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Introduction

This is a graduate-level course on dynamical systems that emphasizes linear state-space models in both
continuous and discrete time. The material in this course is fundamental knowledge for students pursuing
research in systems and control theory, signal processing, or robotics.

1.1 Dynamical systems

A system is described by the abstract representation:

Input signal System with Output signal
u(t) state x(t) y(t)

Example (DC motor).
e The input u(t) is the voltage we apply to the motor, which is a function of time.
e The output y(¢) is the angular speed of the motor shaft, which we measure using a tachometer.

e The system is the motor itself. The state x(¢) is a vector containing all quantities that determine
the motor’s behavior. This may include the current through the windings, the angular position
and speed of the shaft, the temperature, etc.

1.2 Example: Spring—mass—damper mechanical system

One of the simplest dynamical systems is a mechanical system consisting of a single mass that slides on a
fixed horizontal surface (without friction) and is connected to a fixed vertical wall by a spring and a damper.
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The input to the system is the force that we apply to the mass, and the output of the system is the horizontal
position of the mass.

For this simple system, we have intuition about how it will behave.

e If we apply an impulsive force to the right, the mass will move to the right, oscillate (due to the spring),
the oscillations will decay (due to the damper), and the mass will settle into a fixed position.
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o If we apply a constant force to the right, the mass will move to the right, oscillate (due to the spring),
the oscillations will decay (due to the damper), and the mass will settle into a fixed position.

o If we apply a constant force to the left, similar behavior will occur with the mass settling into a fixed
position to the left of its at-rest position.

e If we apply a sinusoidal force, the mass will continue to oscillate back and force.

To better understand this relationship between the applied force and the position of the mass, we can use
Newton’s laws to derive a mathematical model of the system.

Modeling

Newton’s law states that the mass times the acceleration of the mass is equal to the sum of all the applied
forces acting on it. There are several forces acting on the mass:

e The applied force f acts to the right.
e The spring exerts a force —ky that is proportional to the displacement of the mass.
e The damper exerts a force —by that is proportional to the velocity of the mass.

The last two forces are negative since they exert a force to the left for positive (to the right) displacement
and velocity. Applying Newton’s law gives that mi = f — ky — by. Rearranging to put all of the terms
involving y on the same side, the equation of motion for the system is

my+by+ky=f
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This is a second-order differential equation that describes the relationship between the applied force f and
the position y of the mass. The coefficients m, b, and k are parameters that describe the system.

Transfer function

One way to analyze this system is to take the Laplace transform of the equation of motion. Doing so and
assuming the initial conditions y(0) and ¢(0) are zero, we obtain (ms? + bs + k) Y (s) = F(s), where Y (s) is
the Laplace transform of y(¢), and similarly for F(s) and f(¢). Rearranging this equation, we can find the
transfer function of the system,
Y (s) 1
 F(s) ms2+bs+k

To find the response y(t) given an applied force f(t), we can compute the Laplace transform F'(s), multiply
it by the transfer function to obtain Y'(s), and then take the inverse Laplace transfrom to get back to y(t).

PID control

Suppose we want to control the position of the mass. Let the signal r denote the reference, which is the
desired position of the mass. The error signal is then the difference between the reference and the actual
position, e = r — y. Feedback control constructs the input u to the system (in this case, the force f applied
to the mass) based on this error signal. Perhaps the most common feedback controller is PID control, where
the input w is proportional to the error, its integral, and its derivative. That is,

t
d
u(t) = kype(t) + kl/ e(r)dr  + kq ae(t)
—— \;OO,_/ —
proportional integral derivative

Taking the Laplace transform of this equation, we find that

Ul(s) = (k-,, + % + ka s> E(s)

where U(s) and E(s) are the Laplace transforms of u(t) and e(t), respectively. The transfer function is that
of an ideal PID controller, which is not physically implementable since it is noncausal (the degree of its
numerator is greater than that of its denominator). Instead, we can approximate the ideal PID controller
using a first-order filter on the derivative term,

k‘[ k‘d S

C(S):kp+?+Tfs+1

where T >> 1 is the filter time constant. This relationship is illustrated in the following block diagram.

. A e J PID controller " plant
T { C(s) G(s)

The closed-loop transfer function from the reference r to the output y is

Y(s) _ Cs)Gs)
R(s) 1+C(s)G(s)

9
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Limitations

e Transfer functions describe the relationship between a single input signal and a single output signal
(SISO systems). When there are more input or output signals, the transfer function becomes a transfer
matriz. While this can still be used to study the systems with multiple inputs and/or multiple outputs
(MIMO systems), the analysis becomes much more difficult.

Yl(S) Gll(s) e Glm(s) Ul(S)
Y, (s) Gpi(s) - Gpm(s)] [Unml(s)
p outputs p X m transfer matrix m inputs

e Control design using transfer functions is often graphical and heuristic (such as PID control and root
locus), which is not computationally tractable for large systems.

e Even more problematic is that transfer function apply only to linear time-invariant systems. Many
applications (such as robotics) involve nonlinear systems for which the transfer function does not exist.

State-space model

To overcome these limitations, we will use state-space models in this course to study dynamical systems. Let’s
derive a state-space model for the spring-mass—damper system. To do so, define the state of the system as
the two-dimensional vector
=Y
Y

so that 1 = y and xo = y. We can then rewrite the equations of motion in terms of this state vector as
follows:

L1 =Y =22
@y = § = 3 (f — bz — k1)
y=x
The first equation comes from the definition of the state, the second equation from the equation of motion,

and the third equation describes how the output y depends on the state z. In matrix form, we have the
following state-space model for the system:

. 0 1 0
Ay M
m m m

y=1[1 0]z+[0]f
At any time tg, the state x(tp) and the input u(t) for ¢ > to uniquely determine the future outputs y(t) for
all t > to. Knowing the initial position y(0) is not enough; we must also know the initial velocity 3(0) since
the system is described by a second-order differential equation. This is why the state vector has dimension
two.

The general form of a state space model for a linear time-invariant system is
&(t) = Az(t) + Bu(t)
y(t) = Cx(t) + Dul(t)

For the spring-mass—damper system, the state-space matrices are

0
A|B
c

0
1
0
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Advantages of state-space models

Some advantages of the state-space representation of a system are that:

it is a compact and convenient for computer implementations

it has the same form for systems with multiple inputs and multiple outputs (MIMO) as systems with
single inputs and single outputs (SISO)

the state vector reveals the internal nature of the system, not just the map from its inputs to outputs

it generalizes to more complex systems, such as those that are nonlinear and time-varying

1.3 Course overview

In this course, you will learn how to:

model a physical system

linearize a nonlinear system

find various state space realizations of a system (minimal, diagonal, controllable, observable)
find the response of a system

discretize a continuous-time system

characterize internal and external stability of a system

characterize controllability, observability, stabilizability, and detectability of a system

design feedback controllers to obtain desired transient and steady-state characteristics of the response
or to optimize a cost

Main topics

Fundamentals: What is a dynamical system?

- modeling physical systems (circuits, Newton’s laws, Lagrangian and Hamiltonian mechanics)
- linearization

controllability and observability
- system response

realizations (diagonalization, Jordan form)
Analysis: How well does a system perform?

- stability (BIBO stability, Lyapunov theory)
- transient response

Design and Feedback: How to modify a system so that it performs well?
- pole placement
- observer-based compensation
- optimal control (LQR)
- optimal estimation (Kalman filter)
- separation principle and LQG

11
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¢ System ldentification: How to model a system from data?

- model reduction
- eigensystem realization algorithm
- observer Kalman filter detection

12



Systems

A system is a relationship between signals. We typically split the signals into two groups: the input signals
are those that we can use to influence the behavior of the system, and the output signals are those that we
can observe or want to control. Systems are often dynamic, meaning that the output of the system at any
given time depends not only on the current value of the input, but also on previous values of the input. In
other words, dynamic systems have memory, so the behavior now depends on what has happened to the
system in the past. This memory is captured by the state of the system, which is a set of signals internal
to the system that completely describe its current state of memory. A continuous-time system has input,
output, and state that are continuous-time signals, while a discrete-time system involves discrete signals.
The following diagram illustrates the main components of a general system.

Input signal System with Output signal
—_—
u(t) state x(t) y(t)

2.1 Examples

Circuit

Circuits are electrical systems, where the signals that the system relates to each other are the voltages and
currents in the circuit. For instance, consider the following circuit consisting of a voltage source, switch,
resistor, and capacitor.

t=0 vr(t)

0a(t) @) i) c—

_|_
— we(t)

The input signal to this system is the source voltage v,(¢), and the output signal is the voltage across the
capacitor v.(t). Using Kirchhoff’s laws, the relationship between the source and capacitor voltage is described

13
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by the following first-order differential equation:
vs(t) = RC 0:(t) + ve(t)

The solution to this equation gives the voltage across the capacitor v.(t), which depends on both the source
voltage v, (t) and the initial capacitor voltage v.(0). The memory of this system is captured by the voltage
across the capacitor, so the state is z(t) = v.(t). Together, the initial state and the input signal uniquely
determine the output.

Mechanical system

Mechanical systems relate signals like the position and velocity of an object with the forces that act on it.
For instance, consider the following mechanical system consisting of a mass attached to the wall by a spring
and a damper.
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The input signal to this system is the external force f(t) applied to the mass, and the output signal is the
horizontal position y(t) of the mass. Using Newton’s laws, the relationship between the applied force and
the position of the mass is described by the following second-order differential equation:

f(t) = mij(t) + by(t) + ky(t)

Since this is a second-order differential equation, two initial conditions are needed to solve for the position.
For instance, we could use the initial position y(0) and the initial velocity (0) as the initial conditions.
Since these are both needed to specify the output, the state consists of both the position and velocity, that

is, £ = (y,9)-

Savings account

A savings account can be modeled as a discrete-time system, where the input signal is the amount A(k)
deposited into the account in month k and the output signal is the principal (or balance) P(k) of the account.
Here, the time index k corresponds to the month and takes nonnegative integer values k = 0,1, 2,..., where
month zero corresponds to when the account was established. Given that the account earns interest i, the
dynamics relating the amount deposited with the principal is

7
Pk +1) - P(k) + PR+ AR
——
balance next month balance this month interest deposits

While continuous-time systems are described by differential equations, discrete-time systems are described
by difference equations that involve the signals at shifted times (such as k and k + 1). For this system, the
state is the principal P(k).

14
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Numerical algorithms

An iterative numerical algorithm is a sequence of instructions that may be used to solve a mathematical
problem. We can interpret such algorithms as discrete-time systems. There are a numerous algorithms that
can be applied to solve a variety of problems. We now discuss a few such applications.

Square root calculation

As a simple example, we can use Newton’s method to compute the square root y/a of a positive number
a > 0. To do so, let z(0) > 0 be the initial estimate of the square root. Then for each iteration k =0, 1,2, ...,
update the estimate as

2k + 1) = % (x(k) 4 x(ak))

As this system is iterated, the iterates x(k) converge to the square root y/a in the limit as k — oo.

Fixed-point iterations

We can use numerical algorithms to solve nonlinear equations using fixed-point iterations. Consider the
nonlinear equation
20 —e T =1

To solve this equation, we first isolate one instance of x. For example, solving for the first instance of x gives

T = (1 —1—675”)

DN | =

To turn this into a discrete-time system, we replace x on the left-hand side by z(k+1) and « on the right-hand
side by x(k). This gives the discrete-time system

x(k+1) = %(1 +e7=(h)

We can start at some estimate 2:(0) of the solution and iterate for k = 0,1,2,.... If the iterates of the system
converge, then this must be a solution to the original nonlinear equation.

Instead of isolating the first instance of x in the equation, we could have isolated the second instance to

obtain the iteration
z(k+1) = —In(2z(k) — 1)

But this iteration does not converge! In general, there is no guarantee that a fixed-point iteration will
converge to a solution of the nonlinear equation, so you may need to try isolating a different instance of =z,
or start the iteration from a different initial condition z(0).

Optimization

Consider the problem of finding the value x that minimizes a function f(z). Some examples of optimization
problems are the following:

e 1 may be the number of widgets that a compancy produces and f(x) the associated production costs.

e 1 may be the route that you take to campus and f(x) the amount of time that you spend commuting.
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Such optimization problems are typically described mathematically as
minimize f(x)
xT

If the objective function f(z) is differentiable (meaning that its derivative exists), we can use the gradient
descent algorithm to find the minimizer:

zk+1)=z(k) —« %f(x(k))

where o > 0 is the stepsize. Whether this algorithm converges to the optimal solution or not depends on
the properties of the objective function f(z) and the choice of stepsize a.

Logistic map

An interesting discrete-time system is the logistic map, which is defined by the iterations
x(k+1)=rzk) (1 —z(k))

where r € [0,4] is a constant parameter. The dynamics of this system highly depend on the parameter r.
For instance, the iterates with r = 3.75 and initial condition x(0) = 0.5 are shown on the left.

Iterates of the logistic map Difference between iterates with slightly different initial conditions
0.8

06
08

- : o] jﬁm o Wﬂ’
! %l et

0.4
0.2

-0.6

o -0.8
0 10 20 30 40 50 60 70 80 90 100 0 10 20 30 40 50 60 70 80 90 100

Iteration k lteration k

One of the interesting properties of this system is that it is chaotic, meaning trajectories starting arbitrarily
closed together eventually diverge far apart. To illustrate this, suppose we instead initialize the system
with x(0) = 0.500001. The difference between the iterates using this initialization and the initialization
2(0) = 0.5 from before is shown on the right. While the trajectories start out close (so that their difference is
approximately zero), they eventually become very far apart. This illustrates some of the interesting behavior
that can occur when the dynamics are nonlinear.

2.2 Properties

It is often useful to characterize systems based on their properties. We now define some of the basic properties
that a system may have.

Memory

A system is static if the value of the output signal at any given time depends only on the value of the input
signal at the same time. In other words, y(¢) is a function of u(t), but not u(7) for any 7 # . Static systems
have no state.

16
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Example (Static system). An example of a static system is a circuit without any energy storage elements
(such as capacitors or inductors). For instance, the output voltage v,(t) depends only on the input
voltage v;(t) at the current time in the following circuit:

— MV ° vl

+ —— +
vi(t) V(1)
(3 (t)

The plot of the output voltage as a function of the input voltage is shown on the right. Since the system
has no memory, the output at time ¢ is a function of the input at time ¢ only.

A system is dynamic if the value of the output signal depends on the input signal at past (or future) times.
In other words, y(t) depends on u(7) for some 7 # ¢t. Dynamic systems have a state, and the response of the
system depends not only on the input signal, but on the initial state as well. All systems that have memory
are dynamic, so essential all “interesting” systems are dynamic.

An RC circuit is an example of a dynamic system. The voltage across the capacitor depends on what currents
have been applied to it in the past, and the output voltage depends not only on the supply voltage but the
initial capacitor voltage as well. Other examples of dynamic systems are the spring—mass—damper system,
savings account, fixed-point iterations, and logistic map.

Linearity

A system is linear if a weighted sum of input signals produces the same weighted sum of the corresponding
output signals. In particular, a system is linear if the input au; + bus produces the output ay; + bys for all
scalars a and b and all input signals u; and us and their corresponding output signals y; and ys.

To show that a system is nonlinear, we only need to find specific input-output pairs u; — y; and us — ys
and constants a and b such that the weighted sum of inputs a u; + bus does not produce the weighted sum
of outputs ay; + bys.

Example (Linear vs nonlinear). Examples of linear systems are the RC circuit, savings account, and the

system
t

y(t) = u(t) + 3/ u(r)dr + 2a(t)

— 00

Examples of nonlinear systems include the following;:
y(t) = 3(u(t) +3)
t
)= [ Vs
0

§() = y(t)u(t), y(0) = 1
1 u(k)
y@+nzpm+mm]

y(k +1) = [y(k)]* + u(k)
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The previous example suggests a general principle that we may use to quickly detect nonlinearity: if any of
the input or output signals are raised to a power, multiplied, or divided, the system is nonlinear.

Time invariance

A system is time invariant if shifting the input signal in time shifts the output signal by the same amount
in time. Suppose the input signal u;(t) produces the output signal y; (). Then a system is time invariant if
the shifted input signal us(t) = uy (¢t — 7) produces the shifted output signal yo(t) = y1 (¢t — 7) for all scalars
7 and all input signals u; and its corresponding output signal y;.

A system is time varying if shifting the input signal in time does not shift the output signal by the same
amount in time. In other words, the dynamics of the system change over time.

Example (Time-varying parameter). Time-varying systems often arise from systems whose parameters
vary with time. For instance, the RC circuit is time invariant if the resistance and capacitance are
constant. But if the resistance R(t) of the resistor changes over time, then the dynamics become time
varying:

Vs (t> = R<t) C @c(t) + vc(t)

Likewise, the savings account system is time invariant if the interest rate parameter is constant, but it
is time varying if the interest rate changes over time (which it does!):

Pk+1)= (1 + Zi?) P(k) + A(k)

Causality

A system is causal if the output at any given time depends only on the input at previous times. In particular,
a system is causal if y(¢) only depends on the input u(7) at past times 7 < ¢ and not future times 7 > t.

Example. All physical systems are causal, as a physical signal cannot predict the values of future input
signals. However, a noncausal system can be implemented in several circumstances:

e We can implement a noncausal system if the independent variable does not actually represent time.
In image processing, for example, signals are images and the independent variables correspond to
dimensions in space along the image.

¢ Even when the independent variable does represent time, we can implement a noncausal system
when the entire input signal is available before processing. For example, consider processing an
audio signal that is stored on a computer. Since the entire signal is available, the algorithm need
not process the audio signal in a causal manner.

Dimensionality

A system is finite-dimensional if the statespace (the space in which the state takes its values) is a finite-
dimensional vector space such as R™. All of the systems that we will study are finite dimensional.

18
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Example (Continuous-time delay). A relevant example of an infinite-dimensional (linear time-invariant)
system is a delay in continuous time. For a delay of time T, the output is y(t) = u(¢ —T'). The state of

this system is the set of all inputs over the past T' seconds,

This is an infinite-dimensional space, since it is a function over a continuous interval.

z(t) ={u(r) |[t-T <7<t}

e Time. A system evolves in continuous time if time ¢ takes values in a continuous interval, such

e Linearity. A system is linear if a weighted sum of input signals produces the same weighted sum of

e Time invariance. A system is time invariant if shifting the input signal in time shifts the output

e Causality. A system is causal if at each time the output at that time only depends on the input

o Dimensionality. A system is finite-dimensional if the state xz(t) at each time ¢ is in a finite-

as all real numbers (—oo, c0) or nonnegative real numbers [0, 00). In contrast, a system evolves in
discrete time if time ¢ takes values in a discrete set, such as all integers {...,—2,—1,0,1,2,...} or
natural numbers {0, 1,2,...}.

the corresponding output signals. In particular, a system is linear if the input a u; + bus produces
the output ay; +bys for all scalars a and b and all input signals u; and us and their corresponding
output signals y; and yo.

signal by the same amount in time. In particular, a system is time invariant if the shifted input
signal ¢ — u(t — 7) produces the shifted output signal ¢t — y(t — 7) for all scalars 7 and all input
signals u and its corresponding output signal y.

at previous times. In particular, a system is causal if y(¢) only depends on the u(7) for 7 < ¢. All
physical systems are causal.

dimensional vector space such as R”.

2.3 LTI systems

An important class of systems are those that are linear and time invariant, or LTI systems. There are several
reasons to study LTT systems:

Some systems are inherently linear and time invariant, such as RLC circuits, spring—mass—damper
systems, and many mathematical operations like differentiation and integration.

Many systems can be adequately approximated by LTI systems. Even if a system is not LTI, we can
often approximate it by one that is.

Understanding LTT systems forms a foundational basis for understanding more complex systems.

LTT systems have a rich and elegant theory. They strike a balance between being simple enough to
thoroughly understand and yet are rich enough to be broadly applicable.

LTT systems are a rich class of systems for which we have a complete and thorough understanding of how
they work, and the tools that we learn will help us in understanding more complicated systems. LTI systems
are the types of systems that you study in introductory courses in circuits, mechanics, and mathematics.
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Motivation

Consider an LTT system, and suppose we know a single input/output pair for the system as shown below.

uy (t) Y1 (t)

A A

Because the system is time invariant, we can shift the input in time and the output gets shifted in time by
the same amount.

’LLQ(ZL) = ul(t — 2) yQ(t) =Y (t - 2)

A A

time invariance A

t t

Since the system is linear (and therefore also homogeneous), we can scale this shifted input and the output
gets scaled by the same amount.

us(t) = —ua(t) y3(t) = —y2(1)

A A

homogeneity

/\ N

; \ﬁ

Also from linearity (this time using superposition), we can sum the first and third inputs and the output
will be the sum of the corresponding outputs.

ug(t) = ui(t) + us(t) ya(t) = y1(t) +y3(t)

A A

superposition

T
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We could continue using the linearity and time invariance properties to construct new input/output pairs,
all from knowing a single input/output pair and that the system is LTI!

Generalization

Let’s now generalize the motivating example to see all the ways in which we can exploit that a system is
linear and time invariant. As before, suppose we know a single input-output pair of an LTI system (this
time we will work with a discrete-time system for simplicity, although the procedure is similar in continuous
time).
u(k) = y(k)

Since the system is time invariant, then shifting the input signal in time shifts the output signal by the same
amount in time.

ulk—m) —  ylk—m)
This produces a different input-output pair for each time shift (corresponding to the value of m). Now from
linearity, taking a weighted sum of inputs produces an identical weighted sum of outputs. Applying this to
the above input-output pair for all values of m gives

Zw(m) ulk —m) Zw(m) y(k —m)

m

where there is a weight w(m) for each value of m.

Later, we will see that this expression is general enough to represent any input-output pair of the system.
In other words, knowing a single input-output pair is enough to completely characterize any LTI system!

2.4 System response

The most fundamental question regarding the analysis of a system is: how does the system respond to various
excitations? The output of a system, known as the response, depends on both the input signal and the initial
conditions (or initial state). In an RC circuit, for instance, the voltage across the capacitor depends on both
the source voltage and the initial capacitor voltage.

There are various types of responses, based on the nature of the input signal and initial condition. We now
describe several important responses of a system.

Zero-input response

The zero-input response (ZIR) is the output of the system due to the initial conditions when the input signal
is zero (at all times). The zero-input response depends only on the initial state of the system.

Input signal System with Zero-input response
_—
u(t)=0 state z(t) y(t)

Example (ZIR of spring—mass-damper system). Going back to our example of a spring—mass—damper
mechanical system, the zero-input response is the position of the mass when no force is applied. In this
case, the response depends on only the initial position and velocity of the mass.
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Zero-state response

The zero-state response is the output of the system due to the input signal when the initial state is zero. By
“initial state”, we typically mean the state at time zero, in which case it is assumed that the input signal is

zero for times before the initial time.

S'y.st.em with Zero-state response
————— | initial state y(t)

ult) 2(0) = 0

Input signal

Example (ZSR of spring—mass-damper system). Continuing our example, the zero-state response of the
mechanical system is the position of the mass when it starts at rest. In this case, the response depends

on only the force applied to the mass.

The zero-state response depends on the particular input signal. Two common zero-state responses are the

following.

e The step response is the zero-state response due to a unit step input signal.

System with
—— | initial state Step response
us (t) (0) =0

Step input

¢ The impulse response is the zero-state response due to a unit impulse input signal.

System with
——— | initial state Impulse response

z(0) =0

Impulse input

a(t)
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State-space models

Dynamical systems have various representations, from schematic diagrams to differential equations and
transfer functions. In this chapter, we will study models that explicitly describe the state of the system,
which is a signal internal to the system that contains all information about the system at each point in
time. State-space representations are useful since they can represent any system (even nonlinear ones),
while concepts such as the transfer function and convolution are limited to linear time-invariant systems.
Additionally, there exist a vast amount of analysis and design methods for state-space models.

3.1 State

Recall that a system is described by the abstract representation:

Input signal System with Output signal
u(t) state x(t) y(t)

The symbol ¢ denotes time, and the input u, output y, and state z are all signals that are functions of time.
The defining property of the state is as follows.

Definition (State). The state is a signal such that, at any time tg, the state x(to) and the input w(t)
for t > to uniquely determine the future outputs y(t) for ¢ > t.

The state contains all relevant information about the system at each point in time so that, along with the
input signal, it can be used to determine the output. Some examples of systems and their associated states
are the following:

e In a mechanical system, the state may consist of the positions and velocities of all masses.
e In a circuit, the state may consist of the voltages across all capacitors and current through all inductors.

An important properties of the state (as we will see) is that the state is not unique. Also, the true state
of a system may include many quantities such as the ambient temperature, pressure, humidity, time of day,
season, etc, as these may affect the dynamics of the system (possibly to a very small extent). Modeling a
system involves a trade-off between the complexity of the model and how accurately it represents the desired
system. In the rest of this chapter, we will study system models that explicitly represent the state.
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3.2 State-space models

General model

State-space models explicitly describe how the state z(t) changes in time, which depends on the current
value of the state, the system input, and possibly time itself. For causal continuous-time and discrete-time
systems, respectively, the state equation that describes how the state evolves is given by

z(t) = fla(t),u(t),t) or z(t+1) = f(z(t),u(t),t). (state equation)

The state equation is a differential equation in continuous time and a difference equation in discrete time.
The function f is called the state transition function and describes how the state changes. Since the state
completely describes the system at each time, the output is a function of the current state (and possibly the
current input and time as well),

y(t) = g(x(t),u(t),t). (output equation)

This is called the output equation and is the same in both continuous and discrete time.

For an n-dimensional system with m inputs and p outputs, the dimensions of the signals are as follows:
e wu(t) is an n-dimensional state vector
e wu(t) is an m-dimensional input vector

e y(t) is a p-dimensional output vector

Simplified models based on system properties

The above state-space model can be used to represent a wide variety of dynamical systems. When the system
has certain properties, however, we can represent the system using a simpler model that is easier to work
with. For instance, the state transition function f and output function g are both linear when the system is
linear, and they are independent of time when the system is time invariant. The general state-space model
of a causal continuous-time system is as follows (discrete-time systems are similar, except that the time
derivative @(t) is replaced with the time shift z(¢t + 1)):
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General state-space model

Linear Time-invariant
&(t) = A(t) z(t) + B(t) u(t) ©(t) = f(z(t), u(t))
y(t) = C(t)z(t) + D(t) u(t) y(t) = g(x(t),u(?))

Linear time-invariant (LTI)

z(t) = Az(t) + Bu(t)
y(t) =Cuz(t) + Du(t)

For finite-dimensional systems, the state x(t) is in a finite-dimensional vector space, so A, B, C, and D are
matrices (in the infinite dimensional setting, they are general linear operators).

