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Abstract

The loss of the stability of heavy highway tractor-semitrailer combinations is the usual
cause of several serious traffic accidents. One of the reasons is the different behaviour of
the vehicle under changed conditions (e.g. different loading conditions, abrupt side wind
gust acting on the vehicle, etc.) which is not expected by the driver or it differs from the
usual one. The authors of the paper study the behaviour of the articulated vehicle from
the point of view of the steerability and define the conditions of self-steering characteristics
of articulated vehicles. In the paper, linear model of the articulated vehicle is used, but
the simulations are carried out for more realistic non-linear two-track model including
real tyre model. On the basis of the results of the above written examination, the authors
deal with the improvement of the lateral stability of the tractor-semitrailer combination
using controlled elements in the vehicle chassis, namely the steering of the rear axle of the
tractor is examined, however, the practical realization is complicated. Possible solution is
proposed instead of the steering of the rear wheels of the tractor based on control of their
side slip angles. Results are shown on controlled steering of the wheels on the axle(s) of
the trailer. In both mentioned cases, new method of the robust control design is used
called Robust LQR (RLQR). Design of the anti-jackknifing device is demonstrated, which

means the semi-active control of the switchable damper in the joint.

1. Introduction

Nowadays the up-to-date engine technology makes the reacheable speed
and power of the vehicles higher and higher. On one hand, this is very
important when transporting goods and people and the time is limited (e. g.
deteriorating foods, animals, etc.) On the other hand, one has to take care
of the safety of the transportation process which is obviously endangered
by fast vehicles. This danger is much higher when a heavy vehicle loses
its stability. That is why preserving of the stability and steerability of
such vehicles is desirable. However, in some cases the driver is not able to
control the motion of the vehicle because of some changes in the parameters
and driving conditions (e. g. unusual loading conditions, slippery road
surface, etc.). In these cases, one can use some active elements in the vehicle
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improving the steerability and stability of the vehicle. In the present paper,
the attention is focused on the control of the high-speed tractor-semitrailer
vehicle combination.

The main goal of the controller design is to achieve the predefined
desired characteristics of the vehicle. Thus the importance of selection of
the suitable control strategy is obvious. In this case, the definition of the
desired trajectory to be followed by the vehicle is not straightforward, one
has to do some preliminary calculation. When investigating the lateral
stability in some papers, the virtual model following principle is used (see
e.g. NAGAI and OHKI (1985)), which always has a problem of the defini-
tion of virtual model, though it can be used in the case of single vehicle.
When concentrating on the stabilization of articulated vehicles, some other
measure of the optimality should be found. In the case of heavy vehicles,
EL-GINDY (1992) and WOODROOFFE et al (1992) have investigated the pos-
sible performance measures which can be used in the design and regulation
as well. The defined measures of handling will be discussed more detailed
in the following parts of the paper. Though the self-steering characteristics
of a single vehicle is defined in the relevant literature (c.f. in ELLIS (1960),
or WONG (1980)), this feature of the articulated vehicle has not been inves-
tigated so far. In ILOSVAI’s and PALKOVICS’s paper (1990), some aspects
of the city articulated buses are discussed but as it will be shown, there is
a slight difference in the self-steering properties of the buses and tractor-
semitrailers. By defining the optimality criterion of the tractor-semitrailer
combination, the suitable controller design method will be proposed in the
paper.

In the paper, authors examine the effect of the individual steering of
the rear axle of tractors as a principal solution, but the practical realization
raises some additional problems (e.g. large brake/tractive forces, steering
mechanism of double tyres, etc.). That is why some more realistic solutions
are offered based on the controlled impulse like braking of the rear wheels
of the tractor. The authors deal with the design of the controllable anti-
jackknifing devise applied in the joint, which can be considered as a semi-
active damper. Suitable control design methodology is proposed in the

paper.

