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Abstract: The new advancement of human simulated intelligent coki8IC) theory based on schema theory and its
application in the magneto-rheological (MR) suspensicstesy are studied. First, some fundamental concepts of HSIC
based on sensory motor intelligent schema (SMIS) are defipedmbing HSIC theory and schema theory. Then a general
design principle of HSIC based on SMIS is given. Subsequeatl the basis of the general design principle, a human
simulated intelligent controller based on SMIS is formethfor a MR suspension system with nonlinearity, time-delay
uncertainty. At last, the road test is performed to validhteproposed controller. The results have verified the us@are
validity of the HSIC theory based on SMIS to resolve complgsteam control problems.
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1 Introduction nificant nonlinearity, time delay and uncertainty. Until
In recent years, magneto-rheological(MR) dampersnow, various control algorithms, including simple lin-
have received much attention for their rapid responseesar feedback control algorithm, classic semi-active con-
to the applied magnetic field, compact size, insensirol strategies such as skyhook control, ground-hook
tivity to temperature fluctuations, and low power re- control and hybrid control, modern control methods
quirements. They have demonstrated promise for ausuch as H-infinit}{?), and some intelligent control algo-
tomobile engineering in both analytical and experimen-rithms such as fuzzy logic contféland neural network
tal studie§!. However, one challenge in the use of MR control*, have been tentatively applied in MR suspen-
technology is developing nonlinear control algorithms sion to achieve better ride comfort and stability.
that are appropriate for implementation in suspension  In our previous work-?!, the human simulated in-
systems since the MR suspension system possesses sigiligent control(HSIC) based on the original algorithm
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was proposed to apply in a half car suspension systemactive suspension system. To overcome the limitations
with two MR dampers. The time delay and nonlinear- of the original algorithm, the HSIC theory has been sup-
ity of the MR damper were studied. A modified simple plemented through combing with the schema theory of
feedback control strategy was adopted to linearize thenodern cognitive science in recent years. After hav-
nonlinear behavior of the MR damper; a Smith’s predic-ing been studied for many yeélts the HSIC theory
tor was formulated to compensate time delay of the conbased on SMIS has come into being. The theory pro-
trol system. But the coupling relation between the pitchvides a more effective and systematic method in resolv-
motion and the control inputs of the two MR dampers ing some complex control problems. A general design
was not involved, which has significant effect on con- method and some fundamental concepts will be briefly
trol performance of the MR suspension. Furthermore,addressed in the following.
the performance of the control algorithm was only vali- From Fig.1, it can be concluded that a HSIC based
dated by simulation and primary road test. As the con-on SMIS consists of sensed schema, associated schema
tinuation of our earlier work, the purpose of this study and motion schema. In the following, the three schemas
is to apply the improved HSIC based on sensory motomill be defined and addressed in turn.
intelligent schema(SMIS) to a full vehicle MR suspen-
sion system and validate it through road test. To accom-
plish it, the theory and general design method of the im-
proved HSIC based on SMIS is firstly analyzed. On the
basis of the general design method, an HSIC controller
based on SMIS is then formulated for full vehicle MR - - - ; -

. . . Inner information| | Dynamic planning Operation
suspension system. Finally, the road test is performed tq| processing input || and formulation [~ and control
check the effectiveness of the proposed control strategy|L(Sensed schema) | [(Associated schema)) | (Motion schema)

2 HSIC based on SMIS Actuator

The original human simulated intelligent con- v
trol(HSIC) algorithm, which was firstly proposed by ( Outside environment )
Prof. Zhou et al. in 1989, has become a funda-
mental and systematic method used in resolving some
general industrial control problems for the last twenties
years. Nevertheless, the original theory has limitations  Definition 1(sensed schema) It is an intelligent
in resolving some control objects with strong coupling, module which can be formulated by an agent’s repeat-
nonlinearity and high uncertainty such as two pendu-edly learning and accumulating control experiences. It
lums under limited torque or magneto-rheological semi-has a structure as shown in Fig.2.

