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1 Introduction the road surface and therefore to decrease the resonant peak near
The roles of a suspension system are to support the vehi% Hz, which is the resonant frequency of the unsprung mass. For

weight, to isolate the vehicle body from road disturbances, and {0 xed suspension spring constant, the better isolation of the

maintain the traction force between the tire and the road surfag8rnd Mass from the road disturbances can be achieved with a

Suspension systems are classied o @ passie sysem and TG DY Slovng & ey sushensn defecton, How
active system according to the existence of control input. The =" ping

active suspension system can be further classified into two typ < not aIIow_lng unnecessary suspension deflectlons. Therefore,
e ride quality and the handling performance of vehicle are two

a semi-active system and a fully active system according to the .." - 2 . .
control input generation mechanism. The semi-active suspensgté)@:gfé?g criteria in the: control system design of suspension
system uses a varying damping force as a control force. For € Since the skyhook control strategy was introduced by Karnopp
ample, a hydraulic semi-active damper varies the size of an orifi fal. [1], in which a fictitious damper is inserted between the

in the hydraulic flow valve to generate desired damping forces. . .
electro-rheologicalER) damper or a magneto-rheologiclliR) sprung mass and the stationary sky as a way of suppressing the
vibratory motion of the sprung mass and as a tool to compute the

damper applies various levels of electric field or magnetic f'eldtesired damping force, a number of innovative control method-

o e i g have been proposed to mplmnt s Sttegy. The sy
r . ) : ok control can reduce the resonant peak of the sprung mass

force with a separate hydraullc(pneumatlc unit. Therefore, the C@ﬁite significantly and thus achieves a gpood ride qualﬁy. E?ut in

and the weight of a fully active suspension system are mu rﬁier to improve both the ride quality and the handling perfor-

higher than those of a semi-active one. Semi-active suspens .
systems are getting more attention because of their low cost a*ﬁé”ce of vehicle, both resonant peaks_of the sprung mass and the
Sprung mass need to be reduced. It is known, however, that the

" . . ]
competitive performance to the fully active ones. In this paper,
road adaptive modified skyhook control for the semi-activ ‘i{gyhook damper alone cannot reduce both resonant peaks at the

Macpherson strut suspension system of hydraulic type am.e.tim.e. From this point of view, Besinger et(al proposed a
investigated modification of the skyhook control, which includes both a pas-

The performance of a suspension system is characterized by & damper as well as a skyhook damper, for the computation of

. . . . . esired control inputs. Novak and Valasgl have proposed a
ride quality, the handling perf_ormance of veh|c|e,_the size of th roundhook contfol which assumes E:? additignaFI) fictitious
rattle Space, anq the dY“a”."C tire forcg. The prime purpose Pmper between thé unsprung mass and the ground, for the pur-
adopting an active/semi-active suspension system is to |mprn§/ '

(0 ; S
’ h ; . . pose of decreasing the dynamic tire force.
the ride quality and the handling performance of vehicle. To im- Compared to the various control techniques appeared in the

prove the ride quality, it is important to isolate the sprung ma?ﬁ rature, the issues related to the modeling of suspension systems

from the road disturbances and to suppress the vertical vibratio - .
near 5 Hz(4—8 H2), which is known to be a sensitive frequencyar rare. Jonssdd] conducted a finite element analysis for evalu-

range to human bodgateral vibrations at 1—2 Hzaccording to ating the deformations of suspension components. Stensson et al.

ISO 2631. On the other hand, to improve the handling perfo[r%]]e%ﬁogfss;:négﬁiop?ﬁgn:na;yr:igdglSmfoc;iroah?oxzcgzzrzcgozggf
mance of vehicle, it is important to keep the tire in contact wit lons. These models would be appropriate for the analysis of me-

Comibuted by the b i« Svet 4 Control Division f bication thchanics, but are not adequate for control purpose. In the conven-
ontribute: Yy the Dynamic sSystems an ontrol Division for publication in _
JOURNAL OF DYNAMIC SYSTEMS, MEASUREMENT, AND CONTROL. Manuscript ﬁOﬂa' quarter car mOdE(YlJe et al' [6])’ Only the Up dOWn

