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This paper describes a multi-layer structure bamedcontrol allocation with dynamic weight
scheduling. The computational investigation of piheposed control structure is carried out using
14 DoF vehicle model in the wide range of vehialevdinear motion for ‘Sine with Dwell’ test.
The proposed control allocation with dynamic weigbiheduling demonstrates lower energy loss
without significant impairment of stability of moti and vehicle handling compared to control

allocation with fixed weight distribution.

Topics / Integrated Chassis Control

1. INTRODUCTION

Modern concepts of electric passenger vehicles
have distributed electric drives, active brakesgsig
and suspension. Moreover, the application of active
autonomous wheels, such as Michelin Active Wheel,

Siemens E-Corner, when automotive subsystems are

placed into the wheel, has been started. It caardpsed,
a near future vehicle will be an over-actuated esyst
This feature allows the implementation of a
stand-alone/joint actuation of active subsystems fo
vehicle control.

The different ways to change force components in
the tyre-road contact, are shown in the Fig. 1dam
[1] and extended). The available control inputseiggt
per wheel (in the case of individual subsystemstarh
wheel) plus additional inputs related to aerodymami
and anti-roll bars. Moreover, specific automotive
systems have no wide application or they are being
developed, like control of contact tyre temperatianed
the final number of control inputs is increased.isTh
tendency increases the feasibility and potential of
integrated control. In this paper, only three sgbmys,
such as active brake/drive system and front stgeare
considered.
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Fig. 1 Ways to change tyre forces

The basic function of integrated chassis control is
active safety; however, reduction of fuel/energy
consumption and energy loss became significant over
last years. As a result, the minimum of energy
consumption and energy loss is a key performance
indicator for modern vehicle control.

An intuitive solution to reach active safety and
energy consumption is to combine tracking and energ
problems into one integrated control solution. Hoare
the priority of two tasks, most likely, depends on
driving conditions. For instance, friction brakeanc
ensure fast correction of vehicle motion, but tasuit
of actuation is a loss of velocity. When the time o
correction is not so critical, the priority of eggr
consumption can be higher than in the first cadee T
correction of motion can be obtained by the
combination of steering and drive actuations.

Moreover, there are many additional specific
requirements, such as vehicle handling, ride cotmfor
traction/braking performance, tyre aging and others

Hence, the modern control of vehicle motion
should solve various control tasks, and some ahtase
contradictory in nature.

This paper describes the investigation of control
structure for integrated vehicle control, based tba
control allocation with dynamic weight schedulirtg,
reach multi-task control, specifically, to reduagergy
loss without significant impairment of stability of
motion and vehicle handling.

2.VEHICLE MODEL

The vehicle model describes the behavior of the
vehicle body in the space and the vertical anctiostal
motion of each wheel. Hence, it has 14 DoF, which
allows us to receive more realistic vehicle behavite



steering system includes a kinematic model and
dynamic effects associated with roll and compliance
steer. The model of the electric driveline includes
Thevenin battery model and four electric motorsicivh
are represented by look-up tables with data froraah
in-wheel motor. The transient processes in thetrdec
motors are described by first-order plus time delay
transfer function. The brake system is electro-aytic
and it consists of a tandem master cylinder wigiprang
pedal travel simulator, a brake fluid reservoir, a
hydraulic pump with a pump motor, a high-pressure
hydraulic accumulator, block valves, compensating
valves, control inlet/outlet valves for pressuréldup

and decrease at each wheel, and brake mechanisms. T

characterize the steady-state tyre behavior, thejka
tyre model is used. For transient tyre behavior, a
relaxation length model is added. The developedcieh
model is realized in Matlab/Simulink. The matheraiti
description of developed model and its verificatwith
multibody model from commercial software IPG/Maker
is described in the paper [2] due to publicatiomits.

