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Abstract: The yaw acceleration required for circuit driving is determined by the time variation of
the yaw rate due to two factors: corner radius and velocity at the center of gravity. Torque vectoring
systems have the advantage where the yaw moment can be changed only by the longitudinal force
without changing the lateral force of the tires, which greatly affects lateral acceleration. This is
expected to improve the both the spinning performance and the orbital performance, which are
usually in a trade-off relationship. In this study, we proposed a yaw moment control technology that
actively utilized a power unit with a brake system, which was easy to implement in a system, and
compared the performance of vehicles equipped with and without the proposed system using the
Milliken Research Associates moment method for quasi-steady-state analysis. The performances of
lateral acceleration and yaw moment were verified using the same method, and a variable corner
radius simulation for circuit driving was used to compare time and performance. The results showed
the effectiveness of the proposed system.

Keywords: torque vectoring; vehicle dynamics control; race car; brake torque; drive torque

1. Introduction

To improve the vehicle performance of race cars on circuits, we must consider not only
the maximization of the friction ellipse, which is indicated by the longitudinal acceleration
during braking/acceleration and the lateral acceleration during steady circle turns, but
also the yaw rotational motion of the vehicle body itself. This is because in circuit driving
with a series of various corner radii, the vehicle needs not only the orbital motion of the
turning center, based on the lateral acceleration, owing to the generation of a cornering
force balanced by centrifugal force, but also the spinning motion of the center of gravity
position of the vehicle body to change its orientation in accordance with the track. For
these spinning motions, yaw acceleration must be acquired, and a yaw moment must be
generated in the vehicle. The yaw moment in a vehicle is mainly determined by three
factors: longitudinal force, lateral force, and self-aligning torque of each of the four tires, as
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well as the position of the vehicle’s center of gravity, wheelbase, and front and rear track
widths. In a conventional vehicle, the forces and moments generated by these four tires
vary depending on the steering angle, throttle opening, brake pedal force, and vehicle
characteristics in order to generate spinning and orbital rotation to make turns. However,
there is a considerable trade-off between yaw acceleration for spinning motions and lateral
acceleration for orbital motions. The required amount of yaw acceleration in circuit driving
is determined by the time variation of the yaw velocity based on two factors: the corner
radius and velocity at the center of gravity. Thus, when the lateral acceleration of the
vehicle is increased for some reason, the turning speed of the vehicle is increased. The yaw
rate, acceleration, and moment required, in this case, are higher. As shown in Figure 1, in a
conventional vehicle, the source of the yaw moment is mostly the difference in the lateral
force generation time between the front and rear, and the only way to offer the vehicle
a high yaw moment is to reduce the lateral force of the rear tires. However, sacrificing
the rear lateral force means that the overall cornering force and lateral acceleration of the
vehicle are reduced. In circuits with a small corner radius, the superiority of yaw rotation
motion performance is more pronounced, due to the greater yaw moment requirement.
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In recent years, many control technologies have been researched and developed to
improve these trade-offs. Previous studies can be broadly divided into two categories:
lateral force control using tire slip angle and longitudinal force control using drive torque
(torque vectoring). A typical example of the former is active rear-wheel steering. As
the name suggests, this controls yaw moment by dynamically changing the rear tire slip
angle, thereby changing the lateral force on the rear tires [1–3]. Since many vehicles have a
longer wheelbase than track, it is expected that the yaw moment can be varied efficiently.
However, the system’s characteristic of directly controlling the lateral force has a high
impact on lateral acceleration, and if the yaw moment is to be used actively, as is the case
for this purpose, the lateral force on the rear tires must be reduced, resulting in a significant
reduction in the vehicle’s overall lateral acceleration. In the latter, torque vectoring control
is actively studied in vehicles with four-wheel in-wheel motors in which all tires generate
drive torque. In these systems, the yaw moment is directly controlled by controlling the
motor torque of the four wheels, thereby varying the longitudinal forces [4–8]. Torque
vectoring control has the advantage over active rear-wheel steering in that it does not
significantly change the lateral forces on the tires, which have a large effect on lateral
acceleration, and ideally, the yaw moment can be changed only by longitudinal forces. In
aiming to actively use the yaw moment in this study, direct control of the driving force
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is considered more suitable than lateral force control using the slip angle, in terms of
preventing a reduction in lateral acceleration.

