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Vehicle Tests of a Longitudinal Control Law for 
Application to Stop-and-Go Cruise Control 
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This paper presents the implementation and vehicle tests of a vehicle longitudinal control 

scheme for Stop and Go cruise control. The control scheme consists of a vehicle-to-vehicle 

distance control algorithm and throttle/brake control algorithm for acceleration tracking. The 

desired acceleration of a vehicle for vehicle-to-vehicle distance control has been designed using 

Linear Quadratic optimal control theory. Performance of the control algorithm has been 

investigated via vehicle tests. A millimeter wave radar sensor has been used for distance 

measurement. A stepper motor and an electronic vacuum booster have been used for throttle/ 

brake actuators, respectively. It has been shown that the proposed control algorithm can provide 

satisfactory performance. 
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I.  I n t r o d u c t i o n  

Researches on vehicle longitudinal control for 

applications to Automated Highway Systems 

(AHS) have been in progress for several decades 

(Fenton et al, 1969; Rajamani et al, 1998; Shla- 

dover, 1978). Driver assistant systems have been 

an active topic of research and development since 

the 1990's due to the potential for improved driv- 

ing comtbrt and increased vehicle safety. Driver 

assistant systems currently under development by 

most automotive manufacturers around the world 

and recently commercialized by several com- 

panies are Adaptive Cruise Control (ACC) and 

Stop and Go (S&G) cruise control systems. The 

goal of S&G is the partial automation of the 

longitudinal vehicle control and the reduction of 

the workload of the driver, with the aim to 
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support and relieve the driver in a convenient 

manner on the busy urban traffic way. ACC and 

S&G systems control both speed and distance to 

forward vehicles, and can both improve driving 

comfort and reduce the danger of rear-end- 

collisions. Vehicles with S&G can follow other 

cars in dense traffic while keeping a safe distance 

in stop and go driving situations. 

The basic requirements tbr realizing an S&G 

cruise control system have been discussed by 

Venhovens et al. Since the bandwidth of an ACC 

vehicle is very low and the clearance (the vehicle- 

to-vehicle distance) is large, the powertrain 

dynamics of a vehicle have insignificant impact 

on the performance of the vehicle acceleration 

control. In the case of stop and go driving situa- 

tions, the bandwidth of the longitudinal vehicle 

control system should be increased significantly 

to reduce the clearance and to be meaningful on 

the busy urban traffic highway. Since the speed 

ratio of the torque converter pump and turbine 

speeds changes significantly in the case of stop 

and go driving, the throttle/brake control laws 

must be designed taking into account the vehicle 
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powertrain and brake system dynamics. 

Although Stop and Go is no longer limited to 

the simple task of following a vehicle immedia- 

tely in front of the S&G vehicle, vehicle-to- 

vehicle distance control is one of the key features 

of the S&G systems. The brake and throttle 

controls should be gently applied so that the 

driver feels comfortable and is not surprised by 

the control actions, while the speed control error 

and the errors between the desired headway dis- 

tance and the actual vehicle-to-vehicle distance 

are kept within acceptable limits. A vehicle speed 

and vehicle-to-vehicle distance control algorithm 

for a vehicle S&G system has been proposed in 

this paper. The control algorithm consists of 

speed and distance control algorithms and a 

combined throttle/brake control law. Linear 

Quadratic (LQ) optimal control theory has been 

used to design a vehicle desired acceleration for 

vehicle-to-vehicle distance control. The engine 

throttle control law has been designed taking into 

account the torque converter dynamics. 

2. Vehicle Longitudinal Control 
System 

Figurel shows a vehicle longitudinal control 

system. The system consists of a radar sensor, a 

controller (ECU), a brake actuator and a throttle 

actuator. 

Vehicle longitudinal control algorithms have 

been studied extensively for applications to vehi- 

cle intelligent cruise control and automated high- 

ways in the last decade (Chang, 1994; Chien et 

al., 1994 ; Choi et al., 1995 ; Fujioka et al., 1995 ; 

Germann et al., 1995 ; Hedrick et al., 1991 ; Hed- 

rick et al., 1993; Hoess et al., 1996; Ioannou et 

al., 1993; Winner et al., 1996; Yi et al., 2001). 