received by the Dynamic Systems and Control Division May 1, 2000. Associaf@ovements_c’f the sprung and unsprung masses are assumed. In
Editor: S. Sivashankar. the conventional model, the role of the control arm is completely
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ignored. From this point of view, a new control-oriented modethe unsprung mass. For the brevity of this paper, the detailed
which includes the rotational motion of the control arm, isssumptions made for this model are referred to Hong ¢9hllf
introduced. the joint between the control arm and the car body is assumed to
As an actuator for generating the semi-active control force,l® a bushing and the mass of the control arm is included, the
continuously variable damp&€CVD) is used. Hence, the control degree-of-freedom of a 1/4-car system is four. The generalized
force is adjusted by changing the size of an orifice of the CVRoordinates in this case are, d, 6;, and ,. However, if the
The damping force characteristics of a CVD are highly nonlineasnass of the control arm is neglected and the bushing is assumed to
Also, the CVD used in this work is designed in such a way that e a pin joint, then the degree-of-freedom becomes two, reducing
produces much larger damping force in the extension motion theie generalized coordinates from four to twegand 6 as depicted
in the compression motion. It is also noted that with a semi-actiyg Fig. 2. In Hong et al[9], the equations of motion for this
suspension the control action is applied only when the contr@jodel are derived. In this section, the derivation in Hong €fi9al.
force is opposite to the direction of suspension relative velocityis modified to fit to the control problem of the semi-active suspen-
One Way Of designing a COI’I'[I’0| System for the Semi-active SU§'0n System with a Continuous|y variable damper_
pension is to figure out all the nonlinearities of the plant and The definitions of the parameters and variables in Fig. 2 are:
actuator and then to design an appropriate control law based upoparametergData): m is the sprung mas@53 Kg; m,, is the
both the vehicle dynamics and the actuator dynamics. For this, W?sprung mast36 Kg); ks is the spring constant of the coil spring
fluid dynamics of the variable damper has to be investigate&7,658 N/m; k, is the spring constant of the tif¢83,887 N/nx;
However, it is not simple to know the complete nonlinear charap;\ is the distance from O to £0.66 m); | is the distance from O
teristics of the variable damper. Also, considering the fact that thg g (0.34 m); I is the length of the control ari©.37 m; « is the
entire control problem is to stabilize a multiple-degree underactghg|e between thg-axis andOA (74 deg; 6, is the angular
ated mechanical system with one saturating actuator in the PrBRSplacement of the control arm at a static equilibrium péing
ence of unknown road disturbances, see Fig. 3 for control problejg
formulation, the' efforts to know the .complete nonlinear dynamics Variables z, is the vertical displacement of the sprung mass:;
of the actuator is not so cost-effective. _ is the angular displacement of the unsprung masss the rela-
Another way is to isolate the most significant nonlinear part Qe displacement in the rattle space, and findllyis the control

the actuator, which is the variable damper in our case, and to : : :
' . . 7 mping for ner h ntin ly variabl mper.
the real one instead of its mathematical model. In this work, th@g ping force generated by the continuously variable dampe

control law design does not consider the actuator dynamics. How-
ever, in the final tuning stage of the control gains, the real actuator
is included in the hardware-in-the-loop simulations.

Recently, the computer aided control system de$@ACSD)
has been the subject of focus in control implementation. The =~
CACSD is often named as the rapid control prototypiR&P or
the hardware-in-the-loop simulatiofidILS) (Hanselmanirj7,8]).

In the RCP, the plant dynamics and/or the control laws are imple-
mented in a digital signal processing board, which allows an easy
adjustment of various parameters of the plant and/or the control-
ler. If actual hardware is used as a part of simulation loop, the
term “HILS” is particularly used. Through the CACSD, the total
development time and cost can be much reduced. Also, it is easy
to introduce a new component or a hew algorithm because the test
procedure can be easily repeated.

In this paper, assuming the use of a single acceleration sensor
for the quarter-car model and a 16-bit microprocessor, a modified z
skyhook control with gain scheduling is investigated. Contribu-
tions of this paper are: First, a new control-oriented model for the Y
semi-active Macpherson suspension system is derived. Second, a
control structure extending the skyhook control and including tHag- 1 A schematic diagram of the Macpherson suspension
estimation of road conditions is suggested. Third, the optimgyStem: 1/4-car model
gains for the 1SO road classes and the gain scheduling procedure
for estimated roads are developed. Fourth, the procedure for in-
corporating the actuator dynamics via the hardware-in-the-loop
simulations is discussed. One final comment is that four sensors|
(three vertical sensors and one lateral senfswithe entire vehicle
control are used, but the issues beyond the quarter-car model ar¢
not discussed in this paper.

This paper is structured as follows. In Section 2, a new model
for the semi-active Macpherson suspension system is derived. In
Section 3, the control problem is formulated, the skyhook control
is modified, road profiles are characterized, optimal gains for the
ISO road classes are determined, the gains for the estimated roa
and two filters for controller variables are designed. In Section 4,
the performance of a controlled semi-active system is evaluated
using the hardware-in-the-loop simulations. Conclusions are given
in Section 5.

: ground

: chassis

s upper strut

: knuckle & tire
: control arm

continuously
variable damper

2 Modeling of /4 Car: A New Model

A schematic diagram of the Macpherson strut suspension sysy. 2 A new model including the continuously variable damp-
tem is shown in Fig. 1. This model admits the rotational motion afig force
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Let T, V, andD denote the kinetic energy, the potential energfhe linearization of (3) at an equilibrium
and the damping energy of the system, respectively. Then, they(Xie,Xse,X3e,Xse) =(0,0,00,0) Yyields:
are

