*A*C d*(ViVW)Z 1)

Here + for head wind and - for the tail wind, where p is air density which defines the resistance force, A is
the frontal area of the vehicle, Cq is drag coefficient of the model vehicle, V is the velocity of the model
vehicle and V, is the velocity of the wind. Here the aerodynamic coefficient for the car is taken as 0.3.

% Traction Force

Gradient Force

Table 1. Specification of the vehicle

S. No Parameters Rating
1 Maximum Power 384.87 bhp
2 Maximum Torque 529 Nm at 2500-5000 rpm
3 Gear Box 9 \ Tire Rolling Resistance Force
4 Maximum Speed 250 km
5 Weightp 1625 kg Aerodynamic Drag Force

Figure 1. Schematic of the vehicle

2.2. Tire rolling resistance

F. is the rolling resistance that is created, whenever the vehicle tire deformation occurs. Considering
a tire with a perfect circular shape in contact with the road surface, the ground reaction force on the tire falls
directly below the wheel axle with no net force to induce any movement. But ideally, at the point of contact,
tires are not round but a little flat. Therefore, as the vehicle is going forward, the weight on the wheel and the
usual force on the ground results in misalignment. This misalignment leads to the exertion of retarding torque
on the wheels by couple forces is known as rolling force resistance, F.. Rolling resistance force is represented
in (2). A pair of retarding forces known as rolling force resistance F,. As shown in (2) shows the calculation
of rolling resistance.

Fr=C,*m=xg=xcosa )
where C; is road rolling resistance coefficient, m is the mass of the vehicle and g is gravity due to

acceleration. The variations of various rolling coefficients for different road surfaces are shown in Table 2.

Table 2. Rolling coefficients for various road surfaces

Road Surface Road rolling resistance coefficient (Cy)
Concrete or Asphalt 0.013
Small gravel ground 0.02
Macadamized road 0.025
Soil road 0.1-0.35
Road 0.01-0.035

2.3. Gradient resistance

The resistance occurs while the vehicle is moving on the sloping road. The gravity component
produces gradient resistance. o shows the direction of the gradient is expressed in degrees. As shown in (3)
describes the formula for gradient resistance.

Fep=mx*g=*sina 3)

where a is the slope angle of the road.
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2.4. Inertia resistance
It is the force required to accelerate the vehicle mass at a certain magnitude of acceleration. As
shown in (4) and (5) represent inertia force and total force respectively.

F=m=xa (@)
Frotar = Fap + Fr + Fer + F) Q)

2.5. Tractive force

The force used to produce the difference between the tangential force and body to overcome the
total resistive force at a given driving condition on tires is called tractive force which can be found using (6).
The instantaneous tractive power (Pw) from the drivetrain to sustain a certain speed level is determined by
(7). The energy consumption is obtained by integrating the total power over the period for the entire cycle is
given in (8).

Frp = Fy + Frota (6)
Py =Fpp*V (7
Er = fpwdt (8)

In the drivetrain, electric motor energy efficiency tightly linked to the resistive force of the vehicle.

3. MODELLING OF ELECTRIC VEHICLE DRIVETRAIN

A speed-torque map of conventional four-quadrant operation is shown in Figure 2. In an inclined
surface, the vehicle is operated in two modes such as motoring and braking mode. If speed and torque have
the matching polarity, then power is transferred from the engine to the load and the vehicle is operated in
motoring mode and supporting its motion.

Furthermore, if the speed is positive and the torque is negative and vice versa, the outside
mechanical force drives the motor, which results in the transfer of energy back to the battery and the vehicle
is operated in regenerative mode and results in opposes the motion. During motoring as well as in braking
mode, the vehicle is moving in both forward and reverse directions according to the conventions about the
signs of torque and speed of the vehicle. A battery controller monitors the parameters of the main batteries
and controls the battery pack. The schematic of the vehicle drivetrain is shown in Figure 3. The model can be
used to calculate the energy flow of the drivetrain and determine the ability of the system for specific torque
and speed requirements. The model consists of components such as motor model, motor controller, battery,
and PI controller. The speed and torque values are given to the motor model which converts the speed and
torque values into voltage and current. The voltage follows the speed and the current follows the torque. The
motor model output is fed into the motor controller for the high-low transition of values which is given to the
battery model. The battery has an internal resistance and is modeled as a voltage source. Internal power loss
in the battery's resistance is factored into the model. The model does not include a time lag component. The
battery model calculates the required battery's internal voltage using current and voltage information from the
Motor Controller. In a battery model, the battery voltage error is obtained based on the comparison of actual
battery voltage with the calculated battery voltage.

™
Speed
Forward \_\H_ Forward
. S i |
Regeneration Motoring Torque —3 Motor Motor Battery =
?—Torque Speed —5f Model Controller Model
Reverse +- [
R - Reverse
Motoring Regeneration
Pl Controller
Figure 2. Four quadrant vehicle operation Figure 3. Schematic of vehicle drivetrain
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The error voltage is given to the PI controller for tuning to improve the drive train efficiency.
Evaluation of the longitudinal nature of electric vehicles is described by the governing (9) to (16) of the
drivetrain system of the vehicle [6]. Developed motor torque (Teev) is proportional to the current in the
armature (lam). Developed motor voltage (Vev) is proportional to the speed of the armature (wg).

Taev = Km * lorm ©)
Viev = wq * Kip (10)
where K, is motor constant.