2. Problem Formulation

The most dangerous undesirable motions of tractor-semitrailer vehicle com-
bination can be classified as follows (c.f. in VERMA et al (1980)):

— jackknifing which is mainly caused by the uncontrolled large relative

motion of the tractor and trailer, which results in the lateral slip of the
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rear axle of the tractor. The jackknifing phenomenon is one the most
usual causes of serious traffic accidents in which the tractor-semitrailer
is involved. The main problem of this type of losing stability is that
after a certain articulation angle the driver is not able to control the
motion of the vehicle with the rear wheel steering effort alone, and
the intervention in wrong direction makes the situation even more
dangerous. The aim of the control is to prevent the developing of the
above described critical situation. By using controlled elements, the
probability of jackknifing can be decreased with the elimination of the
subjective and slow reaction of the driver. In this case, the steering
of rear wheels of the tractor seems to be an appropriate solution to
avold the jackknifing, because with the steering of the wheels of the
middle axle in the same sense as the front ones, the reaction time
of the trailer can be decreased thus the relative angle between the
tractor and the trailer becomes smaller and the lateral acceleration of
the front and rear units are also reduced.

— lateral oscillation of the trailer is caused by some disturbances (e. g.
side wind gust, abrupt steering effort of the driver) acting on the
vehicle wher the parameters of the system are close to the critical
ones. It means that after some disturbance the stable straight motion
loses the stability and the system’s trajectory will tend to some other
limit set whose type depends on the system. In the papers of TROGER
and ZEMAN (1984) and KACANI et al (1987), the non-linear stability
problems of the tractor-semitrailer combination are discussed more
detailed and the system is investigated after the loss of stability. On
the basis of the mentioned papers, the speed of the vehicle and the
position of CG of rear vehicle units seem to be critical parameters
of the system. By changing the above written two parameters, the
system loses the stability in a different way and causes the oscillatory
motion of the trailed vehicle unit.

Analyzing the behaviour of the system, one can observe that the driver
can control the motion of the entire vehicle only on the basis of the given
state of the front vehicle unit. By using the simplest possible driver’s model
described in MITSCHKE and NAGAI (1985) achieving predictive control, the
block diagram of the closed-loop system is shown in Fig. 1.

As it can be observed according to Fig. 1, the driver’s judgement
depends only on the motion of the front vehicle part, but the controller
can use information both from the front and rear units.
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3. Linear Vehicle Model

The main goal of the present paper is to define the self-steering characteris-
tics of the tractor-semitrailer vehicle and apply suitable control to increase
the stability and steerability, thus we use a simple linear model of the ve-
hicle shown in Fig. 2. The analytical results can be extended to the non-
linear vehicle model as well, the simulational results shown in the second
part of the paper are achieved by using non-linear multi-degree-of-freedom
model using more realistic tyre model introduced by PACEIKA (1987). The
above mentioned mode! is widely used in the relevant literature, thus the
terms not explained here can be found e.g. in ELLIS (1960). The simplified
linear equations of motion can be written as (for the sake of simplicity the
self-aligning torques are neglected for a while)

Tractor: . )
miv (1131-}—,31) =R+ FB+F+ Fu, (1)
N = Fily — Bly — Fyly — Fulyy — Mo — M, (2)
Trailer: . .
mav (\1'2 + ﬁz) = F3 — Fy + Fys, (3)
Jg\ig = —F3Z4 — FyZB + Mc - Fw2lw2 . (4)

By assuming linear tyre model, and neglecting the geometric non-lineari-
ties, the equations of motion can be written in the usual form

Mx(t) = Px(t) + Ds,61(t) + Dp, Fu(t) + Cus, (5)
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where the meaning of matrices can be found in Appendix A with the state

vector

T =¥, A¥ B AT].

By rewriting Eg. (5) in a state-space form:

61(1)

%x(t) = Aox(t) +[Bis, Bir, |- [Fw(t)

} + Byus(t) 6)

or defining the suitable external disturbance vector, Eg. (6) can be written
as

}‘C(Z) = A.()X(t) + By (i)Bzug(i) s (7)

where -
ui (8) = [61(8) Fun(t) Fuo(t)]
w (1) = [62(2) 83(t) Me(t) Mo(t)]

and the output equation can be considered as

vi(t) = B;gﬂ = Cix(t) + [D1s, Dur,]- [;;((%] + Droua(t)  (8)
v1(t) = Ci1x(¢) + Duimi(2) + Do (2) (9

and the state vector will be considered as the measurable output of the
system. The meaning of matrices can be found in Appendix B. The above
description of the linear vehicle model by Eg. (7) and Eq. (9) is suitable to
formulate the control problem of the tractor-semitrailer vehicle combina-
tion.