Autonomous systems

An autonomous system is a system without input. For instance, a general autonomous system in continuous
time has the form

&(t) = f(x(t), 1)

while an autonomous linear time-invariant system has the form

() = Az(t).

Linear systems

While many systems are nonlinear, we will focus on linear models. There are several reasons for this:
e Linear models are often good approximations to nonlinear systems (within certain operating conditions).

e State-space analysis for linear systems is computationally tractable. We can leverage fast numerical
linear algebra tools that scale to large systems and can be done rapidly in real time.

e State-space analysis has become a cornerstone of modern engineering since the 1980’s.

e Many of the core concepts from linear systems occur in nonlinear systems as well. We must understand
the (simpler) linear case to build intuition for other more complex systems.
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Since LTI systems are completely described by their system matrices (A, B, C, D), we sometimes use the
following compact notation to represent the system:

A|B
C|D

The matrices (A, B,C, D) are the state-space matrices that represent the dynamics of the system.

Y= U.

e Ais an n X n matrix that represents how the current state affects the state evolution
e Bis an n x m matrix that represents how the input affects the state evolution
e (is a p X n matrix that represents how the state affects the output

e D is a p X m matrix that represents how the input affects the output

3.3 Block diagram

The block diagram is a visual representation of a system. This representation is useful for identifying
structure in the system and how the various signals interact with each other. In this section, we describe
block diagram representations of LTI systems.

In the block diagram representation of a system, arrows represent signals, blocks represent systems, and
circles represent summing junctions. Any LTT system can be described by a block diagram with the following
types of components.

integrator x(t) >

delay
constant o
gain z(t) J ax(t)
. z1(t) O = 21(t) — 22(t) + 23(1)
summing _
junction /

A few comments concerning the basic block diagram components:

e By default, we assume that all signals entering a summing junction (represented by a circle) are summed.
To subtract a signal, we place a negative sign on the arrow just before the summing junction.

e Integrators are used for continuous-time systems, while delays are used for discrete-time systems.

e Using the fundamental theorem of calculus, another way to interpret an integrator is that, if the input
signal is #(t), then the output signal is (¢). Similarly, another way to interpret a delay is that, if the
input signal is z(¢ + 1), then the output signal is z(t).
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e We can also represent block diagrams in the frequency domain. Constant gains and summing junctions
are identical in the frequency domain. The Laplace transform of an integrator is multiplication by 1/s,
and the z-transform of a delay is multiplication by 1/z.

Example. The first-order differential equation y(t) + ay(t) = u(t) can be represented by the following
block diagram, where we labeled the intermediate signals for clarity. Note that the summing junction
in the block diagram represents the differential equation.

0 . T (1)
ay(t)

State-space realization from block diagram

u

)
A
<
&

=)

We now show how to construct a state-space realization of a system from its block diagram representation.
The steps are as follows:

a) Label the output of each integrator block (in continuous time) or delay block (in discrete time) as a
state variable x;(¢). Then the input to the block is @;(¢) for an integrator and z;(t + 1) for a delay.

b) Express the input to each integrator or delay block in terms of the state variables 1 (t), x2(t), ..., z,(t)
and/or the input signals uq(t), ua(t), ..., um, (). This is the state equation.

c) Express the outputs y1(t),y2(t), ..., yp(t) in terms of the state variables and/or the input signals. This
is the output equation.
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Example. Consider the discrete-time LTT system described by the following block diagram.

We labeled the output of each delay block as a stored variable, in this case z1(k) and z2(k). Now
let’s write down the difference equations that these intermediate variables satisfy. The first summing
junction on the left side of the diagram corresponds to the equation

zo(k 4+ 1) = taa(k) + u(k)
and the third summing junction on the right side of the diagram corresponds to the equation
.Il(k + 1) =S —%lfl(k) + 1‘2(]{1) + 21‘2(:]{1 + 1)

This equation contains x2(k 4 1), but we already found how to express this in terms of zo(k) and u(k).
Substituting in the above expression,

z1(k+1) = —3z1(k) + Sz2(k) + 2u(k)

We now have two first-order difference equations in the variables =1 (k) and z2(k), and the input signal
u(k) enters directly into these equations. The last equation that we need is how to find the output
signal y(k) from these intermediate variables, which in this case is simply

Block diagram from state-space realization

The above procedure could also be reversed. Given a state-space representation of a system, we can construct
a block diagram as follows:

a) Let each state variable x;(¢) be the output of an integrator/delay. Then the input to the block is i;(¢)
for an integrator and z;(t + 1) for a delay.

b) Use the state variables z1(%), ..., 2, (t) and/or the input signals u;(t),. .., un(t) to construct the input
to each integrator/delay based on the state equation.

c) Use the state variables x1(t), ..., z,(¢) and/or the input signals u (¢), . .., u,(¢) to construct the output
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signals y1(¢), ..., yp(t) based on the output equation.

General form

If we allow arrows in the block diagram to represent vector-valued signals, then we can also use the above
procedure to construct the following block diagram of a general state-space realization, where the integrator
block integrates each component of its input signal.

Based on the procedures for converting between state-space representations and block diagrams, we make
the following observations:

e The number of state variables is the same as the number of integrator/delay blocks.

e There is a one-to-one correspondence between block diagrams and state-space representations.




Modeling

Dynamical systems are described by differential equations in continuous time and difference equations in
discrete time. These equations that describe the dynamics of the system are often derived from physical
laws. In this chapter, we will derive models for electrical circuits and mechanical systems from first principles.

4.1 Stochastic systems
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Example (London in the winter). Let the discrete time ¢ denote the day, and suppose the probability
that the weather transitions from one state (nice, rainy, or snowy) on a given day to another state the
next day is as follows:

For instance, if the weather today is nice, then tomorrow the weather will rain with probability 0.9 and
snow with probability 0.1 (with no probability of being nice again!). We can model the weather as a
discrete-time autonomous linear time-invariant system. Define the state on day ¢ as

Prob(nice on day t)
z(t) = | Prob(rain on day t)
Prob(snow on day ¢)

From the law of total probability, the state evolves as follows:

0 03 02
z(t+1)= 109 0.6 0.7| z(t)
0.1 0.1 0.1

This is an autonomous discrete-time linear time-invariant dynamical system that describes the proba-
bility that the weather is nice, rainy, and snowy on any given day. Since the components of the state are
probabilities, they must be nonnegative and sum to one. For instance, if the weather is nice today, then
we could set 2(0) = (1,0,0) and iterate the system to observe how the probabilities change over time.
This type of system that describes the sequence of probabilities over time is called a Markov chain.

4.2 Electrical circuits

Circuits are systems composed of electrical components. The signals in a circuit include the voltage of each
node and the current through each path.
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Circuit elements

Circuit elements include resistors, capacitors, inductors, op-amps, and other integrated circuits (ICs). The
following table summarizes the relationship between the voltage v(t) across a circuit component and the
current i(t) through the component as a function of time ¢ for resistors, capacitors, and inductors.

component voltage-current current-voltage
capacitor 1/t do(t)
4{ e u(t) = c). i(r)dr i(t) =C "
resistor . . 1
ANN- v(t) = Ri(t) i(t) = Zo(t)
. ; t
inductor ’U(t) =L d:’i(tt) Z(t) _ %[m ’U(T) dr

We can interpret each individual circuit element as a (simple) dynamical system that relates the voltage
across the component with the current through the element. With this interpretation, a resistor is a static
system in that the voltage and current are functions of each other at each point in time; that is, resistors
have no memory. Capacitors and inductors, on the other hand, are dynamical systems that store enery in
electric and magnetic fields.

Governing laws

Just as Newton’s laws govern mechanical systems, Kirchoff’s laws describe the relationship between voltages
and currents in an electrical circuit. Kirchoff’s laws can be derived from Maxwell’s equations in the low-
frequency limit.

¢ Kirchhoff’s Current Law (KCL): The sum of currents at any node is zero.
¢ Kirchhoff’s Voltage Law (KVL): The sum of voltages around any loop is zero.

Example (KCL). The following node has four paths with two currents (i1 and 43) flowing into the node
and two currents (i and i4) flowing out of the node. Kirchoff’s current law states that iy + i3 = i +1i4.
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Example (KVL). Consider the following circuit with various loops.

We can apply Kirchoff’s voltage law to both of the inner loops as well as the outer loop. Doing so yields
the following equations:

0=AVo+ AVs + AVg (left inner loop)
0=AVI + AV + AVz + AV, (right inner loop)
0=AVg+AVs — AV]; — AV, — AV; (outer loop)

Remark. For KVL, we use the convention that the voltage is positive when traversing the loop from the
positive terminal (+) to the negative terminal (—). If we would instead traverse the loop in the opposite
direction, all of the signs would be flipped which would yield the same governing equation. Also, only need
to count loops that are independent from each other. In the above example, for instance, the equation for
the outer loop is redundant and follows from summing the inner loop equations. [
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Example (Series RLC circuit). We now use Kirchoff’s laws to model the following series RLC circuit.

vr(®) v () vel)
T AAA—— T ey T L I I -
R L
C

v (t) C) vi(t)

The sum of the voltages around the loop is zero, so the source voltage is equal to the sum of the voltage
drops across each of the three elements.

Vs = VR + v, + Ve

The same current flows through each element. Using the relationships between voltage and current for

each element, we have that

1 .
i:EvR:C’bc and v, = Li

Combining these, we can write the source voltage in terms of the voltage across the capacitor and its
derivatives as
vs = LCV. + RCO; + v,

This is a second-order differential equation that describes the relationship between the supplied voltage
and the voltage across the capacitor.

There are various ways we can write the governing equation. For instance, we can use that i = Cv. to
write the equation in terms of the current as

g 1
s=Li+Ri+ —= [ idt
v 1+ It + c / 7
Current is the rate of change of charge (i = ¢), so the governing equation in terms of the charge is

1
., = JL e I =
v q+ C]‘f'cq

State-space representations

To find a state-space representation of an electrical circuit,
a) Define the state as the vector of voltages across capacitors and currents through inductors.

b) Express the currents through capacitors and voltages across inductors in terms of the state and inputs.
These are the state equations.

c) Express each output in terms of the state and inputs. These are the output equations.
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Example (continued). To find a state-space representation of the RLC circuit, we first let the state
vector be the capacitor voltage and inductor current,

We then find expressions for the current through the capacitor and voltage across the inductor in terms
of the state and input. In this case, the current through the capacitor is i(¢). To find the voltage across
the inductor, we use KVL,

vs(t) = vR(t) + v (t) + ve(t)

and the relationship between voltage and current for a resistor,
vr(t) = Ri(t).

The state equations then consist of the derivatives of state, which are

dve(t) 1.
& ~c¢'®
and die) 1
i .
5 = 7or®) = 7 (va(t) = Ri(t) - ve(t)).
Therefore, a state equation that represents the circuit is
. 0 1 0
L L L
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Example (Parallel RLC circuit). We now use Kirchofl’s laws to model the following parallel RLC circuit.

\[;vb L "/a //‘MAO Vo
4

; "' o
| =1 ,{ngR
l

N

From the relationships between voltage and current for each circuit element and Kirchoff’s laws, we
obtain the following equations:

Vin — Vo = Liy (inductor)
1

Vo = I8, /ic di (capacitor)

Vo = Rig (resistor)

5 = - O (KCL at Vj)

To find a state-space representation of the circuit, we let the state consist of the voltage across the
capacitor and the current through the inductor,

Vo(t)
t)=1. .
z(?) [lL(t)
The derivative of the capacitor voltage is then

ol _ Lt = & (1) - 2000

and the derivative of the inductor current is

L) _ L) - vot.

Therefore, a state equation that represents the circuit is

)= | 7 5]a+ 7] vato:

Remark (Analogy between mechanical and electrical systems). Recall that the governing equation of a spring-
mass-damper system and the series RLC circuit in terms of the charge are

my+by+ky=f and L(j—i—R(j—i—éq:vs.
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By comparing these equations, we can interpret an electrical circuit as a mechanical system and vice versa.
For instance, the supply voltage in the circuit is similar to the applied force in the mechanical system, the
charge in the circuit is similar to the position of the mass, and the coefficients of the electrical components
correspond to those of the mechanical components. The full analogy is as follows:

Mechanical system Electrical circuit

applied force f supply voltage v,
position y charge ¢

mass m inductance L

damping coeflicient b  resistance R

spring coefficient k (inverse) capacitance &

We can construct a similar analogy for the parallel RLC circuit. This analogy enables us to interpret electrical
circuits as mechanical systems and vice versa. ]

4.3 Mechanical systems

The equations of motion for mechanical systems can be derived using Newton’s law of motion as well as
variational formulations based on the energies in the system.

Elements

component force-velocity velocity-force

spring :

% 1df(t

// f@) = k[m o(T)dr u(t) = %7];55 )
damper 1

Z t) =bo(t t)=—f(t

. [ f(t) = bu(t) v(t) = L (1)
mass

2 do(t 1/t

-_ o =m = [ foar

Newtonian mechanics

Newton’s law of motion states that the sum of the external forces applied to a mass is equal to the time
derivative of momentum,

dp

E - zz: fz

Both the external forces and the momentum are vectors, so they have both a magnitude and a direction. For
a particle, the momentum is the product of the mass and the velocity, p = mv. When the mass is constant,
this leads to the familiar form of Newton’s law which states that the sum of the external forces is equal to
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the mass times the acceleration,
ma = Z fi
i

where the acceleration is the time derivative of velocity, a = %’.

While Newton’s law accurately describes the motion of a system, it can be difficult to apply to complex

systems. There are several reasons for this.

e Newton’s law involves vector quantities. These vectors must be described in an orthogonal set of
coordinates, which is not always the most natural coordinates to describe a system.

e All external forces applied to an object must be solved for. When systems involve constraints (such as
a mass pushing again a wall, or a mass hanging from a string), we must explicitly solve for the forces
that result in this constrained motion (such as the wall or string pushing back against the mass).

An alternative formulation of these equations of motion, collectively known as variational mechanics, over-
comes these limitations by allowing us to define a set of independent but not necessarily orthogonal generalized
coordinates.

Variational mechanics

Variational mechanics formulates the equations of motion using the (scalar) energies in the system.

e The positions and rotations of each particle or planar rigid body is described by a set of generalized
coordinates q; fori =1,...,n.

o A set of generalized forces Q. act on the system. Examples of generalized forces are translational forces
and rotational torques.

e The kinetic energy of the system is denoted T.

- For a particle with mass m and velocity v, the kinetic energy is

2

T=zmv

1
2
- For an object rotating with angular velocity w with moment of inertia .J, the kinetic energy is

T = %Jaz?

The potential energy of the system is denoted U.

- For a particle with mass m and height y with gravitational acceleration g, the potential energy is
U =mgy
- For a spring with coefficient k& and displacement A, the potential energy is
U=1kA?
e The Lagrangian is the difference between the kinetic and potential energy of the system,
L=T-U

In general, the Lagrangian depends on the generalized coordinates ¢;, the corresponding generalized
velocities ¢;, and time t.

e The generalized momentum associated with the generalized coordinate g is the partial derivative of the
Lagrangian with respect to the time derivative of the generalized coordinate,
0L
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e The Hamiltonian is defined in terms of the Lagrangian as

=1

Lagrangian mechanics. For a system with n particles, Lagrange’s equations of motion are the following
set of n coupled second-order differential equations:

d 0L OL
dtdg;  dq; _zk:Qk

Hamiltonian mechanics. For a system with n particles, Hamilton’s equations of motion are the following
set of 2n coupled first-order differential equations:

. oH
%“=+5,
. oOH
pi=— aQi + ;Qk
Triple spring—mass—damper
— 0 — ¥2 — Y3
ky ko k3
EAAMAAAAA— —AAMAAAANA— —AAAAAMAAANA—
7 mq ma ms
‘ I n n
7 1 [ L
Z b @) @) ba O O bs
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Newtonian mechanics. As this is a relatively simple system, we can easily derive the equations of motion
using Newtonian mechanics. To do so, we first draw a free-body diagram for each mass, where we indicate
all forces acting on the mass. Using Newton’s law that the mass times the acceleration is equal to the sum
of the forces, we obtain the following equations of motion.

mith = fi —kiyr — by + ka2 (y2 — y1) + b2 (Y2 — 91)

maofie = fao—ka(y2 —y1) — b2 (Y2 — 91) + k3 (y3 — y2) + b3 (U3 — 12)

m3is J3 — k3 (y3 —y2) — b3 (y3 — 92)

Lagrangian mechanics. We can also derive the equations of motion using Lagrangian mechanics. The
kinetic energy of the system is the sum of the kinetic energies of each mass,

1 1 1
T = imlvf + §m2v§ + §m3’11§

where v; = ¥; is the velocity of mass i for ¢ = 1,2,3. The potential energy is the sum of the potential energies
of each spring,

1 1 1
U= ilﬁyf + §k2 (y2 —y1)> + §k3 (y3 — y2)?
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The Lagrangian is then the difference between the kinetic and potential energies, L = T — U, and the

equations of motion are
d oL 0L

aa’l}i B 8yi
for i =1, 2,3, where Q); is the generalized force acting on mass i. The generalized force is sum of the applied
force and the forces due to the dampers. Take the first mass for instance. The partial derivatives of the
Lagrangian are

- Qi

oL oL

— = d — =k k — ),

o0, miv1 an o 11 + k2 (y2 —y1)
and the generalized force is Q1 = f1 — byvy + by (v — v1). Substituting these quantities into the Lagrange
equation gives

mi01 + k1yr — ko (Y2 —y1) = f1 — bivy + b2 (v2 — v1)

which is the same as that obtained using Newtonian mechanics.

Hamiltonian mechanics. Alternatively, we can also derive the equations of motion using Hamiltonian
mechanics. The Hamiltonian is the total energy of the system, H = T + U. Instead of the velocities v;,
Hamiltonian mechanics is formulated in terms of the conjugate momentum p; = é% = m;v;, where ¢; = y; is
the generalized coordinate. In terms of the generalized coordinates and conjugate momenta, the Hamiltonian
is

1 1 1 1 1 1
H=T+U= 2 2 24 Zkig? 4 =ko(go — q1)? + =ks (g3 — q2)°
+ 2m1p1 + 2m2p2 + 2m3p3 + Rl + N2 (@2 —q1)" + 53 (a3 — q2)
The equations of motion are then
O0H OH
Gi = + and Py = — + Qs fori=1,2,3.
Opi 9q;

where @); is the same generalized force as in the Lagrangian formulation. For instance, the equations of
motion for the first mass are

1

) . b b b
g1 = —p1 and = kg + ko (2 — @) + fr — —p1 + — 2
my mi

—Pp2— —D1
m2 mi

The first equation states that v; = ¥, and the second equation is equivalent to the equation of motion for
the first mass obtained from Newtonian mechanics.

Summary. All three approaches to modeling result in the same equations of motion for the system. In
this case, Newton’s laws are simple to apply and are the most straightforward approach to obtaining the
equations, but for more complicated systems Lagrangian and Hamiltonian mechanics are simpler.

To summarize, the triple spring-mass—damper system is described by the linear time-invariant state-space
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model
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Simple pendulum

Consider a simple pendulum with mass m, length ¢, acceleration due to gravity g, angle 8, and torque 7
applied at the joint in the direction of 6.

S L Ll LS

Newtonian mechanics. Perhaps the simplest method to obtain the dynamics of the system are to apply a
force balance on the mass of the pendulum (as shown in the above diagram). Since the sum of the forces
perpendicular to the rod must be zero, we have that

mlh + mgsin§ = %

where the applied torque is the applied force multiplied by the length of the pendulum.
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Lagrangian mechanics. We can also construct the equations of motion using variational mechanics. Using
the position of the joint as the origin, the Cartesian coordinates of the mass are

x=/¢sinf and y= —Lcosh.

Since the length of the rod is constant in time while the angle varies in time, the time derivative of the
coordinates is ) )
& =4~0cosf and gy = —lOsinb.

The kinetic energy due to the motion of the mass is

1 262
T:va2:%(¢2+y2): m2 .

The potential energy due to the height of the mass is
U =mgy = —mglcosb.

The Lagrangian is then the difference between the kinetic and potential energies,
1 .
L=T-V= §m€202 + mgl cos 6.

Lagrange’s equation of motion is the second-order differential equation

d oL OL
T = —— =

dt 99 09

= %( 0%0) — (—mglsin 6)

=m0+ mglsin 6

Note that this is the same equation of motion that we obtained using Newtonian mechanics.

Hamiltonian mechanics. We can also derive the equations of motion using Hamiltonian mechanics as
follows. The generalized momentum corresponding to the generalized coordinate ¢ = 6 is

_ oL _

= 726.
p 5(} m

The Hamiltonian is then the total energy in the system,
1 )
H=p4—-L=T+V = §m€292 —mglcosf.

In order to compute the partial derivatives of the Hamiltonian, we need to express H in terms of p and g,

1
H= me — mgl cosgq.
The partial derivatives of the Hamiltonian are then
OH 1 q OH i
- = - an — = mgsing.
op mez? dq geing

Therefore, Hamiltonian’s equations of motion are the two first-order differential equations

.1
q_m€2p

p=—mgsing+ 7

We recover Lagrange’s equations of motion by substituting p from the first equation into the second.
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Linearization

The equations of motion that describe the dynamics of a system are often nonlinear. Such systems are
much more difficult to analyze and control that their linear counterparts. In this chapter, we study several
methods for constructing linear systems from nonlinear systems. In many cases this linearization is only an
approximation to the original system (as in Jacobian linearization), although it is sometimes possible to use
feedback to linearize the dynamics (as in feedback linearization).

5.1 Jacobian linearization

Jacobian linearization is a method for approximating a nonlinear system by a linear system. The Jacobian
linearization approximates a nonlinear system about an equilibrium point, or more general, any given nominal
trajectory of the system. The linearization about a fixed equilibrium point produces a linear time-invariant
system, while the linearization about a time-varying trajectory produces a linear time-varying system. This
is a local approximation in that the linear model is only a good approximation to the nonlinear system if
the system stays near the equilibrium (or nominal trajectory). This tool allows us to analyze and control
(to some extent) nonlinear systems using their linearization.

Linearization about an equilibrium point

Equilibrium points (or fixed points) are states of a system for which the system does not move when initialized
at the equilibrium.

Consider a time-invariant continuous-time system
L(t) = fa(t), u(t))

where z(t) is the state and w(¢) the input at time ¢. A state & is an equilibrium point of the system if there
exists a constant input @, called the equilibrium input, such that

f(@,a)=0
If we initialize the system at the equilibrium point z(0) = Z and apply the equilibrium input u(t) = @ for
all t > 0, then the state does not change in time since @(¢t) = 0. Therefore, the trajectory of the system is

simply x(t) = Z for all t > 0. In other words, the system remains at the equilibrium point for all time.

The concept of an equilibrium point is the same in discrete time, although the definition is slightly different.
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Consider a discrete-time dynamical system

2k +1) = f((k), u(k)).

For the state to remain the same, we require an equilibrium point Z and its corresponding equilibrium input
@ to satisfy & = f(Z,a). When the state is initialized at #(0) = Z and we apply the equilibrium input
u(k) = @ for all k > 0, the state remains at the equilibrium point for all time.

Given an equilibrium point Z and its corresponding equilibrium input @, we know that if we start the system
from the equilibrium point Z and apply the equilibrium input %, then the system will stay at the equilibrium
point. But what happens as the state deviates away from the equilibrium point and we apply a slightly
different input? To study this case, we will use the deviation variables

0 (t) = x(t) — 2 and du(t) =u(t) —a
which are the differences between the actual state and input and the equilibrium.

Using the definition of the deviation variables and the fact that (&, @) is an equilibrium of the system, the
Jacobian linearization of the nonlinear system about the equilibrium is

Oz (t) = Ad, (t) + Bé, (t)

where of of
A=—"(z,u and B=—

Ox (,) ou

The state-space matrices A and B are constant and are the Jacobian of f evaluated at the equilibrium.
This is a linear time-invariant system in the deviation variables. The Jacobian linearization is the first-order

Taylor series approximation for the state equation in terms of the deviation variables.

(%)

Example (pendulum). The simple pendulum is described by the nonlinear differential equation

{ij = f(z1,20) = |:_%sai?121(371):|

where 21 = 0 and x5 = 6. The equilibrium points are the solutions to f(&1,&2) = 0, which are points
of the form (nw,0) for any integer n. The Jacobian is

o2 = |-t

or  |—%cos(z1) O

Therefore, the linearization about the equilibrium (0,0) (corresponding to the down position) is

0] _ [0 1] [ba, o 0z, = 71
6£D2 - _% 0 63?2 v 5w2:$2

and the linearization about the equilibrium (7, 0) (corresponding to the up position) is

(?g” |0 1| {9 where Opy =21 =70
0ss] |5 0 [Oas b2y = T2
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Example (predator—prey). The dynamics between the populations of a predator species and prey species
can be modeled using the Lotka—Volterra equations

[dsl] ~ flon ) = [aazl - bxlxg]

T cr1Ty — drs

where z; is the number of prey, x5 is the number of predators, and the constant parameters (a, b, ¢, d)
represent the relationship between the two species. The equilibrium points are solutions to the equation
f(Z1,Z2) = 0. This has the trivial equilibrium (0,0), where the population of both species is zero. It

also has a non-trivial equilibrium (£, ). The Jacobian is

of la—bxy —brxy
o d

87:5 CI2 Cr1 —
Therefore, the linearization of the system about the non-trivial equilibrium is

511 |0 _% Oy where 6301:361_%
(S I = A I 50— — &

T2 b

Linearization about an equilibrium trajectory

Instead of linearizing the system about a constant equilibrium, we can also linearize it about a given nominal
trajectory. Suppose that (Z(t), 4(t)) is a trajectory of the system, meaning that it satisfies the dynamics

(t) = f((t),a(t),t)
The deviation from this trajectory is then
0, (t) = x(t) — &(t) and 0. (t) = u(t) — a(t)

Using the fact that (Z,a) is a trajectory of the system, the Jacobian linearization of the nonlinear system
about the trajectory is )
0(t) = A(t) 05(t) + B(t) 0u(t)
where
At) = g(i(t) a(t),t) and B(t) = a—(i(t) u(t),t)
Oz TN ou ’ ’

The state-space matrices A and B now depend on time, so this is a linear time-varying system in the
deviation variables.

5.2 Feedback linearization

Feedback linearization is a control design technique for nonlinear control affine systems that finds an input
signal that transforms the system into an equivalent linear system. In contrast to Jacobian linearization,
feedback linearization is not an approximation.

Consider a nonlinear control affine system
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where z is the state, u is the input, and y is the output. The goal is to construct a control input
u=a(x)+blx)v

that renders the map between the new input v and the output y linear. The original nonlinear system can
then be controlled using linear control design strategies to design the auxilliary control input v, and then
using this to construct the input u for the nonlinear system.