The torque converter plays an important role in 

the stop-and-go driving situations and should 

Fig. 1 Vehicle longitudinal control system 

be accounted for the development of the throttle/ 

brake control law. 

The main task of the S&G controller is to 

translate the desired behavior resulting from the 

situation and treat assessment into appropriate 

throttle/brake control actions so that the vehicle 

speed and the headway distance track the desired 

values. Figure 2 shows a block diagram of the 

vehicle longitudinal control algorithm for appli- 

cation to S&G cruise control. The control algo- 

rithm consists of a set-speed-control algorithm, a 

speed-control algorithm, a distance-control algo- 

rithm and a combined throttle/brake control law. 

Time gap and set speed are the inputs to the 

controller from the driver. If there is no vehicle in 

front of the subject vehicle, the controller acti- 

vates throttle/brake actuators based on the set- 

speed-control algorithm. When a forward vehicle 

is detected, the controller uses either the speed- 

control algorithm or distance-control algorithm 

depending on the detected vehicle-to-vehicle dis- 

tance, i.e., the clearance. If the current actual 

clearance, coot, is greater than the transition dis- 

tance, which is defined as the desired clearance 

plus offset distance, Cdes+doHset, then the speed- 

control algorithm (Yi et al., 2001) is used. The 

speed-control algorithm is used until the clea- 

rance becomes smaller than the transition dis- 

tance, and then, if the clearance is less than the 

transition distance, the distance-control algo- 
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Fig. 2 Vehicle longitudinal control algorithm 
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rithm is used for the computation of the desired 

vehicle acceleration. Control inputs to the thro- 

ttle/brake actuators are determined by the thro- 

ttle/brake control algorithm so that the vehicle 

acceleration tracks the desired acceleration as 

closely as possible. 

In order to incorporate the effect of the tire- 

road friction on the vehicle braking distance and 

the driving pattern of a driver into the headway 

distance, the scaled desired clearance, caes, has 

been defined as follows : 

cues = f  (Iz)" q ( d r i v e r ) .  Co (1) 

c0=v,-&+& (2) 

where f ( . )  is the friction scaling function (Yi et 

al., 1999), ,u the tire-road friction coefficient, 

q ( ' )  the driver scaling function, vy the velocity 

of the forward vehicle, & the time gap, and a~ a 

clearance offset. The driver scaling function must 

be bounded if it is desired to limit driver 

influence, q~an< q (") < q=~x. 

3. Vehicle Longitudinal Control Law 

A two-step design approach has been used in 

the design of the vehicle longitudinal control 

algorithm. Firstly, the desired acceleration has 

been designed based on the distance control 

algorithm. Secondly, the throttle/brake control 

laws were designed so that the actual vehicle 

acceleration tracks the desired acceleration 

profile. 

3.1 Design of the desired acceleration 
If there is no forward vehicle in front of the 

subject vehicle, the set-speed-control algorithm is 

chosen and the desired acceleration has been 

designed using a simple proportional control so 

that the subject vehicle speed tends to the set 

speed, User, as follows: 

ad~= K ( v s e , -  vs) (3) 

where K is a gain and the set speed, vset, has been 

determined by the driver. 

In cases where the clearance is greater than the 

scaled desired clearance, caes, plus the offset dis- 

tance, doHset, the desired acceleration has been 

designed also using Eq. (3) but the set speed, Vset, 

has been defined as follows : 

Vse, = Vl + Vollset (4) 

In order to guarantee that the speed control mode 

changes to the distance control mode in a finite 

time, the set speed represented in Eq. (4) has been 

used. It should be noted that although a simple 

PI control without the offset speed, Voffset, 

guarantees that the subject vehicle speed 

converges to the forward vehicle speed, it does not 

guarantee that the clearance becomes less than the 

scaled desired clearance, C~es, plus the offset 

distance, doffset, in a finite time. 

