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Abstract. As automated vehicles (AVs) are moving closer to practical reality, 

one of the problems that needs to be resolved is how to achieve an acceptable and 

natural risk management behaviour for the on-board users. Cautious automated 

driving behaviour is normally demonstrated during the AV testing, by which the 

safety issue between the AV and other road users or other static risk elements can 

be guaranteed. However, excessive cautiousness of the AVs may lead to traffic 

congestion and strange behaviour that will not be accepted by drivers and other 

road users. Human-like automated driving, as an emerging technique, has been 

concentrated on mimicking a human driver’s behaviour in order that the behav-

iour of the AVs can provide an acceptable behaviour for both the drivers (and 

passengers) and the other road users. The human drivers’ behaviour was obtained 

through simulator based driving and this study developed a nonlinear model pre-

dictive control to optimise risk management behaviour of AVs by taking into 

account human-driven vehicles’ behaviour, in both longitudinal and lateral direc-
tions. 

Keywords: Automated Vehicle, Vehicle Motion Control, Human-Mimicked 

Control, Human-like Control. 

1 Introduction 

Motion planning and trajectory following are important components for the AV motion 

control. For the collision avoidance scenario, the path is normally planned to avoid the 

obstacles, and then make the AV exactly follow the designed path [1,2]. However, it 

may lead to some uncomfortable human experiences in terms of the high acceleration 

and jerk. Although the AV can follow the desired lateral offset and heading angle of 

the vehicle, exact following may not be needed. Therefore, determination of a safety 

corridor is more practical than merely planning a path. The corridor can be determined 

by allowing the vehicle to stay away from the risk elements while simultaneously 

providing the drivers a sense of security and comfort. Comfortable trajectory can be 

obtained when we optimize the vehicle’s motion during AV control within the safe 

corridor. In this way, both comfortability and sense of the security can be achieved.  

 

However, corridor planning does not mean neglect of the desired path, as we don’t 
expect the vehicle to move far away laterally from the desired path during pursuing 
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comfortability, and higher speed error relative to the driver’s desired speed is also not 

expected. To this end, we investigate the drivers’ behaviour while risk elements are 

present alongside and within the driver’s lane such as  parked cars and designed the 

motion controller to mimic drivers’ behaviour. 

2 Drivers’ behavior 

We explore driver behavior on simulated roads with different elements along side the 

road such as hedges and curbs as well as on the road such as parked cars or road works 

[3].   

 

2.1 Longitudinal desired speed 

The observed speed and lateral position from the simulation experiment with a driver 

simulator is used to derive the human-like desired speed, speed tolerance and lateral 

offset tolerance. Table 1 shows the observed median speeds and standard deviations 

from the experiment for four specific roadway conditions with 44 participants.  Each 

of these conditions was persisted for 250m and the center portion was used to estimate 

steady state median and STD speed; please refer [3] for our experimental design details. 

Table 1. Median speed and standard deviation of speed obtained from driving tests 

Environ-

ment 

Curve Context Curve 

direction 

Median 

Speed (mps) 

Standard Deviation 

of Speed (mps) 

'rural' 170 'grass' 'curve-right' 20.3263 2.8062 

'rural' 'straight' 'asphalt' 'straight' 25.1421 3.9073 

'rural' '250' 'hedge' 'curve-left' 21.4319 3.1623 

'urban' 'straight 'blockage' 'straight' 19.4599 2.8847 

The median observed speed is considered as the desired speed (or reference speed) 

for the AV motion control. However, the AV does not need to follow the speed exactly.  

The acceptable speed range around the target we define based on our risk model [4].  

2.2 Lateral offset variation 

Vehicle lateral offset variation determines the drivers’ behavior in controlling the vehi-
cle to steer around the risk elements and increase their sense of security by managing 

risk [5], i.e. time to lane crossing [4]. For example, static obstacles could be parked cars 

located at the roadside at the middle of a 250 m long road. This scenario represents the 

risk level variation from a low-level risk away from the parked car to a a higher poten-

tial risk close to the parked car.  Drivers naturally slow down and swerve laterally away 

from the parked car to manage their risk (other interpretations such as managing driving 

demand results in equivalent controller designs).   

