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Abstract: The paper presents the control design of an independent wheel steering system for in-
wheel electric vehicles. The steering of the wheels is based on the variable-geometry suspension
control, which influences the camber angle and the scrub radius of the wheel. A nonlinear
formulation of the variable-geometry suspension is derived, which is validated through a high-
fidelity suspension model. Furthermore, the impact of the independent steering in the lateral
model of the vehicle is incorporated. In the paper the robust control design of the independent
steering system in a hierarchical structure is presented. The trajectory tracking of the vehicle is
guaranteed by the robust H, control, while the intervention of the variable-geometry suspension
is designed based on the Linear Quadratic theorem.
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1. INTRODUCTION AND MOTIVATION

The electrification of the vehicle drivelines provides a
new possibility to enhance the stability and safety of
road vehicles. A novel solution of the electric drive is the
application of in-wheel electric motors. It makes possible
the distribution of the traction forces between the wheels,
by which additional functionalities can be achieved, e.g.
the torque vectoring of the vehicle.

The in-wheel electric drive offers new challenges in the
steering of the vehicle, such as independent steering. The
goal of the independent steering concept is to improve
the lateral dynamics of the vehicle using individually
controlled wheels. The independent steering control for
the rear wheels to modify the toe angle is presented by
Lee et al. [1999]. The analysis of the independent wheel-
steering system for heavy vehicles is found in Ronci et al.
[2011]. Wang et al. [2011] proposes an indirect power
steering measure called differential drive torque assisted
steering, and validates its feasibility. Hu et al. [2015]
presents a fault-tolerant control approach for a four-wheel
independently actuated electric vehicle.

* The research was supported by the National Research, Develop-
ment and Innovation Fund through the project ”SEPPAC: Safety
and Economic Platform for Partially Automated Commercial vehi-
cles” (VKSZ 14-1-2015-0125). This paper was partially supported by
the Janos Bolyai Research Scholarship of the Hungarian Academy of
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In the paper a new solution of independent steering
is proposed, which is based on the variable-geometry
suspension solution. The aim of the suspension control
is the modification of the geometry, which results in a
change in the camber or the toe angle. A rear-suspension
active toe control for the enhancement of driving stability
is proposed by Goodarzia et al. [2010]. The active tilt
control system, which assists the driver in balancing the
vehicle and performs tilting in the bend, is an essential part
of a narrow vehicle system, see Piyabongkarn et al. [2004].
These vehicles require the design of innovative active wheel
tilt and steer control strategies in order to perform steering
similarly to a car on straight roads but in bends they
tilt ilke motorcycles, see Suarez [2012]. The advantages of
the variable-geometry suspension are the simple structure,
low energy consumption and low cost compared to other
mechanical solutions such as an active front wheel steering,
see Evers et al. [2008], Lee et al. [2005].

In the paper the control design of an independent wheel
steering system for the front wheels is proposed. The nov-
elty of the paper is the application of the variable-geometry
suspension in the steering solution. The contributions are
the modeling and validation of the suspension system, the
control design of the actuator and the robust trajectory
tracking control of the vehicle. In the control solution
the actuator and the tracking control are connected in a
hierarchical structure.
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The paper is organized as follows. The formulation of the
independent steering model incorporating the suspension
and lateral vehicle models is presented in Section 2. The
robust control design of the system in a hierarchical
structure is found in Section 3. Section 4 demonstrates
the efficiency of the control system. Finally, Section 5
summarizes the contribution of the paper.

2. MODELING OF INDEPENDENT STEERING

In this section the modeling of independent steering is
proposed. The variable-geometry suspension performs the
modification of the wheel position and orientation. Thus,
the wheel camber angle and the scrub radius of the
suspension vary. In the following, the formulation of the
lateral vehicle model with the consideration of the camber
angle and scrub radius is presented.

2.1 Modeling of the variable-geometry suspension

The goal of the variable-geometry suspension is to perform
the wheel camber angle and the scrub radius modification.
The camber angle results in a lateral force on the tyre-
ground contact. Since the longitudinal force has a rotatory
effect on the wheel, the scrub radius of the wheel influences
the steering dynamics of the wheel. Therefore, a lateral
force from the wheel steering through the scrub radius
modification results.