VoHset of 5 km/h has been used in this study. 

The offset values should be tuned based on 

vehicle tests. The gain K has been tuned to limit 

the jerk of the subject vehicle, and 0.8 has been 

used in this study. 

Linear optimal control theory has been used to 

design the desired acceleration in the case of the 

distance-control mode. A state space model for 

the subject and forward vehicles can be written as 

follows : 

: t = A x  + B u  + Fw 

'ol +I w I,t 

where b = f  (~)" g ( d r i v e r ) .  The states are x r =  

[xl x2]=[Caes--Caa v s - v c ] ,  the input, u, is 

the subject vehicle acceleration, and the disturb- 

ance, w, is the forward vehicle acceleration, caet 

is the clearance between the forward and subject 

vehicles and v indicates velocity. Subscripts, f 

and c, indicate the forward and the subject 

vehicles, respectively. The gains for the state feed- 

back law, u = - k . x ,  are chosen to minimize the 

cost function : 

] =  f o ~ ( x r Q x  + u r R u )  dt  (6) 

The weighting matrices, Q and R, are defined as 

follows : 

Pz " 

The weighting factors, Pl, P2 and r,  are chosen 

to obtain a tradeoff between performance and 

ride comfort. The weighting factors have been 
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tuned based on computer simulations and vehicle 

test results, and px= 1, pz=3, and r = 4  have been 

used in this study. 

In the case of a cut-in vehicle, the control law, 

u = - k . x ,  demands large, uncomfortable accel- 

erations. In order to avoid large accelerations, 

which deteriorate ride comfort, the desired accel- 

eration, aaes, has been obtained using a saturation 

function and a second order filter as follows: 

a d e s  _ (1)2 

Ztsat S2+ 2,9" ~" S + O) 2 

Umax if /./~ Umax 

U*~t = s a t  (u)  = u if u ~ , <  u < um~, 

UmJ. if U ~ U~n 

(8) 

(9) 

The filter damping ratio, 9, of 1 and the cutoff 

frequency, a), of 5 have been used. u~n of --4.5 

m/sec z and Umax of 1 m/see z have been used to 

provide comfortable ride quality and to avoid a 

kick-down of the automatic transmission during 

vehicle acceleration. This approach can saturate 

the vehicle jerk and acceleration at some maxi- 

mum values. 

3.2 T h r o t t l e / b r a k e  control  law 

A throttle control law has been derived under 

a no-slip condition of the driving wheels. At a 

low level of acceleration, wheel slip is quite 

small. The no-slip assumption has been incor- 

porated in previous throttle/brake control des- 

igns for vehicle longitudinal control in Intelli- 

gent Cruise Control or in Automated Highways 

(Chang, 1994; Venhovens et al., 2000; Winner 

et al., 1996). Compared with a case of the ICC, 

the torque converter pump and turbine speed 

ratio varies significantly in low-speed and stop- 

and-go driving situations and the torque con- 

verter (Yi et al., 2000) plays an important role 

in those cases. A torque converter consists of a 

pump, a turbine and a stator. The converter pump 

is attached to the engine and turns at engine 

speed. The pump works as a centrifugal pump 

and the induced oil flow transfers the engine 

torque to the turbine. Therefore, torque converter 

dynamics should be considered in the develop- 

ment of the throttle control law. 

Figure 3 shows a switching line with boundary 
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Fig. 3 Throttle/brake switching line 

layer. The switching line indicates the vehicle 

acceleration (the minimum acceleration, a~an) 

when the throttle is closed ( a = 0 )  for a given 

vehicle speed. The S&G system applies throttle 

control when a a ~ s ~ a ~ n + h  or brake control 

when a a e s < a m m - h  for a given vehicle speed. A 

switching logic with the boundary layer is neces- 

sary to avoid frequent switching between throttle 

and brake controls. 