Inner model
World model
Body model
Track model

Fig. 1 Inner structure of HSIC base on SMIS
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Fig. 2 Structure of sensed schema
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A sensed schema group can be described in itive set, the relation matrix, the operational symbol
Sy = (RQK @ ®). (1)  and the characteristic model set, respectively. The in-
_ put information set can be one or more of the error
In which: of control input, the change of the error, peak value of
R={r,re, -+ ,rp} € X the error etck;; is an element ofC and can be valued
Q=1lq.q, qm]T cxm K ¢ yrxm -1, 0 and 1, which means taking negative, zeros and

positive. Operational symbol is &and” relation be-
m tween two characteristic primitives.
{o1, -+, ¢ = Ki®Q = [ kijq; € 29,- - Definition 2(motion schema) It is a stereotype
. 7=t embraced control strategy based on outside informa-
Gqt €2 tion of system and itself inner states. It has a structure
are the input information set, the characteristic prim-shown in Fig. 3.
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Fig. 3 Structure of motion schemas

A motion schema group can be formulated as  and 1, which denote taking negative, zeros and posi-
Sm = (RPLYU). (2)  tive, respectively.P € X™ is derived from some tra-
ditional control strategies, e.g. proportional control

In above,
Re 5d primitive p; : kpe, differential control primitivep, :
’ - kqé, integral control primitiveps : k:-fedt keeping
P:[plap27"' 7pZ:f(R)7 7pn] EEna
I e spxn control primitivep, : ky Z em; etc. Control mode set
)

W= {4y, 1) b= L; P = ¥ e X" is fused through combining mode primitive
- 1, %2, Wy — Lug° -
n p;, for example, a ‘proportional plus differential plus
{u; = J; lijpj}, - sp}t € 2P, keeping’ control mode); : uy = uy + kpe + kqé, an

U = L - P are the input information set, the control °P€" loop control modes; : w = & 21 €mi OF @ noN-

mode primitive set, the coordination relation matrix, linear dead zone pre-compensation control mpgle
the control mode set and the control output, respec = Un + a.
tively. l;; is an element of. and can be valued -1, 0 Definition 3(associated schema) It is used to
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coordinate the relation between the sensed schemm@an’intuition reasoning and decision. It has a struc-
and the motion schema, which simulates hu-ture in Fig.4.
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Fig. 4 Structure of associated schema
An associated schema can be written as 3 HSIC controller for MR suspension system
Q:0 -, Q={w,wy,ws, - ,w}, 3.1 Fullvehicle dynamic model of MR suspension
hi(x) r A full car model with four MR dampers is shown in Fig.5.
w; = {if U ¢ij, then vit €32, The car body itself is assumed to be rigid and has degrees of
J . : N .
freedom in heave, pitch and roll directions. If state vdgab
TEq hi(z) =Cl 1<y <q | P
are defined a¥
in which z is the symbol of characteristic mode =[x, -,z =
di(i = 1,2,---,q), and h;(z) is a subset of char- [2,2,0,0,0, 0, 2u — g, Zufl,
acteristic mode symbols sét(q), which hasy ele- Zufr = Zrfrs Zufl, Zurl — Zirl,

ments. ZurlZurr — Zerrs Aufl)

After addressing the sensed schema, associated
schema and motion schema of HSIC based on SMIS,
a whole schema of HSIC, namely inner model can be

described as

The state space form of the full vehicle MR suspension
an be written as

i = Az + Bu+ L. @)

whereu is the control damping force of MR damper.
SKG - <Sp75M7SA>7 (3)

whereS,,, Sii, Sa are sensed schema, motion schemar is time-delay. Then Eg.(4) can be written:
and associated schema, respectively. i = Az + Bu(t — 7) + L. (5)

If considering the time-delay of MR suspension system,
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Fig.5 Seven DOF for MR suspension

3.2 Control model of MR dampers one or more motions among heave, pitch, and roll
The MR damper in this work has the twin-tube motions for the sake of the disturbance of road and
structure that can operate with flow and shear modesJriver's maneuvers. It is difficult to suppress these
which is divided into the left and right chambers by Vibrations with a single control model. Therefore,
the piston and is fully filled with the MR fluids. it is reasonable to apply multimode control strategy.
This damping force of the MR damper can be Through much simulation and road test, it is feasible
continuously tuned by controlling the intensity of that motion attitudes of a running car are classified
the magnetic field. The damping force of the MR into nine types. These motion attitudes are the front-
damper can be given by Eq.(6) based on the Bing_oriented pitch motion, the rear-oriented pitch motion,
ham fluid model, flowing in the parallel duct, which the left-oriented roll motion, the right-oriented roll
is composed of velocity damping force and Coulomb motion, the heave motion, the front-oriented pitch

friction(3]. motion plus heave motion, the rear-oriented pitch mo-
F=—CV + Fyn. ©6) tion plus heave.motlon, the !eft—ongnted roll motlpn

