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Abstract: This study proposes a collision avoidance algorithm that applies nonlinear model
predictive control and its implementation on experimental vehicle. Safe steering avoidance
behavior was developed by applying the ISO11270-compliant lateral acceleration constraints
to the model predictive controller’s optimization procedure. We created a scenario in which the
designed model predictive control algorithm could drive while avoiding obstacles with optimum
inputs within the specified restrictions. The algorithm was validated through both simulation

and experiment.

Keywords: Nonlinear and optimal automotive control, Autonomous vehicles, Trajectory
tracking and path following, Simulation tools and commercial software, Vehicle dynamic

systems

1. INTRODUCTION

The nonlinear model predictive control (NMPC) approach
computes optimal control inputs by using a nonlinear
vehicle model to predict the future state of a vehicle.
In this study, we employed NMPC to develop an evasive
steering assist (ESA) system, which is a steering systen-
based driving-assistance function for collision avoidance.
Eckert et al. [2011] presented the drivers tend to steer
to avoid collisions when the TTC(Time To Collision) is
within 2s. But preventing collisions with steering can lead
to secondary accidents due to unstable vehicle movement.
Choi et al. [2012] and Vougioukas [2007] obtained steering
control input using NMPC for the collision avoidance
using vehicle dynamics-based constraints. In this study,
the NMPC algorithm was implemented on the real-time
embedded control system of the experimental vehicle. The
algorithm was validated in the MILS(Model In the Loop
Simulation) environment using the PreScan simulator with
Matlab/Simulink Algorithm. Tt was experimentally veri-

* This paper was supported by the Basic Science Research Pro-
gram through the National Research Foundation of Korea, funded
by the Ministry of Education, Science and Technology (NRF-
2021R1A2C2003254). This paper was supported by Korea Institute
for Advancement of Technology(KIAT) grant funded by the Korea
Government(MOTIE) (P0020536, HRD Program for Industrial In-
novation). This paper was supported by the BK21 Four Program
(5199990814084) of the National Research Foundation of Korea
(NRF) funded by the Ministry of Education, Korea

fied using a laboratory experimental vehicle at Midan City,
Incheon, Korea.

2. NONLINEAR MODEL PREDICTIVE CONTROL
ALGORITHM

2.1 Path Prediction Model

To simplify model and reduce the algorithm’s computation
process, the kinematic bicycle model was employed as the
prediction model. The model was proved to be valid at
lateral acceleration of 4m/s* calculated by applying the
asphalt road surface friction coefficient of 0.9 suggested by
Polack et al. [2017]. Eq(1) depicts the state vector x and
the control input vector u of the vehicle model:

= {C} . ’i,l'J,T/},'lL = {acmdsécmd} (1)
where ¢ and n are the vehicle’s coordinates, v is the
vehicle’s heading, and V is the vehicle speed. In the control
input vector u, @emng represents the vehicle acceleration
input, whereas dg.,q is a vehicle steering input. Eq(2) is
derived by discretizing each element of Eq(l) using the
sample time T. where [ represents the wheelbase of the
vehicle.

C(k+1) = ((k) + AT - V (k) - cos((k) + Sema(K))
n(k+1) = n(k) + AT - V(k) - sin(p(k) + Sema(k))

v+ 1) =9 + AT YD iy @

V(k+1) = V(k) + AT - V(k) - acma(k)




2.2 Cost Function Design

The future state of the vehicle model was predicted by
setting the number of the prediction horizon N for the
cost function. The error vector is defined as the difference
between the predicted and actual state vector and is
computed as Eq(3), and is the vehicle coordinate system
reference.

& = [Byy Byy Eahs EV/]

ex = (Ca — () - cosyy + (g — 1) - sin )

ey = —((c — () -siny + (g —ne) - cosyp)  (3)
€y = w(}' - wc

ev =Vo—V;

where G represents the global coordinate system and ¢
represents the vehicle coordinate system. The components
of the error vector represent errors in the x,y-direction,
heading, and longitudinal velocity. Eq(4) shows the cost
function, as a quadratic equation for optimization. Eq(5)
defines the last term of the cost function and Eq(6) is a
cost function that consists of the sum of the error vector
and the input vector from the first to the (N — 1)st terms.