In the field of front-wheel drive or rear-wheel drive vehicles, which are currently used
in many racing categories, research is being conducted on torque vectoring control using
active/semi-active differential mechanisms and on improving the driving force at corner
exits [9,10]. This system can transmit torque to any wheel and generate yaw moment by
controlling the locking torque and its direction using an actuator in a passive limited-slip
differential mechanism, combined with an existing multi-disc clutch. The problem with
these systems is the complexity of the mechanism, and there are few examples of their use
in competition or commercial vehicles, due to the cost and weight. Due to these problems,
there is a need for systems that can implement yaw moment control relatively easily, and
research has been conducted on systems that generate yaw moment by applying brake
torque to either wheel [11]. These systems have the advantage of simplicity in that they can
be implemented by adding an existing braking system, and they have been implemented
in sports cars and other vehicles of many automobile manufacturers. The weak point of
these systems is the generation of negative longitudinal acceleration, due to the use of
the brakes. Therefore, a system linked to the electronic throttle of an internal combustion
engine that modifies the yaw moment while maintaining longitudinal acceleration is being
considered [12]. However, the method of using powertrain energy to compensate for the
energy reduced by braking is not a good concept for automotive manufacturers aiming for
high energy efficiency, and it has not become a mainstream system to date.

Considering its use in circuit driving, a system that uses brake torque to control the yaw
moment must consider optimal brake and powertrain operations, since its characteristics
may reduce vehicle speed, which may lead to a deterioration in lap times. Since it is not
realistic to consider many experimental studies, simulation is expected to be used. However,
most of the yaw moment control research cases focused on transient motion characteristics
for time-based steering inputs, using full vehicle dynamics simulations, which are widely
used in commercial applications. While these full vehicle dynamics simulation-based
studies can reproduce realistic behavior, they have the disadvantage of making it difficult
to identify the causes and remedies for phenomena caused by complex and continuous
effects, which can hinder progress in development. The forces and moments acting on
a vehicle during a turn can be well understood using the Milliken Research Associates
(MRA) moment method [13], a quasi-steady-state vehicle maneuvering representation.
The Milliken moment method (MMM) is a simulation technique similar to the restricted
condition test method used in aircraft wind tunnel testing, where the yaw direction motion
is constrained. By calculating the steady-state cornering forces and yaw moment at that
time using a combination of the vehicle slip angle and steering angle as inputs, analyzing
the orbital and spinning motion performance, stability, and control at any vehicle slip angle
and steering angle is possible [14–18]. Compared to transient simulation, quasi-steady
simulation is suitable for the development of yaw moment control because it allows the
driver’s input regarding handling and the output from the vehicle, i.e., lateral acceleration
and yaw moment, to be understood in a single diagram. In addition, there has been no
application of this method to the development of yaw moment control for race cars, and
we expect that this method will be used as a new study method for yaw moment control
through this research.

I. Kobayashi studied hybrid race cars using an internal combustion engine (ICE) and
an electric motor and proposed a system that varies the output of the ICE and electric motor,
depending on vehicle conditions [19–21]. In this study, we used the vehicle dynamics model
that we previously developed. We proposed a yaw moment control technique that actively
utilized drive torque and brake torque. These could be applied to many vehicles, including
internal combustion engines, as well as the hybrid competition vehicles we are studying.
We compared the performance of the vehicle with and without the proposed system
using the MRA moment in quasi-steady-state conditions, based on the nonlinear Magic
Formula 6.1.2 tire [22] and two-track models. We undertook the performance verification
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of lateral acceleration and yaw moment using the method and a comparison of the vehicle
with and without the proposed system, in terms of time and performance, using variable
corner radius simulation while assuming circuit driving.

2. Proposed Yaw Moment Control System
2.1. Outline of the Proposed System

The yaw moment Iz
..
ψ, which is the main control target in the proposed yaw moment

control system proposed herein, is determined by three factors: longitudinal force Fx,
lateral force Fy, and self-aligning torque Mz for each of the four tires. The three factors,
vehicle’s longitudinal weight distribution wd f , wheelbase wb, and front/rear track width
t f ,r represent the function contained in Equation (1), where Iz is the yaw inertia of the

vehicle, and
..
ψ is the yaw angular acceleration.

