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ABSTRACT-In this study, a hierarchical switching control scheme based on robust control theory is proposed for
tracking control of vehicle longitudinal acceleration in the presence of large uncertainties. A model set consisting of four
multiplicative-uncertainty models is set up, and its corresponding controller set is designed by the LMI approach, which
can ensures the robust performance of the closed loop system under arbitray switching. Based on the model set and the
controller set, a switching index function by estimating the system gain of the uncertainties between the plant and the
nominal model is designed to determine when and which controller should be switched into the closed loop. After
theoretical analyses, experiments have also been carried out to validate the proposed control algorithm. The results show
that the control system has good performance of robust stability and tracking ability in the presence of large uncertainties.
The response time is smaller than 1.5s and the max tracking error is about 0.05 m/s? with the step input.
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1. INTRODUCTION

Generally, the architecture of the longitudinal control
systems architecture for ASV (Advanced Safety Vehicle)
has an upper level controller and a lower level one. The
lower level controller, which is called an acceleration
controller, determines the throttle/or brake commands
required to track the desired acceleration (Rajamani and
Shladover, 2001). Some achievements have been obtained
with regard to designing the acceleration controller in the
past years, but model errors that arise from unmodeled
dynamics and parameter uncertaitines have not been
considered sufficiently (Hedrick 1998; Yi and Kwon,
2001; Yi and Moon, 2004; St. Germann and Isermann,
1995; Lu and Hedrick, 2003; Lee and Kim, 2002; Hou et
al., 2003). Some robust or adaptive methods may work
when uncertainties are sufficiently small (St. Germann
and Isermann, 1995; Lu and Hedrick, 2003; Lee and
Kim, 2002; Hou et al., 2003), but when uncertainties are
large, no single fixed-parameter controller can control
satisfactorily.

The objective of this study is to make the vehicle track
the desired acceleration by controlling the throttle angle
in the presence of large uncertainties. Hierarchical switch-
ing control is an efficient way to deal with the control
problem for a plant with large uncertainties, especially
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sudden changes in plant dynamics (Morse, 1996; Hespanha
et al., 2003; Kumpai and Jeyendran, 1997; Ippoliti and
Longhi, 2004). This method uses multiple models to cover
the uncertainties and the feedback controller is selected
from candidate controllers according to the switching
indices, but a conventional hierarchical switching control
system only ensures asymptotical tracking performance
and usually many more models are needed (Kumpai and
Jeyendran, 1997; Ippoliti and Longhi, 2004).

In this study, a hierarchical switching control scheme
based on robust control theory is proposed to control the
vehicle longitudinal acceleration. To reduce the number
of models by utilizing the robustness of the closed loop
system, multiplicative-uncertainty models are used to
cover all possible model uncertainties that arise from
unmodeled dynamics and parameter uncertainties. The
corresponding robust controller set is designed by the
LMI approach. If the system gain of the multiplicative
uncertainty between the model and the plant is the
smallest, the model approximates the plant the best and
the controller design based on this model can control the
plant well. Thus, a switching index function (by estimating
the system gain of the uncertainties) is designed to select
a controller from the controller set on line. Furthermore,
the robust stability and tracking ability of the proposed
acceleration control system are validated by theoretical
analysis and experiments.
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2. VEHICLE LOGNGITUDINAL DYNAMICS
AND MODEL SET DESIGN

To analyze vehicle longitudinal dynamics, a full-order non-
linear vehicle longitudinal model has been built (McMahon
and Hedrick, 1989). The model consists of an engine, a
transmission and a drivertrain. Figure 1 shows the dyna-
mical interactions among the above three subsystems.
The output of the engine subsystem is engine torque,
which is a nonlinear function of throttle angle and engine
speed. A first order system is used to describe its transient
processs. The transmission subsystem is responsible for
transferring engine torque to the drivetrain. It is an auto-
matic transmission with a hydraulic torque converter and
a four forward transmission gearbox. The gear state is a
nonlinear function of throttle angle and vehicle speed.
The input of the drivetrain subsystem is the drive torque
and its outputs are vehicle speed and acceleration, which
are affected by road conditions and the aerodynamic drag
force.

