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Abstract— Model-based design is an important tool for
cyber-physical systems (CPS) that efficiently connects all
development phases of control software and ensures de-
sirable system performance. However, the increased com-
plexity of CPS caused by interactions between components
creates challenges for the implementation of model-based
design. In this paper, we present a modeling framework
for the model-based design toolchain which uses port-
Hamiltonian systems (PHS) to model CPS components and
interactions. In this framework, passivity-based control
methods are used to design controllers and compose
them through Dirac structures. We evaluate the modeling
framework using an automotive control system and present
simulation results to demonstrate the effectiveness of the
framework.

I. INTRODUCTION

CPS are engineering systems characterized by com-
plex integrations of physical and computational domains
over communication networks [10]. Automotive systems
are examples of CPS in which various physical compo-
nents are controlled by electronic control units (ECUs)
communicating over networks. Rigorous engineering
methods are essential for designing control systems that
can be integrated with the vehicle dynamics to achieve
predictable and correct behavior. Model-based control
design is crucial for automotive systems and creates
a common framework during the design stage of the
development process.

In our previous work, we developed a model-based
design toolchain for automotive control systems which
integrates control design, software implementation, and
deployment on a hardware-in-the-loop simulation plat-
form [5]. This toolchain provides a means to design
and implement control software on a realistic platform
while focusing on the interactions that manifest during
the integration stage of development.

Despite its benefits, the model-based design toolchain
faces challenges caused by interactions between compo-
nents, which increases the complexity of CPS. Problems
from the integration of components are often discovered
late in the development cycle, leading to costly ramifica-
tions of the designs. As modern CPS expand in complex-
ity, a modeling framework which can effectively capture

*Siyuan Dai and Xenofon Koutsoukos are with the
Department of Electrical Engineering and Computer Science,
Vanderbilt University, Nashville, TN, USA {s iyuan.dai,
xenofon.koutsoukos}@vanderbilt.edu

978-1-4673-7178-0/15/$31.00 ©2015 IEEE

their components and interactions becomes increasingly
necessary.

This paper presents a compositional modeling frame-
work based on PHS. The framework enables the use
of passivity-based control methods to design individ-
ual controllers and connect them through Dirac struc-
tures [7]. Additionally, the framework is applicable to
systems that contain nonlinear and hybrid dynamics. We
present a case study where the dynamics of a vehicle
system is decomposed into its longitudinal and lateral
dynamics interacting through a Dirac structure. We
then use the framework to design a speed and steering
control system that interact with each other to achieve
autonomous driving. We validate the vehicle dynamics
model by comparing the passivity index values of the
PHS model and a realistic CarSim vehicle model [1].
We evaluate the control design using simulations to show
that the closed-loop system behaves correctly.

The theory of PHS is presented in detail in [4]. PHS
have significant implications for passivity, which has
been studied extensively for control design and analysis
of nonlinear systems [6]. An important property of PHS
is compositionality, where component PHS compose
with each other through the interaction ports of their
respective Dirac structures. The result of composing two
PHS is another PHS, which provides a compositional
framework for modeling complex physical lumped-
parameter systems [2].

The rest of the paper is organized as follows. Section
IT presents the related work on model-based design.
Section III applies the PHS modeling framework to the
dynamics of an automotive system. Section IV applies
the PHS modeling framework to the control portion of
the automotive system. Section V presents the valida-
tion of the vehicle dynamics and control system using
simulation results. The paper is concluded in Section VI.

II. MODEL-BASED DESIGN

Model-based design of CPS is an active research area
where a large amount of work is being done to address
the various challenges caused by the heterogeneity of the
different layers of CPS [10]. We created a toolchain to
integrate the components of control design from Mat-
lab/Simulink with the aspects of software deployment
such as scheduling, discretization, and quantization with



a primary application to automotive control systems [5].
The toolchain is designed using an embedded software
design environment called Embedded Systems Modeling
Language (ESMoL) [8]. The toolchain is evaluated over
a hardware-in-the-loop experimental platform over a
time-triggered communication network which guaran-
tees that the whole process is reliable, predictable, and
robust to disturbances.

The first step of the model-based design toolchain is
designing and modeling the controller for a particular
function in Matlab/Simulink and using simulations to
test and verify the correctness of the system. The ap-
proach we developed in this paper focuses on this step
of the model-based design process by modeling both the
controller and plant as PHS, and using passivity-based
design methods to ensure correct behavior of the overall
system. PHS provide an effective way of characterizing
the interactions presented in the CPS and is also able to
model nonlinearities and hybrid dynamics. The resulting
control design model from this approach can then be
imported into ESMoL and used for subsequent phases
of the model-based design process.