N=-1
J=®(en) + > Llex,uk) (4)
k=0
&= 5(ck Prew) 5)
L:%(EE-Qvek-{—ug-Rvuk) (6)

where P, , and R in Eq(5) and Eq(6) represent weight
matrices. In Eq(4), the equation constraint for the predic-
tion model was set by employing the Lagrange multiplier
vector Ax. The final cost function is Eq(7).

N-1
J=®(en)+ Y Llew uk) + A1 [f (@r, ur) — xi4a] (7)
pry

2.3 Setting lateral Acceleration Direction Constraints

By configuring the constraints of NMPC algorithm, the
vehicle’s physical constraints, state values, and input val-
ues were appropriately restricted. The constraints were
set as follows. Within the range of 33.5°, the maximum
steering angle of the experimental vehicle and the steering
angle constraint were set to £30°. In accordance with ISO
22179, the longitudinal acceleration was adjusted from
—3m/s? to 2m/s®. In compliance with ISO 11270, the
lateral acceleration was set to 3m/s? as a safe performance
criterion for the lane-keeping assist system (LKAS) as
suggested by Jhang and Lin [2022]. The vehicle’s lateral
acceleration follows as Eq(8).

- 212w o
Ay = Uy + KU R Up X Y (8)
where a,, vy, &, and V, represent the lateral acceleration,
lateral speed, curvature, and longitudinal speed, respec-

tively. Since the lateral slip Vy is negligibly small, lateral
acceleration can be approximated as the product of the

longitudinal velocity V; and the angular velocity ¢. The
angular velocity v is given Eq(9)

i ) (9)

(2]

Through Eq(8) and Eq(9), the lateral acceleration a,
may be expressed as Eq(10) using the input vector terms
steering angle d.,,4 and longitudinal speed v,
2
vi .
ay = - sin(emd)

[
By inputting the lateral acceleration constraint and the
wheelbase in Eq(10), Eq(11) can be calculated and a
steering control input that satisfies the lateral acceleration
constraint can be set as follows

(10)

a.
5 s gip LY
Ocmd = SII (""'

o3 (11)

x 1)

2.4 Cost Function Optimization Techniques

The cost function of the nonlinear model prediction con-
troller was optimized utilizing conjugate gradient descent.
To minimize the Hamiltonian and solve the optimization
problem, the previous step’s gradient information was
added to converge faster than the gradient descent ap-
proach. Eq(12) shows the Hamiltonian needed to solve the
optimization problem as follows.
Hk - L(ek: Uk) + /\{-f—l ) f(xk)uk)
1

= 5(6‘;‘: Q- ek +ui - R-ug) + Ay - f @k, )
Changing the cost function in Eq(7) to the Hamiltonian in
Eq(12) yields the cost function equation shown in Eq(13).

(12)

N-1
J:(I)(BN)—/\;;IN+ Z[Hk_Akmk]'i'HO (13)
k=1
 OH
Hu = Auy,
_ 9 . r O B AT .
= auk(z( k- Qex+ug - R-ug) + Ay foe, ue))

(14)
where H, expressed by Eq(l4) is a partial differential
expression obtained by differentiating Hy by an input
vector u. Eq(15) guided the computation of the control
input for the following step in the direction of the cost
function’s decline by the dj of the Hamiltonian gradient
vector H,,.

g1 = U + - di(0 < e < 1)

dr = —Ck(k = 1)
. 2
_ 'k .
7. n dp = Ck+( e ) di—1 (k>1) (15)
OH,
k= Oy,

Iterating the previous procedure until the control input
converged within the constant e yielded the optimal con-
trol input.

