Lecture 1, Sep 3, 2025

Theory of Linear Control Systems

o Dynamical systems (aka systems or dynamical processes) are mathematical models that describe how
quantities of interest evolve over time
— At a high level: input u(t), output y(t)
o We are interested in the theory of analysis (how is the system behaving?) and control (how can we
make the system behave well/better?) for linear time-invariant (LTT) systems in continuous time

Figure 1: Circuit example of a dynamical system.

o Consider the circuit above; let y be the voltage across the capacitor and u be the input voltage
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— We now have an ODE representing the LTI system

A linear time-invariant system in state-space form is represented by the following:

z = Ax(t) + Bu(t),t >0
y(t) = Cx(t) + Du(t)
where
x : [0,00) € R"(state)
u : [0,00) € R™(input)
y : [0,00) € RP(output)
The first is known as the state equation while the second is the measurement equation.
o A c R™" is the system matrix.
e B e R™™ is the input matrix.

o C € RP*™ is the output matrix.
o D e RP*™ is the feedforward matrix.

1
e For our example system: x = y, & = —ﬁz + %u,y = z + u (note in this example we can fully
measure the state)
1
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e Within dynamical systems we have several forms of representation:
— Model-based representation (for systems represented as ODEs)
* We are interested in continuous time, deterministic (no noise), LTI systems

— Data-based representation (for streams of data)
— Computer-based representation (for complicated systems that we cannot write down)
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Converting Between State Space and Transfer Functions

o Recall the transfer function representation: Y (s) = G(s)U(s) where U(s) = L{u(t)} (input), Y (s) =
L{y(t)} (output), the transfer function is G(s) = L {g(¢)} (impulse response)
— Also known as the input-output representation
— Note this assumes zero initial conditioils

o Using the circuit example: a 4+ —=y=—=u

— Assuming zero initial conditions, £ {y} and £ {u} exist in the right-half complex plane
1 1 1 1
— Apply Laplace: sY(s)+ —=Y(s) = —=U(s) = [s+ — | Y(s) = —=U(s
pply Laplace: s (s) + —=¥(s) = 2=0() 16 ) V) = 55U
1
~ Therefore G(s) = —2<
S+ RO

— To go from state space to transfer function representation, we can take the Laplace transform and

rearrange into the Y (s) = G(s)U(s) form

D™+ -+ bis+bo ~ N(s)

o To transform transfer function to state space: Let G(s) = — — = and
"+ ap_18" M4+ 4+ as+ag  D(s)

assume a;, b; € R (rational) and m < n (strictly proper)

1
— Break into 2 blocks, i) and then N(s), and let the intermediate output be V'(s); the first block
s

will give us our state equation, the second will give the measurement equation
\%4 1 1
~ Block 1: Y1) _ =
U(s) D(s) s"+ap_18"1+---+a1s+ag
B3 (sn + anflsn_l + e _|_ a8 + ao) V(s) = U(S)

. s . d"v d"v dv
* Inverse Laplace assuming zero initial conditions: T +ap1—r v +ita;— i + agv = u
— dv —
s &
*Lletx=| . | = . — = |dt? | =
T d" v dmw —Qp 1Ty — -+ — A1T2 — AT + U
dtn_l L q¢n
0 1 0 0 8
0 0 1 0
*A= . ,B=|:
0
—ap —ap —az -+ —0p-1 1
— Block 2: Y(s) =V (s)N(s) = (byps™ + -+ bis+bo) V(s)
dm—l
* Again inverse Laplace assuming zero IC (v(0) = v(O) =...= dtT*f( ) =0)
dm
* Using the definition of x: y(t) = b, dt"t} 4+ 4+ bla + bov = by Tmt1 + -+ + brxa + boxy

e Here is where we use the m < n assumption



* Therefore: C =1[bg b1 -+ bp|,D=
— Note there are many other sets of A, B, C, D that satisfy this

Given the state-space representation with x(0) = 0, we can show that the corresponding transfer
function is

G(s)=C(sI - A)"'B+D
Note G' € RP*™ is a matrix. This can be derived by taking the Laplace transform, then isolating and
substituting X.
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Linearization

o Consider a general nonlinear function & = f(x,u),y = h(x,u) where f, h are differentiable; we want
to approximate this system by an LTI model by linearization around an equilibrium point

A pair (x*,u”) is an equilibrium condition if f(x*,u*) = 0. In this case x* is an equilibrium point

with control u*.

0
e Consider the example of an actuated pendulum affected by gravity « = [ 0} JY =T

- .’,.Ul = X9
. mgl . U . . .
— &9 = ———sinz; + — (torque balance) where J is the moment of inertia

J
- f(mau): l

T2

mgl . n
———sinx; + —
J Y )
— With a control of v* =0, f(x*,0) = % = [O] — x" = [lm} ke
— 2 sin o} 0 0
* Physically this corresponds to the pendulum being perfectly up or down with zero velocity
i
—+ 2k
__mgl N ml:|:0:|$$*: 2+ i
=L sinx] + 7 0
* This corresponds to the applied torque being balanced by gravity

o Consider f(x) = f(x*) + 8—'1:(:3*)(33 — ") + R(x) where R is a remainder term

— With a control of u* = mgl,

ox
Oh . 0K
of 0xq 0%n,
" B = : : € R"*™ is the Jacobian of f
Ofns Afns
Br, O

_ For differentiable f, lim —1o%)

oo lo— 2]

N o
)= £+ G ) -27) 4 R(z) whene 5F | 97 2

f(z
— Therefore & = a—':(z*)(z —2z") = —f(a: u')(x —x*) + g—z(m*,u*)(u —u”)

* Note we used the fact that z* 1s an equilibrium condition
of

~ Let 6 = & — x*, 0u = u — u* then dx = & ~ %(a}*,u*)&w + %(w*,u*)éu

o Let 2" = (x",u"),z = (x,u), then & =



— Similarly let 0y = y — h(z*,u™) then oy ~ g—h(w*,u*)ém + 6—Z(x*,u*)5u

T
— Therefore: A = 8—x(w ,u*),B = a—u(w ,u),C = —m(w ,u'), D = —u(a: ,u’)

To linearize a general nonlinear system & = f(x,u),y = h(x,u) where f,h are differentiable, let
(z*,u") be an equilibrium condition, then a linear approximation is

ox = Adx + Béu
y = Céx + Déu

where 0z = ¢ — ", 0u = u — u* and

A_aw(mau )7B_8u(mau )7C_ w(mau )7D_ (:Eau)
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The Matrix Exponential

Definition

Let A € R™™, then the matriz exponential is defined as:

(o)
et=>
k=0

| =

k
!A

™

Note A° = I,,.

e To define the matrix exponential based on a series, we have to first define convergence for matrices, and
then show that this series definition of the matrix exponential converges

(oo} n
A series of matrices ZMk converges if every element (S,);; of the partial sum S, = ZMk
k=0 k=0

converges to a number as n — oo, i.e. lim (S,);; = a;; for all 4, j.
n— oo

Formally, we require
Ve >0,AN e Nst. n> N = |(Sn)” —aij| <e€

Definition

A norm on R" is a function ||-|| : R™ — R with the following properties:
1. ||lz|| > 0Vz e R”

x| =0 <= x=0€R"

Nz +yll < el + [yl Ve, y € R

x| = |Al|lz]| Ve € R®, VA € R

A NEGCRN V)




The induced norm on R™™ is a function ||| : R™*™ — R defined as

Al = | Az]|

= max
{zeRn|||z||=1}

i.e. max norm of Ax over all & in the unit sphere. Note that this matrix norm is defined in terms of
(induced by) the vector norm.