Iz
..
ψ = f n

(
Fx, Fy, Mz, wd f , wb, t f ,r

)
(1)

The proposed yaw moment control system using a powertrain and a brake system is
shown in Figures 2 and 3. This system is a simple mechanism that adds a conventional
hydraulic brake system to the two rear wheels (green) and uses actuators instead of pedals
to achieve active control. Brakes generated by the pedals (red) function in the same way as
in a normal car. Figure 4 shows an image of an actual operational system. These actuators
generate force on either side in response to yaw moment demands, and the controller
determines the amount of control based on information from vehicle-mounted sensors. As
the generation of brake force Fb (green arrows) causes acceleration in the negative direction,
simultaneously, the drive torque Td (yellow allow) of the powertrain system is placed at
the wheel position and increased by the same amount as the brake torque Tb to generate
driving force Fd on the opposite side of the rear tire. The yaw moment ∆

(
Iz

..
ψ
)

added at the
vehicle’s center of gravity position by the rear tire track width tr is given by Equation (2).

∆
(

Iz
..
ψ
)
= 0.5tr(Fd − Fb) (2)
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From the above system configuration, the relation between the added driving force
and the braking force is given by Equation (3).

Fem = Fd (3)

2.2. Control Algorithm

The algorithm for this yaw moment control system is shown in Figure 5. The amount
of yaw moment required is calculated by two algorithms, based on the control quantity
uoperation determined by a 2D lookup table from the driver’s operations, that is, steering
operation δ and vehicle speed

.
x, and the control quantity uFB is determined by the PID

control that eliminates the deviation of the actual yaw rate
.
ψ from the target yaw rate

.
ψtarget, based on the lateral acceleration

..
y. Once the yaw moment is determined, the brake

system controller and powertrain controller (ECU) are signaled with the required torque,
and the vehicle generates brake torque and drive torque.
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The control quantities uFB determined by the PID control in this algorithm are the
actions that place the vehicle in a neutral state. This can be explained by the basic vehicle
motion equations shown in Equation (4) and Figure 6.

..
y =

.
Vy +

.
ψVx (4)

where
..
y is the lateral acceleration,

.
Vy the time derivative of the lateral velocity component,

.
ψ is the yaw rate, and Vx is the longitudinal velocity. The time derivative of the lateral
velocity component can be simplified, as shown in Equation (5), because the lateral slip
angle of the vehicle body is dominant, and its magnitude is minute.

..
y ∼=

.
ψVx (5)
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Given the corner radius R, we can obtain the relation in Equations (6) and (7).

.
ψ =

Vx

R
=

..
y

Vx
(6)

..
y =

.
ψVx =

Vx
2

R
(7)

The calculation shown in Equation (6) is the yaw rate at which the vehicle body rotates
in accordance with the traveling trajectory, which can be defined as the neutral state target
yaw rate

.
ψtarget. This is the formula for deriving the yaw rate during a steady-state turning.

In other words, the system works with the yaw moment to follow the yaw rate determined
from the orbital motion performance. For the driver operation-derived control quantity
uoperation, we used the 2D lookup table shown in Figure 7. These directly specify the actual
yaw moment to be added as the output and can be set according to various conditions,
such as driver, circuit, and weather.
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Figure 7. The 2D lookup table applied to the proposed control system.

By combining these two algorithms, creating a 2D lookup table for the conditions
of a vehicle that always produces a neutral state is possible. From the aforementioned
algorithm, the amount of yaw moment to be added can be set. However, because the drive
torque needs to be equal to the brake torque around the wheels, the formula in Equation (2)
must be used to ensure that the output performance of the powertrain is not exceeded if a
large yaw moment is to be added.

In practice, the slip ratio is dominant in the magnitude of the longitudinal force on the
tire. Therefore, dynamically controlling the torque to the slip ratio state required from the
required yaw moment is necessary. In this study, Equation (8) and the assumptions shown
in Figure 8 were used to deal with motion in a quasi-steady state.