Due to the nonlinearities of engine, torque converter,
etc., it is hard to use a linear model to describe the vehicle
longitudinal dynamics at all conditions. To reduce the
nonlinearities, an inverse model is used to calculate the
throttle angle. The torque converter is assumed to be
locked and for a given control acceleration u, the required
engine torque can be computed as

Toses=o—o—— (Mou + Cpv* + Mogfy) I

des™ Rngo Mo
where T,,, is required engine torque,

M, is nominal value of vehicle mass,

Ry, is nominal value of gearbox speed ratio,

R, is final drive speed ratio,

17, is nominal value of transmission mechanical

efficiency,

@, is engine speed,

C, is aerodynamic drag coefficient,

g is gravity constant,

Jo is nominal value of rolling resistance coefficient,

v is vehicle speed,

r is wheel radius.
The engine torque is a nonlinear function of @, and the
throttle angle, 6. Typically the engine map is provided by
the manufacture as a look-up table. The throttle angle for
the desired engine torque at a given engine speed can be

g Desired Engme " Inverse 9 —:>a
)
}
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Figure 2. Linearized plant by the inverse model.

Table 1. Ranges of vehicle and environmental parameters.

Parameter Units Range Nominal

value

Vehicle mass kg  1000~1500 1250

Road slope rad -0.1~0.1 0

Wind speed m/s —-8~8 0

Coefficient of rolling - 0.01~0.04 0.025

resistance

Time constant of enginé’ s 0.2~0.5 0.35

Transmission - 0.8~0.99 0.89

mechanical efficiency

Gearbox speed ratio - 074,1,144, 1416

271

computed by the inverse engine map as follows.
9=MAP_1 ( Tedesa a)e) (2)

where MAP'(.) is the inverse enginee map. Connecting
the inverse model to the vehicle longitudinal model, a
new plant P whose input is # and output is vehicle accele-
ration a is obtained as shown in Figure 2. Since the
nonlinearities of the vehicle longitudinal dynamics are
eliminated by the inverse model, P is considered as a
linear system.

In practical driving conditions, the exact values of some
vehicle parameters are unknown, so nominal values are
used when using the inverse model to compute the
throttle angle. The ranges and the nominal values of such
parameters are shown in Table 1.

To obtain the dynamics of P, the parameter space in
Table 1 is transformed into several discrete points. At
each point, a transfer function is estimated by a process
estimation method. The range of the frequency response
of P is depicted in Figure 3.

For such a plant with large uncertainties, a single
fixed-parameter controller can hardly ensure both robust
stability and tracking performance. Thus, in this paper,

Drive [
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> | i
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Figure 1. Structure of the vehicle longitudinal model.

Aerodynamic drag force,
Road conditions
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Figure 3. Ranges of the frequency response of P,

multiple multiplicative-uncertainty models are used to
cover all possible uncertainties. Since the L, norm of a
practical signal is monotone increasing, L,s norm is used
to evaluate signals, which are defined as (Datta, 1998)

Jul=,[[ " (Du(r)d &

where §>0 is a constant. Considering both the sensitivity
to the noise and the adaptive speed, in this paper 6=0.4.
In practice, the L,; norm can be calculated by (Morse,
1996)

Juli= | pul @

Finally, a model set P consisting of four multiplicative-
uncertainty models is set up by the method proposed in
Rong et al. (2005).

P={P=[1+ AW()IG(s), |A]2 <1, i=1, ..., 4} (5)

2.1s +2.478

where W(s)= 151

is the weighting function,
A, is the multiplicative uncertainty,

|AJ|S is induced L,s norm,

G(s), i=1...4 is the nominal model and

6.23 3.31
=55 UG

2.30 1.70
G:(9)=1333 G= 353

Based on the model set P, a corresponding controller set
C and a switching algorithm will be designed in the next
section.

3. HIERARCHICAL SWITCHING CONTROL
SYSTEM DESIGN

The hierarchical switching acceleration control system
based on uncertainty estimation is shown in Figure 4. The
upper layer consists of the uncertainty estimator E and
the switching logic S. The uncertainty estimator outputs
the switching indices 7(f) by the input and output of P.
The switching indices can evaluate the multiplicative
uncertainty between the plant and the nominal models.
The switching logic outputs the switching signal o(f)
based on the the switching indices. o(¢) is a piecewise-
constant signal taking values in {1, 2, 3, 4}. The controller
whose index equals the switching signal will be selected
to control the plant. The lower layer system is made up of
P and the controller set C. It is a linear time invariant
feedback control system when o(?) is fixed, and switching
occurs when of(f) changes.