T=3(me+my)Z2+ 3 myI262+mylc cod 0— 6p) 0- s, X(O=AX+Byfe+ Bz, (), x(0)=xo

V= 3k¢{2a,—b[cosa’ +cog e’ — A)]—2[al—ab(cosa’ where
+coga’— 0)+b?cosa’ coga’ - 6)1Y3 "0 1 0 0]
+ Zkidzst 1ol Sin( 6= bg) —sin(— 6p) ~ ]}, ofy oty dfy ofy
2 i - OX1 Xy,  IXg  OXy
. H r_ A=
D:EC (Al)2= Cpbi Sinf(« ,0)0 , 0 0 0 1
27 8[a;—b, coda’—6)]
wherea,=15+13, bj=2l,lg, o’ =a+ 6y, c,=a’—ab, cosE’), X, X, 9Xs %
andd,=a/b,—b? cosg’). - SX=Xe
For the two generalized coordinateg=z; and g,= 6, the 0 1 0 O
equations of motion are:
. . az 0 axp O
(ms+mu)is+ mulccos( 0_ 00) 6_ mu|cSin(9— 60)02 = O 0 0 1
+kI{ZS+|C(Sin(0_ 00)_S|n( 60))_Zr}:01 (1) L a41 0 a43 0
Myl 26+ myl ¢ cog 6— o) s+ kil ¢ CO O~ O){zs+1 (SN 6— 6;) 0 1 0 0
—sin(— 6g) - 21— L k. sin(a’ — 6) | 7049437 0 21.177
q 0 0 0 1|’
[
%! b+ _— . —13796 0 —-5105.4 0
b| (Cl_d| coga!_a)l/Z) IBfS (2) L
Remark 1 The semi-active damping forcé,, in (2) includes [ of,  af,]T
both the passive damping force and the control force. However, in B,= o 0 ot
Eq. (9) of Hong et al.[9], there appear two explicit terms, i.e., a s sly=x,
passive damping coefficient, as well as a control input terify, . _
The equivalence of2) and Eq.(9) of Hong et al.[9] is shown as 0
follows: If we setc,=0 andf,=fg in (9), (9) and (3) become lg cog — 6y)
identical. Also, if we set,=cs andf,=0 in (9), the application Mgl ¢+ myl ¢ Sirf(— 6)
of the relationship such that 1/2D/96=cgAl - dAl/96=IgCc Al = 0
=lgfs to (9) yields (3). —(mg+my)lg

Now, define the state variables g X, X3 X4]7=[ 225 6 6]".

2 27 <0
Then, (1)—(2) can be rewritten as follows: L mamyl-+ myl sin'(— 6o)

. _ 0
X1= Xy, X2:fl(X11X21X31X4’fS’Zr)’ (3) 0.002
X3=Xg, Xa=f2(X1,%2, X3, %4, F5,2;), ) 0 ,
where o
1 1 ' '
i - B , 1 of af
f1 91(X3) { Myl ¢ Sin(xs = fo) X3 2 ks B2~ 7%

0z oz,

X sin(a’ —X3)Cog X3~ bg)Ga(Xs) — kil ¢ SiMP(X3— 6p) ()

B 0
+1gfscogx3— 00)}, kil ¢ Siré(— 6g)
| mdctmylesin(— 6o)
1 212 i 2 - 0
f,=— A {mulC SiN(X3— 6p) COY X3~ 0g) X5 mek, ¢ cos — ;)

1 | mgmyl &+ miIE sir(— 6p)
— 5 (Mg+my)Ks Sin(a’ —X3)g3(X3) + Mgkl ¢

0
X Cogxg— 00)2(-)+ (mg+ my)lgf . _| 0404
. a 0 '
1(X3) =Ml ¢+ myl ¢ Sin(xg— bp), | 13796
92(X3) = msmuI %+ mﬁlé sin2(x3— '90)1
and
(x3)=b,+ d
Xq)= 7 y
9alXs """ (c—d, coga’ —x3))? — kil sirf(— 6g)
ar = - )
2(-)=2(x1,%2,2) = X1+ c(Sin(Xg = ) = Sin(— 6p)) ~ Z, . “md et myle si(— 6o)

point X

(4)
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1 1 k b n d| dist‘l‘ﬁ'?):nce
ay3= - = ————p .
B Img e+ mylcsit(—6)}2[ |2 7%\ 7' (¢,—d, coga’))? 2, A7 Road
Detection
a 1 s ) d?sina’
. + + — ’ — _— actual
coga’+ o)+ 5 Kssina’ cog — bo) 2(C,—d, cosa) o daéi?ﬁgfj‘i:li
o o y=£
2 . . —
- ktl C Slnz( - 00)(:01 - 00)] : (msl C+ mul C Slnz( - 00)) road adaptive gains saturation
. . ==K ¥ ter
—mykl ¢ sina’ sin(— 6)cos'( — o) ’ :—cl,:(fir)z': —e ()M
X | b+ ! ) [ A]]’ plant model
rresrarevewrsr 1IN prer = |2 — n
: (¢;—d, cosa )l 2 Filters
A= _rzsktlcchs(__ %) ’ Fig. 3 Control block diagram of the semi-active suspension
mgm, | &+ malE sinf(— 6) system: a road adaptive modified skyhook control
A= — A =(mgtm cosa’
{mmy g+ milZsir(6)}2[ (205 VS 7] [Fa(z0)
d Ytilter = A| = Fa(zo) | (7)
X bl+ 7 172) - % (ms+ mu) ks . . . . . X .
(¢,—d,cosa’) Figure 3 depicts the entire control structure, in which the filtering
d?sina’ of z; and Al from zg and the road estimation usirzg are clearly
Xsina’('—,g,z +mskt|(2: cog — 90)] emphasized. The road estimation will be discussed in Section 3.5
2(c;—d, cosa’) and the filter design will be discussed in Section 3.6.

