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Abstract: The scope of this article is to assess the performance of a torque vec-
toring control strategy applied to an Innovative Hybrid Electric Vehicle with In-
Wheel Electric Motors. The vehicle used in the analysis is the XAM, a two-
passenger lab prototype, with a modified powertrain to simulate three drivetrain
configurations: AWD, FWD and RWD. The vehicle dynamics simulation is done
with Adams Car and a co-simulation in MATLAB carries out the PI controller and
torque allocation functions. In this virtual environment, several standard maneu-
vers (such as step steering, ramp steering and double lane changes) were per-
formed in order to tune the control gains and verify the enhancement of the dy-
namic response of the vehicle. The system shall be considered successful if,
when compared to the baseline model (without torque vectoring control), it in-
creases vehicle responsiveness, reinforce stability and creates a more intuitive
steering, without jeopardizing other performance indicators.

Keywords: Vehicle Dynamics, Control Strategy, Multi-Body Simulation, Hybrid
Electric Vehicles.

1 Objectives

Nowadays, thanks to actual electrification trends in the automotive world, several powertrain
architecture and control strategies are under evaluation. The compactness of electric motors
allows car makers to innovate the vehicle packaging and drivetrain architectures [1-3]. On
the other side the limited amount of energy on batteries and their shape has a great impact
on the design of chassis as well as on their controls and on their performance [4, 5]. The
use of individual motors for each wheel allows the implementation of an effective torque
vectoring control to tune the vehicle’s handling in steady state and transient. If made with in-
wheel motors, the packaging it is improved also because of less space required by the
powertrain [6]. Information from different sensors on the car such as the accelerometer for
longitudinal and lateral acceleration, gyroscope for yaw rate, Throttle Position Sensor (TPS),
steering wheel angle sensor and wheel speed sensor go to an electronic control unit (Pro-
cessor). The torque vectoring algorithm estimates the necessary vehicle states (such as
vehicle side-slip angle B) and calculates how much torque to apply to the left and right
wheels. This information is fed to the inverters, which drive the electric motors.

The subject vehicle of the article is the XAM [7], the prototype built by the research team.
The general characteristics of the vehicle are summarized in Table 1.

The main objectives of direct yaw moment controls are to increase vehicle stability at
critical conditions, enhance vehicle response, linearize vehicle lateral acceleration response
and minimize vehicle behavior variation with longitudinal acceleration [6] [1]. Potential tar-
gets for a torque vectoring controller are to increase the maximum lateral acceleration, to
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increase the linear region, and to increase steering responsiveness by decreasing the un-
dersteer gradient.

Table 1. XAM basic data

Parameter Value
Vehicle mass (m) 450 kg
Vehicle yaw moment of in- 2
ertia (Izz) 1560 kg.m
(I?;)stance front-axle to CG 0.85m
E)bl)stance CG to rear-axle 105m
Front and rear track width

(trand t;) 1.185m
Front cornering stiffness 41 3 kN/rad
Ca)

Rear cornering stiffness 35.4 kN/rad
(Car)

Tire size 235/60R16

These controllers function in basically three tasks: the reference yaw rate generation, the
control algorithm (PI controller) and the control allocation (to assign the individual torque to
each of the wheels). The control scheme is shown in Figure 1.

Ermemiins PID Allocation Adams Model
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Fig. 1. Control and simulation basic scheme

2 Modelling

2.1 Multibody Model — Adams Car

As a standard Adams Car full vehicle assembly, the vehicle consists of, basically, 8 subsys-
tems: tires (front/rear) and brake; suspensions (front/rear) and steering; chassis and power-
train.

The tire is modeled using the Pacejka 2002 model inside Adams Car. The suspension sub-
systems were made based on the existing Adams Car templates that were then modified for
the proper hardpoints, springs, and dampers and to account for the IWMs inertia. With the
IWMs, the motor torque is applied in the hub, which rotates around the upright and together
with the wheel. In this way, the hub is connected via a revolute joint with the upright and a
fix joint with the wheel. A Control System called "Torque Control" was created inside the
powertrain subsystem. In it, were defined the different transducer signals for the controller



3
to work (such as longitudinal speed, yaw rate, steering wheel angle) and also some auxiliary
signals (such as longitudinal slip ratio) that help the development of the controller. The com-
munication interval between the Simulink solver and the Adams Car was set to 0.01. Also
regarding the powertrain subsystem, for the Adams Car driving machine to work properly,
the torque-speed map of the motor must be given to the solver in the motor parameters so
the calculation for the throttle input in the simulations can be done.