Example (feedback linearization). Consider the nonlinear dynamical system

1 =1 + X9

:b2:3:17%9:2+x1+u
3

Yy=—x7] +2x2

We will define a transformation on the state and input such that the resulting dynamics are linear from
the transformed input to the output. Define the transformed control input v and the transformed state

(1,&2) as

v=u—3z3+ u=v+3E - &
§1=11 whose inverse is 1 =&
& =—ai + 13 wy =€ + &

(the derivation of this transformation requires more advanced tools that we will not study here). The
dynamics of the transformed state in terms of the transformed input are then

L=&6+8+8&
fr=v
y =&

The state & does not affect the output and can therefore be neglected. The dynamics from the trans-
formed input v to the output y are linear and time invariant with transfer function 1/s.

To control the nonlinear system, we can design a controller for the linear system to find the transformed
control input v, use the input transformation to obtain the untransformed control input u, and then
apply this to the original nonlinear system. This is illustrated as follows.

M y
o

L1 = o1 + T2

p
u=v+3x3 -2 ]—> T
A

y:—x‘;’+x2

3x%m2+x1+u
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Linear Time-Invariant Systems

We have seen how to model general dynamical systems as differential equations (or difference equations
in discrete time). While we can also use this type of representation for linear time-invariant systems,
such systems have many other useful representations that we will study in this chapter, including their
representation as block diagrams, state-space realizations, and transfer functions.

6.1 Representations of LTI systems

There are various ways of representing an LTT system, such as the following:
e transfer function (or transfer matrix)
o n'-order constant coefficient differential equation
e state-space representation

e block diagram

6.2 Transfer function

We can find the transfer function of the system directly from a state-space realization. The transfer function
of a system is unique, even though the state-space realization is not.

Consider the continuous-time LTI system
&(t) = Az(t) + Bul(t)
y(t) = Cx(t) + Du(t)

Taking the Laplace transform of the state and output equations and assuming that the initial state is zero
(since the transfer function only describes how the input signal affects the output), we obtain

sX(s) = AX(s)+ BU(s)
Y(s) =CX(s)+ DU(s)

In the state equation, bring both terms with the state to the same side. Since the state is a vector, we need

to factor out an identity matrix,
(sI — A)X(s) = BU(s)
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We can now solve for the state by multiplying on the left by the inverse of the matrix sI — A, which gives
X(s) = (s — A)"'BU(s)

Now that we know the state, we can substitute this into the output equation to find the output in terms of
the input,
Y(s)=CX(s)+ DU(s) = [C(s] — A)"'B+ D]U(s)
Since the transfer function is such that Y(s) = H(s)U(s), the quantity in square brackets must be the
transfer function.
H(s)=C(sI —A)™'B+D

The derivation in discrete time is identical with the Laplace variable s replaced by the z-transform variable z.

The transfer function of an LTT system with state-space matrices (A, B, C, D) is
HAN)=C(\ -A)™'B+D,

where )\ is s in continuous time or z in discrete time.

Remark. For systems with a single input and single output (SISO), the transfer function is a scalar function.
But for multi-input multi-output (MIMO) systems, it is a transfer matriz. The transfer function is in general
a p X m matrix, where p is the number of outputs and m is the number of inputs. ]

Example (spring—mass—damper system). Recall that the relationship between the applied force u and
position y of the mass in the spring-mass—damper mechanical system is given by the LTI dynamical
system with state-space realization

o Bl o
kﬁ

The transfer function is then

iy Gl -[ ) -

Poles of the transfer function and eigenvalues of A

The inverse of the matrix in the transfer function can be written

_1 _ adj(sI — A)
L= A" = G GT=A)

where adj(-) denote the adjugate, and det(-) denotes the determinant. The adjugate is a polynomial matrix
in s, so the only terms in the denominator are due to the determinant of sI — A. This determinant is
precisely the characteristic polynomial of A. The roots of the characteristic polynomial are the eigenvalues
of A, which are also poles of the transfer function. Therefore, any pole of the transfer function must also be
an eigenvalue of the state transition matrix A.

All poles of the transfer function are also eigenvalues of the state transition matrix.

poles of H(s) - eigenvalues of A
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Example. Going back to our spring-mass—damper system, suppose the coefficients are k = m = 1 and
b = 2. Then the eigenvalues of the A matrix in the state-space represenation are

oo )=

and the denominator of the transfer function factors as
s24+25+1=(s+1)°

which has a repeated root at negative one.

6.3 Block diagrams and state-space realizations

We now study how to construct a state-space realization of an LTI system from its transfer function (or
equivalently, an n'"-order differential equation). Corresponding to the state-space realization will also be a
block diagram, which is a visual representation of the system. As we will see, the state-space representation
(and therefore also the block diagram) is not unique. A state-space representation of a system is called a
realization. In this section, we will see several state-space realizations of LTI systems.

A block diagram is a visual representation of a dynamical system. This representation is useful for identi-
fying structure in the system and how the various signals interact with each other. In the block diagram
representation of a system, arrows represent signals, blocks represent systems, and circles represent summing
junctions. Any LTT system can be described by a block diagram with the following components.

integrator x(t) ~B » /_ x(r)dr
delay x(t) ,? - z(t—1)
co;:ti::nt x(t) ‘@ > az(t)
. z1(t) O > z1(t) — @2(t) + x3(t)
summing _
junction /
QZQ(t)
z3(t)

By default, we assume that all signals entering a summing junction (represented by a circle) are summed.
To subtract a signal, we place a negative sign on the arrow just before the summing junction.

For simplicity, consider a general second order system with transfer function
b282 + bi1s + by
H(s) = —5——F——
s+ a1s+ ag
which represents the differential equation

J+ar1y+aoy=baii+ by u+ bou.
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We will construct several state-space realizations and their corresponding block diagrams for this second-
order system; it is straightforward to generalize the results to higher-order systems.

Direct form

As its name suggests, the direct form is the most straightforward to construct. First, multiply the equation
Y (s) = H(s)U(s) by the denominator of the transfer function and divide by s? to obtain

ai ao b1 bo
Y(s) + ?Y(S) + ?Y(S) =byU(s) + ?U(s) + S—2U(s).
Now solve for the first Y(s) to obtain
Y(s) = ¥ () - D y(s) 1 b U(s) + LU(s) + L U(s)
N S 82 2 S 82

The direct form of the block diagram represents this equation explicitly. Since there is only one equation,
the diagram has only a single summing junction.

A state-space representation of the direct form with x; the state of the rightmost integrator and x4 the state
of the leftmost integrator is as follows:

0 1 0 0|0
—ag —a1 by by | be
Y= 0 0 0 10 |u
0 0 0 0]1
—ap —aip bo bl b2

While the direct form is easy to construct, notice that it uses twice as many integrators as the order of the
system (in this case, four integrator blocks for a second-order system). When implementing the system, each
integrator block corresponds to a variable that must be stored. It turns out that an n'"-order system only
needs n integrator blocks to be implemented, so more efficient implementations exist (as described next).
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Controllable canonical form

To construct the controllable canonical form, we will manipulate the transfer function before drawing the
corresponding block diagram. In particular, let’s define the intermediate signal w(t) as

1
s24+a1s5+ag

W(s) = ().

In terms of this intermediate signal, the output is
Y (s) = (ba s> + by s+ bo) W(s)

and the input is
U(s) = (s> + a1 s+ ag) W (s).

The direct form represents these two equations explicitly. Since there are two equations, the block diagram
has two summing junctions.

- bo
—{ ] ]
v oL
LN 0 e o 00 st S
()
J

This block diagram uses only two integrator blocks, which is the minimum number required for a second-order
system. The state-space representation corresponding to this block diagram is as follows:

i 0 1 0 . 0 0 |
0 0 1 .. 0 0 v
w
Y= : : : B : : U with state T = w
0 0 0 .. 1
—ag —ay —as ... —p_1 w(y;_l)
L bo —brap b1 —bpar by —bpaz ... bp_1 —bpan_1 | by 1

Remark. Later, we will see why this state-space model is called controllable, but the main idea is that we
can always choose the input to make the state of the system anything we want: we can control the state. m

Observable canonical form

To construct the observable canonical form, we first define a sequence of auxiliary variables. Define the first
intermediate variable as
T2 =y —byu
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so that the differential equation becomes

Now define the next intermediate variable as

To+a1y+agy =0by 4+ bgu.

:clza'c2+a1yfb1u.

Substituting this into the differential equation yields

T1 4+ agy = bou.

These equations have the following block diagram representation. As with the controllable canonical form,
this block diagram also uses the minimum number of integrator blocks.

= by O
-
To

(o0 )
2

o)

(4|
>

The state-space representation corresponding to this block diagram is as follows:

[0 0 0 —ao by — bpag
1 0 0 —aq bl - bnal
0 1 0 —as by — bpas
y =
0 0 1 —Qp—1 bn,1 — bnan,1
L0 0 0 1 b, |

Remark. Later, we will see why this state-space model is called observable, but the main idea is that we
can always reconstruct the state of the system if we measure the input and output of the system over a long

enough period of time: we can observe the state.
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6.4 State transformations

As we have seen, the state-space realization (A, B, C, D) of an LTI system is not unique. We now describe
the relationship between various realizations.

Consider an LTI system with state-space realization

= Ax + Bu
y=Cz+ Du

Now suppose we transform the state from z to z where
2(t) = T~ a(t) or x(t) = Tz(¢). (T invertible)
Replacing « in the state equations with Tz and using that T is constant in time yields

Tz = ATz + Bu
y=CTz+ Du

Multiplying the state equation on the left by 7—! (which exists because T is invertible by assumption) yields
3= (ATTAT)z + (T 'B)u
y=(CT)z+ Du

These are equivalent realizations in that they represent the same relationship between the input v and
output y. The only difference is the internal representation of the state. We denote that two realizations are

equivalent by
A|B
C|D

Since these two realizations are equivalent for any invertible state tranformation, there are an infinite number
of equivalent realizations!

T-'AT | T-'B
CT \ D

(T invertible)

Fact (Controllability and observability matrices under state transformations). Consider a state-space real-
ization (A, B,C, D) with controllability matrix P and observability matrix Q). For any state transfor-
mation matrix 7', the tranformed system

T—lAT\T—lB
cr | D

B
D

A
C

has controllability matrix P = 7! P and observability matrix Q = QT.

Fact (State transformation between two realizations). Consider two state-space realizations

A|B
C|D

of the same transfer function with states & and z, respectively. The state transformation z = T~ 'z is

B

=

D

and

Q> S

e T = PP~ if both realizations are controllable, and

e T = Q'Q if both realizations are observable.
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Canonical Forms

7.1 Direct form

For simplicity, consider a general second order system with transfer function
b282 + b1s + by
H(s) = 57— ——
s+ a1s+ ag
which represents the differential equation
J4+ary+aoy =Dboii+ by u+byu.

We will construct several state-space realizations and their corresponding block diagrams for this second-
order system; it is straightforward to generalize the results to higher-order systems.

As its name suggests, the direct form is the most straightforward to construct. First, multiply the equation
Y (s) = H(s)U(s) by the denominator of the transfer function and divide by s? to obtain

ai ao b1 bo
Y(s) + ?Y(S) + ?Y(S) =byU(s) + ?U(s) + S—2U(s).
Now solve for the first Y(s) to obtain

Y(s) = —% Y(s) - % Y(s) +baU(s) + % U(s) + g Ul(s)

The direct form of the block diagram represents this equation explicitly. Since there is only one equation,
the diagram has only a single summing junction.
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A state-space representation of the direct form with z; the state of the rightmost integrator and x4 the state
of the leftmost integrator is as follows:

0 1 0 010
—ag —ai1 by by | by

Y= 0 0 0 10 |u.
0 0 0 011

—ag —a; by by | bo

While the direct form is easy to construct, notice that it uses twice as many integrators as the order of the
system (in this case, four integrator blocks for a second-order system). When implementing the system, each
integrator block corresponds to a variable that must be stored. It turns out that an n'"-order system only
needs n integrator blocks to be implemented, so more efficient implementations exist (as described next).

7.2 Controllable canonical form

To construct the controllable canonical form, we will manipulate the transfer function before drawing the
corresponding block diagram. In particular, let’s define the intermediate signal w(¢) as

1

s2 4+ a1 5+ ag

W(s) =
In terms of this intermediate signal, the output is
Y (s) = (bas* + by s+ bo) W(s)

and the input is
U(s) = (s* + a1 s+ ag) W(s).

The direct form represents these two equations explicitly. Since there are two equations, the block diagram
has two summing junctions.

(b | ]

This block diagram uses only two integrator blocks, which is the minimum number required for a second-order
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system. The state-space representation corresponding to this block diagram is as follows:

o0 1 0 . 0 0
0 0 1 - 0 0 v
w
Y= : : : - : : U with state T = w
0 0 0 .. 1 0
—ag —aq —an N —Qn—-1 1 '
w(nfl)
L b() — bnao b1 — bnal b2 — bnag N bn,1 — bnan,1 bn i

Remark. Later, we will see why this state-space model is called controllable, but the main idea is that we
can always choose the input to make the state of the system anything we want: we can control the state. m

7.3 Observable canonical form

To construct the observable canonical form, we first define a sequence of auxiliary variables. Define the first
intermediate variable as
To =y —bau

so that the differential equation becomes
To+ar1y+agy =0by 4+ bgu.
Now define the next intermediate variable as
1 =1oIs+ a1y — by u.
Substituting this into the differential equation yields
&1+ agy = bo u.

These equations have the following block diagram representation. As with the controllable canonical form,
this block diagram also uses the minimum number of integrator blocks.

u > b2 ) ~Y

(oo



ECE 601: State Variables for Engineers 7 - Canonical Forms

The state-space representation corresponding to this block diagram is as follows:

0 0 ... 0 —ap b() — bnao
0o ... 0 —aq bl — bnal
01 ... 0 —ay by — bnas
y= . . . u
0O o0 ... 1 —Qp—1 bn—l — bnan_l
00 ... 0 1 by, |

7.4 Kalman canonical form

7.5 Diagonal canonical form

Definition (DCF). The diagonal canonical form (DCF) of an LTI system is a state-space realization
(A4, B,C, D) of the system in which the matrix A is diagonal.

7.6 Jordan canonical form

Definition (JCF). The Jordan canonical form (JCF) of an LTI system is a state-space realization
(A, B,C, D) of the system in which the matrix A is in Jordan form.
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Response

The most fundamental question regarding the analysis of a system is: how does the system respond to various
excitations? The output of a system, known as the response, depends on both the input signal and the initial
conditions. In an RC circuit, for instance, the voltage across the capacitor depends on both the source voltage
and the initial capacitor voltage.

8.1 Types of responses

There are various types of responses, based on the nature of the input signal and initial condition. We now
describe several important responses of a system.

Zero-input response

The zero-input response (ZIR) is the output of the system due to the initial conditions when the input signal
is zero (at all times). The zero-input response depends only on the initial state of the system.

Input signal System with Zero-input response
—_—
u(t)=0 state z(t) y(t)

Example (ZIR of spring-mass-damper system). For a spring-mass—damper mechanical system, the zero-
input response is the position of the mass when no force is applied. In this case, the response depends
on only the initial position and velocity of the mass.

Zero-state response

The zero-state response is the output of the system due to the input signal when the initial state is zero. By
“initial state”, we typically mean the state at time zero, in which case it is assumed that the input signal is
zero for times before the initial time.
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. System with
L Zero-
Input signal initial state ero-state response

u(t) 2(0) =0 y(t)

Example (ZSR of spring—mass-damper system). Continuing our example, the zero-state response of the
mechanical system is the position of the mass when it starts at rest. In this case, the response depends
on only the force applied to the mass.

The zero-state response depends on the particular input signal. Two common zero-state responses are the
following.

e The step response is the zero-state response due to a unit step input signal.

Step input System with
bow initial state Step response
(1) il st

e The impulse response is the zero-state response due to a unit impulse input signal.

System with
——— | initial state Impulse response

z(0) =0

Impulse input

5(t)

8.2 Solving the state equation for continuous-time LTI systems

We now show how to find the response from a continuous-time LTI state space model. Given the input
signal and initial condition, we seek to find the output signal.

&(t) = Ax(t) + Bu(t), x(to) = xo
y(t) = Cz(t) + Du(t)

Remark. The state equation is a differential equation (which requires some effort to solve), while the output
equation is simply algebraic. Once we have the state x(t), the output is simply y(t) = Cx(t) + Du(t). |

To illustrate the approach, we will first consider the case where the state dimension is one, and then solve
the general case.

One-dimensional system

For a one-dimensional system, the state equation reduces to
z(t) = ax(t) + bu(t), x(to) = o
where we use lowercase symbols a and b to emphasize that they are scalars. We can find the state in the

time domain or frequency domain.
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Time-domain approach. Multiply both sides of the state equation by e~%(t~*) and use the product rule
to obtain

d
T (e_“(t_to) x(t)) = et () —ge ) p(t) = emtt0) o)

Now integrate from the initial time ty to a generic time t,

t
:/ efa(TftO)bu(T)dT

7=0 to

to

{67‘1(740) I(T)i|
Expanding the left-hand side,

t
e~ U710 p(8) — x(ty) = / e T0) puy(r) dr

to
Now multiply both sides by e®(!*~*) and rearrange to obtain the state:

t
z(t) = e gy 4 / e py(r)dr

to

Frequency-domain approach. We can obtain the same result in the frequency domain. Taking the (uni-
lateral) Laplace transform of the state equation,

sX(s)—xzog=aX(s)+bU(s)

Solving for the state yields

1
X(s)= 20 4

s—a s—a

bU(s)

Using that £{e*} = L

a

and L{f x g} = L{f} L{g}, the state is
t

o(t) = "z + e xbu(t) = e o + / =) hu(r) dr
0

which is the same as before (with to = 0 due to the definition of the Laplace transform).

General case

We can use the same procedure as before to find the response to a general state space model. The only
difference is that, instead of the standard exponential e®*, we need to use the matrix exponential e?.

—A(t—to)

Time-domain approach. Multiply both sides of the state equation by the matrix exponential e and

use the product rule to obtain
%(e*f‘(t*tw m(t)) = Al () - Aem AT p(f) = e Al—t) By

Now integrate from the initial time ty to a generic time t,

t
e Al) (1) — 2(t) = / e A=) Buy(r)dr

to

A(t—to)

Now multiply both sides by e and rearrange to obtain the state:

t
z(t) = e g 4 / A7) Bu(r)dr

to
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Frequency-domain approach. We can also derive the result using the frequency domain as before, but we
need the Laplace transform of the matrix exponential e, which is (sI — A)~!. Taking the (unilateral)
Laplace transform of the state equation,

sX(s)—xo=AX(s)+BU(s)
Solving for the state yields
X(s)= (sl — A tag+ (sI — AP BU(s)
Taking the inverse Laplace transform, we have that
z(t) = e xg + e x Bu(t)
which is the same as before.

Now that we have the solution to the state equation, the response is simply y(t) = Cx(t) + Du(t).

The response of a continuous-time LTI system in the time domain is

¢
yt) = CeAlt=to) gy 4 C eAt=7) Bu(r) dr + Du(t)
to
—_————
zero-input response zero-state response

and in the frequency domain is

Y(s) = C(I—-A)7'zy + [C(sI—A)"'B+D|U(s)
—_— ————
zero-input response zero-state response

The transfer function is the ratio of the Laplace transform of the output to that of the input when the initial
condition is zero, which for a general state space model is

Y(s)

06s) =C(s[-A)~"B+D

8.3 Solving the state equation for discrete-time LTI systems

We now show how to find the response from a discrete-time LTI state space model. Given the input signal
and initial condition, we seek to find the output signal.

x(k+1) = Az(k) + Bu(k), x(ko) = xo
y(k) = Cz(k) + Du(k)
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In contrast to the continuous-time case, we can simply iterate the state equation in discrete time and observe
the general pattern:

x(1) = Az + Bu(0)
x(2) = A%z + ABu(0) + Bu(1)
x(3) = A%z + A2Bu(0) + ABu(1) + Bu(2)

k—1
2(k) = AFzo + Y AP Bu(l)
(=0

The response of a discrete-time LTI system in the time domain is
k—1
y(k) = CAFogy 4+ YT CAMTBu(l) + Du(k)
Z:ko
zero-input response zero-state response
and in the frequency domain is
Y(2) = 2CI-A)"'zy + [C(zI-A)"'B+D|U(2)
zero-input response zero-state response

8.4 Diagonal form

Suppose A is diagonalizable. Then there exists an invertible matrix 7" and a diagonal matrix A such that
TYAT = A = diag( A, .-+, An).
Then applying the state transformation x(t) = T'z(t) yields the state-space representation of the system
%= Az+ Bu
Y= Cz + Du

Al B

C|D

T'AT | T7'B
cr | D

where

Since A is diagonal, we can write this as a set of n uncoupled first-order differential equations:

=Mz + Elu

zn = >\n2n + Bnu
Yy = Cz + Du
Since the states are uncoupled, we can solve for each state separately:

t
2i(t) = etz (0) + / e)‘i(th)éiu(T) dr.
0

The output is then a weighted sum of each of these individual states along with the input signal.
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Example. Consider the LTI system

p= 1% Zlo+[i]
y=[1 1]z

Perform a state transformation with x = Tz with state transformation matrix

|1 -1 . 1|21
T—[l 2] with inverse T = L 1].

Since A is diagonal, the transformed system is

21 =—2z14+u
22:72224*11,
Y=z

In this case, the first state z; does not affect the output, so the same input-output response is represented
by the one-dimensional system

8.5 Impulse response

The impulse response of a system is its zero-state response due to a unit impulse input signal. Any zero-state
response can be expressed as a weighted sum of shifted impulse responses.

Discrete time

The impulse signal in discrete time is

5(k):{1 if k=0

0 otherwise
which is always zero except at time k = 0. Recall that the general response of a discrete-time LTI system is

k—1
y(k) = CA¥zo + Y CA¥ "' Bu(l) + Du(k).
=0
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The impulse response, denoted h(k), is the response when the input signal is an impulse (u(k) = §(k)) and
the initial condition is zero (z¢ = 0),

k—1
CA*1B ifk>1
h(k) =Y CAF1B§) + DS(k) = =
(k) ; (€) (k) D fh—0

In other words, the input {1,0,0,0,...} produces the output {D,CB,CAB,CA?B,...}.

Remark. If the system has multiple inputs and multiple outputs (MIMO), then the impulse is a matrix-
valued signal with §(0) the identity matrix. |

8.6 Jordan form

The diagonal form only applies when the A matrix is diagonalizable. However, any matrix may be put in
Jordan form. We now show how to interpret the response of the system using a state transformation so that
A is in Jordan form.

Let T be an invertible matrix that puts A in Jordan form, that is,
T AT = J = diag(Jx, (M), - - -, Tk, (Aa))-
Then applying the state transformation x(t) = T'z(t) yields the state-space representation of the system

3=Jz+ Bu
yzé’z—kf)u

J|B
| D

T-'AT | T-'B
CT \ D

where

Since J is block diagonal with d blocks, we can write this as a set of d uncoupled differential equations:

21 = Jkl ()\1)2’1 + Blu

24 = Jkd()\d)zd + Bdu
Yy = C’z—kﬁu

Since the states are uncoupled, we can solve for each state separately:

t
Zl(t) = ech,y()\z:)tZi<0) +/ eJki()\i)(t_T)Biu(T) dr.
0

The output is then a weighted sum of each of these individual states along with the input signal.
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Controllability

Controllability in dynamical systems refers to the ability to steer the system’s state from any initial condition
to any desired final state within a finite time interval using available inputs. In essence, it’s about determining
whether the system can be fully controlled.

0.1 Definition

A system is controllable if it can be moved from any state to any other state in a finite amount of time.

Definition (Controllability). A system is controllable if, given any initial state zo and final state xy,
there exists a time ¢ty > 0 and an input signal u(t) for 0 <t < t; such that z(0) = z¢ and x(t;) = x;.

Comments

e Controllability does not involve the output of the system; it only has to do with the input’s ability to
control the state.

e For nonlinear systems, the notion of controllability depends on the particular starting and ending states.
In that case, controllability typically refers to the input’s ability to drive the state to the origin, while
reachability is the input’s ability to drive the system from the origin to another state. For linear systems,
however, all notions of controllability and reachability are equivalent.

The main questions with regards to controllability of a system are the following:
e Is a system controllable?

o If a system is controllable, how do we drive the system from a given initial state to a given final state?
How much time does it take? How much “energy” does it take?

e If a system is uncontrollable, what states can and cannot be controlled?
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Example (Car-like dynamics). Consider the simplified car-like dynamics in the following diagram:

o>

{s}

Suppose that the control inputs are the instantaneous velocities of the back wheels and the instantaneous
angular velocity of the front wheels. Assuming that the wheels do not slip, the motion of the car must
be parallel to the direction of the wheels. So is the car controllable, that is, can we move it into any
position and orientation using appropriate inputs? The answer is yes. While we cannot move the car
instantaneously in any given direction, we can maneuver the car through appropriate combinations of
inputs. For instance, to move the car sideways (as in parallel parking), we can perform the sequence of
commands:

steer — drive — reverse steer — reverse drive.

Doing so repetitively in small amounts moves the car sideways, enabling one to parallel park.

9.2 Examples of uncontrollable systems

We now provide some examples of uncontrollable systems to understand where this situation can arise.

e Physical system with no external forces

Xz

The center of mass cannot be moved by an internal force.

e Balanced bridge
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e Pole/zero cancellation
Uncontrollable states result in pole/zero cancellations in the transfer function (as we will see).

e Redundant state variables
If the system & = Az 4+ Bu has an additional state variable z = F'z, then the combined system is

=1 o e 1]

for which the transformed state z — Fax = 0 is uncontrollable.

9.3 Analysis

We now describe how to analyze controllability. We do so for discrete-time systems, as the derivation is a
little simpler than in continuous time.

Suppose we want to control a discrete-time LTI system from some initial state z¢ to some final state z; in
N time steps. From the solution to the state equations, the state at time N is

z(N) = AV z(0) + z_: AN=F=1 By (k).
k=0

Therefore, the relationship between the initial state xo, final state zy, and control input wu is

u(N —1)
u(N —2)
vy —ANzg=[B AB A?B ... ANTIB] :
u(0)

This is linear system of equations. Recall the following fact from linear algebra concerning when a linear
system of equations has a solution.

Fact. The linear system of equations Ax = b has a solution z for all b if and only if A has full row rank.

Therefore, the system is controllable if and only if the matrix
[B AB A’B ... ANle}

has full row rank for some N > 0. But this is difficult to check, as we may need to make N arbitrarily large.
The main result is that it suffices to take NV = n. To show this, we need the following important result from
linear algebra.
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Theorem (Caley—Hamilton). Every square matrix satisfies its own characteristic equation.

