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Abstract—This paper is concerned with integrated yaw sta- For planar motion control of EV, yaw rate and side slip
bility control strategy for 4AWD EV driven by in-wheel motors.  angle are often chosen to be controlled. However, the control
The strategy consists of double control loops. One is the upper methods, such as in the paE’é,rhave contributed in improving

control loop, which uses2 — DOF control method to specify . . .
control effectors which are required for keeping EV yaw stability, Vehicle performance and guaranting safety for 2WD vehicles,

The other is the lower control loop, which is used to determine Which means that vehicle has two driving wheels.
control inputs for four driving motors by optimum traction force However, in 4WD case, due to four driving motors, control

distribution method. This distribution method is implemented by system has four permitted independent control in[ﬂhtg\nd

redundancy control. . -
The simulation results indicate that handling stability of this those control inputs are all avaiable 1o coniral yaw raie and

4WD EV is improved by proposed strategy, especially when the side slip angle. Because the number of indepent control inputs

EV drives in critical conditions. much than the number of controlled variables, therefore, there
is an actuator redundancy probl@n
|. INTRODUCTION If we design control laws for 4WD EV, one issue which

In order to improve maneuverability, stability and obtaimnust be faced is how to deal with such actuator redundancy,
much more driving traction force, many electric vehicles (EVsyhich means how to distribute traction force for four driving
are equipped with more than two actuating motors. motors.

Further, the power transfer construction of EV is changed Further, in order to avoid slip or lock and keep stability,
days after days. The latest EV is driven by four motorize@specially when EV drives in critical conditions, distributing
wheels, which mean driving motors are fitted into wheels artehction force should consider the conditions of tire friction.
can be controlled independe,{ayz}_ When 4WD EV drives in critical or dangerous conditions,

For example, "UOT March II”, which is shown in Fig.1,€ven if one driving motor failures, the redundancy of control

has four in-wheel driving motors (4WD). Control strategiedNPuts can be used to deal with those things and avoid
such as ABS, TCS and VSC, can be implemented for that ERstability.

easily by advanced motion control of in-wheel electric motors. In this paper, we discuss a method optimally and dy-
namically to distribute traction force by actuator redundancy

control, which permits us to consider constraints of actuating
motors (limitation of tire friction force). The "optimally”
means the best combination of redundant set of actuators. The
"dynamically” means the resolution depends not only on the
current conditions but also on the previous sampling instant.
By using that optimum traction force distribution, we also
propose an integrated yaw stability control algorithm for 4WD
EV. As Fig.3 shows, the strategy consists of double control
loops. The upper control loop composes optimal feedback con-
trol and yaw moment feedforward control. The lower control
loop is dynamic traction force distribution control. This loop
is used to calculating control inputs for four driving motors.
In this loop, an actuator redundancy problem is resolved.
The remainder of this paper is organized as follows: in
section 2, 4WD EV modeling is mentioned; in section 3,
integrated yaw stability control algorithm for 4WD EV is

Fig. 1. "UOT March II” and in-wheel motors.



discussed; in section 4, application of proposed algorithm for
improving stability of 4WD EV in critical driving is discussed;where, G.,(0) and G,;(0) are steady gainsG,(0) =

V(Cs+C,
in last segtlon preliminary conclusions and future works aﬁ?HKV2 and G/ (0) = W T, and T, are
mentione time constantsT), = 547 and Ty = oty | is the
[l. 4WD EV MODELING length of ChaSSISl(* ly+1,). Kis the stablllty factor of EV,

In order to design control law for 4WD EV ("UOT March K = —% %

1", a linear model is used, which is abstracted from the EV ( is the damplng coefficientv,, is the natural frequency of
shown in Fig.1. The model is described in Fig.2. We assungentrol system.
that only front wheels can be steered and steering angles of

front wheels are equal to each other. In Fig.2js the steering Wy, = 2 CsCr VvV1+ KV? 3)
angle.V is the velocity vector of center of gravity (COG) of VYV ML

EV. All F;; mean traction forces3 represents sideslip angle M(g}%(jf +12C) + L(Cy + C,)

of COG. v represents yaw rate of COG/, is yaw moment. = (4)

2
(3 and~ are controlled output variables/, andd; are control 2 \/MIszCT(l +KV?)

inputs. The state equation is given by E@ 7.