4. Solution under Steady-State Conditions

To determine the self-steering feature of the articulated vehicle, the equa-
tions of motion described by Fq. (7) should be solved under steady-state
conditions, namely:

U, =¥y =0= ¥ =¥y = ¥, = const.

AV = AT, = const.
B1=fr=0= B = By = B = const.

By omitting the more detailed derivation (see in VIk, 1984), the steady-
state expressions of the transfer functions between the steering angle of the
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conventionally steered articulated vehicle and the state variables
written as

L v
\Irs = 61 5
Knv2 4 (I + 1n)
1o — Fyq ’1.72
Bs = 2 Cre o1,

*T Knv2+ (i + 1)

Knov? + (I3 + 1+ 1, — I2)
Kn1v?2 4 (i + I2)

where the so-called self-steering coefficients are defined as

AT, =

1,

le F32
CF‘al CFa2

Knl.:[

Fz2 Fz3]1

CFa2 CFO!3

_]:_) Kﬂ2:
g g

can be

(10)

(11)

(12)

(13)

As it is known, the self-steering characteristics of the single vehicle are
defined by the sign of Ky, that is when its sign is positive, the vehicle
is said to be understeered, when it is equal to zero, the car is neutrally



SELF-STEERING BEHAVIOUR 215

steered, and oversteered when its value is negative. As it can be seen from
the expressions of Esq. (10-12), the main features of the vehicle depend on
the sign of Kn1, but there is no effect of the characteristics of the rear unit
on the front one. Investigating the above formulae, we can conclude that
K 2 plays the same role as K,1. By rearranging Egs. (10-12), the following
expressions are obtained:

v
N AT, 14
P Kt (s +la+1p—la) (14)
lg — F' v
B = Cres AT, (15)

Knov? + (Is +1s + 15 — I2)

Defining the ‘virtual vehicle’ shown in Fig. 8, which in fact contains the
rear part of the tractor and the trailer, K,; and Kpg can be called partial
self-steering coefficients of the articulated vehicle.

P
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27N
j?é}./ \ N
& N
Igl az 62 AY
53 \¢ Olg
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Fig. 3.

By investigating the behaviour of the articulated vehicle, all the possible
cases are considered as it is shown in Table 1. The parameters of the model
vehicle are shown in Table 2.

Instead of depicting the above transfer functions for all the cases
shown in Table 1, the transfer functions between the lateral accelerations
of both front and rear vehicle units and front wheel steering angle are
shown in Fig. 4. In case the high-speed tractor-semitrailer has large side
surface at rear, the transfer function between the lateral acceleration and
side forces is also important as shown in Fig. §. By investigating all the
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Table 1

Ko Knz  Tyre cornering stifiness (Cpa1/Cra2/CFra3) [N/rad]

0 0 160000/868571 /594285
+ 0 120000/868571 /594285
+ + 120000/868571/891427
+ - 120000/868571 /450216
0 -+ 160000/868571/891427
0 - 160000,/868571 /450216
- + 235293/868571/891427
- - 235293/868571/450216
- 0 235293/868571/594285
Table 2
Parameters Symbols  Unit Value
Yaw of inertia of front unit J1 kgm2 4100
Yaw of inertia of rear unit Jo kgm2 47000
Front axle location of the tractor 1 m 1.143
Rear axle location of the tractor I m 1.6002
Fifth wheel location Iy m 1.2192
Location of the king pin {3 m 3.5
Location of the rear axle of the trailer 4 m 4
Mass of the front unit my kg 8268
Mass of the rear unit myp kg 27562.1
Table 3

lp— 12 Koy Koo Type of vehicle

> 0 >0 >0 Articulated buses
< 0 >0 <0 Tractor-semitrailer

possible cases, the best results can be achieved depending on the relation
between [l and I3. The results are summarized in Table 3.