The remaining design steps consist of importing the
control designs into ESMoL, specifying the logical
software architecture, defining the hardware platform,
deploying the model, specifying the timing behavior of
the system, flattening the model for analysis, scheduling
the tasks, and implementing on the platform for test-
ing [5].

III. SYSTEM MODEL
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Fig. 1. Free-body diagram of the vehicle dynamics

Figure 1 shows a free-body diagram of the vehicle
dynamics; the vehicle is front-wheel drive, resulting in
the input forces from throttle and brake being applied to
the front wheels on the diagram. The longitudinal input
force from the throttle, 7, = C,0,, is a function of
the throttle valve angle 6, and the experimental throttle
constant C,. The longitudinal input force from the
brakes, T, = C Py, is a function of the braking pressure
P, and the experimental braking constant C',. The lateral
input force from the steering, 1} = 2C4, is a function
of the steering angle § and the cornering stiffness of
the front wheels Cy. The longitudinal velocity, lateral
velocity, and yaw rate, are represented by V,, V,,, and
r, respectively. Interactions between the longitudinal and

Vehicle
Dynamics

Control
System

Speed
Control

Longitudinal
Dynamics

States: ¢..p.

States: x,
(’]..1-11..'1} Za

Interaction
Structure

Interaction
Structure

{du1, iz} 201, 202}

Lateral
Dynamics

Steering
Control

States: States: . py

Fig. 2. PHS representation of the high level system model

lateral dynamics can be derived by analysis of the free-
body diagram [9].

Using PHS, we model the longitudinal dynamics, the
lateral dynamics, and their interactions in a composi-
tional way, shown in Figure 2. The vehicle dynamics
model is decomposed into a longitudinal dynamics com-
ponent, a lateral dynamics component, and an interac-
tion structure. The longitudinal dynamics contain two
control ports (T,,y1) and (Tp,y2) and an interaction
port (dg,z,). The state variables are the longitudinal
momentum p, and the longitudinal displacement g¢.
The outputs of the control ports y; and yo are V,
and —V,, respectively. The x-component of the lateral
force affecting longitudinal motion is represented by
d, and its power-conjugate is represented by z,. The
lateral dynamics contain a control port (7},y;) and an
interaction port (dy, z;). The state variables are ¢ =

T T .

[qy qr] and p; = [py pr} , where p,, is the lateral
momentum, p, is the angular momentum, ¢, is the
lateral displacement, and ¢, is the angular displacement.
The output of the control port y; is V,, + l¢r. The y-
component of the longitudinal force applied to the center
of mass is represented by d; and its power-conjugate is
represented by z;.

Using PHS, we design a control system for au-
tonomous driving which controls T,, T3, and 7;. The
objective of the control system is to maintain a desired
speed V; and lateral displacement g4. The control sys-
tem model consists of a speed control component, a
steering control component, and an interaction structure.
The speed control shares the two control ports with
the longitudinal dynamics and contains two interaction
ports (da1,2q1) and (da2, z42); its state variables z, =
[%t xab} are derived using the desired speed, where



ot = [} (Vo — Va)dr and 24, = [, (Vo — V,)dr. The
steering control shares the control port with the lateral
dynamics and contains two interaction ports (dp1, 2p1)
and (dyz, zp2); its state variable z, = g, — qq is derived
using the desired lateral displacement.

A. Longitudinal Dynamics

The longitudinal dynamics has the following Hamil-
tonian function:

Hz(q.r;pm) =

where m represents the mass of the vehicle and U, (¢.)
represents the potential energy. Consider the input-state-
output PHS:

z =[J(x)— R(x)]%—l;] + G(z)u+ K(x)d

y =GT@)%; (1)

z

= KT(@)9.
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where J(z) € R™ "™ is a skew symmetric interconnec-
tion matrix, R(x) € R™ "™ is a symmetric positive-
semidefinite damping matrix, inputs/outputs (u,y) €
R™*™ and interactions (d,z) € R?*J (m,j < n). The
longitudinal dynamics is modeled in the form of (1):
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2 . . . .
bps + C;’f , a represents the tire rolling friction constant,
b represents the air resistance constant, and c represents

the static friction force.

B. Lateral Dynamics

The lateral dynamics has the following Hamiltonian
function:
Hidy, 4Py Pr) = 512 + 502 + Uiy 00)
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where [ represents the moment of inertia of the vehi-
cle and U;(gy, q,) represents the potential energy. The
lateral dynamics is modeled in the form of (1):

. OH,;
q 0 E dq; 0 0
- A |
{pl] {—E —RJ %711;1; G| TR
oH, oH
yl = [O GlT:I |:8qll Bpllj|
.
o, oH
a =[0 K] [W/ 61” )

3)

Ve Va
Wy W
Ve Ve

R, =

W, Wy
b

where F is the identity matrix, G; = [1 l f}T and

K =1 O}T. The parameter constants of R; are
Wy = ZCf +2C,., Wy = QCflf —2C.1,., and W3 =
2C'flfc + 2C,12, where C,. is the cornering stiffness of
the rear wheels.