Specifically, let A € R"*™ be a square matrix, and denote its characteristic polynomial as
p(A) = det(AT — A) =) " ppA”
k=0

where pg, p1, - .., pn are the coefficients. The Cayley-Hamilton theorem then says that the matrix A satisfies
this equation:

0=p(A) = ZpkAk~
k=0

Proof. The general proof of the Caley—Hamilton theorem is quite complicated. Note that the following
“proof” is incorrect:

p(A) = det(AI — A) = det(0) = 0. (incorrect!)

The left-hand side is a matrix while the right-hand side is a scalar, so the dimensions of this equation do
not even make sense. The proof is quite straightforward when the matrix is diagonalizable, so let’s consider
that case. Suppose A = XAX ! where A is diagonal. Then, the characteristic polynomial evaluated at the
matrix A is

Zk pkt)\lr

n n
p(A) = Zpk.A]" =X <Z p;{z\l"’>Xl =X Xt=o0
k=0 k=0 ZA' pkAi\;
where the last equality is due to the fact that each eigenvalue \j satisfies p(A\r) = 0 since eigenvalues are

roots of the characteristic polynomial (by definition). Since not every matrix is diagonalizable, the general
proof uses the Jordan form, which we omit. [

A useful consequence of the Caley-Hamilton theorem is that, if A € R™*™  then any power of A can be
written as a polynomial of degree n — 1 in A. That is, there exist scalars a;(k) such that

n—1
AR =3 " (k) A

i=0
To see why, note that the case k = n follows directly from the Caley—Hamilton theorem, and then we can
use induction to show that if the result holds for k, it also holds for & + 1.
Therefore, for any vector b, the vector A*b is a linear combination of the set of vectors {b, Ab, ..., A" 1b}.
In particular, for a matrix B = [bl by ... bm],

rank [B AB A’B ... AkB] = rank [B AB A’B ... A"’lB].

So when testing for controllability, there is no need to use k > n, as making the matrix larger cannot increase
the rank. We summarize this result as follows.

Definition (Controllability matrix). The controllability matrix associated with a pair (A4, B) with A € R"*"
and B € R"™™ is the n x nm matrix

P=[B AB A?B ... A"'B].
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Fact (Discrete-time controllability). The pair (A4, B) is controllable if and only if the controllability matrix
has full row rank (that is, rank n).

While the controllability matrix P depends on the state-space matrices A and B, whether or not a system
is controllable is independent of the particular state-space realization due to the following result.

Fact. The controllability matrix transforms under a state transformation & = T~ 'z as P=1"1p.

Proof. The controllability matrix of the transformed system is

P=[B AB ... A"'B],

=[T='B (T'AT)(T'B) ... (I'AT)"~Y(T-'B)],

=[T7'B T~ 'AB ... T'A"'B|,

=T77'P n

Fact. The rank of the controllability matrix is invariant under state transformations.

Proof. The previous result implies that 1';111]((/3) = rank(T ! P) = rank(P) since T is invertible. [

9.4 Controllable subspace

Based on our analysis of controllability, we can find the input that drives the system between two given
states as follows.

Fact. For a discrete-time LTI system, the input signal that drives the system from an initial state xg
to final state ¢ is the solution to the linear system of equations

u(n —1)
Ty — A”aco = /P o
u(0)

where P is the controllability matrix.

The system is controllable if and only if P has full row rank, in which case this linear system of equations
has a solution u for any initial state zo and final state z7. When the system is not controllable, however, we
can still find an input that drives the system between some states (but not all states). We now characterize
which states the input is able to control. To do so, recall the following result from linear algebra.

Fact (Existence of solution to linear system of equations). The linear system of equations Az = b has a
solution z if and only if b is in the column space of A.

The controllable subspace is defined as the set of states that can be reached from the origin by suitable
choice of input. From the above result, we have the following.
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Fact (Controllable subspace). The controllable subspace is the column space of the controllability matrix:

C = col(P).

This set of states forms a subspace in that it is closed under linear combinations, meaning that if z; and x5
are in the controllable subspace, then axy + bxs is also in the controllable subspace for any scalars a and b.

Using the controllable subspace, we can define a more refined notion of controllability for each state.

Definition (Controllability of a state). A state is controllable iff it is in the controllable subspace:

x is controllable <= z€C.

These definitions are consistent in that the following are equivalent:

e (A, B) is controllable

e P has full column rank

¢ the controllable subspace is all of R™
e all states are controllable

Example. Consider the LTT system with state-space matrices
15 -2
A_(8 4) and B—<2>.

P=[B AB]= [_22 88}

The controllability matrix is

which has rank one since the second column is a multiple of the first column. The controllable subspace

is C = col(P) = span [_11} = {[2] | 2o = —:m}.

For instance, to drive the system from the origin to the final state x; = (10, —10), we find the appropriate
control input as

G =3 Pt ] i ol R e

Iterating the system with the input from the origin, we find that the x(2) = x; as desired.

Controllable decomposition

We can make the controllable subspace explicit in the state-space realization using an appropriate state
transformation.

Suppose (A, B) is not controllable. Then ¢ = rank(P) < n, so the controllability matrix P has ¢ linearly
independent columns, say ti,...,t; € R". These columns form a basis for the controllable subspace,

C =span(ty, ..., tq).

To form a basis for the orthogonal complement of the controllable subspace, we can choose the vectors
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tg+1,---,tn € R™ such that the following state transformation matrix is invertible:
T=[Ty T»] e R™"
where

Ty=[t1 ... tg €eR™ (basis for C)
Ty = [tqH . tn] € R*(a—n) (basis for C*t)

Our claim is that, using this T" to perform a state transformation, the state equations separate the controllable
states. To see this, we first need the following result.

Definition (Invariant subspace). A subspace S is A-invariant if AS C S, where AS = {Az | x € S}.

Fact. The controllable subspace is A-invariant.

Proof. The result follows from
AC ={Az |z € col(P)} = {Ax | x = Pz} = {APz} = {[AB A?B ... A"B]z}CC

where the subset inclusion follows from the Cayley—Hamilton theorem. [

Fact. Suppose a subspace S is A-invariant, and define Ts to have columns that span S and let Tg
complete this basis so that T = [Ts Tg] is square and invertible. Then, there exist A1, A1, and Asg

such that
An Am]

T AT =
{ 0 A

Proof. Since the columns of Ts are a basis for S, for any x we have that Tsxz € S. Then from A-invariance
of S, we have that ATsx € S. Therefore, ATy = Tg A, for some Ai;. Then,

Aq Al‘z}

AT = A[Ts Ts]=[Ts Ts] { 0 A

Since the controllable subspace is A-invariant, the transformed A matrix is

A A A
A_[O Am].

Moreover, since the column space of B is contained in the controllable subspace, there exists a matrix B;
such that

B = [Tl Tz} {B;)l} , which implies that B= {B;)l} .

Therefore, the transformed state-space matrices have the structure

All 412:|

0 Ay

A=T1AT =
[ o

and B=T"'B= [Bl} .

The transformed dynamics are
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Note that the state zo is not affected by the input at all and is therefore uncontrollable. The value of the
second state is simply

2a(k) = A8525(0)

which only depends on the initial condition. If we include the output (which has no particular structure
under the state transformation), then

2 A All A12 Bl
o] et | el
& G | D

The transfer function of the transformed system is
~ A —1ra
A A Apn A By ~
H(s) = I- o D
w=le el (- =) 5]+
1

A A sl — All —1412 - Bl A
- 3 D
(&1 & ([ 0 sI — Ay ol
A A (SI— All)il (SI - /111)71 Alg(sl — /122)71 El A
- [Cl 02] A.\—1
0 (SI - AQQ)
= él(SI - All)_lél + _D
which is the same as the transfer function for the reduced system without the second state,
Ay | By
Cy | D

This is because the transfer function assumes that the state is zero, so zo(k) = 0 for all k. So we do not
change the transfer function by removing this (uncontrollable) state.
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9 - Controllability

Example. Consider the LTT system with state-space matrices

The controllability matrix is

P=(z 4=} %]

of P is {t1} where

;
we[}

do this in many ways. Let’s use

-

so that the transformation matrix and its inverse is

1 o0 4 [to
r[L ] e oot

The transformed state-space matrices are

0 9
So under the transformation x = T'z, the transformed dynamics are

z1(k+1) = =4z (k) + 522(k) — 2u(k)

If 25(0) = 0, then z9(k) = 0 for all k and the system simplifies to

z1(k+1) = —4z1(k) — 2u(k).

A:[—”‘ 5} . B:[—Q]

=D wa 5-()).

which has rank one since the second column is a multiple of the first column. A basis for the columns

To transform the state to separate the controllable subspace, we need to complete this basis. We can

|

9.5 Minimum norm input signal in continuous

time

If (A, B) is controllable, then the system can be driven from any initial state to any final state. For discrete-
time systems this can be done in n iterations, while it can be done in an arbitrary amount of time for
continuous-time systems. We now describe the “smallest” input signal that drives the system between two

states in a given amount of time.
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Definition (Controllability Gramian). The controllability Gramian is the matrix-valued function of time
¢
W.(t) = / exp(AT)BBTexp(AT ) dr
0

in continuous time and
k—1

We(k) =Y _ A™BBT(AT)™
m=0

in discrete time.

Fact (Minimum norm input in continuous time). A control input « that drives the system (A, B) from
initial state zo to final state z; in time ¢y > 0 is

u(t) = —BTexp(AT (t; — 1)) We(ts) ™" (exp(Ats)zo — ay)

where W, (t) is the controllability Gramian. Moreover, this input signal uses the minimal amount of
energy to do so, and the energy used by this control law is

/0 f lu(®)? dt = (exp(Aty) 2o — 27) We(ts) ™ (exp(Aty) 2o — 27).

Remark. We can use the characterization of the minimum norm input signal to characterize which states
are “easy” to control and what states are “hard” to control. Suppose we choose the initial state as the origin
(xo = 0) and the final state as an eigenvector of the controllability Gramian with eigenvalue A, that is,

1
We(ty)xy = Aay which implies We(ty) oy = SNA

The minimal input energy is then
[

ty
OIS los
O )\

The state can be driven to xy with small energy when the eigenvalue X is large, while the input has large
energy when A\ is small. In the limit as A — 0, the energy of the input goes to infinity and the system
becomes uncontrollable. ™

Proof. Since the system is controllable, the controllability Gramian is positive definite and therefore invert-
ible, so the input signal is well-defined. From the solution of the state equation, the state at the final time
is

ot s
x(ty) = exp(Aty) zo + / exp(A (ty — 7)) Bu(r)dr.
Jo

Substituting the expression for the controlled input,

.[/

x(ty) = exp(Aty) xo + /

0

exp(A(ty — 7)) B (—BTeXp(AT(ff — 7)) Wel(ty) ™" (exp(Ats)zo — :z?f)> dr.

Since the last few terms inside the integral do not depend on the integrand, we can move them outside the
¢ )

integral to obtain

L

x(ty) = exp(Aty) xo — </0 exp(A(ty — 7)) BBT(:Xp(AT(ff — T)) dT) ”7((”‘)71 (()Xp(Atf):lt(;, — .’Iff).

The expression inside the large parentheses is the controllability Gramian W.(ts), so it cancels with its
inverse to obtain

z(ty) = exp(Aty) mg — (exp(Aty)zo — zyp) = 5.
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Therefore, the controlled input drives the state to xy at time t; as desired. To compute the energy, the
integral of the squared-norm of the controlled input signal is

ot
/ (exp(Atg)zo — ;Irf)THf"(,,(//f)7l(>xp (A(ty — /,))BBT(‘XP(AT(/,f — 1)) We(ts) ™" (exp(Atg)zo — z¢) dt.
Jo

Moving the integral inside only the terms that depend on ¢,

oty

((}XP(AZL,/')‘I“ — ;L“/‘)T”x’;(t/')i] </U |

The term inside the large parentheses is the controllability Gramian at time ¢¢, which cancels with its inverse.
Therefore, the energy of the input simplifies to

(exp(Atg)zo — ;1?1/-)T1*1*',,.,(1‘,‘/-)7l (exp(Aty)zo — )

which proves the result. |

oxp(A(tf — t)) /3]))T(‘,X])(;4T<IL‘/‘ — z‘)) dt) We(ty) ™! ((‘X})(At/‘)lf() — Lz:v/').

9.6 Controllable canonical form

Given a proper transfer function

bn_lsn_l + ...+ bis+ by

H(s)=d
(5) + $" 4+ ap_18"" L+ ... +ai1s+ag

the controllable canonical form (CCF) is the state-space realization

0 1 0 - 0 0 0

0 0 1 o 0 0 0

Accr | Beer |\ : : : B : : :
(Cccp Dccp>_ 0o 0 0 .. 1 0 |o
0 0 0 . 0 1 0

—ap —a; —az ... —Ap—2 —0ap_-1 1

by by b ... bua b |d

Fact. Any state-space representation in controllable canonical form is controllable.

In fact, the controllability matrix is always invertible, and its inverse has the simple expression

I a; Az ... Qp_1 1
as as ... 1 0
Pc_cljF = :
an_1 1 0 0
| 1 0 0 0]

9.7 Characterizations of controllability

While analyzing the rank of the controllability matrix is one way to determine controllability, there are many
equivalent characterizations. The following result summarizes many of the equivalent characterizations of
controllability (some of which may not make sense yet).

7
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Theorem (Controllability). Given matrices A € R™*"™ and B € R"*™, the following statements are
equivalent.

e (A, B) is controllable.

e (BT, AT) is observable.

e The controllability matrix has full row rank.

e The controllability Gramian is positive definite for all positive times.

e The matrix [A — A B} has full row rank for all A € C.

o If £ € C" is a left-eigenvector of A with eigenvalue A € C (that is, 2*A = 2*\), then *B # 0.

e The eigenvalues of A + BK may be arbitrarily assigned by suitable choice of K (as long as they
are chosen in complex conjugate pairs).

e The controllable subspace is R™.

Testing controllability using the condition that [A — Al B] has full row rank for all A\ is known as the
Popov—Belevitch-Hautus (PBH) test. Also, note that we actually only need to check the eigenvalues of A,
because the matrix always has full row rank when A is not an eigenvalue.

Proof. See handwritten notes. ]

9.8 Stabilizability

A system is stabilizable if all of its unstable modes are controllable (but the stable modes need not be
controllable). In this case, we can construct a state-feedback controller such that the system is stable; we
can assign the closed-loop eigenvalues of the controllable modes, but the uncontrollable modes cannot be
changed.

Theorem (Stabilizability). Given matrices A € R™*™ and B € R"*™, the following statements are
equivalent.

e (A, B) is stabilizable
o (BT, AT) is detectable
e There exists a matrix K such that A + BK is stable.
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Observability

A system is observable if the initial state can be uniquely determined by observing the output for a sufficiently
long time. Observability is dual to controllability, so we can use the tools for one to study the other.

10.1 Definition

Definition (Observability). A system is observable if, for some time t; > 0 sufficiently large, the input
signal u(t) and output signal y(¢) for ¢ € [0, ] uniquely determine the initial state x(0).

Remark. Observability does not involve the input to the system; it only has to do with the output’s ability
to observe the state. [

Example. Consider the position of a mass subject to some applied force. If we can only measure the
velocity, then it is impossible to uniquely determine the initial position of the object (we can only infer
relative positions).

The main questions with regards to observability of a system are the following:
e Is a system observable?

e If a system is observable, how do we determine the initial state from the observed output? How much
time does it take?

e If a system is unobservable, what states can and cannot be observed?

10.2 Derivation of main result

To study observability, consider a discrete-time LTT system
z(k+1) = Az(k) + Bu(k),
y(k) = Cz(k) + Du(k).
The response at each time k is given by

k—1
y(k) = CA*z(0) + > CA* "' Bu(t) + Du(k).
=0
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Suppose that the input signal u(k) and output signal y(k) are known for all times k = 0,1,..., N for some
N > 0. Then we also know the quantity

k—1
(k) = y(k) = > CA**"'Bu(f) — Du(k) = CA*x(0).
=0

To find the initial state, we need to solve the system of linear equations
j(k) = CA*z(0), k=0,1,...,N
for the initial state £(0). We can write this system of equations in matrix form as

(0) c
g1)| | ca

.| = .| =(0).
G(N) CAN
Qn

This system of equations has a solution z(0) for all § if and only if @x has full column rank. (Otherwise,
there is some linear combinations of columns that is zero, so @ yv = 0 for some v, so 2(0) 4+ av is a solution
for all scalars «.) If @y has full column rank (that is, rank n), then the initial state is

2(0) = QnY
where QF, = (QLQn)1QY is the pseudo inverse.

The rank of @y may in general depend on the time horizon N. From the Cayley—Hamilton theorem, however,
it suffices to take N = n — 1. One way to see this is to convert the observability proplem to a controllability
problem. Notice that the transpose

QN =[CT ATCT ... (AM)TCT] =Py
is the controllability matrix of (AT, CT). We then have the following equivalent statements:
e The pair (C, A) is observable.
e The matrix @y has rank n for some N > 0.
e The matrix Py has rank n for some N > 0.
e The controllability matrix P has rank n.

o The pair (AT,CT) is controllable.
We can then directly apply our characterization of controllability to study observability.

Definition (Observability matrix). The observability matrix is

c
CcA
Q= | A

cart

Fact (Observability). The pair (C, A) is observable if and only if the observability matrix has full column
rank.
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10.3 Unobservable subspace

The unobservable subspace is the set of states that cannot be observed by observing the output. The
unobservable subspace is the nullspace of the observability matrix, which is the subspace ker(Q). We say
that a state is unobservable if it is in the unobservable subspace, that is, the state x is unobservable if
z € ker(Q). A system (A,C) is observable if and only no states are unobservable, in which case the
unobservable subspace is the empty set in R™.

Fact (Unobservable subspace). The set of unobservable states is the nullspace of the observability matrix:

O = null(Q).

Definition (Observable state). A state is unobservable if and only if it is in the unobservable subspace:

x is unobservable < z e 0.

Remark. The controllable states form a subspace, meaning that if ;1 and x5 are controllable, then so is
axy + bxo. Likewise, the unobservable states form a subspace. The uncontrollable states and observable
states, however, do not form subspaces since they are not closed under linear combinations. ]

10.4 Reconstructing the initial state

To reconstruct the initial state, define the signal

k—1
3k) = y(k) — 3 CA**1 Bu(e) - Du(k)
£=0
and then solve the linear system of equations
4(0) c
y

(1) cA
jn-1| |ca

for the initial state £(0). When the input signal is zero, §(k) reduces to y(k).

10.5 Observable canonical form

Given a proper transfer function

bnflsnil + ...+ b18 =+ bo
$"+ap_18" 1+ ... +ais+ag

H(s)=d+
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the observable canonical form (OCF) is the state-space realization

0O 0 ... 0O —ap b()
0 ... 00 —aq by
O 1 ... 00 —as9 bg
Aocr | Bocr _
Cocr | Docr ) S ‘ ‘
0 ... 1 0 —an_2/|bno
0O ... 01 —Qp—1 bn—l
0O 0 ... 00 1 0

The observable canonical form is always observable. In fact, the observable matrix is always invertible, and
its inverse has the simple expression

al as ... QAp_-1
as as ... 1 0
Qocr =
Ap—1 1 NN 0 0
10 0 0]

10.6 Observable decomposition

When the system is not observable, we can apply a state transformation to separate the unobservable states.

Suppose rank(Q) = ¢ < n. Then (C, A) is not observable, so (AT,CT) is not controllable. Moreover, the
controllability matrix P of this pair is the transpose of the observability matrix for the original system, that
is, P = QT. Define the state transformation matrix

_ Ty nxn
r-[]en

where the rows of 77 form a basis for the row space of the observability matrix @, and the remaining rows
are chosen such that T is invertible. Then, the state-space matrices under this state transformation have
the form

PONTDN A 0 | B

Al B T Al B R B
——=—| = | A1 Az | B

c| D C|D : h
¢ 0| D

In these new coordinates,

Zl(ki—l—l):z‘illzl( )—l—Blu( )
2’2(]{1 + 1) Aglzl( ) + AQQZQ( ) + BQU(k)
y(k) = Crz1 (k) + Du(k)

The state zo cannot be observed since the output only depends on z; and u, and z; only depends on z; and
u. As before, the transfer function is

O(SI — A)ilB + D = él(SI — A11)7131 + f)
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Example (Position vs velocity). Consider applying a force f to a rigid object with mass m, position p,
and velocity v = p. From Newton’s laws, the equations of motion are mo = f. In state-space form,

EL =10 o] B+ Bl

We will analyze the observability of this system under two different measurements.

e First, suppose we can measure the position. Then the output is

y=[1 0] m

The observability matrix for this output is

@=[é] =l ]

which has full column rank, so the system is observable. Knowing the position and applied force is
sufficient to uniquely determine the initial position and velocity.

e Now suppose we can measure the velocity. Then the output is

y=[0 1] 5]

The observability matrix for this output is
Cc 0 1
©= {CA} = o 0}

which does not have full column rank, so the system is unobservable. The observable subspace is
the null space of the observability matrix,

Sll{E) = epom H .

The position is unobservable, as this cannot be uniquely determined from the velocity measurements
and the applied force.

10.7 Characterizations of observability
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Theorem (Observability). Given matrices A € R™*™ and C' € RP*", the following statements are equiv-
alent.

e (C,A) is observable.
e (AT,CT) is controllable.
e The observability matrix has full column rank.

e The continuous-time observability Gramian
t
Wo(t) = / exp(ATT)CT Cexp(AT) dr
0

is positive definite for all times ¢ > 0.
e The discrete-time observability Gramian

k-1
Wo(k) = (AT)"CTCA™
m=0

is positive definite for all times k > 0.

A—AI
C

e If z € C" is a right-eigenvector of A with eigenvalue A € C (that is, Ax = Az), then Cz # 0.

e The matrix { ] has full column rank for all A € C.

e The eigenvalues of A+ LC may be arbitrarily assigned by suitable choice of L (as long as they are
chosen in complex conjugate pairs).

e The unobservable subspace is {0}.

Comments

has full column rank for all A is known as the PBH test for

e The condition that the matrix [A BAI}

observability.

10.8 Detectability

A system is detectable if all of its unstable modes are observable (but the stable modes need not be observable).
In this case, we can construct an observer that asymptotically estimates the state; we can assign the closed-
loop eigenvalues of the observable modes, but the unobservable modes cannot be changed.

Theorem (Detectability). Given matrices A € R"*™ and C' € RP*™, the following statements are equiv-
alent.

e (C,A) is detectable
e (AT,CT) is stabilizable
e There exists a matrix K such that A 4+ LC' is stable.
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Minimality

Minimality refers to a state-space realization have the smallest possible number of states that are needed to
accurately represent the input-output behavior of a dynamical system. In this chapter, we study how mini-
mality of a state-space realization is related to pole/zero cancellations of the transfer function, controllability,
and observability.

11.1 Overview

There are two main ways of representing an LTI system.

¢ Input-output representation. The transfer function is an input-output representation of a system that
describes how the input and output signals are related, but has no notion of a state.

¢ Internal representation. The state-space representation is an internal representation that describes how
the input signal influences the state, and how the output signal depends on the state.

Recall that the transfer function and state-space realization are related as

A| B
C|D

Moreover, the transfer function of the system is unique while the state-space realization is not, meaning that
there are many internal representations that have the same input-ouput representation. We now discuss
the relationship between these various representations. To do so, we first define irreducibility for a transfer
function and minimality of a state-space realization.

has transfer function H(s)=C(sI — A)"'B+ D.

Definition (Irreducible). A SISO transfer function is irreducible if it has no pole-zero cancellations.

Definition (Minimal). A realization is minimal if there exists no other realization with the same transfer
function and fewer states.

In other words, a minimal realization uses the smallest internal representation necessary to represent the
input-output relationship of a given transfer function. The following result summarizes the relationship
between these two concepts.
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Fact. Consider a transfer function H(s) with state-space realization (4, B,C, D), and suppose the
denominator of H(s) has degree n and A has dimensions n x n. Then the following are equivalent:

the transfer function H(s) is irreducible

the state-space realization (A, B, C, D) is minimal

(A, B) is controllable and (C, A) is observable

all n-state realizations of H(s) are controllable and observable
the CCF of H(s) is observable

the OCF of H(s) is controllable

The following figure illustrates this result. For any transfer function H (s) of degree n, we can construct both
its controllable canonical form (CCF) and observable canonical form (OCF). Applying a state transformation
to each of these realizations yields all possible controllable and observable realizations, respectively, of the
transfer function with n states. If the transfer function is irreducible, then all n state realizations are minimal
(that is, both controllable and observable), so any state transformation applied to the CCF or OCF yields
a minimal state-space realization.

H{=)
l,‘eﬂfe.e_ N

Beer
Acx_F IGch AcaF
C D COCF— DOC.F
CLF -
ﬁmb::t'.& n states observable . » states
T
T
\Us

all pessible ebsenuable |
reallzations of HE
wi n stabes

.:LZ.L [obSSL.bbE Cﬂ"‘mu&“

cealizations of Hés)
wikh. o« states
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Example (Minimality). Consider the transfer function

s24+2s+1

H(s) = .
(s) s3 4+6s24+11s+6

The denominator has degree three. The controllable canonical form is

0 1 010
Accr | Becor || O 0 110
Cocr | Deor | | =6 —11 —6|1
1 2 110
and the observable canonical form is
0 0 -6 |1
AOCF BOCF _ 1 0 —11|2
Cocr |Docr | |0 1 —6 |1
0 0 1 0

The CCF is not observable since its observability matrix is

1 2 1
Qccr = |—6 —10 —4
24 38 14

is singular. Similarly, the OCF is not ocontrollable since Pocr = Q(TJCF. However, the transfer function
has a pole-zero cancellation:
1)2 1
H(s)= &t SN -
(s+1)(s+2)(s+3) (s+2)(s+3)

The reduced system has CCF

1 1
with observability matrix Q= [ 5 41 .

The observability matrix has full rank, so the realization is both controllable and observable (and
therefore minimal). Note that the minimal realization has the same number of states as the number of
poles of the transfer function after any cancellations.

11.2 Proofs

We now prove the main result connecting minimal realizations, irreducible transfer functions, controllability,
and observability.

Fact. The transfer function is irreducible iff the CCF is observable.

Proof. The CCF is observable iff, for any z € C™ and A € C that satisfy Accrpxr = Az, we have that
Cccrx = 0. This implies that zo = Azq,...,2, = Ax,_1, and agz1 +...+ap_12, + Az, = 0. Substituting,
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we obtain x1(ag + Aaj + ...+ A" ta, 1) = 0. Also, x; # 0 since this would make x = 0. Therefore,
Cocrz # 0 — z1(bo +bIA+ ...+ b AT £ 0

A cannot be a root of both a(s) and b(s), so H(s) is irreducible. ]

Similarly, H(s) is irreducible iff the OCF is controllable.

