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Abstract

Car-like robots are mechanically simple and dynamically stable, making them well-suited
for applications such as inspections, surveillance, and search-and-rescue operations. Given
a model of the robot’s dynamics, model predictive control (MPC) plans optimal actions
with specified constraints. The performance of MPC is limited by inaccuracies in the
underlying system model - high fidelity models are complex and brittle, while simple
models trade accuracy for computational tractability.

This work presents a hybrid control framework that corrects predictions from a
low-dimensional kinematic model through a data-driven residual network, termed the
Corrective Residual Network (CRN). CRN significantly reduces model errors compared
to the nominal model. CRN is integrated with MPC in a proposed algorithm called
Corrective Sequential Linear-Quadratic MPC (CSLQ-MPC). CSLQ-MPC demonstrates
strong performance and robustness towards model mismatch, including in scenarios with
incorrect model parameters given to the nominal model. CSLQ-MPC sees an improvement
in cross-track error of 54.3% and an improvement in time taken of 14.3%.
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Chapter 1

Introduction

Mobile robots have been deployed across multiple domains such as search-and-rescue,
infrastructure inspections, surveillance, logistics, and security. [3, 4]. Car-like robots are
a popular choice of mobile robots capable of high efficiency and stability on flat, firm
ground. [5] Their long history in robotics has led to much work in modeling the dynamics
of such systems [6]. As opposed to their legged or aerial counterparts, they benefit from
mechanical simplicity, stable equilibria and higher energy efficiency while requiring less
degrees of freedom than other forms of locomotion. Due to these factors, car-like robots

are well-suited for deployment in man-made, urban environments.

The control of car-like robots has been studied extensively over the years [6]. Model
Predictive Control (MPC) remains a powerful tool deployed across all manners of robots
[7-10]. MPC optimizes for a sequence of control actions over a finite time horizon, using
a model of the system’s dynamics to predict state propagation. As MPC requires a model
of the system dynamics, the efficacy of the algorithm also depends heavily on having
an accurate model of the system. Inaccurate models can lead to unstable or suboptimal
operation of the robot. Small mismatches in the model or in identifying model parameters

can degrade performance further.

There are several modeling approaches commonly used for car-like robots. Classical
physics-based models range in complexity from simple kinematic representations to
detailed models incorporating suspension dynamics and terrain interactions|[11]. While
high-fidelity models are accurate within well-defined operating points, they are computa-
tionally expensive and can be brittle, limiting real-time applicability. Such models are

often limited in continuous differentiability, creating additional challenges when used
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alongside optimization based controls. Additionally, these models require identification of

a large number of parameters, many of which are limited to specific vehicles and terrains.

Simplified models, such as the Kinematic Bicycle Model explored within this thesis,
are lightweight and widely used [8, 12-15]. Such models are often computationally
efficient, differentiable, numerically stable, and capable of capturing the bulk of the
car-like robot’s nonholonomic constraints. However these models often make assumptions

and simplifications that can introduce significant approximation error.

Data-driven models provide an alternative approach by learning system behavior
directly from data [16, 16-22]. These models are powerful and allow users to incorporate a
variety of information from sensor information to semantic information, and can identify

temporal patterns from environments.

End-to-end learning approaches, where sensor inputs are mapped directly to control
actions, have demonstrated impressive performance in recent years [20, 23-25]. Given
a large enough dataset, data-driven models have better asymptotic performance and
versatility [26]. However, end-to-end models often suffer from a lack of explainability,
as well as brittleness under distributional shift, making them hard difficult to trust in

real-world applications.

With these considerations, this thesis investigates how learning-based residual models
can augment simple nominal vehicle dynamics models enabling accurate, data-efficient,
robust model predictive control for car-like robots. This thesis proposes a three-stage

approach:

First, the thesis begins by formalizing Sequential Linear-Quadratic Programming
MPC (SLQP-MPC), a commonly used, real-time iteration subset of Sequential Quadratic
Programming-MPC. SLQP-MPC is capable of using a nonlinear dynamics model through
iterative linearization, modeling the finite-horizon control problem as a quadratic program

subproblem and solving it iteratively to convergence or for a certain number of iterations.

To overcome the limitations of simple nominal models, a Corrective Residual Network
(CRN) is trained to predict the difference between the true system dynamics and nominal
model predictions. The CRN uses state and action history as inputs to predict a correction

to the nominal model’s prediction of the state derivative.

Finally, the thesis proposes Corrective SLQ-MPC (CSLQ-MPC), where corrections
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from the CRN is integrated into SLQ-MPC for a computationally efficient and powerful
control method capable of tracking difficult paths. CSLQ-MPC leads to an improvement

in cross-track error of 54.3% and an improvement in time taken of 14.3%.

Experiments and verifications are conducted within simulation of a custom car-like

robot capable of front and rear steering in simulation.
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Background

Car-like robots are nonholonomic. Most car-like robots equipped with standard wheels
have their center-of-mass velocities constrained to specific directions according to their
wheel directions. A car-like robot, unless equipped with specific wheels, generally will not
be capable of moving sideways. [5, 27, 28]. Many models for nonholonomic car-like robots
exist. Kinematic models are a family of simple and computationally efficient models
that are typically differentiable and numerically stable [8, 12, 27]. These models provide
insight into the behavior of the robot under idealized conditions, with minimal system

parameters to be identified.

While computationally efficient and stable, kinematic models for car-like robots are
often nonlinear. Nonlinear functions have numerous solutions, and are computationally
expensive to solve [7, 22, 29]. Linearization allows for simplification of nonlinear models
around specific operating points into a linear model, greatly increasing computational

efficiency and stability of solutions.

Model Predictive Control is a widely used control framework deployed on varying
robots from small robots to spacecraft that provide closed-loop feedback control through
a model of the robot’s dynamics. This thesis uses MPC alongside a linearized kinematic

model to solve for optimal control actions for the robot.

Data-driven methods have proven to be effective for learning the dynamics of robot
systems. Long Short-Term Memory (LSTM) are a tested architecture of reasoning about
time-series data [2, 30, 31]. Given a window of past inputs, LSTMs can learn to discern

patterns in temporal data and make accurate predictions. In this thesis, LSTMs are
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explored in the context of a corrective residual network to correct inaccuracies in simple

kinematic models.

This chapter briefly covers necessary background as they relate to the proposed control
architecture of a double-steer car-like robot. Topics within this chapter include kinematic
modeling of the custom double-steer car-like robot, state space models, linearization,

model-predictive control and long-short term memory in order.

2.1 Dynamical Systems

A dynamical system is one whose behavior evolves over time [28, 32-34]. In robotics,
dynamical systems often evolve in response to control inputs. When an action is applied
to a dynamical system, the effect of the action does not occur instantaneously. Applying
throttle to a car-like robot does not immediately change the velocity. Instead, it induces
an acceleration that gradually increases the robot’s velocity over time. Understanding
the dynamics of a system provides insight into how the system’s state will evolve given

an input.

A model is a mathematical representation of the true dynamics of a system. Models
vary in fidelity, from simple approximations that rely on assumptions and geometry, to
high-fidelity, computationally expensive formulations that capture physical effects more
accurately. Regardless of their complexity, models predict future states given the current

state and control input.

The state of a system is a set of variables that fully characterizes the dynamics of
a system at a given time [32]. Given the current state and input, one can predict the

system’s future behavior without requiring any additional past information.

In robotics and other engineering systems, models often incorporate actuator and
sensor measurements. This leads to the development of the state-space model formulation,
which generalizes the relationship between states, inputs and observations. The standard,

non-linear state-space form is given by the differential equation:
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Here:

e 1 € R" is a vector of state variables

u € R™ is a vector of control inputs

y € RY is a vector of measurements

f:R" x R™ — R" is the dynamics function, a smooth map from state and action

to the state derivative with respect to time.

e h: R" x R™ — R? is a smooth map from state and action to an observation

obtained by the sensors.

To focus on the dynamics function, f, measurements of the states are assumed to be

perfect within this thesis.