T ∼= Fxrt (8)

where T denotes the torque around the wheel, Fx denotes the longitudinal force at the tire
contact patch, and rt denotes the tire radius.
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3. Calculation Method using Milliken Moment Diagram
3.1. Vehicle Dynamics Model

The equations of planar and rotational motions of the vehicle were calculated by
considering the forces in the x–y direction at the center of gravity and the moment around
the z-axis, with four tire front/rear forces Fx, lateral forces Fy, and self-aligning torque Mz.
The steering angle δ, front/rear track width t f ,r, and distance l f ,r from the center of gravity
to the front and rear tire contact patches were also used in the calculations. Figure 9 and
Equations (9)–(11) show the equations of the planar and rotational motion dynamics of the
vehicle. The effects of the vehicle body slip angle and yaw rate on the longitudinal and
lateral accelerations were neglected.

m
..
x = cosδ(FxFL + FxFR) + FxRL + FxRR − sinδ

(
FyFL + FyFR

)
(9)

m
..
y = cosδ

(
FyFL + FyFR

)
+ FyRL + FyRR + sinδ(FxFL +FxFR)

(10)

Iz
..
ψ = l f

(
cosδ

(
FyFL + FyFR

)
+ sinδ(FxFL + FxFR)

)
− lr

(
FyRL + FyRR

)
+0.5t f

(
cosδ(FxFL − FxFR)− sinδ

(
FyFL − FyFR

))
+0.5tr(FxRL − FxRR)− MzFL − MzFR − MzRL − MzRR

(11)

For the vertical load, the static load FzS, downforce FzDF, and load transfer ∆Fz were
considered, and the vehicle speed

.
x and longitudinal and lateral accelerations

..
x and

..
y

were affected. Equations (12) and (13) show the calculation of the vertical load FzSF,R on
a longitudinal wheel under static conditions. The mass of the vehicle is stated in m, the
weight distribution on the front side in wd f , and the gravitational acceleration in g.

FzSF =
mgwd f

2
(12)

FzSR =
mg

(
1 − wd f

)
2

(13)

The downforce FzDFF,R applied to the four wheels was calculated using Equations (14)
and (15). The following equations were used for air density ρ, frontal area A, lift coefficient
CL, and downforce distribution ad f . The lift coefficient and downforce distribution were
modeled as constants.

FzDFF = −0.5CL Aρ
.
x2ad f (14)

FzDFR = −0.5CL Aρ
.
x2
(1 − a d f )

(15)
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The load transfer was calculated using the total mass m and the total center of gravity
height hCoG, without separating the mass above the springs and the mass below the springs.
In addition, as there was no need to focus on transient load transfer for the analysis
of motion in a quasi-steady state, load transfer through the springs and load transfer
through the suspension links in the aforementioned spring mass were not separately
calculated. Simultaneously, the influence of damping was neglected. The lateral load
transfer ∆FzLatF,R was calculated using Equations (17) and (18). As shown in Equation (16),
the same values were used for the front and rear track widths, and the modeling was
performed by specifying the value of the total lateral load transfer distribution TLLTD,
occupied by the front wheels, with respect to the front–rear distribution of the lateral load
transfer. The longitudinal load transfer ∆Fzlon was calculated using Equation (19), where
wb denotes the wheelbase.

tm = t f = tr (16)

∆FzLatF =
m

..
yhCoG
tm

TLLTD (17)

∆FzLatR =
m

..
yhCoG
tm

(1− TLLTD) (18)

∆FzLon =
m

..
xhCoG
2wb

(19)

The final vertical load, Fz, which is the sum of the load variation factors, was calculated
using Equations (20)–(23). The vertical load at each of the four wheels was calculated to
influence the tire model, as described below.

FzFL = FzSF +
FzDFF

2
+ ∆FzLatF − ∆FzLon (20)
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FzFR = FzSF +
FzDFF

2
− ∆FzLatF − ∆FzLon (21)

FzRL = FzSR +
FzDFR

2
+ ∆FzLatR + ∆FzLon (22)

FzRR = FzSR +
FzDFR

2
− ∆FzLatR + ∆FzLon (23)

The calculation of slip angle α for each tire is shown in Figure 10 and Equations (24)–(27).
The yaw rate

.
ψ, representing the slip angle β and steering angle δ of the vehicle, and the

relation between the tire position and center of gravity position affected the longitudinal
and lateral velocity components, Vx,y, for each tire contact patch.