) plus heave motion and the right-oriented roll motion

in which: ¢, = 240 Ayl + 2nbl Pur = plus heave motion. For the first four motion attitudes,

bh? h- which are usually caused by the bump road or driver’s

—(= 7 H WD rysen(V), b = 2nky, Apisthe e e rgency operation, their control aims is to improve

fective piston area, and equals the difference betweeghe stability and some simple control strategies such

the piston area and the piston rod arBajs the inner a5 Bang-Bang are suitable. On the other hand, the
radius of the cylinder is the width of damping path;  other five motion attitudes, the control aims are to im-
L'is the length of damping pathy is the viscosity of  prove the ride comfort in that the driving stability can

the MR fluid; andr is the yield stress caused by the ysually be assured. Hence, the control strategy can
applied magnetic field or control current. be chosen among Bang-Bang control, the skyhook
3.3 Development of HSIC controller control, the ground-hook control and the frequency-
According to the general design methodology of weighting. Since each SMIS of each motion attitude
HSIC theory addressed in Section 2, we can firstly re-has the similar design procedure, only the SMIS of
gard a running car as a robot. A running car exhibitsthe first motion attitude is analyzed in detail. To deter-

414,
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mine the motion attitude of running car, characteristicAfter designing the sensed schema, the motion

set can be selected: schema and the associated schema, the whole SMIS
Sp1 = (Ry,Q1, K1,®,9). (7)  of the front-oriented pitch motion can be written in
the following.

In which: Ry € ¥4, Q, € X9, K, € X389 ¢, €

X8, Characteristic primitive set is selected to effec- ka1 =
tively percept attitudes of running car and can be ex- u="U, '
pressed as 12| < 21, |@| < @1, 0 < =61, 00 <0,
Q1 = {a1]|2] < 21, 42|00 < 0, u = Uground1
@l00=>0, qu|0 <91, gslle| <p1}, (8) 2| < 21, || < 1, 0 < —61, 60 > 0.

10
wherezq, 61, @1 are threshold values and can be ad- (10)

justed during experiment. Similar to the first motion attitude, the SMIS of
The association matrik’; can be determined de- the second to the ninth can also be designed and writ-

flecting from or approaching the target attitude. ten as )
K PO |u|:<U27||< 0> 61, 00 <0
= * Xz 9 9 9 9
""l1o0111 Sk = L lel= e !
U = Uground?a )
As aresult, the sensed characteristic model can be ob- |2| < 21, |¢| < @1, 0> 61, 00 >0,
tained. (1))
D1 =K1 ®Q1={¢1]]2] < 21, u="Us,
99<07 0<_917 _ ‘Z’ <Zl7 ‘0’<917 Y > —p1, 09<07
9) SkGs=q I
|(10| < P15 ¢2||Z| < 21, 4= Ugrounds,

2] < 21, 6] < 61, @ > —¢1, 66 >0,

000, 0<—01, |p|<e1} (12)

Smi = (R1, P1, L,¥,Uh),

u = Uy,
where,P; € X8, L € X8%8 ¢, ¢ 58, S — 2] < 21, |0] < 61, o> ¢1, 00 <0,
When the front-oriented pitch motion is per- u = Ugroundd, )
ceived, the control mode can be selected between (|2l < 21, 0] < 01, 0 > 1, 06 20,
Bang-Bang control and ground-hook control to im- (13)
prove driver’s stability. Thus the primitive set of mo- u = Uskys,
tion schema can be written as Sk = 6] <U91> ol <1, |2 > 21, [2] < 22,
U = Uwfs,
= ’ 0 < 61, Il < o, 2] > 2
{pﬂu =U = (umaX7umaX707 0) s (14)
p2|u = Ugroundl = (Cgroundzuﬁy Cgroundzufry u = CLUl + (1 — CL)USky5,
CgroundzurlyCgroundzzurr)T}- SKGGZ 0 < _917 |(10| < (10(17 |Z| )> 21, |Z| < 22,
U = aUgroundl +(1—-a Uwf5>
The mode selection matrix &, = (1) (1) . [0 < —01&lop| < pr1&]2] > 29,

