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Preview Path Tracking Control With Delay
Compensation for Autonomous Vehicles

Shaobing Xu

Abstract—Delay and lag deteriorate path tracking accuracy
and system stability. If not properly compensated, they can cause
instability or limit the driving speed of autonomous vehicles.
This paper presents a preview steering control design considering
both communication delay and steering lag to achieve accurate,
smooth, and computationally efficient path tracking for highly
automated vehicles. Two strategies are adopted for the delay:
forward state predictor and delay augmentation. The steering lag
is approximated by a first-order lag system. The path tracking
problem with delay and lag is solved by the preview control
theory. The resulted controller is in an analytical form and
is computationally efficient for online implementation. We also
analyze the system stability and closed-loop responses in both the
time and frequency domain. The control is implemented on an
automated vehicle platform and tested inside Mcity and on open
roads. Experimental results showed lower tracking errors and
significantly improved stability margin compared to the controls
ignoring delay and lag.

Index Terms— Autonomous vehicles, path tracking, time-delay
system, preview control.

I. INTRODUCTION
A. Motivation

MOOTH, accurate, and computationally efficient vehicle

motion control is crucial both for safety and ride comfort,
and is a critical feature of connected and automated vehicles
(CAVs). Vehicle motion control involves both longitudinal
speed tracking and lateral path tracking. This paper focuses
on the latter. Different path tracking algorithms were pro-
posed in the literature [1], [2]. For instance, Paden et al.
surveyed and discussed the typical path-tracking techniques
for self-driving urban vehicles, including the pure pursuit
control, rear/front wheel based feedback, feedback lineariza-
tion, control Lyapunov design, and linear/nonlinear model
predictive control (MPC) [1]. One critical factor that was
often ignored in many of the existing path-tracking algo-
rithms is the delay and lag of sensing, communication and
steering system [1]-[6]. The delay mainly comes from the
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communication between control modules and steering system,
where lots of intermediate links exist, including when the
CAN-bus is used. The steering lag, also known as steering
dynamics, is just the fact it takes time for the tire to be
steered, and for the tire contact-patch to develop the slip
angle which then generates lateral tire force. It is dominated
by hardware capability and the low-level control design [7].
Ignoring the delay and lag definitely creates model mismatch
as well as deteriorated performance, e.g., steering oscillation
and instability [8]. Nowadays, many academic research organi-
zations use automated vehicle platforms that are modified from
production passenger vehicles by installing by-wire control
modules or new actuators (e.g., the widely-used MKZ/Fusion
platform from Dataspeed, or the Kia platform from Polysync).
The retrofit creates higher time delay, which may be reduced
in future platforms but does pose challenges to the current
motion control systems.

Apart from the delay and lag, computing efficiency is
another focus of this paper. Many feedback controls using
instantaneous information only are fast enough. Look-ahead
controls using future path information and online optimization,
e.g., the MPC designs, enable better tracking performance but
suffer from higher computational load [7], [9]-[11]. In sum-
mary, the main motivation or the key contribution of this
paper is to design computationally efficient path tracking
control algorithms that consider system delay, steering lag,
and future path information for better tracking accuracy and
stability.

B. Literature Review of Path Tracking Control

Path tracking of automated vehicles has been widely
studied [1]-[10]. Chaib ef al. compared the H,, adaptive,
PID, and fuzzy control for lane tracking by simulations [2].
The pure-pursuit and PID design were introduced in [12]
and [13]. The classic MPC strategy was also studied by
many [3]-[5], [10]. An adaptive sliding-mode control was
designed for non-holonomic wheeled mobile robots in [6].
A safety-oriented feedback controller was proposed to achieve
bounded tracking errors [14]. A control to handle multiple
plants was proposed for fault-tolerant lane-tracking, e.g.,
when one of the sensors failed [15]. Reference [16] presented
a barrier-protected preview control to bound tracking errors.
Most of these algorithms did not consider delay and lag
explicitly. We should note the fact that time-delay control
theories made significant progress over the past few decades,
for example, stability analysis with fixed/varying delay,
robust time-delay control, and optimal control of delayed
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system [8], [17]. Different strategies to handle time delay
in linear systems were proposed, e.g., state augmentation to
achieve delay-free systems [18], or using predicted future
states. These strategies are used in many existing papers to
solve various engineering problems [19], [20]. This paper also
leverages them to solve the motion control problem of CAVs.