αFL =
Vy +

.
ψ·l f

Vx +
.
ψ·t f /2

− δ (24)

αFR =
Vy +

.
ψ·l f

Vx −
.
ψ·t f /2

− δ (25)

αRL =
Vy −

.
ψ·lr

Vx +
.
ψ·tr/2

(26)

αRR =
Vy −

.
ψ·lr

Vx −
.
ψ·tr/2

(27)
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3.2. Tire Model

The semi-experimental identification tire model Magic Formula 6.1.2 was used to
represent the nonlinear characteristics of longitudinal force Fx, lateral force Fy, and self-
aligning torque Mz. Based on tire test data, we identified 130 parameters in the tire model
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equations. Equation (28) shows the inputs and outputs of the model. This model was
a steady-state tire model, where forces and moments were determined by the inputs of
vertical load Fz, slip angle α, inclination angle γ, slip ratio κ, internal pressure p, and rolling
speed vx. Parameters were included in the tire model equations to relate them to these
inputs. It did not consider the effects of onset delay and relaxation length.

Fx, Fy, Mz = f n(Fz, α, γ, κ, p, vx) (28)

After modeling the pure slip equation representing the longitudinal force Fx0 when
the tire slip angle was set to zero and the lateral force Fy0 when the tire slip ratio was set
to zero, the pure slip condition was normalized such that its weight was 1. This equation
was then used as the combined slip equation. By fitting the concavo-convex shape with a
weighting function, calculating the conditions for the slip angle and slip ratio to simulta-
neously occur was possible. Figure 11 shows the surface of the weighting functions Gxα

and Gyκ . The calculation of the longitudinal force Fx and lateral force Fy are shown in
Equations (29) and (30), respectively.

Fx = Fx0Gxα (29)

Fy = Fy0Gyκ (30)
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3.3. Milliken Moment Diagram Calculation Method

To create the Milliken moment diagram (MMD), the vehicle body slip angle β, steering
angle δ, speed

.
x, and target longitudinal acceleration

..
x were given, as shown in Figure 12,

where the lateral forces were first calculated using the static vertical loads and downforce.
The process was iterated until the lateral acceleration converged to the specified criteria.
This is because the load transfer is a function of acceleration, and comparing the acceleration
used in the load transfer with the calculated acceleration is necessary. Simultaneously,
the ideal yaw rate was calculated by dividing the lateral acceleration by the speed, which
affected the tire slip angle. To apply the combined slip condition, which included the tire
longitudinal force and slip ratio, the drag force, brake bias, brake force, and drive force of
the system were used to determine the target longitudinal force and slip ratio for each of
the four wheels to influence the lateral force. After the convergence of lateral acceleration,
the self-aligning torque and yaw moment were calculated.
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These series of calculation flows were used to create the MMD shown in Figure 13.
All the conditions from the set combination of the vehicle slip angle and steering angle
were calculated, and the constant steering angle line and constant vehicle slip angle line at
each plot point were drawn. In this study, the MMD was expressed using the units and
definitions of the lateral acceleration [m/s2] and yaw moment [Nm].
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MMD is useful for visually understanding the cornering process, which includes the
vehicle’s spinning and orbital motions; however, it is more effective when the point of
focus is specified. As shown in Figure 14, the maximum lateral acceleration on the diagram
indicates the limit of the vehicle, whereas the yaw moment indicates the yaw balance of
the vehicle at the limit cornering. The maximum lateral acceleration on the line of the
zero-yaw moment indicates the limit performance of the constant-radius turning (skid pan)
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condition. The controllability of the yaw moment during corner entry was calculated using
Equation (31). In this report, we focused on the amount of change in the yaw moment
when the vehicle body slip angle and steering angle varied from zero to the steering angle.
The controllability of the vehicle was negative for the MMD under low-velocity conditions.
This is because the yaw rate is larger at low speeds; therefore, the degree of control that
determines the tire slip angle is dominated by the yaw rate.

Controllability =
∆Iz

..
ψ

∆δ
(31)
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4. Performance Prediction of Proposed Yaw Moment Control Systems
4.1. Analysis Conditions

To verify the improvement in the vehicle dynamic performance with the proposed
yaw moment control system, two MMD-based analyses were used to compare it with the
performance of a vehicle not equipped with the proposed system.

First, a comparison was made focusing on the maximum lateral acceleration using
MMD, the yaw moment at the point of maximum lateral acceleration, the maximum lateral
acceleration during the steady state, and the change in yaw moment per steering angle,
assuming the entry of turning.