As it can be seen in Table 8, considering the tractor-semitrailer the
best case is when the front vehicle unit is understeered and the rear (or
virtual) vehicle is oversteered (according to the definition in Fgq. (13)). This
short examination shows what desired characteristics are to be reached
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during the design of the vehicle and how to determine the operational

parameters (e. g. internal tyre pressures, loading conditions, etc.).

5. Control Objectives and Design of the Controller

In the last part of the study, the desired self-steering characteristics were
determined. Afterwards, the optimal vehicle will be considered as defined
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in Table 8. The aim of the control design is to keep the trajectory of
the motion of the real vehicle to the optimal trajectory defined by the
optimal model as close as possible. This approach is called a virtual model
following control as it is widely used in the design of active 4WS system,
c.f. in PaALKoVICS (1992). The extended performance index similar to that
given by KAGEYAMA and SAITG (1987) can be written as

T
. 1 . .
Tror = Jim 7 [ (081 + 008" + apf + 600+ s FG)dt. (16)
0

The performance index can be rewritten in the standard form with cross
terms. Because of the difference between the orders of the terms in the per-
formance index, one should use the normalized weighting factors avoiding
the problems during the computation. With the assumption that the states
of the model are available by using the direct state-feedback compensation,
the form of the feedback ‘force’ can be considered:

g = -Kx. (17)

As it can be seen from Eg. (17), the feedback force is a linear combination
of the state variables using some appropriate feedback matrix. The control
inputs of the system will be the following signals:

— steering angle of the rear wheel of the tractor (62),

— steering angles of the wheels of the trailer (63),

— active moment in the joint acting on both rear and front vehicle units
in opposite sense (M.),

- active torque acting on the front unit only (M,).

5.1. Controller Design
The conventional LQR solution to the problem means the determination

of the optimal control force minimizing the performance index described in
FEq. (16), and the state feedback matrix can be written as

Kror =R;'Bi X0n, (18)
where the X;og > 0 solution of the following ARE:

XrorAo+ Al X gr + X1grB2Ry'Bi X10r+ Qo =0.  (19)
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The problem of the LQR approach is that it guarantees the stability of
the system while the parameters of the model are constant and there are
no hidden non-linearities (e.g. high frequency vibrations, hysteresis). In
the reality, the parameters of the vehicle are not constant but they can
change during the operation, which can result in the loss of the stability and
performance of the predetermined controller for the nominal parameter set.
That is why some different method is offered called RLQR (Robust LQR)
which allows the consideration of the physical parametric uncertainties.

One of the most important parametric uncertainty in the vehicle is the
cornering stiffness of the tyre, which is non-linear function of the internal
tyre pressure, temperature, vertical load of the tyre, etc. As it is shown
in PALKOVICS (1992), the uncertainty of these parameters can make the
understeered single vehicle oversteered and the controller calculated on the
nominal parameter set makes the behaviour of the model even worse than
the behaviour of the uncompensated vehicle. To avoid this problem, we will
assume that the variation range of the cornering stiffnesses of the tyres are
known, the state-matrix of the uncertain system separating the nominal
and uncertain parts can be written

p
A=Ao+Y gB, (20)
=1

where p is the number of uncertain parameters. It is reasonable to assume
in the case of mechanical systems that

la:] £ 1, rank(E))=1 (¢t=1,2,...,p). (21)

Matrices E; contain information on the structure of the uncertainties and
uncertain numbers ¢; on its size. The above written rank condition ensures
that matrices E; can be written as a dyad of two vectors:

E;=1n;. (22)
To define the following two hyper-vectors:

L=[ll 12 s lp],
N=[n ny ... mnpl,

A= dla‘g {q].ana"' 7%)} .

The state-space equation of the uncertain model can be written as:

%= Aox+ LANTx + Byp,Fy + Big, 61 + Bous . (23)
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The block diagram of the system described by Egq. {23) and Eg. (9) can be
seen in Fig. 6.