C. Vehicle Dynamics Interactions

The interaction between the longitudinal and lateral
dynamics is a mapping of velocity to force, which
indicates a gyrator relationship. The gyrator ratio must
have units of kg/s which is represented by multiplying
the mass of the vehicle with the yaw rate. The interaction
structure is modeled as a Dirac structure modulated by
the angular momentum p,.:

dmf 0 _% Zx
N

The Hamiltonian function of the composed longitudinal
and lateral dynamics is H (¢, p) = H,+H,;. Composition
of (2) and (3) through (4) results in the following
nonlinear PHS:
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T : L
and y = [y, ] . Interactions between the longitudi-
nal and lateral dynamics are captured in R.

IV. CONTROL DESIGN AND ANALYSIS
A. Speed Control

We design the speed control to have the following
Hamiltonian function:

1
H,(zq,8) = §(Stktim2t + spkpiz2y),

where k;; and kp; are the gains of the Hamiltonian.
The discrete variables s = (s, s,) € {0,1} are used
to model the hybrid dynamics of throttling and braking.
The switching dynamics are defined in (6), where h
and h_ are hysteresis constants introduced to prevent
the system from rapidly alternating between accelerating
and decelerating, and X, and X, are the relative dis-
tance between the two vehicles and the desired distance,
respectively:

(st,sb) = (1,0) for Vd — U Z O,Xr Z h+Xd,
(st,s) = (0,1) for Vg —y1 <0, X, < h_Xg.
(6)



We design the speed control as an input-state-output
PHS with direct-feedthrough [11]:

i =[J(z) — R(x)|% + G(z)u+ Ki(z)d
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(7
where M (z) € R™*™ js a skew symmetric intercon-
nection matrix and S(z) € R™*™ is a symmetric
positive-semidefinite damping matrix. We design the
speed control in the form of (7) because the feedthrough
term helps to ensure zero steady-state error [4]:
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where K,1 = [1 0] and K, = [1 0] . The

parameter matrices are denoted as:
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Fig. 3. Nonlinear Function P

where k; and k.4 are throttle control gains; k; and kg
are brake control gains. P is derived from the inverse
engine map for the vehicle and is a mapping of the ratio
of the acceleration force to the integrated difference of
V. and V, (Figure 3) [5].

B. Steering Control

We design the steering control to have the following
Hamiltonian function:

1
Hy(xp) = 5k3i$§7

where kg; is the gain of the Hamiltonian. We design the
steering control in the form of (7):

Ty =y +dp
n = % + ksay + dp2

©))
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where kg4 is the steering control gain.

C. Controller Interactions

It can be seen from (5) that the inputs to the
longitudinal dynamics (7, and 7T}) affect the lateral
dynamics; similarly, the input to the lateral dynamics
(T;) affects the longitudinal dynamics. This can create
problems such that at high speeds, actions by the speed
control may interfere with the objective of the steering
control. In order to alleviate this problem, we introduce
an interaction structure so that the state variables and
outputs of the speed control are affected by the state
variable of the steering control, and vice versa. Similar
to (4), the interaction structure of the control system is
represented with the following Dirac structure:

da1 0 0 Je 0 Zal
da2 N 0 0 0 M, Za2
d},l - *J;r 0 0 0 Zb1 ’ (10)

db2 0 —M;r 0 0 Zb2

The parameters J. and M, define how the speed con-
trol and the steering control interact. The Hamiltonian
function of the composed control system is denoted as
H. = H,+ H}. Composition of (8) and (9) through (10)
results in the following PHS representation:
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where J, = [J. 0], M, =
[Tat Tap )"
D. Analysis

Theorem 1: The closed-loop system (11) is passive
with respect to inputs y, outputs u, and Hamiltonian
function H, = H, + Hy, if ks, kui, ki, kia, kv, kbas Ksiy
ksq > 0. Additionally, (11) will asymptotically stabilize
the velocity V. and the lateral position g, to the desired
velocity V; and lateral position g4, respectively.