A block diagram of the throttle control law is 

shown in Fig. 4. When the desired acceleration, 

aaes, for a given vehicle velocity is greater than 

the throttle/brake switching line (Germann et al., 

1995), i.e., the throttle control region, the desired 

turbine torque of the transmission, Tt, a~s, is 

computed from the equations of motions for the 

vehicle as follows : 

Tt, a~, = Rg T,,a~, 

= R~r " r . [ M~ ( an,, + Kpe~ 

+ K ,  f e . d t )  +iOL] (lO) 

ea = aaes -- a 

where Rg is the gear ratio from the turbine to the 

wheels, Zs,aes the desired shaft torque of the 

driving axle shaft, r the effective tire radius, My 

the vehicle mass, Kp and Ki gains, a the actual 

acceleration of the vehicle, and /~z the estimated 

driving resistance load. 

The desired engine speed, (oe, aes, is computed 

from the desired turbine torque, Tt,aes, using a 

torque converter map as follows: 

w,,a~, = T C M - ~  ( (ot, T,,a,,) (11) 

where T C M  -~ indicates inverse torque converter 

map. The torque converter map can be obtained 

from torque converter test results and is provided 

by torque converter manufacturers. It provides 

relationships between the turbine torque, Tt, the 



1170 llki Moon and Kyongsu Yi 

Desired _ I 
Acceleration 

a~, 

Actual 
Acceleration O 

PI control I 
Kp x (a,~ -a~n~)+ K~ x S(aa~ -a.a.~)dt 

I 
I 

Desired 
Tractive 

Force F ,  

Desired ~ Oesired 
- -  Shaft ~ Turbine 

torque Torque 

Turbine O) t 
Speed 

Torque 
Converter 

Map 

O ) ~  Englnespeed 
Control 

Engine i 
Speed 

Engine (de 
Speed / 

Throttle 
T . Angle 

T e l  I a 

Desir l I 
Engine 
Torque 

Control Law 
Fig. 4 Throttle control algorithm 

pump torque, Tp, the pump speed, cop, which is 

identical to the engine speed, coe, and the turbine 

speed, cot, as fol lows:  

Tt = T C M  (co,, cot) (12) 

The desired throttle angle for the desired engine 

speed, coe,aes, is computed from the desired net 

engine torque, T,~t,a~s, using the engine map as 

follows : 

a,~.~ = EM-~ (co., T..t,a.s) (13) 
T,~t,~s = Tp (co,, cot) + K,  ( co,,a~s, - co,) 

where E M  -1 is inverse engine map and K ,  the 

gain. Typically the engine map is given by the 

engine manufacturer as a lookup table. Since 

engine dynamics are represented as follows: 

le~--te= T..t(coe, a ) -Tp (co . ,  cot,) (14) 

The resulting engine dynamics are represented by 

dcoe . 
r-~t '- ' l -  coe:  coe,aes (15) 

where r ( = ~ - ) i s  the time constant. 

It has been recognized that the control law with 

large gains results in very jerky driving behavior 
due to the torque production delay of the engine. 

The gain, Ke, has been tuned to obtain good 

acceleration tracking performance. 

The brake torque is applied only when the 

engine braking is not sufficient to follow the 

desired acceleration. When the desired accelera- 

tion for a given vehicle velocity is smaller than the 

switching line, i.e., the brake control region, the 

desired brake torque, Zb.aes, is computed from the 

equations of  motion of  the vehicle as follows : 

T b . ~ , = - r ( M ~ ( a d , , + K p e a + K i  f e~d t )  (16) 

+ P , )  + Ts 

The shaft torque, Ts, is computed using the 

torque converter map as follows : 