Fact. If there is an n-state realization of H (s) that is controllable and observable, then so are all n-state
realizations.

Proof. For any realizations (A, B,C, D) and (A, B,C, D),

CA*B =CA*B  forall k

since they have the same impulse response. Then they also have the same Hankel matrix
CB CAB ... CA"'B
CAB CA’B ... CA"B
H= . . ) . =QP.
CA"'B CA"B ... CA?>"2B
That is, QP = H = H = QP. So Q and P are both invertible iff Q and P are both invertible. [

Therefore, a realization is minimal iff it is both controllable and observable.
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Stability

Stability is a fundamental concept in the study of dynamical systems that describes the behavior of the
system trajectories over time. A system is said to be stable if its trajectories remain bounded or converge
to a fixed point as time progresses. This means that small perturbations or disturbances to the system do
not cause its behavior to change drastically. Stability is particularly important in the field of control, where
it ensures that a controlled system behaves predictably and does not exhibit undesirable behavior.

12.1 Overview

There are two main notions of stability for dynamical systems.

e Internal (or Lyapunov) stability is a property of the internal state of the system that characterizes the
zero-input response. A system is internally stable if, when the state starts “close” to an equilibrium
point, then it stays “close” to the equilibrium point as the system evolves in time.

e External (or input-output) stability is a property of input-output response of the system that charac-
terizes the zero-state response. A system is input-output stable if, whenever the input is “small”, the
output is also “small”.

The following table summarizes the two main types of stability.

Internal stability External stability
Alternative names Lyapunov stability  input-output stability
Type of response characterized zero-input response zero-state response
Stability with respect to an equilibrium an input signal

There are also other types of stability, such as input-to-state stability (ISS), that characterize stability of
the state with respect to the input signal.

12.2 Internal stability

Internal stability is a property of the state of a dynamical system. Since this property does not concern the
input, we will assume that the system has no input signal.
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Motivation

Imagine a simple pendulum consisting attached to a rod that is free to swing in a vertical plane. When the
pendulum is at rest, hanging downward, it is in a stable equilibrium position. If the pendulum is slightly
displaced from this position, it will oscillate back and forth around the equilibrium point, eventually coming
to rest again.

However, if the pendulum is inverted (upside down), it is in an unstable equilibrium position. A small
disturbance in this state will cause the pendulum to swing further away from the equilibrium point, eventually
leading to the pendulum falling uncontrollably.

This example illustrates the concept of stability in a dynamical system. The stable equilibrium of the
pendulum corresponds to a system where small disturbances do not lead to drastic changes in behavior, while
the unstable equilibrium demonstrates how a system can exhibit unstable behavior, where small disturbances
lead to large changes in the system’s state.

Definition

Consider the nonlinear system
i(t) = f(z(@),  x(0) = =zo.

Internal stability is defined with respect to an equilibrium point (or more generally, an equilibrium trajectory).
Recall that an equilibrium point Z is a point such that f(Z) = 0 (for continuous-time systems). If the system
is initialized at the equilibrium point, then it stays in equilibrium for all future time.

An equilibrium point Z is:

o stable if, for all € > 0, there exists d > 0 such that
lwo — 2] <6 = |lz(t)—Z|| <eforallt>0.
e asymptotically stable if there exists 6 > 0 such that

leo—3l <6 = Jim Jat) - 7 = 0.

¢ exponentially stable if there exists § > 0, K > 0, and A > 0 such that

|lzo —Z|| <6 = |a(t) —Z|| < Ke M|zo — Z| for all t > 0.

Moreover, any of the properties is global if it holds for all initial conditions (that is, 6 = o0c), and a system
is unstable if it is not stable.

Stability means that, whenever the state starts sufficiently close to the equilibrium point, it remains arbi-
trarily close to the equilibrium point for all time. Notice, however, that the two measures of closeness (one
for the initial state and the other for the state at all future times) need not be the same. No matter how
close we want the state to stay to the equilibrium (described by €), there exists some set of initial conditions
(described by ¢) for which the state will remain that close.

Asymptotic stability is similar to stability except that the state eventually converges to the equilibrium, and
exponential stability means that the state converges to the equilibrium exponentially fast.

The definitions for internal stability are identical in discrete time.
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Internal stability of LTI systems

Now consider the LTT systems:
(t) = Axz(t) and  xz(k+1) = Az(k).
Internal stability satisfies the following for LTT systems:
e The origin (Z = 0) is always an equilibrium point.
e Asymptotic and exponential stability are equivalent.

o All stability properties are global.

Therefore, the following results completely characterize internal stability for LTT systems.

Fact (Internal stability of continuous-time LTI systems). For the continuous-time LTI system & (t) = Axz(t),
the origin is

o globally exponentially stable if and only if all eigenvalues of A have strictly negative real part:
Re(A) <0

e stable if and only if all eigenvalues of A have nonpositive real part and, for any eigenvalue with
zero real part, the algebraic and geometric multiplicities are equal:

Re(A) <0 and ny =dim(F)) whenever Re(\) =0

This is because, if A = a + bi, then
eM = e (cos(bt) + isin(bt))

where the first term is exponential growth or decay, while the second term is sinusoidal oscillations. Therefore,
the sign of a = Re(\) determines whether the exponential grows (a > 0), decays (a < 0), or is constant
(a =0).

We have to be careful when a = 0 becuase, if dim(E)) < ng, then the matrix exponetial contains polynomial
terms that grow without bound.

Example. Consider the system
T = 0 1 o
100
The solution to the state equations is

z(t) = etz(0) where et = {(1) ﬂ .

Due to the polynomial term in the matrix exponential, the first state grows without bound whenever
the second state has nonzero initialization.

Such behavior does not occur when the algebraic and geometric multiplicities are equal because the Jordan
blocks have size one.

The results in discrete time are similar.
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Fact (Internal stability of discrete-time LTI systems). For the discrete-time LTT system z(k+1) = Az(k),
the origin is

e globally exponentially stable if and only if all eigenvalues of A have magnitude strictly less than

one:
A <1

e stable if and only if all eigenvalues of A have magnitude less than or equal to one and, for any
eigenvalue with unit magnitude, the algebraic and geometric multiplicities are equal:

Al <1 and ny = dim(FE)) whenever [A\| =1

This is because, if A = re??, then
o=k (cos(k0) + isin(k0))

where the first term is exponential growth or decay, while the second term is sinusoidal oscillations. Therefore,
the magnitude of r = |\| determines whether the exponential grows (r > 1), decays (r < 1), or is constant
(r=1).

The stability regions are as follows.

Contduouws Tme Niscrete tme

L)
o7 marj&w.bi;/ stalble
4 (rel>) =6)

unstable (“‘-‘5 ("“'T’G)

————— e
e (™)

Remark. For LTI systems, internal stability is completely characterized by the eigenvalues (and eigenvectors
for marginally stable eigenvalues) of A. ]

Lyapunov’s direct method

While we can characterize internal stability in terms of the eigenstructure of A, characterizing stability of
nonlinear systems is in general much more difficult. Instead of using eigenvalues, we will search for a function
that represents the (generalized) energy of the system. Similar to the energy of physical systems, this energy
function must be nonnegative and decreasing over time. Moreover, we will require that the equilibrium point
is the minimum energy state. Such a function is called a Lyapunov function and is characterized as follows.
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Theorem (Lyapunov stability). Consider the nonlinear system
i(t) = f(z(t)), xo = x(0) € R™.
Suppose we can find a function V' : R” — R that maps states to real numbers such that V' has continuous
partial derivatives and
e V is positive definite, meaning that V' (0) = 0 and V(z) > 0 whenever z # 0.

e V is decreasing along system trajectories, meaning that V(:r) < 0 whenever z satisfies the system
dynamics & = f(z).

Then, the system is stable about the equilibrium z = 0.

Comments

e Interpretation. We interpret the function V' as an “energy” of the system, in which case the condition
that V' <0 is that the energy dissipates or is conserved over time.

e Local vs global stability. If the two conditions (V' > 0 and V< 0) hold for all states, then we can
conclude global stability. If the conditions only hold near the equilibrium, then we can conclude local
stability.

e Proof idea. The idea of the proof is that, roughly,
t
V(a(t) = V((0)) + / V(a(r)) dr < V(2(0)),
0

so V(z(t)) is bounded. Moreover, as x(0) — 0, we have that V(2(0)) — 0 and V(z(¢)) — 0.

o Computing V. The derivative of the function V is a derivative with respect to time. Since V depends
on the state x which depends on time, we need to use the chain rule:

V(m)—a—vfc + NV Y
B R T,
— (VV(2)) &
T
= (VV(2)) f(z)
where the gradient of V is the vector-valued function of partial derivatives,
oV
oz
VV(z)=| :

oV

0Ty,
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Example (Lyapunov stability of spring—mass—damper system).
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Consider the spring-mass—damper mechanical system shown above. As we have seen, the position of
the mass is described by the second-order differential equation

my + by + ky = f.

To study Lyapunov stability of the system, suppose the applied force is zero (f = 0). The state of the
system consists of the position and velocity of the mass, x = (y, ). Since this is a physical system, we
can check if the physical energy of the system is a Lyapunov function. The total energy is the sum of
the kinetic energy due to the velocity of the mass and the potential energy that is stored in the spring,

V(z) = gmy® + gky®

The function V is positive definite since it is nonnegative and is zero only if z = 0. Moreover, the time
derivative of V is decreasing along system trajectories since

= Wy OV i
Oy dt Oy dt
= (ky)y + (my)ij
= kyy +my(—Ly — £y) (using system dynamics)
= —by?

<0

(chain rule)

Therefore, V' is a Lyapunov function that proves global stability of the origin.

There are two cases, depending on whether or not the system contains damping.
o If there is no damping (b = 0), then V = 0, so the energy is conserved.

o If there is damping (b > 0), then V(x) < 0 whenever g # 0, so energy is dissipated whenever the
mass is moving.

Lyapunov’s indirect method

Given a nonlinear system & = f(z) with equilibrium point &, we have seen how to linearize the system to
obtain its linearization

. 0
0, = Ad, where A= —f(f) and 0p =T — .
ox
Since the linearization is an LTI system, we can analyze its stability properties by computing the eigenstruc-

ture of the Jacobian matrix A. In some cases, we can conclude stability properties of the nonlinear system
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from stability properties of its linearization. Since the linearization is only a good approximation to the
nonlinear system near the equilibrium, however, we can only conclude local stability properties using this
method.

Fact (Lyapunov's indirect method). If the linearization is exponentially stable, then the equilibrium %
of the nonlinear system is locally asymptotically stable. Otherwise, the linearization fails to provide
stability properties of the nonlinear system.

Example (Van der Pol oscillator). Instability of the linearization does not in general imply instability of
the nonlinear system, as one might suspect. To illustrate this, consider the nonlinear system

Sﬁ'lzl‘g

iy =—z1 +p (1 — 22z,

where p > 0 is a positive parameter. This system has an equilibrium point at the origin. The lineariza-
tion about the origin is

.10 1

Fe [1 #] .

The system matrix has characteristic polynomial A2 — pA + 1 which has roots

N hEVH -4
= —

The eigenvalues have positive real part for p sufficiently small, so the linearization is unstable. While
the origin of the nonlinear system is in fact unstable, the system does have a stable limit cycle as shown
below.

12.3 External stability

External (input-output) stability depends on the inputs and outputs of a system, but not the state. Roughly,
a system is input-output stable if “small” inputs produce “small” outputs. A common way to specify what
we mean by “small” is whether or not a signal is bounded, in which case this is called bounded-input
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bounded-output (BIBO) stability. A system is externally stable if there exists a constant n > 0 such that
lyll < nljull for all u and y.

The constant n characterizes how large the output can be based on the size of the input, where the norm
| - || characterizes the size of the signal. As we will see, the characterization of stability will depend on the
particular norm.

Vector norms

Definition (Norm). For a vector space V, a function || - || : V' — R is a norm if it satisfies the following
properties for all vectors x,y € V and all scalars o € R.

o Absolutely scalable. |ax| = |af |||
e triangle inequality. ||z + y|| < ||z + ||y]]
e Nonnegativity. ||z| >0

e Definiteness. ||z|| = 0 implies that z =0

Remark. The nonnegativity condition is redundant since it follows from the first two properties as follows:

0 =0l = llz + (=)l < llzll + || = 2l = [l=ll + | = L[ fl=[l = 2 |-

p-Norm

For the vector space V = R"™, a common norm is the p-norm, which is defined as

n 1/p
Jall, = (Z |xi|p) for p > 1
i=1

(this is not a norm when 0 < p < 1 since it violates the triangle inequality). Some common examples are as
follows.

e When p = 1, this is called the taxicab or Manhattan norm.
[zlly = [@1] + |2 + .. 4 [zn]

e When p = 2, this is the standard Euclidean norm.

lzlle = /22 + 23 +...+ 22 =VaTa

(when unspecified, this is typically what ||z|| means).

e When p = oo, this is the infinity-norm or max-norm.

2]l = max |z;]
1<i<n

We can visualize p-norms by plotting their level sets (the set of vectors with unit norm) in two dimensions:
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Mﬂ«n, =13 \[/h [ el = J" z; |l =1

For finite vector spaces like R, all norms are equivalent in that, if ||z|| is bounded for some norm, then it is
bounded for any norm. For instance, we have the following bounds:

[Zlloo < llzllz < llzlli < VRllzl2 <7z
Matrix norms

A matrix is an element of the vector space V = R™*™. We could therefore apply any of the vector norms
described previously. However, matrices have other norms that are useful.

Induced norms

An induced norm is a matrix norm that is derived from a vector norm. Given a vector norm, the corre-
sponding matrix norm is

| Az ||
[A]] = sup
a0 7]
where the left-hand side is a matrix norm and the right-hand side contains two (possibly different) vector

norms. Typically, ||A|| stands for the induced norm using the vector 2-norm, though we could choose any
vector norms on the right-hand side to obtain different matrix norms.

As a special case, the induced 2-norm or spectral norm of a matrix is

A
2 = Sup = max = Omax 5
A N N A
e#0 |l7]l2

where Apax denotes the largest eigenvalue and oy, the largest singular value.

Frobenius norm

The Frobenius norm is defined as

1AllF =

S5 gl -

=1 j=1

tr(ATA) =

where = min{m, n}. The Frobenius norm is not an induced norm.

Nuclear norm

The nuclear norm is defined as
-

Al = tr(VATA) =" 0y(A)

i=1
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Schatten p-norms

All of the above matrix norms are equivalent to taking the vector p-norm of the singular values of the matrix
A. These are called Schatten p-norms.

spectral norm = oco-norm of singular values
Frobenius norm =  2-norm of singular values
nuclear norm = 1-norm of singular values

As with vectors, all matrix norms are equivalent:
[Allz < [Allp < 1Al < V7 |Allp < 7l A]l2
This means that it does not matter what norm we use in describing sequences that converge to zero, since

lim z, =0 means that lim |lzgl| =0
k—o0 k— o0

for any norm, and similarly for any sequence of matrices Ay.

Infinite-dimensional vector spaces

We can interpret a signal as an infinite-dimensional vector indexed by time and a linear system as an
infinite-dimensional matrix. Therefore, we now consider norms on infinite-dimensional vector spaces.

For continuous-time signals, time takes values in the set of nonnegative real numbers R>q. For discrete-time
signals, time takes values in the set of nonnegative integers Z>o. The corresponding p-norms are as follows:

Continuous time Discrete time
o0 o0
Izl = / |z ()| dt Izl = |l
0 k=0
o0 oo
fele =/ [ leRdr Jalla = | S fon?
0 k=0
[zlloc = ess sup [z(t)]  [lz[loc = sup |z
t>0 k>0

(ess sup denotes the essential supremum, which is the maximum excluding sets of measure zero).

While all vector (and matrix) norms in finite-dimensional spaces are equivalent, norms in infinite-dimensional
spaces are not in general equivalent.
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Example (Non-equivalent norms). Consider the following two signals:

ENIGD)
r ixll, =L amok N, = |
1 5 > 2
(Y
Ixll, =1 anmol el = L
TR > ¢

Since this holds for any L > 0, there cannot exist a constant ¢ > 0 such that, for all x,
lzlh <cllzle or  lzlleo < cllz]ls.

Similarly, we can show that ||z||; and ||z||2 are not equivalent.

This example illustrates that signal norms are not equivalent, so minimizing one norm is generally not
equivalent to minimizing another norm.

BIBO stability

Definition (BIBO stability). A system is BIBO stable if there exists a constant 7 > 0 such that, for any
input signal u, the zero-state response y satisfies ||y||loo < 1|2 00-

Fact (BIBO stability of LTI system). The LTI system

& = Az + Bu, z(0) =0
y=Cz+ Du

is BIBO stable if and only if the impulse response
H(t) = Ce™B + D4(t)

satisfies

/ H(®)]]» dt < oo.
0

Proof. See handwritten notes. |
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Fact. For single-input single-output linear time-invariant systems, the following are equivalent:
e The system is BIBO stable.

e The impulse response h(t) is absolutely integrable:
/ Ih()|dt < oo
0

e The transfer function H(s) has all poles in the open left-half plane.
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Transient Response

Stability and system norms (such as Hs and Ho,) are asymptotic properties of the system. In contrast, the
transient response describes the initial behavior of the system. In this chapter, we characterize the transient
response of the system.

(b

+

bramsdent steacky state

13.1 Dominant modes

The transient properties of a system are more difficult to characterize in general than asymptotic properties,
so we often work with approximations.

Definition (Dominant poles). A pole of the transfer function is dominant if it is separated to the right
from the other poles in real part by a factor of 10 or more.
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Example (Dominant poles). The transfer function

1
H(s)= —————=
() (s+2)(s+30)
has a dominatn pole at s = —2, and the transfer function
1
H =
() = 7325 +5)(s + 15)( 1 100)
has a pair of dominant complex conjugate poles at s = —1 £ j2.

For the purpose of transient analysis (not steady-state analysis!), systems with dominant poles behave similar
to how they would if we neglected all other poles. Therefore, we assume that the transfer function can be
appropriately approximated by a low-order system consisting of only one or two dominant poles. For systems
with more dominant poles, the transient analysis is much more complicated.

13.2 First-order systems

Without loss of generality, the transfer function of a first-order system has the form

K
Ts+1

H(s) =

where K is the dc gain and 7 is the time constant (in units of seconds). The step response is

Y(s) = H(s)Uls) = .1 = K(i - TSTH),

which has inverse Laplace transform
y(t)=K (1—e ") fort=>o0.

The step response reaches 95% of its final value K after three time constants as illustrated below.

+ ~/ ()
O O
-+ O.673

27 0.%6

I 0.95
qr- o, 9%
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13.3 Second-order systems

Without loss of generality, the transfer function of a second-order system has the form
Kuw?
$2 4+ 2Cwns + w2

H(s) =

where w,, is the natural frequency (in units of radians per second) and ¢ is the damping ratio (unitless).

The poles of the system are s = —(w,, &+ w,+/¢(%2 — 1. The transient response changes shape based on the
value of the damping ratio.

damping ratio poles step response
overdamped ¢>1 real and distinct (both stable) slow
critically damped (=1 real and equal (stable) fastest without overshoot
underdamped 0<(¢<1 complex conjugate (stable) overshoot and oscillation
undamped (=0 imaginary undamped oscillation
unstable (<0 real and distinct (both unstable) unbounded

The cases ( < 0 and ¢ > 1 are not that interesting because we can split the system up into two first-order
systems. Therefore, we consider the underdamped case.

Underdamped

Suppose the system is underdamped, meaning that 0 < ¢ < 1. The step response is

Kw? B 1 5 + 2Cwn,
5 (82 4+ 20wps +w2) s 824+ 2Cwps+w2 )

Y(s)=G(s)U(s) =

To obtain the inverse Laplace transform, we split the second term as

B 1_ S"'Cwn _ Cw“
Yo =K} - Gra e rTer o)

Recall the following Laplace transform pairs:

—at B s+a —at - o b
L{e"* cos(bt)} = Grofil and L{e"*sin(bt)} = Grafso

Therefore, the step response is
y(t) = K(l - [cos(\/ 1—Cwnt) +

Define the damped frequency

¢ .
. T (ant)}>e Comt  for ¢ > 0.
m sin

wg = wpy/1— (2

and let 6 be the angle such that ( =sinf and /1 — (2 = cosf. The step response then simplifies to

y(t) = K(l - {cos@cos(wdt) + sianin(wdt)})e_CW"t for t > 0.

_
V1-¢?
Simplifying further,

y(t) _K<1

The step response is illustrated below.

cos(wgt — 9)64“"t> for ¢ > 0.

1
Vi
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~(E)

| J > &
+ +
(Sﬁt’b&,\'\j '{1\-"“&)

Transient specifications

e Quvershoot is the amount the step response exceeds its final value.

e Percent overshoot (PO) is

(overshoot) — (steady-state value)

100%.
(steady-state value) X 100%

o Peak time t, is the time for the step response to reach the first (highest) peak.

o Settling time ts is the shortest time until the response stays within some percent of the final value
(usually 2% or 5%).

Computing performance specifications

For an underdamped system, the performance specifications can be computed as follows.

e The peak time is the first time for which g(¢) = 0.

e The percent overshoot can be computed from the value of the step response at the peak time.
PO = 100exp (—WC)
V1=

e The settling time is the time when |1 — y(¢)| < e. Since |cosf| < 1, the magnitude of the step response

is bounded by
1

11—y < \/17_7@
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which yields the following bound on the e-settling time:

1 1
fe 2 Mlog(gﬂ),

For ¢ not too close to one, the settling time can be approximated as

4
N — and A
° Cwn ? Cwn
Intuitive picture
The poles are at s = —(w,, £ jwyq.
Tom (8D
woule
‘x‘_\-_ [ Ladal
=N
! .
- } : —= e, ()
1= S ud,

e The peak time is t, = m/wy which depends only on the imaginary part of the poles.

e The settling time ts ~ k/(w,, depends only on the real part of the poles.
e The percent overshoot PO = 100exp(— tan ) depends only on the angle of the poles.
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Control



14

Static State Feedback

14.1 Open-loop vs feedback control

Given a system, we may want to choose the input w in an automatic way to improve the system performance.
The two main types of performance criteria are:

e Asymptotic: stability, steady-state error

e Transient: overshoot, rise time, settling time

Motivating example

Consider controlling the water temperature of the shower. The control input u is the faucet position, and the
measured output y is the water temperature (for example, using your hand). The open-loop step response
looks something like this:

ultd ,
desireol - l
~
D‘F'F ! t

7&‘&\ ' . . e
perfect T7 77 | .

CoLoz- &
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When you are in a rush, however, this response may be considered too slow. To make the response faster, we
could modify the input to first turn the faucet to the maximum position, and then as soon as the temperature
reaches the desired temperature, move the faucet instantaneously to the desired position to maintain the
perfect temperature.

O

) Aeciresd ( ovVer c_om,omsm{‘ﬂ)

ofF

petect ( foast  regoonse U

()

eolol

The input signal in this case is an open-loop controller because the value of the input signal is determined
beforehand and then applied to the system without using any measurements. Such controllers are very risky
and typically fail because they require perfect models of the system and perfect actuation.

Instead, a more robust control method is to use sensors to provide feedback about the state of the system,
which is then used to automatically adjust the input signal. Continuing our example, one method of feedback
is to use your hand to measure the temperature of the water and then adjust the faucet position accordingly
until the water temperature is just right.

(6>) )
- subomodent e
Lavcet watres e
iy bewye
loas[f;fm /\B K(‘s\
o S(J&clfy Aesived refeence and
reference let contbroller chooge Hhe npek
%Wmﬁk/‘g

This approach for selecting the input is called feedback control and is the approach that we will study in this
chapter.
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14.2 Static state feedback

One type of feedback control is static state feedback. Here, the control input is chosen as a static function of
the state and a reference input signal:
u(t) = Kx(t) + r(t).

The constant matrix K is called the state feedback gain and the signal r is a reference input. There are two
main cases:

e When the reference is zero (r(t) = 0 for all ¢), this is called a regulator and the goal is to make the state
converge to the origin quickly.

e When the reference is nonzero, this is called a tracker and the goal is to make the output follow the
reference as closely as possible.

Remark. State feedback control assumes we have access to the entire state x(¢) at each time ¢ when selecting
the control input w(¢). This is not always possible, as it may require many costly sensors to measure the
state completely. Later, we will see how to use state feedback in this scenario. [

Consider applying the static state feedback controller to the continuous-time LTI system:

&= Az + Bu
y=Cx

Substituting the static state feedback controller for the input signal, the dynamics become

&= (A4 BK)x + Br
y=Cx

We can visualize this as the following block diagram:

oo Sl
FTIENT L o (el

J K e—
L e I

Recall that stability only depends on the state transition matrix.
¢ the open-loop system is governed by matrix A
e the closed-loop system is governed by matrix A + BK

Therefore, we would like to choose the state feedback gain K so that the closed-loop system matrix A+ BK
has desirable properties, such as being stable, having fast decay, etc.

Pole placement

The following result characterizes precisely when it is possible to arbitrarily place the closed-loop eigenvalues
(or poles).
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Fact (Pole placement). The following statements are equivalent:
a) (A, B) is controllable

b) the eigenvalues of A+ BK may be arbitrarily assigned by suitable choice of K, as long as they are
chosen in complex conjugate pairs

Example. Consider the following system:

.11 n 1
T=1g o T+ |g|
This system has the form of the controllable decomposition, from which we can conclude (by inspection)

that the first state is controllable while the second state is not. Let’s see what happens when we apply
static state feedback. Setting u(t) = Kz(t) with K = [k1 k2], the closed-loop system is

. 1+ky 1+ke

which has characteristic polynomial
det(M — (A+BK)) =(A—1—k)(A—2).

The closed-loop eigenvalues are 1+ k; and 2. We can choose k; to move the eigenvalue at 1 arbitrarily,
but we cannot move the uncontrollable state by any choice of K.

Now suppose the input directly affects the second state so that the system is

p=lo oo+ |i]e

The system is now controllable, and the closed-loop system is

T = L 1 48
o ki 2+ ko
which has characteristic polynomial

det(AM — (A+ BK)) = (A= 1)(A — 2 — k2) — ki,
= A2 (=3 —k)A+ (2 — k1 + kp).

We can choose k; and ko to achieve any polynomial of degree two. For instance, if we want both
closed-loop poles to be at —1, then the desired closed-loop characteristic polynomial is

A+1)2=X 2 +22+1.

Equating coefficients, we find that ko = —5 and k; = —4.

