EINDHOVEN
e UNIVERSITY OF
TECHNOLOGY

An optimal continuous time control strategy for active
suspensions with preview

Citation for published version (APA):

Huisman, R. G. M., Veldpaus, F. E., Voets, H. J. M., & Kok, J. J. (1993). An optimal continuous time control
strategy for active suspensions with preview. Vehicle System Dynamics, 22(1), 43-55.
https://doi.org/10.1080/00423119308969020

DOI:
10.1080/00423119308969020

Document status and date:
Published: 01/01/1993

Document Version:
Publisher's PDF, also known as Version of Record (includes final page, issue and volume numbers)

Please check the document version of this publication:

* A submitted manuscript is the version of the article upon submission and before peer-review. There can be
important differences between the submitted version and the official published version of record. People
interested in the research are advised to contact the author for the final version of the publication, or visit the
DOl to the publisher's website.

* The final author version and the galley proof are versions of the publication after peer review.

* The final published version features the final layout of the paper including the volume, issue and page
numbers.

Link to publication

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

» Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
* You may not further distribute the material or use it for any profit-making activity or commercial gain
* You may freely distribute the URL identifying the publication in the public portal.

If the publication is distributed under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license above, please
follow below link for the End User Agreement:
www.tue.nl/taverne

Take down policy
If you believe that this document breaches copyright please contact us at:

openaccess@tue.nl
providing details and we will investigate your claim.

Download date: 24. Aug. 2022


https://doi.org/10.1080/00423119308969020
https://doi.org/10.1080/00423119308969020
https://research.tue.nl/en/publications/7ca97af5-6f0d-47d7-a15d-3cd119186854

Vehicle System Dynamics, 22 (1993), pp. 43-55 0042-3114/93/2201-0043$25.00
' © Swets & Zeitlinger

An Optimal Continuous Time Control Strategy
for Active Suspensions with Preview

R.G.M. HUISMAN®, F.E. VELDPAUS®, H.J.M. VOETS™" and J.J. KOK*

SUMMARY

A continuous time control strategy for an active suspension with preview, based on optimal control
theory, is presented. No approximation is needed to model the time delay between the excitation of
the front and the rear wheels. The suspension is applied to a two DOF model of the rear side of the
tractor of a tractor-semitrailer. The purpose of the suspension is to reduce either the required suspen-
sion working space or the maximum absolute acceleration of the sprung mass, without an increase of
the dynamic tire force variation. For a step function as road input, reductions of 65% and 55%,
respectively, are possible compared with a passive suspension.

1. INTRODUCTION

In the design of a passive suspension for road vehicles, increasing the comfort of
the occupants and decreasing the required suspension working space are con-
flicting demands [10]. In case of a tractor-semitrailer, the maximum acceleration
of the cargo and of the pitch motion of the cabin should be reduced, and the
required suspension working space and the dynamic tire force variation should
be minimized. Again, these wishes can not be fulfilled simultaneously. To im-
prove the performance quantities nevertheless, semi-active and active suspen-
sions have been developed [1, 10, 11].

If, in the control of the (semi-) active suspensions, the road surface is sup-
posed to be “known” a certain time before it enters the wheels, preview is avail-
able. In this case, a significant improvement of the performance quantities is
possible [3, 4, 5, 8]. In [4, 5], some sensors are used to measure the road surface
in front of the vehicle.

A form of preview which seems suitable for use in practice is obtained if the
excitation of the rear wheels of the vehicle is assumed to be a time-delayed
version of the excitation of the front wheels [3, 5, 8, 12]. In this case, two
strategies to incorporate preview in the control of the active suspension are
known.
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The first is a continuous time strategy in which the time delay is approximat-
ed, for instance by a Padé-approximation [3, 5, 9]. An advantage of this approach
is that finding the optimal control results in a conventional state-space formula-
tion without time delays. Standard methods can then be used in the controller
design. Disadvantages are the increase of the model order and the fact that the
Padé-approximation is valid up to about 20 Hz. However, with today’s comput-
ing power and recognizing that the vehicle models used are only valid up to
20 Hz (note that the frequency area of interest is 0.15 — 20 Hz), these disadvan-
tages may not be an insuperable problem.

The second strategy is a discrete time control in which the time-delay is
incorporated exactly [8].

In this paper, a continuous time control strategy with preview is derived for an
active suspension for a tractor-semitrailer, in which the time-delay is incorporat-
ed exactly. The strategy is based on optimal control theory [7] and no increase of
the model order occurs.