Proof: Passivity of the composed control system
is proven using the energy-balancing equation:

ai, _ on. T |—Ra Je OH. | OH.T G, 0
d T o |_gT g0 T |0 G|Y
S 0
<uly—qgyt |58 )
Suy—y {OT Sl}y



Passivity of the system is shown by the inequality
% < u'y. Asymptotic stability of the closed-loop
system is shown by combining (5) with (11). The PHS
representation of the closed-loop system:
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with a modified Hamiltonian function, H (g, p, 2):
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which we can use to verify that H is always less than
or equal to zero and that p, = mV; and ¢, = g4 at the
boundary.

|

V. EVALUATION

In this section, we present simulation results which
test and verify (5) and (11). For validation of the
PHS model we use a standard E-class sedan model in
CarSim as a reference [1]. We select parameters for
the vehicle dynamics model so that its passivity index
values match that of the CarSim model. We validate the
control design using simulations to show that the vehicle
behaves correctly given changes in lead vehicle speed,
road curvature, and slope of the road. After verifying the
correctness of the control design and vehicle dynamics,
we apply the model-based design toolchain on the
control design to discretize, quantize, and account for
other implementation effects while preserving passivity
in preparation for deployment [5].

A. Model Validation

The CarSim model has inherent bounds on its in-
puts [1]. The throttle angle valve (0¢) has a lower bound
of 0 and an upper bound of 1.5. The brake pressure ()
has a lower bound of 0 and upper bound of 10. The
steering angle (J) has a lower bound of —480 and an
upper bound of 480 [1]. Using these CarSim variable
bound values we mathematically determine that 7}, has

a lower bound of 0 N and an upper bound of 3104 N; T},
has a lower bound of 0 N and an upper bound of 3715 N;
T; has a lower bound of —1200 N and an upper bound
of 1200 N.

Passivity indexes allow a way to characterize a system
by determining its excess or shortage of passivity [13].
By showing that the passivity indexes of the analytical
models are similar to that of the CarSim model, we
can conclude that the analytical models are reasonable
approximations of the actual vehicle dynamics. Using
the techniques demonstrated in [12], we determine that
the passivity indexes of the CarSim model (v., p.) are
(181, 0.6). We experimentally selected values for the

TABLE I
TABLE OF VEHICLE PARAMETER VALUES

a b c Cr I Cy ly
0.1 0.006 10 200 1.4 300 1.4

vehicle model (Table I) so that the passivity indexes of
the analytical model closely match that of the CarSim
model. The CarSim model gives the mass (m = 1650)
and the inertia (I = 3234). We determined that the
passivity indexes of the analytical model (v,, p,) are
(177, 0.6), indicating that the analytical models are
reasonable approximations of the CarSim model.

B. Control Validation

Trajectory

\/
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& Ditance (m)

Fig. 4. Course trajectory for vehicle

Simulation of the closed-loop system consists of two
minutes of running time in which the host vehicle
follows a lead vehicle on a road with a trajectory shown
in Figure 4. Table II shows the gain values of the
controllers, which are computed using power-shaping
stabilization [3]. We present simulation results for two
control systems; in the first control system there are
no interactions between the speed control and steering
control, J., M. = 0; in the second control system, the
interaction gains are J, = 0.2 and M, = —0.5. Figure 5
shows the velocity of the lead vehicle and the host vehi-
cle on the top subplot and the relative distance between



the two vehicles on the bottom subplot; Figure 6 shows
the lateral displacement on the top subplot and the lateral
acceleration on the bottom subplot. and Table III shows
the various scenarios that appear during the simulation.

TABLE II
TABLE OF CONTROLLER GAINS

ki ki ki kia ky kva || ksi || ksa
0.05 0.01 0.1 0.02 0.2 0.02 40 15
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Fig. 6. Vehicle lateral accelerations and displacements

The simulation results indicate that the control system
is able to keep to the objectives of speed control and
steering control despite changes in the lead vehicle
speed, slopes, and turns encountered by the host vehicle.
For the results shown in Figure 5, the lack of interactions
between the speed and steering control results in rela-
tively large changes in speed; the addition of interactions
results in a smoother velocity profile. Figure 6 also
indicate better results for the case with interactions.
Based on the simulation results, we determine that the
maximum lateral acceleration A,, ~ 1.2 m/ s2; marking
cyan dashed lines for A,, and —A,, on the second
subplots of Figure 6, we show that the vehicle operates
within a safe lateral acceleration range.

VI. CONCLUSION

The proposed PHS framework in this paper addresses
the complexity challenges presented by the interactions

TABLE III
TABLE OF SIMULATION SCENARIOS

Scenario Time (s) V; (km/hr) Slope (°) turns
1 0—40 65 0 3
2 40 — 52 65 — 77 0 1
3 52 — 60 77— 85 —15 0
4 60 — 70 85 —15 1
5 70 — 90 85 — 50 —15 1
6 90 — 94 50 —15 0
7 94 — 103 50 0 1
8 103 — 120 50 15 1

of components in CPS. The modeling framework han-
dles the interactions and facilitates the integration of pas-
sive components to form a passive closed-loop system;
passivity-based control is used ensure correct behavior
of the closed-loop system. Simulation results from an
automotive control system is recorded and shows the
effectiveness of the framework.
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