IIl. I NTEGRATED YAW STABILITY CONTROLALGORITHM

The concept of the proposed control algorithm is shown
in Fig.3. The reference input commands &fe, ..., X,. The
control inputs for motors aré/,,...,U, and the controlled
output variables of EV ar&7, ..., Y,. The upper control loop
composes optimal states feedback control and yaw moment
feedforward control. This control loop is used for calculating
"virtual” control effectors V1, ..., V,,, which is required for
realizing steady and dynamic characteristics of control system.
However, the "virtual” control effectors could not directly be
control inputs(Uy, ..., U,,) for motors. Therefore, in the lower
control loop, we map the "virtual” control effectors to physical
control inputs for motors by optimum dynamic traction force
distribution. Then we control EV to achieve the "virtual”
control effectors by traction force control of in-wheel motors.
The traction force distribution is implemented by redundancy
control.

Fig. 2. Linear vehicle model for dynamic analysis
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M is the vehicle masd,, is the inertia moment’; (C,) is the
cornering stiffness of front (rear) tiré; (I,) is the distrance
from the front (rear) axial to the COG.
The transfer functions from steering angle and yaw

moment)/, to yaw ratey are

Fig. 3. Block diagram of control strategy for EV

For planar motion control of 4WD EV, steering anglg
and accerelation pedal angleare given by driver. And then,
a reference model is used for calculating reference input
commandsy* and 8* in accordance with driver's commands.

The controlled output variables are yaw ratand slip angle

= G”’(g)c(l +T751 dr + GM((;)CO +:CMZ) M, (2) [. The "virtual” control effectors are yaw momedt/, and
1+ 5xs+ @z I+ 5s+ @z s active steering angles. The physical control inputs are traction
G(s)of + H(s)M. force commands for motors.
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In this study,f is assumed to be zero and reference input
command is onlyy*. The "virtual” control effector is yaw
momentM,.

The upper control loop includes reference model control,
feedforward control which is designed asFa- controller,
feedback control which is designed by using@G regulator.
Therefore, robust "2-DOF” control algorithm is used for the
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design of upper control loop. o b
. . . . 2 reference
The lower control loop consists of dynamic optimal traction £ .
force distribution, which is used to determine control inputs for 245 w/o control®,
motors according to "virtual” control effector and tire friction S R
conditions. 205 o = s
The control objective is to make the EV to follow the desired Frequency (rad/sec)

yaw rate.
Fig. 5. Yaw response of reference mod® = 60km/h)

A. Reference model
According to Eqg.2, yaw rate response from steering angle

of "UOT March 11" is shown in Fig.4. C. Feedback control
30 20 However, due to inaccuracy of EV model and effect of
20} 40 kmh \ disturbance, Eq.8 is incomplete to satisfy Eq.7. For example,
@ 10T T T e s C't, which is the cornering power of front tire, changes in real
€ 100 km/h - time. It is difficult for us to know its true value. Therefore,
O m,

we compensate the "P-" controllor by usind- @G regulator.
The controlled variables arg and 5. The LQG regulator is
designed as follows

T o0 . T T
£ min J = (E"QE + My, RMpp)dt 9)
2 0
Z-45|
é‘f where@ and R are weighting matrices and decided according
90 L = 1 to experimentsE = (v* —~, 3* — 8)T. Yaw momentM, is
10 " Frequency (rad/sec) 10 another part of "virtual” control effectod..
We can calculaté\/s, by
Fig. 4. Yaw response of "UOT March II”
My; = —KE (10)
In order to improve yaw rate phase delay and thus make K=R'B"S (11)

lateral response quick, the reference model is defined as fo”%eres is the solution of Algebraic Ricatti Equation