As a classical method, the MPC can deal with future road
curvatures and time delay by online nonlinear optimizations.
It enables better tracking performance but suffers from inten-
sive computations [11], [21]. In this paper, we will use the
preview control theory for path tracking design. The concept
of preview control was proposed in the 1970s [22]. It is based
on linear dynamic approximation and can directly respond to
future information, not relying on online numerical optimiza-
tion [23]. It has been applied to different applications. For
instance, Salton ef al. designed a preview controller to reduce
the settling time of dual-stage actuators [24]; Peng proposed a
frequency-shaping preview lane-keeping control for frequency
domain specification and better ride comfort [25]. In our
previous paper, a preview control was designed, analyzed,
and validated, but the time delay and steering lag are not
considered, which may result in poor system stability at a
higher speed [26]. The stability deterioration did be found in
our recent experiments on open roads. This paper focuses on
this challenge and addressing how to compensate for the time
delay and steering lag in the preview control design for better
system stability.

C. Contributions

The contributions of this paper include 1) a preview steering
control design considering pure input delay, steering lag, and
future road curvatures for accurate, smooth, and computation-
ally efficient path tracking. The input delay is handled by
two methods, i.e., an augmentation strategy and a predictor
strategy. The former reformulates the original problem as an
augmented delay-free system, and the latter uses predicted
ahead tracking errors to compensate for the delay. The steering
lag is approximated by a first-order linear lag system. The path
tracking control law is solved from an augmented optimization
problem and has an analytical format. 2) Analysis of i) the
closed-loop system response in the time domain, ii) system
stability against time delay, and iii) system responses in the
frequency domain. 3) The control algorithm is implemented
on an automated vehicle platform and tested by both on-
track and open road experiments. Testing results showed that
the proposed control significantly extends the system stability
margin and reduces tracking errors. Note that the theories of
preview control and augmentation strategy are not invented
but leveraged in this paper.

The remainder of this paper is organized as follows:
Section II presents the vehicle model; Section III proposes
the strategies to deal with the input delay and steering lag;
Section IV shows the preview path-tracking controller and
the benchmarks. The analyses of control stability and perfor-
mance in time/frequency domain are presented in Section V;
Section VI describes the experimental results and Section VII
concludes this paper.
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Fig. 1. The studied automated vehicle—a hybrid Lincoln MKZ.
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Fig. 2. Vehicle dynamics model with a reference trajectory. OXY is the
inertial coordinate system and oxy is the local body-fixed coordinate system.

II. VEHICLE DYNAMICS MODEL

A. Vehicle Lateral Dynamics

The studied automated vehicle is a Hybrid Lincoln MKZ
shown in Fig. 1. This platform is widely used by many
research teams including Nvidia and Baidu. The by-wire
control module enables automatic manipulation of the brake/
throttle, steering, transmission, and turn signals. Fig. 2 shows
the schematic diagram of the path tracking problem. The sym-
bols and their values are shown in Table I. The dynamics of
tracking errors are described by the following model without
input delay and steering lag [26]:

o1 0 0 0 0
P S 2Cqf 2 _
. mo m  mo m m x
o=1o 0" o 1 [etf] o |%F| "o |k
g 92 ~%2 03 2Cur I3
Lo, I, Lo, I I

= ono + Boér + DOCR

. . 1T
Xo = [ey,ey,ew,e(/,] (1)
where ¢; is the lumped coefficient, defined as

op =2 (Caf + Car)

oy = =2 (lfcaf - lrcar)

o3 = —2 (z%caf + zfcm) @)
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TABLE I
SYMBOLS AND DEFINITIONS OF THE DYNAMICS MODEL

Definition Symbol Value & Unit
Vehicle mass m 1800 kg
Yaw moment of inertia of the vehicle L 3270 kg'm?
Distance from c.g. to the front/rear axle  /¢/l; 1.2/1.65m
Cornering stiffness of the front wheel Cue 70000 N/rad
Cornering stiffness of the rear wheel C,r 60000 N/rad
Longitudinal speed (in oxy) Vy m/s

Yaw angle of vehicle body (in OXY) [ rad

Front wheel steering angle 6, rad

Road curvature Cr 1/m
Orientation error with respect to road e, rad

Offset of c.g. from the trajectory ey m

Dataspeed [ CAN network
Control By-wire Control steering
App ROS driver Module
USB-CAN | | usB-can Steering
wheel

ROS driver | | tool |

Mcity
safeguard

Fig. 3. The communication flow of steering command.