2.2 Reference Generator

To generate the reference yaw rate for the controller, the most used expression is the one
for steady state cornering derived from the 2-wheeled planar ’bicycle model’ as seen in
Equation 1:

; V,

Yaes = ——.§ (1)

(a+b)+Ky.Vy?

The expression depends on the value of Ky, that can be written as in Equation 2.

m b a
k=% () )
Changing Ku, the car’s response is changed: increasing it induces understeer and decreas-
ing it induces oversteer [8]. However, due to limitations of tire friction potential, the desired
yaw rate described in Equation 1 is not always reachable. The vehicle cannot obtain the
desired yaw rate where the tire friction is not able to provide the necessary forces. The lateral
motion, lateral acceleration, must be bounded by the tire-road coefficient pu [3]. This can be
expressed with:

. V.f
ay=V.1p+ax.tan6+\/TBnB2Su.g (3)

2.3 Control Law - Pl Controller

The controller consists in the calculation of the error signal, the Pl controller and the calcu-
lation for the required yaw moment. The goal of the controller is to correctly track the yaw
reference and minimize the error. In this part, the control law is implemented with the appro-
priate controller gains (Kp and Ki) to correctly track the yaw reference (generated previously)
and minimize the error. The error signal can be defined as Equation 4.

d)error = wref - wactual 4)

M, = Kp -l/.)error + K; fl/.)error dt (5)

The gains of the PI controller are virtually tuned using step steer, ramp steer and a double
lane change maneuver at four different velocities (30, 60, 90 and 120 km/h). Therefore, the
controller gains were tuned for each speed set point and a look-up table was built for an
interpolating function between the speed set points.
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2.4 Powertrain Model, Torque Allocation and Constrains

To adequately choose the in-wheel motor, requirements were made considering the purpose
of the studied vehicle (small city car): Maximum speed of 120km/h in level road; continuous
speed of 30km/h at 30% inclination; and transient acceleration of 2m/s 2 at 15% inclination.
The chosen motor was the Emrax 208 Low Voltage air-cooled. It is an axial flux permanent
magnet synchronous motor. Data for this motor is readily available from the manufacturer.
The motor is modeled in the Simulink model with a look-up table for the torque curve. Per-
manent magnet synchronous motors internal dynamics are much faster than the vehicle
dynamics [10]. As in [11], they will be neglected with the assumption that a successful torque
controller for the motors is implemented.

Torque will be divided equally between left and right, in this way all tires participate equally
in the generation of the corrective yaw moment and vehicle speed will not be influenced. 6+
and 6r indicate how much of the yaw torque is applied by the front wheels and how much by
the rear wheels. In this study 6: = 8: = 50% were used, which means the torque is equally
split between the front and rear.

Besides the controller design, it is also necessary to take into account the limitations and
saturations of the real application. Three considerations must be made when calculating the
final torque applied by the motors at the wheels: the driver’s throttle demand must be satis-
fied, the motor torque Tmotor Should not be higher than the motor limit Tmax for the given wheel
speed rotation w and the applied torque at the wheel should not be higher than the maximum
torque the tire can handle and should not induce tire spin. The torque demand from the
driver Tq is calculated with the motors look-up table as if there wasn’t any torque vectoring
controller. To these values, the required ATmotor from the controller are added. Finally, the
values are then compared with the maximum available motor torque (throttle = 100%) at that
wheel speed w to account for the motor saturation.

