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ABSTRACT. This paper combines the electric stability control (ESC) and drive force assisted
steering (DFAS) into a novel coordinated control algorithm for distributed driving electric
vehicles. Specifically, a correction factor ki was introduced to modify the driving force and
fuzzy control rules were designed for different vehicle attitudes and lane change conditions. On
this basis, the author determined the basic framework of the coordinated control algorithm.
Then, the proposed algorithm was verified through simulation tests and real-vehicle
experiments. The results show that the proposed algorithm ensures good stability and steering
performance and is feasible for the control of distributed driving electric vehicles.

RESUME Dans cet article, le systéne de contrde de la stabilitédectrique (ESC) et le systéme
de direction assisteée par la force motrice (DFAS) sont combinés dans un nouvel algorithme de
contrde coordonnépour les véhicules éectriques aconduite distribués. Plus presisénent, un
facteur de correction ki a é&introduit pour modifier la force motrice et des régles de contrde
floues ont &&conagies pour difféentes postures des véhicules et conditions de changement de
voie. Sur cette base, l'auteur a déerminéle cadre de base de I'algorithme de contr&e
coordonné Ensuite, I’algorithme proposé a été vérifié au moyen de tests de simulation et
d’expériences sur des véhicules réels. Les résultats montrent que l'algorithme proposé garantit
une bonne stabilit€et de bonnes performances de direction et qu'il est rélisable pour le
contrde de véhicules @ectriques aconduite distribues.
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1. Introduction

Distributed driving electric vehicles mark the future trend of the automotive
industry, thanks to their simple structure, greenness and energy efficiency (Murata,
2012). With the proliferation of such vehicles, the stability control has become a
research hotspot (Mizushima et al., 2006; Esmailzadeh et al., 2003). These vehicles
realize a high degree of freedom (DOF) and independent control of wheels through
the removal of the differential mechanism. The torque distribution of the four wheels
is more flexible than that of conventional cars, which enhances the stability control of
the vehicle (Zou et al., 2009; Sakai and Hori, 2001; Hori, 2004; Ono et al., 2006).

During four-wheel independent driving, the electric stability control (ESC) and
differential drive assisted steering (DDAS) are realized through the differential
motion between the left and right driving wheels. The two operations have similar
principles, and may disturb or complement each other under certain circumstances.
Recently, the DDAS has been replaced by the drive force assisted steering (DFAS).
The new steering method has been explored in great depth by researchers (Wu and
Yeh, 2008; Besselink, 2003; Wang et al., 2010).

Considering the above, this paper combines the ESC and the DDAS into a
coordinated control algorithm, with the aim to promote the popularization of
distributed driving electric vehicles.

2. Coordinated control algorithm

2.1. Basic principles

On vehicle stability control, Shibahata (Jin et al., 2004) suggested that a vehicle
will loose control if its sideslip angle surpasses 12<bn a dry road or 5“bn a road with
low friction coefficient. Based on wheel motor driving features, Jin and Liu (2014)
estimated the kinematic geometry of vehicle yaw speed and sideslip angle, and applied
this method to optimize the control of the whole vehicle, revealing that the vehicle
stability can be effectively controlled under the proper sideslip angle and yaw speed.
Reference (Wang et al., 2009) carries out differential calculation of sideslip angle
according to the basic parameters acquired by a sensor, and creates a sliding mode
variable structure controller.

In the DAFS for four-wheel independent driving, the driving torque on both sides
of the wheel can be adjusted as required to generate the torque for assistive steering
(Wang et al., 2009; Song et al., 2013). The nonlinear power can distinguish changes
in hand force at the same speed. The greater the hand force, the more assistance power
is needed (Liu et al., 2013; Ross, 1994). The relationship between the vehicle speed
and the steering wheel hand force should be Ta=ka(v)Th2, with ka(v) being the assist
coefficient at different speeds and Th being the current hand force of the driver.
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2.2. Algorithm design

Since the differential assistance should be adjusted according to the real-time
stability, it is necessary to define a correction coefficient ki [0, 1] to modify the
boosting feature function Ta=kika(v)Th2. The fuzzy controller was selected to design
the coordinated control algorithm, because this controller does not need a controlled
object and the control magnitude can be determined by looking up the table of control
decisions, which are organized based on the manual control rules. The fuzzy control
flow chart is shown in Figure 1, where p is the tire-road friction coefficient, f§ is the
sideslip angle, and v is the vehicle yaw speed.