15
For each SMIS, the control problem solving is (13)

in reality a combination of qualitative and quantita-
tive double mapping information process and deci- Ska7=
sion procedure:

u=alUs + (1 — a)Uskys,

0> 01, ol <1, 2| > 21, 2] < 22,

u = CLljground2 + (1 — Q)Uwf57

[0 > 01, [0 < 1, 2] > 22,

Sar = {1 ¢1 — Un}. (16)
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u=pUs+ (1— ﬂ)USkyg), Four accelerometers are placed on the vehicle
Skas=14 P < TP 0] < 01, |2| > 21, |2]| < 22, body’s four corners to record the vertical acceleration
u = BUgrounds + (1 — B)Uwss, signal of the sprung mass, and four are placed on the
P < =1, 0] <O, [2] > 22, two axles to record the vertical acceleration signal of
(17) the unsprung mass. An angular displacement sensor
u = BUs+ (1 = B)Uskys, is selected to record the pitch and roll angle of car
Sxao= 4 = #1101 <01 2] > 21, 2] < 2, body. The required feedback states can be obtained
t = BUgrounas + (L = B)Uwis, through integration of acceleration and differentiation
©w > Y1, |9| < b4, |Z| > 29,

of displacement. A three-dimensional acceleration

sensor produced by B & K CO. is placed on driver’s
where,U;(i = 1,--- ,4), ¢1, 01, 21, 22 are SOme  seat to calculate weighted root mean square(WRMS).
threshold valueslgoundi(i = 1,--+,4), Uskys, Uwts  Every seat has a passenger to hold the vehicle’s bal-
are control forces calculated by ground-hook, sky-ance. The test car is driven straight down a concrete

hook  and frequency-weighting contrd] respec-  oad with class B surface (ISO8606, 1995) at 40, 60,
tively, a, 5 are weighting factors and are between Ogg | /h. The cutoff frequency of the low pass fil-
and 1.

(18)

ter is set 50 Hz usually and the sampling frequency
4 Road test and results is chosen by 200 Hz. Every time the acquired data is

To validate the proposed control strategy, adivided into 25 sections, and each section has 1024
middle-sized passenger car is selected as the test cgjoint. Power spectrum density(PSD) of each sam-

The passenger car has a total length of 4215 MMyjing data is calculated by 1024-point FFT with an
total width of 1675 mm, total height of 1375 mm, gyerage of 25 sections.

wheelbase of 261.0 mm, front track and rear track of For comparison purposes, the well known sky-
1470 m;n and \:velgh; of 102_0 kg. Fou:c I\:R dampersshook controller is also formulated and tested. The re-
areltuse o Irepi[:cet Zpasstlvcla on(—:sto t ;Eit (;ar.h s'hlts are shown in Figs.7,8. For brevity, only the PSD
multaneo e rapid control prototype ech- _ . N

. i us, P! P ) ype( )_ of vehicle body heave is given in Fig.7; other WRMS
nology is adopted to reduce the time consumption of } . -

deexes of acceleration are given in Fig.8. From the

hardware development. The RCP technology base L 7 itis clearlv ob d that the vibrati ¢ vehi
on dSPACE, which consists of DS1005 PPC board, 9.4, 1S clearly observed that the vibration of venr-

DS2002 multi-Channel A/D Board and DS2102 high- €' P0dY between 1and 10 Hz s significantly reduced
resolution D/A Board, is fabricated in F|96 The using two control Strategles Compared to passive sus-

dSPACE system is fastened in luggage boot and empension system. The control performance of skyhook

ployed to control the four MR dampers respectively. control is inferior to the HSIC in the frequency range
of 4 and 8 Hz; the vibration of the frequency range

has significant effect on human body. It can also be
seen that the WRMS acceleration of the sprung mass
is greatly reduced by using HSIC. Simultaneously,
the vibration of unsprung mass of semi-active suspen-
sion with HSIC has been reduced compared to passive
one. However, the semi-active suspension with sky-
hook control will degrade the vibration of unsprung
mass. It can be concluded that the MR suspension
with HSIC can achieve much more improvement in
ride comfort and stability than that with skyhook con-

Fig. 6 Setup of the test car trol.
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Fig. 8 The vibration acceleration comparison of fore or rear

fect of nonlinearity and time-delay of MR dampers,
achieve good ride comfort, and restrain pitch and roll
motion without reducing the stability. Control per-
formance of HSIC is better than that of independent
skyhook control for MR suspension. The success-
ful practice in MR suspension system has also veri-
fied the promising future of the HSIC theory based
on SMIS that aims at learning and emulating the hu-
man “motor sensory preview intelligen€ein those
control fields with significant nonlinearity, time delay
and uncertainty.
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