3.1. Uncertainty Estimator E Design

Before designing the estimator, a simple example is given
to illustrate the motivation of the proposed method. The
plant is assumed to be described by a multiplicative
uncertainty model as

y=[1+AW(s)] G(s)u 6)

where u and y are input and output signal, respectively.
Then y can be estimated by

~_D(s) A(s)+ N(s)
NGO

where D(s) and N(s) are polynomials and satisfy

O

Inverse
Model

Figure 4. Hierarchical switching control system for
vehicle longitudinal acceleration.
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D(s)_
NGy ¢

A(s) is a stable polynomial.
Of course, if there is no model uncertainty, § converges
to y exponentially and the convergence speed is deter-
mined by the roots of A(s). The estimation error,
e=y -y, arises from the model uncertainties and can be
computed by

D(s)
e——AA( )W(s)u ®)
From (8), the L,; gain of the uncertainty part can be
computed by u and the output estimation error e.
Considering the above analysis, the L,s; gain of the
uncertainty part between the nominal model Gi(s) and the
plant P can be computed by

ki, A -NGs),

“TRO"T A )
_k(s)

= Als )W(S)u (10)

e=a,—a

m(O=(lel’~(z]2) an

where g, is the estimated acceleration based on G(s),
¢; 1s the estimation error,
z is the estimated input of the multiplicative uncertainty,

D(s) and N(s) satisfy N]Z ) =Gi(s),

A(s)=s+30 in this paper.

7(?) is the swiching index, which can evaluate the L

gain of the model uncertainty.
(9) is the output estimator which was designed based on
G{s) and (10) estimates the input signal of the uncertainty
part.(11) computes the switching index. The definition of
the system L,;gain is not used to compute the switching
index, since the switching index function (11) can simplify
the theoretical analysis. The state-shared dynamic system
of the estimator (9) and (10) is

. -30 0O 1 0
F“} [0 —30} 0 BZ} [o} w H a
e 0 An B.| |0

a,-=[k,- 26.67]4"51, Z,:CE;,vsz, i=1 4 (12)

where xz, and xgz, are states of the estimator,

0 153 1
Ap= , By=
£ L _35.1} B [0}

Cyy satisfy Crsi(sI—Ag) Bri=—XW(s).

A(s)

3.2. Switching Logic S Design

The motivation for this switching logic is: if the L,s gain
of the multiplicative uncertainty between one nominal
model and the plant is the smallest, this nominal model
approximates the plant best and the controller designed
on the basis of this model should achieve the best perfor-
mance. Thus, the following switching logic is used.

o(1)=argmin{z, (1) (13)
For example, if 7(f) is smallest at time ¢, then o(¥) is set
to k, and the controller whose index equals & is selected to
control the plant at the same time.

Before designing the controller set, the hierarchical
switching control system is first transformed to a more
common structure. Without loss of generality, the plant P
is assumed to be described by P(s). The initial states are
assumed to be zero and the output estimation error ¢; is
derived from the estimator (9), (10) and the plant model.

(14)

Since ”AI“‘; <1, the following inequality is obtained.

% 0={le ) (I L <0 09

Without loss of generality, the switching sequence is
assumed to be

0,,0=1, <1<y,
O, .t <t<d, (16)

o(t)=

Since the switching indices are continuous, at the
switching times we have the following equation.

”‘,’ (’m ) = ﬂgm (tm) a7

At any time r>0, tE(t,,t,.,). the following equation is
obtained.

2 s\ 2
(1) (1= 1)
= [ e (r)dr— [e? Iz (r)de
—J;' 200 (7)dr 4 +J: e; (r)dz
-[ [ e_‘i('_r)z; (r)dr+-t [ &2 (T)drj

Between two switchings, we have the following equation.

(18)
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[ ()= (@)]or

",
i

= [ [e; (1)-2 (r)]dr (19)
[ (0)-22 (2)]a
ez (0,)-x ()

Substituting (19) to (18) yields

() (1=

=e—§(1-~1I )ﬂ'a“ (t] )_I:e—tf(t—n )ﬂ'al (tl )_e—ﬁ(l—lz)”gl (t2 ):I 20)

e (1)er, (0]

Substituting (17) to (20) yields

(”ef’“j )Z ‘(HZ”: )2 =7, (1) Qe

According to the switching logic described in Section B,
we have the following inequality.
m (1)< (1)<0 (22)
From (22), the upper system shown in Fig. 4 confirms
that the L,; gain from signal z, to e, is smaller than 1.
Substituting a=as;—¢, into the estimator (12), the plant
P can be replaced by the following uncertain switching
system.

e Y M

X, 23
AEZ £l 0 ( )

In the switching system (23), e, is a disturbance arising
from the uncertainty part and z, is an input of the
uncertainty part. The plant is equivalent to the switching
system depicted in Figure 5. A is considered as the
uncertainty part of the switching system X,,, which is
described by (23). From the above analysis, we know the
L,; gain from z, to ¢, is smaller than 1. a,, is the desired
acceleration and the signal g=a,,-a is the tracking error.
W,(s) is the performance weighting function and W,,(s)=

W in this paper.