1
H(mgmyl &+ mEIE sir(— 6p)) + 5 (Mt my)mikel g

3 Control Design: A Road Adaptive Modified Skyhook

Control
X sina’ sin(— )| b, + Lﬂ/z” A number of papers investigating advanced control techniques
(c;—d, cose’) such as nonlinear adaptive control, preview control, multivariable

Remark 2 Comparing the linearized E¢4) with the conven- system decoupling techniques, anql robust cc_)ntrol have appeared
tional model(Yue et al.[6]), in which only the vertical movement [N the literature(Alleyne et al.[10], Yi and Hedrick[11], Alleyne
of both the sprung and the unsprung masses is considered, 33 Hedrick[12], Hac[13], Kim and Yoon[14], EI-Demerdash
transfer function of the conventional model and thatdfbecome and Crolla[15], Lin and Kanellakopoulogl6], Cherry et al[17],
identical if Ig=Ic, lg=|,cosa, and §,=0 deg. Therefore, the Choi et al.[18]). However, if a state feedback control strategy is
conventional model is a special case of this new model in tidlopted, either sufficient sensors for the whole state variables or
sense that the same transfer function can be achieved by restft-estimate of the state vector is requitetidrick et al.[19], Yi

ing =1 andd,=0. For the detailed comparison, Hong ef[g], and Hedrick20)). _
is referred. In this paper, the use of only one acceleration sensor for mea-

Now, becausé, is measured, the output equation by definin§Uing the sprung mass vertical vibrations and a 16-bit micropro-
y=2. is derived as follows: essor for implementing the gontrol algorithm is assumed.‘Th.ere-
fore, the control law design focuses on the practicality,
y(t)=Cx(t) +D;fs+ D>z, (5) implementability, and robustness of the algorithm rather than the
perfection of performance.

The two control objectives are the improvement of both the ride
quality and the handling performance of vehicle. If fixed control
gains are used, these two conflicting objectives cannot be
achieved. However, by adapting road conditions, i.e., by changing

where

|5 cog — 6,)

C=l821 0 325 0], Da=| oy i Si(— 0g)

}=[0-002],

and controller gains for various road conditions, both objectives can
. be achieved.
kel ¢ SinP(— 6)
2= Mdl o+ Myl e SIF(— 6g) =[0.494. 3.1 Controller Structure. In this paper, as shown in Fig. 3,

a modified skyhook control with gain scheduling, in the form of
Remark 3 The variables needed for the computation of contrain output feedback control, is proposed. The measured output is
input are the absolute velocity of the sprung mass, and the z,. The road disturbance & . It is noted that the control law, a
relative velocity of the sprung and unsprung massksin Sec- modified skyhook control, is not based upon a mathematical
tion 3.6. bothz. and Al are filtered from the signdl, measured model of the plant and therefore the control structure is not a
Yy S s . .
Recall that the use of only one acceleration sensor is assumed'fidél-based control. However, the mathematical model devel-
this work. However, during the stage of hardware-in-the-loo peq in Section 2 will be used in filtering controller parameters
simulations of the control laws designed, the following formula(Zs.Al) and estimating road conditionsz . The reason for
Eq. (5b) of Hong et al.[9], can be used. adopting the structure of Fig. 3 is justified as follows: The entire
_ . control problem is to stabilize a two-degree-of-freedom system
_ b sin(a’—6)0 with a single actuator involving saturation. The actuator dynamics
"~ 2(aj—b, cog e’ — )2

is complicated and its performance is limited. Furthermore, the
two conflicting control objectives cannot be satisfied with fixed
Finally, to put the control structure in a feedback form, i.e., thgains. Therefore, a heuristic algorithm rather than a control algo-
reference signal i$z;Al]7=[0 0]T and its error is regulated, arithm based upon a precise mathematical model is suggested. In
filtered output equation is defined as follows: this formulation, the desired reference signals are se=t® and

Al ££(6,0). (6)
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Al=0. Now, after a brief discussion on the control law, the issues fs, if fx<u

related to the road estimation, gain scheduling, and filtering are _ . *

described in Sections 3-3.6, respectively. fs=) U If T <u<fs (10)
fs* if fS*BU

1) Ideal Skyhook Control. Among the many control methods
developed, the skyhook control introduced by Karnopp efi3l.
is known most effective in terms of the simplicity of the controlvheref} andfg denote the maximum and the minimum damp-
algorithm. Their original work uses only one inertia damper beng forces available at a given relative velocity. For large control
tween the sprung mass and the inertia frame. The skyhook conirgluts, the actuator saturation would be unavoidable. Therefore,
is applicable for both a semi-active system as well as an actittee control performance of a semi-active damper would be less
system. However, the original strategy did not pay attention to tiperfect in severe road conditions.
unsprung mass vibrations and therefore might deteriorate the hanThe characteristics of a typical CVD are depicted in Fig. 4. The
dling performance of vehicle due to the excessive vibrations of tielid line in the middle section denotes the damping force char-
unsprung mass. In order to overcome the demerits of the origirsteristics of a typical passive damper. The dotted line of highest
skyhook control, various modified approaches have been proposéshe denotes the characteristics for 0 Ampere current input,
in the literature(Besinger et al[2], Novak and Valasek3]). which is the most hard case. The triangles overlaid on top of the
dotted line represent the lookup table values of the maximum
2) Skyhook-Groundhook Control.The groundhook cantrol damping force. The dotted line of lowest slope denotes the mini-

ggrrﬁlo;age?/cge\rﬁlﬁesiﬁe)s], rvlrrr:ler:sglg:gihin ?:udr:t(;ocvagsln?g'a%nu damping force characteristics for 1.6 Ampere current input.
P prung . 9 ' ProPO%&din, the squares denote the lookup table values of the minimum
for the purpose of reducing excessive mation of the unspru mping force. The damping forces in the extension regibe

mass. This strategy can compromise the two conflicting criteri i ; .
the ride quality and the handling performance of vehicle. Fro%sgtioqnu(?ﬁéat?]tirg (;:ulg.d)rt‘:r)rf larger than those in the compression