In this error model, x, € R* is the state vector; ey and e,
are the lateral offset and heading angle error, respectively; the
steering angle of front wheel J; € R is the control input, and
the road curvature cg € R is regarded as a disturbance. Note
that only non-evasive maneuvers, i.e., lateral acceleration less
than 0.35g, are considered in this paper.

To facilitate controller design, the continuous-time sys-
tem (1) is converted into a discrete-time system with a fixed
sampling period Az (i.e., 0.04s) and the zero-order holder
(ZOH). The discrete-time single-track model is

Xo (k +1) = Aox, (k) + B,yo; (k) + Dycr (k) (3)

B. Input Delay and Steering Lag

The input delay is mainly caused by communication and
mechanical clearance. Fig. 3 shows the long communication
pathway of the steering command, i.e., generated by the
control app, checked by the Mcity safeguard module, sent
to the by-wire control ROS driver, USB-CAN ROS driver,
USB-CAN tool, Dataspeed steering module, the onboard CAN
network, steering system and finally the power steering motor
actuates the front tires.

To identify the time delay, we input a step-wise steering
command and the measured system response is shown in
Fig. 4. Note that the dashed blue line denotes the output
of the by-wire control module, which smoothed the steering
command by limiting its changing rate. The steering wheel
starts to rotate roughly 0.2s after the command ¢ is delivered.
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Fig. 4. Test results of input delay and steering lag.
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Fig. 5. Approximation of steering dynamics.

Therefore, the pure input delay zq4 is set to 0.2s for the studied
platform,

da (t) = o(t — 7a) 4)

where Jdq stands for the delayed steering angle command.
Fig. 4 also shows that the actual steering angle falls behind
the received command. This feature is called the steering lag,
different from the input delay.

III. COMPENSATION STRATEGIES FOR DELAY AND LAG

Different strategies are presented in this section to deal with
the steering lag and input delay.

A. Strategy for Steering Lag

The model of the steering column can be found in [27].
To simplify control design with steering lag, we use a
first-order linear system to approximate:

vd (1) = —6 (1) + 3 (t — 7a) (5)

where 7 is the time constant, J; is the real steering angle,
o0 is the steering command. This strategy is inspired by the
observation in Fig. 4, where the real steering angle tracks the
commands smoothly without overshoot. In this paper, 7 is
set to 0.2s based on trial and error tests. To validate the
model’s performance, we conduct a new experiment, in which
a sinusoidal steering command is used, and the vehicle speed
is set to 17 m/s. The command, delayed command and real
steering angle are shown in Fig. 5. With 7y and 7 =0.2s,
the steering angle profile estimated by the models (4)-(5)
matches the real angle well.
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Considering the first-order steering lag, the vehicle dynam-
ics model becomes

(e Bl o2

with x = [x(,,&r]T, it is denoted by Eq. (7) in both
continuous/discrete-time format, called full-state model

% = Ax + Bo (t — 1q) + Dcg
x(k+1) = Ax (k) + Bo (k — N) + Dcg (k)
da (k) = d(k—N) @)

where A € R33, B e R>, D € R%, and N is the number of
delayed steps.

B. Strategies to Handle Input Delay

1) Delay Augmentation: This strategy is leveraged from the
existing optimal control theory of discrete time-delay system;
it reforms the dynamics (7) to a delay-free system by augment-
ing the system state vector [19], i.e., transform the delayed
commands as new states, which yields the delay-augmented
model

x (k + 1) [A B x (k)
Stk—N+1) L0 5k — N)
Sk—N+2)|_ 0 . o |ldk=N+1)

5(0) 0 oL ek
0 D]
0 0
+1 0 otk +| 9 |erk) ®)
| 0 |

With x (k) = [x(k),0(k—=N),---,0(k—D]T e R3*VN,
it is denoted by

x (k + 1) = Ax (k) 4+ BS (k) 4+ Deg (k) )

This method is called the augmentation strategy (AS) in this
paper. Note that the augmented Eq. (9) is a linear delay-free
system, but the system dimension changes from 5 to 5+N.

2) State Predictor: This strategy uses predicted tracking
errors at a future moment to replace the observed tracking
errors for delay compensation. If the steering control law is a
linear function of the current system states,

d (k) = pxc (k) + A(cr)

to cancel the delay between dg and J, we then predict x at the
future k + N step using the fixed J; (k) at the currently step k,
denoted as xp,

(10)

xp (k) = x (k+ N)
AN (k) + (1 — A)~! (1 - AN) B0, (k)
N—1

+ > AN Deg (k + 1)
i=0

12

(1)
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The predicted xp (k) is used to replace x (k) in Eq. (10) to
generate steering command, i.e.,

da (k) = pxcp (k = N) 4+ A(cr) = px (k) + A(cr)  (12)

With this strategy, the command Jq imposed on the steering
system is a function of non-delayed states. We call this
method the predictor strategy (PS). The main limitations of
this strategy include: 1) the steering angle profile in horizon
[k, k + N] is unknown, but was set to a fixed value J; (k); and
2) prediction accuracy is sensitive to model mismatch, e.g.,
error of driving on roads with bank angle may be significant.