3.3. Controller set C Design

The objective of the controller set design is to make the
L, gain from a,,, to ¢" smaller than yin the presence of
the uncertainties A, which ensures the robust performance.
Before proceeding, a lemma, which is very useful for the
controller set design, is introduced first.

I: A
e o Zs(t)

0

u —p 4

—> Wi —wa’

Qs

Figure 5. Equivalent switching system of the plant.

Lemma 1: For the following switching system

x=A,x+B,_w +B, u+B, w,
7, =C,x+D, w +D

2, =C, . x+D,

u+D, w,

lio 120

(24)
oW T Dy u+ Dy ow,

Z =Aw,

where o'is the switching signal and takes values in £} and
A is the uncertainty part and satisfies
1

I

If there exist symmetric positive definite matrix X and
matrix Y, i € Q, which satisfy the following linear matrix
inequality (26).

Il < (25)

-(A‘$X+B Y )T+(A"X+B Y) B, B
i 2iTi i 2i%i 1 3
B! BT 0
BT 0o -1 (20
CliX+D12iY:' Dlli Dl}i
L CZiX + DIZini DZ]i D23i
T T]
(CliX+D12iK ) (CZIX+D121'I,; )
D/, Dy,
Dy, D, <0
-1 0
0 -1 |

where A?:Ai+ 0.56I , then under arbitrary switching, the
L,;s gain from w, to z, is smaller than yof the switching
system (24) in the presence of the uncertainty part A with
the following state feedback law

u=Kx 27

where K=Y X", ic Q.
Proof: Substituting the state feedback law (27) into the
switching system (24) yields

%=(A,+B,Y,X")x+B,w +B,w,
4 =(C,+ D, Y, X" )x+D
L= (Cza +D220Y0—X_l)x+D2|aw| + Dy, W,

w +D, w, (28)

Ito
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The left side of the linear matrix inequality (26) is
multiplied by diag(X™, I, I, I, I) on both sides and we
have the inequality (29).

(4°+B, Y, x") X" +X" (4’ +B,¥, X") X'B,
B X -pI
Bl X" 0
C +Dlz;Yz X! Dn'i
L C +D12,Y, X— D21i
Vie Q
X'B, (C,+D,Y, X ) (C,i+D,Y, X )
0 Dy, D;,
_}/ DI-I;i D;SI < 0
Dl}i -1 0
Dz:u 0 -1 i
(29)

By (29) and the Schur complement property (Li, 2002),
we have

(4°+B,Y, X)) X"+ X" (4’ +B,Y, X)

B'X™
Bl X"
X_lBli X_[B3i
—ﬂZI 0 (30)
0 I
,Vie Q
(Cy+ DY, X~ ) (Ci+ DY, X~ )
+ Dy, D;,
Dy, D;,

C +D|21Yl X Dllx D

134 < 0
C + DlZlY X D211 D231

The left side of the linear matrix inequality (30) is
represented by ¥,. The switching sequence is assumed
to be described by (16). Between any two switching
times and any time 7>0, we have

(@) ]} x(?)
e—O.SJ(t—r) w, (T) Wo,’ e—o.s&(r—r) : (
( (

w, (1) w,

€ [ti ’ti+l:| .

By (28) and (31), we have

%V(r) +e70t) ( z, (2')\2 -y lw2 (r)r)

<%0 (ﬂz ‘wl (‘r)l2 —lz1 (r)r)

where V(7 S [x ]T X [x(r)] . During two
switching tlmes we have the following inequality.

J:'” e [ ‘ -y lw | }dr

- [ o -7 o -] @
1)+ 7 (1)

Substituting (32) to (33) yields

[ s (@ =72 (o Jae

< [t [ Blw (7 -2 (r)r]df_v(t,ﬂp v ()

(34)

(32)

Defining J = '[e""("’)(
0

=L

zz(r)‘2 —]wz (r)r)dr, we have

2 2
zz(r] —‘w2 TI )dr

(35)

et f ( —’w )[2)dz
Substituting (34) to (35) yields
J< J:l e o) [,52|W1 (z’)‘2 —lzl (7)|2}d1+...+

0 2 2 (36)
-[:e"‘y("’)[ﬂzlw, (2')‘ —[z, (T)‘ Jdr+ V(t)-V(r)
Since a|] <%, we have the following inequality
[ B, (f - (2)f Jar <o. (37)
Substituting (37) to (36) yields
J< '[;e"i("’)[ 2 z’)]2 | (r)ﬂdr. %)

+ (1,)=V (£) <V (t,) -V (?)

The initial states are assumed to be zero and, from
(38), it is concluded that under arbitrary switching the L, ;
gain from w, to z, is smaller than yin the presence of the
uncertainty part.