Fig. 2, the control force of the skyhook-groundhook mode
becomes 3.2 Current Generation. The damping force generated in a
hydraulic-type semi-active damper depends on two things: the
®) size of valve opening, i.e., the current input to the solenoid valve,
and the relative velocity in the rattle space. To determine the cur-
] o rent input to the solenoid valve, it is necessary to know the damp-
wherecsyy, ¢,, andcg, are the damping coefficients of the sky-ing force characteristics of the valve versus the current input at a
hook damper, the passive damper, and the groundhook dampgfen relative velocity. For this, two approaches can be pursued.
respectively. However, because the valugdfas to be used, this One is an analytic approach, which investigates a mathematical
strategy is not suitable in our case. expression for the entire hydraulic system including the cylinder
- . . and valve dynamics. However, the mechanism of a semi-active
3) A Modified Skyhook Control With Gain Scheduliné 4,561 is very complicated and the damping force characteristics

modified skyhook_control, which proposes the inclu_sion o_f avarp the expansion and compression strokes are different because the
able damper besides a skyhook damper, can still achieve bg

U=~ CgiyZs— CpAl = Cgro(Zs+1c6)

trol obiecti b A i iate d . '0lumes of compression and reaction chambers are different and
control objectives by assigning most appropriate damping Co€lds ,q \51yes allow the fluid to flow only in one direction. It is also
cients at various road conditions. The following law is propose

ifficult to measure the parameter values and furthermore the vis-
] cosity of oil and gas mixture may vary in temperature and time.

U= —Csky(Z)Zs— C,(Z,) Al (9) Another approach is an experimental approach, which is more or
less straightforward. The damping forces for various input cur-

where both the skyhook gaizy,,, and the variable damper gatp rents for a specific relative velocity can be measured in a test rig.

depend on the road estimaze. The scheduling of gains is dis- In_}_r;lls paper, thetefgezlmentil ap_;;rr]oartfhblsl atd(()jpted. ook-Ub tabl
cussed in Section 3.5. Even though the calculation of control input € expernimental data can be either tabulated as a look-up table

; i h neration of control in houl Or approximated as a polynomial equation by using the least
is carried out by(9), the generation of control input should be uares method. After dividing the relative velocity range into

carried by the variable damper itself. Also, because of saturati - ; . . S
the actual control force from a CVD is limited as follows: qu d|ﬁere.nt sections, the pqunomlal equations made for indi-
vidual sections are tabulated in Table 1.

As far as the final results are concerned, as seen in Fig. 4 where
the number of cases for the lookup tableNis=51, there is not
much difference between these two approaches. However, a

smaller access time is possible with the polynomial approach.
8000 i . This is very important because the entire control algorithm should
passive damper , ' A/a be coded in a 16-bit microprocessor. Figure 5 compares the access
- max. damping (0OA, polynomial) AI,\ . ; . s
= L i . . time of the two methods for the relative velocity range within
g min. damping (1.6A, polynomial) N Rt ) i
£ 2000 L damping (0, lookup) " +1.4 m/s. It is seen that the access time to the polynomial equa-
% O min. damping (1.6A, lookup) N tion is constant, but the access time to use the look-up table in-
[ AE d
3 A -
& 1000 A iy
fay Ea)
g ‘ﬁmnﬂﬂm Table 1 Polynomial representation of maximum /minimum
S 0 —= damping forces
. M
’ A:AU:A——A""" B Maximum Damping Force [N] Minimum Damping Force [N]
-1000 o Y 00 ; 05 : 1o 0.25<Al | 440+ 1650 Al +420 Al* 95+ 405 Al + 402 Al*
relative velocity [m/sec] 0<AI<0.25 | 8500 Al-36500 Al* +66450 AI> | 3741504 Al-7284 AI* +17164 Al
-0.1<AI<0 | 6700 Al +78000 Al* + 340000 AI> | 530 Al