+ We can show that the induced norm is a valid norm, and it has property ||A*|| < ||A|*

oo oo
If the scalar series E || M}|| converges, then the matrix series g M, converges. Such a series is
k=0 k=0

called absolutely convergent.

oo
1
« We will now prove that e = Z EAIC is absolutely convergent:
k=0

n k
— We need to show that lim S, = lim Z —-|| converges
— We will rely on the fact that an increasing sequence that is bounded above always converges
Antl 1
- Sy i i i , since Sp41 — Sy, = = A" >0
» 1S an increasing sequence, since S, 11 — Sy, CE CE] I | >
— To bound S,, from above, we will show that S,, < ellAl
SIAS 2 S Lk < SO LAt — oAl
Fsn = Y| T S At £ Al —e
=0 =0 =0

The matrix exponential satisfies the following properties:
1. For any invertible P € R"*" ¢PAP™! _ peAp-1
2. For any A, B € R™*" such that AB = BA (commutativity) eA+B = ¢4eB = ¢BeA
3. (e T=e4

d
4. For t € R, aeAt = Aeft = eAtA
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Solving & = Ax

o Consider the autonomous (i.e. no control input) LTI system, & = Az, x(0) = x¢ € R"; we will show
that this is solved by et

d
e« We will show that &eAt =it A



d o4 e e
w’ T I
cAl AR _ At
=lim —M— Since Ah and At commute
h—0 h
At/ Ah _
= lim & (e D)
h—0 h
1 =, (Ah)*
_ At . . s
=e ilzl—>mo 5 ( I+ ];) X Matrix exponential definition
1 . Akpk1
=eAlim = (-IT+IT+h Z Take out first term and factor h
h—0 h — k!
> Akhk—l
_ At
=eMlim >, =
k=1
AhO & Akhk—l
_ At
=e }IL% (T + z_:z T Take out first term
=etA

d
— Note due to commutativity, we could’ve also taken out e”* on the right and get &eAt = Ae??t

The differential equation & = Az, z(0) = o € R™ has the unique solution

x(t) = eAlay,t >0

o To show existence:

d d

— &(t) = &(e““mo) = &(eAt)aco = Aexy = Ax(t)
— x(0) = %y = Ixo = x0

o To show uniqueness, let y(t) be any other solution to the differential equation; we want to show that

y=x
- Y1) = Ay(t) and y(0) = o
— We want to show y(t) = eAtag, equivalently e~ Aty (t) = e AleAtay =

— Notice that both sides are constants, so we can try taking the derivative and seeing what we get

A e (4o ad
G0 = (G v+ e Gl

= —e M Ay(t) + e A Ay(2)
=~ (—Ay(t) + Ay(t))
=0
— Since e~ “A'y(t) has a zero derivative, it must be constant, so e~ A'y(t) = e"%4y(0) = y(0), but

y(0) = g since y is a solution to the differential equation
— Therefore we’ve shown e~ Aly(t) = @ and so y(t) = eAxg, and thus =(t) = y(t)

Computing the Matrix Exponential
Matrix Exponential by Laplace Transform

o Consider & = Az, xz(0) = xo € R", taking the Laplace transform:



- L{x} =L{Ax}
sX(s) —z(0) = AX(s)
sX(s) — AX(s) = x(0)
(sI — A)X (s) =xo
X(s) = (sI — A) tay
w(t) =L {(sI - A) "}z
« Because we know that the unique solution is z(t) = eAtxg, eAtay = L7} {(sT—A)" '} o
~ Since this holds for all @g, it must be that e’ = £7! {(sI — A)~'}
— Formally, to justify this, consider the case where xy = e;, i.e. all zeros except 1 in the ith row;

substituting this into the equation we get that the ith column of the LHS must be equal to the ith
column of the RHS, so do this for all n columns

IR

Matrix Exponential by Modal Decomposition (Eigenvectors & Eigenvalues)

o Recall that A € C is an eigenvalue of A if and only if det(A — A) = det(A — A\I) = 0; i.e. A are the
roots of the characteristic polynomial of A
— To find eigenvectors corresponding to each A, we find a basis for N(AI — A) where A/ denotes the
null space

Definition

If there exists a nonsingular matrix P € C"*" such that P~'AP is diagonal, then A € R™*" is
diagonalizable.

Theorem

A € R™™™ is diagonalizable if and only if it has n linearly independent eigenvectors.

e Suppose A has n linearly independent eigenvectors, and let P = [m e vn]
A1
- AP =[Av; - Av,]=[\vi -+ Ao, =P = PA
An
— Since P has all linearly independent columns it is invertible, therefore P"' AP = A

o Note A is diagonalizable if it has n distinct eigenvalues (but diagonalizability does not always imply
distinct eigenvalues); A is also diagonalizable if it is symmetric (the spectral theorem,)

Theorem

If A e R"™" is diagonalizable, then e = Pe® P~ where

and \; are eigenvalues of A.

« We can show by induction that A" = (PAP~!)" = PA"P~! then we can prove the above by
substituting this into the definition of the matrix exponential, and noting that taking a diagonal matrix
to a power is equivalent to taking each of the components to that power
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Computing the Matrix Exponential — Continued

Complex Eigenvalues
1
. 2 . . 2 . 2 .
e Consider A = EE the eigenvectors and eigenvalues are i 1]t and i1l
— Recall that eigenvector/eigenvalues always come in complex conjugate pairs, so for a 2x2 we can
take the conjugate to find the other one
— A has two distinct eigenvalues, so it is diagonalizable
e Direct calculation: et = PeAtP~!

—sint cost —sint
— Note we applied Euler’s formula
e Alternatively, we can define P and A differently to avoid dealing with complex numbers

sint + cost 2sint ]

Denote v = [z E J (the other eigenvector is v
= 2 0
— Let P = [Re(v) Im(v)] = [ }

-1 1
0 1 . . . . .
10 (the imaginary parts of A1, A2 are in the off-diagonal entries)

— Let A = {
a b .
—b al| _ at| cos(bt) sin(bt)
- - sin(bt) cos(bt)
* When we have complex eigenvalues, we see that this results in a rotation with a rate of decay

— We can show that e[

— Now we can compute PeAP1 and this leads to the same answer

Non-Diagonalizable Case — Jordan Forms

o Let A € R™™ ™ have less than n linearly independent eigenvectors, i.e. it is non-diagonalizable; in this
case we cannot form an invertible P with the eigenvectors

— We will introduce the notion of generalized eigenvectors which allow us to form P in this case
[od

o Recall that the characteristic polynomial of A is x 4(s) = det(sI — A) = H(s — i)™, where Z m;=n
i=1 i=1
— my is the algebraic multiplicity of the eigenvalue \;
o The minimal polynomial 1 4(s) is the polynomial of least degree such that ¥4(A) =0
— We can show that such a polynomial always exists

— The minimal polynomial has the form ¢4 (s) = H(s — i)' where I; < m;
i=1
* Note that normally s € C; when we substitute A into the polynomial we replace \; with \;T
* This is the same form as the characteristic polynomial but we may not have to repeat each
term as many times, i.e. some of the information in the characteristic polynomial is redundant
The I; are known as the geometric multiplicity of \;
— Each [; is also the number of linearly independent eigenvectors corresponding to A; (i.e. dim(N (A I—
A)) where N denotes null space)
+ Using this, we can decompose C" into o subspaces: C" = N( M I — A" @ - @ N\ I — A)lv
— o denotes a direct sum, VW = {v+w | v € V,w € W}, where it is required that VNW = {0}
« Example: Let A € R%*® have the characteristic polynomial z4(s) = (s — A)® (i.e. X repeated 6 times)
and 94 (s) = (s — A)? (i.e. only 3 independent eigenvectors)
- N(AMI — A) =span{ e, es, es } from the 3 independent eigenvectors



()\I — A)’Ul = —eq
()\I — A)’Ug = —€
(M — A)w; = —v; and all of ey, eq, €3, v1, Vo, wy are linearly independent
* Multiplying by (A — A) on both sides, the right hand side goes to zero, so we see that
v1,v2 € N((M — A)?) and w; € N (A — A)?)
* In general, a generalized eigenvector is a vector such that (AI — A)"v = 0 where n € N
* For each of the eigenvectors, we can create an entire chain of these generalized eigenvectors
— Now notice that if we rearrange the expressions we get Av; = \vy + eq, and Aw; = Aw; + v
(and so on for longer chains)
— Let P = [61 V1 w; €3 V2 63]
* We group together the chain related to e, then the chain of e; and so on