G,(0)(14+T _
V=Gl = g2 @) ATS +5A+Q-SBRTBIS =0 (12)
+ s+ gres . . T
. “noo On D. Optimum traction force distribution
where~* is the target yaw rate. We make reference model - :
. . . In 4WD case, four driving motors can be used for motion
to have quick response, which meats > w,,. In this study, . .
We putw’ — 15w, The response is shown in Fia.5 control. As Fig.6 shows, the inputs of lower control loop are
putewy, = 1.9wn. P 9.9 yaw moment)M, and driving forceF,. (F,. is assumed to
B. Feedforward control equal to total friction force). As mentioned above, the virtual
According to Egs.2 and 5, in order to make the real ya@ontrol effector is yaw moment/,, M, = My + My;.

rate of EV fit the target value, we calculate the required yaw According to virtual control effecton/., dynamic optimal
momenthf as one part of "virtual” control effectoMz[G]‘ traction force distribution is used to determine control input

* =G 5r — C(s)5r — H(\Msr =0 (6 commands for four motors to
V== GS)resdy = G(s)0y = H(s)Myp =0 (6) 1y o the tire from slipping or locking.

My, — G(s)res — G(s) 5 (7y  + obtain the maximum tire load ratio.
H{(s) « achieve the control effectors.
Based on Eq.7, feedforward control law is designed @&-a  « improve yaw rate stability.
controller According to Fig.2, if four tires are all in adhesion states, yaw
G, (0)T, w;f —w? r2 momentM,. can be obtained by

P =

W,
—o,0(%n 1) (9)
Gu(0)Ty w3 s M, = diFoy + doFos — dfFas — doFoy (13)



wheredy andd, are front and rear treadt,;, Fyo, Fy3, Fra IV. SIMULATION

are trgctlon force_s. e _ The actual control diagram is shown in Fig.6. In accordance
Optimum traction force distribution control is used to cong ..., \what mentioned above. the upper control loop uses "2-

vert_ "virtual” control effectorM,, to _physical control inp.uts.for DOF” algorithm by integrating with yaw moment feedforward

available sets of motors. According to Eq.13, the d'S‘t”bu'[ea{jnd states feedback control. The lower control loop is dynamic

traction forceg can real|;e yaw momedd,. in real time. By optimum traction force distribution control. The control objec-
optimum traction force distribution control, the error betwee

: . five is to make the EV to follow the desired yaw rate.
the virtual” control effector), and the achieved real yaw
moment M, is to be minimized. Therefore, the required

reference model

control objective will be obtained due t&f,. ~ M,. And at A g5 0 + - Y

the same time, tire driving conditions are considered to keep

tire from spinning or slipping. & Eq.(8) = i”/h feedback controller
Distribution control is generally used for solving this kind feedforward controller

of problem. It is often used for flight control or marine @E'F—> Eq.(17) conro, EV Body

vessel contrdP (9, It was also previously used for automo- C ——

tive control191Y. However, it was a static inverse map- 5 e foree ditrbution f

ping method2. Some resolutions mainly focus on how to
easily implement or how to efficiently calculate for control  Fig. 6. Integrated yaw stability control algorithm for 4WD EV
systen{m1 .

That means, The specifications of "UOT March II”, which are used for
min ||[W,F||2 (14) simulations, are shown in TABLE I.