IV. PREVIEW PATH-TRACKING CONTROL DESIGN

A. Formulation of Path Tracking Problem

Given the delay-augmented model (8) and (9), an accuracy
and smoothness-oriented cost function J over the infinite
horizon is designed. Then an optimal control problem (OCP)
is formulated:

J (x,0) = % z:ioxT (k) Ox (k) + R (k)
S.t.
x (k+1) = Ax (k) + B3 (k) + Dcg (k)
5min < ) < 5max

Q = diag[q1,--- ,q4,0,---,0] (13)

where R € R is a positive constant; Q € RIVEIXWN+3) g 5
semidefinite diagonal matrix, in which only the first 4 elements
corresponding to tracking errors are nonzero. The saturation
of control input ¢ is formulated as a hard constraint.

The problem in Eq.(13) requires knowledge of the road
curvature cg over the infinite horizon. However, the road
curvature is usually available in a finite horizon only. Instead
of using the infinite horizon, a more sensible approach is to
use cp only in a finite interval [k, k + N], where N is the
preview steps. cg beyond k 4+ N is simplified as zero (i.e.,
straight road):

cr()=0,i € [k+N+1,00) (14)

This strategy works because cr in the far future has little
effects on the current steering control, which will be shown
in the next subsection.

B. Design of Preview Control With Delay and Lag

The formulated path tracking problem (13)-(14) is a typical
constrained OCP with time-varying disturbance, i.e., future
road curvature cg. This problem is similar to the one in our
previous paper [26]; but consideration of the time delay and
steering lag distinguishes them. Here we also design a preview
control to deal with the future road curvature for this delay/
lag-involved system.

Different from the MPC, the preview control pursues analyt-
ical solutions by reformulating the original problem as a stan-
dard LQR [22]. It removes the system disturbance within the
preview window, i.e., cg (i), i € [k, k + N], and incorporates
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them into the system state vector. The curvature-augmented
state X' (k) is denoted by

X (k) = [élgk()k)} c RN+N+6

Crk) = [cr (k) ,cr (k+ 1), -+, crk + N)]T

where Cx € RN*! is the new state vector. This paper will
not present the detailed design process of preview controller,
which can be found in our previous paper [26]. Instead,
the final optimal control law is directly presented here,

15)

o" (k) = —Kpx (k) — KiCr (k)
= —Kpx (k) — Zi\:l Kiicg (k+i—1) (16)

Kp = (R+BTPB)_1 BTPA
Kii = (R+BTPB)_1BT(HPD

where the matrix P is introduced into the Riccati equation of
the original system ignoring the road curvature, i.e.,

—1
P=0Q+ AT (1 +PBR”BT) PA (17)

K, is a (54 N)-dimension feedback gain vector corre-
sponding to the path-tracking errors and real steering angle,
ie., x (k) = [ey, éy, ep,ép, 6:17, as well as the delayed steer-
ing commands [0 (k — N),---,0(k—1)]. K¢ is an (N + 1)-
dimension gain vector for future road curvatures. As a
summary, the control law (16) consists of two parts:

1) Feedback control of the system states x (k), and
2) Feedback control of the curvature cg. Since this part
deals with future information and generates preparative
steering, it is also called feedforward action.
Further decoupling x (k) into x, (k), J; (k), and 6 (k — i),
the control becomes

errors steering angle

" —— —_——
0" (k) = — Kp,1-4x,(k) — Ky 50 (k)
N—1 N
— D Kooridlk =N +i)— > Kricr(k+i)  (18)
i=0 i=0

delayed commands feedforward

where the subscript of Kj ; means the j-th element. The
feedback part includes three items:

1) feedback control of tracking errors,

2) feedback control of actual steering angle, and

3) feedback control of the delayed steering commands.

Note that the feedforward control responds to the road
curvatures by a set of optimized gains Ky, rather than online
optimization. Our previous paper has shown the gain Ky ;
decreases as the preview step i increases, and finally converges
to zero [26]. Namely, the impact of road curvature at future
i step attenuates gradually as i increases. Usually, 2 seconds
is a long-enough preview horizon, i.e., N = 50.