By Lemma 1, the controller set design problem is
equivalent to the feasibility of the linear matrix inequality
described by (24), and it can be solved by the LMI
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approach. In this paper, the linear matrix inequality (24)
is feasible when y=0.7. In the next section, the proposed
hierarchical switching control system of vehicle longitu-
dinal acceleration will be validated by simulations and
experiments.

4. SIMULATION AND EXPERIMENT

To illustrate the advantages of the proposed control
algorithm, simulations have been done to compare the
performance of the proposed controller with that of a PID
controller under different conditions. The gains of the
PID controller are determined under nominal conditions
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Figure 6. Simulation results under different conditions.
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Table 2. Simulation conditions.
Ind Simulation conditions
n . . .
eX  Slope Vehicle Wind  Time constant Gear
mass  speed of engine
1 0 1250 0 0.35 2
2  —0.02 1000 4 0.2 1
3 002 1500 —4 04 1
4 -0.02 1000 4 0.2 4
5 -0.02 1000 4 04 4
6 0.02 1500 —4 0.2 4
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and the gains of the P, I and D terms are 1, 2 and 0.01
respectively. During the simulation, the initial speed of
the vehicle is 9 m/s and the desired acceleration is a step
signal of 0.6 m/s%. Some of the results and the simulation
conditions are shown in Table 2 and the results are shown
in Figure 6. The values of the parameters, whose values
are not given in Table 2, are set to the nominal values.

In the nominal condition, the two controllers have
almost the same performance (as shown in Figure 6(a)),
but when values of the vehicle and environment para-
meters change, the response of PID controller has a much
larger overshoot than the proposed control algorithm (as
shown in Figure 6(b), (c), (d), (e)). The maximum
tracking error of a PID controller is up to 0.2 m/s* and
that of the proposed algorithm is only about 0.05 m/s>.
When parameters change, the proposed algorithm adjusts
the controller and the proper controller is switched into
the closed loop in time. When designing the controller set
in section 3.3, The robust stability and tracking ability of
the closed loop system under switching are ensured. A
PID controller does not have this adaptive ability. For the
plant for acceleration controller design, whose dynamics

0.8

o o o
o N F-y »
e Py p——
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(c) Response of the vehicle speed

chage very much under different conditions, it can hard to
provide satisfactory control.

Furthermore, experiments have also been carried out to
validate the performance of the control scheme. In the
test, the exact values of vehicle and environment para-
meters are not known, but lie within the ranges shown in
Table 1. Some of the results are shown in Figure 7.

The experiments include several acceleration and decele-
ration processes. Since braking pressure control is not
considered in this study, the max deceleration only
reaches about —0.4 m/s” and the max acceleration is about
0.6 m/s”. A comparison between the desired acceleration
a,., and the actual acceleration a is shown in Figure 8(a).
The results show that the actual vehicle longitudinal
acceleration can track the desired values rapidly and
exactly. Figure 8(c) is the switching signal & and it is
shown that when the dynamics of the plant vary in the
possible range, the proper controller can be selected and
switched into the closed loop in time. Figure 8(d) is the
response of the throttle angle, which is smooth and there
are no large sudden changes when controller switchings
occur. Figure 8(b) is the response of the vehicle speed.
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Figure 7. Experiment results of the proposed acceleration tracking control algorithm.
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5. CONCLUSIONS

To deal with the tracking control problem of vehicle
longitudinal acceleration in the presence of large uncer-
tainties, a hierarchical switching control system based on
robust control theory is designed based on the analysis of
the vehicle longitudinal dynamics. By simulation and
experimental validation, it can be concluded that:

(1) The vehicle longitudinal dynamics chage very much
under different conditions and a fixed-parameter
controller can hard control in a satisfactory way.

(2) By the switching algorithm based on the estimation of
the L,; gain of the uncertainty between the plant and
the nominal models, the proper controller can be
selected to control vehicle longitudinal acceleration
when vehicle longitudinal dynamics change.

(3) The proposed algorithm can control vehicle accele-
ration well in the presence of large uncertainties. The
response time is smaller than 1.5s and the maximum
tracking error is only 0.05 m/s* with the step input.

(4) By considering the robust performance of the closed
system under switching and the adaptive ability of
the proposed control system, this controller demon-
strates better performance than a PID controller, whose
maximum tracking error is up to 0.2 m/s%

In this study, the state feedback approach is used to
control the acceleration, which may result in jerks when
switchings occur. In the next step, the output feedback
approach will be considered and the sudden changes will
be eliminated by some proper format of the controller set.
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