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075 Integrated Control System of 4WS and 4WD by H* Control

Yutaka Hirano Yukiharu Sato Eiichi Ono Kaoru Takanami

(Toyota Motor Corp.)

(Toyota Central R&D Labs.)

A control law for integrating 4WS and 4WD systems is presented. It is based upon a non-linear
vehicle model in which the lateral force acting on the tires decreases as the driving torque increases.
Variable transformation is used to linearize the non-linear model so that H* control theory can
be applied to design the feedback compensator. Moreover, adaptive logic is added to reduce the
desired yaw rate as the tires approach the limits of adhesion. The control system consists of a

central control unit, local control units and a high-
experiments prove the system greatly improves stab

speed local area network. Simulations and
ility during cornering.
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1 Introduction

The concept of four wheel steering(4WS) was introduced sev-
eral years ago to improve stability and controllability. This
technology has been the subject of intense research [1] and
today many vehicles are available with active four wheel
steering(A-4WS)[2]. Such systems control the vehicle’s atti-
tude almost instantaneously but becomes less effective when
the tires approach the limits of adhesion. On the other hand,
active torque split four wheel drive(A-4WD)[3], because it
varies the driving torque distribution between the front and
rear wheels according to the difference in tire slip, has great
potential to restore tire grip during cornering but no attempt
has yet been made to utilize A-4WD to augment the control
performance provided by A-4WS. This paper describes a con-
trol system that has been developed to integrate the A-4WS
and A-4WD systems so as to make the vehicle safer under all
driving conditions and presents the results of both computer
simulations and actual experiments.

2 Design of Control System
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Figure 1: Tire force charateristics
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Figure 2: Half-car vehicle model

2.1 Non-linear Vehicle Model

Because the objective was to integrate A-4WS and A-4WD
control, it was essential to devise a non-linear mathematical
model so as to take into account the fact that the lateral force
acting upon the tires during cornering is not constant, as has
been assumed in previous studies, but varies in relationship
to the longitudinal force as shown in Figure 1.

A typical half-car steering model is shown in Figure 2. The
equations of motion for this model are:

MV(B+ R)= F; +F, (1)
IR:afFf—a,.F, (2)
where M Vehicle mass
I Yaw moment of inertia
1% Vehicle speed
B Vehicle side-slip angle
R Yaw rate

af(a;) Distance to front(rear) axle from
the center of gravity(CG)
F;(F;) Lateral force at front(rear) wheels
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The cornering force on the front and rear tires was assumed
to decrease in proportion to the increase in driving torque and
was defined as follows:

Fy=—Cs(B+asR|V — 65){1 - hyT(1 + ))} (3)
F.==C(B - 6, BRIV = 6,){1 - h,T(1 - \)} (4)

where C(C,) Cornering stiffness at front(rear)
wheels
hg(h,) Coefficient of decrease of cornering
force due to driving torque at
front(rear) wheels
6¢(6,)  TFront(Rear) wheel steer angle

T Total driving torque
A Front/rear torque distribution ratio,
calculated in the following manner:
A= DT
o oty
Here Ty and T, are the driving torque to the front and
rear wheels respectively, so A = —1 corresponds to rear

wheel drive and A = 1 corresponds to front wheel drive.

2.2 Structure of Control System

Figure 3 shows the two-degree-of-freedom control structure
that was devised to realize fast response to steering input
while minimizing the effects of external disturbances and pa-
rameter changes. The purpose of the control is to make the
actual yaw rate R follow the desired yaw rate Ry, which is
calculated from steering input and vehicle speed. Since A-
4WD operates via a hydraulic clutch, there is inevitably a re-
sponse delay due to the time lag of the hydraulic circuit and
the torque distribution of the clutch. Accordirgly, the feed-
forward compensator Ci(s) is concerned only with A-4WS$S
in oxder to ensure that within the linear region of tire char-
acteristics fast response is obtained to steering input. The
feedback compensator C(s) functions to stabilize the vehi-
cle in the non-linear region and is therefore based primarily
upon A-4WD, but makes use of A-4WS to compensate for
the time lag of the A-4WD actuator. The control operates in
the following manner. C(s) calculates the feedforward rear
steer angle 6,5 from the front steer angle 65 and the vehicle
speed V, while C3(s) calculates both the driving torque dis-
tribution ratio A and the feedback rear steer angle 6,; from
the difference e between R and Rg(e = Ry — R). Hence the
rear steer angle 6, is equal to &, + 6,4

2.3 Design of Feedforward Compensator

Within the linear region of tire characteristics the transfer
function from front and rear steering input to yaw rate is
given by

. bis+bs b3s + by
RL(S) = 52+a1$+02 f 32+a13+a2 i (5)
where
4 = Cs+C, " G?Cf + (Z?Cf
N 737 i
e a;Cy —a,C,  (as + a,)’C;C,
I IMV?
_ 95Cs _ (a5 +a,)CsC,
BRI T MW
b3=_a,.C,-’ b4=_(af+a,)CfC,

I IMV
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P(s)  :Plant (Vehicle dynamics)

Py(s) :Reference model (Desired dynamics)

Ci(s) :Feedforward compensator for model matching

Cy(s) :Feedback compensator for robust stability
:Actual yaw rate

Ry :Desired yaw rate

br 5 :Feedforward rear steer angle

8t :Feedback rear steer angle

&, :Actual rear steer angle

A :Front/rear torque distribution ratio
s :Laplace operator

Figure 3: Two-degree-of-freedom system

The desired yaw rate is assumed to be
kb
R e =
o(s) 1+7saz
= Po(s)és (6)
where k is the gain ratio of the desired yaw rate to the

yaw rate without control and 7 is the time constant of
the desired yaw rate.