Because the relevant motions of the cabin are mainly caused by the road excita-
tion of the rear wheels of the tractor, the idea is to replace the conventional
passive suspension at this place by a (semi-) active suspension with preview. In
practice, the available preview time, i.e. the time-delay between the excitation of
the front and the rear wheels of the tractor, is at least 1/8 sec. The excitation of
the rear wheels is a time-delayed version of the excitation of the front wheels and
the road surface is assumed to be reconstructable from accelerations and relative
displacements, measured at the front wheels of the tractor.

Just to show the feasibility of the control strategy, the active suspension is
applied to a two DOF model which represents the rear side of the tractor. The
suspension has to reduce the required suspension working space and the maxi-
mum acceleration of the sprung mass, without increase of the dynamic tire force
variation. The road surface is considered as a deterministic signal. In this paper,
simulations are only done for a step function as road input.

In Section 2, the model of the tractor-semitrailer and the derivation of the
control strategy are presented. Results of the simulations are treated in Section 3.
Finally, conclusions are drawn and the current investigation is described briefly

in Section 4.

2. MODELLING AND DERIVATION OF CONTROL STRATEGY

The road surface at the rear wheels of the tractor is considered as a deterministic
signal. It is supposed to be reconstructable from measurements of accelerations
and relative displacements at the front wheels. :

As usual [1, 10, 11], in this feasibility study the rear side of the tractor with
(semi-) active suspension is modelled by a two DOF model. In the near future,
the model will be elaborated to at least a half-vehicle model to include the
reconstruction of the road surface at the front side of the tractor.
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Fig. 1. Two DOF vehicle model with an active suspension with preview.

The model is shown in Fig. 1, where m, and m, represent the unsprung and
sprung mass and k, is the tire stiffness. Furthermore, ¢, ¢, and ¢, are the vertical
position of the road, of the unsprung mass, and of the sprung mass, respectively.
The force, generated by the active suspension, is denoted by f. The preview time
t, is equal to L/V where L is the wheelbase and V is the vehicle speed. The

equations of motion are given by
mg, =—f — k(g —qp; mfd,= f (1
or, in state space notation, by
i(t)=Ax (1) +Bu () +Ew (1), X ®=x, 2)
where x, u, and w are defined by |

4
q4,-9 ‘
x= | g [ w=Ul w=lg 3)
a4,

The purpose of the active suspension is to reduce the required suspension
working space and the maximum acceleration of the sprung mass, without in-
crease of the dynamic tire force variation. For practical reasons, the input u, ie.
the actuator force f, is limited. These demands can be translated in finding the
input # which minimizes the quadratic performance index




46 R.G.M. HUISMAN ET AL.

t+t

=L I [y 07 Qy (%) + u YT Ru(v)ldy; 0=07,020; R=RT,R>0, (4)
where the output y is given by the output equation

r
Y()=Cx (@) + Fw (t); y= [ - J ®
2" 9
Since the acceleration §, of the sprung mass is linear in the actuator force f, it is
not necessary to include both §, and fin J. When a passive spring supports the
actuator, both g, and f can be included in J. The performance index J is defined
over the time interval [z, ¢+ t] in which the road surface is supposed to be

known.
The input # which minimizes the performance index J (see appendix A) is

given by
u()=-Kx @) +K,r (1); K,=R'BTP; K,=R'BT, (6)

where P is the symmetrical, positive definite solution of the algebraic Riccati
equation

ATP + PA —PBR'BTP +CTQC =0 (7
and r is the solution of the differential equation
F(T) = —AQ r (1) + [PE + CTQF] w (1), r(t+ t)=Px(t+ 2, (8)

where Ag = A - BK,. The state x(f + tp) at the end of the preview interval is
unknown but can be calculated from Egs. (2), (6), and (8) (see appendix B). To
calculate u at time #, only the current state x, and the solution of Eq. (8) at that
time are needed.

From Eq. (6) it is seen that the input u is composed of a feedback term (-K,x)
and a feedforward term (-K,r, which contains the road information). This is
illustrated in Fig. 2. If no preview is available, only the feedback term remains
and an often used optimal control strategy for active suspensions without pre-
view (e.g. [13]) is obtained.

The control strategy with preview, as derived here, is a continuous time strat-
egy and no Padé-approximation, to model the time-delay between the excitation
of the front and the rear wheels, is necessary.
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Fig. 2. Calculation of the input vector 4 as the sum of a feedback and a feedforward part.

3. RESULTS

The control strategy, derived in the previous Section, is applied to the model of
Fig. 1. .