This variant of the state space model is time-invariant as neither f nor h depend on
time explicitly. If the functions f and h are also linear, linear, the system is said to be

Linear Time-Invariant (LTT). The LTI form of the state-space model is given by:

&= Axr + Bu (2.3)

where A € R™" is called the dynamics matrix. The matrix B € R™*" is called the

control matrix.

Note that while the dynamics of the system is written as a first-order differential
equation, given proper definition of the state and smooth map f, the dynamics of higher

order differential equations may be captured as well.

The geometric interpretation of the dynamics of a robot is to view the state space as
pieces of R™ for some n. Within each point x in the state space, there exists a collection
of tangent vectors called a tangent space T,x. The tangent space consists of all possible
instantaneous velocities (tangent vectors) at that point. The dynamics function f(x)
defines a vector field over the state space by assigning to each point x a vector f(x) in

the corresponding tangent space. This concept is illustrated in Figure 2.1.
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State Space X

Xo

Figure 2.1: Geometric visualization of the dynamics function f in state space [1].

2.2 Double-Steer Kinematic Bicycle Model
(DSKBM)

Kinematic models provide a basic study of how robotic systems behave [5, 8, 35]. The
Kinematic Bicycle Model (KBM) is a simple, differentiable, numerically stable yet
sufficient representation of a car with accuracy that rivals that of the dynamic bicycle
model [8].

The KBM is commonly modeled in the Lie group SE(2) with three degrees of freedom,
where the car-like robot is assumed to be constrained to a plane [18]. This is in contrast
to simple vehicle models, which can have more than 10 degrees of freedom. Despite its
simplicity, the 3-DoF kinematic model effectively captures the nonholonomic constraints
arising from the robot’s geometry and steering capabilities. [36] Kong et. al [8] compares
predictions from a KBM to a dynamic bicycle model with linear tire models, and concluded

that, given discretization choices, the KBM can be favorable.

Variants of the KBM has also been very commonly used in conjunction with MPC.

Qian et. al uses KBM in conjunction with MPC for formation convoy control.

Cardoso et. al uses a similar setup for the Intelligent Autonomous Robotic Automobile,

a fully autonomous car capable of driving at speeds up to 9 m/s.
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5P

Figure 2.2: Double-Steer Kinematic Bicycle Model [28]

The model groups the front and rear pairs of wheels into two single effective wheels

located at the center of their respective axles.

In this section, we derive expressions for the time derivative of the state vector,

denoted X, of a car-like robot with independently actuated front and rear steering.

The KBM model makes a few major assumptions that typically limit its use to

low-speed applications.

1. A four wheeled car behaves the same as a two wheeled bicycle.

2. There is no slip - velocity at each wheel are in the same direction as their steering

angles.
3. There is no skip.

4. The rate of change of the radius of the vehicle’s path is small, therefore ¢ = B

Figure 2.2 provides an overview of the Double-Steer Kinematic Bicycle Model
(DSKBM). Table 2.1 summarizes the different symbols found within Figure 2.2.

Polack et. al studied the consistency of using a kinematic bicycle model [36], as
compared to a complex, realistic dynamics model of a vehicle. In their study, they
stress the importance of limiting lateral acceleration of the vehicle, as model errors can
become large when lateral acceleration constraints are not respected, concluding that

more accurate vehicle models should be used when dealing with higher accelerations.

8
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Table 2.1: Symbols used in the Double-Steer Kinematic Bicycle Model

Symbol | Description

64 Sideslip angle of vehicle’s center of mass (COM) (in radians)
Oy Effective front steering angle (in radians)

O Effective rear steering angle (in radians)

Uy Distance from vehicle’s COM to front axle (in m)

)
S

Distance from vehicle’s COM to rear axle (in m)

Velocity vector of the vehicle’s COM (in m/s)

Point corresponding to vehicle’s instantaneous center of rotation
Point corresponding to front wheel-base

Point corresponding to rear wheel-base

COM of vehicle chassis

Q| Q| =

2.2.1 State and Control Definitions

We define the continuous state vector X (t) as:

(2.4)

where z(t) and y(t) define the position of the vehicle’s COM in the inertial frame, v(t)
is the magnitude of the forward velocity in the COM, and v (¢) is the vehicle’s heading

angle, defined as the angle between the vehicle’s longitudinal axis and the inertial x-axis.

The control input vector, U(t) is defined as:

) (2.5)

where a(t) is the magnitude of the longitudinal acceleration applied at the COM,
d¢(t) is the steering angle applied to the front wheels, and §,(t) is the steering angle
applied to the rear wheels. Steering angles are defined with respect to the center line of

the vehicle.
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2.2.2 Derivation of the DSKBM

Obtaining an expression for the time derivative of the first two components of the state
x, y is straightforward using trigonometry. The derivation within this section is heavily

referenced from [28].

Assuming the vehicle moves with a velocity in the global frame, v, along a heading

angle 1, the rate of change of its position in the global frame is given by:

& =wvcos(v + pB) (2.6)
y = vsin(y + f) (2.7)

An expression for the angular velocity, v is derived using the geometry of the vehicle
using the front and rear steering triangles formed by the triangles OCA and OCB in
Figure 2.2. With the no-slip assumption, the velocity vectors at both points A and B are

aligned with the orientation of the wheels.

sin(dy — 8)  sin(§ — dy)

7 = = (2.8)
sin(dy) cos(3) — sin(B) cos(dy)  cos(dy)
L =0 (2.9)
Iy sin(dy)cos(B) —sin(B) cos(df) Iy  cos(dy)
cos(dy) Ly ~cos(6;) R (2.10)
tan(dy) cos(f) — sin(B) = % (2.11)
sin(8 —0,)  sin(3 +4,)
= (2.12)
cos(6,) sin(p) ;cos(ﬂ) sin(d,.) _ COS}?T) (2.13)
I, cos(6,)sin(B) — cos(B)sin(6,)  cos(d,) I»
cos(d,.) l, R cos(6,) (2.14)
sin(f) — tan(é,) cos(f8) = % (2.15)

10
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An expression of the slip angle can be obtained through equations 2.11 and 2.15.

Multiply equation 2.11 by [, and subtract it by the equation 2.15 multiplied by [.

l};f — l;;f = l;(sin(B) — tan(d,) cos(B)) — I (tan(ds) cos(B) — sin())
(1 +1,) sin(B) = cos(B)(1y tan(5,) + I, tan(3))
[ lytan(0,) + I tan(dy)
tan(f) = (f ly +1, : )
B Iy tan(d,) + I, tan(dy)
ﬁ—arctan(f L+, ! >

(2.16)

(2.17)

(2.18)

(2.19)

Given that the turning radius R is approximately constant over the interval of interest,

and that the vehicle satisfies the no-slip assumption, the yaw rate w may be expressed in

terms of the vehicle speed and steering angles. Using equations 2.11 and 2.15, and the

relationship ¢ = %, we obtain:

V=R
- Uljoj(5> (tan(dy) — tan(d,))

The system dynamics can be defined as:

X = f(X,U)
veos(v + )
) - USlIl(;/} +B)
el (tan(3y) — tan(5,)

where the slip angle [ is given by equation 2.19.

11

(2.20)
(2.21)

(2.22)

(2.23)

(2.24)
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2.2.3 Kinematic Models vs. Dynamic Models

Another common, simplified model for car-like robots is the lateral dynamic bicycle
model [35]. Unlike the kinematic model, which assumes no tire slip, the dynamic model
incorporates lateral tire forces and vehicle inertial effects. A basic form of dynamic
model, the dynamic bicycle model, assumes only lateral tire forces that are approximated
through a tire slip model. A common simplification is the linear tire model, which relates

lateral force to slip angle through a linear relationship.

To illustrate the effect of lateral tire forces, picture a car-like robot undergoing a
steady turn along a curve of radius R (straight line motion in this case corresponds
to R = 00). Assuming the turn follows a perfect circular arc, the lateral acceleration

experienced by the robot is given by a = % [27].