3. CONTROL STRUCTURE

The proposed control structure has a multi-layer
architecture. It is shown in Figure 2.
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Fig. 2 Control Structure

There are three layers in the control structuree Th
upper layer (yellow) defines reference behavioredficle,
a required virtual control effort (total lateralrée and
yaw torque) to minimize difference between refeeenc
and actual behavior, and correction of the virtaitrol
effort based on feedback linearization. The middier
(pale red) is applied for control allocation anéhitludes
two blocks. The first block is related to weightgatimal
control allocation for an over-actuated system. The
second block defines the priority of each subsystem
according to assessment criteria, which are disduss
below. The lower layer of the control structureegn) is
a layer comprising the local controller of eachsssiem.
Moreover, the boundary conditions for optimizatiame
defined in this layer.

3.1 Upper Layer

The model-following approach is used for vehicle
dynamics control. The linearized vehicle model is
shown in Appendix. The selected vehicle statesttzae
yaw rate and vehicle sideslip angle. The yaw ratg a

lateral acceleration can be measured by standard

onboard sensors. The measurement of the sidegllp an
is very difficult, and usually it is estimated. i$
assumed that the yaw rate and sideslip angle aayal
available and the measurement noise is ignored.
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To describe the planar motion, the 2 DoF bicycle
vehicle model is used as a reference model. Theomot
dynamics can be presented as follows [3]:

_C+C,  -aC, +bC C,
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The reference yaw rate and vehicle sideslip angle
are calculated as [4]:

o= l/j' |(’[/| < |l//max|
Vs {iwmam otherwise (2)
ref — ﬁr |ﬁ| < |ﬁmax| .
B {i max otherwise ( )

The maximum of the reference yaw rate, obtained
beyond the adhesion tyre limit, should be limitéH [

Yo = 0855 (4)
The maximum of the vehicle sideslip angle is [4]:
V2
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The control errors are calculated as:
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The different control strategies can be applied to
calculate virtual control effort. In this paper,ettPI
control is applied. The cancelation of nonlinear
componenf(x) is used for feedback linearization [6]:

v:—Hm+Kﬁ+&IMt (8)

3.2Middle Layer

Control allocation

The control allocation (CA) technique has a wide
application in the area of vehicle motion contrbi.
accordance with [7] control allocation can be dédd
into static and dynamic. In static CA, the actustioave
immediate effect on the virtual control inputs. @ymc
CA assumes that each actuator has its own dynamics,
which can differ from the others. Depending on
parameters included in the input control matrixg @A
can be ‘direct’ or ‘indirect’ CA [8]. The first typ is
defined by actuator parameters. The second uses
intermediate parameters in the control input. The
parameters can be:

- longitudinal and lateral tyre forces [8, 9];

- kinematic parameters of the tyre (longitudingp sl
and wheel slip angles) [10, 11];

- actuator inputs (brake and drive torques, stgerin
angle) [12-15];

- mixed output, for instance, longitudinal forcexla
steering angle [6].

The  control include

allocation methods



pseudo-inverse, direct, daisy-chain, and
optimization-based CA. These methods are well
described theoretically in [7].

In the general case, the relation between virtodl a
reference controls is nonlinear. Using the lineadiz
vehicle model from Appendix and feedback
linearization, the weightel}-optimal control allocation
problem can be formulated as to minimize an aliocat
error and actuations, taking into account actuator
constraints. This problem can be solved in one step
using weighted least squares [12]:

Ua=arg min (W, G v f; + €W, Bu, -] (@)

the
solve

is suitable for
to

The fixed-point method
application in the real-time systems
optimization problem [10].

Since CA regulates a nonlinear object like an
electric vehicle, and the parameters of vehicleionot
vary in the wide range, certain adaptation techesqu
can be used:

- update law for control effectiveness matix16];

- update laws for input control parameters [17].