The performance of the active suspension with preview. is tested for a step
function as road input and is compared with that of a passive suspension. The
passive suspension, shown in Fig. 3, is a model of the suspension used in tractor-
semitrailers. The height of the step (7.1 cm) is chosen in such a way that the
passive suspension uses all the available suspension working space. The param-
eter values chosen for m,, m,, kys kys and b, are representative for the rear side of

Fig. 3. Two DOF vehicle model with a passive suspension.
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Fig. 4 and 5. Dynamic tire force and suspension deflection of the active suspension compared with
that of a representative passive suspension for a step function as road input. The preview time
is t,=1/8 sec. Active 1 = best overall performance, active 2 = required suspension working
space minimized, and active 3 = maximum absolute acceleration of sprung mass minimized.
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Fig. 6. Acceleration of the sprung mass of the active suspension compared with that of a representa-
tive passive suspension for a step function as road input. The preview time is ¢, = 1/8 sec.
Active 1 = best overall performance, active 2 = required suspension working space minj-
mized, and active 3 = maximum absolute acceleration of sprung mass minimized.

the tractor of a current tractor-semitrailer combination. For a tractor wheelbase
L =3.5m and a vehicle speed V = 28 m/sec (= 100 km/h), the available preview
time ¢_is 1/8 sec. This preview time is used in the simulations.

Three combinations of the weighting matrices Q and R are chosen. One combina-
tion is chosen in such a way that for the step function as road surface the required
suspension working space is minimal. The second is chosen in such a way that
the maximum acceleration of the sprung mass is minimal. A third combination is
chosen in such a way that both the required suspension working space and the
maximum acceleration of the sprung mass are minimized. In this case the “best
overall performance” is achieved. Note that for the three combinations of Q and
R, all performance quantities (i.e., the required suspension working space, the
maximum absolute acceleration of the sprung mass, and the dynamic tire load
variation) are less than or equal to that of the passive suspension. Moreover,
because a deterministic road surface is used, peak-values are minimized in stead
of, for example, RMS-values.

The performance of the active suspension for the three combinations of Q and
R is shown in Figs. 4 to 6. These figures show that either a 65% reduction of the
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required suspension working space or a 55% reduction of the maximum absolute
acceleration of the sprung mass is possible without an increase of the maximum
dynamic tire load variation. The active suspension with the best overall perfor-
mance reduces the required suspension working space and the maximum abso-
lute acceleration of the sprung mass with 30% and 40% respectively.

To investigate the influence of the preview time tp , the step response of the
active suspension with the best overall performance is determined for ¢ = 0 sec
and t,= 1/8 sec, and for ¢ — . The response of the acceleration of the sprung
mass is shown in Fig. 7. From this figure it is seen that the performance for
t, = 1/8 sec is not as good as for infinite preview time. However, the perfor-
mance improvement compared with the passive suspension is still significant. It
is also clear that the performance of the active suspension without preview
(tp = () sec) is disappointing; the performance is hardly better than that of the
passive suspension. Variation of the weighting matrix Q over a wide range does
not improve the performance significantly.

The performance of the presented control strategy is not compared with the other

strategies mentioned in Section 1. However, preliminary studies using a two
DOF vehicle model show that there are no big differences in performance.

Acceleration sprung mass

20 T T
—— passive
= ---- tp=0sec
< _
§ 10 - 7 I tp = 1/8 sec
— N
g o tp = infinite
.g ,/‘ !
— v '
2 . .,‘ \.\ 1 ' '
L
< L3
3
¥ ,
_10 ) l '
0 0.5
Time [s]

Fig. 7. Effect of the preview time on the performance of the active suspension.
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A step function has been used to show the performance of the active suspen-
sion. In literature, however, often frequency responses are used to illustrate the
performance of a suspension (e.g. [1, 6]). Moreover, it is also worthwhile to test
the suspension for other deterministic road surfaces, like rounded pulses (e.g.
[2]). The active suspension tested here has already been tested for these pulses. It
appeared that the same performance improvement is possible compared with the
passive suspension. However, for “low-frequent puises”, the performance im-
provement decreases because then a preview time ¢ = 1/8 sec is not sufficient
anymore. In the near future, especially frequency responses will be investigated.

Some remarks have to be made on the realizability of the active suspension
presented here. The limited bandwidth of the actuator (e.g., a hydraulic cylinder)
has not been taken into account. The road surface is assumed to be perfectly
reconstructable and full state feedback is used. In practice, both the road surface
and the state have to be determined from a limited number of measurements. The
robustness of the control strategy to modelling errors and parameter variations
has not been investigated yet. To calculate the actuator force at time ¢, the com-
putational effort is high compared with a control strategy in which the time delay
is modelled by a Padé-approximation. Finally, the power consumption of the
actuator could be too high. However, in practice, the actuator will be supported
by a spring and a damper and will be used only incidentally, e.g. in case of a
railway crossing or a pot-hole.

Despite these remarks and the fact that only a two DOF vehicle model is used,
the improvement of the performance compared with the passive suspension is
significantly enough to make further investigation useful.