— Let vy, v2 be linearly independent solutions to { and w; be a solution to

A1 0 0 0 0]

0 X1 0 0 O

00 X 0 0 O
*AP:[/\el A +e; Awg+v; Aes vy +es )\63]:13 00 0 X 10 =PJ

00 0 0 X O

0 0 0 0 0 X

The resulting matrix J is the Jordan form, which is block diagonal; each of the blocks is known as
a Jordan block
* The number of Jordan blocks is always equal to the number of linearly independent eigenvectors
Note there are multiple other forms that are possible, depending on how we choose to do the
generalized eigenvectors: we can have 3 Jordan blocks of size 2, 1 block of size 4 and 2 blocks of
size 1; as long as we only have 3 blocks, any combination is possible
* Also, in general we have multiple distinct eigenvalues, so we have a block for each distinct
eigenvalue, and then within each block we have a block for each linearly independent eigenvector
for that eigenvalue (and its chain)
— In this way we can generalize the notion of diagonalizability to matrices without a full set of
independent eigenvectors

The Jordan form of A € R™*™ has the form

Jy,
P'AP=J=
Iy,

where £ is the number of distinct eigenvalues, and each Jy, has form

Jy,
J)\i — c (Cm,-xmi
J4

i

where m; is the algebraic multiplicity of \; (number of times it appears as a root in the characteristic
equation) and [; is its geometric multiplicity (number of linearly independent eigenvectors for \;); each
J3, takes the form

with \; repeated along the diagonal, and 1s above each A.




o With this we can now write e = Pe/tP~! (following the same proof as the case of normal diagonal-
ization for A)
6J)\1t

— The block diagonal form means e’ =

1
JM

e
— Similarly e/t =

- Jf\'it = (MI + N)t where N is a matrix with 1s above the diagonal
— Therefore eJiit = elitelN?

* N is a nilpotent matrix, so we can show that eventually the higher order terms in the infinite

series expansion for V! all go to zero

tp—1
1 ¢

(p—1)!
~ We can show that e¥* has form e crxp
1 t

1

* Here p is the size of the block Ji (i.e. the size of the chain of generalized eigenvectors
corresponding to )\;), which is not unique
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Reasoning About System Behaviour With Eigenvalues and Eigenvectors

o Consider a system & = Az, z(0) = x;
— Assume that A is diagonalizable, so the solution is = (t) = ez = PeM Pz,
« Consider the transformed coordinate space z(t) = P~ 'a(t); how does the system look in this coordinate
system?
— 2=P7'&(t)= P 'Ax(t) = P'PAP 'z(t) = Az(t)
— Since A is diagonal, we get 2;(t) = A;j2;(t), in other words, a set of n decoupled linear differential
equations
— Each one is solved by z;(t) = e**2;(0), resulting in much easier to analyze system behaviour

- (I)(t) = Pz(t) = zn:vizi(t) = zn:'uiexitzi(O)

* Each term of the sum is called the i-th mode of x(t); the entire operation is known as a modal
decomposition

* We denote h;(t) = Z vie“tzi(O)
i=1

e Geometrically, we can imagine drawing each of the v; as a line; if the associated A; is negative, solutions
shrink and go towards 0 along this line; conversely if \; is positive, solutions expand and go to infinity
along the line

— For any initial condition &y we can decompose it into components along each v;, and each of those
components will evolve according to A; (towards or away from the origin at a speed determined by
the magnitude)

— In the z coordinate system this is easier to see since the v; are now along the coordinate axes

System Behaviour According to Eigenvalues

o With the above knowledge we can now categorize systems according to their eigenvalues
e Case 1: Real and nonzero eigenvalues

10



Figure 2: Illustrations of how solutions evolve in the x coordinate system, for an example where A; < 0, A > 0.

— If all eigenvalues are less than 0, we have a stable node since all initial conditions converge towards
Zero

— If all eigenvalues are greater than 0, we have an unstable node since all initial conditions explode
to infinity (except for 0, which stays at 0)

— If eigenvalues have mixed signs, we get a saddle point as initial conditions will move towards zero
along one axis but diverge away from it on another axis; again, zero is the only initial condition
that does not diverge

o Case 2: Complex conjugate eigenvalues A\; = a + ib, Ao = a — ib (recall that the solution in this case is
at | cos(bt)  sin(bt)
—sin(bt) cos(bt) )

— If a < 0, we get a stable focus as solutions spiral in towards zero

— If a > 0, we get an unstable focus as solutions spiral outwards from zero towards infinity

— If a = 0, we get a centre since all solutions stay orbiting the origin in a circle, not converging or
diverging

— In all cases, the magnitude determines the rate of spiral

e Case 3: One nonzero eigenvalue

— The eigenvector with zero eigenvalue forms a line, where every point on the line is an equilibrium

— If the other eigenvalue is less than zero, all solutions converge towards that line; if the other
eigenvalue is greater than zero then all solutions diverge from the line

— All initial conditions follow a straight path towards the equilibrium line, defined by the other
eigenvector (nonzero eigenvalue)

11
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Figure 3: Behaviour for complex eigenvalues.
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Solution to a Non-Autonomous LTI System

Theorem

The solution to the LTI system
& = Ax + Bu,z(0) = x
y=Cx+ Du

is given by

t
x(t) = eAtxg —l—/ eA(t_T)Bu(T) dr
0

e We can show the initial condition is satisfied trivially

¢
ca-d (eAtmo +/ eA=7) Bu(r) d7>
dt 0
¢
= AeMxy + A/ eA0=7) Bu(r) dr + Bu(t)
0

¢
=A (eAtazo +/ A=) Bu(r) d7'> + Bu(t)
0

= Ax(t) + Bul(t)

d t t
— Note r / eAU=T) Bu(r)dr = A/ eA=") Bu(r) dr + Bu(t) by Leibniz rule
0 0

d @ b(x)

4 / | f@a= g b)) ) — F (o, afa)) ~ala) + / N 2 fanyar

o Note due to the fundamental theorem of differential equations (the existence and uniqueness theorem),
as our system is linear (and therefore continuous), we know that the solution above is the unique
solution

12
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Stability
A system & = Az, x(0) = x; is said to be stable if for every o € R™, the solution x(t) = etz is

bounded, i.e.
IM < 0o st |le(t)]| < M,¥Vt>0

The system is asymptotically stable if for every xg € R",

lim z(t) =0 € R"

t—o00

Theorem

The system & = Az, x(0) = x( is asymptotically stable if and only if Re();) < 0 for all eigenvalues \;
of A.

e The intuition here is that we can decouple the system using the eigenvectors like we showed before, and
if all eigenvalues have negative real parts, then all components must decay to 0
« Asymptotic stability is equivalent to e“* converging to 0 as t — oo (since this is the unique solution)
— Recall that using the Jordan form, this is equivalent to e”*:* converging to 0 for each 4, which can
be expanded to e** N where N is a matrix of polynomials of ¢
— Suppose all Re();) < 0; then et times any polynomial of ¢ will decay to 0 as t — oo for all 4,
since the exponential grows faster than any polynomial
— Therefore every term in every Jordan block will converge to 0, and so e
system is asymptotically stable
e We can also define some notions of stability when the input w is involved:

At converges to 0 and the

Definition

The system
& = Az + Bu,x(0) = zg
y=Cz+ Du

is bounded-input-bounded-output stable (BIBO stable) if, when ¢ = 0, as long as the input u(¢) is
bounded, the output y(t) is bounded.

The system \
y(t) = /0 h(t — Tyu(r) dr

where h : [0,00) — R™*? is BIBO stable if for all bounded u(t), y(¢) is also bounded. Note this
model implicitly assumes zero inital conditions.