Fig. 4 Damping force characteristics of a typical CVD: com- A<o1 | 4104190 015
parison between lookup table and polynomial .
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275 note various road classes, ahdis a dimensionless exponent
(Robson,[21], Sharp and Crollaj22]). Table 2 shows five 1SO
250 - . road classes.
/_/-// For a given vehicle speel?2) can be converted to a frequency
2251 " N 251 domain characterization of a road by utilizing the relationship
. N, =11 _/./' ! between a wave number and a frequency such traVy-(Q,
2 200l/ wheref is the excitation frequency in Hz andis the speed of a
E — vehicle in m/sec, as follows:
= 178 U SO CU RO USP SRR
Ne1en 2, if Q<Q.
150 | 1.7033 msec -—=— lookup table Si(f): KiV =%, N= 15 if Q>0 (12)
---------- polynomial = ¢
125 ! . L s L . L Note that once the vehicle sped&dis fixed, the following rela-
0 % % “© % tionship holds(also see Table)2
number of cases, N,
Fig. 5 Access time comparison: lookup table and polynomial S+1(f)=4S§(f), for both N=1.5 and 2. (13)
On the other hand, for a constant, the relationship between the
spectral density of speealV and that of spee¥ becomes
_f_:» Lookup Table |duty ratio PWM Damper | i
p > . >
AI, Polyx(l’;mial Generator pulse Driver Sa(f)éKi(aV)N—lf—N:aN—lKiVN—lf—N:aN—lSi(f).
(14)
Fig. 6 Current generation Therefore, comparingL3) and(14) for a¥N~1=4, the spectral den-
sity on the 1SOith road at speedV is identical to the spectral
Table 2 1SO road classes density on the 1ISOi( 1)th road at speeW. If 1<aN~1<4, this
can be considered as the case that the vehicle runs on a road of
Roughness coefficient roughness between the IS0 class and the ISO ¢ 1)th class at
Road classes K [m” (cycles/m)] speedV. Similarly, if aN~1>4, this corresponds to the case that
Range Average the vehicle runs on a road of roughness higher that the iSO (
+1)th class at speed.
A (Very good) 2x107-8x107 4x107 All these observations suggest that once the optimal gains for
B (Good) 8x10-°- 3210 16x10° all ISO roads for a fixed speed are determined, then the gain for an
arbitrary speed can be interpolated from the optimal gains for the
C (Average) 32x107- 128x10° 64x107 standard ISO roads. Therefore, it is not necessary to make a
D (Poor) 128%10° - 51210~ 256107 2-dimensional lookup table, for the purpose of gain scheduling,
for the vehicle speed and the road classes. Instead, a
E (Very poor) 512x107°- 1048x107° 1024x107 1-dimensional lookup table for the road roughness is sufficient. In

this work, V=60 Km/h is used.

3.4 Optimal Gains for the ISO Roads. The variations of
Csky andc, in (9) affect both the ride quality and the road holding
creases as the number of cases increases. This is because &hility of vehicle. Figure 7 shows the conflicting behavior be-
case accesses 1000 data. In this work, the polynomial approactwieen two criteria for various input conditior(simulation re-
adopted. sultg, in which the ISO C-class road and a vehicle speed of 60
As seen in Fig. 6, the transformation algorithm block detekm/h are used. All plots are generated using the suspension model
mines the duty ratio of a PWM generator by taking two inputs, thgeveloped in Section 2. The big circle marked at 0.86 r/gec
desired control force and the relative velocity of the rattle space x-axis and 910 Newton in the y-axis indicates the characteris-
In our case, the duty ratios that correspond to 1.6 Ampere andi€s of the passive damper in Fig. 4. Because the CVD in Fig. 4
Ampere are set to 0.4 and 0, respectively. The natural frequerttys saturation, its performance is limited to the inside of the dot-
of the solenoid valve is about 300 Hz. ted rectangle. All curves extending outside the dotted rectangle are

3.3 Road Profiles. In this section, the ISO road profiles forObtamEd by assuming no saturation. As magnified in the upper

: . . right corner, ifc, is increased while fixing, , the body accel-
the purpose of gain scheduling are described. The mean Squ@?ﬁion decreases but the dynamic tire force increases. Alsg, if
displacement spectral density of a track, along the length of

; . i . i€ increased while fixingesky, the tire force decreases but the
(single-sidedl road surface, defined by the 1SO is body acceleration increases.
Now, the procedure for determining optimal gains for various

D)=k (Q)ONN N= 2, if O<Qc 11 ISO road classes are discussed. Assume Khadata of the dy-
Si(Q)= i ) 1.5, if Q>0 (11) namic tire force and body acceleration, i.@F(i), BA(i), i
=1,... Ny, have been collected for each ISO road input. Then,
where() is the wave number in cycles/if),.=1/27 is the critical the optimal coefficients are determined using the following
wave numberg; is the roughness coefficient=A,B, ... E de- criterion.

TF(i)— TFnin

2) Ng
Csky:Cu)optimai= MiN \/[w ) =g J 15
( sky optimal : { t( r TFmaxfTFmin ( )

i=1

2 BA(i)—BAmn
* [Wa(zr) . BAmaxf BAmin
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3000 — nance frequencies of the suspension system. The eigenvalues of
j A’ are —1.49+j7.60 and—21.38+)66.73, which correspond to
2500 |- the resonance frequencies of the sprung and unsprung masses at
increase cg, fon=1.23 Hz andf,,,=11.15 Hz, respectively.

= 2000 | Now, let AT and Ng be the sampling time and the number of
5 data collected fron(17), respectively. In this workNs=50 and
g 1500 - AT=10msec are used. Let the discrete Fourier transforrd, of
8 =(z,(0),z,(1), ...,z(Ns—1)) be
< 1000 Ng—1
o J—
= Zu= D, z(m)-e i@TKNI— A iR k=0,1,... No—1

500 |- m=0

passive semi-active suspension with saturation (18)
i 1 1
0 ofe ofs 170 1.2 1.4 where
body acceleration [m/secz] 2 Ns—1 27km Ns
Ark:N— Z z,(m)-cos N k=1,2,... >
Fig. 7 Conflicting behavior between the ride comfort and the s m=0 s
handling performance of vehicle No—1
B _ i _ 2wkm 01 Ns 1
rk N, 2, z,(m)-sin N, A .