Fig.1 shows the testing data for variation of the lateral offset when a risk element is 

presented within preview, i.e. the parked cars have been detected and the drivers 
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changed their control behavior according to their sense of security and comfort. The 

lateral offset tolerance can be derived based on this observed manual vehicle control 

data variation. For the parked cars avoidance scenarios, the drivers feel the need to slow 

down the vehicle and steer the vehicle together, so both longitudinal and lateral control 

need to be considered. Similarly, for the transitions from straight road to the curved 

road, the drivers also need to conduct such a combined maneuvering actions. 

 

Fig. 1   Lateral offset variation for the parked-cars scenario 

3 Models and Results 

3.1 Vehicle dynamic model 

The vehicle dynamic model used for controller design is simplified to a kinematic bicy-
cle model which is normally used for vehicle motion planning and path tracking as the 
suspension movement and rolling resistance influences can be  neglected. 

{  
  �̈� = −�̇��̇� + 2𝑚 (𝐹𝑦𝑓 cos𝛿𝑓 − 𝐹𝑥𝑓 sin𝛿𝑓 + 𝐹𝑦𝑟)�̈� = �̇��̇� + 2𝑚 (𝐹𝑥𝑓 cos𝛿𝑓 − 𝐹𝑦𝑓 sin𝛿𝑓 + 𝐹𝑥𝑟)�̇�𝑦 = 𝑦 ̇ + �̇�𝑒𝜓�̇�𝜓 = �̇� − �̇�/𝑅                    (1) 

where 𝛿𝑓 is the steer angle of the front wheel, R is the road curve radius in real time. 𝐼𝑧 
and 𝑚 represent the vehicle’s yaw inertia and mass, respectively. �̇� and �̇� denote the 

longitudinal and lateral speeds in the body frame, and �̇� denotes the yaw rate. 𝐹𝑦𝑓 , 𝐹𝑥𝑓, 𝐹𝑦𝑟 and 𝐹𝑥𝑟 represent the lateral and longitudinal tyre forces at the front and rear wheels 

in coordinate frames aligned with the wheels.  
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3.2 Tyre model for combined scenario 

As for the combined motion scenarios, the longitudinal and lateral force are affected by 

each other, it is important and necessary to involve this effect into the vehicle model. 

In this study, we use the Pacejka magic formula tyre model [6] to predict the tyre forces. 

At the pure braking or acceleration scenario, the longitudinal force 0xF can be ex-

pressed by the longitudinal slip ratio  and the tyre vertical load zF , which is given 

by [6] 𝐹𝑥0 = 𝐷1 sin{𝐶1 arctan[𝐵1𝜆 − 𝐸1(𝐵1𝜆 − arctan(𝐵1𝜆))]} + 𝑆𝑉𝑥                  (2) 

For the pure steering condition, the tyre lateral force 
0yF can be expressed by tyre slip 

angle  and tyre vertical load zF , which is given by [6] 

{𝐹𝑦0 = 𝐷2 sin{𝐶2 arctan[𝐵2𝜅 − 𝐸2(𝐵2𝜅 − arctan(𝐵2𝜅))]} + 𝑆𝑉𝑦𝜅 = 𝛼 + 𝑆ℎ              (3) 

For the combined steering and braking/acceleration scenarios, the tyre longitudinal 

force and lateral force are affected by each other. The friction ellipse relationship be-

tween the peak longitudinal and lateral tire forces can be assumed, as shown in Figure, 

for each tyre, the ellipse relationship is given by 

( 𝐹𝑥∗∗𝐹𝑥0𝑚𝑎𝑥)2 + ( 𝐹𝑦∗∗𝐹𝑦0𝑚𝑎𝑥)2 = 1                                              (4) 