For the control saturation, i.e., 0 € [Omin, Omax], W€ check
the Hamiltonian function H of the augmented quadratic prob-
lem (13) and can find that the optimal control 6* (k) should be

TABLE 11
FEATURES OF THE PROPOSED CONTROLLER AND THE BENCHMARKS

Controller Name Consider Consider Consider
time delay | steering lag | curvature
Main | Preview-DL control Y (AS) Y Y
Preview-Pure N N Y
AE Feedback -Pure N N N
g Feedback-DL Y(AS) Y N
E Preview-D Y(AS) N Y
2 Preview-L N Y Y
Preview-DL(PS) Y (PS) Y Y

the boundaries (i.e., Omin OF Omax) if 0* & [Omin, Omax], Which
was analyzed in [26].

In the following, the designed Preview path control (18)
that considered the time Delay and the steering Lag, is called
the Preview-DL control for more concise presentations, where
the strategy AS is used and set as the default strategy to
compensate for the time delay.

C. Benchmarks

If ignoring the delay and lag in the vehicle dynamics model,
then the control (18) is simplified to

5 (k) = —Kpx, (k) — KiCg (k), Kp € R?* (19)

This is the controller designed in our previous paper [26]. Here
it is called the Preview-Pure control and is set as the main
benchmark of the proposed Preview-DL control.

Further, if the road curvature is also ignored, i.e., no preview
action, then the control (18) becomes

5 (k) = —Kpx, (k), KpeR* (20)

called as the tracking-error Feedback-Pure control. If the time
delay and lag is considered in the Feedback-Pure control, i.e.,

5 (k) = —Kpx (k), Kp e RN (21)

then it is called the Feedback-DL control.

If considering the steering lag but ignoring the input delay,
then the feedback item of the delayed steering commands is
removed from Eq. (18), and the controller retrogrades to

0" (k) = Kpx (k) — KiCg (k)

= Kp,1-4x, (k) — Kp 50; (k) — KtCg (k) (22)

called as the Preview-L control. Similarly, if ignoring the
steering lag, the control is called the Preview-D control.

If using the predictor strategy (PS) to replace the strategy
AS, i.e., replace the states x, (k) by xp (k) in Eq. (18) and
remove the delayed command, then the control (18) becomes

0" (k) = —Kpxp (k) — KiCr (k), K, eR>  (23)

called as the Preview-DL(PS) control in the following. All
the mentioned controls are set as benchmarks of the proposed
Preview-DL control (18) to better understand its nature. Their
features are summarized in Table II.
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Fig. 6. Performance of the Feedback-Pure and the Preview-Pure control

ignoring delay and lag. a) Road curvature; b) tracking error; c-e) Preview-Pure
control under different R.

V. ANALYSIS OF CONTROL PERFORMANCE

Numerical simulations, stability analysis, and frequency
response are presented in this section to gain insights into
the proposed control algorithms.

A. Step Response in Time Domain

As shown in Fig. 6 (a), the vehicle runs along a straight
road and then enters a circular section with a fixed radius
of 30 meters. This scenario generates a step-shaped cur-
vature profile. The vehicle parameters and their values
are listed in Table I, Az is set to 0.04s, Q is set to
diag(3,5,7,1,0,---,0), R is set to three levels: 800, 1500,
and 3500. The vehicle speed is fixed at 10 m/s. The model (6)
with both the input delay and the steering dynamics is used in
this simulation to approximate real vehicle responses, which
removes model mismatch and facilitates understanding of the
controllers’ behavior. The MATLAB and Simulink are used as
the main software.

1) Benefits of Using Future Road Curvature and Effects
of Cost Function Design: Compared to the Feedback-Pure
control, the Preview-Pure control considering the future road
curvatures achieved much better tracking accuracy. Note
that neither of them considered delay and lag. As shown
in Fig. 6 (b), under the same Q and R = 1500, the Preview-
Pure controller reduces the maximal lateral offset e, from
170 cm to 29cm and reduces the steady-state e, from 143 cm
to 3.6 cm. It takes actions ahead of entering the curve,
while the Feedback-Pure control acts only after entering the
curve. This preemptive operation results in smoother and more
accurate path following.
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Fig. 7. Performance of the Preview-Pure, Preview-DL, Preview-D, and
Preview-L control that considers or ignores delay or/and lag.