where TF and BA denote the RMS values of the dynamic tiregecausan, =50 andAT= 10, the frequency resolution becomes 2
force and the body acceleratiom,(z) and wi(z) are tWo p; Therefore, 2 Hz and 10 Hz are assumed to be the resonance
weighting factors, respectively. The selection of the weightingeqyencies of the suspension system approximating 1.23 Hz and
factors is subjective, but the rougher the road is, the lange,) 11 15 Hz, respectively. For a better approximation, a smaller sam-
is suggested. It is also noted that the gains should be selectetyifg frequency may be used. But, the selection of sampling time
such a way that the dynamic tire force is smaller than the stalg 4 qata size is related to the microprocessor usedS(fgt) and

tire force. Finally, the optimal gains determined for all ISO roadg(f ) denote the magnitudes at frequencifs, and f
are tabulated in Table 3. resSgctivew i.e.

3.5 Road Detection and Gain Tuning. In this section, us- 2 2 2 2
_ , in 1L ' = AL+ = JAZ+BZ.
ing the dataz, measured, the estimation of road roughness and the S(fpn)= VA1 *+Bry  and S(fyn)=VA+Bi.  (19)

determination of the controller gain for the estimated road akhile S(fy,,) in (19) can be directly used as a criterion for gain
described. The transfer function from(s) to z,(s) is derived selection,S(f,,,) should be converted to the equivalent energy

wn s

from (4) and (5) as follows: level at the sprung mass resonance frequency as follows:
. —N
692 23 ~C/(s1-A) 'B,+D, Sl = o S~ (S S (@0
 0.5%+17212.4°+317325? - 11.5-212.6 ~ Where
"~ s%+45.7%%+50976%°+17212.4+ 317359 (1.5,1.5, for 27 fy, >V
(16) (Np,N,) =19 (2,1.5), for 27 fp,<V<2m-fy,.
whereA’=A+B;H, C'=C+D;H, (A,B,,C,D;) are from(4)—- (2,2, for 2m-f,, <V

(5), and H satisfies fi=cpAl=Hx, where H=c [0 0JAl/ |, deriving (20), (12) has been utilized. Finally, the bigger value
a6 ﬂA”ﬂ@](o,o,eO,O)- It is noted thatH has been introduced to between two is selected as follows:

avoid possible roots on the imaginary axis. In this wokk,

=[0 0 0 614 has been used. Therefore, using the transfer func- S(f) =maxS(fpn), S(fpn)}- (21)
tion above, the road input can be estimated as follows: Figure 8 shows estimation of three types of the ISO roads,
using the scheme in this section. It is seen that the convergence
z,(s)= W'G@l(s)'is(s) (17) requires at least 0.5 second to collect 50 data points.

where a low-pass filter of cutoff frequency 20 Hz has been added
to enhance the stability of the filter.

Now, the gain selection for the estimated road is described. A
real road contains various frequency components. But, the domi- 10 PN
nant components measured in the sprung mass will be the reso- :

g 0.8 —a—poor road (ISO B class)
3 (\i —o— average road (ISO C class)
. . NQ 06 —0—- good road (ISO D class)
Table 3 Optimal gains for the ISO road classes g [J :
< )P«Wo.(ro—o—o—o—o-o-oo-o—o—o'o"o*
Weight factors Optimal gains 3 0.4 Vo b : :
Road classes (W, w,) (Coips €p) E . i : i
< W}M—D—D—D—M{Pﬂ—ﬁﬂ—o—u—u—{
A (Very good): S,(f) (08, 0.2) (2500, 1200) B o2
B (Good): $,(f) 07, 03) (1500, 1400) 00 )
“0.0 05 1.0 15 20 25 3.0
C (Average): Sq(f) (06, 04) (1000, 1600) )
time [sec]
D (Poor): S,(f) (04, 06) (500, 2000)
Fig. 8 Estimation of the ISO B, C, and D road classes  (simu-
E (Ve oor): S, 0.3, 0.7 0, 2800 J ) h L
(Ve pooty: 5:() ¢ ) ¢ ) lation results ): sampling time A T=10 msec
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Finally, let S(f) satisfy S(fp,)<S(f)<S.1(fpn), where . B lg (zs—2zy) . lg ms 1
Si(f,n) and S 4(f,,) are the magnitudes of IS@h and { A|=F2(ZS)=|—~ R Pl g
+1)th roads, respectively. Then, the control ggffor the cur- ¢ s c s T (25)
rent road estimated is interpolated logarithmically by using the

predetermined optimal gains for the 1ISO roads as follows:

wheremg, c,, andkg are the suspension parameters. It is noted
Sit1(fon)) S(f) | that a low pass filter 1/(+ rs) has been added for eliminating
logl gy |9 tlog| 57, )91 noises, wherer=1/2{w,, {=0.707, andw,=15~20 Hz.
o__ n
= 22
T 1005 a(fom) 1005 (Ty) #2)

where g7 and g7, are the optimal gains for IS@h and { 4 Hardware-in-the-Loop Simulations
+1)th roads, respectively.