By . - Ki
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Figure 1. Fuzzy control flow chart

After entering the vehicle sensor, the input signals were processed under fuzzy
rules, yielding proper control output signals. Considering the differential features, u,
|Bideal/ Preal] @Nd [pidear/yreal| Were taken as the inputs. The values of |Bideal/freal| and
[yideal/yreal| are negatively correlated with the tendency of the vehicle to lose stability,
and positively with the output power factor. The parameter p is the adhesion
coefficient, which has a certain impact on the output. The fuzzy rules between the
parameters are listed in Table 1 below.

Table 1. Fuzzy rules of the parameters

|VideaI/VreaI| Wideallﬁreall L ki |yideaI/7reaI| Iﬁideallﬂreaﬂ |2 ki

PS PS PS ZE PM PB PM  PM
PS PM PS ZE PB PS PM  PM
PS PB PS ZE PB PM PM PB
PM PS PS PS PB PB PM PB
PM PM PS PS PS PS PB ZE
PM PB PS PM PS PM PB ZE
PB PS PS ZE PS PB PB PS
PB PM PS PM PM PS PB PM
PB PB PS PB PM PM PB  PB
PS PS PM  ZE PM PB PB  PB
PS PM PM  ZE PB PS PB PB
PS PB PM  ZE PB PM PB  PB
PM PS PM PSS PB PB PB PB
PM PM PM  PM

The designed process of the coordinated control algorithm is described in Figure
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2 below. Firstly, the algorithm determines whether the differential power system is
working (i.e. whether AM is 0) according to the current Th and driver hand speed V.
If the system is not working, the four motors are only responsible for stability control;
If the system is working, the algorithm judges if the differential power generated by
the yaw torque of AM is the same as that for the stability control in the yaw torque
direction Mc. If yes, the torque needed for stability control is calculated from the basic
driving power, and the insufficient amount is compensated by the differential torque
of rear wheel ATr; if not, the ratio of the ideal yaw speed to the actual yaw speed is
computed, the ratio of the ideal centroid sideslip angle to the actual centroid sideslip
angle is computed, and the current road condition is estimated. After that, the three
quantities are imported to the fuzzy controller, which then outputs the correction
coefficient ki of the original power assisted function as well as the corresponding
driving torque to adjust the power. The adjustment is similar to back-wheel
compensation. Owing to the limit on the rear torque, the stability control should be
prioritized if the computing time is not sufficient to compensate for rear wheel
stability requirements; then, the driving assistance system will stop working, leaving
the front and rear wheels to control vehicle stability.

DDAS calculation
AMis provided by AT

M. is compensated
by AT
DDAS disabled

M. is generated by four motors

Figure 2. Process of the coordinated control algorithm

Fuzzy logic

Assist function
of DDAS

3. Design of vehicle dynamics model

Our coordinated controller was developed based on a 3DOF vehicle model and a
2DOF reference model. The estimation of the lateral force of each tire was improved
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with a nonlinear tire model. In addition, the parameters were adjusted because the hub
motor may increase the unsprung mass of the vehicle. The basic parameters of the

vehicle are listed in Table 2 below.

Table 2. Basic parameters of the vehicle

Parameter Unit Value Parameter Unit Value
Vehicle length mm 4660 Ratio gi;:eermg null 1:20
. - Kingpin
Vehicle width mm 1795 inclination angle deg 3
Vehicle height mm 1801 Scrub radius mm 100
Distance between CG mm 1110 Kerb mass kg 1690
and front axle
Wheel base mm 2776 Sprung mass kg 1370
Height of CG mm 540 Unsprung mass kg 80
Moment of inertia 5 Rolling radius of
about x axis Kgm 606.1 wheel mm 330
Moment of inertia Kg.m? 1729 Co_rnerlng N/deg 70000
about z axis stiffness

3.1. 3DOF vehicle model

The 3DOF vehicle model for controller design is illustrated in Figure 3. This
model characterizes the essential dynamic properties of a road vehicle in the
longitudinal, lateral and yaw directions.
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Figure 3. 3DOF vehicle model
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The differential equations for longitudinal, lateral and yaw dynamics can be
expressed as:

Ay = Uy — TV (D)
Ay = Uy — TV 2
Ly =M, 3)

M, =a(F, 4sind+F, 4cosd +F, (sind +
t :
Fy o cos&)—%(afr cosS ~F, sind —

F 1€0s8 +F, 4sing)-b(F, ,+F, )