€ > [|(ur+1 — uk)ll

(e = Constant) (16)

3. MODEL IN THE LOOP SIMULATION
3.1 PreScan Simulator Environment Configuration

Using Siemens’ PreScan, the environment of Midan City
in Incheon, South Korea, was modeled. Roads in Midan



City were realized using geographic information system
(GIS) coordinates, and their width was set to 3.4m as
an actual measurement. To implement an NMPC-based
collision avoidance algorithm, the following experimental
scenario was devised: 1. Follow the straight path; 2. Steer
into the left lane to avoid a front obstacle on the straight
path at 1.3s of T'TC; 3. Follow the left lane to which the
vehicle steered; 4. Steer into the right lane to avoid a front
obstacle at 1.3s of TTC; 5. Follow the right lane to which
the vehicle steered.

4. SIMULATION VERIFICATION

4.1 Comparison and Validation of the Nonlinear Model
Prediction Controller and the Pure Pursuit Controller

The performance of the collision avoidance algorithm de-
veloped with the NMPC algorithm was compared to that
of the lateral control algorithm—the pure pursuit(Snider
et al. [2009]). Since constraints could not be set for the pure
pursuit, the vehicle’s physical conditions were represented
by setting the saturation condition on the steering output.
A target speed of 30km/h, a lateral acceleration constraint
of +3m/s?, and 1.3s of TTC were selected as the ex-
perimental conditions. The two algorithms’ comparative
metrics were divided into three categories: % Overshoot,
rise time, and settlement time. The first comparison in-
dex, % Overshoot, was defined as the highest deviation
from the target lane after steering avoidance. The time
required for the lateral error to increase from 10% to 90%
of its ultimate convergence value was chosen as the second
comparison index, the rise time. As the final comparison
index, the settlement time needed to reach within +10cm
of the lateral error and sustain time was measured.

Table 1. Algorithm performance comparison

Max % Overshoot  Rise Time Settlement
Error Time
PurePursuit  0.56m 16.35% 1.2s 3.45s
NMPC 0.28m 8.1% 1.4s 4.5s

Table 1 summarizes the comparison analysis data for two
controllers for each index. The NMPC could prevent a
maximum peak value that is about half that of the pure
pursuit but the NMPC controller’s settlement time was a
whole second slower. Considering that the vehicle width
was 1.86 m and the lane width was 3.40 m, the lateral
error occurs within 0.77 m, which is the criterion for lane
departure, and both controllers successfully performed
steering avoidance without leaving the lane.

Graph (a) in Figure 1 shows that the lateral acceleration
of both algorithms is limited to within 3m/s%. Graph (b)
demonstrates that the constraints are used to calculate the
steering input value. The target path and the lateral and
longitudinal errors of the vehicle are depicted in Graphs (c)
and (d). Graph (e) displays that the cost function tends to
increase and then decrease as it converges on the opposing
lane when the collision avoidance algorithm works. Graph
(f) shows the vehicle speed set by the acceleration input
of the NMPC algorithm.

Latersd acceleration SteerWheelAngh (SWA)
i

e

Fig. 1. Simulation Result Graphs for the NMPC Controller
and for the Pure Pursuit

5. VEHICLE EXPERIMENT
5.1 FEzperimental Design Using the Actual Vehicle

The simulation-validated NMP C-based collision avoidance
algorithm was implemented and tested on an actual ve-
hicle. The experiment was conducted in Midan City, In-
cheon, South Korea, with identical conditions to those
configured in the simulation. For safety reasons, two 0.55
m wide safety drums were installed in the center of each
lane in place of automobiles. All obstacles were presumed
to be static at predetermined coordinates

5.2 Ezperimental Vehicle Specifications

As seen in Figure 2, the experimental vehicle used in this
study was a Sonata DN8.