Through Newton’s second law, this implies that the lateral force, Figerai X 02,
demonstrating a quadratic relationship between lateral force and speed. At low speeds,
the resulting lateral forces are small, which makes the added complexity of a dynamic

model less justifiable.

This thesis chooses a kinematic model over a dynamic model due to several reasons.

A kinematic model:

e [s more computationally efficient, giving more computational bandwidth for trained

corrective models.

e Has fewer parameters to identify. In the case of the DSKBM, only the distances

from the center of mass to the front and rear axle, (If, [,) need to be identified.

e Numerically stable, including at tasks involving stop-and-go maneuvers. [8, 35]
In contrast, the dynamic bicycle model, even using the linear tire model, requires
identification of additional parameters including the front and rear cornering stiffness

coefficients (Cy,, Cy,), the vehicle’s yaw moment of inertia (I.) in addition to the

distances from center of mass to front and rear axle (I, [,) [8].

Furthermore, prior studies have shown that dynamic models are unstable at low

speeds, and require special treatment to avoid numerical instability [35].

12
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2.3 Linearization and Discretization

The dynamics model we derived in the previous chapter was both continuous and
non-linear. However, using nonlinear models within a predictive controller introduces
significant computational challenges. This section discusses the background necessary to
linearize and discretize a model, resulting in a time-invariant linear approximation that

is both computationally tractable and suitable for use with model predictive control.

2.3.1 Linearization

Non-linear optimization problems are typically non-convex, resulting in multiple local
minima and no guarantees of uniqueness or global optimality. Non-linear problems are
expensive to solve in real-time and typically require a good initial guess to improve

convergence and stability [37].

Nonlinear MPC requires globally accurate models of the underlying dynamics of a
system. Inaccuracies can lead to poorer performance or instability in solutions. While these
may be handled with robust formulations of MPC, they typically increase computational
cost further. Furthermore, due to the computational burden of using non-linear solvers,

typically only a limited number of iterations are performed [7].

To address these challenges, the non-linear dynamics derived in the previous section

can be linearized around a current operating point, denoted as (zy, uy).

In a small neighborhood around the operating point, the non-linear function appears

to be linear.

A tangent may be used to approximate a nonlinear function within this neighborhood.

The nonlinear function f(z,uy) is approximated using the first-order Taylor expansion:

flae,we) = f(@, we) + g—ihﬂ(:c —Zp) + %!u:uw — ) (2.25)

The Jacobians in the Taylor Series expansion are denoted A, B, and an affine offset

13
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C' is introduced.

of

A= D | T=TR U=k (2.26)
af

B=—|i—z, u=q 2.2
au |x7xk7u7uk ( 7)

C = f(Zg,u) — AZp — Buy, (2.28)

The term C' ensures that the linearized model matches the nonlinear dynamics at the
point (Zy, ux). Without it the approximation would treat f(Zy,u;) = 0, which is untrue

unless linearizing about the origin.

Linearization leads to the system below, an affine approximation valid in a small

neighborhood around (Zy, @y).

Ty = f(on, ur) (2.29)

The neighborhood in which the linearization is accurate about depends highly on the
nonlinear function itself. Linearization allows transcription of the control problem into a
convex quadratic program when used in MPC, allowing for efficient, globally optimal

solutions.

2.3.2 Discretization

Model Predictive Control (MPC) often operates in discrete time. Discretization involves
approximating the dynamics in continuous time with a discrete time model with a fixed
timestep, h. Discretization assumes that over a sufficiently small timestep, the dynamics

of the function remains approximately constant.

A common way to discretize a continuous function is by using numerical integrators.
Integrators propagate the solution of an initial value problem forward by h, assuming a
zero-order hold in the controls over h. The solution is evaluated using an expression for

the time derivative evaluated before taking the time step h.

Runge-Kutta methods provide a good trade-off between accuracy and computational
cost [38]. The fourth-order Runge-Kutta method (RK4) is commonly used, providing a

higher-order approximation and more accurate estimate than the commonly used Forward

14
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Euler method. RK4 computes intermediate slopes to approximate the solution over each

time-step:

k= [, ug) (2.31)
ko = f(ay + gkl, uy,) (2.32)
ks = f(xx + ng, uy,) (2.33)
ky = f(zr + %3’uk> (2.34)
Tpy1 = T + %(/ﬁ + 2ko + 2k3 + ky) (2.35)

For a linear system, RK4 produces a discretized model that closely approximates a
Taylor expansion e4” of the matrix exponential. With the linearized dynamics integrated

with RK4, assuming a zero-order hold on the controls over h:

ky = Az + Buy, + C (2.36)
ky = A <xk + gkl) + Buy +C (2.37)
ks =A <xk + gkz) + Buy + C (2.38)
ky = A(xy + hks) + Bu, + C (2.39)
Tpy1 = Tp + %(kl + 2ko + 2k3 + ky) (2.40)
(2.41)

Expanding these expressions and collecting terms in front of z; and uy gives the

following linear system:

15
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Tpy1 = Agxr + Baug + Cy (242)
h2 2 h3 3 h’4 4
Ag=T+hAt A 4 LA 4 A (2.43)
h? h3
By=h (1 + A+ ?42 + EAi‘) B (2.44)
h? h?
Ca=h (1 +hA+ ?AQ + FA?)) C (2.45)

2.4 MPC

Model Predictive Control (MPC) is a robust, modern control technique capable of
working with nonlinear dynamics, input and state constraints [7, 39, 40]. MPC achieves
this by solving an optimization problem at each discretized time step, determining the
best sequence of control actions over a prediction horizon. The optimization relies on
a model of the system to predict future states, and these predictions are enforced as
equality constraints within the problem. In practice, only the first control input from the
optimized sequence is applied, and the optimization is repeated at the next step in a

receding horizon fashion.

2.4.1 Linear Quadratic Regulator

MPC is closely related to the Linear Quadratic Regulator (LQR). In the absence of
constraints, and when both the prediction and control horizon approach infinity, MPC
converges to the LQR solution and can be solved using the same methods [41]. LQR seeks
an optimal state-feedback control law that drives the system to a desired equilibrium
while minimizing a quadratic cost function. LQR’s solutions can be derived through

applying Bellman’s Principle of Optimality and Ricatti Recursion.

LQR is adaptable and could potentially work with non-linear dynamics through
linearization about an operating point, provided the system is sufficiently close to the
operating point. However, it fails when constraints are introduced. Naively enforcing
constraints (clipping torque commands for example) can lead to instability or suboptimal

behavior.

Through adding a horizon and repeatedly solving a constrained quadratic program

over a finite horizon, MPC is able to plan control actions that respect system limitations.
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This thesis focuses on convex MPC formulations, where cost function, constraints, and
linearized dynamics are all convex, allowing the use of efficient and reliable optimization

solvers.

2.4.2 Convex MPC

Convex MPC is typically formulated in the state-space domain using discrete-time linear

dynamics, with a specified initial condition corresponding to the robot’s current state:

Le+1 = Ade’k + Bduk + Od (246)
ZL‘(O) = Tinit (247)

At each time step, MPC solves an open-loop finite-horizon optimization problem to

compute the optimal control sequence. A basic variant of MPC uses a cost defined by:

T

-1

1
J = ((xk - xref,k’)TQ(xk - xref,k:) + §(uk - uref,k)TR(uk - uref,k))

1

b
Il

+ —(zp, — $ref,k)TPH(l'k — iUref,k) (2.48)

N | —

The cost function is quadratic and convex, provided that the cost matrices @), R, Py
are positive semi-definite. Assuming the dynamics and constraints are also convex, the
overall optimization problem remains convex and can be efficiently solved using standard

quadratic programming (QP) solvers.

Convexity ensures that the optimization problem has a unique global minimum.
Efficient solvers, such as QPOASES, can find this minimum efficiently and reliably. By
ensuring the problem stays convex, MPC becomes both predictable and computationally

tractable.