Bass—Guara formula

When the system is controllable, it is possible to place the closed-loop eigenvalues wherever we would like.
We now study one way to do so.
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As a first step, suppose the system is in controllable canonical form so that the state-space matrices are

0 1 0 0 0 0
0 0 1 0 0 0
Acor = | ¢ : : : : and Boor =
0 0 0 1 0
0 0 0 0 1 0
|—ag —a1 —az —Qp_2 —0p_1| 1]

The coefficients in the last row of Accr are the coefficients in the characteristic polynomial,

det()\I — ACCF) ="+ an_l)\"71 + ...+ a1+ ap.

Suppose we want the closed-loop characteristic polynomial to be

)\n + O[nfl)\nil + ... + Ol1>\ + Q.

Then we want to choose Kccr so that the closed-loop system matrix is

0 1 0 0 0
0 0 1 0 0
Accr + BocrKocr = | - : : : :
0 0 0 1 0
0 0 0 0 1
|—Co0 —a1 —Q2 —Qp-—2 —Op_1 |

Therefore, choose the state feedback gain as

Keer = a0 —ap a1 — o An-1— Qn_1] .

The state feedback gain is simply the coefficients of the open-loop characteristic polynomial minus the

coefficients of the desired closed-loop characteristic polynomial in order from lowest to highest degree.

The state feedback gain Kccp assumes that the system is in controllable canonical form. In the state

coordinates for the controllable canonical form, the system is
#(t) = (Accr + BocrKccr)2(1).
Since the transformed state is z(t) = T~ 1z(¢), in the original coordinates the system dynamics are
z(t) = T2(t)

= T(Accr + BeerKeer)T o (t)

= (A+ BK)z(t)
where the state feedback matrix in the original coordinates is

K = KcerT™ .

Recall that T is the state transformation matrix that puts the system in controllable canonical form, which
is given explicitly by T = PPgClF, where P is the controllability matrix of the original system (A, B) and
Pccr is the controllability matrix of the system in controllable canonical form, whose inverse has the simple
expression

a a2 Ap—1
as as ... 1 0
P(?(%F = : Do : :
an—1 1 ... 0 0
|1 0o ... 0 0_

We summarize the Bass—Guara formula for pole placement as follows.
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Fact (Bass—Guara formula for pole placement). Consider a realization (A, B), and denote the character-
istic polynomial of A as
A" 4 @ AN 4+ ar )+ ao.

Then, the state feedback matrix K such that the characteristic polynomial of A + BK is
A"+ AT L+ d+ a
is given by
K= chprl where Kcer = [ao —Qqp a1 — Q1 ... Qp_1— ozn_l]

is the state feedback gain in controllable canonical form, T' = PPgéF is the state transformation matrix
that transforms the system to controllable canonical form, P is the controllability matrix of (A, B), and
the (inverse of) the controllability matrix in controllable canonical form is the Hankel matrix

aq az ... Qp—1
a9 as ... 1 0
P(gch =
Ap—1 1 e 0 0
| 1 0 0
Example. Consider the system

0 1 0 0
A=1(0 0 1 and B=|0
15 7 -1 1

The eigenvalues of A are the roots of
det(A\l — A) =X+ X2 —7A—15

which are 3 and —2 £ j. Let’s choose K to move all the eigenvalues to —1. The desired characteristic

polynomial is then
A+1)2 =X +3)\+3\+ 1.

We want the closed-loop system matrix to be

0 1 0
A+BK=]0 0 1
-1 -3 -3

Therefore, choose K = [716 —10 72].

Invariance of controllability under static state feedback

Fact. Controllability of a system is invariant under static state feedback.

Proof. First, note that
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so the matrix is invertible for any /K. Then using the PBH test for controllability, the following are equivalent:
a) (A+ BK, B) is controllable
b) [4 + BK — \I I)’} has full row rank for all complex A

I

¢) [A-A B L,\,

ﬂ has full row rank for all complex A

d) {A — M B} has full row rank for all complex A
e) (A, B) is controllable ]

14.3 Stabilizability

A system is stabilizable if all of its unstable modes are controllable (but the stable modes need not be
controllable). In this case, we can construct a state-feedback controller such that the system is stable; we
can assign the closed-loop eigenvalues of the controllable modes, but the uncontrollable modes cannot be
changed.

Theorem (Stabilizability). Given matrices A € R"*™ and B € R™*™ the following statements are
equivalent.

e (A, B) is stabilizable.

e [M — A B] has full row rank for all A € C with Re(A) > 0.

o If w*A = Aw* with 0 # w € C" and A € C with Re()\) > 0, then w*B # 0.
e There exists a matrix K such that A+ BK is stable.

Example. Consider the uncontrollable system

e

-2 2 2|
The eigenvalues of A are A\; = 1 and Ay = —2, and the corresponding left eigenvectors are
1 —2]
wl[_Q] and U)2|:1_.
For the unstable eigenvalue A1, we have that wj B = —3, so the eigenvalue is controllable. For the stable

eigenvalue A2, we have that w3 B = 0, so the eigenvalue is uncontrollable. Even though the system is
uncontrollable, all unstable eigenvalues are controllable, so the system is stabilizable, meaning that we
can find a state feedback matrix such that the closed-loop system is stable. The closed-loop system is

e B — {—3+k1 2+k2}

—2+4+2k1 2+ 2k

which has eigenvalues —2 and 1+k; +2ky. We cannot move the eigenvalue at —2 since it is uncontrollable,
but we can choose K to move the unstable but controllable eigenvalue at 1.
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Steady-state tracking

Recall the regulation problem in which we use static state feedback with the goal of having the output track
the reference:

How do we ensure that the output y(¢) converges to the reference r(¢) in the limit as ¢ — co? We want
lim r(t) — y(t) = 0.

t—o0

15.1 Open-loop control

We first consider an open-loop approach that relies on choosing the state feedback gain K based on the
steady-state gain of the system.

Steady-state gain

Consider the system

#(t) = Ax(t) + Bu(t)
y(t) = Cx(t)

Suppose the system is internally stable (so the eigenvalues of A are in the stability region) and the input
signal is constant. Then the system converges to an equilibrium point. We now find the steady-state gain,
which is how much the input is amplified at the output. We can do so in either the time domain or frequency
domain (we get the same answer in both cases).
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Time domain

In the time domain, the equilibrium point must satisfy @(¢) = 0. Since A is stable, it is also invertible. We
can therefore solve for the steady-state value of the output as

Yoo = —C A7 Bug,

Frequency domain

In the frequency domain, we can use the final value theorem to find the steady-state value of the output as

lim y(t) = lim sY (s)

t—o0 s—0

where Y (s) is the Laplace transform of y(¢). The Laplace transform of a constant input is U(s) = us/s, S0

lim y(t) = lg% sG(s)U(s) = G(0)teo.

t—o0
Therefore, the steady-state gain is G(0) = —C A~! B, which is the same as obtained in the time domain.
Regulation using steady-state gain

As a first approach to the regulation problem, we could achieve zero steady-state error by scaling the reference
so that the steady-state gain is one.

The steady-state gain of the closed-loop system is —C(A + BK) ' BH, so we need to choose
H=-[C(A+BK)™'B] "
The problem with this approach, however, is that this requires exact knowledge of the system matrices

(A, B,C). Any error in modeling will result in nonzero steady-state error. A more robust solution is to use
feedback to ensure that the steady-state error is zero, even when the model of the system is imperfect.

15.2 Integral control

To achieve perfect steady-state tracking without perfect knowledge of the system matrices, we can augment
the input with the integral of the error, e(t) = r(t) — y(t).
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e \
r’——bm—_:&:-s %

e ———ee e e —

The state equations represented by the block diagram are as follows:

&= Ax + Bu
Z=r—y
u=Kz+ K;z
y=Cx

We can check that this system does indeed have zero steady-state error. Assuming that the closed-loop
system is stable, the trajectories converge to an equilibrium point. Since this equilibrium is constant, it must
satisfy 0 = 2 = e = r — y, so the output must be equal to the reference at steady state. Therefore, we have
perfect tracking as long as the closed-loop system is stable.

15.3 Pole placement with integral control

Integral control produces zero steady-state error as long as the closed-loop system is stable. We previously saw
how to place the closed-loop poles using static state feedback to achieve desired performance characteristics,
such as stability and transient performance. We now consider pole placement when using integral control
with static state feedback.

Closed-loop system
The closed-loop system from the reference input r to the output y is
t| |A+BK BK; x+0
e o ]lz] "
x
y=[C 0 M

The closed-loop system matrix is an affine function of the state feedback matrix and the integral gain,

1127 -4 o

The block diagram of the closed-loop system is as follows.
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—_—

) |
S ;{ (K ke) b—

From our previous results on pole placement, we can choose the state feedback matrix K and the integral
control gain K; to place the poles of the closed-loop system wherever we like if and only if

<[_AC g] , {g}) is controllable.

The following result shows that this is the case as long as the plant (A, B) is controllable and has no zeros
at the origin (which would cancel out the integrator).

Fact. Suppose the plant (A, B) satisfies the following;:
e (A, B) is controllable
e A has no eigenvalue at zero
e O(sI — A)~'B has no zero at s = 0

Then, the following augmented system is controllable:
A 0 B
—-C 0|’ |0]|)°

Proof. See handwritten notes. |

Under these conditions, the augmented system is controllable, so we can choose the state feedback matrix
K and the integral gain K; to place the closed-loop poles. We now consider two methods for designing such
a controller.

Method 1

One method is to use the general procedure for pole placement applied to the augmented system. Note that
P is then the controllability matrix of the augmented system.
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Method 2

Suppose the plant (A4, B, C) is in controllable canonical form. Then, the closed-loop system matrix is

A+ BK BK;| _
—-C 0|~

where
K = [k

0
0

0
0
k1 —ag
—e

ko

1
0

0
0
ko —a;
—e

k]

0
1

0
0
k3 —as
—es

and

The characteristic polynomial of the closed-loop system is

s (s" + (ap—1 — kn)sn_1 +...

We can therefore choose K; to match the constant term with that of the desired characteristic polynomial,

and then choose the elements k;

0
0

1
0
knfl )
—cp,

C = [61 Co

0
0

0
1

kn —OGp—1
0

).

,-..,kn of K to match the higher-order coefficients.
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Example. Design an integral state-feedback controller for the system

1

H =
(5) 53 + 252 4+ 155 + 18

so that the closed-loop poles are the roots of the polynomial

p(s) = s* +4.25% +13.65 + 21.65 + 16.

To use the second method, let’s use the controllable canonical form of the system, which is

0 1 010
Al B | 0 0 110
c|D| | -18 -15 2|1
1 0 010
Now form the augmented system
0 1 0 O 0
A 0 |0 0 1 0 and Bl |0
-C 0| |-18 =15 -2 0 0o |1
-1 0 0 O 0
The closed-loop system is then
0 1 0
A+ BK BK;| _ 0 0 1 0
-C 0 | |ki—18 ko—15 k3—2 K;
-1 0 0 0

which has characteristic polynomial
s (8 +(2—k3)s® + (15 — ka)s + (18 — k1)) + K.
Comparing coefficients with those of p(s), we obtain

K=[-36 14 -22] and K;=16.
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Observers

We saw previously that if an LTI system is controllable and we can measure the full state, then we can place
the closed-loop poles anywhere we like using static state feedback.

Measuring the full state, however, may require many (costly) sensors, so we would like to control the system
using only the output measurements y = Cz.

16.1 Luenberger observer

We will use the following control strategy:
a) Use u and y to estimate x with an observer.

b) Use the estimate of z to perform full state feedback control as if it were the actual state.

He observer Cs ctre tf

o- otymm Ceo systemn |

;

e
Observer e

(t’é‘fimai‘e ﬁﬂo ’X>

v

We want to design the observer such that
lz(t) —2(t)|| =0 as t— o0
for any initial condition z¢ = z(0). We will use a linear observer whose structure is similar to the plant:
&= A&+ Bu— L(y —9)
Cz

<>
I

Comments
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o If we initialize the observer to be the state of the plant, £(0) = x(0), then we will have § = y and & = x
for all time. (But we do not know the initial state, since this is the purpose of using an observer.)

e The observer uses the same system matrices (A, B, C) as the plant, so this requires knowing the model
of the plant.

e This type of observer is called a Luenberger observer. There are other types of observers (such as

nonlinear).

The error of the observer is e(t) = x(t) — Z(¢). The dynamics of the error are

e=i—1
= (Az + Bu) — (A% + Bu — L(Cx — C%))
=(A+LC)e
This is just an autonomous LTI system! For the error to converge to zero, we should choose the observer

gain L such that the matrix A+ LC is stable (meaning that all of its eigenvalues are in the left-half complex
plane).

P

X = (avic) % + GQu ~ Ly > X

16.2 Pole placement

Can we choose the eigenvalues of L to place the eigenvalues of A+ LC in the left-half plane?
Fact (Pole placement). The following are equivalent:
e (C,A) is observable

¢ the eigenvalues of A+ LC may be arbitrarily assigned by suitable choice of L, as long as they are chosen
in complex conjugate pairs

Proof. Instead of proving the result from scratch, we can use our result on pole placement with controllability.
Consider the following statements:

a) (C,A) is observable

b) (AT, CT) is controllable

c) can arbitrarily place eigenvalues of AT + CTLT (where K = LT)

d) can arbitrarily place eigenvalues of A + LC'
The first two statements are equivalent by duality of controllability and observability. The second and
third statements are equivalent from pole placement for controllability. And finally, the last two statements
are equivalent since eigenvalues are invariant under the transpose operation. Therefore, observability is
equivalent to pole placement of A+ LC'. [

There are several methods to find the observer gain L. One method is to set L = KT where

K = Kcer(PPgp) ™!
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where P is the controllability matrix of (AT,CT). We can also find L using the observable canonical form,

0O 0 ... 00 —ap bo
10 ... 00 - by
o1 ... 00 —Qa9 b2
bnflsn_1+...+b18+b0
S+ ap_1s" . +as+ag Co s : :
00 ... 10 —Qnp—2 bn,Q
0 1 —Qnp—-1 bn—l
00 ... 00 1 0

which is just the transpose of the controllable canonical form.

Fact (Pole placement). Consider a realization (C, A), and denote the characteristic polynomial of A as
A"+ an A" N al )+ ag.
Then, the observer gain L such that the characteristic polynomial of A + LC' is
A%+ an A T o+ ag
is given by
L= (QgéFQ)*lLOCF where Locr = [ao —ap ] — Q1 ... Qp_1— an,l]T

is the observer gain in observable canonical form, T = QgéFQ is the state transformation matrix that
transforms the system to observable canonical form, @ is the observability matrix of (C, A), and the
(inverse of) the observability matrix in observable canonical form is the Hankel matrix

i a1 as ... Qp—1 ]
a9 as ... 1 0
—1 .
Qocr = :
an—1 1 0 0
10 0 0

16.3 Detectability

If the system is not observable, we can still design an observer that asymptotically tracks the state if all
unobservable modes are stable.
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Theorem (Detectability). Given matrices A € R"*™ and C' € RP*™, the following statements are equiv-
alent.

e (C,A) is detectable.
e (AT,CT) is stabilizable
[)\I —A

C
If Av = Av with 0 # v € C" and A € C with Re(A) > 0, then Cv # 0.
There exists a matrix L such that A + LC is stable.

} has full column rank for all A € C with Re(X\) > 0.

Example. Consider the system

1 0 0 1
=11 -1 1 |z+ |1|u

0 0 =2 0
y:[l 0 O}x

The second and third states are unobservable. However, using L = ({1, {5, ¢3), we have that

1+¢4 0 0
A+LC=|1+4y -1 1
l3 0 -2

which has eigenvalues 1 + ¢;, —1, and —2. The unobservable modes cannot be moved, but they are
stable, so the system is detectable.
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Example. Consider the system

8

\
O = O
_— o O
oL
oo o

8

a) Is the system observable?
The observability matrix is

c 0o 1 -3
Q=|cal=|1 -3 7
ca?| |-3 7 -15

which has rank two, so the system is not observable.

b) Is the system detectable?
The eigenvalues of A are —1, —2, and —3. Since all eigenvalues are stable, the system is detectable.

c) Which eigenvalues can be moved?

We can apply the PBH test for detectability to each eigenvalue of A.
e For the eigenvalue —1,

1 0 -6
A+1I) 11 —11]
ank{ C }—rank 01 -5 =3
01 -3
which is full rank, so the eigenvalue can be moved.
e For the eigenvalue —2,
2 0 —6
A+2I 1 2 11|
ank{ C }—ranko 1 4 =3
01 -3
which is full rank, so the eigenvalue can be moved.
e For the eigenvalue —3,
3 0 —6
A+3I 1 3 11| _
ank{ C }—rank 0 1 -3 =)
01 -3

which is not full rank, so the eigenvalue cannot be moved.
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Example (continued).

c) Choose the observer gain L to place all eigenvalues of A+ LC at —3.
The characteristic polynomial of A is

A3 4+ 6A% + 11X + 6
and the desired closed-loop characteristic polynomial is
(A+3)3 =23+ 922 + 27X + 27,
Therefore, the observer gain in observable canonical form is

—21
Locr = |16
-3

and the inverse of the observability matrix in observable canonical form is
11 6 1
Qoer =16 1 0
1 00

Using the observability matrix found previously, the state transformation matrix is

30 -6
T=Qop@= |1 3 —11
01 -3

This transformation matrix, however, is not invertible (its eigenvalues are 0, 1, and 2). This is due
to the fact that the system was not observable. Since we chose the closed-loop poles to include the
unobservable pole, however, the formula still holds using the pseudoinverse instead of the standard
inverse, in which case the observer gain is

—3.7143
L=T"Locr = | 1.9286
1.6429

Keep in mind that using the pseudoinverse yields an incorrect observer gain if the closed-loop poles
do not include all unobservable poles (since in this case such an L does not exist).
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The Separation Principle

The separation principle is a fundamental idea in control that appears in a variety of contexts. In this
chapter, we study one instance of the separation principle which states that the design of a dynamic output
feedback controller separates into the design of an observer and a static state feedback controller, both of
which we have studied previously.

17.1 Interconnected systems

Before describing dynamic output feedback controllers and the separation principle, let’s review how to
combine systems to form more complex interconnected systems.

Suppose we have two systems:

G = ALl By and Gy = A2 | B .
Ci | Dy Cy | Dy

There are various ways these two systems can be combined to form an interconnected system.

Series connection

Consider the series connection of the two systems G; and G5 show below.

If we consider G; and G as operators that map the input signal to the output signal, then the block diagram
indicates that w = Giu and y = Gow. Eliminating the intermediate signal w, the output is

Yy = GgGlu.

Let’s now find a state-space realization of the series interconnection using the state-space realizations of the
individual systems. In state-space form,

S.Cl = A1171 + Blu d 3'32 = AQLZJQ + BQU)
an
w = Ciz1 + Diu Y= Coxo + Dow
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Combining the systems, a state-space realization of the series connection is
j?l A1 0 T Bl
To B>Ch A2 T2 ByDq
x
y=[D:C1 (] [x;] + (D2D1)u
Here, we chose the state of the interconnected system to be x = (z1,22). We also could have chosen the

state in the reverse order, (22, x1), which would have lead to a similar state-space realization. Therefore, the
series interconnection has either of the following state-space realizations:

Ay 0 B Ay ByCy | BaDy
G2G1 = BQCl AQ BQD]_ = 0 A1 Bl 5
DoCy Cy | DDy Cy DoCy | DaDy

where the first realization has state (z1,x2) and the second has state (x2,z1).

Parallel connection

Consider the parallel connection of the two systems G; and G2 show below.

wq
p— Gl

— G2 W

If we consider G; and G» as operators that map the input signal to the output signal, then the block diagram
indicates that wi = Giu, ws = Gau, and y = w; + we. Eliminating the intermediate signals w; and ws, the
output is

Yy = (Gl + Gz)u

Let’s now find a state-space realization of the parallel interconnection using the state-space realizations of
the individual systems. In state-space form,

1 = Ajx1 + Biu q To = Aoy + Bou
an
w1 = Cix1 + Diu wo = Coxo + Dou

Combining the systems, a state-space realization of the parallel connection is

HE L
y=[C1 O Bj + (D1 + Dy)u

Here, we chose the state of the interconnected system to be z = (x1,22). We also could have chosen the
state in the reverse order, (z2,x1), which would have lead to a similar state-space realization. Therefore, the
parallel interconnection has either of the following state-space realizations:

A1 0 B1 A2 0 B2
G1 + G2 == 0 A2 B2 = 0 A1 Bl 5
Cr Oy ‘ Dy + Dy Cy C ‘ Dy + Dy
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where the first realization has state (z1,z2) and the second has state (z2,z1).

Feedback connection

Consider the feedback connection of the two systems G and Go show below.

wq

- G -y

)
T\
{ G2 <

W2

If we consider G; and G as operators that map the input signal to the output signal, then the block diagram
indicates that wi; = u + ws, wy = Goy, and y = Giw;. Eliminating the intermediate signals wy and ws, the
output is

Yy = (I — Gng)_lGlu.

Remark (MIMO systems). For multi-input multi-output systems, G and Gy are matrices of transfer func-
tions, so G1G2 # GG in general, as matrices do not commute. When the systems are SISO, however, the
order of multiplication and division are irrelevant, so we can write the output as

Gy
=———u.
Y1266y
In general, however, the inverse must be on the left-hand side. ]

Let’s now find a state-space realization of the feedback interconnection using the state-space realizations of
the individual systems. In state-space form,

1 = Az + Biw; q Lo = Aoy + By
an
y = Ciz1 + Diw wy = Coxy + Doy

To combine the state-space realizations, first expand the output as

y = Ciz1 + Diwy,
= Ciz1 + D1(u + ws),
= C121 + Dy (u + Cyxa + Day).
The output y now occurs on both sides of the equation due to the feedback loop. Solving for the output, we

obtain
Y= A‘l(Clxl + D1Coxo + Dlu) where A=1—DDs.

Now that we have the output in terms of the states and input, we can expand the first state equation as
i = Ar1r1 + Brwy,
= A1 + By (u + ws),
= Ajz1 + Bi(u+ Coxz + Day),
= A1x1 + Bi(u + Cazg + DoA™ (Cray + D1Coxg + Diu)).
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We now have the state update in terms of the states x; and x2 and the input u. Similarly, the second state
equation expands as

C.C2 = AQI‘Q + Bgy7
= Asxo + BQA_I(Cll'l + D1Cox9 + Dlu),

which also only depends on the states and the input. Therefore, a state-space realization of the feedback
connection is

T1 _ A1+B1D2A_101 B102+B1D2A_1D102 xr1 i B4 +B1D2A_1D1 U
- BQA*C& AQ + BgAilchg o BgAilDl

)
y=[A"1C, AIDyC [””1] +(A™'D))u
)

Therefore, the feedback interconnection has the following state-space realization with state (z1,z2):

A1 + BlDQA*IC’l 3102 -+ BngAilchg By + BngAilDl
(I -GGy Gy = ByA~1Cy Ay + BoA™'D1Cy ByA~'D,
A*C& AilchQ ‘ AilDl

Remark (Well-posedness). The feedback connection requires that A = I — Dy Dy is invertible. This is needed
for the system to be well posed, meaning that for any input signal u, there exist signals (wj,ws,y) that
satisfy the interconnection. A system that is not well posed is like an inconsistent system of equations, such
as {z+y=1, 2z + 2y = 3}. L]

Example (Well-posedness). Consider the feedback interconnection with systems

s—1 s+3
G = d Gy = .
! s+1 an 2 s+ 2

The transfer function of the closed-loop system is

Y(s) =il 24& (s—1)(s+2)
= -GG Gy = =
U(s) ( 1G2) - s—1 . 543 5+6

The transfer function is not proper, which implies that the system is noncausal. This system is not well
posed since D; =1 and Dy =1, so I — D1 D5 = 0, which is not invertible.

17.2 Observer with static state feedback

We now return to the problem of using an observer with static state feedback. Let’s consider what happens
when we use an observer to estimate the state and then apply static state feedback to the estimate as shown
in the following block diagram.
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Contbrolle—

3>

w = K

To find the closed-loop equations from the reference input r to the measured output y, eliminate the controlled

input u to obtain
& =Ax+ B(KZ+r)

and

=A%+ B(K&+r)— LC(z — &),
— (A+ BK + LC)2 — LCz + Br.

Therefore, the combined system is

= te assresc) 3]+ (5]

Stability of the closed-loop system depends on the eigenvalues of the closed-loop system matrix, which are
not easy to find in this form. Instead of using the observer state Z, let’s use a state transformation to write
the closed-loop dynamics in terms of the error e(t) = x(t) — #(¢). This is equivalent to applying a state
transformation with
I A VO
T [ b I] _r
Applying the state transformation yields

iyl R
v=lc o/

Therefore, the eigenvalues of the closed-loop dynamics are those of A + BK and A + LC. If the plant
(A, B,C) is minimal (meaning that (A4, B) is controllable and (C, A) is observable), then we can place all
eigenvalues of the closed-loop system wherever we like by suitable choices of K and L.
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Separation principle: The closed-loop poles of a system in feedback with an observer-based controller
separate into those of the observer and those of the plant with static state feedback.

Comments

e The closed-loop dynamics have the form of the controllable decomposition, from which we can conclude
that the observer error is uncontrollable (it is not affected by the reference or the state of the plant). If
we cancel this uncontrollable state, the closed-loop dynamics simplify to

A+BK -BK |B
A+BK | B
C 0o o

which is precisely the closed-loop map we would have obtained if we had used full state feedback! While
the observer error is uncontrollable, we cannot cancel these uncontrollable modes since the plant and
controller are physically separate systems.

e The eigenvalues of A + BK dictate how fast the output y tracks the reference » when the observer is
intialized with the state of the plant.

e The eigenvalues of A + LC dictate how fast the estimate & of the observer tracks the plant state x,
which is independent of A + BK.

e The observer dynamics are .
2 =(A+ BK + LC)& + Br — Ly,

which may be unstable, even if A+ B and A 4+ LC' are both stable. For example, the observer must be
unstable to track the state of an unstable plant.
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Linear—Quadratic Regulator

18.1 Motivation

We have now seen how to use dynamic output feedback to place the closed-loop poles wherever we want
(when the systme is minimal) by combining static state feedback with an observer.

We have some intuition into where to place the poles from our analysis of second-order systems. But this
only tells us how the pole locations affect the transient response and says nothing about the energy required
to control the system.

Consider the continuous-time LTI system & = Az + Bu. Using static state feedback u = Kz, the energy of
the control input is

control energy = / l|lu(t)|* dt
0
_ / 2(OTKTKa(t) dt
0
= ) </OO e(ATBE)t (T pr o (A+BK)t dt) Zo
0
= ) Pxg
where P is the solution to the Lyapunov equation
(A+ BK)'P+ P(A+ BK)+ K"K = 0.