As it can be observed in Fig. 6, the system corresponds to the usual
form of the Hy, control problem introduced by DOYLE et al (1988). There
are three sets of input and output. The first input to the system stands for
the ‘internal’ disturbances arising from parametric uncertainty denoted by
u3. The second group of signals contains all the ‘external’ disturbances act-
ing on the system (u;). The third input signal involves the actuator inputs
(u2). The outputs can be classified in a similar way: the first output of the
system belongs to the uncertainty denoted by y3, the second one stands for
all the outputs of the system that are in the centre of our interest (y1). The
third set of outputs contains all the measurable variables for feedback (y2).
The main objectives of the control strategy to minimize the large lateral
acceleration of the vehicle bodies, to attenuate the external disturbances,
and to make the controller robust in face of parametric uncertainties. (In
this case, the steering angle of the front wheel can be considered as distur-
bance acting on the vehicle. In the reality, the situation is not so simple,
we have to consider the driver’s model as well, but it is neglected in this
paper. In a future investigation of the problem it will be considered.)
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The disturbance attenuation problem can be solved by using direct
state-feedback Hoo control design. The problem can be formulated as fol-
lows (see in FRANCIS (1987)): let us consider a lower part of the system
shown in Fig. 6. The stable K,(s) is said to be admissible controller if it
stabilizes the system and

i Ty, ., = i (P,K = < 7. 24
02 T rlle = | min [[F (B K)o =70 < (24)
v gives an upper border on the transfer function between the lateral ac-
celeration and side disturbances acting on the vehicle body. The transfer

function of the closed-loop system is called a linear fractional map of the
system. The controller will minimize the following cost functional:

Joo(7) = lim Qox + uj Rous — 72F5Fw] de, (25)

the controller minimizing the norm given by Eq. (24) is

K5 (7) = Ry 'Bi Xoo(v), (26)

where X () is the positive semi-definite solution of the ARE belong-
ing to the performance index Fgq. (25). By using this He controller, the
‘worst-case’ disturbance maximizing the performance index Fg. (25) can be
determined. The robustness of this controller is er.r ured by the Small-Gain
Theorem (see for further detail, e.g. in MACIEJOWSKI (1989)).

The robustness of the controller in face of parametric uncertainties
can be ensured by using RLQR method discussed in PETERSEN, HOLLOT
(1986) and DouGLAS (1991). The control system minimizes the following
performance index:

JrrQr(A) =
7 1
. T T 1
Jim / [x (Q0+ANTN> x+ul Roug—{—-):XTXRLQRLLTXRLQRX] dt,
0

where Xprgpr is positive semi-definite solution of the following ARE:

Xprorho+ AoXRror + (Qo + /\NNT)

- 1 N\ <
—XRLQR <BQRQ 18; - XLLT> XRLQR = 0. (28)
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From the performance index Eg. (27) it can be seen that there is a dif-
ference between the usual form of the quadratic criterion belonging to the
LQR problem. First difference is in the state weighting matrix: the addi-
tional term describes the uncertainty making the controller robust in face
of parametric uncertainty. The last term of Egq. (27) is a kind of ‘worst-
case’ disturbance. Its meaning becomes more clear if we use the following
denotation:

1 T~ v = Ty T 3
1% XrrorLL” Xprorx = —AdRLQRERIQR (29)

where dprgp means the worst possible disturbance arising from the para-
metric uncertainties. The free parameter X in Fg. (25) means the trade-off
between the robustness and internal disturbance attenuation of the con-
troller. When increasing the value of A, the system will be robust in face
of structured uncertainties given but the sensitivity is decreasing. By de-
creasing the value of )\ the controller tends to the H solution. in the
paper, the combination of the above described two methods gives a good
compromise between the disturbance attenuation and the robustness of the
controller.

5.2. Evaluation of Several Control Procedures

The active control of the quantities listed at the beginning of this part of
the paper is more theoretical but the results achieved are promising. Fig. 7
shows the state variable of the model for several controls applying standard
step input on the steering wheel.