All controllers’ performances are directly determined by
the design of cost function, i.e., the matrices Q and R. Here
we take the Preview-Pure control as an example. Given the
same Q, decreasing R from 3500 to 1500, meaning we prefer
tracking accuracy and reduce the need for ride comfort, leads
to higher feedback gains and thus lower ey, as shown in
Fig. 6 (c-e). Further decreasing R for higher accuracy will no
longer be feasible, due to the presence of delay and lag. For
example, if R is reduced from 1500 to 800, the tracking accu-
racy is not improved, but the steering oscillation deteriorates
significantly. Further smaller R will lead to unstable steering.

2) Benefits from Considering Delay and Lag: Holding
R = 800, the proposed Preview-DL control (18) considering
both the delay and lag achieves lower errors and much
smoother steering compared to the Preview-Pure control,
as shown in Fig. 7. If either steering lag or time delay is
ignored, i.e., the Preview-D or Preview-L control, the per-
formance gets worse but is still better than the Preview-Pure
control that ignores both. Note that all feedback/feedforward
gains of the involved controls are re-calculated under the same
O and R.

If the delay increases, the benefits of considering delay
become more significant. As shown in Fig. 8 (a) and (b),
the Preview-Pure control ignoring delay remains stable at
N = 10, ie, g = 0.4 s, loses stability at N = 11,
and becomes unstable at N = 12. However, the proposed
Preview-DL controller enables stable control even at N = 25,
i.e., g =1 s. In addition, Fig. 8 (c-d) shows that the errors e,
under N = 5, 15, and 25 are very similar; the greater the delay,
the earlier the steering. This result matches human behaviors
well—act earlier to counteract delay, and the negative effects
of delay are greatly reduced.

In summary, considering either input delay or steering lag in
the preview control design can improve stability and tracking
performance.

3) Comparison Between AS and PS: Applying both
the AS and the PS to deal with the pure time delay,
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Fig. 8. Performance of the Preview-DL and the Preview-Pure control under

different delay levels.
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Fig. 9. Comparison between the augmentation strategy (AS) and the predictor
strategy (PS) for input delay.

i.e., the Preview-DL and Preview-DL(PS) control, the control
results under the same Q, R = 800, and rg = 0.2 s are shown
in Fig. 9. It shows that the steering of AS is much smoother
than PS; the error ey of AS is higher at 11 s, but their peaks
of e, are similar. Note that the AS considers the delay in the
problem formulation and generates the theoretical optimal
solution; while the PS adds an empirical compensation after
the control design, which equivalently changes the feedback
gains. As a result, the controller cannot guarantee global
optimality, i.e., minimizing the given cost function.

B. System Stability and Response in the Frequency Domain

1) Delay-Dependent Stability: Assuming there is no input
delay, the closed-loop system with the Preview-L control (22)
is asymptotically stable due to the nature of the LQR design.
However, the presence of delay changes this conclusion. Since
the feedforward action does not determine system stability,
let’s start from the Feedback-DL control ¢ (k) = —Kpx.
Applying it to the system model (7), the characteristic function

becomes
p (s, 7q) = det (s[ — A4+ éKbefde) (24)

Referring to the frequency sweeping test [8], the system is
stable independent of delay if and only if

pllol = 4) " B,Ry| <1, Vo> 0 (25)

0
10° 10?

Frequency (rad/s)

Fig. 10. Frequency sweeping test.

(b) Preview-DL control considering delay

Fig. 11. Eigenvalues of A — BK), with the delay at 0.2's, 0.44 s, and 1.0 s,
ie., N =5, 11, and 25, respectively. vy = 10m/s and R = 800.

where p (-) is the spectral radius. When vy = 10 m/s,
7g = 0.2s, and R = 800 or 3500, p is shown in Fig. 10,
where p > 1 if w is lower than a certain threshold. Therefore,
the system stability depends on the magnitude of the delay.

2) Stability Analysis: Applying the proposed Preview-DL
control (18) to the delay-augmented model (9) yields the
closed-loop system

x (k+1) = (A—BKp)x (k) + (D — BK¢) Cr(k) (26)

This discrete-time delay-free system is asymptotically stable
if and only if [23]

14i (A= BKp)| <1 27)

where 4; is the i-th (or any) eigenvalue.

If the delay is ignored in the control design process, i.e.,
the Preview-L control, the eigenvalues of A — BK}, are shown
in Fig. 11 (a), where v, = 10 m/s and R = 800. When the
delay is 0.2s or N = 5, all eigenvalues stay inside the unit
circle, so the controller is asymptotically stable. The system
stability deteriorates as the delay increases. At N = 11, the
closed-loop system is marginally stable and loses stability
when N >11. These results match the simulation results of
Fig. 8 (a) well.