Definition

The system
& = Az + Bu,x(0) = zg
y=Cz+ Du

is input-output stable if for all inital conditions xy € R", a bounded u(¢) implies a bounded y(t).
Note input-output stability implies BIBO stability.

13



If © = Ax is asymptotically stable, then for any B, C, D, the system

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

is both BIBO and input-output stable.

 Recall that PSD for a real symmetric matrix means v7 Pv > 0 for all v € R", and positive definite
means v’ Pv > 0 for all nonzero v
— PSD is sometimes denoted P € S;!; positive definite is denoted P € S,,
e For complex v, v*Pwv > 0 for positive definite P, and greater than or equal to zero for PSD P (v*
denotes a conjugate-transpose or Hermitian transpose)
- v*Pv = (x +iy) " P(x +iy)
= (2" —iy")P(z +iy)
=2 Px — iy Pz + iz” Py — i*y" Py
=2 Pz +y" Py
* Since P is positive definite (or PSD) the last two remaining terms are both positive (or
nonnegative for PSD)
* Note that yT Pz is a scalar, so we can take its transpose, and since P is symmetric we can
show the expression is equal to 7 Py and so the middle terms cancel

Theorem

Let P € R™™ be symmetric; then P is positive definite if and only if all its eigenvalues are positive;
P is positive semidefinite if and only if all its eigenvalues are non-negative. This result is sometimes
known as the spectral theorem.

Note since P is real and symmetric, all eigenvalues are real.

This theorem also applies for negative (semi-)definite matrices and negative (nonpositive) eigenvalues.

Theorem

Let A € R™™ and suppose there exists a symmetric positive definite matrix P such that
Q=-ATP-PA

is also positive definite, then & = Ax is asymptotically stable. Q is known as the continuous-time
Lyapunov operator.

+ Let e € C" be an eigenvector of A; we know e*Qe = e*(—ATP — PA)e > 0 and we can expand the
right hand side, using Ae = Ae, to show that all the eigenvalues of A have negative real parts
e In discrete time, the analogous equation is xy1; = Axy, which turns out to be asymptotically stable if
and only if |A\;| < 1 for all eigenvalues of A
— The analogous definition of Q is L4(P) = P — AT PA and it also holds that if there exists a
P that makes this positive definite, then A has all eigenvalues with magnitude less than 1 and
therefore the system is stable
« Now consider A with eigenvalues less than or equal to zero; if we take its Jordan form and expand e”?,
we find that in some Jordan blocks we only have e, but in other blocks we have terms with e** times
a polynomial of ¢
— We allow the blocks that only have e to have a zero eigenvalue, since this becomes a constant
— However the blocks containing e times a polynomial must have a negative eigenvalue, because
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otherwise that term will grow to infinity as t — oo

— This means for all Jordan (sub-)blocks that are bigger than 1 x 1, its A value must be strictly
negative

— Recall that we get bigger Jordan blocks when the algebraic multiplicity is greater than the geometric
multiplicity for some eigenvalue

— This is the intuition for the next theorem

& = Awx is stable if and only if Re(\;) < 0 for all 4, and if for all eigenvalues that have Re();) = 0, the
algebraic multiplicity equals the geometric multiplicity for that eigenvalue.

« To prove this, we equate stability to e being bounded, which is equal to e’? being bounded, which we
can consider separately for negative and zero eigenvalues:
— Re();) < 0: then all tlim e?%" = 0 since the exponential grows faster than all polynomials
—00

- Re()\;) =0: e?*i" is bounded if and only if it has no polynomials in ¢; this only happens if we have
Jordan blocks of size 1, which happens if and only if the geometric and algebraic multiplicities are
equal

1 . . .
e Example: A = ())\ )J ; under what conditions is & = Ax stable? Asymptotically stable?
— For both stability and asymptotic stability, we require A < 0, since for this matrix A has algebraic
multiplicity of 2 but geometric multiplicity of 1
At Xt
— We can see this from e?! = {60 tee/\t] since the matrix is already in Jordan form

If Re(A;) > 0 for any eigenvalue A; of A, then & = Ax is unstable.

Lecture 10, Oct 1, 2025

Linear Algebra Concepts

A wector space X over a field F (can be e.g. R or C) is a set of elements (vectors) with 2 operations:
vector addition (between two elements of X) and scalar multiplication (between an element of X and
an element of the field ), with the properties:

o Closure: v+ w € X and v e X

e Commutativity: v+ w =w + v

o Associativity: (v+w)+ 2z =v+ (w+ z) and (Ap)v = A\(uv)

 Additive identity: 30 € X such that v +0 = v

o Multiplicative identity: 31 € F and 0 € F such that 1v = v and Ov =0

o Additive inverse: 3(—v) € X such that v+ (—v) =0

o Distributivity: A(v + w) = Av + Aw and (A + p)v = Ao + po

15



Definition

Let X be a vector space over F and let x1,...,2, € X, then the span of these vectors is

span{xl,...,xm}z{Zciaxi C; E]F}

i=1
i.e. it is the set formed by all possible linear combinations of vectors in the set.

Definition
A vector space X is finite-dimensional if it can be expressed as
X =span{xy,...,Tm }

where m € N is a finite integer.

The smallest m that satisfies this relation is the dimension of X.

o Some examples: R, R™*™ and the vector space of n-th degree polynomials P™ are all finite dimensional;
but the vector space of square-integrable functions in [a, b], L?([a,b]) is not finite dimensional

A set of vectors { x1,...,2, } is linearly independent if
m
Ve, ..., em €F, Zcixiz(] = cp=-=¢p=0
i=1

i.e. the only linear combination of the vectors to get the zero vector is all zeros.

Definition

A set of vectors {z1,...,x, } C X is a basis for X if X =span{zy,...,z, } and all vectors in the
set are linearly independent.

Definition

Let X be a vector space over F and let { z1,...,2,, } be a basis for X'; then any vector v € X’ can be
written as v = c1x1 + - - - + ¢ T, Where

C1
S
Cm
is the coordinate representation of v under this basis. It can be shown that the values of ¢q,...,cn
are uniquely determined by v and the basis { 21, ...,z }.
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Definition

A subset V C X is a subspace if it is closed, i.e. z,y € V,A €F = x4+ Ay € V and if it contains the
zero vector, 0 € V.

The direct sum of two subspaces is
VeW={v+w|veV,weW}

which can be shown to be another subspace.

Definition

Two subspaces V, W of X are independent if VN W = {0x }, i.e. their intersection contains only zero.

Theorem

Let V be a subspace of the vector space X', then V has an independent complement, which is another
subspace which is independent from V and sums with V to get the entirety of X, i.e.

IWCX st. VW ={0x},VoW=2x

Not to be confused with an orthogonal complement.

Definition

Let X be a vector space over R. An inner product on X is an operation (-,-) : X X X — R with the
following properties:
1. (x,y) = (y,x) (this property requires a conjugate for C)

Combining a vector space with an inner product, (X, (-, -)) is called an inner product space.

« For example, R" and (z,y) = 2y is an inner product space

b
— On L?*([a,b]) we can define an inner product (f,g) = / f(r)g(r)dr

Let (X, (-,-)) be an inner product space and let VV C X be a subspace. Then the orthogonal complement
of V in X is the subspace
VE={weX|(wv)=0YweV}

Note V@ V*+ = x.

17



Lecture 11, Oct 3, 2025

Linear Maps and Matrix Representations

A function f: X — Y is injective (one-to-one) if
Vo, e € X, f(z1) = f(z2) = 21 =22

or contrapositively x1 # 2o = f(x1) # f(x2), i.e. different inputs always map to different outputs.
f is surjective (onto) if
Yye Y, Jx e X st. f(x) =

i.e. the output reaches the entirety of ).

A function that is both injective and surjective is called bijective.