The complete optimization problem takes the following basic form:
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1

1
J = Z ((xk’ - xref,k’)TQ(xk - xref,k:) + §(uk - uref,k)TR(uk - uref,k))

k=1

+ §($H - ZCref,H)TPH(33H — Tret.H) (2.49)
st. xp1 = Agxpy + Bagupr +Cq, k=0,....,H—1 (2.50)
L0 = Tinit (2.51)
v, eX, u,elU, Vk (2.52)

In this formulation, solving the QP optimizes for all control inputs ug through uy_q,
with the initial state x( fixed to the current state of the system. Introducing the linearized
dynamics as a constraint ensures that the predicted trajectory is constrained to follow
the system dynamics at each time step. For MPC to be feasible, the origin of the problem
has to be within the interior of the feasible region [39].

2.4.3 MPC Formulation Used in This Work

The designed MPC formulation in this thesis builds on the convex MPC framework
by incorporating additional convex cost terms and constraints that reward smoother
control behavior and ensure actuator feasibility. The cost terms and constraints maintain
convexity while better aligning the control commands with physical limitations of the

system.

The resulting optimization problem is:
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-1

. 1
min J = Z ((.Tk - xref,k)TQ(xk: - xref,k) + _(uk - uref,k)TR(uk - uref,k)) (253)

UQUH —1 1 2
H-1
+ > (ur = )" R(wy — w_y) (2.54)
k=2
1
+ 5(1‘1{ — Trotr)” Pr(Ty — Trotpr) (2.55
st. w1 = Axp + Bug + Cy (256
To = Tinit (2.57
Ujower S Uk S Uypper (258
Aulower <up—w-y < Auupper?? (259

Introducing a cost penalizing change in action (Eqn. 2.54), as well as constraints

for upper and lower limits of actions (Eqn. 2.58) as well as changes in action (Eqn. 77)

allows the MPC algorithm to choose actions that are feasible, and reason about change

in action commands reasonably without huge fluctuations that the system will be unable

to track. It also dissuades the algorithm from changing commands unnecessarily, leading

to smoother performance. This also accounts for the fact that steering angle as a direct

input is an approximation - in practice, steering angle cannot be changed instantaneously.

2.5 Learning Time-series Data

2.5.1 Recurrent Neural Networks

Recurrent Neural Networks (RNNs) excel at pattern detection within data sequences.

They have been commonly used to handle predictions given time-series data [30, 31].

Output Output 1 Output 2 Output ... Output T
=] I I
/
[ Hidden Hidden | | Hidden | | | | Hidden
| layers layers 1 layers 2 layers T

e T

Input Input 1 Input 2 Input ... Input 7

Figure 2.3: Architecture of an unrolled Recurrent Neural Network (RNN) [2]
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Figure 2.4: Architecture of a Long Short-Term Memory (LSTM) [2]

RNNs differ from the common Multi-Layer Perceptron (MLP) in that RNNs contain
connections that allow them to reason about previous inputs. In time-series data, due to
its connections RNNs are theoretically able to reason about all previous inputs Xg.;—1 as

well as the current input X;. This connection can be expressed as:

H; = ¢»(XeWo, + Hi.1 Wy, + by) (2.60)

RNNs learn through Backpropagation through time (BPTT). BPTT simply unfolds
a RNN to create a large feedforward neural network in which standard backpropagation
techniques may be applied. RNNs suffer from vanishing or exploding gradients due to
BPTT. BPTT involves matrix multiplication over all time sequences. If there are small
or large values, the gradient can easily vanish or explode as time progresses, leading to

instability or forgetting.

2.5.2 Long Short-Term Memory

Long Short-Term Memory was introduced specifically to combat the vanishing or explod-
ing gradient problem in RNNs [2, 31]. LSTMs achieve this through incorporating gates

that control information flow through the network over time.

An LSTM maintains two internal states: a cell state and a hidden state. The cell
state and hidden states are updated every timestep through the input gate, forget gate,
and output gate, allowing the network to selectively retain or discard information from
previous timesteps. Given an input sequence {X;}Z,, the LSTM update equations are

as follows:
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F; = o(W, X, + W;,;H, ; +by) (2.61)

I, =0(W, X, + W,;H, ; +b;) (2.62)
O; = (W, X; + Wi, H,_; +b,) (2.63)
C; = tanh(W,.X; + W, .H,_; + b,) (2.64)
C,=F,0C_,+I,06C, (2.65)
H,; = O, ® tanh(Cy) (2.66)

o denotes the sigmoid activation function, and ® represents element-wise multiplica-

tion.

By circumventing the exploding or vanishing gradient problem, LSTMs can effectively
capture patterns within time-series data over long horizons. In this thesis, LSTMs were
chosen over simpler architecture to compensate for potential inaccuracies in the simplified

choice of state in the kinematic model.
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Related Work

There has been increasing interest in incorporating data-driven methods with nominal
models for better planning and control. A few common themes in incorporating data-
driven methods with dynamics include predicting a correction to nominal dynamics
models, predicting dynamics directly without incorporating model information, and
utilizing nominal dynamics models during training within physics-based neural networks

to encode information from nominal dynamics models.

Holzmann et. al predict the road-tire friction coefficient for use with a dynamic vehicle
model [42]. Salzmann proposes using a data-driven method that takes the quadrotor’s
current instantaneous state (including position, orientation and velocity), control input,
and an optional context vector to predict a 6-component acceleration residual vector used
in the dynamics model [22]. McKinnon and Schoellig introduce probabilistic corrections
to actuator dynamics with both Gaussian Processes and Bayesian Linear Regression, used
with Stochastic MPC in unknown environments [21]. Datar et. al propose modelling a
car-like robot in SE(3) for rough-terrain navigation [19]. They train a data-driven model
that takes the current 6 DoF chassis state obtained through an on-board estimator, the
current action, and a local terrain patch, and outputs roll and pitch of the next timestep.

The outputs are used alongside an Ackermann kinematic model in SE(2).

A wide body of work directly predict state transitions and dynamics without relying on
nominal dynamics models. Wang et. al ([16, 43]) proposes training a System Identification
Transformer capable of condensing a window of observations into a context vector. The
context vector is then fed into an adaptive dynamics model which provides a probabilistic

forward model of state transitions. The output of the probabilistic forward model can be
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used with Risk-Aware MPPI Controller, or be used as a criteria determining validity of
certain states and actions, guiding planning and controls [16, 43, 44]. Datar et. al builds
upon their previous work and introduce a end-to-end model that takes an elevation map
and encodes it into a latent state space, encodes state action pairs into a latent space,
and feeds it into a kinodynamic model that predicts the state transitions of future states
[18]. Tremblay et. al trains a model, inspired by Hafner et. al’s work in latent spaces, that
is capable of fusing multimodal sensor inputs into a latent space capable of predicting
state transitions [20, 45]. Nagabandi et. al trains a dynamics model comprising of two
hidden layer with 500 units that learns system dynamics from data, and controls using a
variant of MPC that samples K random actions, rolls them forward with learned model,
and keeps the action with highest reward [26]. Yu et. al learns a universal policy through
pre-computing a large number of trajectories and situations a robot may encounter, then

using a System-ID model to make control predictions [46].

Physics-based neural networks that are capable of predicting physically feasible state
transitions have also gained in popularity in recent years. Engin and Isler represent the
controller and the value function with neural networks [47], first learning state transitions,
then training them using loss functions adapted from Hamilton-Jacobi-Bellman equations,

ensuring that state transitions are physically feasible.
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Method

4.1 Simulation Environment

In order to test the proposed algorithms, a simulator capable of simulating custom
robots through URDF and that captures rolling contact well is required. For this thesis,
PyBullet, a Python wrapper to the popular Bullet engine, is chosen to simulate and

verify experimental results.