X

t
*(F, ,-F
+ 2( x_rr x_rl) (4)

t .
=a(F, 4cosd+F, ; cosd )—Ef(Fy_fI sing
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x fr

t
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where vy is the longitudinal speed of the centroid (m/s); vy is the lateral speed of
the centroid (m/s); vy is the yaw speed (rad/s); ax is the longitudinal acceleration of the
centroid (m/s?); ay is the lateral acceleration of the centroid (m/s?); a and b are the
distance between the centroid and the front axle and the rear axle, respectively (m);
trr is the front and rear wheel track (m); Fy_j is the longitudinal force (N); Fy j is the
lateral force (N); I is the moment of inertia about z axis (kgm?); M, is the torque about
the z axis (Nm); ¢ is the front wheel steering angle; ij=fl,fr,rl,rr. Note that the first
subscript in the symbols of the lateral tire force denotes the front or rear wheel and
the second subscript denote the left or right wheel.

3.2. 2DOF reference model

To explore the turning behavior, steering response and stability of vehicle, a two-
wheel vehicle model, also known as the single-track model or bicycle model, was
introduced (Figure 4) under the assumption that the two tires of an axle are equivalent
to one substitutive tire in the center plane of the vehicle and that the centroid height
of the vehicle is negligible. This model serves as the 2DOF reference model to
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approximate the dynamic features of the vehicle.
yA

b a <Fyv
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Figure 4. 2DOF reference model
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The dynamic equations of the 2-DOF vehicle model can be expressed as:

aCf—bCr

(G +CIB+—L T =C S =mu(B+71)

2 2
@C—bCHB+ L a5 =17

VUx

411

®)

Where £ is the vehicle sideslip angle; ¢ is the front-wheel steering angle; r is the
vehicle yaw speed; Vy is the longitudinal speed; Vy is the lateral speed; m is the vehicle
mass; a and b are the distance between the centroid and the front axle and that between
the centroid and the rear axle, respectively; Ct and C, are the cornering stiffnesses of
the front axle and the rear axle, respectively; I, is the rotational inertia of the vehicle

about the z axis.

Then, the transfer functions can be obtained by Laplace transform:

L(s):G T1—+1
S " T8t +Ts+1
ﬁ( )=G _n+l
S " TS +Ts+1

G=—rt g b-mayiC L
Where ™ .(1+CV2) 7T L (1+CV2)

Where C is the stability factor: C =m(aC, —bC,)/C,C L

(6)

U]

where G and Gp are the steady-state gains of the yaw speed and the sideslip angle,

respectively.

Then, the ideal yaw speed and the ideal sideslip angle can be described as:

74=G, -0

(®)
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By=G,-0 9)
The yaw speed is subjected to the upper bound below:

(10)

Vim =0.85 £9
Vv

X

Where u is the tire-road friction coefficient. The desired yaw speed can be defined
as:

7/des zmin{ydvylim} (11)

The upper bound for the sideslip angle is recommended as:

Bim =tan™(0.0249) (12)

The desired sideslip angle of the vehicle can be defined as:

ﬁdes = ﬂd If |IBd | < IBI-im (13)
Bies = Pim S9N (,Bd )'f |ﬂd | < Bim

3.3. Rotational dynamics of the wheels

The rotational dynamics of the four wheels can be described by the following
torque balance equation:

(F,+F, ) =T-3,a (14)

zij ij ij ij i

where Tj; is the drive/brake torque transmitted to a wheel; Jj; is the rotational inertia;
wij 1S the speed of a wheel; F, jj is the vertical force on a wheel; fj is the rolling
resistance coefficient; r; is the effective rolling radius of a wheel. Hence, the
longitudinal force can be expressed as:

1 .
F .= —(Tij -J. o ) -F,f (15)

X_1J [} 1
r

The vertical force can be written as:
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( _ a hg _  hgb

FZ-fl_M(gm Ax 21 ytfl)
b

FZ—fT_M<gZ_ax21 ytfl)

(16)
Frm = (g T ax 21 4y t,d)

gb
kFZ rr—M(g21+ax +ay "

where &, is the height of the vehicle centroid.

3.4. Lateral tire force model

The Dugoff tire model was adopted to calculates of tire lateral force. Here, the
calculation formula can be expressed as:

Fy_ij = _Cl] tan al-j f(l) (17)

where C;; is the cornering stiffness of each tire; pis the tire-road friction
coefficient; A is given by:

_ MFgj (=M, if A<1 |
A= ’f(l)_{ 1, if A=1

2Cij|tanai,j|

a;; are the sideslip angles at the front and rear tires:

ay vy=by
appr =—(8 —arctan vt , Qpypr = arctan | -2
Ux"'_fy Uty

The tire cornering stiffness depends on the tire load and the load transfer effect on
the cornering stiffness. It can be expressed as a second-order polynomial:

Cy ij(F,) = (mF, ;; —nF?, ;) (18)

wheremandn are the coefficients in the polynomial. In the modified Dugoff tire

model, the C;;is replaced with C,, ;;.