From another side, as we noted in the Introduction,
the modern control should be multi-task. For this
purpose, the more complex cost function can be used
extended by components related to control tasks. Fo
instance, Chen and Wang [14] added power
consumption (related to power consumption of all
in-wheel motors in different modes) into the cost
function, and called the method as “energy-efficien
control allocation”. Kang et al. [15] included inet cost
function not only energy efficiency, but also enelgss
(slip control).

However, there is a technique, which allows
multitasking without increasing of cost function
complexity. Laine and Fredrikson [12] noted that
subsystems penalization can be provided by the
scheduling of weighting matrixy,. Later Tagesson and
colleagues [18] used a weighting matrix to priagti
brake pressures according to normal force disinbut
during heavy vehicle braking to obtain better vishic
stability. However, the issues of dynamic schedyfor
multi-task integrated control with more number of
vehicle subsystems as well as the control lawstHer
weight scheduling of such variant are not considlere

Hence, the research aim is to develop a dynamic
prioritization of more than two vehicle subsystems,
taking into account the tasks of vehicle motiontomin

Concept of dynamic weight scheduling

The idea is to prioritize each vehicle subsystem in
accordance with some assessment criteria, which is
related to vehicle operational properties. On the
left-hand graph of Fig. 3 the typical variant ofeth
system priority for control allocation is shown. | Al
subsystems have the same priority and participated
regulation process with equal weights. On
right-hand graph of Fig. 3 the instance for congobr
of yaw rate is shown. If the control error of yaate is
small, the compensation can be realized by theistge
and drive system. It allows to reduce the usagthef
brake system to decrease non-recuperative enesggdo

the
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When the level of control error is increased, the
participation of the brake system becomes more
important.

Same Priority Priority Scheduling

Brake/Drive/Steering

Brake/Steer

Steering Drive/Brake/Steering
Drive

Brake Steering/Brake/Drive

ing/Brake
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Absolute value of control error
Absolute value of control error

Time

Time
Fig. 3 Example of dynamic weight scheduling

The following arguments for the application of
unequal weights can be provided:

- dynamics of each actuator is unique, and, as a
consequence, the rate of influence on vehicle iehav
is different. As a result, the transient process ba
slower or faster;

- each type of actuator has own internal energy
consumption and energy efficiency;

- load levels acting on vehicle during subsystem
actuation are different, for instance, longitudiraaid
lateral rolling resistance;

- some actuators can be used not only as motors,
but also as generators. They have a function ofggne
recuperation.

Moreover, in [19] the authors showed that the
different contribution of each subsystem to the
regulation process defines tracking accuracy amedgsn
consumption. Therefore, the priority of each suteys
should be changed during vehicle control.

Proposed dynamic weight scheduling

The proposed weight scheduling for multi-task
control includes the following stages:

(1) Selection of the assessment criteria
characterize each task of vehicle dynamics control.
this paper, the error of yaw rate defines vehieladting
and stability, the error of sideslip angle is uded
vehicle stability. The average longitudinal slip is
associated with energy loss.

(2) Choice of vehicle subsystems which will be
involved in the regulation process. In this papbere
are steering, drive and brake systems.

(3) Definition of the weight functions regarding
each assessment criterion and each subsystem.
Examples of weight functions for the error of yaater
are shown in Fig. 4. The influence of stand-alone
vehicle subsystems on vehicle dynamics is well
presented in [20]. These weight functions are peti
the design stageThe lower weight means higher

to
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Fig. 4 Weight functions for the error of yaw rate
(4) The weight of each subsystem is calculated as

the algebraic sum of weight functions for all assasnt
criteria:



*

Weee =115 (J& )+ vt (fes])
Wi = 1 f (e ]) + a5 (Jea) + vl (5.)) @0)

Woae = V4 f;rake ( e¢|) Y, f;?rake ( e;;|) Vs fdbirpake (|§N|)
The parameters); define the priority of each
assessment criterion. In this publicatip0.1, y,=0.4,

y5=0.5. Finally, all weights are assumed to be
normalized, i.e. their sum equals one:
Waeer = WSeer Wdrive = V;/drive Wbrake = V\S/brake (11)