Since the variable-geometry suspension has one actuator
in each wheel, it is necessary to find a suspension construc-
tion with which the lateral force generation of the camber
and the scrub radius is in coordination. Thus, the forces
from the wheel tilting and the steering from the scrub
radius have the same effect on the vehicle dynamics. In
the paper the McPherson construction is used to perform
the motion of the wheel. The actuator is incorporated in
the suspension between the wheel hub and the wheel. It
is able to generate an active torque M, around B to tilt
the wheel. However, it also has a counter effect —M,.; on
the hub. In the McPherson construction the suspension is
able to rotate around the connection point A of the chassis.
Moreover, the arm connects the hub D and the chassis C
with joints, which are able to guarantee the rotation and
the motion of the suspension.

The scheme of the variable-geometry suspension is shown
in Figure 1. Several forces influence the motion of the
suspension and the wheel. The force of the suspension
compression and damping Fy,p is formulated as

z z Z
Fsusp = Ssusp (m) + dsuspﬁ (1)
where s5u5p and dgyusp are the stiffness and damping
coefficients, z,,0 is the joint position, resulting from the
static suspension compression.
The lateral force on the tyre is F),. It is derived from the
Magic Formula, see Pacejka [2004]. Fyy,. is the force from
the tyre compression, which has a direction to the wheel:
(ry cosy — liyre SINY — 14y — Zw) + Ztyre,0
cos 7y
2)

where iy, is the tyre stiffness, 7, is the wheel radius and
Ztyre,0 18 the static compression of the tyre.

Ftyre = Styre

Fig. 1. Scheme of the suspension construction

The motion of the suspension is described by three dy-
namic equations. First, the vertical motion of the wheel
hub z, is formulated (3). Second, the torque on the sus-
pension is described to derive the rotation of the wheel hub
€3, see (4). Third, the tilting of the wheel v is formulated
(5).

MsuspZw = —Fsusp sin €1 + Fiyre €08y + Fopm sines  (3)
Jsuspg?) = Esusplsusp + Farmlarm - Mact (4)
Jw'ﬁ/ = Mact - Ftyreltyre - Fyly (5)

The arm of the lateral tyre force is
ly = 1w cOSy — lyyre siny. (6)

where 7, and l;y,. are construction parameters.

Since the inertia and the stiffness of the suspension
through Fj,,s, and F,,,, are high, the effect of Mg on
the suspension motion is relatively small. Thus, in practice
the angle €3 is constant, thus €3 = 0. Therefore, F,y, is
computed as:

Mact - E@usplsusp
7
larm ( )

Thus, it is assumed that e;,e2 and lgpm,lsusp can be
handled as constant suspension parameters.

Fm“m =

The nonlinear variable-geometry suspension model is vali-
dated through the complex mechanical simulation system
Matlab/SimMechanics. In SimMechanics the construction
of the suspension has been built, and the modification of
the wheel camber angle has been analyzed. Figure 2 shows
a simulation example, in which the suspension model
(3)...(5) and the SimMechanics model are compared. In the
simulations the same chirp input signals M, are realized,
see Figure 2(a). The camber angles of the model are pre-
sented in Figure 2(b). It shows that the resulting camber
angles are very close to each other in a high operation
range.

Figure 3 shows another example for the validation of the
nonlinear suspension model. The step signal of the control
input M, is shown in Figure 3(a). As an effect of the
torque modification, the camber angle also varies, see
Figure 3(b). The results show that the steady-state error of
the camber angle is below 2%. It means that the proposed
nonlinear suspension model fits the SimMechanics model
well.
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Since the presented model formulates the motion of the
suspension and the wheel, it can be used for control de-
sign purposes. Therefore, the nonlinear suspension model
(3)...(5) is transformed into a linear control-oriented form.
During the linearizing the following assumptions are made.

e In the formulation small wheel tilting angels are
considered. As a result cosy = 1 and siny = 7
approximations are placed into (3)...(5).

e Since 7y values are small, the lateral tyre force Fy is
approximated in a linear form: F, = Ca, where o
is the side-slip angle of the tyre. During the wheel

tilting motion a = tan (% ~ % results in the
lateral side-slip angle, which is the angle between the
longitudinal and the lateral component of the velocity

vector. Thus, the resulting lateral tyre force is
TwY
F,=C— 8
- (5)
e The static compressions of the suspension and the
tyre are neglected, see (1) and (2).