4. CONCLUSIONS

A continuous time control strategy for an active suspension with preview is
presented. In this strategy, the time-delay between the excitation of the front and
the rear wheels can be taken into account exactly.

The active suspension with preview is applied to a two DOF model of the rear
side of a tractor-semitrailer. In case of a step function as road input and a preview
time ¢ = 1/8 sec, either a 65% reduction of the required suspension working
space or a 55% reduction of the maximum absolute acceleration of the sprung
mass is possible, compared with a representative passive suspension, without
increase of the dynamic tire force variation. '

The minimum available preview time for a tractor-semitrailer is 1/8 sec. For
the step function as road input, the performance of the active suspension with
t =1/8 sec is not as good as for infinite preview time but still significantly better
than that of the passive suspension. The performance of the active suspension
without preview is disappointing compared with that of the suspension with
preview.

Further research on this topic is being carried out and includes (1) the recon-
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struction of the road surface from a limited number of measurements (relative
displacements and accelerations) at the front wheels of the truck and (2) the
derivation of a control strategy for a semi-active suspension with preview. The
robustness of the control strategy to modelling errors and parameter variations,
the dynamic behaviour and the power consumption of the actuator, the computa-
tional effort, and the frequency response of the active suspension presented here
will be investigated too.
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APPENDIX A

The input z has to minimize the performance index
1+t

A s

R R T

7=3 [y @ Oy @+ u (F Ru(@)ds (A1)
under thei constraints (more general than those in Section 2)

i(M)=Ax (1) +Bu () +Ev (1), X ®) =x, (A.2)

y (1) = Cx (1) + Du ) + Fw (1), (A.3)

In the minimization, the Lagrange multiplier A is used to incorporate Eq. (A.2).
Now, minimization of J results in the following equations:

u(t)=RYLBTL\ (1) - R DT QCx (1) - R, DT QFw (7). (A.4)
A (©) =—AT,A (1) + Cux (O + (0, ME+1)=0, (A.5)
$(@=A,x®+BA@+F,0, xO=x, (A.6)

where A, B,,C,. [, » and f, are defined by

R,=R+D"QD,

A =A - BR-1 pToc,

B =BR~ BT

Qd Q- QDRLD 0, (A7)
c,=C"QC,

fA CTQde

f_ =Ev-BR, D" QFw.
To solve Egs. (A.5) and (A.6), a new vector is introduced, defined by
r () = A (1) + Px (7). (A.8)

If P is chosen as the symmetric positive definite solution of the algebraic Riccati
equation

ATP+PA,-PBP+C,=0, (A9
then Egs. (A.5) and (A.6) can be written as

F)=-ALr (O +Pf, (D +f, (0, rt+1)=Pxi+ t), (A.10)
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(1) = Agx M+Br(m+f,(10, x@®-=x, (A.11)
where Ag =A,~- B P. Eq. (A.4) becomes

u(t)=-RL[BTP+ DT QC] x(1) + R BTr (1) - RLDTQFw (v). (A.12)
To calculate the actuator force at time #, the current state x, and the solution r(¢)

of Eq. (A.10) is needed. To solve r(¢), the state x at time ¢ + A is needed. How-
ever, this state is not known a priori. This problem is dealt with in Appendix B.

APPENDIX B
From Eq. (A.11) it is seen that
tet

x(+1)=0 @)z, +jtp [@ ¢t +1,-1) [By (1) + £, (D]]dr, (B.1)
were @ is defined by

D (1) = ee”. (B.2)
The solution of Eq. (A.10) is

r(T)=(I>T(t+tp -1T) Px (t+tp)+r0 (1), (B.3)

where r, is defined as the solution of the differential equation
by(D=-ATr, W +Pf () +f, W), 1+ t)=0. (B.4)

With Egs. (B.1) and (B.3), x (¢ + tp) is written as

x(t+ tp) =0 (tp) x,+ GPx (t + tp) +q,(+ z‘p), (B.5)
in which G and ¢, (t + tp) are defined by
t +tp
— T
G_j'l [@(t+1, - B, O (t+1, ~1) dr, (B.6)
g, (V) = quo (M +B,r,(D+f (1), ¢, =0. _ (B.7)

It can be shown that matrix G satisfies

G=7 - @ (1) ZO7 (1), (B.8)
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where Z is the solution of the Lyapunov equation’
T__R- _ 7T
AgZ+ZAg——Bd, Z=7Z B.9)

With Eq. (B.5), an explicit expression of the boundary value x (¢ + tp) is calculat-
ed:

x(t+1)=I=GPY @ (1) x,+ 4, (1 +1)] - (B.10)