Second, a vehicle performance envelope was created using the MMD to calculate the
time on the variable turning radius track, where the corner radius became increasingly
smaller, assuming a situation where the yaw moment was required, and to verify the
improvement in vehicle performance when the vehicle was driven at the limit.

The parameters of the vehicle model used in the analysis are listed in Table 1. The base
model targets Formula SAE, a global competition where students design and build race
cars to compete in terms of performance. The tire model responds to changes in internal
pressure and camber angle; however, in this study, the internal pressure and camber
angle were fixed at 82.75 kPa and 0◦, respectively, to focus only on the improvement of
vehicle performance by the proposed system. Simultaneously, dynamic toe changes were
not considered.
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Table 1. Vehicle models used in this analysis.

Vehicle Parameters Value/Name

Total mass [kg] 268
CoG height [mm] 270

Weight distribution [%Fr] 45
Yaw inertia [kgm2] 150
Wheelbase [mm] 1530
Front track [mm] 1250
Rear track [mm] 1250

TLLTD [%Fr] 60
Lift coefficient [-] −5

Drag coefficient [-] 1
Frontal area [m2] 1

Downforce distribution [%Fr] 45
Brake balance [%Fr] 56
Steer gear ratio [◦/◦] 5
Tyre@83 kPa, γ = 0◦ Hoosier 16 × 7.5–10 R20

4.2. Comparison by Milliken Moment Diagram

First, a comparison was made with vehicles not equipped with the proposed system
using MMD. In this analysis, the conditions were fixed at a vehicle velocity of 15 m/s
and a longitudinal acceleration of 0 m/s2. The velocity was the average velocity of the
subject vehicle on the race track, and the longitudinal acceleration of zero was a condition
in which the driving force was actually applied to the rear tires, due to the generation of
the drag force.

In the MMD of Figure 15, the entire diagram extended in the Y-axis direction, and
the vehicles equipped with the proposed system, represented by the red line, showed an
improvement in yaw moment, compared to the vehicles without the system, represented
by the blue line, for all combinations of steering angle and vehicle slip angle. Additionally,
there was no significant decrease in lateral acceleration. It was also confirmed that the char-
acteristics of the control algorithm of this system did not change the vehicle characteristics,
as the system was not activated at a constant line with a steering angle of 0◦.
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Figure 16 and Table 2 show the comparison results of vehicle performance with and
without the proposed system at each evaluation point in the right-turn situation, with
positive lateral acceleration for the MMD in Figure 15, along with numerical values.
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Table 2. Comparison of four criteria of focus within MMD.

Inactive Proposed System

Max lateral acc. [m/s2]
@Limit

18.44 18.43

Yaw moment [Nm]
@Limit −137.2 −62.15

Max lateral acc. [m/s2]
@Steady-state

14.50 15.08

∆ Yaw moment [Nm/deg]
@Corner entry −37.54 −32.70

First, for the maximum lateral acceleration, assuming the apex of the corner, the yaw
moment at the maximum lateral acceleration was 18.43 m/s2 for the vehicle equipped
with the system and 18.44 m/s2 for the vehicle without the system; although there was no
significant difference, the proposed system had about a 75 Nm larger yaw moment at the
maximum lateral acceleration, confirming that the vehicle’s spinning performance was im-
proved without degrading the orbital motion performance. The performance improvement
of 0.58 m/s2 was also confirmed for the lateral acceleration under the steady-state turn
radius condition with zero yaw moment. This was because the basic characteristics of the
baseline vehicle were on the under-yaw moment side, and the vehicle equipped with the
system was able to generate higher lateral acceleration, due to the increased yaw moment. The
change in yaw moment when the steering angle of the steering wheel position was changed
from 0◦ to 5◦, simulating a scenario in the early stages of a corner, also showed an increase in
value of about 5 Nm/deg for the system-equipped vehicle, confirming improved controllability
in situations where the need for yaw moment in the early stages of a turn is high.