The approximations yield the following transformed model
of equations (3)...(5)

lsusp sin €3

msuspéw = (1 + ) (_ssuspzw - dsuspzw> +

larm SiN €1
+ Styre (~ligrey — 2u) + %Mm ©)
JwY = Maer — Styreltyre(—’yltyre - Zw)—
— O™ (i = luyre) (10)

It can be seen that in (10) a nonlinear term C™% - [,y
is found. Since in the approximation the small wheel
camber angles are considered, the v ~ 0 is used to
avoid the nonlinearities. Thus, the following state-space
representation of the variable-geometry suspension model
is yielded

jjsusp = Asuspxsusp + Bsuspususp (11)

. . . T
where the state vector is @ = [y 2w ¥ 7] and u = M.
Moreover, Agysp and Bg,s, matrices are
__ dsusp'r) _ Styre + Ssusp? 0 _ Sty'relty're
Msusp Msusp Msusp
1 0 0 0
Asusp = 2 s l2
0 StyTeltyre CT’w tyreliyre
Jw JwU Ju)
L 0 0 1 0
r  sineg
msusplarm
B _ 0
susp — 1
Ju
L 0

where 1 = (1+lluips]niez)

arm SN €1

2.2 Lateral vehicle model

The lateral motion of the vehicle is influenced by the
modification of the camber angle. Moreover, the camber
angle influences the scrub radius of the wheel, which
results in wheel steering. The lateral dynamics of the
vehicle is influenced in two ways: the wheel camber angle
and the steering angle have lateral force effects. Therefore,
in the lateral dynamics both effects are considered.

The lateral motion is described by the following equations,
see Rajamani [2005]

I = Cly (5 — 8- 1@) Gl (—5 4 Wz) (12)

v
mu(+ B) = Cy <5_ Jifl) L0, (_ﬁ+¢12>

v
(13)
where m is the vehicle mass, J is the yaw-inertia of the
vehicle, I and [5 are geometric parameters, Cy and Cs are
cornering stiffness values, ¢ is the yaw angle of the vehicle
and ( is the side-slip angle.

The steering rotation of the wheel is formulated using a

dynamical equation, such as

7“6,1'Fl,z'
JIs.i

where 7 represents the left i = [ or the right 7 = r wheel. rs;
is the scrub radius, Fj; is the longitudinal traction/braking
force on the wheel and Js; is the inertia of the steering
system for one wheel. Moreover, 75; in the function of ~;
based on the SimMechanics simulations is expressed, see
Figure 4.

i = (14)

Tsi = €% (15)
where ¢ is a construction parameter. (14) is transformed
as
EFM
Ts.i Vi

However, in the single-track model (12) § represents a
common steering wheel, computed as the average of the
left and right steering wheel angles:

5l +67‘
—_— 1
' 7

i =

(16)

(5:
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Fig. 4. Relation between the scrub radius and the camber
angle

The lateral dynamics of the vehicle is formed using (12),
(16) and (17). The states of the model are defined as

. N . T .
Tigt = [w B 6 0 O (5,,] . The state-space representation
is
i‘lat = Alat‘rlat + Blatulat (18)
. . T
where the control input vector is w;; = [y 7] and the
matrices are
B 701@ +Czl§ —Chly + C2ls 0 C1ly 0 C1ly
J J
*Cll1+82l2 _ 1+ G 0 ﬁ 0 ﬁ
_ mu? muv 2m 2m
Atar = 0 0 1 0 0 0
0 0 0O 0 O O
0 0 0o 0 1 0
0 0 0O 0 0 O
EFZ 1 T
000 ~ 0 0
_ 5,1
Blat = 6Fl »
000 O O >
L J§,'r

3. ROBUST CONTROL DESIGN OF THE SYSTEM

The goal of the independent steering is to control the
lateral motion of the vehicle through the wheel camber
angle modification. It requires the solutions of two control
problems. First, the lateral performance of the vehicle by
appropriate wheel camber angles must be guaranteed. Sec-
ond, the camber angles of the wheels through the variable-
geometry suspension actuation must be realized. Thus, in
the following the solutions of these control problems in a
hierarchical structure are proposed.