After that, it is necessary to include the tire saturation to prevent wheel slip. A higher torque
than the maximum tire capability should not be applied. Normal forces on each tire were
calculated and the maximum longitudinal force was determined using the tire-road longitu-
dinal friction coefficient px and an effective tire rolling radius r. To find the normal forces on
each tire, calculations were done based on lateral and longitudinal load transfer assuming
a steady state condition and the validity of the superposition principle [9]. Aerodynamic load
transfer will be neglected as aerodynamic effects are negligible for this vehicle (Ci~ 0).
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Fig. 2. Control and simulation full scheme

3 Simulation Results

Different virtual simulations were performed to tune and analyze the performance of the
controller. Step steer simulations address the behavior in transients. Ramp steer and con-
stant radius cornering simulations were done with a slow steer input to assess the controller
action in a quasi-steady state condition. Double lane change and other simulations evaluate
the behavior in more specific maneuvers. First, the controller performance with the AWD
vehicle has been analyzed. Then, comparisons have been made with the FWD and RWD
configurations. The performance of the controller has been evaluated in its capability to
reach the reference value, the overshoot and settling time of the response and the instability
generated by the additional yaw moment, increasing the side slip angle 3. PID gains were
manually tuned, the Ku reference value was chosen small, to give additional responsiveness
to the vehicle. In the plots, the blue dashed curves refer to the baseline vehicle (without the
torgue vectoring controller) and the red solid curves refer to the controlled vehicle (with the
torgue vectoring).

For the step steer maneuver the simulation was done in four different speeds (30, 60, 90
and 120 km/h) with Steer angles inputs (50, 17, 9 and 6 deg) to evaluate the performance
in several speed points at a low lateral acceleration condition (around 0.45 g in the baseline
vehicle). The controller focus is increase responsiveness.

At 120km/h, the controller intervention is the clearest. An increase in the steady-state yaw

rate, faster settling time and lower overshoot make the controlled vehicle very responsive.
There is a higher curvature gain (lower radius of curvature) and lateral acceleration gain,
due to the reduction of the understeer behavior of the vehicle.
It does achieve the steady-state value of the reference at 0.7s with a slight overshoot of 2%.
A positive Mz is required to increase vehicle yaw rate and response. The controller, however,
increases the longitudinal slip angle (Figure 4), which could cause instability if it is over a
safe value, due to tire saturation.
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Fig. 3. Yaw rate and Sideslip Angle in 120km/h step steering
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Fig. 4. Front axle Longitudinal Slip in 120 km/h step steering

A new simulation with a steering wheel angle input of & = 15deg at V = 90km/h (resulting in
a lateral acceleration of ay = 0.9g on the controlled vehicle) was done to assess the influence
of a higher lateral acceleration in the controller performance.

The focus in this condition is to give stability to the vehicle and avoid rolling over.lt is clear
the higher difficulty to the controller to keep the vehicle stable at the higher lateral accelera-
tion loads.

The tires of the controlled vehicle are now operating at the limits of lateral slip adhesion. For
this steering input, the baseline vehicle does not reach a lateral acceleration higher than
0.7g and thus does not reach this condition. Although it succeeds maintaining control, as
seen in Figure 5 left, the vehicle yaw rate starts to oscillate with an amplitude of 0.2deg/s at
around t = 2s. The oscillation in the lateral acceleration has an amplitude of 0.06g, which
might cause an unpleasant sensation to the driver.

Moving forward, the ramp steer maneuver serves to analyze the vehicle behavior in an al-
most steady state condition. The vehicle response can be understood with the plot of the
steering angle vs. the lateral acceleration. The inclination of the curve is the understeer
gradient Ku in deg/g. A higher inclination means a higher steering wheel input is necessary
to achieve the same lateral acceleration. A lower inclination means the car is more respon-
sive to steering input. The tests were performed at 60 km/h with a 6 deg/s steer increase,
and 90 km/h with a 3 deg/s input.
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Fig. 5. Yaw Rate and Sideslip Angle in 90 km/h high lateral acceleration step steering
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Fig. 6. Steering angle vs. Lateral acceleration in 60 km/h (bellow) and 90km/h (above) ramp
steer

While both vehicles start with the same response, after lateral acceleration increases be-
yond ay = 0.3g, the baseline vehicle starts having a more pronounced understeer behavior.
After ay = 0.5g the curve stops being linear and at 1g the car is at the grip limit. The controlled
vehicle has a lower understeer gradient and a linear behavior up to the limit. This is espe-
cially good for the driver, which can correctly predict the car response and better control it.
At almost ay = 19, the controller reference saturates, as explained in Equation 3. The refer-
ence yaw rate becomes constant and so the controller introduces terminal understeer. For
the driver, this may be perceived strangely, as a turn of the steering wheel will not provide
any lateral movement to the car (however, safer than rolling over).