The energy therefore is a quadratic function of the initial state. The initial state that requires the most
energy of the control input is the eigenvector of P corresponding to its largest eigenvalues (see Matlab demo).
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Example (Control energy). Consider the continuous-time LTT system

0 1 0 0
=10 0 1l z+ [0 u.
78 —20 1 1

Suppose we use static state feedback u = Kz to place all three closed-loop poles at the same (real)
location. The following plot shows the resulting control energy as a function of the closed-loop pole

locations.

Control energy
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closed-loop pole locations

The minimum control energy is achieved for pole locations near —5. We can do slightly better, however,
if we design the static state feedback gain to minimize the control energy. The energy of this optimal
control input is the dashed line. In this chapter, we learn how to design static state feedback controllers
based on what we want them to optimize.

Instead of pole placement, we can choose the controller to optimize some cost. Some typical costs are the
tracking error

= ooil' T X
Jz—/o ()T Qu(t) dt

and the control effort

= OO’LL T U
Ty = /0 ()T Ru(t) dt.

These are quadratic functions of the state and input, where ) and R are symmetric matrices that characterize
how much to weight the different components of the state and input in the cost. For the cost to be sensible,
@ and R must be positive semidefinite, as otherwise there would be states or inputs that could make the cost
arbitrarily negative. Moreover, we typically assume that R is strictly positive definite so that all inputs are
penalized, as otherwise some inputs could be made arbitrarily large without affecting the cost. For example,
we could set R = pl for some p > 0 so that the value of u allows us to adjust how much the input energy

affects the cost.
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18.2 Problem description

The linear—quadratic regulator (LQR) problem is to choose the input signal u to minimize the cost

J(zg) = /000 (z(t)TQx(t) + u(t)" Ru(t)) dt

subject to the dynamics
&(t) = Ax(t) + Bu(t), z(0) = xo.

Comments

e The name LQR comes from the fact that the dynamics are linear, the cost is quadratic, and this is a
requlation problem.

e This formulation is the infinite-horizon continuous-time LQR problem. There is a similar version in
discrete time (in which the integral in the cost becomes a summation) and for a finite horizon (in which
the upper limit of integration becomes some finite time 7" > 0).

e We might expect the optimal (in the sense of minimizing J) control strategy to depend on the initial
state xg. It turns out that the optimal cost J depends on xg, but the control input w(t) that optimizes
J does not depend on x.

18.3 Solution via completing the square

There are many ways to solve the LQR problem. Here, we use an approach based on simple algebra and
calculus. First, let’s review how to complete the square.

Completing the square for scalars
Consider the function
f(z,u) = qz? + 2szu + ru’

with parameters ¢ > 0 and r > 0. To minimize the function with respect to u, we can complete the square
as follows:

flz,u) = q2*+ r(%xu + u?)
= (e ()t (5)°) ()’
= (g %) +r(ut )

The first term does not depend on u, while the second term is nonnegative and can be made zero with

u = —sz/r. To summarize, the optimal u and the corresponding value of the function is
sx 2\ o
Uopt = _7 and f(xvuopt) =\4q—- 7 Z-.

We could also obtain this by setting the derivative equal to zero:

d
0=—f(z,u) =252 + 2ru = u=—-—.
du r
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Example (Completing the square). 1722 + 12uz + 3u? = 522 + 3(u + 2x)?

Completing the square for vectors

Similar to before, we can also complete the square to minimize a vector function. Consider the function
f(x,u) = 2"Qx + 22" Su+u" Ru

with parameters @) = 0 and R > 0. To minimize the function with respect to u, we can complete the square
as follows:

flzu) = 2'Qr+ (u' Ru+u"STx+ 27 Su)
— 2"Qu+ (u+R'S"2) R(u+ R 'STe) —2TSR'STx
= 2T(Q-SR'S)z+ (u+ R'STe) R(u+ RSTx).

Once again, the first term does not depend on u, while the second term is nonnegative and can be made
zero with u = —R™1ST2. To summarize, the optimal v and the corresponding value of the function is

Uopt = —R7'ST: and flz, uopt) = a:T(Q — SR_lST)J:.

We could also obtain this by setting the derivative equal to zero using vector calculus:

d
0= -f(z,u)= 2572 + 2Ru S u=-R'STz.

LQR solution

We now solve the LQR problem by completing the square. Assuming the closed-loop system is stable (so
that z(t) — 0 as t — o0) and introducing a symmetric matrix P, we have from the fundamental theorem of
calculus that

> d
mOTPxO + / — (xTPx) dt =0
o dt
where the derivative term inside the integral expands as

%(xTP;v) = i"Px + 2" Pi = (Az + Bu)' Pz + 2" P(Az + Bu).

Since this term is zero, we can add it to the cost without changing its value. Doing so, we obtain
J = / (JJTQI + uTRu) dt
0
< /d
=zl Pxo + / (dt (xTPx) +27Qx + uTRu> dt
0
_ T - T T T T
= zy Pxo +/ ((AerBu) Pr+ a2 P(Az+ Bu)+z' Qz +u Ru> dt
0
=z Pro + / (xT(ATP + PA+ Q)z + 22" PBu + uTRu) dt.
0
The term inside the integral is quadratic in the state and input. Completing the square,

J = x) Pxg + / [:ET(ATP +PA+Q—PBR'B"P)z + (u+ R 'BTPx)"R(u + RlBTPx)] dt.
0
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The first and second terms do not depend on the input u, and the third term is minimized by the input
w= —R™1'BTPx. While the second term does not depend on the input, it does depend on the parameter P
that we introduced (and therefore get to choose). Since this term is The following result shows that we can
make this term zero for appropriate choice of P.

Definition (Algebraic Riccati equation). Given matrices A, B, @, and R, the matrix equation
ATP+ PA+Q—-PBR 'B'P=0

in the matrix variable P is called the (continuous-time) algebraic Riccati equation (ARE).

The ARE is a matrix version of the quadratic equation. There is no equivalent quadratic formula, but the
equation can be solved efficiently.

Theorem. Suppose Q > 0, R > 0, (A4, B) is stabilizable, and (Q, A) is detectable. Then,
e the ARE has a unique solution P that is symmetric and positive definite, and

e the matrix A — BR™!BTP is Hurwitz (has all eigenvalues in the left-half plane) for this P.

Under the conditions in the theorem, the solution to the LQR problem is the static state feedback controller
u(t) = Kz(t)  with K =-R'B'P,

where P is the unique positive definite solution to the algebraic Riccati equation. The optimal cost is the

quadratic function of the initial state,
J = x§ Pxy.

Moreover, the closed-loop system matrix A + BK is stable.
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Kalman Filter

The Kalman filter, also known as the linear—quadratic estimator (LQE), is a recursive algorithm used for
estimating the state of a dynamic system from noisy measurements. It operates by predicting the system’s
next state and corresponding uncertainty based on a mathematical model, then updating this prediction
using new observations to refine the estimate. The filter assumes the system is governed by linear equations
and that noise in the dynamics and measurements follows a Gaussian distribution. At each iteration, it
computes a weighted average of the predicted state and the measured state, with weights determined by
their respective uncertainties. The Kalman filter is widely used in fields such as robotics, navigation, and

signal processing due to its ability to provide accurate, real-time estimates even in the presence of noise.

19.1 Definition

Definition (Continuous-time steady-state Kalman filter). Given an LTI system (A, B,C, D) and symmet-
ric matrices W and V, the continuous-time steady-state Kalman filter is the state observer

where L is the Kalman gain

2(t) = A2(t) + Bu(t) — L (y(t) — §(¢))

L=-pPCTv!

and the symmetric matrix P is the solution to the continuous-time algebraic Riccati equation

AP+ PAT+W - PCTV-CcP =0.

Definition (Discrete-time steady-state Kalman filter). Given an LTI system (A, B,C, D) and symmetric
matrices W and V, the discrete-time steady-state Kalman filter is the state observer

where L is the Kalman gain

Ep41 = Ay + Bug — L (yx — Or)
O = Cog

L=-2C"(C=CT+V)™!

and the symmetric matrix ¥ is the solution to the discrete-time algebraic Riccati equation

ASAT -2+ W — AxCT(CECT + V)~1CzAT = 0.
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Note that the Kalman filter depends on the problem data (A, C, W, V) and not the input matrix B. In the
following section, we will see how to interpret the parameters W and V.

19.2 Interpretations

We now describe several interpretations of the Kalman filter as an optimal state observer. In each case, we
consider an LTI system in which the state and output equations are perturbed:

z(t) = Ax(t) + Bu(t) + w(t) o g1 = Azy + Bug + wy,
r
y(t) = Cx(t) +o(t) yi = Cap + g

The signal w is called the process moise and represents disturbances to the system such as unmodeled
dynamics like wind or friction. The signal v is called the measurement noise and represents errors in the
measurements such as round-off errors or sensor noise.

Deterministic interpretation

Suppose we have measured the input u(7) and output y(7) for —oo < 7 < t. Also, suppose the matrices
W and V are positive definite (and therefore invertible). The output Z(¢) of the Kalman filter is then
the optimal estimator of the state x(¢) along with the process noise w(t) and measurement noise v(t) that
minimize the quadratic cost

t k
/ (w(T)TWﬂw(T) + U(T)valv(r)) dr or Z (w;Wﬁlwm + U;rnvflvm)

- m=—o00

subject to the system dynamics. We use the inverses of W and V' in the cost as a matter of convention (so
that the solution is consistent with the stochastic interpretation). In general, “larger” W results in “larger”
w, and similarly for V' and v.

Stochastic interpretation

A stochastic process is a signal whose value at each point in time is a random variable. Stochastic processes
often represent noise in the system. White noise means the distribution of the signal is constant in time,
and zero-mean means that the expectation is zero.
Suppose the system and the noise satisfy the following.

e The initial state is a Gaussian random variable with known distribution.

o ~ N(MO? EO)

e At each iteration, the process and measurement noise are also Gaussian random variables with zero
mean and known covariance.

wy ~N(O,W) and v ~N(0,V)
e The initial state, process noise, and measurement noise are all mutually independent.

g, Wo, W1, - . . ,Vo,V1,... mutually independent

Given the control signal u and measured signal y, the output & of the Kalman filter is the minimum mean
square error (MMSE) estimator of the state z. This means that, at each time ¢, the estimate £(¢) minimizes
the estimation error E ||z(t) — #(¢)||>. Moreover, the Kalman filter is a recursive algorithm whose complexity
does not grow over time.
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19.3 Example

Consider the spring—mass—damper system shown below with three masses each with mass m = 1, damping
coefficient b = 0.5, and spring constant k = 1.

zg kl k2 kg

A AAAAAAA—] —AAAAAAAAAA— —AAAAAAAAAA—

“ my ma mg
’ [ 1 1

% b @) @) b @) @) bs

17IIIIIIIIIIIIIIIIIIIIIIIIII I LTI IIIIIIIIII LTI LTSI IIIIIIII LTI I I I I LTI IS I I I I IS IS I I IS IS IIIIIII IS IS I IS LI LTI SIS II SIS IS I II I
////////////////////////////////////////////////////////////////////////////////////////////////////////////////////////////////////////////////////////

Suppose we apply a force to the first mass and measure the position of the third mass. Suppose the dynamics
are perturbed by random noise with process covariance W = 0.11,, and measurement covariance V = I,
where n = 6 is the number of states and p = 1 is the number of measured outputs. The corresponding
Kalman gain is

L=- (0.1213 0.2441 0.3750 0.0130 0.0338 0.0203)T.

Suppose input force on the first mass is zero except for a value of one hundred on the time interval [3, 3.2]
and negative one hundred on [15,15.2]. The measured, estimated, and actual position of the third mass are
shown below.

Kalman filter estimation of mass positio

15 T T T T
observed
% estimated
10 L —— o ctUal i

position

_15 1 1 1 1

time

Despite having noisy measurements (light gray), the estimate from the Kalman filter (red) converges to the
actual position (black) of the third mass.
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19.4 Duality

The problems of optimal estimation and optimal control are duals of each other. In particular, each problem
can be transformed into the other, so the solution to one problem can be used to compute the solution to
the other.

To observe this duality, recall that (in continuous time) the optimal control gain is
K=-R'B'"P  where A'P+PA+Q—-PBR 'B'P=0.
Similarly, the optimal estimator gain is
L=-%C"V"' where AS+SAT4+W-2CTV'CT=0.
These solutions are quite similar. Denote the solutions to the Kalman filtering and LQR problems as
L=KF(A,C,W,V) and K =LQR(A,B,Q,R).
Then we have the following results:

LT =LQR(A",CT,W,V) and K' =KF(A",B",Q,R).

Fact (Duality). The following are equivalent:

e The system (A, B) with cost matrices (Q, R) has optimal control gain K with solution P.

o The system (BT, AT) with covariance matrices (@, R) has Kalman gain KT with solution P.
Moreover, the following are also equivalent:

e The system (C, A) with covariance matrices (W, V') has Kalman gain L with solution X.

o The system (AT, CT) with cost matrices (W, V) has optimal control gain LT with solution ¥.

19.5 Computation

Using that optimal estimation is dual to optimal control, we obtain the following characterization of the
algebraic Riccati equation which implies that, under mild conditions, the observer dynamics are stable.

Theorem. Suppose W =0, V = 0, (A, C) is detectable, and (A, W) is stabilizable. Then,
e the ARE has a unique solution Y. that is symmetric and positive definite, and

e the matrix A + LC with the Kalman gain L is stable for this solution.

Comments

e To compute the solution to the algebraic Riccati equation in MATLAB, you can use the functions
icare and idare. Equivalently, you can use the functions 1qr and dlqr along with the fact that the
Kalman filter is dual to the LQR problem. Whenever using MATLAB functions, be sure to check the
documentation to see how to format the inputs (and outputs) properly.

e The discrete-time algebraic Riccati equation can also be solved by iteration. In particular, the following
sequence converges to the unique positive definite solution when (C, A) is observable:

Yip1 = ASRAT + W — AX,CT(CSCT +V)TIO8 AT with  Bp = W.
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19.6 Derivations

We now show how to construct the Kalman filter as the optimal state estimator in the stochastic setting in
discrete time.

To produce an estimate of the state, we will construct a probability distribution of the state and update this
distribution over time (both as the system evolves and as we make measurements).

Definition (Belief). The belief b, 5 is the probability distribution of the state at time ¢ given the inputs
and measurements up to time s.

bes = Prob(xy | wo, U1, .- Us, Y0, Y1y -« - Ys)

By assumption, the initial belief is the Gaussian random variable by ~ N(uo,3o). Under the given
assumptions (linear dynamics and Gaussian noise), it turns out that the belief at any time is also Gaussian.
This is precisely why the Kalman filter is so useful — we can represent the belief using only its mean and
covariance, which are finite-dimensional quantities. When these assumptions do not hold (the dynamics are
nonlinear or the noise is non-Gaussian), the belief is a more general probability distribution that is much
more difficult to represent!

We denote the mean and covariance of the belief b, s as s s and ¥ s, respectively. Since the belief at each
time is Gaussian (as we will show), we have that

bt,s ~ N(Nt,m Et,s)

We can compute the belief at any time using induction. Suppose that b; ;1 ~ ./\/'(,ut’t,l, Yii—1). We will
construct the belief at the next time in two steps: first we will include the measurement y; to find b;, and
then we will use the state update to find bs11 4.

a) Measurement update. First, we use the belief b, ;1 of the state before applying the measurement y;
to find the belief b, ; after the measurement has been applied. Since the measurement is correlated with
the true state, the belief b; ; will have less uncertainty than the belief b; ,; before the measurement
update.

Since the measurement noise is independent of the previous process noise, measurement noise, and initial
state (by assumption), the belief and measurement noise have the joint distribution

bt,tfl Mt t—1 Zt,tfl 0
() e V)
The measurement is an affine function of the belief and measurement noise,
bei—1| _[L Of [bye—1 0
aol=le e+ (o) -

To construct the update, we will use the following result, which says that an affine transformation
applied to a Gaussian random variable is also Gaussian.

Proposition. If x ~ N (i, %), then Az + b~ N (Ap+ b, ALAT). |
Therefore, the joint distribution of the belief and the measurement is
bei—1| N Het—1 Dt i—1 ppTell
Yt Cpgi—1+ Du| |CSp1 CEy 1 CT+ V)
The belief after the measurement is the previous belief conditioned on the measurement, by ; = by ¢—1 | Y.

We can use the following result to compute the conditional expectation of two jointly Gaussian random
variables.
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Proposition.

~ N[ |* , Y = T | yw./\/(uerE:cyEyl(yfuy),Ex waEylny)
Y ty] " [Yye Xy

Therefore, the belief after the measurement update is

by ~ N (pe—1 + Y14 1CT(C8 41O + V) (ys — Cpagp—1 — Duy),
Yiio1— Be4o1CT(CZy 107 + V)OS 1).

Denote the updated mean as p;; and covariance as >y ;.

b) State update. Now that we know the belief by, ~ N (¢ ¢, Xtt), we will construct the belief after the
state update. Since the state update contains noise, the belief b1, will have more uncertainty than
the belief b, ; before the state udpate.

Using the formula for an affine transformation applied to a Gaussian random variable, the state update
without noise is

Ax; + Buy ~ N (Apgy + Bug, AY  AT).
The actual state update also has additive noise. To include the noise, we will use the following result.
Proposition. If z ~ N (p,,3;) and y ~ N (y, X,) are independent, then @ +y ~ N (py + fiy, Xg + 3y).
]
Using the distribution of the process noise, the full state update (with process noise) is then
biv1s = Axy + Bug +wy ~ N (Apg s + Bug, AS AT+ W).
Denote the updated mean as ji;41+ and covariance as ;1 ;.
To summarize, we have shown that if the belief b, ;1 is Gaussian, then the belief b,y is also Gaussian.
Since the initial belief is Gaussian (by assumption), we have from induction that the belief remains Gaussian
at each time step, and the above formulas indicate how the mean and covariance evolve over time.
Define the mean and covariance of the belief at time ¢ given information up to time ¢t — 1 as
By = pee— and Xy =21
The above equations then simplify to the following recursion for the mean:
oy = My,
= Apse + Buy
= A[:Uft,tfl + Zt,tflcT(CZt,tflcT + V)_l(yt —Cugy—1 — Dut)] + Buy
= AZ; + Buy + AX,CT(CE,CT + V) "Ly, — C#y — Duy)
and the following recursion for the covariance:
Y1 = S
=AY AT+ W
= A[Si1 — 2107 (C8y 41 CT + V)OS ] + W
= A AT+ W - AS,CT(CE,CT 4 V) TIon, AT
To simplify the formulas, define the Kalman gain
Ly = —A%,CT(CZ,CT + V)7L
In terms of the Kalman gain, the recursions for the mean and covariance of the belief simplify to
Zi41 = A%y + Buy — Ly (yr — C2¢ — Duy)
Sip1 = (A+ LiC)S AT + W.
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Linear—Quadratic—Gaussian Control

The linear—quadratic—Gaussian (LQG) control problem is to design a controller that minimizes the expected
quadratic cost of a linear time-invariant system subject to Guassian noise.

20.1 Problem statement

The LQG control problem can be formulated in either continuous or discrete time, and the objective can
be optimized over a finite or infinite time horizon. Here, we consider the infinite-horizon discrete-time LQG
problem.

Consider the discrete-time LTI system

Ti41 = Al’t + But —+ we
yr = Cry + vy

where w; and v; are white Guassian noise processes with covariance matrices W and V', respectively. Our
goal is to determine the control inputs u; to minimize the expected quadratic cost

T-1

Z (x;ert + uZRut) ,

t=0

1
J = in lim E|=
mdn T1—I>réo T

where @ = 0 and R > 0. The expectation in the cost is over the process noise, measurement noise, and
initial state conditioned on the observed output.

Separation principle. The optimal control policy for the LQG problem satisfies the separation principle,
which states that the optimal controller separates into optimal state estimation followed by optimal static
state feedback applied to the estimate. That is,

a) first use a Kalman filter to find the MMSE estimate of the state x; given all currently available infor-
mation, and then

b) apply the optimal LQR policy to the state estimate, treating the estimate as if it were the true state.
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20.2 Solution

The control input u; that minimizes the expected cost J consists of the LQR. controller applied to the state
estimate produced by the Kalman filter. This controller structure is shown below.

{ Plant ]
i
v { Tiy1 = Azy + Bug + wy J‘ ‘

yr = Cwy + vy

\ Kalman filter T4 LQR controller
e i’t+1 = A.’i‘t + But — L(yt — C.’Z't) Uy = Kfi‘t
| LQG controller )

The steady-state LQR gain is
K=—-(B"PB+R)"'B"PA

and the steady-state Kalman filter gain is
L=-AxCcT(ceCcT +v)!
where P and ¥ are the solutions to the algebraic Riccati equations
P=A"PA+Q-A"PB(B"PB+R)"'B"PA

and
Y =ASAT + W — ARCT (C2CT +V)TIORAT.

The optimal cost using the LQG controller is

J = w(PW) + tr(Z(ATPA-P+Q))

LQR cost cost of estimation

which separates into the cost of the optimal LQR controller and the cost of estimating the state. When
there is no noise, our estimate of the state is exact and ¥ = 0 so the second term vanishes.

20.3 Extensions

The LQG controller can also be constructed for continuous-time systems, over a finite horizon, and for time-
varying systems. Recall that we often obtain the linear system as the linearization of a nonlinear system.
When the linearization is about an equilibrium point, this results in a linear time-invariant system. But
when the linearization is about an equivalibrium trajectory, the result is a linear time-varying system. The
LQG controller can also be applied to such a scenario.
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Model Reduction

In some applications, high-fidelity models may be too complex for efficient use in tasks such as real-time

control, optimization, or simulation. Given a

(possibly high-dimensional and complex) model of a system,

model reduction seeks to simplify the model while preserving its essential characteristics. Benefits of using
a reduced model include reduced computational burden, enhanced insight via interpretable representations
of system behavior, and reduced computational resources for implementation.

Example. Let € > 0 be a small number, and consider the system

|-

&1
)

y=[e

=1

0
-1

&
=1

)+

1 g m .

Ju

0

While the system is minimal (both controllable and observable), the first state is barely controllable

while the second state is barely controllable.

observability Gramians,

1

Using the change of coordinates z; =™ a3

We can see this clearly from the controllability and

2
k)

-

y=0 12

1[e™2 1
and W, = 5 [ 1 62} .
and zo = exy, however, the system becomes
(-1 0] [~ 1
o 2 [a]+[i]

|

22

In these coordinates, both states are equally controllable and observable. Precisely, the controllability
and observability Gramians in the transformed coordinates are both equal,

[+

1

2

11
1 1

]

o
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21.1 Balanced realization

Definition (Balanced realization). A state-space realization is balanced if the controllability and observability
Gramians are equal and diagonal. ]

Definition (Hankel singular values). For a balanced realization, the Hankel singular values are the diagonal
elements of the controllability and observability Gramians. [

The Hankel singular values are then the values o1, ..., 0, such that

01

o2
W.=W, =

On

ordered such that o1 > 09 >

.20, >0.
Theorem (Balanced realization).
a) Let W, and W, denote the controllability and observability Gramians of a minimal realization.
b) Compute Cholesky factorizations
W.=W'W and W,=2"Z
c) Compute a singular value decomposition
Wzl =Usv’
with ¥ diagonal and U and V orthogonal.

d) Perform a state transformation with
T=w'us "2 and T '=x12VTZ

Then, the resulting realization is balanced with controllability and observability Gramians equal to X. [

Proof. Recall that the observability Gramian is
[e%) .
Wo = / et toTCeMdt.
Jo
Using the state transformation = = 7'z, the Gramian of the transformed system is

W, = / T O T(OT)e T AT AL = TTW,T.
JO

So for the transformation with 7= WTUX~1/2 the observability Gramian becomes
W, =T"W,T
= (22T 2 (2T 2) (5 VAV Z)
=22V (Z=TZ)(ZzZz v sl/?
— 22y Ty nl/2
=X

1

where we used that V is orthogonal (so VTV = I). The controllability Gramian transforms similarly. [ |
We can use the construction of the balanced realization to construct other realizations as well.
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o Input normal realization. Using the state transformation matrix T%'/2 produces the input normal

realization in which all states are equally controllable with W, = I and W, = X2.
o Output normal realization. Using the state transformation matrix 7% ~'/2 produces the output normal

realization in which all states are equally observable with W, = %2 and W, = I.

21.2 Balanced truncation

One method for model reduction is balanced truncation, where we put the state-space realization in balanced
form and then discard states that are not very controllable/observable (those will small Hankel singular
values).

Partition the system as

A

4l B 11 A | By

8 = | Ay Ay | By
¢, G| D

where A is k x k. Then, the reduced model of order k is the subsystem

A | By
Ci | D

Example. If the Gramians are W, = W, = diag(3,2,1,1075,107%,107%), then the system can be
approximated by a third-order system.
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System ldentification

All of the techniques that we have learned require a model of the system (such as the state space matrices
or transfer function). If we do not have a model, we can learn one from input-output data using system
identification.

22.1 Problem description

Given the input-output data (ug,yx) for £ = 0,1,...,7 — 1, our goal is to find the state space matrices
(A, B,C, D) along with the state xj such that

Tht1 = Axy, + Buy, + wy,

yr = Cxy + Dug + vy,

where wy, is the process noise and vy, is the measurement noise. Ideally, we would like our model to fit the
data exactly (meaning that the noise is zero). When this is not possible, we instead seek to fit the data using
“small” amount of noise.
Comments

e Recall that the state space representation of a system is not unique. So which representation whould
we use in our model (CCF, OCF, diagonal, ...)?

e How many states should our model have? More states allows us to better match the data (use “smaller”
noise), but may over-fit to noise in the data and results in a more complex model.

A common solution to these issues is to use the balanced realization in which each state is equally controllable
and observable, and then perform balanced truncation to remove states that are not very controllable/ob-
servable.

There are many algorithms for system identification, such as dynamic mode decomposition, autoregressive
moving average, least squares, etc. Some relevant Matlab commands include n4sid, ssest, and ssregest.

22.2 Eigensystem realization algorithm

The eigensystem realization algorithm (ERA) produces a state-space realization from the impulse response
data of a system.
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e This is also known as the Ho—Kalman algorithm.
e ERA balances the empirical Gramians (i.e., those computed from the data).

e For general input-output data (not just the impulse response), we can combine the ERA algorithm with
the observer Kalman filter identification (OKID) algorithm.

Recall that the impulse response of a discrete-time system is

k—1 .
CAF-1B ifk>1
h(k :E:CA’““"chM + Dé(k) = =
(k) ~ (t) (k) D if k=0.

The coefficients D, CB, CAB, CA%B, ...of the impulse response are called the Markov parameters of the
system.

Given the Markov parameters, the goal is to reconstruct the realization (A, B,C,D). For example, we
trivially have that D = h(0).