 

Fig. 2   The tyre lateral and longitudinal relationship at combined scenarios 
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Therefore, at the combined longitudinal and lateral motion situation, the tyre longitu-

dinal force xF and lateral force 
yF can be expressed by the tyre slip angle , wheel 

longitudinal slip ratio   and tyre vertical load 
zF , which is given by 

𝐹𝑥 = 𝜎𝑥𝜎 𝐹𝑥0                                                         (5) 

  𝐹𝑦 = 𝜎𝑦𝜎 𝐹𝑦0                                                         (6) 

in which 𝜎 = √𝜎𝑥2 + 𝜎𝑦2  ,  𝜎𝑥 = − 𝜆1+𝜆 ,  𝜎𝑦 = − tan 𝛼1+𝜆 . 
The maximum achievable longitudinal force for the corresponding tire can be obtained 

by 𝐹𝑥0𝑚𝑎𝑥 = 𝜇𝐹𝑧, and then the tire lateral force 𝐹𝑦 for the corresponding tire can be 

expressed by the tire longitudinal force 𝐹𝑥, which is  𝐹𝑦𝑖 = 𝛲(𝜅) ∗ √(𝜇𝐹𝑧𝑖)2 − 𝐹𝑥𝑖2     𝑖 = 𝑓, 𝑟                               (7) 

where 𝛲(𝜅) = 𝐷2 sin{𝐶2 arctan[𝐵2𝜅 − 𝐸2(𝐵2𝜅 − arctan(𝐵2𝜅))]} + 𝑆𝑉𝑦 . Therefore, 

the lateral force element 𝐹𝑦 in Eq. 1 can be eliminated, which is important for design of 

the combined motion controller. 

3.3 Controller design 

To enables the on-board drivers to have a comfortable and natural driving (riding) ex-

perience, we set the minimum lateral jerk as the objective in the optimal control. In this 

study, we developed the Nonlinear Model Predictive Control (NMPC) model with a 

nonlinear bicycle-type vehicle dynamic model.  

Lateral acceleration of the vehicle can be given by  𝑎𝑦 = �̈� + 𝑣𝑥𝑟                                                   (8) 

While the lateral jerk can be determined by differentiating the lateral acceleration, 

which is given by 𝑗𝑦 = 𝑦 + �̇�𝑥𝑟 + 𝑣𝑥 �̇�                                          (9) 

To improve the driving comfort, we define the desired lateral jerk is 0. The lateral offset 

tolerance (i.e. stay within the corridor that is defined by the manually driver observed 

data --- or derived from a model capable of producing this corridor; refer to [4]).  during 

the transition is taken as the constraints of the vehicle motion control. Moreover, the 

vehicle’s dynamic constraints including tyre’s slip angle, yaw rate, lateral velocity and 
steering input capability are also considered here.  

 min∆𝑈(𝑡)    𝐽(𝜉𝑡 ,  ∆𝑈(𝑡)) =∑ ‖𝑌𝑘+𝑖,𝑡 − 𝑌𝑘+𝑖,𝑡𝑟𝑒𝑓 ‖𝑄2 +∑ ‖∆𝑢𝑘+𝑖,𝑡‖𝑅2 + 𝜌𝜀2𝑁𝑐−1𝑖=1
𝑁𝑝
𝑖=1    (10) 

 