4.1.1 PyBullet

Bullet is a widely adopted physics engine in robotics research due to its comprehensive
support for forward and inverse dynamics, forward and inverse kinematics, and its
dedicated collision detection framework [48]. PyBullet is a Python wrapper for Bullet that
provides access to these capabilities through a Python API, making it highly convenient
for prototyping and research in machine learning, widely adopted by researchers in both

industry and academia [49].

This thesis explores learning the adaptive dynamics of a custom, double-steer car-
like robot. PyBullet was selected as the primary simulator over other simulators like
MuJoCo due to two key advantages: its accurate modeling of rolling frictional contact

and its integration with robot models defined in the Universal Robot Description Format
(URDF).

Among various physics engines commonly used in robotics including ODE, DART,

MuJoCo, and RaiSim, PyBullet was benchmarked to have greatest accuracy in simulating
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rolling contact, while coming second in efficiency among the five different simulators [50].

PyBullet supports direct URDF import and automatically computes link inertial
properties based on the shape, volume and mass of the collision geometry. It also supports
collision detection with custom shapes on custom robots by approximating the geometry

of the robot with a convex hull.

4.1.2 Robot Modeling and Control in Simulation

The robot model used in simulation was constructed through converting the CAD files of
the physical platform into a URDF. This URDF was then loaded into PyBullet to define

the robot’s kinematic and dynamic structure.

By default, PyBullet treats the URDF as a collection of open kinematic chains. The
physical robot contains closed kinematic loops which are not natively specified in URDF.
Additional joint constraints were manually specified to close the loop and ensure correct

relative motion between connected parts within the simulator.

Motor actuation for the robot’s drivetrain is simulated using PyBullet’s velocity
control mode on the joints connecting the wheel to the tire. Velocity control allows users
to set a desired velocity of the joint, and uses a proportional feedback control using the

error between the desired velocity and actual velocity of the form:

T = Kv(vdes - Uactual;) (41)

Here, the gain K, is user-specified and can be tuned experimentally for stability and

performance.

For steering, position control is applied to the front and rear wheel joints, corresponding
with how a car-like robot is steered. PyBullet’s position control mode combines both

proportional position and velocity terms to compute the command applied to the joint:

T = Kp(pdes - pactual) + Kv (Udes - Uactual) (42)

The error is defined as K, (Pdes — Pactual) + Ko (Vdes — Vactual)-
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The position controller accounts for both displacement and rate of change. As with
drivetrain control, K, and K, are user-defined gains that require tuning for stability and

performance.

4.2 Learning Dynamics

This thesis explores a residual learning approach to model the dynamics of a robot.
Instead of learning the full system dynamics, the proposed method seeks to learn just a

correction to a simple approximation of a model.

Let x € R™ be the state vector and u € R™ be the control input. The true system

dynamics is unknown to us and can be expressed as:

T = frrue(x,u) (4.3)

Residuals are the difference between the state derivative predicted by the nominal
dynamics model and the actual state derivative experienced by the robot. Formally, if
firue denotes the actual state derivative, and fromina 18 the prediction from the nominal

model, the residual is defined as:

T('Tu U) = ftrue<$7 U) - fnominal(xa u) (44)

A learned model 7y(x,u) is parameterized by 0:

T~ fnominal(xa U) + TAP(x; U) (45)

Residual learning provides several advantages. As the LSTM only has to capture any
differences between the nominal and actual dynamics, learning could potentially be more
sample efficient. Learning the discrepancies allows the model to leverage structure from
the nominal model, and the discrepancies are typically of smaller magnitude and lower

complexity [51].

Leveraging a nominal model preserves prior knowledge about the system’s dynamics,

allowing the LSTM to focus on modeling unmodeled effects.
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Although not a focus of this thesis, the corrective model used in this work is proba-
bilistic. In practice, this allows uncertainty-aware predictions, enabling the system to
use the nominal model when learned corrections are highly uncertain. This allows for
robustness during deployment, as the baseline model remains somewhat valid in regions

of the state-space where corrective predictions are unreliable.

4.2.1 Model-to-Sim Residuals

To motivate the need for a residual correction model, the state derivatives predicted by
the nominal model, in this case DSKBM, are compared against those obtained through
simulation. The differences highlight mismatch between the nominal model and the
ground truth which can lead to performance degradation or failure during trajectory

tracking.

In this experiment, DSKBM is paired with Convex Quadratic MPC with a real-
time iteration scheme to track a randomly generated track. During execution, the state
derivatives predicted by DSKBM and the actual state derivatives experienced by the
robot in the simulator are logged for comparison. The procedure for path tracking is
shown in Algorithm 1 [52].

Algorithm 1 MPC-Based Path Tracker

Require: User-defined positive-semi-definite cost matrices =0, Q¢ =0, R>0, RAo>=0
Require: Initial state xg, reference speed v,f, sampling time dt, MPC horizon T, simu-
lation length T, track

1: x < 29

2: fort=0to Ty, —1do

3: Tyof < GET_REFERENCE_TRAJECTORY (2, track, vy, T, dt)
4 uf, T}, < MPC.PREDICT (4, Tret, Q,Qf, R, Ra)

5 uy < uj[0]

6: send u to low-level controller

7 Tj41 < SIM.CONTROLLOOPSTEP (zy, ug, dt)

8: end for

PyBullet offers an API call to obtain the instantaneous linear and angular velocity
experienced by the robot. Acceleration experienced by the robot is calculated through

finite differences of the velocity.
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Figure 4.1: & computed by KBM vs. ground truth obtained from PyBullet

Figure 4.1 illustrates the discrepancy between the predicted and true state derivatives.

Despite a small mismatch, the nominal model handles predictions of © and 3 on flat
terrain well. That is expected primary because DSKBM predicts & and ¢ directly through

using the robot’s current velocity and its current yaw .

DSKBM struggles with predicting angular velocity and acceleration. This discrepancy
arises since kinematic models do not reason about forces and mass. In this model, COM
acceleration is a control input, and any applied acceleration is directly translated into
an increase in velocity. In contrast, the true system dynamics are influenced by friction,
slip among other factors, and not all commanded acceleration results in a proportional

velocity change.

Similarly, angular velocity is predicted in the DSKBM through the robot’s current
velocity and COM sideslip, computed through the robot’s front and rear steering angles
and the wheelbase through the robot’s geometry, without accounting for the dynamic
response of the vehicle. In reality, angular velocity evolves over time due to inertial effects

and cannot change instantaneously as predicted by the kinematic model.

These model mismatches, especially in the acceleration and angular velocity of the
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Figure 4.2: Architecture of Probabilistic CRN

vehicle, can accumulate over time, leading to drift or suboptimal behavior when used in
conjunction with MPC. This motivates the corrective residual network introduced within

this thesis to correct nominal predictions.

4.2.2 Corrective Residual Network (CRN)

To learn a correction to the nominal model, the method uses LSTM networks, an
architecture that excels at reasoning over time-series data. In the rest of the thesis, the
model is referred to as the Corrective Residual Network (CRN).

The choice of state used with the DSKBM is intentionally simplistic for computational
purposes, and does not encapsulate all physical variables needed for accurate prediction.
Consequently, instantaneous corrective predictions based on the simplistic state is insuf-
ficient. By incorporating a temporal window of past states and actions, the CRN can

capture dynamic trends over time not explicitly modeled by the nominal system.

The input to the CRN consist of a sequence of robot states and actions over a fixed
horizon. In this thesis, a sequence length of 8 is chosen, providing the CRN a window
of 8 past actions and states, including the current state and action. The CRN makes a

corrective prediction to the current state derivative using this window.