Let X, Y be vector spaces, then a function L : X — ) is a linear transformation (or linear map) if

Vi, 20 € X, A €T, L(z+ Ay) = L(x) + AL(y)

« Consider finite dimensional vector spaces X, where {z',..., 2™} is a basis for X and {y*,...,y™}
is a basis for Y

~ For each x;, L(x;) € Y so it can be expressed as coordinates L(z') = Zajiyj

aip -0 Gin
— From this, we can foom A= | : . : | where column ¢ contains the coordinates of L(z")

Am1 s Gmn

— Now consider x € X — z = Z crtandye)y — Z d;y’ such that L(x) =y, then:

© L=y . .
= L (i ) Zd]y

— Z L) = Zdjyj
‘ =
Z Jzyj = Zdjyj

o

— aj;C; = d
i=1
c1 dy
= A | =|:
Cn dpn

¢ Note the last step uses the uniqueness of coordinate representations

18



e The key idea is that we can perform a linear transformation between the abstract vector spaces X and
Y by first going from X to R™ using a coordinate representation, then performing the transformation
R™ — R™ through a matrix multiplication by A to obtain coordinates for a vector in ), then mapping
back to ) through the basis

o Note that a transformation has a matrix representation if and only if it is linear and maps between
finite dimensional vector spaces

Wad\d

L
xe X, K — (Y%
/_\_/
J, Covrdinales

n 0 - A
Ei:\e“( R A S Pkm [lﬂ e C%omi:\“ﬁ“s“

Figure 4: A matrix A as the representation of a linear transformation L between two abstract vector spaces
represented with coordinates.

oY Absicact

« Example: The matrix representation of a counterclockwise rotation by 6 in R?, using the standard basis,
cos —sinf

1l (0
. _ . . . . . R o
is A sinfd  cosl } ; what is the equivalent transformation, using the basis B { [1} , [1} }

0’1
— We want to find a matrix A that takes us from R? represented with B to another R? represented
with B; we know that A takes us from R? represented with £ to another R? represented with £
— Suppose we can get from basis B to basis £ through M, then we can get back to basis B by M1
— Therefore Az = M~ AMz — first applying M to get to &, then applying A in basis £, and then
applying M ! to get back to B
* Therefore A = M"Y AM - a similarity transform
* Note the order that we write this is kind of reversed

— Let z have coordinates Fl] in B and Fl] in&, ie z=[by by Fl} =le1 e [61}

— Denote the standard basis £ = { F] , {O] }

& &) & &
— We want to find M such that El] =M El] = M = [61 62}71 [b1 bz}
2 2
— Therefore M = E (1)] and we can use this to find A
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Definition

Let L : X — Y be a linear transformation. The null space or kernel of L is
NL)={xzeX|Lx)=0}

i.e. all the vectors that map to zero. This is a subspace.

The range or image of L is
R(L)={yeY|Iwe X, y=L(x)}

i.e. all the vectors that can be reached via L. This is another subspace.

e Note for a subspace V of X, then we denote, in general, the range of V under a linear transformation L
as LV)={yeY|IxeV,y=L(z)}

Definition

Let L : X — ) be a linear transformation between finite dimensional vector spaces X, ), then the
rank of L is defined as
rank(L) = dim(R(L))

Theorem

L : X — Y for finite dimensional X, ) satisfies the following properties:
1. L is injective if and only if N (L) = {0}
2. dim(R(L)) + dim(N (L)) = dim(X)

o The second property (rank-nullity) can be proven as follows:
~ Let k = dim(N (L)) and n = dim(&X); we want to show n — k = dim(R(L))
~ Let spanz’, ..., 2" be a basis for N(L), and so L(x') = 0 for i € [1, k]

— Complete the basis such that spanz',..., ", "1, ... & be a basis for X
n

— Let @ € X, which has a unique coordinate representation & = Z c;x’ with respect to this basis

- L(x)=1L (Z cm:’)

k
= Z ciL(z?) + Z ciL(z?)
i=1 i=k+1
n
= Z CiL(:IZi)
i=k+1
— This suggests { L(x")} for i = k +1,...,n forms a basis for R(L)
* To do this, we need to prove that they span R(L) and that they are linearly independent (in
the notes)



Theorem

Let L : X — Y, then for any matrix representation A of the linear map L,

dim(R(L)) = dim(R(A)) (1)
dim(N (L)) = dim(N(A)) 2)

1. L is surjective if and only if rank(A) = dim(R(A)) = dim(}), i.e. all rows of A are linearly
independent (full row rank)

2. L is injective if and only if dim(N(A)) =0, i.e. all columns of A are linearly independent (full
column rank)

3. L is bijective if and only if A is square and invertible

Lecture 12, Oct 10, 2025

Invariant Subspaces and the Representation Theorem

Definition

A subspace V € R" is A-invariant for A € R™*" if and only if
VeeV, Az €V

i.e. any vector in the subspace stays within the subspace under a linear transformation A. We denote
this by AY C V.

e Note this is equivalent to Vg € V, eAlgy eV
e Some examples:
- N(A),R(A) are both A-invariant
— If wy,...,w, € R" are eigenvectors of N, then spanwy, ..., w, is A-invariant

Theorem

Representation theorem: Let X be a finite dimensional vector space over F (dim(X) = n) and let
L : X — X be a linear map, and let V be an L-invariant subspace of X (dim(V) = k). Then there
exists a basis { x',..., 2™} for X such that the matrix representation of L in this basis has the form

A [ A A12] Ay €Tk AL, € FE¥0K) A ¢ F—k)x(n—k)
O(n—rkyxr A2

« Note that if L has a matrix representation B in the standard basis, then A = P 'BP, where
P = [:cl,...,a:”]
e Proof:
— V is a subspace so it has an independent complement W
— Let {v!,...,v"} be a basis for V and {v*!,... v™} be a basis for W, then {v!,... v"}is a
basis for X

k n
~ Vis L-invariant, so L(v') € V fori = 1,...,k so we can express each L(v') = Zajivj + Z 0v'
i=1 I=k+1
* Fori=k+1,...,n we no longer have L(v) since W is not L-invariant, so for these terms
the second sum does not have all zeros
— Recall column ¢ of the matrix representation of L in this basis are the coordinates of L(vi), o)



Q14

Qi

columns i = 1,..., k have the form , and the rest of the columns are nonzero in general

0
— Putting it all together, we get the form of A stated in the theorem
e The representation theorem allows us to split up a linear map into parts that are invariant and parts
that are not
e Consider & = Ax and V as an A-invariant subspace of R", then the representation theorem tells us

that there exists a basis { v',...,v™ } of R"” such that the matrix representation of A has the form
A— [An 45112]
0 Ay
~ Now let P = [v' ... v"], then AP = PA, ie. P"'AP=A
n Qi Qi
* Avjzzaij'ui:[vl e " | s | =P
= (in; (in;

* Recall that for a matrix representation of a linear map, column 4 contains the coordinates of
the i-th basis vector after transformation by the linear map
o This means a;; are the coordinates of Awv’ with respect to our basis
e The last column vector here is the jth column of A

* Repeat this for every column
~ Let 2 ;f—lxzo P :AP‘lzb =P 'Az = P 'APz = Az
z 11 12| |#
men [ = [0 4[]
~ Now 2! = Allzl + A12Z2 and 22 = A22Z2
Notice now that the z? subsystem is decoupled
— We will later make use of this to define the Kalman decomposition and the notion of stabilizability

Lecture 13, Oct 15, 2025

Controllability

An LTI system & = Ax + Bu is completely controllable (or just controllable) if, for some positive
time T, for all possible initial and final states xg, x; € R", there exists some piecewise continuous
input u(t),t € [0, 7] that brings the system from the initial state to the final state, i.e.

i
z; =x(T) = eATxy + / AT Bu(r) dr = eAT + L. (u(-))
0

o L.(u()) is a map from real piecewise continuous functions to R™, the impact of the input on the final
state (compared to just an autonomous system)
o Let Ry(zo) = {z; € R" | Ju: [0,T] = R™ & = eAlxg + Lo(u(-))}
— This denotes the set of all possible final states x; that we can reach from an initial state o with
piecewise continuous inputs u
+ Lemma: The LTI system (A, B) is completely controllable if and only if R (0) = R™, or equivalently
R(L;) =R"
— Assume (A, B) is completely controllable, then we can let &y = 0, and there exists u(¢) such that
we can reach any x; € R™; therefore by definition, Ry (0) = R
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Coordinate and Feedback Transformations

« Consider the coordinate transformation z = P~ 'z — 2 =P '&
=P '(Ax + Bu)
=P 'APz+ P 'Bu
— Therefore the coordinate transform does (A, B) — (P"'AP, P"'B)
o A feedback transformation is u = Kx + v where v is the new input, for some feedback matrix K (now
the system’s input contains feedback based on its state)
- &=Ax+ Bu=Ax+ B(Kx+v)=(A+ BK)xz + Bv
— The feedback transform does (A, B) — (A+ BK, B)
o We will see that coordinate and feedback transformations do not affect the controllability of a system
— This is useful because we can see the system under a different transformation, which may lead to
more insights, and obtain information applicable to the original system

Theorem

For any nonsingular P, the system (A, B) is completely controllable if and only if (P~*AP, P! B)
is completely controllable.