The CVD unit has been used for the hardware-in-the-
3.6 Filter Design. In this section, two filters for estimating simulations(HILS). The purpose of the HILS is to consider the
the absolute velocity of the sprung mass and the relative velocégtuator dynamics neglected during the stages of modeling and
of the sprung and unsprung masses are designed. It is alsogentrol system design. Therefore, the nonlinear characteristics of
marked that even though the measuremersta@f 6 is possible, an the damping force together with the time-delay and the neglected
estimation method is preferred considering the cost for exte&ynamics of the solenoid valve can be fully incorporated during
sensors. the HILS. Figure 9 shows the configuration for the HILS.
) ) . MATLAB/SIMULINK (MathWorks Inc) is used as a computer-

1) Absolute Velocity of the Sprung MassThe filter to esti- gjded control system tool, i.e., a programming environment, and a
mate the absolute velocity from the acceleration data of the spruggpace boarddigital signal processor board of dSPACE GmbH

mass is suggested as follows: Inc.) is used as a rapid control prototyping tool for implementing
the plant dynamics and control laws.
z.=F,(z5)= Wis (23) The input current, generated i_oy the PWM voltage signal fro_m
S {opst oy TMS320P14, changes the damping force of the CVD. The relative

where{=0.707 andw,=0.1 Hz. Equatior(23) performs as a dif- Velocity of the sprung and unsprung masses is made by the MTS
ferentiator below 0.1 Hz and as an integrator above 0.1 Hz. Cd§st g, which consists of a hydraulic actuator, a loadcell, a LVDT,
sequently, this filter will provides a satisfactory absolute velocit§tc. The procedure for the HILS is summarized as follows:

of the sprung mass by excluding a possible DC offset. 1 The control algorithm is first of all designed off-line using

2) Relative Velocity of the Sprung and Unsprung MasseMATLAB/SIMULINK.

The relative velocity of two masses is estimated using the model2 Using the Real-Time-Workshop, a C-code of the control al-
of suspension dynamics. Assume tifigt=0 and@ is sufficiently ~gorithm from its block diagram form is generated. The C-code is
small. Then, the following approximations hold: again downloaded to the target DSP board using the Real-Time-
Interface. Therefore, the dynamic models developed can be reused
easily for the HILS.

3 The PWM voltage signal related to the damping force and
the relative displacemer(stroke calculated from the dynamic
model in the computer are transmitted to the damper drive unit

. g . and the MTS control unit, respectively, through D/A converters.
Al=—lgh= I_(ZS_ z,). (24) 4 The damper drive unit transforms the PWM voltage signal
¢ into a current signal from 0 Ampere to 1.6 Ampere and supplies
Therefore, the relative velocity from measurement data is filterélde current signal to the CVD. The PWM voltage signal has 2 kHz
as follows: carrier frequency and the duty ratio of the PWM voltage signal

Computer Simulation Interface Part I Real Hardware Part

Solenoid Drive Unit

o . 1
Vhor=0, Z,=zs+Ic0, 6= E(ZU_ZS)

and

D/A

MTS Test Rig
Control Unit

d
A/D damping

force

D/A — 5
lative
acement 8

Fig. 9 Configuration for the hardware-in-the-loop simulations
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Fig. 10 Vertical acceleration comparison between a passive
damper and a CVD with the modified skyhook control (experi-
mental results ): 1 Hz speed bump
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Fig. 11 Current input applied to the CVD in Fig. 10: 1 Hz speed
bump
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Fig. 12 Tracking performance of the desired damping force: 1
Hz speed bump
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transferred to the dynamic model in the computer. By varying the
control parameters in real time, the procedures 3-5 can be
repeated.

The sampling time is set to 0.01 s. This time step should be
larger than the combined time of the calculation time of the plant
dynamics and the input-output communication time between the
external devices. In experiments when the actual calculation time
was larger than the step size, small oscillations had occurred in a
valve of the hydraulic actuator. If these oscillations are delivered
to the CVD, it will be difficult to measure the exact damping force
from the loadcell. Hence, it may affect the stability of the com-
plete control system.

Finally, using the speed bumper of 1 Hz, the vertical accelera-
tions of the sprung mass for a passive damper and a semi-active
damper are compared in Fig. 10. The modified skyhook controller
with g, =2000 N-s/m, ¢, =1960 N-s/m shows a smaller over-
shoot and a less settling time compared to the passive damper.
Figure 11 shows the current input applied to the CVD. It is shown
that 0 Ampere current input was applied to the periods of high
vertical accelerations. The force tracking performance of the semi-
active damper is depicted in Fig. 12.

5 Conclusions

In this paper, a new control-oriented model and a road-adaptive
control scheme for the semi-active Macpherson suspension sys-
tem were investigated. The new model incorporates the rotational
motion of the unsprung mass, giving a better description for the
plant dynamics and keeping the degree-of-freedom of the plant
model by two. Upon the requirement of using only one accelera-
tion sensor, a modified skyhook control with gain scheduling was
developed. The road estimation and the control variables estima-
tion are based upon the linearized model developed. Considering
the complexity of the hydraulic semi-active damper, the actuator
dynamics has been incorporated during the hardware-in-the-loop
simulations. It was demonstrated that the semi-active system
could achieve a competitive control performance by adopting the
road adaptive control laws. Because the control law design, the
road estimation method, the gain scheduling strategy, and the
hardware-in-the-loop simulation method developed in this paper
are not restricted to a particular suspension system, the entire
strategy can be extended to any semi-active system including the
ER damper and the MR damper.
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