Given the impulse response, we can form the Hankel matrix:

h1) @) ... H(T)

W2)  hB) ... KT+
H = : : :

WT) WT+1) ... h2T—1)

The Hankel matrix has the following expression in terms of the state-space matrices, which factors in terms
of the controllability and observability matrices:

CB  CAB ... CA™'B C
CAB  CA’B ... CATB CA

H = _ . , = . | [B AB ... AT'B] = QP
CAT-'B CATB ... CA™’B CAT

While we do not have access to (A, B, C, D), we can form the Hankel matrix from the impulse response data,
which suggests how we might recover the state-space matrices. In particular, factor the Hankel matrix using
the singular value decomposition:

H=UxVT

where U and V are orthogonal matrices (meaning that UTU = I and VTV = I), and ¥ is a diagonal
matrix with nonnegative real numbers on the diagonal (called singular values). Then, the controllability and

observability matrices are
Q=Ux"? and P=3x"72VT.

Note that the input matrix B is the first column of the controllability matrix P and the output matrix C'is
the first row of the observability matrix @),

1
0

B=P|. and C=[1 0 ... 0]Q.
0

Therefore, all that is left is to find the state transition matrix A. To do so, construct the shifted Hankel
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matrix

T
I

W(T+1) h(T +2)
[CAB  CA%B
CA’B  CA®B

CATB CAT*'B
C

cA
- . |A[B 4B

CA’T71
= QAP

H(T +1)
MT +2)

h(2T)
CATB
CATJrlB

CA27.’—1B

AT

We already know A and P from the SVD of the original Hankel matrix, so just solve for A:

A=QtHP*
where (-)T denotes the pseudoinverse.

Comments

o If h(k) is the exact impulse response, then (A4, B,C, D) is a minimal realization.

e If the dimension n of the state-space realization is not known in advance, then use the Hankel singular
values (the singular values of H) to estimate n. The dimension of the realization can then be set by

truncating the SVD,

-t fy 2

0 3
(remove small singular values in Xs).
e The controllability and observability Gramians are
o0
We=>» A"BBT(AT)*  and
k=0
Truncating the summation yields the approximations

2T -2

} ~ U2 VT

We~ Y A*BBT(AT)F = PPT = (2'2VT)(VE!/?) =%,

k=0

so ERA balances the empirical Gramians, and the realization becomes balanced in the limit as T" — oc.
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Model Predictive Control

We previously studied the LQR problem, which constructs the state feedback controller that minimizes a
quadratic cost. Realistic control problems, however, also have constraints on the allowable states and/or
inputs. One heuristic for solving such problems is model predictive control (MPC), also known as receding
horizon control (RHC). The key idea is to solve a constrained optimization problem to find the optimal
control subject to the constraints over a finite horizon, apply the first control input to the system, and then
repeat the entire process at the next iteration.

23.1 Constrained optimal control

Given sets X and U, suppose we want our state to satisfy the constraint x; € X and u; € U for all times .

The corresponding infinite-horizon constrained LQR problem is to find the states zi,z2,... and control
inputs ug, 41, ... to solve the following optimization problem:
(o]
Jo(xg) = minimize Z(xtTth + utTRut)
t=0

subject to x441 = Az, + Buy fort=0,1,...
nweX, uwuelU fort=0,1,...

As in LQR, we assume that the cost matrices satisfy @@ = 0 and R > 0. Unlike standard LQR, however, the
constrained optimization problem is not typically tractable.

23.2 Overview of MPC

Model predictive control is a heuristic solution that finds the optimal solution over a fixed horizon N, applies
the first control input from the optimal solution, and then repeats. For a planning horizon N, terminal cost
@y and terminal set X, the finite-horizon optimization problem is

N—-1

Jn(z) = minimize Z (2] Quy + uf Ruy) + 2, Qpxy
t=0
subject to Ti41 :Al’t+BUt, t:O,l,,Nfl
ry € X, u €U, t=0,1,...,N—1

To = 2, .%‘NEXf

152
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This finite-horizon planning problem serves as an approximation to the infinite-horizon problem, but is
computationally tractable since it involves a finite number of variables and constraints. Let uj(z) be the

optimal value of ug in the above problem for Jy(z).

The steps of MPC are then as follows:

a) At time ¢, observe the current state z; and solve Jy ().
b) Choose the control action uf(x:).

c) Move to time step ¢ + 1 and repeat.



Part V

Appendices



A

Linear Algebra

Linear algebra is the branch of mathematics concerned with linear equations and linear maps, along with
their representations in vector spaces and through matrices.

a1 1 + a2 x2 = by {an a12] [301] _ {bl}

Qo1 T1 + a9 To = by a1 Q22| |T2 bo

The main mathematical objects in linear algebra are scalars, vectors, and matrices.

A.1 Vector space

A vector space is a set of objects, called wvectors, over another set of objects, called scalars, that satisfy
certain properties. For instance, vectors can be added together, and a vector can be scaled (or multiplied)
by a scalar to produce another vector.

Scalars

A scalar is a number, such as 2, v/5, or 7. Scalars may be real numbers or complex numbers. We can do
standard algebraic operations with scalars, such as addition, subtraction, multiplication, and division.

Vectors
A vector is a one-dimensional array of numbers, such as

1 3 L
O ) ) o

-2
3
The dimension of a vector is its number of elements. For example,

=[5

is a two-dimensional vector since it has two elements. In two dimensions, we can visualize a vector as an
arrow extending from the origin to its coordinates in the plane.
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0.5 1 1.5 2 2.5 3

—0.5 |

—1.5

The inner product of two vectors with the same dimension is the scalar
(a,b) = aib;
i

For example,

1] [2
< g ; (1) >=(1)(2)+(2)(0)+(3)(1)=5

Two vectors of the same dimension are orthogonal if their inner product is zero, (a,b) = 0. For example,

(B[] -0+ er-a -

Orthogonality is a generalization of two lines being perpendicular. In two dimensions, vectors are orthogonal
if they are perpendicular to each other.

The length of a vector is the square root of its inner product with itself.

lal = V/{a,a)
For example,
1
2| | =V12+224+32=Vv14
3
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In two dimensions, the length is the standard length of the vector from the origin (this is the Pythagorean
theorem).

Matrices

A matrix is a rectangular array of numbers, such as

1 0 -2 3 Lz
0 ol 1 5 | or 4 5 6
7 8 9
Notation. Matrices are typically denoted by uppercase letters, while their individual elements are repre-

sented by the same lowercase letter. For example, we might write A = [a;;] to denote a matrix A with
elements a11, a1z, and so on. [ ]

The dimensions of a matrix are the number of rows and columns. For instance, the matrix
[1 0 2}
4 3 4
has dimensions 2 x 3, meaning that it has two rows and three columns.
The transpose of a matrix is denoted AT, and is a matrix with the rows and columns switched. For example,

102T 1 4
403 4] = |V 3
2 4

The matrix has dimensions 2 x 3 while its transpose has dimensions 3 x 2. The first row of the matrix
becomes the first column of its transpose, and so on.

The sum of two matrices of the same dimensions is
A+ B= [aij + bl]]

Each element of the sum is the sum of the corresponding elements of the two matrices. For example,
1 0 2 n 11 0 (2 1 2
4 3 4 0 1 0| |4 4 4

A matrix can be multiplied by a scalar «, which multiplies every element of the matrix by the scalar.

aA = [aay)

G102 _[3 0 6
4 3 4|7 |12 9 12

For example,

Matrix multiplication

Consider a matrix A with dimensions m x n and a matrix B with dimensions p x g. We can multiply A
times B only if n = p, in which case the product is the m x ¢ matrix

C=AB = [Cij] where Cij = Z ik bkj
k=1
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For example,

[102}}})_{11}
43400 7 4

Unlike scalar multiplication, matrix multiplication in general is not commutative! So AB # BA. For
example,

1 1)1 2| |4 6 ” 1 3] (1 2]|1 1

0 1| (3 4| |3 4 3 7] |3 4]0 1
The product may not even have the same dimensions,

10 21|t 1L 11 5 8 7 Ll g o
403 4l | =17 4 # 102y =110, 5
00 00 0 00

The product of two matrices may exist when multiplied in one order but not in the other.

1 1 4 6 1 1
10 {1 2} =11 2 #* B ﬂ 1 0| does not exist!
0 0 0 0 0 0

Determinant

The determinant of a square matrix is a scalar, denoted det(A). While the precise formula for the determinant
is complicated, for a two-dimensional matrix it is simply the product of the diagonal terms minus the product
of the off-diagonal terms:

ail a2
det = a11 Gg2 — A12 A2
G21 Q22

Special matrices

The identity matrix, typically denoted I, is a square matrix with ones on the diagonal and zeros on the
off-diagonal. For example, the identity matrix in three dimensions is

1
I=|0
0

o = O
= o O

Inverse

The inverse of a square matrix A is a square matrix A~! of the same dimensions such that its product with
the original matrix (in any order) is the identity matrix.

AAT P =A"TA=1T

A matrix has an inverse only if its determinant is not zero. For a two-dimensional matrix with nonzero
determinant, its inverse is the two-dimensional matrix

ail a2 . a2 —ai2
a1  Aa22 a1 A2 — A12 G217 | —a21 ail
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A.2 Eigenvalues and eigenvectors

Definition. If multiplying a square matrix A by a nonzero vector z scales the vector by a (possibly
complex) scalar A, then A is an eigenvalue of A with eigenvector x. That is, an eigenvalue and eigenvector

satisfy the relationship
Ax = dz.

A pair (A, z) of an eigenvalue and its corresponding eigenvector is an eigenpair.

Remark (Dimensions). If A has dimensions n X n, then an eigenvector  must have dimension n, and A must

be square so that the vector Az also has dimension n. [

Example. Consider the 2 x 2 matrix

One eigenvector and eigenvalue pair is

=[] aes

We can directly verify that this satisfies the eigen equation

o -4~

& Ax
1 2 1 2
Another eigenvector and eigenvalue pair is
1
= [_J A=1
1 1
—1 —1
x Ax

Note that Ax points in the same direction as x and is scaled by A.

159
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Example (Differential). Signals are infinite-dimensional vectors, in which case the matrix A can be a
general linear operator. For instance, the differential operator % maps a continuous-time signal to
another continuous-time signal. Moreover, one of the basic results in calculus is that this operation is

linear:

%(ax(t) + by(t)) = a%x(t) + b%y(ﬂ

The eigenvectors (also called eigenfunctions) of the differential operator are the exponential signals e*!
with corresponding eigenvalue A since they satisfy

d
ae)\t — /\e)‘t.

Note that this is true for any A, so there are an infinite number of eigenpairs!

Computing eigenvalues

If (A, x) is an eigenpair of A, then they satisfy (A —A)x = 0, so the columns of A\I — A are linearly dependent,
which implies that its determinant is zero. Therefore, the eigenvalues of A are the solutions to the polynomial

equation
det(A\I — A) = 0.

This is called the characteristic equation of A, and the polynomial det(AI — A) is its characteristic polynomial.

Remark (Number of eigenvalues). If A is an n x n matrix, then its characteristic polynomial is a polynomial

in A of degree n, so it always has exactly n roots (that may be complex and/or repeated). ]
Example.
3 4
A=
The characteristic equation is
10 3 4
o=aetor—m=aa(3[} - 1)
A—3 —4
= det [ 9 A— J
=(A=3)A-1) = (-4)(-2)
=M -4\-5
=A+1)(A-5)

Therefore, the eigenvalues are —1 and 5.

160
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Example (complex eigenvalues).

The characteristic equation is

A -1

0 = det(A] — A) = det L \

]:A2+1

Therefore, the eigenvalues are +j. Since the eigenvalues are the roots of a polynomial, they may be
complex.

Computing eigenvectors

Given an n X n matrix A and a (possibly complex) scalar eigenvalue A, we can find the n-dimensional
eigenvector x associated with the eigenvalue by solving the eigen equation

(M—-A)z=0

161
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Example.

3 4
A:|:2 1:| — )\1:57 Ay = —1

For the eigenvalue \;, we can find the associated eigenvector x; = {g] by solving the equation

which implies that

0=2a—4b
0=—2a+4b

The second equation is simply the negative of the first equation, so it provides no additional information.
The first equation implies that a = 2b, so the eigenvector is

T = [2{)1)] for any b

For the second eigenvalue Ao, the corresponding eigenvector zo = [Z

ol =% G =G

The second equation is simply half the first equation, so again it provides no additional information.
The first equation implies that a = —b, so the second eigenvector is

] is the solution to

To = [_bb] for any b

The eigenvectors are not unique since they can be scaled. We usually just pick a convenient scaling.
For instance,

)\1 = 5, T — |:?:| and )\2 = —1, o = |:_11:|

A.3 Matrix similarity

The mapping A — T~ AT is called a similarity transformation, and two matrices A and B are similar if
there exists an invertible matrix T such that A = T~' AT, which is denoted A ~ B.

The following result provides several useful properties of similar matrices.
Proposition (Similar matrices). If A ~ B, then

a) A¥ ~ BF for k=0,1,2,...

b) et ~ Bt

c) (sI—A)t~(sI-B)!

d) det(sI — A) = det(sI — B)

e) A and B have the same eigenvalues

162
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Proof. If A and B are similar, then there exists an invertible matrix 7" such that B = T AT
a) B¥ = (TAT 1) (TAT1)-- - (TAT ') = TAFT—! ~ AF.

b) ePt =37 LBRF =37 ETART 1tk = TeAT—1 ~ oAl

c) (sI—B)'=(s[ —-TAT 1)~! = (T(.s'l — A)T”)i1 =T(sI — ATt~ (s — A)71
d) det(sI—B) =det(T(s[—A)T~"') = det(T) det(s] —A) det(T") = det(sI — A) det(TT ') = det(sI —A)

e) This follows from the fact that A and B have the same characteristic polynomials (item (d)). [

A.4 Subspace

Definition (Subspace). A subspace S of a vector space V is a subset of V that is itself a vector space.
Equivalently, a subspace S is a subset of V' that:

e contains zero: 0 € S
e is closed under addition: if x,y € S, then z +y € S

e is closed under scalar multiplication: if x € S and a is a scalar, then ax € S

There are four fundamental subspaces associated with a matrix A.

Definition (Fundamental subspaces). The four fundamental subspaces associated with an m x n real
matrix A are the following:

col(A) = {Az |z € R"} (column space)
row(A) = {ATy | y € R™} (row space)
null(4) = {z € R" | Az = 0} ((right) null space)
null(AT) = {y e R™ | ATy = 0} (left null space)

The row space and null space are subspaces of R™, while the column space and left null space are subspaces
of R™. The interpretations of these subspaces are as follows. The column space is the set of all linear
combinations of the columns of the matrix, while the row space is the set of all linear combinations of its
rows. The right null space is the set of all vectors that are mapped to zero when multiplied by A on the
right, while the left null space is the set of all vectors that are mapped to zero when multiplied by A on the
left.

Another important subspace is the span of a set of vectors.

Definition (Span). The span of a set of vectors is the subspace of all linear combinations of the vectors:

span(xy, Ta,...,x,) = {a121 + ... + apxy | a1, ..., a, scalars}.
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Example. Consider the matrix

10 2 3
A=1(0 1 4 5
0 0 0 O
The column space and left null space are
1 0 0
col(A) =span | [0f, |1 and null(AT) = span | |0] |,
0 0 1

and the row space and right null space are

1 0 2, -3

0 1 -4 -5
row(A) = span NE and null(A) = span 1o

3] |5 0 1

Definition (Subspace dimension). The dimension of a subspace S, denoted dim(S), is the number of
vectors in any basis for that subspace.

If the vectors are linearly independent, then the dimension of their span is the number of vectors.

Definition (Orthogonal complement). The orthogonal complement of a subspace S is the set of vectors
that are orthogonal to all vectors in the subspace:

L={v|u"v=0 forall u € S}.

Fact. The orthogonal complement is an involution, meaning that the orthogonal complement of the
orthogonal complement is the original subspace:

(SH)t=5.

Definition (Sum and direct sum of subspaces). The sum of two subspaces U and V is the subspace
U+V={u+v|ueUandveV}

Moreover, this is called the direct sum, denoted U @ V, when the decomposition is unique.

Fact. The orthogonal complement of the four fundmantal subspaces are as follows:

row(A)* = null(4),
col(A)t = null(A7),
null(4)* = row(A),
null(AT) = col(A).
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Fact. If V is an inner product space and U is a subspace of V, then V is the direct sum of U and its
orthogonal complement,
UeUt=V.

In particular, for the four fundamental spaces associated with a matrix A € R™*",

row(A) @ null(4) = R" and col(A) ® null(AT) = R™.

A.5 Diagonalization

Suppose (Mg, ) is a set of eigenpairs for k = 1,...,n, and define the matrices
A1

A2
X:[xl To ... xn] and A=

Then, the matrix form of the eigen equation is

AX = Al 2 ... o]
= [)\1.%1 )\Ql‘n e Anzn]
At
A2
= [56‘1 X9 xn]
An
= XA.

If all eigenvectors are linearly independent, then the matrix X is invertible, in which case we can solve the
eigen equation for the matrix of eigenvalues as

X 1AX = A.

So applying a similarity transformation with the matrix of eigenvectors produces the diagonal matrix of
eigenvalues. In this case, we say that the matrix A is diagonalizable, and the matrix X diagonalizes A.

Definition (Diagonalizable). A matrix is diagonalizable if it is similar to a diagonal matrix.

As we saw above, if the eigenvectors are all linearly independent, then the matrix of eigenvectors is invertible
and diagonalizes the matrix. The following result describes when the eigenvectors are all linearly independent.

Fact. If all eigenvalues are distinct, then all eigenvectors are linearly independent.

This implies that a matrix is diagonalizable when all of its eigenvalues are distinct. But in general, some
eigenvalues may be repeated. The characteristic polynomial then has the form

det(M — A) = (A — A)™ (A — Ag)"2 -+ (A — Ag)™

where ny + ...+ ng = n (the size of A) and d is the number of distinct eigenvalues.
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Definition (Eigenspace). The eigenspace associated with a complex number A is the subspace

E) = null(AI — A).

There are several cases for the eigenspace depending on the value of .
e If X\ is not an eigenvalues, then AI — A is invertible, so the eigenspace is the trivial subspace E) = {0}.

e If )\ is an eigenvalue, then the eigenspace is the subspace of all the associated eigenvectors.

Definition (Eigenvalue multiplicity). Each complex number A has two associated multiplicities:

e The algebraic multiplicity of A is the number of times it is repeated as a root of the characteristic
polynomial (denoted nyg).

e The geometric multiplicity of X is the dimension of its corresponding eigenspace, dim(FE) ), which
is the number of linearly independent eigenvectors with eigenvalue .

Fact. The eigenspace satisfies the following:
a) 1 <dim(Ej,) < ng

b) If z; € E,, are eigenvectors in distinct eigenspaces, then {x;} are linearly independent.

Fact. A matrix is diagonalizable if and only if the algebraic multiplicity of each eigenvalue is equal to
its geometric multiplicity:
n, = dim(E),) for all k.

Intuitively, this means that each eigenspace must have “enough” linearly independent eigenvectors.

Example. The matrix

has eigenvalues at 3 and —1 with corresponding eigenspaces

Bomann([]) a5 = [1])

Each eigenspace has dimension one (which is the same as the multiplicity of each eigenvalue), so the
matrix is diagonalizable. To diagonalize the matrix, perform a similarity transformation with the matrix

of eigenvectors:
11 c 111
T= [1 _1] with inverse = = 3 [1 _1] .

The diagonal form is then

m 30
rar=[2 5],

which is a diagonal matrix containing all of the eigenvalues on the diagonal.
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1
Example. The matrix A = {8 0} has two eigenvalues at zero, but the corresponding eigenspace is

)

which has dimension one, so the matrix is not diagonalizable.

A.6 Jordan form

While not every matrix is diagonalizable, any square matrix is similar to a matrix in Jordan form, which is
a generalization of a diagonal matrix. The Jordan form of a matrix is a decomposition of the matrix into
simple blocks, which is often useful to understand properties of the matrix. If the matrix is diagonalizable,
then the Jordan form is equivalent to the eigendecomposition of the matrix.

A Jordan matriz is a block-diagonal matrix of the form

Jkl (Al)
sz ()‘2)

Jkd ()‘d)

with k1 + k2 + ... 4+ kq = n, where each diagonal block Ji, ()\;) is a Jordan block of the form
Ao 1

Je,(Ni) = Ao ;

which is a k; x k; matrix where all unspecified entries are zero. Each Jordan block has the form Jy, (\;) =
Ail + N, where N is a matrix of zeros except for ones on the superdiagonal; such a matrix is called nilpotent.
Intuitively, a Jordan matrix is “almost” diagonal.

The Jordan form of a square matrix A is
A=T"YJT

where T is an invertible matrix and J is a Jordan matrix.

Example (Jordan form). Some examples of Jordan forms are as follows:

B3 AR

A T-1 J T

6 -4 -1 -11 -1 o -1 -1 1 1 -1 0 0 0 0 1 00 -1 0

-7 3 1 11 1 3 1 2 -1 -1 0o -1 1 0 0 -9 4 1 12 2

-5 1 -2 6 1|=1-2 0 -1 1 -1 0 0 -1 0 0 -2 1 0 3 0

7T -4 -1 -12 -1 -1 -1 -1 1 1 0 0 0 -2 1 -5 3 1 8 1

5 -2 0 -7 =2 1 0 -2 0 1 0 0 0 0 -2]|-5 2 0 7 1
A T-1 J T
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Fact. The Jordan form of a matrix can be used to determine the multiplicities of its eigenvalues:

a) The algebraic multiplicity of an eigenvalue is the sum of the sizes of all Jordan blocks corresponding
to that eigenvalue.

b) The geometric multiplicity of an eigenvalue is the number of Jordan blocks corresponding to that
eigenvalue.

Therefore, a matrix is diagonalizable if and only if all of its Jordan blocks have dimension one.

A.7 Matrix exponential

Recall that the series expansion for the exponential of a scalar x is

:c_oo 1 n __ 12 13
e —Zﬁx —1+x—|—§x —l—gx + ...
n=0

In the same way, we define the matriz exponential of a square matrix X in terms of its series expansion,

1 1 1
X n 2 3

Remark. The matrix exponential is defined by its series expansion, which is not the same as taking the
exponential of each component of the matrix! [ |

Example (diagonal matrix). Consider the diagonal matrix

A 0 0
A=1[0 X O
0 0 As
The powers of this matrix are as follows:
Ae0o0
AF=10 X5 o0
0 0 M

Therefore, the matrix exponential is the diagonal matrix whose elements are the (standard) exponentials
of each diagonal element:

eMt 0 0
eft=10 e 0
0 0 est
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Example (nilpotent matrix). Counsider the matrix that is all zero except with ones on the superdiagonal:

01 00
00 10
N = 00 0 1
0 0 00
The powers of this matrix are as follows:
0 01 0 0 0 01
> |10 0 0 1 3 |00 00 n
N* = 00 0 ol N° = 00 0 ol and N"™ =0 for all n > 4.
0 00O 0 00O

This type of matrix is called nilpotent since it is zero when raised to a high enough power (in this case,
four). Since only a finite number of powers are nonzero, the series expansion is finite.

1t 32 %ﬁ

1 1 0 1 ¢t 1

Nt _ IA242 4 T 343 2
e —I+Nt+2Nt—|—6Nt 00 1

00 0 1

Properties

The following properties hold for any square matrices A and B, and any scalars ¢, t1, and 5.
e ¢! is the unique matrix satisfying 3 (e1) = A e*
o eAltitta) — Aty GAL

. (eAt)_l = e~ 50 the matrix exponential is always invertible

o AeAt =eAt A so the matrix exponential commutes with the matrix in the exponent
T . . . .
o (eAt) = eATt, so transposing the matrix exponential transposes the matrix in the exponent

o Bt — pALBL for all tif and only if A and B commute (that is, AB = BA); this always holds if A
and B are scalars

Laplace transform of the matrix exponential. Recall that the Laplace transform of a scalar exponential
e is gi—a The Laplace transform of a matrix exponential generalizes as follows:

L(eAt) = (sI — A)~!
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Proof.
=1
C((i‘“) =L (Z mA”’L”) (definition of matrix exponential)
n=0
= 1
= Z mA”ﬁ(t”) (linearity of Laplace transform)
n=0

1

> !
IRV
nl" sntl
n=0
o
o 5‘71 E 4r7g7n

n=0
o0
=5t E (s7tA)"
n=0
= s NI —s71A)7! (geometric series)
= (S[ - 44)71
Note that the Laplace transform is only defined in its region of convergence, which are the values of s for
which the geometric series converges. [
Computation

To compute the matrix exponential, first transform the matrix to Jordan form
A=T"'JT

where T is invertible and J = diag(.J1, Ja, ..., Jmn) is a Jordan matrix in which each J; a Jordan block:

N1 0 ... 0 0
0 A 1 ... 0 0
| o
00 0 ... A\ 1
0 0 0 ... 0 A

FEach Jordan block has the form J; = A;I + N, where N is nilpotent. The powers of the matrix are then

A" = (77JT)" = (171JT) (T JT) ... (T71JT) =T~ J"T

n times

So we can raise the matrix A to a power simply by raising its Jordan matrix to the power. The matrix
exponential is then

oo m oo m oo m
At n __ —1 ynpn _ =1 n _ =1 _Jt
et = O—n!A = Eo—n!T JVT' =T (Eon!J>T—T e’'T

The matrix exponential of a block matrix is the block matrix exponentials:
e A1 0 o €A1 0
PAULo Ay]) T 0 et
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And the matrix exponential of a single Jordan block is simple:

Jt _

A.8 Quadratic forms

e)\t t e)\t %tQ €>\t
0 6)\t t 6)\t

0 0 et

=

© tk— 1 e>\t

!

1 k—2 _ A\t
Goait e

tk:—36)\t

1
&—3)1

At

A quadratic form is a homogeneous quadratic function. Given a symmetric matrix A, the corresponding

quadratic form is

Minimizing quadratic forms

Ellipses

f(z) =" Az,
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Series expansion

B.1 One-dimensional functions

The Taylor series expansion of a scalar function f : R — R about a point Z € R is the infinite summation

Explicitly, the first few terms are

(xfj)2+¥(x—f)3+...

B.2 Multi-dimensional functions

For multi-dimensional functions f : R™ — R, the general formula for the Taylor series expansion is quite
complicated. However, we often only use the first two terms to obtain a linear approximation of a nonlinear
function. The first-order Taylor series expansion about a point & € R” is

sy~ @+ 200 )

where the Jacobian matriz of the function f is the matrix-valued function of partial derivatives

on of o

Ox1 Ozs Oz,
ﬁ: O0x1 Oza Oz,
or

|0y Oz Oxy |
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