The output from the LSTM is fed into two fully connected (FC) units, both with 1
hidden layer and 256 units. One branch outputs the mean of the predicted residual, and

the other outputs the covariance, forming a probabilistic residual model.
To ensure the predicted covariance matrix is well-defined and positive semi-definite,
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Figure 4.3: Overview of asynchronous training architecture used for data collection
and model training. A central simulation server controls the tasks workers have to
execute. Multiple simulation clients run one iteration of SLQ-MPC with DSKBM over a
randomized track to collect varied trajectory data. The server compiles data collected
by the client and sends it to the ModelTrainer. The ModelTrainer samples a window of
sequence length L from all collected data and packages it into a window of past states
and actions, and the ground truth state derivative.

the predictions from the covariance branch is manipulated to fit the lower-triangular
elements of the Cholesky factor. An element-wise softplus is applied to the diagonal
elements to enforce positivity. Softplus is a smooth approximation to ReLLU and can be
used to constrain the output of a machine to always be positive and is given by:

1

softplus(x) = 3 log(1 + exp(f * x)) (4.6)

Entries above the diagonal are zeroed out, and entries including the diagonal and below
are assembled to be the lower-triangular component of a Cholesky factorization with a

strictly positive diagonal.

While the exploration of uncertainty-aware corrections is beyond the primary scope
of this thesis, the probabilistic nature of the CRN sets up numerous possibilities in future

work. These possibilities are discussed in the concluding chapter.

4.2.3 Training Architecture

A distributed training architecture inspired by the approach used in Wang et. al was
implemented for efficient data collection and training of the CRN [16, 43, 44].

The training server manages client connections and sends tasks to idle connected

clients. The server repeats this process until a user-defined number of trajectories have
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been collected. Each simulation client independently samples a random track by selecting
five points uniformly within the bounds of the experiment and initializes the robot. The

points are connected sequentially in order of sampling.

Each client’s robot uses the MPC Path Tracker detailed in algorithm 1 to track
the path. At each timestep, the ground truth of the robot’s current state, its state
derivatives, as well as its actions are recorded. These are stored in a TensorDict sturcture

for subsequent training.

Concurrently, the ModelTrainer commences training with training data already
collected. During each training iteration, the ModelTrainer randomly samples a trajectory
out of all collected trajectories. Within the randomly sampled trajectory, the ModelTrainer
samples a valid window corresponding to the sequence length of the LSTM. To obtain
the residual the model has to learn from, the ModelTrainer uses the final state action
pair within the sequence length as the current state and queries the DSKBM for its

predictions. The residual is, as previously alluded in Equation 4.4, defined as:

T’(ZL‘, u) = Tsim — Tmodel (47)

As the goal was to train a probabilistic corrective network, training is performed
using a probabilistic objective. The two branches of the CRN form the a predicted mean
and a covariance matrix over the residuals. The log-likelihood of the observed residual
under this distribution is computed, and the negative log-likelihood is minimized using
Adam [53].

To accelerate and stabilize learning, learning rate scheduling like that in [54] was
implemented. The learning rate scheduler has an initial warm-up phase and controlled

decay to facilitate convergence initially while preventing instability in given more data.
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4.3 Corrective Sequential Linear-Quadratic MPC

4.3.1 Sequential Linear-Quadratic MPC (SLQ-MPC)

Algorithm 2 Sequential Linear-Quadratic MPC (SLQ-MPC)

Require: Cost matrices Q = 0, Q@ =0, R >0, Ra =0
Require: Current state xy, initial control guess {@;}_'
Require: Reference trajectory {@yefrii}i_g, horizon T, time step dt, inner iterations
Niter
1: for £ <~ 1 to Nj, do
2 To < T
3 [_dynamics < []
4: fori<+ 0toT —1do
5: (A;, B;, C;) < LINEARIZE(Z;, ;)
6
7
8
9

Append A;, B;, C; to [_dynamics.
Tiv1 < AiZi + By + C;

end for
QP «+ ForMQP (92’0, l_-dynamics,@,Qy¢, R, R, xref)
10: Warm-start solver with {a; }1_'
11: - {ur} '+ SovEQP(QP)
12: if max||u; — ;|| < € then
13: l;reak > Check for convergence
14: end if
15: U+ u* > Use optimal controls as new nominal
16: end for

17: return ug

Sequential Linear-Quadratic Model Predictive Control (SLQ-MPC) is a first-order colloca-
tion method that solves a nonlinear optimal control problem by iteratively approximating
it as a sequence of convex quadratic subproblems. It has parallels to Sequential Quadratic
Programming (SQP), though SQP is typically formulated with direct collocation, and
has stricter convergence checks corresponding to satisfaction of the nonlinear system’s

KKT conditions after linearization. The core algorithm is presented in Algorithm 2.

At each iteration, the algorithm optimizes for the optimal control sequence {u;}r '
During each time step of the forward rollout, the nonlinear dynamics is linearized into
the state-transition matrix, Ay, the input matrix, By, and the affine offset to shift the
system back to the origin, C. These matrices are cached for building the QP subproblem.

The corresponding state sequence is directly obtained from a forward rollout through the
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linearized dynamics around the current operating point.

During the sequential linear-quadratic refinement of the solution, a quadratic program

is assembled according to 2.53.

During the very first iteration, a set of dummy actions with zero steering and a

user-defined forward acceleration is given to the solver as an operating point.

ag -+ ag
Uit = |0 -+ 0 (4.8)
0 0

Although the corresponding states and control inputs are unlikely to lie in the
neighborhood of the true optimal solution, they allow formation of a locally valid linear-
quadratic approximation of the system. The solution to the locally valid QP yields a
control sequence that is closer to the optimal solution, which is used to warm-start the
next iteration. Each successive iteration produces a trajectory with control sequences
approaching the optimal controls, and with constraints that better reflect the true

non-linear dynamics [7].

The process repeats until the change in control inputs between iterations falls below
a threshold, or for a fixed number of iterations, following that of a RTT scheme for
MPC. This provides a balance between computational efficiency and solution accuracy.
SLQ-MPC allows the subproblems to stay convex and well defined, allowing solutions
to remain computationally tractable while yielding control sequences that approach the

optimal solution of the original nonlinear problem.
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4.3.2 Corrective Sequential Linear-Quadratic MPC

Algorithm 3 Corrective Sequential Linear—Quadratic MPC (CSLQ-MPC)

Require: Cost matrices @ = 0, Qy =0, R >0, Ra =0
Require: Current state xy, initial control guess {i; }/_;
Require: Reference trajectory {l’reﬂk_l’_i}z;o, horizon T', timestep dt, inner iterations Njse,
Require: Corrective Residual Network CRN (LSTM) with window size L
1: CRN;, - DEEPCOPY(CRN)
2: for ¢ <+ 1 to Ny, do
3: CRNy, + CRNy,

4: To ¢ T

5: [_dynamics < []

6: fori+0toT7T —1do

7! (A;, B;, C;) < LINEARIZE(Z;, ;)

8: Cern < CRN(History, ;)

9: Append (A;, B;, C;) to 1 _dynamics

10: Tiv1 < AT + By + C;

11: end for

12: QP « FORMQP(JY:O, l_-dynamics,Q,Qy¢, R, R, xref)

13: Warm-start solver with {a; }7_'

14 {ur}' < SoveEQP(QP)

15: if max||uf — 4;|| < ¢ then

16: ‘t;reak > Check for convergence
17: end if

18: U u* > Use optimal controls as new nominal
19: end for

20: return ug

This thesis proposes Corrective Sequential Linear-Quadratic MPC (CSLQ-MPC), a

method that integrates the learned dynamics corrections from the CRN.

The CRN is used to compute corrections to the dynamics model. The predicted mean
from the CRN is used directly as an affine offset to the linearized dynamics computed by

the model. The proposed method therefore amends the previous affine offset matrix with:

Ceff = Clinearized + 726 (fL’, U) (49)

This modification corrects the local linear approximation by explicitly accounting

for unmodeled effects that the CRN has managed to learn not captured by the nominal
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model.

The LSTM used in the Corrective Residual Network (CRN) is stateful and maintains
an internal hidden state across time steps to encode temporal information from past
inputs. This introduces an additional layer of complexity where the CRN has to be handled

carefully to when it is used to compute dynamics corrections within each iteration of

CSLQ-MPC.