For any K, the system (A, B) is completely controllable if and only if (A + BK, B) is completely
controllable.

In other words, controllability is invariant under coordinate and feedback transformations.

e Proof for coordinate transform invariance:
— From the lemma, completely controllable (A, B) means R(L.) = R"

T
— Consider the transformed L. (u(-)) = / eP_lAP(T_T)P_lBu(T) dr so R(L.) = R" if and only

0
if the transformed system is controllable

— The idea is that L. and L. are related by a nonsingular matrix, so they should have the same
range space (similar to how B and P B have the same range space for nonsingular P)

Controllability Matrix

Theorem
Cayley-Hamilton Theorem: Let A € R™*™ have characteristic polynomial
det(SI = A) = s" =+ an_lsn_l +---4ag

then A satisfies
A"+ a, A" V4ol = 0,0p

i.e. every square matrix satisfies its own characteristic equation. This allows us to express A" and
any higher powers of A as a linear combination of I, A, ..., A" %

Definition

The controllability matriz for a system (A, B) is defined as

Q.=[B AB .- A" 'B]eR™""

The system (A, B) is completely controllable if and only if R(Q.) = R", or rank(Q.) = n.

o Proof (rank(Q.) =n = (A, B) is controllable):



— Proof by contradiction: first assume the negation of the statement, i.e. let rank(Q.) = n but
(A, B) not controllable; we will show that this shows rank(Q.) # n, leading to a contradiction

T T
— Let L, such that L.(u(-)) = / eAT=T) Bu(r) dr = eAT/ e A" Bu(r)dr = eAT L (u("))
0 0
* (A, B) not controllable means dim(R(L.)) <n .
* Since eAT is always invertible, rank(L.) = rank(L.) = dim(R(L.)) <n R
— R(L.) has an orthogonal component ZQ(LC)J‘ where R(L.)* @ R(L.) = R™, and dim(R(L.)) <n
means there exists a nonzero v € R(L.)* orthogonal to all elements in L.

T
— Then for any any piecewise continuous u(-) : [0,T] — R™, we have ’UT/ e A"Bu(r)dr =0
0

e; t€]0,s]
0 te(sT))
o Note e; denotes a vector with a 1 in the ith element and all Os everywhere else
o This input picks out the ith column of B for ¢ € [0, s]

T s
* Therefore 0 = ’UT/ e AT Bub¥ (1) dr = 'vT/ e~ A7b;dr holds Vs € [0, 7]
0 0

* Consider the control input w"*(t) = forse[0,T]andi=1,...,m

d S
‘o (’UT/ eATbidT> = v e A%, = 0, evaluate at s = 0 gives us v b; = 0
0
d? r [° _ar T 4 _—As . . T
* 42 v e b,dr | = —v” Ae b; =0, again at s = 0 gives v~ Ab; =0
0
« Do this for up to the nth derivative, then vZ A*¥b; =0 for all k=0,...,n—1
* Altogether v” [b; Ab; --- A" 'b;] =0eR™"
* Repeat for all 7, then v7 [BL AB --- A" !'B]=0eR>"™

— Therefore we’ve shown there exists a nonzero v where v7 Q. = 0, meaning the rows of Q. are

linearly dependent; since row rank equals column rank, rank(Q.) < n
1

0 — 0
e Example: RLC circuit with A = 1 CR ,B = ll
I L L

1
%
L L
— For all nonzero L, C this matrix has rank 2, therefore this system is always completely controllable

0
- Q.=[B AB|= |,
Lecture 14, Oct 17, 2025

Kalman Decomposition and Controllable Canonical Form

PBH Controllability Test: The system (A, B) is completely controllable if and only if

Note if s is not an eigenvalue of A, this matrix always has rank n, so the condition only needs to be
tested for eigenvalues of A.

e Proof:
— Forward direction: rank(Q.) =n = rank([sI - A B])=n,Vs€C
* Take the contrapositive, 3s € C s.t. rank([s] — A B]) <n = rank(Q.) <n
* Since the matrix is not full rank, there exists v such that v” [sI —A B] =0
* Therefore sv’ = v A and v' B = 0 € R™*™
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* Multiply by B, sv’ B=vT AB, but v/ B=0s0 v/ AB =0
o We can repeat this for all powers of A, e.g. svl AB = vT A’B =0
* Therefore v’ [B AB --- A"_lB] =v7Q. =0, and so Q. is not full rank
e Note that since multiplying by a non-singular matrix does not change rank, we can show that the PBH
test is coordinate invariant
o Suppose rank(Q.) < n, i.e. R(Q:) S R™; R(Q.) has the following properties:
- R(Q.) is A-invariant
- R(B) S R(Q.)
e Asa consequence pf the above and the r(fpresentation theorem, there exists a nonsingular matrix P
such that {AOH 312] =P 'AP and [](3)1} = P !B, where Aj;, B; have dimension dim(R(Q.))
12
1
o Letz=P la= [22} where 2! € R1™R(Qe) and 22 has the dimensions of its independent complement

—- 2l = xgluzl + A2” + Biu
- 22 = A22Z2
— This is the Kalman decomposition for controllability

e The Kalman decomposition separates the system into a part that we can control and a part we cannot,
so if the eigenvalues of Ass don’t have negative real parts, our system cannot be controlled

For a system (A, b) where rank(Q.) = k < n, let

Ay Ap _ p-1 31 _ p-1
[0 Alj—P AP, 0 =P 'B

for some nonsingular P, where An, B, € RFxk, A € ka(”’k), Ay € RESRIX(RSE)
11T
The Kalman decomposition defines z = P~ e = {;2} where z' € R 22 € R" %, so the system is

decomposed as
2t = A11Z1 + A1222 + Bju

22 = A22Z2

e We can show that (An, Bl) is completely controllable

g [Ty | A A
PA""B = 0 0 e 0
— Note k = rank(Q.), and since P is invertible, rank(P~'Q.) = k
— Since the zeros at the bottom don’t affect rank, rank([Bl AnB, - 121?1_131}) =k
* We're not done yet because we want the last power of A tobek—1
~ By Cayley-Hamilton, we know A¥ A A""! can all be written as a linear combination of
A, ... ,A’ff17 because A;; € RF*F
— This means rank([Bl AnB, - A’fl_lﬁl]) = rank([Bl AuB, - A’fflél]) =k

* This is a simple extension of what we proved in Assignment 3
« Because A is a block-upper-triangular matrix, its eigenvalues are the union of eigenvalues of All, Agg;
furthermore, the similarity transform by P does not affect eigenvalues, so the eigenvalues of A are also
this same set
— We can control the eigenvalues of the A subsystem; these are known as the controllable
modes/eigenvalues
— However we can’t control the eigenvalues of AQQ, so these are the uncontrollable modes/eigenvalues
— Intuitively we can see this because the control w applies to All but not .A.22
o Intuition: The rank of the controllability matrix is the number of states that are controllable; therefore
if the rank is n, then all states are controllable, but if the rank is less than n, some states will not be
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controllable and so it might not be possible to stabilize the system
« Practically, to compute the Kalman decomposition, we need to select a basis for R(Q.) (e.g. by picking
independent columns), and then select n — k other linearly independent vectors that together form a
basis for R"; then we can form P and compute 21, B
— The choice of basis does affect the form of 2111 and AQQ, however it does not change the controllable
and uncontrollable eigenvalues