1 T~=~-TCM(COe,  cot) (17) 

Since the total brake torque is proport ional  to the 

brake pressure, it has been assumed that the 

desired brake pressure, ,bw,a~s, can be obtained by 

the equation 

l T, Pw.aes =Kb'b b.aes (18) 

where Kb is the lumped gain for the entire brake 
system. Kb lumps all the uncertainties in the brake 
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model from the brake pressure to the brake tor- 

que. The parameter, fib, has been obtained from 

experimental data. A value of K b = 8 5 0 N m / P a  

was used and it provides a good fit to one set 

of the experimental results. Since the brake line 

pressure is equal to the brake master cylinder 

pressure at low frequency actuation, the desired 

master cylinder pressure, Pmc,aes, is set to be the 

brake pressure. Since the master cylinder pressure 

is directly connected to the vacuum booster, the 

desired vacuum booster pressure is given by 

pa, aes=~_a p.c,aes=~A~a pw_ - Amc 1 A~ Kb Tb (19) 

where Amc is the area of the master cylinder and 

Aa  the area of the diaphragm of the vacuum 

booster. Since the brake pressure is controlled at 

a low frequency range in a subject vehicle, the 

inertial effect of the connecting rod between the 

master cylinder and the vacuum booster is not 

significant. Therefore the simplified Eqs. (16), 

(17) and (18) represent accurately the brake 

system in the case of vehicle-to-vehicle distance 

control. It has been assumed that the differential 

pressure of  the vacuum booster can be controlled. 

4. Vehic le  Tes t  Resul t s  

Vehicle tests have been conducted using a test 

vehicle, a 2000cc passenger car equipped with a 

radar distance sensor, throttle/brake actuators 

and a controller. The vehicle considered in this 

study, a radar sensor, throttle and brake actua- 

Brake 

Fig. 5 

Thro~tie M~F~ R:tr~;Ir 

Test vehicle equipped with a controller, a 

MMW radar sensor, a brake actuator and a 
throttle actuator 

tots are shown in Fig. 5. The vehicle is equipped 

with a Millimeter Wave (MMW) radar distance 

sensor, a controller, a solenoid-valve-controlled 

Electronic-Vacuum-Booster (EVB) and a step- 

per motor controlled throttle actuator. 

4.1 Forward vehicle following 
Forward vehicle following tests have been done 

using two vehicles: a subject vehicle and a for- 

ward vehicle. Test results are shown in Fig. 6. A 

comparison of vehicle speeds is shown in Fig. 6 

(a). Desired and actual clearances are compared 

in Fig. 6(b). Both vehicles were at rest until 3 

seconds and initial clearance was approximately 

12.5 m. In this test, the clearance offset was set to 

be 5 m. Since the clearance is more than the 

desired clearance plus the distance offset until 6 

seconds, the speed control algorithm has been 

chosen to make the clearance converge to the 

desired clearance. After 6 seconds, the control 

mode has been transferred from the speed control 

to the distance control without a large accelera- 

tion or jerk. The desired and actual accelerations 

of the subject vehicle are compared in Fig. 6 (c). 

The desired acceleration has been computed so 

that the difference between the desired and actual 

clearances and relative speed are kept as small as 

possible without violating the acceleration con- 

straint. The controller activates the throttle and 

brake actuators in order that the vehicle accelera- 

tion tracks the desired acceleration. It is illust- 

rated that the vehicle acceleration tracks the 

desired one very closely. A throttle position 

sensor (TPS) has been used for the measurement 

of the throttle angle of the engine. The time 

histories of the throttle angle and differential 

pressure of the EVB are shown in Fig. 6 (d) and 

(e), respectively. The differential pressure sensor 

outputs 8 bit digital values and it shows an offset 

of 9 [1/256 bar]. As shown in the Fig. 6(a),  the 

forward vehicle speed varies between zero and 

twenty kilometers per an hour and the subject 

vehicle speed is close to the forward vehicle speed. 

It has been shown in Fig. 6 (b) that the difference 

between the desired and actual clearances quickly 

decreases and the actual clearance is very close to 

the desired one after l0 seconds. 



1172 llki Moon and Kyongsu Yi 

i l • .... _ 
~s . . . . . .  ", ..................... ¥ .......... "'~ 

0 2O 4O 
"nm.(=l 

(a) Vehicle speed 
15 ] - -  {]/NdtSd ! 