To address this, CSLQ-MPC adopts the following procedure:

e Before the start of each SLQ-MPC iteration from ¢ =1 : Ny, a deep copy of the
CRN is created. This ensures that correction computations for the current state
and action sequence are isolated and do not modify the original CRN’s internal

state.

e After solving the QP subproblem and optaining a suboptimal control sequence,

CRN is reset to the deep-copied instance.

e After Nj., or convergence, whichever comes earlier, CRN is reset once again to the
deep-copied instance, and updated with the current state and optimized action the
robot will execute, ensuring the CRN only maintains a hidden state of the actual

state and action being used.
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Results

To evaluate the proposed method, 9 distinct evaluation tracks were created using a
sampling method from that used during training. This ensures that the robot is evaluated

on tracks it has never seen before, testing the model’s ability to generalize.

Each evaluation track is generated using the Poisson sampling disk algorithm [55].
The algorithm randomly samples five points in space using a radius of 5m. These points
are sorted in order according to their angle from the origin in order to create a more
conventionally shaped track, as opposed to the random angular tracks faced during

training. The resulting tracks are shown in Figure 5.1.

The robot platform used is a custom built, double-steer, car-like robot. The robot is
introduced to the PyBullet simulator through a URDF file exported through CAD. The
URDF file contains the mass and geometry of each of the components of the robot. The
robot uses the DSKBM as defined in earlier chapters. The only parameters required by
the DSKBM from the robot is the distance from the COM to its front and rear axles,
shown in Table 5.1.

Three different models were trained, each using an LSTM architecture but with

varying assumptions and objectives. The first two models trained were CRNs that correct

Table 5.1: KBM Parameters of the car-like robot

Parameter | Actual Params | Sys-ID Mismatch Params
I 0.342 0.484
ly 0.342 0.200
wheelbase | 0.684 0.684
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Track 0 Track 1 Track 2
Track 3 Track 4 Track 5
Track 6 Track 7 Track 8

Figure 5.1: Evaluation tracks for experiments generated using Poisson disk sampling
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Table 5.2: Summary of different models trained for experiments

Model Name Nominal Model Used? | Model Purpose
CRN Yes Tests ability to compensate
for modeling errors.
Mismatched CRN Yes (with wrong pa- | Tests robustness to poor sys-
rameters, [y = 0.484, | tem identification.
[, = 0.200)
Predictive Dynamics Network | No Evaluate performance with-
out correcting a nominal
model.

the nominal dynamics model they were trained alongside. The third model was trained
to directly predict system dynamics without correcting a nominal model. A summary of

the different models are shown in Table 5.2.

The CRN and Sys-ID Mismatch CRN are both corrective models. The CRN was
trained to correct predictions from a nominal model using accurate system parameters.
Experiments with this system demonstrate the CRN’s ability to correct dynamics arising
from nominal model mismatch with the actual dynamics. The Sys-ID Mismatch CRN
was trained to correct predictions from a model that has incorrect system parameters.
Experiments with this system demonstrate resilience to inaccurate identified system
parameters. This network will be referred to as the Mismatched CRN. The CRN of the
third system learns the dynamics directly instead of learning a residual. This network
will be referred to as the Predictive Dynamics Network (PDN).

The third model, the predictive dynamics network, was trained to predict the full
dynamics instead of a correction to a nominal model. This model will be used to evaluate

the efficacy of residual models.

In all experiments, the robot attempts to follow the evaluation tracks using the CSLQ-
MPC controller introduced in earlier chapters. For comparison, a baseline controller
that uses SLQ-MPC with the DSKBM is run on the same tracks. During each run, the
following data is logged:

e The true state derivatives queried from the simulator
e The predicted state derivatives from the learned model (with or without correction)

e The robot’s trajectory
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Figure 5.2: Predicted and Corrected State Derivatives vs. Simulation Ground Truth
(Track 0)

5.1 Learned Dynamics

To evaluate the accuracy of the learned dynamics models, the predicted state derivatives
from each model is compared against the ground truth values obtained from the PyBullet

simulator.

Figure 5.2 shows an example from one evaluation track (Track 0), where we compare:

e Predictions from the baseline DSKBM
e Predictions from DSKBM corrected by the CRN

e The ground truth state derivatives from simulation.

In Figure 5.2, the nominal model predictions for & and 3 are close to the ground truth.
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However, the CRN significantly improves accuracy across all predicted states. The CRN
makes large corrections especially to both predicted acceleration and angular velocity,

visibly reducing the mismatch between the nominal model and the simulator.

5.1.1 Corrective Residual Network (CRN)

The CRN model is evaluated across all 9 evaluation tracks. Figure 5.3 shows the average
root mean square error (RMSE) for each state derivative, averaged across all 9 evaluation
tracks, for both predictions from the nominal DSKBM and predictions from the CRN
compared against the ground truth from the simulator. Figure 5.4 shows the reduction

in average RMSE for predictions made using the CRN.

Average RMSE per State Variable (CRN vs KBM)

I CRN
] = o
2.0 1
1.5 A
w
(2]
=
o
()
(o)}
: o
v 1.0 A
| I I
0.0 -

x y a ]

Figure 5.3: Average RMSE per Predicted State Derivative (CRN, KBM vs. Ground
Truth) over all Evaluation Tracks

5.1.2 Predictive Dynamics Network (PDN)

The PDN shows an overall reduction in average RMSE when compared to the baseline
DSKBM. As shown in Figure 5.5, the model achieves lower prediction error for most

state derivatives.

Figure 5.6, which shows RMSE reduction for a run on each debug track, shows that

in certain evaluation tracks, average RMSE of some state derivatives are actually slightly
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RMSE Reduction (KBM - CRN)
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Figure 5.4: RMSE Reduction per State Derivative (DSKBM - CRN) over all Evaluation
Tracks

worse than that of predictions from the nominal model. These inconsistencies suggest that

the model is struggling to generalize for certain states across varying track geometries.

Average RMSE per State Variable (Full Predictive Dynamics vs KBM)
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Figure 5.5: Average RMSE per State Derivative

Figure 5.7 compares the average RMSE across all state derivatives for both the full
predictive model and the CRN. The full predictive model outperforms CRN in predicting
longitudinal acceleration, a, and slightly outperforms it in predicting forward velocity .
However, CRN performs marginally better in predicting lateral velocity ,y, and more

consistently outperforms the full model in predicting yaw rate (¢).
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RMSE Reduction (KBM - Full Predictive Dynamics)
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Figure 5.6: RMSE Reduction per State Derivative (DSKBM - CRN)

Comparison of Average RMSE between Corrective and Predictive Dynamics Model
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Figure 5.7: RMSE Comparison between Corrective and Full Predictive Models

5.2 Path Tracking MPC

This section evaluates the path-tracking ability of CSLQ-MPC (Algorithm 2) equipped
with different variants of CRNs specified in Table 5.2 under different scenarios. Perfor-

mance is measured using two metrics:

e Cross-track error (CTE): the average lateral deviation from the closest point on

the reference path.

e Time: the duration required to complete a full lap of each evaluation track.
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Table 5.3 summarizes the mean and standard deviation of both metrics across all 9
evaluation tracks. While the quantitative results appear to suggest that the CSLQ-MPC
with the PDN has lowest cross-track error, runs using PDN take significantly more
time than runs with the CRN. Additionally, the qualitative results show areas in which
CSLQ-MPC with the PDN struggle.

Path Tracker Cross-Track Error | Time Taken (u)
CRN with CSLQ-MPC 0.57 £ 0.11 15.6 + 2.5
DSKBM with SLQ-MPC 1.24 + 0.35 18.2 £ 2.3
Mismatched CRN with CSLQ-MPC 0.63 £+ 0.18 16.1 £ 2.3
Mismatched DSKBM with SLQ-MPC | 2.05 £ 0.63 19.2 £ 2.3
PDN with CSLQ-MPC 0.52 + 0.05 18.2 £ 2.2

Table 5.3: Summary of metrics averaged across all evaluation runs using CRN, mismatched

CRN, and PDN.