Sw Sw >w

The proposed approach allows us to prioritize each
subsystem during regulation. Moreover, control sask
related to vehicle stability, vehicle handling areegy
loss can be prioritized by parametersas well. The
difference between application of matri¥, and
parametersy; is that all control tasks remain their
priority in the optimization problem to minimize an
allocation error. The prioritization of control kasis
carried out in the framework of subsystem actuation

3.3 Bottom Layer

The aim of local controllers is to compensate for
the difference between reference control signals
obtained from the middle level and actual signals
obtained by direct measurement or by online estimat
The second aim of local controllers is to provide
boundary conditions for control allocation takingta
account actuator limits and wheel slip control.

Active front steering controller

The reference control input for the steering system
is calculated as the sum of the angles obtainenh fro
driver input and from control allocation. Since a
kinematic model represents the steering system, the
actual steering input is equal to reference coritimit.

In-wheel motor controller

The in-wheel motor controller is a PI controllet. |
is assumed, estimated real torque is obtained ffam
estimation procedure.

= ) 1) 02)

The torque limit of an electric motor can be found
as [21]:
Miem,lim — Miem,maxl_l VVI (T,&C,V

U, fault) (13)

The maximum overload torque of an electric motor
is obtained from the look-up table of the torqueproé
the electric motor, which is placed into the coliérmo
The torque limit is corrected by weighed coeffi¢cien
which are related to electric motor temperature,
state-of-the-charge, longitudinal vehicle velociyder
and overvoltage protection and fault control. Sabec
of these weighted coefficients is shown detailef?]n

Brake system controller

Under normal working conditions, the PID control
of the inlet and outlet valves is applied to realihe
pressure tracking control. The error is calculadsda
difference between measured and reference pre&sure
each wheel. The reference brake pressure is fosind a
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br,ref
reference _ M i

P (14)
:uOScyI re
The control law for the pressure controller is:
uibrake - Kk};rakeq + KibrakeJ' th + Ké)rakedd_T (15)

The constructive parameters of brake mechanism
and the level of wheel slip restrict the torqueitliof
friction brake. The correction taking into accowtteel
slip is carried out based on the threshold of wistipl
The algorithm is rule-based and similar to coniwbl
anti-lock brake system [22].

4. Simulation Results and Discussion

The maneuver simulated is ‘Sine with Dwell’ at
initial velocity of 80 km/h and max. steering antpdie
of 140 deg on the dry asphalt. Three variants are
considered: (1) uncontrolled motion, (2) controlled
motion based on proposed control structure witledix
weight distribution between vehicle subsystems, @d
controlled motion with dynamic weight schedulindgheTl
simulation results of vehicle motion are showniig. 5.
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Fig. 5 Simulation results of vehicle motion

The input steering law is depicted in Fig. 5a. For
uncontrolled vehicle, the yaw rate (Fig. 5b) arakslip
angle (Fig. 5c) are increased, and the uncontrolled
vehicle slips on the lateral direction as showFim 5d.
The controlled vehicle moves closer to referendecke
model. The difference between CAs with fixed and
dynamic weights for yaw rate and sideslip angle is
insignificant. Therefore, both controllers insurgh
handling and stability (Fig. 5b-d).

Meanwhile, the difference of velocities between
CAs with fixed and dynamic weights at the end of
maneuver (Fig. 5e) is up to 1.1 km/h. The velotiss
of proposed CA in the percentage level is less.b%il



compared to CA with fixed weights. The weight
change during maneuver is shown in Fig. 5f. For CA
with fixed weights each subsystem has the same
weight. It should be noted, the reduction of vetpci
loss is mainly defined by initial prioritization @&fach
subsystem (different initial weights). The weight
changing during motion is directed to improve tiagk
accuracy under higher control errors.