The feedforward rear steer angle 6, is calculated as follows
so that Rr(s) = Ro(s).

k1 kz
s+ uw 8+ wy

6rg ={ko + }or (M

where

_ bk b
°= (12631' b3

O ba(k — 1) _ bobsk(ar — 1/1 — az7) I bobsk  byby

kl b3 a2b3(b3 fad Tb4) agbgT ?
by = bzk(a;[ - 1/T - (lz‘l‘)

“n a2(b3 - Tb4)T
b= oy 1

1= b3’ 2 = r

2.4 Design of Feedback Compensator

A schematic diagram of the feedback compensator Ca(s) is
shown in Figure 4. As the plant P(s) is non-linear, it is
impossible to apply a reliable linear control theory to compute
6, and A. Hence a provisional control input u is derived via
a transfer function of the linear compensator F(s) from a
linealized expression of P(s) and used to determine the actual
control values for 6, and A.

A linearized equation for yaw rate R was obtained by trans-
forming equations (1) ~ (4), viz:

a%C; + a2C,
_f f T R+a

fo a,.C,u
v I

R = 8- ®
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Figure 4: Structure of feedback compensator

where

v = 6,—ngfth(1+A)(ﬂ+afR/V—6f) ©)

+ B T(1= N8~ a, BJV — 6,) + (% ~1)8

From equation (8), the transfer function from u to R becomes

1 a,C,V
- _ 10
R(s) 1475 a_2fo + a2C, Ju (10)
= G(s)u
where
v
T, =

a?Cf +a2C,

Changes in vehicle parameters Cy,C; and speed V were
considered as multiplicative uncertainty of the plant. The
weighting function for the sensitivity function was determined
as
a
52+ 2u,s + w2 (11)

w,

Wi(s) =

where wy, is the cut-off frequency for lowering sensitivity,
which is assumed to be 0.5rad/sec

and the weighting fuction for the complementary sensitivity
function as

)

Wa(s) =14 ——s 0 ___
2(s) T e + a2’

(12)

where Vp is the vehicle speed under the nominal state,
which is assumed to be 10m/sec.

Under the dynamics given by equation (10), the problem of
tracking plant output R to reference input 2o can be solved by
applying the H* control theory to determine the provisional
control input u:

u = F(s)(Ro — R) (13)
F(s) is derived by solving the following H* small gain prob-
lem for the augmented plant with Wy(s) and W(s),

TW1(3)S(s)

Wy(s)Su(s) || S7 (19)

o0

S(s) ={I+ G(s)F(s)}™*

5.(s) = G(s)F(s){T + G(s)F(5)} "

where S(s) is the sensitivity function, S.(s) is the com-
plementary sensitivity function and v is the weighting
value

and can be calculated using MATLAB?’s Robust Control Tool
Box [4], which applies Glover and Doyle’s algorithm [5].

Actual 6, and ) are obtained from the provisional conirol
input u by means of the relationship given in equation 9).
The A-4WD system utilized by the experimental vehicle con-
tinuously varies the front/rear torque distribution ratio from
3:7 to 5:5(lock-up) by controlling the hydraulic pressure act-
ing on the center differential clutch. Hence ) can be changed
within the range —0.4 ~ 0. From experience, it was judged
that when the driving torque is large, a distribution ratio
near 5:5 ensures optimum stability while accerelating rapidly
or driving at high speed and in the event that the torque to
the rear wheels is too large and the vehicle is going to spin.
In view of this consideration, A is determined as follows:

A= —04(1~To/Tr) +sgn(R)K Tou (15)

where T, K, ate constants, sgn(R) indicates whether R
has a plus or minus value and

| T HT<T,
°TY T HT>T,.

The actual torque distribution ratio A is assumed to have

a time lag of 0.3sec from A and is defined as follows.