5.2.1 CSLQ-MPC (CRN) vs. SLQ-MPC (DSKBM)

Figures 5.8, 5.9, 5.10 shows qualitative results of the proposed CSLQ-MPC path tracker
with a CRN, compared alongside results of the SLQ-MPC path tracker using the DSKBM.
The results demonstrate accurate tracking even in extreme angular evaluation tracks such
as Track 1, 3, 4 shown in Figure 5.1 with minimal fluctuation in the control commands.
The CSLQ-MPC with CRN is able to follow even difficult tracks reasonably well with

data-driven corrections to a simple nominal model.
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CRN with CSLQ-MPC vs DSKBM with SLQ-MPC on Track 0
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CRN with CSLQ-MPC vs DSKBM with SLQ-MPC on Track 3
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Figure 5.10: CRN with CSLQ-MPC vs DSKBM with SLQ-MPC on Tracks 6-8
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Due to the simplicity of the DSKBM model being unable to capture the dynamics of
the robot at the given velocity, the path tracker struggles to follow even simple tracks

well, as seen in the red trajectories in figures 5.8, 5.9, 5.10.

In Figure 5.8b, the robot is unable to track the first tight bend, which leads the robot
to drive in a loop. In Figure 5.9a, the robot once again exhibits circular motions as it
struggles to track the extremely sharp bend. Across all runs, the robot demonstrates
drift, underscoring the models’ inability to accurately represent the system dynamics at

the given velocity. This is also reflected in the higher average CTE in Table 5.3.

Comparing the results of the CSLQ-MPC path tracker with a CRN to the results of
SLQ-MPC path tracker with DSKBM highlight the ability of the CSLQ-MPC algorithm
to learn the true underlying dynamics of the system. While the SLQ-MPC path tracker
fails to track reference trajectories even in simple tracks, given data-driven corrections,

CSLQ-MPC manages to track difficult, angular tracks such as that shown in Figure 5.9a.

5.2.2 CSLQ-MPC (CRN) vs. SLQ-MPC (DSKBM), both with

model parameters mismatch

The next runs demonstrate the ability of the CRN to adapt to large model parameter
mismatch, while demonstrate the fragility of MPC schemes to inaccurate system identifi-
cation. Figures 5.11, 5.12, 5.13 show the results of the CSLQ-MPC path tracker with a
CRN running on all evaluation tracks. The nominal model CRN is trained to correct has

wrong parameters detailed in Table 5.2.

Despite having a nominal model with wrong system parameters, the CRN is capable
of learning a correction to the dynamics that is representative of the true dynamics.
CSLQ-MPC with mismatched system parameters outperforms SLQ-MPC with a nominal
model using correct system parameters. Note that the control sequences solved by CSLQ-
MPC with model parameter mismatch is noticeably noisier than CSLQ-MPC without,
and the model struggles, while still managing to complete, tougher evaluation tracks like
that in Figure 5.12a.
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Mismatched CRN with CSLQ-MPC vs Mismatched DSKBM with SLQ-MPC on Track 0
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Figure 5.11: Mismatched CRN with CSLQ-MPC vs Mismatched DSKBM with SLQ-MPC

evaluation on tracks 0-2
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Mismatched CRN with CSLQ-MPC vs Mismatched DSKBM with SLQ-MPC on Track 3
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Figure 5.12: Mismatched CRN with CSLQ-MPC vs Mismatched DSKBM with SLQ-MPC

evaluation on tracks 3-5
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Mismatched CRN with CSLQ-MPC vs Mismatched DSKBM with SLQ-MPC on Track 6
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Figure 5.13: Mismatched CRN with CSLQ-MPC vs Mismatched DSKBM with SLQ-MPC

evaluation on tracks 6-8
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CHAPTER 5. RESULTS

On the other hand, SLQ-MPC equiped with a DSKBM with model parameter
mismatch performs poorly over the evaluation tracks. Figures 7?7, 5.12, 5.13 show the
results of evaluation runs on all test tracks. Given the results with the DSKBM with correct
system parameters, unsurprisingly, SLQ-MPC path tracker with parameter mismatch
performs worse. In Figure 5.11a, 5.11c, 5.13a, 5.13b, 5.13c, we see large drift as the
algorithm is unable to correct for turns well. In Figures 77, 7?7, we see the algorithm

struggle to follow the sharp angular turns of the evaluation track.

These results clearly demonstrate the ability of CSLQ-MPC to compensate for errors
in system identification of model parameters. With just two mismatched parameters in
the DSKBM, SLQ-MPC suffers from severe tracking issues, highlighting the sensitivity
of model-based control to incorrect dynamics. CRN learns a residual correction that
enables CSLQ-MPC to maintain accurate tracking performance, even when the underlying

nominal model is flawed.

5.2.3 CSLQ-MPC (PDN)

The PDN is evaluated with a modified version of CSLQ-MPC. As the PDN predicts
the full dynamics of the system, no nominal model is used within this version of CSLQ-
MPC, with the PDN instead providing an affine offset to the dynamics for each of the

optimization subproblems. Figures 5.14, 5.15, 5.16 show the results of path tracking using
the PDN.
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While CSLQ-MPC with the PDN is able to track paths somewhat accurately, in
Figure 5.15a the algorithm fails to handle the sharp bend that CSLQ-MPC with CRN
handles accurately. Overall, the robot moves at a much lower speed as well, and the
robot fails to complete track 4, shown in Figure 5.15b. The results demonstrate that
CSLQ-MPC with CRN still works more reliably and is able to control the robot at
higher speeds, without adding too much additional cross track error, yielding better

performance.
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Chapter 6

Conclusion

6.1 Conclusion

This thesis addresses the challenge of achieving robust and efficient control for car-like
robots under model mismatch, specifically when simplified dynamics models are used
with potentially incorrect system parameters. The Double-Steer Kinematic Bicyle Model
(DSKBM) was chosen as a simple nominal model due to its simplicity and real-time

feasibility. However, it omits dynamical factors such as mass, friction, and tire forces.

To compensate for these limitations, the Corrective Residual Network (CRN) is
proposed. The CRN uses an LSTM architecture to effectively correct the simple nominal
model. A common real-time iteration MPC scheme, Sequential Linear-Quadratic Pro-
gramming MPC (SLQ-MPC), is modified to include the CRN. The proposed algorithm,
Corrective SLQ-MPC (CSLQ-MPC), is a computationally efficient method that signifi-
cantly improves path-tracking performance. Notably, the CRN was able to compensate
for errors when the underlying DSKBM used incorrect system parameters, enabling the
robot to follow reference trajectories with CSLQ-MPC despite being given the wrong
model. CSLQ-MPC with the CRN leads to improvement in cross-track error of 54.3%
and an improvement in time taken of 14.3% over SLQ-MPC with the DSKBM.

This hybrid approach enables improved control performance without requiring complex
or high-fidelity models, making it well-suited for low-cost custom-built robots where full

system identification is impossible or impractical.
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CHAPTER 6. CONCLUSION

6.2 Future Works

Several promising directions can further extend the capabilities of the proposed algorithms
within this thesis. Future work include uncertainty-aware control, multi-modal sensor

integration, and integration of the CRN with planning.

The CRN outputs probabilistic predictions, which can be used to quantify uncertainty
over the system’s dynamics. In future work, this uncertainty can guide fallback strategies.
When confidence in the learned correction is low, the CSLQ-MPC can return to the
nominal model. This allows the controller to trade off optimality for robustness and

interpretability during distribution shift or in uncertain scenarios.

The CRN architecture may be easily extended to incorporate additional sensor
modalities and semantic information. By conditioning on additional sensor modalities
and semantic information, the model may learn to reason about terrain-dependent

dynamics, potentially improving performance in unstructured environments.

Beyond control, the CRN can also inform planning by serving as a learned forward
dynamics model. This would allow a system to evaluate and select kinodynamically
feasible trajectories and make decisions through unstructured environments, accounting
for terrain, robot limitations, and complex interactions that might be difficult to capture

analytically.
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