The evaluation of MMD analysis in the above four points showed that vehicles
equipped with the proposed system improved yaw moment without significantly reducing
lateral acceleration. These improvements in self-spinning performance have the potential
to improve vehicle performance, especially on circuits with high yaw motion requirements,
such as a series of tight corners. However, the rate of increase in yaw moment of the vehicle
equipped with the proposed system relative to the vehicle without the system was higher
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near the apex of the corner than at the beginning of the turn; this was largely due to the
setting of the 2D lookup table determined by the steering angle and speed in the control
algorithm. In this study, the amount of additional yaw moment around the small steering
angle was set to be small. In actual situations, the required yaw moment differs at each
point of a corner, so it is necessary to set the required amount of yaw moment based on an
understanding of the yaw moment.

4.3. Comparison by Variable Turning Radius Simulation

The performance of the vehicle equipped with the proposed system was verified when
the vehicle was driven on a variable turning radius track that actually required a yaw
moment. The evaluation track was an 80 m long track, whose turning radius decreased
from 50 m to 10 m, as shown in Figure 17.
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The vehicle performance envelope, shown in Figure 18, was created to simulate
the driving of this evaluation track at its limits. The purpose of this was to deal with
velocity-dependent vehicle performance, including downforce. As shown in Figure 19,
creating vehicle performance charts for yaw acceleration, lateral acceleration, and velocity
by creating an MMD for each velocity and subsequently creating a 3D envelope was
possible. The color of the lines in the figure indicates the difference in velocity, calculated
from 12 to 20 m/s. In the case of acceleration/deceleration, longitudinal acceleration should
also be considered in the performance envelope. However, in this study, a performance
envelope was created with zero longitudinal acceleration to verify the turning performance,
including rotation and revolution.

Comparison logs between vehicles equipped with the proposed yaw moment control
system and inactively controlled vehicles are shown in Figures 20–23 when the vehicles
entered the evaluation track at an initial speed of 20 m/s and ran within this vehicle
performance envelope. Figure 20 shows that the vehicle equipped with the proposed
system had a higher velocity in all areas than the inactive vehicle. Figure 21 shows that the
yaw moment at the performance limit approached zero by the proposed system because
the basic characteristic of the vehicle model was the yaw moment, as mentioned above,
and thus, the vehicle benefited from the improvement in steady-state lateral acceleration.
However, the proposed system was the most effective in the area where the most yaw
moment was generated, as shown in Figures 22 and 23. The proposed system met the
demand for higher yaw moment, due to the higher turning speed.
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The transit times of the vehicles equipped with the proposed yaw moment control
system and the inactive control vehicle on this evaluation track are listed in Table 3. The
times improved, due to the improvement in lateral acceleration in the steady state and the
improvement in performance in the area where considerable yaw moment was required.

Table 3. Comparison of transit times for the variable turning radius track.

Inactive Proposed System

Time [s] 5.140 5.085

Since the focus of this consideration was to evaluate the behavior of the proposed
system in quasi-steady-state conditions, the vehicle performance diagram and system
controls used to analyze the vehicle running a variable radius used only lateral and yaw
accelerations in the quasi-steady state. Future work will examine elements that include
transient conditions, such as the evaluation of controls that bring the constantly dynamic
yaw rate closer to a target yaw rate calculated from the steady-state turning formula
and the evaluation of times in circuit driving, using a multi-body full vehicle dynamics
model. In addition, since the maximum yaw moment that can be added to this system
ultimately depends on the driving force limit of each tire, it is necessary to consider vertical
loading, which has a high contribution to tire performance. Therefore, transient lateral and
longitudinal load transfer using a full vehicle dynamics model will also be considered in
the future.

5. Conclusions

In this study, we presented the system configuration, control algorithm, and theory
as preliminary research of the proposed yaw moment control system. This study also
confirmed the improvement of the vehicle motion performance of the proposed system by
analyzing the vehicle motion using the MMM technique, effectively showing the vehicle’s
spinning and orbiting motion performance in a quasi-steady state. The improvement in the
self-spinning motion performance of the proposed system was confirmed. Furthermore,
the analysis using a variable turning radius track designed as a race track not only enabled
a comparison focused on the performance, particularly during corner radius entry, it also
demonstrated the usefulness of this variable turning radius study method.

In the future, we plan to conduct a motion analysis that considers longitudinal accel-
eration, which was not considered in this study, and the performance of the vehicle on a
single lap of a race track. In addition, studying the transient motion characteristics, which
are indispensable for the construction of a control system for implementation, is necessary.
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