Q and R also affect system stability. As shown in Fig. 12
(left), if R is decreased from 800 to 50, the system becomes
unstable even at N = 5. This result shows that control design
ignoring input delay can be stable, but only when R is high
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Fig. 12. Eigenvalues of A — BK), at vy = 10 m/s. Left: Preview-L control
with R reduced from 800 to 50, N = 5. Right: Preview-DL control with time
delay at g = 1.0s, 2.0 s, and 8 s, i.e., N =25, 50, and 200.

enough (i.e., lower feedback gains) or the delay is small
enough.

For the proposed Preview-DL control, the eigenvalues are
shown in Fig. 11 (b). All eigenvalues are inside the unit circle
even at g =1.0 s or N = 25. Most of them are much
closer to the origin point, meaning faster convergence and
better stability. We notice that the first three eigenvalues are
almost unchanged, and they dominate convergence. This result
matches the step responses in Fig. 8 (c). Other eigenvalues
become higher as the delay increases. At g =8.0 s, the pro-
posed control can still remain stable, as shown in Fig. 12
(right), much higher than the threshold of 0.44s if the control
ignores delay.

3) System Response in the Frequency Domain: Applying
Z-transformation to Eq. (26), the transfer function G (z) from
the road curvature to the states is

G (z) = (zI — A+ BKy)~' (D-BK¢)Z (28)
where Z = [I,Z,...ZN]T. The term (z/ —.A—i—BKb)_l is
independent of K¢, meaning that the feedforward control does
not change system stability. If ignoring it, i.e., the Feedback-
DL control, the transfer function becomes

G(z)= (I —A+BK;)'D (29)

Its Bode plot is given in Fig. 13, where the frequency
responses of e, and e, are detailed. The Bode plot of the
Feedback-Pure control is also presented in Fig. 13.

Their results are similar at a low delay level, e.g., N = 5.
If the delay increases to N = 50, the phase plot of the control
considering delay increases to a positive higher level, meaning
earlier action, as shown in Fig. 8 (d). However, the phase lag of
the control ignoring delay is close to —180 degrees, indicating
a very low phase margin for stability.

If the feedforward control is added, i.e., the proposed
Preview-DL control, the system response can be further
improved, as shown in Fig. 14. In the low frequency region,
the amplitude is reduced, meaning lower tracking errors.

VI. EXPERIMENTAL VALIDATION

The vehicle platform shown in Fig. 1 is used to implement
the proposed controllers. It is equipped with a Mobileye and
an RT3003 module from OxTS. The former can measure
the lane markers. The latter contains a GPS module and an
Inertial Measurement Unit (IMU); it can provide real-time
kinematic (RTK) positioning and directly measure the vehicle
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Fig. 13. Frequency response of the Feedback-DL and the Feedback-Pure

control that consider and ignore the delay and lag, respectively. The time
delay is set to N =5 or 50.
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Fig. 14.  Frequency response of the proposed Preview-DL control that
considering all future curvatures, time delay, and steering lag.

position, lateral speed, yaw angle ¢, and its rate ¢. By-wire
control allows for automation of steering, throttle, brake, and
transmission shift. The designed controllers are implemented
in C++ under Ubuntu. The vehicle speed is maintained by
a PID controller. In the following, the proposed Preview-DL
control is mainly compared with the Preview-Pure control.

A. Path Tracking Control Using RT3003

In this experiment, the car uses the RT3003 for positioning
and tracks predefined trajectories. The developed software
HMI is shown in Fig. 15. The tests are conducted inside Mcity,
a test facility operated by the University of Michigan, as shown
in Fig. 1. Two scenarios are designed, as shown in Fig. 16,
1) shuttle loop, which has two straight sections connected by
turn-around sections with varying but continuous curvatures,
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Fig. 15. Developed path-tracking control software.
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Fig. 16.  Two testing scenarios.

and 2) urban loop with repeated left turns. It consists of four
curved sections connected by straight lines, ideal for testing
the step response. In the tests, the road surface is clean and
dry, but small road bank angle and slope do exist.

1) Shuttle Loop: In this scenario, the road curvature is
smooth and continuous. The minimum curve radius is about
10 meters. The vehicle speed fluctuates between 0 and 60 km/h
adapting to the curvature. The maximum speed is limited by
the length of the testing track.