- "  • . . . .  A~ual . J • . - ,  

"nm~=l 

(b) Clearance 

I -2 i . 

.4 
0 2O 4O (I0 

• r ~ = ( ,  I 

(c) Acceleration 

~ 4 . . . . . . . . . . . . . . . . . . . . . . . . . . . .  ~ . . . . . . . . . . . . . . . . . . . .  

T~=l=]  

(d) Throttle angle 

~ . . . . . . . . . . . . . . .  : . . . . . . . . . . . . . . . . . . . . .  - -  - - j ~ t ~ l  _ 

, o  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  , . . . . . . . . . . . . . . .  

t i 0 

Fig. 6 

Time{=] 

(e) Differential pressure 

Test results for a forward vehicle following 

case 

4 .2  A c u t - i n  s i t u a t i o n  

Figure  7 shows the test results for a low-speed 

driving si tuation with a cu t - in  vehicle. In this test, 

the clearance offset was set to be 2 m. 1.2 seconds 

of  t ime gap has been used in this cu t - in  test. The 

initial vehicle speed was 40 k m / h  and a cu t - in  

vehicle with a speed of  40 k m / h  has appeared in 

front of  the subject vehicle at 6.5 seconds. The  

initial clearance, dc, between the subject and the 

cu t - in  vehicles was about  10 meters. The  vehicle 

speeds and clearances are compared  in Fig. 7 (a) 

and (b),  respectively. Vehicle accelerations are 
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Test results for a cut-in vehicle case 

shown in Fig. 7 (c). The  desired and actual thro- 

ttle angles are shown in Fig. 7 (d).  Compar i sons  

of  the desired and actual differential pressures of  

the EVB are shown in Fig. 7 (e). As indicated in 

the figures, thrott le angle was set to be zero and 

brakes were applied at first when the cu t - in  vehi- 

cle appeared to reduce the vehicle speed and to 

increase the clearance. And  then, the control ler  

activates the throt t le  actuator  to increase the sub- 

ject vehicle speed again so that the relative velo- 

city converges to zero. As illustrated in Fig. 7 (a) 

and (b),  the subject vehicle speed and the clear- 

ance converge smoothly  to the forward vehicle 
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speed and the desired clearance, respectively. The 

actual differential pressure of the EVB shows 

sensor offset when the brake command is not 

applied. 

4.3 A set-speed-control situation 
Test results for a set-speed driving situation, no 

vehicle in front of the subject vehicle, are pre- 

sented in Fig. 8. The vehicle speed and set-speed, 

which has been set by the driver, are shown in 

Fig. 8(a). It has been shown that the vehicle 

actual speed is very close to the desired set-speed. 

The desired and actual accelerations of the sub- 

ject vehicle are compared in Fig. 8 (b). The actual 

acceleration tracks the desired acceleration close- 

ly. The desired and actual throttle angles are 

shown in Fig. 8 (c). Comparisons of the desired 

and actual differential pressures are shown in 

Fig. 8(d). In the case where the set-speed is 
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Test results for a set-speed case 

20 km/h, braking is not necessary and only the 

throttle control has been used to control the 

vehicle speed. It should be noted that the desired 

differential pressure is zero during set-speed- 

control and the non-zero values of the actual 

differential pressure are the sensor offset. 

5. Conclusions 

A vehicle longitudinal control scheme for 

stop-and-go cruise control, vehicle test results 

have been presented. The vehicle control algo- 

rithm consists of a distance control algorithm and 

resulting throttle/brake control laws. It has been 

shown that the proposed control algorithm can 

provide good distance control performance over 

the vehicle modeling errors such as the engine 

map data error and the torque converter model 

errors. This is promising since the engine and 

torque converter characteristics are time varying 

depending on driving conditions. Vehicle test res- 

ults show that the control scheme seems suitable 

for Stop and Go cruise control systems. It can be 

concluded from the vehicle test results that the 

proposed control algorithm can be used for Stop 

and Go cruise control systems to reduce the 

workload of the driver in a congested traffic flow. 
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