3.1. Motor equations
The terminal voltage of the high-side of the motor (V) is:

Vi = Iy * Ry + Ly 5 + Vaew (11)

where Iy, Ly are the current and inductor at the high side of the motor. The motor controller is used to
maintain the same input and output power. Voltage and current at the input of the motor controller are
represented as in (12) and (13) respectively.

VH =K * VL (12)

1

Where V| and I are voltage and current at the output of the motor controller respectively. Here the voltage
source Eg and internal power loss due to battery resistance Rg are modeled as a battery.

VL =IL *RB +EB (14)

The battery error has been obtained from the difference between calculated battery voltage and actual battery
voltage. The error (Ber) is used to calculate the gain of the Pl controller.

B, = Eg (actual) — Ep (calculated) )

K = (Ky + 5 *K;) * Beyr (16)

4.  SIMULATION MODEL AND RESULTS

Specifications of the vehicle are given in Table 3. To describe the energy consumption of the
Mercedes Benz Class C Saloon hybrid vehicle model is simulated using MATLAB/Simulink as shown in
Figure 4. In the simulation, a lookup table is framed for the speed and torque data. The data represents speed-
time and torque-time values which correspond to the transition time of the speed and torque curves.
Depending on the road characteristics speed values are assumed and from the wheel power corresponding
toque is calculated.

Table 3. Key vehicle data specifications

Parameters Values
Drag coefficient 0.26
Density (kg/m?) 1.225
Frontal area (m?) 2.20
Velocity (m/s) 1.25
Gravity (m/s?) 1.8
Mass(kg) 1625

Speed values=[0 2000 5000 1000 2000]
Speed time=[0 20 50 85 100]

Torque values=[0 550 330 160 -220 130 0]
Torque time=[0 10 20 40 55 80 100]
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Figure 4. Simulation model of vehicle drivetrain

A traditional 4-quadrant speed-torque map displays +/-Speed on the x-axis, and +/-Torque on the y-
axis. If speed and torque have the same polarity then power is transferred from the engine to the load, and the
engine is operating in motoring mode. Furthermore, if the speed is positive and the torque negative, the
outside mechanical force drives the motor, which results in the transfer of energy back to the battery.
Figure 5 and Figure 6 show the analysis of the voltage and current variations of the motor based on the
acceleration or based on the driving cycles. For positive values of both current and voltage, the torque given
by the vehicle in the rotating direction and power is transferred to charge the battery. However, if the current
is in the opposite polarity at T=50 seconds, then the vehicle is driven back and it functions as a generator
with reverse current flow.
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Figure 5. Voltage of motor controller

The simulation model modifies the proportional and integral constants K, and K; to satisfy the
demands of driving torque. The simulation output as shown in Figure 7, is obtained by comparing the actual
battery voltage Eg with a calculated voltage of the battery Egaiculated). The battery voltage error is positive
during motoring mode till T=50 seconds and it becomes negative during the regenerative mode. The largest
negative value of battery error of -200 V at 0 sec occurs at the initial stage of the simulation due to natural
response which is normally ignored. The magnitude of the PI controller's input and output will be affected by
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this voltage variation. The error output is used as input to the Pl controller. During motor starting, the
controller quickly recovers the system and compensates for the maximum deviation of around 25 V. The
controller's performance is satisfactory because the error is almost zero. However, employing other
intelligent methods, the controller performance would still be enhanced. As seen in Figure 8, the value of
controller gain K fluctuates according to the speed demand, where the value of K rises as the speed demand
rises. The integrator in the PI controller block is configured during modeling. To avoid an algebraic loop
error during simulation, the integrator in the Pl controller block is set to 0.1 at the beginning during
modeling. The controller gain increases during the motoring mode and decreases during the regenerative
mode.
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Figure 6. Current output of motor controller

50 1 T T T T T T T T

-50

Battery voltage error

=100

-150

-200 Il 1 1 L 1 L L
0 10 20 30 40 50 60 70 80 920 100

Time in (sec¢)

Figure 7. Battery voltage error

During an instant of the driving cycle, the energy consumed by the vehicle has been obtained by
adjusting the gain. The PI controller generates an error correction signal which is directly proportional to the
signal error and proportional to the integral of an error signal. The proportional signal allows the controller to
respond to system change and the integral signal allows by integrating the signal over time to reduce constant
errors. The constants K, and K; of the controller are calculated by trial and error, and the tuning process was
simply a change of the values while monitoring the magnitude of the Ber signal. As shown in Figure 8, the
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average value of the gain K is 4.0. From the simulation results, it has been observed that the battery of the
electric vehicle provides enough electric power to overcome the speed and torque produced by the vehicle.
The EV's performance depends on the performance of the controller to compensate for the voltage error.

Figure 8. Controller gain

5. CONCLUSION

In this paper, the road load resistance is calculated for the Mercedes Benz Class C Saloon vehicle,
and analysis of energy flow in motoring and regeneration operations of the vehicle is simulated using
MATLAB/Simulink. Normally prototyping and testing are costly and complex activities, so automobile
designers depend largely on modeling and simulation to determine the optimum energy control strategy and
precise component size, as well as to reduce energy consumption. In this paper, mathematical models of
drive components of the vehicle are developed to enable the perfect understanding of the flow of energy.
Depending on the sign of the total energy, we can easily distinguish the acceleration and deceleration phases
of the vehicle. The voltage, current, and power at each instant of simulation are obtained to analyze the
energy flow of the drivetrain. Optimum ratings of power and torque, less fuel consumption, and increased
battery life can be obtained with proper maintenance of the flow of energy. The observed results indirectly
influence the increase in the driving range of the vehicle. In the future, the proposed model will serve as a
foundation for the further development of EVs.
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