A problem of this approach is the saturation employed in the controller depends on the
tire-road friction coefficient p. If on a higher grip surface, the controller will behave conser-
vatively, limiting the car when it is still far away from its limits. If on a slippery surface, it may
limit the car too late when the limit has already passed. To avoid such issues, an estimator
for p can be used.

The controller performance was also assessed in the double lane change maneuver with
the goal of evaluating the handling of the vehicle. The maneuver was done at 75km/h and
the throttle was applied throughout the simulation as to maintain the same initial speed.
Because this is a closed loop simulation, in which the vehicle should follow a given trajectory,
the steering control was done with the Adams Car Driving Machine. The Driving Machine
uses one of four available modes to control the steering wheel: rotation or torque on the
steering wheel, force or displacement in the steering rack. In the baseline vehicle, a torque
control mode was used by the Driving Machine whereas in the controlled vehicle a rotation
control mode was used.
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Fig. 8. Yaw rate of FWD and RWD in 90 km/h step steering

The baseline vehicle is almost not able to perform the test. From the trajectory plot, it is clear
there are high overshoots in both turns and the settling time is very high. On the other hand,
the controlled vehicle is able to successfully complete the maneuver without any troubles
and with a much faster settling time, indicating that the higher responsiveness and lower
understeering showed by the step steering and ramp steering can effectively improve dy-
namic response in a more complex situation.

Simulations were also done to investigate the behavior of the vehicle and the controller in
an FWD or RWD configuration.

To change the vehicle from AWD to FWD/RWD, the in-wheel motors in the particular axle
were removed. This had some effects on the vehicle: mass redistribution between the front
and rear axles; changing in the wheels inertia, and the controller action to act only on the
driving axle. The step steer test was simulated at 90km/h with steering wheel angle inputs
of 9deg.

It is possible to compare the responses in terms of yaw rate. Both baseline RWD and
FWD respond similarly, achieving almost the same steady-state value (9deg/s) in a similar
settling time (approximately 1s). At this condition, the traction forces on the tires are not yet
big enough to impact the lateral force generation and thus, alter the vehicle behavior. The
controller is able to successfully stabilize the vehicle, increasing agility (new response time
of 0.5s) and increasing the steady-state value of the yaw rate to more than 11ldeg/s in a
similar way to the AWD vehicle. This shows the control strategy is robust to the configuration
changes.



4 Conclusions

The objective of this article was to model an electric vehicle with IWMs, propose a torque
vectoring controller that takes advantage of the individually controlled motors and assess its
performance in different maneuvers. The vehicle was modeled in the multi-body dynamics
software Adams Car in a co-simulation environment with MATLAB. The model works in open
and closed maneuvers with a specifically tuned PI controller. A yaw rate based approach
was used with the goal to improve vehicle response (make it more linear and responsive)
and stability (avoid rolling over and critical conditions, such as drifting or spinning out) in
different operating conditions. The controller is able to successfully alter vehicle response
and make it better for the driver. On quasi steady-state conditions, the controller extends
the linear range of the vehicle and stabilizes it at the limit. On transient conditions, such as
step steer or the double lane change, steering wheel effort is greatly reduced as are over-
shoots of yaw rate. Also, settling time is lower, which means vehicle responds quicker to the
steering commands. As the controller takes into account only yaw rate, it is important to
observe the impact it has on vehicle side slip angle B. In the tested scenarios, the controller
did not increase 3 values to unacceptable levels, assuming it had a correct estimation of .
In different configurations, such as FWD or RWD, the controller proved to remain successful.
With the same gains for all configurations, it was possible to obtain a satisfactory perfor-
mance and improvement of vehicle response and minimize the influence of the tractive force
on the front/rear axle, which could induce under/oversteer.

Further work can be done to improve and expand what has already been done: performing
physical validation of subsystems and full vehicle test, with and without HIL; simulating the
interaction with Traction Control Systems, ABS and ESC; optimizing control gains and
torque allocation aiming to improve dynamic performance and/or reduce energy utilization;
and a integrating a i estimator to create a more robust control system.

Acknowledgements for Joao Pedro Almeida Viana for the important help during the mod-
elling phase and MSC Software lItaly for providing the Adams Car software and MSC tech-
nical team, particularly Ing. Angelo Casolo, for the active support during all the activity.
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