The subsystem actuations for both CAs are shown
in Fig. 6. The left-hand graphs are related to Cithw
fixed weights, and right-hand ones to proposed T#fe
application of friction brake is up to two timessefor
proposed CA. This fact allows us to argue, therirgk
energy consumption of brake system will be lower in
proposed CA.
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Fig. 6 Actuations during ‘Sine with Dwell’ test:
FL — front left; FR — front right; RL — rear leRR — rear right

To evaluate the functionality and effectiveness of
the proposed control structure in the wide range of
vehicle motion, the simulation is carried out with
variation of initial parameters of ‘Sine with Dwetést,
such as initial velocity and maximum amplitude of
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value for the wide range of motion. Meanwhile, the
proposed dynamic weight scheduling always shows
higher velocity at the end of maneuver compared to
CA with fixed weights.
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Fig. 7 Effectiveness of proposed control structure
5. CONCLUSION

This paper describes a multi-layer control struetur
based on control allocation with dynamic weight
scheduling. The upper level defines vehicle motion
control, which is based on PI control and feedback
linearization using nonlinear component of lineadz
model of vehicle motion. The middle layer of comtro
allocation is considered as weightkebptimal control
allocation. The control allocation is optimizatibased
and solved by fixed-point method. The dynamic weigh
scheduling for vehicle subsystems was introducéd in
the control allocation. The proposed control altara
with dynamic weight scheduling allows us to prizet
vehicle subsystems during motion. The lower layer
shows local controllers for steering, drive andkbera

steering angle. To assess vehicle dynamics, the RMS subsystems. They compensate a difference between th

error of yaw rate and sideslip angle are calculated

U(l// Ofﬂ) :\/%i((l/’ Or'g)ref _(l'll Or'g)nm)z (16)

Another important indicator is a loss of longitualin
velocity during maneuver, which is founded in the
percentage level:

init
AV = 100%

Simulation results of the effectiveness of proposed
control structure at different initial longitudinal
velocity and max. steering angle is shown in Fig. 7
The left-hand graphs are related to CA with fixed
weights, and right-hand ones to proposed CA. The
RMSE's of yaw rate and sideslip angle are close in
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reference and the actual signals obtained. Moreder
boundary limits for control allocation are calceldtby
taking into account actuator physical limits andeeh
slip control.

The computational investigation of the developed
control structure was carried out using 14 DoF elehi
model in the wide range of vehicle motion for ‘Sine
with Dwell’ test (longitudinal velocity from 80 krh/to
160 km/h, and max. wheel steering angle from 10§ de
to 200 deg). The proposed control allocation with
dynamic weight scheduling demonstrates lower energy
loss without significant impairment of stability of
motion and vehicle handling compared to control
allocation with fixed weight distribution.
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APPENDI X

The vehicle system is in the affine form:
x=f(x)+g(x)u
y =h(x)

The states are:
x=[8 ]

The nonlinear function is:

_i[(caF +CuR)anﬁ+(CuFa_caRb)w +0'5T]avx25;w

V2 -0.287)2
2 (aCaF B bCaR )szaﬁ + (aZCaF + bZCaR)anw f d%
I V2 -0.282)> [ ot j

z

]_anl//
f(x)=

f(dwmj_t_wﬁ(d% _da, +d%3_d%4]

dt ) 20, r, \dt dt  dt
The control input u is:
.
u= [5F udrive ubrake]

— em em em em
udrive - [M fl M fr M rl M

rr

— br br br br
ubrake - [M fl M fr M rl M :|

r

The control effectiveness matrix B is calculated as
g(X) = B = [Baeer Bdrive Bbrake]

2CaF
Bsteer = ma
2Ca
l z
0 0 0 0
Bdrive = Bbrake = Oaw — 05w OﬁN — Oﬁv
Izzrw Izzrw Izzrw Izzrw