Here the Preview-DL(PS) and the Preview-Pure control are
tested; the former considers the delay and lag, but the latter
ignores. Note that the strategy PS is used to compensate for
delay in the Preview-DL(PS) control. Experimental results
are shown in Fig. 17. Their tracking error ey in the straight
sections is around 6 cm and e, is less than 1 degree (the road
bank angle exists). The errors increase to about 10 cm and
8 degrees at the sharpest curve. In this case, the performances
of the two controllers are comparable. One reason is that this
scenario with continuous and smooth road curvatures is less
sensitive to input delay and steering lag.

2) Urban Loop: The route consists of four quarter circles
with constant radii 18, 20, 22, and 24m; the curvature
profile is step-shaped, as shown in Fig. 18 (a). Here the
proposed Preview-DL control using the AS strategy and the
Preview-Pure control are tested. The vehicle speed is 25 km/h,
corresponding to a maximal lateral acceleration of 3.9 m/s?,
which is higher than normal human driving. The speed
fluctuation is caused by the tire corner forces, while a low-
gain speed control tries to keep the speed at a constant level.

Fig. 18 (d) shows that the Preview-Pure control suffers from
unsmooth steering—high overshoot and oscillation. Once the
delay and lag are considered (under the same Q and R),
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Fig. 18. Results of the urban loop, repeated left turns with step curvature.

the tracking performance is significantly improved. The over-
shoot and oscillation disappeared while the maximal tracking
error is reduced from 35 cm to 18 cm. The maximal lateral
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Fig. 19. Comparison of lateral acceleration.

Fig. 20. The software HMI for lane keeping control.
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Fig. 21.

The testing scenario of lane keeping control.

acceleration is reduced from 3.9 m/s> to about 3.0 m/s?
in Fig. 19. These results imply better ride comfort and tracking
accuracy.

B. Lane Keeping Control Using Mobileye

In this experiment, the car does not use the RTK to track
a given path, but uses the Mobileye to track lane markers of
a public road outside Mcity. The main difference is that the
vision-based Mobileye is not as accurate and robust as the
RTK, and its output is less smooth with more disturbances.
This feature poses more challenges to motion control, i.e.,
the system is more sensitive to delay and lag. The developed
software is shown in Fig. 20. The testing scenario consists
of a near-straight road and a highly curved road, as shown
in Fig. 21. The total mileage is about 3 kilometers. The
minimal radius is about 75 meters; high slope and bank angle
also exist. The speed limits of the straight and curved parts
are 45 and 35 mph, or 72.2 and 56.3 km/h.
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Fig. 22. The testing results of lane-keeping control on an open road using

the Preview-DL and Preview-Pure controls.

Fig. 22 shows the testing results. The grey lines mean there
is no lane marker, thus the automatic control disengaged.
Under the same cost function design, setting the target speed
to 40 mph (or 64.37 km/h), the Preview-Pure control oscillated
at the beginning stage, with increasingly oscillatory steering
angles and offset, and finally failed to track the lane. Then we
decreased the target speed to 30 mph. The control did not fail
but is still less stable, suffering from the obvious oscillations.
As a comparison, the proposed Preview-DL control consid-
ering delay and lag achieved very stable control at 40 mph
over the whole trip with smooth steering operation, refer to
the supplementary videos:

1) Videol_Lane keeping control considering delay and
lag.avi;

2) Video2_Lane keeping control ignoring delay and lag.avi.

VII. CONCLUSION

In this paper, a preview steering control considering input
delay, steering system lag, and future road curvatures is
designed for accurate, smooth, and computationally efficient
path tracking. The main findings include:

1) The input delay can be handled by the augmentation
strategy and the predictor strategy. The former includes the
delayed commands in the enhanced state vector and forms an
augmented delay-free problem. The outcome directly utilized
the original optimal control theory. The latter is an empirical
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rule to compensate for the delay but loses the optimality of
control.

2) The steering lag is also a crucial factor that affects
tracking performance. It is approximated by a first-order lag
system, which reduces model mismatch and improves tracking
performance.

3) When the delay and lag are approximately known,
the proposed control can expand the system stability margin
to a much higher level. Namely, for a given delay system,
it also allows for higher feedback gains, lower tracking error,
and higher vehicle speed.

4) The experiments validated the benefits of the proposed
controller, i.e., smoother steering and better accuracy in the
RTK-based path tracking test; better stability at higher speed
and smoother steering in the Mobileye-based lane keeping test.
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