TABLE |

subject oM, = B, - F. THE SPECIFICATIONS OF"UOT MARCH II”

WhereW; is weighting matrix.F = (Fxl,F'pQ, 1:}371314)T

are control input commands for motors. Virtual control vector Dimensions (IxWxH) | 3695<1660x 1525 (mm)
B, = (ds. —ds.d.. —d..). Weight 1100kg
v =1 Fo O O ) ) Inertia moment 3.76x 103 kgm?
Control inputsF are obtained by Tire Radius 0.26m
Max. output 36kW
F = Wl—l(val—l)’er (15) Max. torque 77Nm

Motor Max. speed 8700rpm
) ) (/unit) reduction gear| ratio 5.0
wheret means pseudo-inverse of matrix. Type Panasonic EC-EV1238

In order to consider dynamics of tire friction, we try to Battery | Capacity 35AN
. . . . Voltage 12V x 19 modules
extend the above static resolution to a dynamic optimum one.
The "dynamic” means redundancy resolution which depends
not only on the current conditions but also on the resoluti% I
. Verification

of previous sampling instadt.
According to Eq.13, Eq.14 is extended to In order to verify the effectiveness and efficiency of the

calculated virtual control effector, we performed two kinds of
min |[WiF(t)|2 + |[Wa(F(t) — F(t — T))|2 (16) tests fo.r E_V( _UOT Marcr_l I1"). In this case, optimum traction
force distribution control is not used.

subject toM, = B, - F. WhereW; is weighting matrix too.
Control inputsF are obtained by

13
10

F(t) =W, ' (B,W;)TM, + PF(t - T) (17) 6
where P = (I — W*l(BvW*l)TBV)%—%, 1 means pseudo-
inverse of matrix, W? = W + W3.

Eq.17 is just like a digital first order low pass filter, which
means dynamic redundancy resolutiBi¢) can be obtained
by filtering a desired or reference static value. It is this point -10
that the change of frequency and extent of control inputs can 13
be dynamically controlled quite wéld. It is easy to verify
that the eigenvalues of matri® are bounded by 1, which
means Eq.17 is asymptotically stabid.

Steering angle (degree)
(=]

5 Time (sec) 10 15

Fig. 7. Input signal for Lane change test of "UOT March II”



First, driver input singal and simulation result are shown in 0.02
Figs.7 and 8, which show that the yaw rate can be controlled
to well fit the reference value. _oois P
g ......
e
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yaw rate to follow the reference value quickly and accurately.
It cannot keep EV handling from instability.

On the contrary, as Fig.12 shows, when we use optimum
The second test is "J turn” test. Driver input singal anHaction force distribution control, which is realized by taking

simulation result are shown in Figs.9 and 10, which also Shd’anntage of redundancy of control mput_s, the controlled
the effectiveness of control algorithm. yaw rate can follow the reference value quite well. It means
stability of EV can be improved.

Fig. 8. Yaw response of "UOT March II” in lane change t€st = 60km /h)
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Fig. 11. Yaw rate response of EV on splitroad without optimum traction
Therefore, it can be deduced that the upper control lodfjce distribution
can give the quite right virtual control effector to satisfy the

control requirement. As Fig.13 shows, when it does not take full advantage of
the redundancy of control inputs for traction force distritution,
the rear slip. It causes EV being instability, which is shown
Simulation is performed to compare the proposed control Fig.15. For this case, the EV can not make "Lane change”
method with the one which does not use traction force distuinder the test condition.
bution method. We use "Lane change” test for that comparison.When redundancy of control inputs is considered and well
In this case, the friction forces of left and right tire are differenised for optimum traction force distribution, the coorespond-
to each other. The friction coefficient of left side is 0.8, buihg tire slip ratio is kept in a safty domain, which is shown in
right one is 0.3. It means that EV drives "Lane change” onRig.14. For this case, the EV can realize stable "Lane change”

B. Comparison

split x4 road. under the same test condition.
We suppose that the traction force distribution method
which we want to compare is V. CONCLUSIONS ANDFUTURE WORKS
M, = d,Fys — d,Fy, (18) Simulation results show that the proposed control strategy

can improve the stability of 4WD EV, especially EV drives in
As Fig.11 shows, control method which does not use optiitical conditions. Optimum traction force distribution control
mum traction force distribution, can not make the controllecan be an effective method when take full advantage of redun-
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force distribution
Fig. 14. Slip ratio of rear tires when optimum traction force control is used
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