6 𝑠. 𝑡.   𝑋𝑑  (𝑘 + 𝑖 + 1) =  𝐴𝑑𝑋𝑑(𝑘 + 𝑖) + 𝐵𝑑𝑢(𝑘 + 𝑖 ), 𝑖 = 0,1,… , 𝑁𝑝 − 1 

    𝑌𝑑(𝑘 + 𝑖 + 1) = 𝐶𝑑𝑋𝑑(𝑘 + 𝑖), 𝑖 = 0,1,… , 𝑁𝑝 − 1 

    𝑢𝑚𝑖𝑛 ≤ 𝑢𝑘+𝑖,𝑡 ≤ 𝑢𝑚𝑎𝑥  , 𝑖 = 0,1,… , 𝑁𝑐 − 1  
    ∆𝑢𝑚𝑖𝑛 ≤ ∆𝑢𝑘+𝑖,𝑡 ≤ ∆𝑢𝑚𝑎𝑥  , 𝑖 = 0,1, … ,𝑁𝑐 − 1      

         𝑌𝑚𝑖𝑛 − 𝜀 ≤ 𝑌𝑑(𝑘 + 𝑖 + 1) ≤ 𝑌𝑚𝑎𝑥 + 𝜀 ,    𝑖 = 1,2… ,𝑁𝑝 

    𝑌𝑙𝑚𝑖𝑛 ≤ 𝑌𝑙(𝑘 + 𝑖 + 1) ≤ 𝑌𝑙𝑚𝑎𝑥 ,      𝑖 = 1,2… ,𝑁𝑝 

 

where  𝑋𝑑 = [�̇�, �̇�, 𝜓, �̇�, 𝑒𝑦 , 𝑒𝜓]  are the needed vehicle states,  𝑌𝑑 =[�̈�, �̈�, �̇�, 𝑒𝑦 , 𝑒𝜓]Tare the vehicle output states, 𝑢 = [δ𝑓 , 𝑎𝑐𝑐] is the control inputs . If we 

express the nonlinear dynamic model of the vehicle system as  �̇�𝑠 = 𝑓(𝑋𝑠  , 𝑢), 𝐴𝑑 =𝜕𝑓𝜕𝑋𝑠|𝑋𝑠(𝑘),𝑢(𝑘), 𝐵𝑑 = 𝜕𝑓𝜕𝑢|𝑋𝑠(𝑘),𝑢(𝑘), and 𝐶𝑑 is the coefficient matrix that used for calculat-

ing the outputs. The constraint 𝑌𝑚𝑖𝑛 − 𝜀 ≤ 𝑌𝑑(𝑘 + 𝑖 + 1) ≤ 𝑌𝑚𝑎𝑥 + 𝜀 represents the 

limits of vehicle dynamic states in order to guarantee the vehicle’s dynamic stability 
and comfortability. 𝑌𝑙𝑚𝑖𝑛 ≤ 𝑌𝑙(𝑘 + 𝑖 + 1) ≤ 𝑌𝑙𝑚𝑎𝑥  denotes the lateral offset (obtained 

from observed human driver data). 

 

3.4 Initial results 

With the designed controller and the defined road environment, the controller is inte-

grated with our full vehicle model in the driver simulator. Fig.3 shows the comparison 

between the typical yaw rate profile of a human driver (blue) in the UoLDS and what 

our controller produces (red).  The experimental road contains straight sections, curves, 

parked cars, etc.  , It can be seen that the yaw rate variation has similar magnitude as 

the driver’s yaw rate. Moreover, at the pure curved road and pure straight road, the yaw 
rate is smoother than the driver’s data, which means more comfortability can be ob-
tained under those conditions.   

 
Fig. 3   Predicted yaw rate of the AV at a defined hybrid scenario 
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4 Conclusions 

The goal in this study was to demonstrate that the naturally tolerances that drivers adopt 

in their driving behavior can be used to develop an autonomous controller that has 

strikes a balance between obstacle avoidance and smoothness that mimics or supersedes 

that of human drivers.  In this study, we developed a model predictive control model 

by combining the longitudinal and lateral motions, i.e. steering and braking/accelera-

tion, which is important to be adopted in the obstacle avoidance and straight-to-curve 

transition scenarios. To improve the driving comfort for the drivers, the controller was 

designed by optimizing the lateral jerk in the cost function. Results showed that the yaw 

rate variation along the full road curve is very satisfactory. 
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