Controllable Canonical Form

o Consider a single input system & = Ax + bu where (A, b) is completely controllable; by choosing a
special basis, we can write this in a standard form known as the controllable canonical form

o Let X4(s) =det(sI — A) = 5" +a,_15" "' 4+ --- +ars + ag, the characteristic polynomial of A
e Define our series of basis vectors:

- ov"=b

— "= Av" 4+ a,_ 10" = Ab+ a,_1b

- ’Uni2 = 14’[)”71 + an_gv” = A2b + an_lAb + an_gb
vl = A+ " =A"""b+a, A" 2b+ -+ ab
o Note that Av’ = v~ — q;,_1v" and Av' + qev"™ =0

— By Cayley-Hamilton, A(A”_1 +apn 1AV 244 ar )+ agl =0

— z4(z4n_1 + an,lA”_Q + -+ alI)b +apb=0
— Notice that Av' + agv™ = A(A"_lb +a, A" b+ + a1b) + apb

=AA" ' 4 a, 1A%+ +a I)b+apb

=0
o To show that {v',... v"} is linearly independent:

i aq ag as s Ap—1 1_

as as e Qp—1 1 0
ot W] =[b Ab - AR | B ‘ =Q.T

ap—1

Ap—1 1
1 0

— Due to this structure, det(T) = (—1)"~!; since the system is controllable, we know Q. is invertible,
and therefore [vl v”} is also invertible

o Let P = [vl 'u”] and z=P 'z =— 2=P 'APz+ P 'bu= Az + bu
0
~b=P'b = Pb=b=v",s0b=|*
0
1
- A=P'AP — AP=PA
- AP = [Av1 Av? .. Av"]
= [~apv" v —av" v*—ap" - V"' —a, 0"
0 1 0 0
0 0 1 0
= [”1 ”n] : : : - :
0 0 0o - 1
—@p —ap —az -*° —0p-1
= PA

e We have just proven that a completely controllable system can be written in controllable canonical
form; it turns out that the reverse is also true, i.e. if a system can be written in controllable canonical
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form, it is always controllable

A single-input system (A, b) is completely controllable if and only if there exists a nonsingular matrix
P, such that ~ R
2=P 'APz+ P 'bu= Az + bu

where
0 1 0 0 0
0 0 1 0 .
A= : b= |:
0 0 0 1 ?
—ap —a1 —a2 —Up—1

This is known as the controllable canonical form.

Lecture 15, Nov 7, 2025

Stabilization and Pole Assignment

o The stabilization problem is to design a controller uw = Kz so that the resulting system & = Ax+ Bu =
(A + BK)x is asymptotically stable
— For a nonlinear system, we want x(t) — «*(t) where &*(¢) is an equilibrium condition, in which
case 4 = u — u* = K(z — x*) and the system is & = (A + BK)Z
e The pole assignment problem is to find K such that the eigenvalues of A4+ BK are in designed locations
of C

If the single-input system (A, b) is controllable, then the pole assignment problem is solvable, i.e. the
eigenvalues of (A + BK) can be placed arbitrarily, as long as they are in conjugate pairs.

o Proof: We can put (A, b) in controllable canonical form, 2 = Az + bu

CLeth= [ - b

0 1 0 0

0 0 1 0
~ The closed-loop system looks like A + bk = : : : .. :

0 0 0 1

ki—ag ky—a1 ks—as - kp—apna

— We can show det(sI — (A + bk)) = s" + (an_1 — kn)s" " + -+ + (a1 — k2)s + (ag — k1)
— Therefore if we want some set of poles A1,..., Ay, we can expand (s — A\1)(s — A2) -+ (s — Ap) =

" 4 18" L4 - 4+ ays + ag, then take ki =a;_1 — o1
— To get k for the original system (if it was not originally in controllable canonical form), note
kx=u=kz=kP 'xz,sok=kP!

Wonham’s Pole Assignment Theorem: Any system (A, B) is completely controllable if and only if the
poles of A + BK can be freely assigned, i.e. the pole assignment problem is solvable.

o Lemma: If (A, B) is completely controllable, then Vb € R(B),3F € R™*" such that (A + BF,b) is
controllable
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— This essentially transforms the multi-input case into the single-input case
— We will not prove this in lecture, but we’ll use this for the proof of Wonham’s pole assignment
theorem

To place the closed-loop poles of (A, b), i.e. set the eigenvalues of A + kb to { \1,..., A\, }:
1. Expand the desired characteristic polynomial:

Daes(8) = (8= A1) (s—Ap) =8" + ap_18™ !

o tas+ag
2. Expand the characteristic polynomial of A:
pa(s) =s"+an 15"+ +as+ag

3. Let k = [ao —Qqg r Qp_1 — an_l]
4. Determine P required to put the system into controllable canonical form:

aq Az -+ Ap—1 1

as as - 1 0

P=QT T=| : N
Gp—1 1 .- 0 0

1 o - 0 0

5. Let k = kP~ and u = ka solves the pole assignment problem.

Lecture 16, Nov 7, 2025

Pole Assignment for Multi-Input Systems

e Proof of Wonham’s pole assignment theorem:
— Assume (A, B) controllable, show that we can assign the poles to A = { Ay,..., \n }
* Let some nonzero b = Bg, then by the helper lemma from the previous lecture, there exists
an F' such that (A 4+ BF,b) is controllable
* Since this is a single-input system and controllable, we know pole assignment is solvable,
i.e. IH € R*™" such that (A + BF + bH) has eigenvalues A
*A+ BF +bH = A+ BF + BgH
= A+ B(F+gH)
=A+BK
* Therefore if we choose K = F + gH, then the closed-loop system will have eigenvalues A
— To show the reverse direction, take the contrapositive, i.e. assume that (A, B) is not controllable,
show that the pole assignment problem is not solvable

.1 “ ~ 1 A~
* ol z _ A11 A12 z Bl
Use the Kalman decomposition LQ} = [ 0 AA2J LQ] + [ 0 ] u

1
* Let K = [Kl IA{ﬂ so that u = K [22} = K z' + Ky2?
A 2> A 2> 1
An+BiK1 A+ BiK; Z 1~ Nz

0 A22 z
Since M is block-upper-triangular, its eigenvalues are the union of the eigenvalues of A+
B K, and those of Ajq

However, we cannot affect the eigenvalues of Aoy through K at all, so in general pole
assignment is not solvable

*

21
The closed-loop system is EQ} = [

*
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e Wonham'’s pole assignment theorem also leads to an eigenvalue assignment algorithm for multi-input
systems, by converting it into a single-input system
— Like in the proof, we convert the system to a single-input one, (A+BUF, b), then use the single-input
pole assignment algorithm to find H, and finally take K = F + gH

Lecture 17, Nov 7, 2025

Stabilizability

e Last lecture we showed that we can place the poles of a closed-loop system arbitrarily if it is controllable;
what if the system is not controllable? Can we make it stable?