3.1 Lateral control design

The goal of the lateral control design is to guarantee
the trajectory tracking of the vehicle. It means that the
vehicle must follow a reference yaw-rate signal zl}m ¢. The
performance is defined as

Zlat,1 = ¢ref - w (19)
where ¢,.e ¢ is computed using the velocity and the steering

wheel angle of the driver, see Rajamani [2005]. Moreover,

the performance zj,:; must be reached using minimum
]T

|Z1at,1| — min

control input we: = [V Y
Zlat,2 = Ulat |Zlat,2| — min (20)
The performances are compressed in a vector zj,; =

[21at,1 zlat’z]T. The state-space representation of the sys-

tem for the control design which incorporates the perfor-
mances and the measurement is the following;:

-i'lat = Alatxlat + Blatulat (21)
Zlat = Clat,lxlat + Dlatulat (22)
Ylat = Clat,2xlat (23)

where the measured signal is y = . The augmented plant
for the H, design is illustrated in Figure 5. In the robust
control design weighting functions are considered, which
are formed as transfer functions. The weighting functions
of 2,1 and zje0 are formulated as W,; = (bi:s +
bo,i)/(a1,is + ao;) where by ;,bo,a1,4,a0,; are design pa-
rameters. The selection of these parameters has significant
relevance. First, the parameters determine to accuracy of
the yaw-rate tracking and the limitation of the actuator
intervention. Second, the overshot of the signal 1 is also
determined by the parameters.

Yres

u
—W) e

ool P ||
ol

d

Fig. 5. Closed-loop interconnection structure

In the robust control design the uncertainties and the
noises are also handled. It means that the performances
of the lateral dynamics must be guaranteed under various
circumstances. Since the steering of the wheels is realized
through the camber angle actuation, it has an inaccuracy.
Moreover, the wheel tilting intervention has its own dy-
namics, which is not considered in the lateral dynamics.
These effects are considered in an input multiplicative
uncertainty modeling approach. The uncertainty of the
input ug. is represented with A and its amplitude is scaled
by the weighting function W,,, see Figure 5.

Another robustness aspect in the control design is the
rejection of the external disturbances. In Figure 5 the
sensor noise d on the yaw-rate measurement is considered
as a disturbance, which must be rejected by the robust
controller.

The state space representation of the closed-loop control
system is formulated in the following way:

T = Acl‘rcl + Bclw (24)
z=Cug1x + Dg1w (25)

where w compresses d and the disturbance effect from the
multiplicative uncertainty.

The objective of H,, control is to minimize the H,-norm
of the cosensitivity function 7,_,,. More precisely, the
problem can be stated as follows [Scherer and Weiland,
2000, Boyd et al., 1997]. The LMI problem of H., per-
formance is formulated: The closed-loop RMS gain from
w t0 zo does not exceed I' if and only if there exists a
symmetric and definite positive matrix X, such that
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AuXoo + XooAL X By C%
BL X -7 DL | <0  (26)
Cy D, -TI

with I' > 0. It means that it is necessary to find an
admissible control Kj,; for the open-loop plan P, which
satisfies the following design criteria:

e the closed-loop system must be asymptotically stable,
e the closed-loop transfer function from w to z., satis-
fies the constraint:

T, <T,
for a given real positive value T'.

(27)

acwHoo

The robust control design guarantees the trajectory track-
ing of the vehicle through the computation of the appro-

priate v, ¥y

3.2 Variable-geometry suspension control

The objective of the variable-geometry suspension control
is to realize the camber angle, which is yielded by the
robust controller. The controlled system must guarantee
the precise tracking of +; without high overshoots and time
delays. Therefore, a Linear Quadratic (LQ) control for the
wheel tilting actuation is designed.

The performance of the suspension control is the mini-
mization of the error in the wheel camber angle, such as

Zsusp = Vref,i — Vi (28)
where 7,¢; is computed by the lateral dynamic controller
Kot in ujee. In the LQ control design the aim is to
minimize a quadratic cost function, which is formulated
as

|Zsusp| — min

o0
1
3 / (2805 Qzsusp + Moo RMact) dt

0
where (Q and R are the weights, where () improves the
tracking performance (28) and R has an effect on the
minimization of the control input M,.. The goal of the
weights is to find a balance between the performance and
the control input.