As it can be seen, the active 3rd wheel steering does not have any
effect on the behaviour of the tractor, it makes that even worse, but it
stabilizes the motion of the rear unit decreasing its oscillation. The steering
of the rear wheel of the tractor affects all of the state-variables in a desired
direction, namely it minimizes the sideslip and yaw rate of the front and
decreases the oscillation of the rear unit. By applying torques in the joint
and on the front unit, the results are close to each other, there is slightly
larger difference in the motion of the trailer but it is not sufficient.

Of course, the above written solutions have mainly theoretical im-
portance. In the future investigation of the problem, the attention will be
focused on the practical realization by using the results of the theoretical
investigation described above.
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6. Conclusions

In the paper, the stability and performance of a tractor-semitrailer combi-
nation were analyzed. Similar definition of the self-steering characteristics
of articulated vehicles to that determined for the single vehicle is given.
It was concluded that the best behaviour of the vehicle can be expected
when the front vehicle unit is understeered and the defined virtual vehicle
is oversteered. This examination provides the basis for the controlier de-
sign. In the paper, some optimal controlling methods were considered as
mainly theoretical solution for the active stabilization of tractor-semitrailer
vehicle combination. In future investigation of the problem, more practical
realizations will be examined.
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Appendix A

Relationship between the side slip angles of the tyres and state-variables
in the case of a linearized model can be written

ili s .
ai=—p1+ 6+ (=1) ;‘1’1 (i=1,2), (A.1)
' lh. I3+l .
agz—ﬂy~AW—6y+ﬁj%?tiQr—3$4AW. (A.2)
Side slip angle of the rear vehicle unit can be expressed as
Iy - I3 -
B2 =AY + 3 — ;h‘l’l — ‘3§-‘I/2 (A.3)

and the relationship between the yaw angle of front and rear vehicle units

AT =T ~T,. (A.4)
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With the above assumptions, the meaning of the matrices in Fq. (5) can

be written
Jl 0 mlvlh 0
M — -9 (lh + 13) mals (m1 +m2)v 0
- Jo —J2 I3miv of°
0 0 0 1
—Craill = Craold = Crailily + Craolaly
Pay = - - milyv,
Pu2) =0,
P(13) = =Cratli + Craszls — Craily = Crasls,
P4 =0,
A (m1 +m2) v ~ Cpaili + Crazlo + Cras (Is + la + 1)
s 'U 3
I3 +1
P(29) = =CFas i
v

P(33) = =CFa1 — Cra2 — CFos,

P4 = —Cros,

Croilils + Crasglals — Crasls (I3 + s + 1) — lymiv?

2 v b
i3 +1

P32) = —Crosls 3 " 2,

P33y = Cru1ls — Cra2ls + Crasly,
P(34) = Cpasls,
Py =Pug =Pugs =00,

Puygy=1,
Dg; = [CFG] (ll + lh) Crai Crails 0] s
Ih = lu1 0 "CFag (12 - lh) 0 -1 -1
1 1 Cra2 —Craz 0 0
Dy = , C= @
Fu I3 ~lu2 CFra2ls Crasls 1 0
0 0 0 0 0 0
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Appendix B

The meaning of the matrices in the state-equation and in the output equa-
tions:

Ag=M"'P, By, =M 'Ds, Byp, =M 'Dp, B:=MC,

Cigpy=v <A0(3,1) + 1) , Ci2) = vAya2)
C1(1,3) = Uﬁo(3,3) ) C1(1,4.) = UAG(3,4) ,
Cippn=v (AO(S,l) + 1) + (In = I3) Ao,1) T 3Ao2,1)
Cipo) = vhoey + (e —13) Ao 2) +i3Ao02),
Cire) = vhopa) + (h —I3) Ay gy + 134023
Cia,q) = vhoae + (n —13) Age) +13A0024
Dis, = [UBlél(S) [vfﬁwl(s) + (I — 13) Bis, (1) +Z3Bl§1(2)” ,

Dyip :[ vBir,(3,1)
S vByp,en + (e = 3) Bir,an) + BBir,2)

’UBle(s,z) ]
vBip,32 + (h —13) Bir,(1,2) + 3B1ir,2.2)

Di2a,j) = vBoayy s
Dig(2,5) = vBag) + (I — 13) Bar 5y + 1sBaa ) » (G=1,...,4).