1
140.3s

X=

A (16)

To compensate for this time lag, 6,3 is calculated using the
following equation:

a,C,u - (a_fC_f = a,C,.)ﬂ
+afoth(l + /\)(_/3 + afR/V ] 5f)
—a,Crh,T(1 = A)(B — a,R/V)
a:Cr{1 - 1, T(1 - X)}

(17)

6rb =

2.5 Adaptive Control

In the control method described above, cornering force is as-
sumed to be proportional to tire side-slip angle. But, in real-
ity, the limit of tire cornering force is determined not only by
vehicle dynamics but also by the road surface condition and
other factors. Accordingly,because the tires cannot always
generate a lateral force corresponding to the desired yaw rate
determined by equation (6), there is a possibility that the
control will function to increase the actual yaw rate, caus-
ing the vehicle to spin. To prevent this, it was decided to
adopt an adaptive control based on vehicle side-slip angle 3,
which is an effective indicator of the current limit of corner-
ing force. The devised adaptive algorithm is as follows. It
decreases the gain & of Ry in equation (6) according to the
increase in estimated f§ and/or vehicle speed V,viz:

k= ko 5 {V <Vyor lﬁl < I.BOI (18)
{1 = k(18] — |6o])(V — Vo)} ko elsewhere

" H

b= 137GV =R (19)

where k;, kg, 75 and V; are constants, §p is a function of
V, B is the estimated value of § and G, is the lateral
acceleration at CG.
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Figure 5: Simulation results(=0.2)

3 Computer Simulation Results

For computer simulation, a vehicle model with 14 degrees-
of-freedom and a map of non-linear tire characteristics were
used. In the simulations, the vehicle was accelerated from
an initial speed of 10m/sec following a step steering input.
Figure 5 and Figure 6 compare the results for adaptive con-
trol, non-adaptive control and no control(in which the rear
steer angle is fixed at O degree and the torque distribution
ratio at 3:7). In the case of a road surface with a low co-
efficient of friction u(Figure 5), the vehicle spins during the
early stage of acceleration when no control is employed. With
non-adaptive control, because the actual yaw rate follows the
desired yaw rate, the vehicle does not spin but there is a
slight increase in slip angle. With adaptive control the vehi-
cle remains very stable throughout the entire maneuver. This
figure also demonstrates that the control system greatly im-
proves the tesponse in yaw rate to steering input.

From Figure 6 it can be seen that even in the case of 2 high
¢ toad surface, the control results in a slightly higher yaw
rate during the later stage of acceleration, indicating that the
control functions effectively regardless of parameter changes.

4 Application to Actual Vehicle

Figure 7 outlines the network that was adopted in order
to apply the control system to an experimental vehicle.
The CCU(central control unit) interfaces with the A-4WS
LCU(local control urit), A-4WD LCU and other LCUs via
LAN(local area network) lines. CAN(Control area network)
chips, which have a transfer rate of 1Mbits/sec, are used as
the interfaces. Signals received by the CCU are front steer
angle &, yaw rate R (from the A-4WS LCU), lateral accel-
eration Gy, longitudinal acceleration G (from the A-4WD
LCU), rotation speed of each wheel wi~4 (from the ABS
LCU), engine speed NE and gear position n. Upon receipt of
these signals, the CCU calculates vehicle speed V/ (from G,
and wyn4) and driving torque T (from NE and slip ratio of
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Figure 6: Simulation results(u=1.0)

the torque converter) and, using the integrated control law
described above, computes commands for 4WS and 4WD ac-
tuators so as to control rear steer angle 6, within the range of
+1 degree and front/rear torque distribution ratio A within
the range of 3:7 ~ 5:5. To ensure that the system is fail-safe,
each LCU retains autonomy so that it can function indepen-
dently in the event of CCU or interface failure.

Figure 8 shows the performance of the experimental vehicle
while accelerating round a curve on a slippery surface. With-
out the control, the vehicle entered a spin when it reached
about 55 km/h but with integrated A-4WS and A-4WD it
was able to accelerate up to nearly 80 km/h without the need
for any corrective steering. During the later stage, the adap-
tive logic functioned to reduce the desired yaw rate. The
driver, feeling the corresponding reduction in actual yaw rate
as an increase in understeer, realized that the vehicle was ap-
proaching its cornering limit and eased off the acceleration.

5 Summary and Conclusion

1. On the basis of a non-linear vehicle model, in which cor-
nering force decreases as driving torque is increased, a
two-degree-of-freedom control structure that integrates
A-4WS and A-4WD has been devised. The feedback
compensator applies the H* control theory to track the
linearized expression of the non-linear plant’s yaw rate
R to the desired yaw rate Rg and compensates for ac-
tuator time lag. An adaptive control algorithm is used
to ensure that the vehicle remains stable even when the
tires cannot generate sufficient lateral force to satisfy the
desired yaw rate.

2. The results of the simulations and actual vehicle exper-
iments demonstrate that the integrated control system
functions to make the vehicle far more stable when ma-
neuvering on slippery surfaces.

s3. Although the integrated control system has great poten-
tial for raising safety, very careful consideration must be
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Figure 8: Experimental vehicle test results

paid to the determination of the desired yaw rate Ry, for
if Ry is set solely to extend the limit of maneuverability,
should the extended limit be exceeded, the driver may
well find it beyond his ability to control the vehicle at
the higher speed prevailing. Hence future investigations
must be conducted to determine what Rp is proper for
the driver to be aware that the vehicle is approaching its
cornering limit. In addition efforts must be undertaken
to devise means of calculating vehicle side slip angle and
driving torque more accurately if preciser control is to be
achieved.
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