J= (29)

In the LQ control design problem it is necessary minimize
the cost (29), which results in the controller Kg,s,. The
minimization leads to continuous-time control algebraic
Riccati equation, Boyd et al. [1997]

R@uspAsusp‘FAzuspPsusp_ (30)
- PsusszuspR_lBg;spPsusp + Q =0 (31)

where Py, is the solution of (30) and Agysp, Bsusp rep-
resent the dynamics of the variable-geometry suspension,
see (11). The optimal state feedback LQ controller K,ysp
is derived from Piysp.

3.8 Architecture of the control systems

In Figure 6 the architecture of the lateral control and
the variable-geometry suspension control are presented.
It illustrates the cooperation of the different controllers.
The lateral dynamic control computes the required left
and right wheel camber angles using the yaw-rate error.
The variable-geometry suspension control generates the
actuation torques Mee¢; and Mge -, by which the steering

of the wheels is realized. Thus, the lateral motion of the
vehicle is improved. The reference trajectory is designed
through the velocity of the vehicle and the cornering
intention of the driver, estimated from the steering wheel
a‘ngle 6driver~

lédrwm‘

v Reference signal

generator
Vrefl

rer
Lateral dynamic
Suspension
controller

controller

Vrefar

Suspension
controller

W,

Fig. 6. Architecture of the control systems

The controllers are ordered in a hierarchical structure.
It has two layers, such as the high-level and the low-
level controls. In this structure the high level involves
the lateral dynamic controller, which gives camber angle
commands for the low level. Since the left and the right
side of the front axle are controlled, the low level con-
tains two variable-geometry suspension controllers, which
actuate independently from each other. The stability and
performance problems of the hierarchical control design,
and further solutions are found in Németh et al. [2015],
Sename et al. [2013].

4. SIMULATION EXAMPLE

In this section the actuation of the control system is
proposed. The purpose of the simulation is to show the
efficiency of the variable-geometry suspension system in
trajectory tracking. In the simulation a D-Class passenger
car is used, whose mass is m = 1690 kg. The camber angles
of the front wheels are controlled by the proposed control
system. Thus, the steering of the wheels and trajectory
tracking are guaranteed. The simulations are performed
through the high-fidelity CarSim software. Moreover, the
complex multi-body SimMechanics model of the variable-
geometry suspension is applied during the simulation
scenario.

The vehicle is driven along a section of the Michigan
Waterford Hill course, see Figure 7(a). Since the track
contains several bends, the velocity of the vehicle also
varies, as shown in Figure 7(b).

The yaw-rate tracking of the vehicle is shown in Figure
8(a). It can be seen that the vehicle is able to guarantee
the precise tracking of the 1), signal. It results from the
appropriate coordination of the lateral dynamic controller
and the variable-geometry suspension control. Figure 8(b)
illustrates the required and the real steering angle of the
front right wheel. The simulation shows that the variable-
geometry suspension is able to realize the required steering
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angle, which is achieved by the camber angle modification,
see Figure 8(c). The camber angle illustrates that the
low-level suspension control is sufficiently accurate to
guarantee the required actuation which is commanded by
the high-level controller. The M, intervention on the
right wheel is presented in Figure 7(d).
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Fig. 8. Simulation results

The simulation results show that the proposed control
architecture is able to guarantee the trajectory tracking
of the in-wheel electric vehicle. The variable-geometry
suspension-based independent steering yields good perfor-
mances of the vehicle.

5. CONCLUSION

In the paper the modeling and control of independent
steering for an in-wheel electric vehicle have been pro-
posed. The presented solution is based on the variable-
geometry suspension, by which the camber angle and the
scrub radius of the wheels are modified. The nonlinear
formulation and the control-oriented linearizing of the
suspension system, together with the modeling of the
lateral dynamics have been presented. The main contri-
bution of the paper is a hierarchical control architecture,
which incorporates the robust H, control of the trajectory
tracking and the LQ optimal design of the wheel tilt posi-
tioning. Finally, high-fidelity simulations have illustrated
the efficiency of the novel independent steering control.

The paper has proposed that the variable-geometry sus-
pension can be an alternative way to independent steering
control. Since in-wheel electric vehicles are likely to have
a significant impact in the future, further research on the
variable-geometry suspension control is reasonable.
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