Fig. 2. Experimental Vehicle and Experimental Setting

5.8 NMPC Optimization Computation Time and
its Constraints

The maximum number of iterations for the optimization
process during the sample time of 0.05s was experimen-
tally derived and used to restrict the number of iterations
for the optimization operation. Restricting the number of
iterations guaranteed the vehicle’s control period, 20 Hz
real-time performance. Figure 3 depicts the graphs of the

Cast

Laleularion Time

Fig. 3. Cost Function Calculation Result Graphs



cost function and calculation time during the algorithm’s
simulated implementation. On the indicated dashed red
line, the avoidance algorithm was in effect and the rapid
increase in the cost function can be observed in Graph
(a). Graph (b) indicates that the calculation time was
maintained at 0.05s at the point when the cost function
increased rapidly. From this result, it is shown that the
cost function may not have reached minimum because of
limited iteration number. However, the optimization algo-
rithm keeps minimizing the cost function in the next time
step because the control inputs obtained in the previous
time step is passed to the next time step as an initial
guess for the optimization process. Therefore, the vehicle
trajectory converged to the desired lane smoothly.

a.4 Exzperiment Results for the Actual Vehicle

The experiment was done at an identical conditions with
those of the simulation. Compared to the simulation, TTC
was raised by 0.5s for safety reasons.

NMPC_Trajectory

- Trajoctory

Fig. 4. Results from Following Paths Set by the NMPC-
based collision Avoidance Algorithm

Lateral aceckeration

_SwerWhedAngic (SWA)

il Ml sy ol

Longitudinal Errar

Fig. 5. Graphs of the NMPC-based collision Avoidance
Algorithm Results

Figure 4 depicts the vehicle movement guided by the
NMPC-based avoidance algorithm. The constraints were
set by comparing the IMU sensor’s measured data values
with the results of Eq(10), which approximated the lateral
acceleration, as seen in Figure 5’s Graph (a). Graph
(b) illustrates that the avoidance algorithm was executed
utilizing the maximum steering angle allowed by the lateral
acceleration limitation. Graphs (c) and (d) depict the
vehicle’s lateral and longitudinal deviations. Since the
maximum peak value in the lateral direction was 0.36 m,
there was no lane departure during steering avoidance.
Graph (e) displays the trend of the NMPC cost function.
There is a phase in which the cost function temporarily
increases due to IMU sensor data noise; however, it tends

to decrease as the vehicle’s trajectory converges to the side
lane after avoiding obstacles. Graph (f) shows the velocity
of the vehicle in response to the acceleration input from
the NMPC algorithm.

6. CONCLUSIONS

This study utilized a nonlinear model predictive control
approach to develop the collision avoidance of the ADAS
feature. Optimized control inputs were derived using the
vehicle’s dynamic model as a prediction model and un-
stable movement that can occur during steering avoidance
was prevented by incorporating the vehicle’s dynamic con-
straints into the optimization calculation. The algorithm’s
stability was validated not only within a simulation en-
vironment but also in a real-world enviromment using an
actual vehicle. Using an actual vehicle in the real-world ex-
periment, it was verified that the computational load could
be reduced by limiting the number of computing iterations
during the optimization process. It was shown that the
control input might not have reached the optimum when a
sudden switch had occurred for the lane change. However,
it can continue the iteration in the next time step because
the control input sequence is passed to the next time step
as an guess of the optimization algorithm. Therefore, it
was observed that the cost function kept reducing to the
optimal point during the maneuver. In conclusion, the
suggested collision avoidance algorithm satisfied a given
set of lateral constraints within the specified TTC and
converged without deviating from the lane after avoiding
obstacles.
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*2h3 === 2 Ticketing Service Fee
24 Total Amount KRW 447500
ghall sh 5 AL/ 2F3l  Issuing Airlines and Date ASIANA AIRLINES 07JUN23 IATA: 17394355
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When cancelling/refunding tickets or making changes to the stated travel dates, routes, operating airlines, booking classes and ticket validity,

such requests are subject to the overall rules that can apply within a varying scope in accordance with the fare and sales conditions resulting

in potential fare differences and fees.
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The fare of codeshare flights may differ when purchased through the operating carrier, and services such as advance seat reservation,

special meals, free baggage allowance may differ according to the rules of operating carrier.
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