4. Simulation verification

To verify the proposed coordinated control algorithm, three simulation tests were
carried out under different operating conditions.

In the first simulation test, the vehicle travelled on a road («=0.9) at a constant
speed of 50km/h and made a double lane change. The double lane change was
designed according to the Controllability and Stability Test Procedure for Automobile
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(GBI/T 6323-2014), with the aim to simulate the deriver’s ability to make overtaking
decisions at low and high speeds, which can verify the stability and low-speed power
performance of our algorithm.

The simulation results are presented in Figures 5~8. Comparing Figures 5 and 6,
it can be seen that, under the coordinated control, the front wheels acted as the steering
wheel, leading to a motor torque difference between left and right wheels and even a
negative electromagnetic torque on the rear wheels. As shown in Figures 7 and 8, the
steering wheel angle varied with the hand force in the double lane change, and the
hand force was reduced by 30% at the most. In this way, the driver can operate the
vehicle more easily and avoid obstacles more accurately. Thus, the rear wheels can
compensate for the front wheels in a coordinated manner when the vehicle moves at
a low speed.

700, T
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Figure 5. Comparison of front motor torque
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Figure 6. Comparison of rear motor torque
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Figure 9. Comparison of front motor torque
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Figure 10. Comparison of rear motor torque
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Figure 11. Comparison of steering wheel force
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Figure 12. Comparison of the hysteresis curve of steering wheel force
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In the second test, the vehicle travelled on the same road at constant speed of
40km/h and made a single lane change. The simulation at low speeds mainly
investigates the line capacity. The simulation results are displayed in Figures 9~12.
From Figures 9 and 10, it can be seen that the two front wheels are designed to assist
the driver in turns, while the two rear wheels are for stability compensation. As shown
in Figures 11 and 12, the steering wheel force was reduced by our control algorithm
about 30%, fulfilling the requirements on stability and power performance.

In the third test, the vehicle travelled on the same road and made a J-turn. The test
is to simulate the vehicle power and stability under the working conditions in a sharp
turn. The vehicle speed was designed as V=30km/h. After the acceleration was
completed, the steering wheel remained at 180° after 1s. The simulation results are

recorded in Figures 13 and 14.
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Figure 13. Comparison of the angle input of steering wheel
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Figure 14. Comparison of steering wheel force

Figure 13 compares the angle input of the steering wheel and Figure 14 compares
the hand force of the steering wheel. It can be seen from the two figures that the



418 JESA. Volume 50 — n=4-6/2017

proposed control algorithm reduced the hand force by almost 50%, thus easing the
driver’s workload in sharp turns.

5. Experimental verification

In this section, a distributed driving electric vehicle is built to test the correctness
of the coordinated control algorithm. Then, the vehicle was applied to a double-lane
change test with the aid of dSPACE MicroAutoBox. The test results are shown in
Figures 15~18. From Figures 15 and 16, it can be seen that the proposed algorithm
reduced the hand force of the steering wheel. From the 8s, the left and right hub motors
started to produce differential torque, leading to vehicle instability. The vehicle was
particularly unstable in 7~9s and 12~14s, as the differential torque changed violently
at the change points. Then, the rear wheels reacted to ensure the vehicle stability
through differential torque compensation. It can be seen from Figure 17 that the
control algorithm reduced the yaw speed and the reduction peaked at about 50% at
9.5s and 14.5s. The steering wheel force curve in Figure 18 reveals that the proposed
algorithm struck a good balance between stability and power.
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Figure 15. Comparison of front motor torque
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Figure 16. Comparison of rear motor torque
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Figure 18. Comparison of the steering wheel force

6. Conclusions

The structure of distributed driving electric vehicles could enhance the effect of
vehicle stability control system. In light of this feature, this paper designs a
coordinated control strategy based on the ESC and the DFAS systems, and verifies
the strategy through simulation and experiments. The simulation and experimental
results prove that the control strategy can realize stable control despite power
interferences, through the control of the differential torque moment of the front and
rear wheels. Under the premise of vehicle stability, our strategy reduces the steering
power and hand force, and compensates the insufficient torque by the differential
torque on the rear wheels. In addition, our strategy can ensure the vehicle stability and
power performance through the coordination between front and rear wheels, when the
driving power stops operation under the limit on the rear wheel torque.
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