(A, B) is stabilizable if there exists some K such that all the eigenvalues of (A + BK) have negative
real part, i.e. with control law u = Kz, the resulting system is asymptotically stable.

e Stabilizability is a weaker condition than controllability, i.e. controllability implies stabilizability, but
not the other way around

1 1 1
e Example: A = [0 1 ;b= 0
— Notice this is already in the Kalman decomposition form, so we can tell that the system is not

controllable

— This has eigenvalues { 1,—1}, where we cannot affect the —1 since it is in Agg; however we can
affect the other eigenvalue of 1 to bring it into the open left half plane

14k 14k
0 -1

— Therefore we can choose any ko, and choose a ki such that k1 < —1, so that 1 + k; (the first
eigenvalue) has negative real part

— The speed of convergence is capped by the uncontrollable eigenvalue of —1, so regardless of our
choice of k;, the system cannot possibly converge faster than e™*

— Consider u = [k1 k2] @, so the closed-loop system is A + bk = [

For a system (A, B), in its Kalman decomposition, the eigenvalues of Ay are the uncontrollable
eigenvalues; the other eigenvalues, i.e. the eigenvalues of Aj1, are the controllable eigenvalues. Note
the eigenvalues of A (equivalently the eigenvalues of A) is the union of the eigenvalues of Aq1, Aas.

e An equivalent definition for stabilizability is to have all the uncontrollable eigenvalues have negative
real part, or equivalently all the nonnegative eigenvalues are controllable

Theorem

PBH Test for Stabilizability: A is a controllable eigenvalue of (A, B) (equivalently, A is not an
eigenvalue of Ayy) if and only if
rank([A\l — A BJ)=n

Equivalently, A is an uncontrollable eigenvalue if and only if rank( [AI —A B]) < n. Therefore a
system is stabilizable if and only if this matrix has rank n for all non-negative eigenvalues of A.

« Proof of forward direction (X not an eigenvalue of Ayy = rank( (M- A BJ])=n):
~ rank([sI — A B])=rank([s] — A B]) because the two matrices are related through a matrix
multiplication by a non-singular matrix

_ s a1 [M-AL, -A, B
M-4 B]= 0 M—-Ay 0
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— If X\ is not an eigenvalue of Agg, then AT — Agg is full-rank and therefore the bottom n — k rows
are linearly independent, so we only need to look at the top k rows (where k = rank(Q.))

— We showed in lecture that the subsystem (All, Bl) is completely controllable, and therefore
rank([A\ — A;; B,]) =k by the PBH controllability test

— Since adding the extra columns in — A, cannot possibly make the first k rows dependent, we
conclude that the first k£ rows are linearly independent, so the overall matrix has rank n
e In general, if we have a system that is stabilizable but not controllable, we can find its Kalman
decomposition, and design a controller to stabilize the controllable subsystem only, and then transform
back
— For the uncontrollable subsystem the gain would be arbitrary, so we usually just append zeros

Lecture 18, Nov 14, 2025

Observability, State Estimation, and Output Feedback Control

e Previously we discussed how to design controllers to stabilize a system given the full system state x;
however in practice we rarely have the full system state, so we have to estimate  using the system
output y

— Given y(t),u(t) for 0 < ¢ < T, we want to estimate x(t)
t

« Recall that the solution is x(t) = etxq + / e~ Bu(r)dr
0

t
— The output is then y(t) = Celay + / CeA=7) Bu(7)dr + Du(t)
0

— Notice that we know every quantity except xg, so we can solve for Cetlx,

For an LTT system, given y(t),u(t),0 < ¢t < T, the State Estimation Problem is to estimate x(t) for
0 <t < T. Equivalently, given CeAx,0 < t < T, estimate x.

o Therefore an equivalent problem is: given Ce?*a for 0 < t < T, estimate x
— Let L, : R" — C([0, 00], RP) such that L,(x¢) = CeAtay, i.e. a function mapping initial conditions
to functions
* This is a mapping that goes from R™ to continuous functions of time outputting R”
* Note this is a linear map, but it does not have a matrix representation because the output
space is infinite dimensional
— Now given L,(x), under what conditions on L, can we recover xg?
o Given vector spaces X, over the field R, and let f: X — ) be a linear map; f(x) = y has a unique
solution if and only if A'(f) contains only the zero vector, i.e. f is injective
— Therefore, obtaining x( is possible if and only if L, is injective (N(L,) contains only the zero
vector)
— Note in this case, a function in N(L,) needs to be zero for all time

Let f: X — Y be a linear map and let y € R(f); then f(x) = y has a unique solution if and only if
N(f) ={0}, i.e. the null space is trivial. This is equivalent to f being injective.

e Proof:
— Forward direction: take contrapositive: N (f) # {0} = f(x) = y does not have a unique
solution
* Let & € X be a solution, i.e. f(zx) =y
* Let w € N(f) and u # 0, so that f(u) =0
* Then f(z+u) = f(x)+ f(u)=y+0=1y
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* Therefore both  and x + wu are solutions, and so the solution is not unique
— Reverse direction: again take the contrapositive: f (x) = y does not have a unique solution
= N(f) #{0}
* Let @1 # 2 and f(z1) = f(x2)
* Then 0 = f(x1) = f(x2) = f(x1 — x2) B
* Therefore €1 — x2 € N(f), and &1 — @2 # 0, so N(f) is nontrivial
o Note the relation between controllability and observability:
— In controllability:
T

* Le(u(s)) :/ eA(T_T)Bu(T) dr

* We want L, Oto be surjective, so that we can find an input to command the system to any
state we want

* We form Q. from (A, B) and use the rank of this matrix to test for controllability

— In observability:

* Lo(mO) = CeAtxO

* We want L, to be injective, so that for any output we want to be able to find a unique initial
condition (and therefore system state)

* Likewise, we will formulate a Q, from (A, C) and check its rank

The system (A, B,C, D) is observable if L, : R™ > C([0, o], RP) is injective, or equivalently N(L,) =
{0}, where L,(zo) = Cetay.

o Example: consider & = E ﬂ x and y = [1 O] T

We have 31 (t) = x1(t) = x1(t) = e'21(0)

= y(t) = 21(t) = e':1(0)

— Intuitively we know this system is not observable since we don’t have any information about x5
Consider the case of z2(0) = 1 and z2(0) = 2; in both cases we have the exact same y(t) as long as
21(0) is the same, so we can’t recover 22(0) and therefore the system is not observable

1 2
equivalent to y(t) in this case)

e Practically speaking, if we discover that our system is not observable or detectable, it means that we
either need to add more sensors to measure more outputs, or reduce the model complexity, because
this indicates that our model is overly complex and contains unuseful states that we cannot determine
anyway

Let the observability matriz be defined as

— In this case, [O] and [0} are both in NV'(L,), since both of them result in a zero CeA'z (which is

C
CA
Qo =

CAn—l

The observability matrix has the same null space as L,, i.e. N(L,) = N(Q,), therefore observability
is equivalent to N'(Q,) = {0}, i.e. rank(Q,) = n.

e Proof:
- N(Q,) S N(L,)
* Let x € N(Q,), then Cx = CAx =---=CA" 'z =0
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* We want to show that L,(x) = Celz =0

* Cefty =C ZF T

k=0

=> %CA%
k=0
* We already know that CA*z =0 for k =0,...,n — 1 because = € N (Q,)
* By Cayley-Hamilton, any higher power of A can be expressed as a linear combination of A
fori=0,...,n—1, so we can show that CA*x = 0 holds for all £ by an inductive proof
* Therefore CeA'x and = € N'(L,)
- N(Lo) - N(QO)
* Let € (L,), then Ce'a = 0 for all ¢
* Set t=0toget Cx=0

d
* Take the derivative, — (CeA'x) = CAeA'z = 0, and evaluate at t = 0 again to get CAx = 0

dt
C
) CA
* Therefore we can show that CA'x for 1 = 0,...,n — 1, and therefore . x=0
CAn71

Kalman Decomposition for Observability

o Similar to the controllability case, we can show that N (Q,) is A-invariant, and N'(Q,) C N (C)
~ Let x € N(Q,), then Cx =CAx =---=CA" 'z =0
— Consider Q, A, this has rows C Az, ..., CA"x; we already know that CA*z =0uptok =n—1
— For CA"x, use Cayley-Hamilton to expand A™ as a sum of lower powers, then we can show
CA"x =0
— Therefore x € N (Q,) = Az € N(Q,) and so N(Q,) is A-invariant
— Also, since Cx = 0 from the first row of Q,z =0, x € N'(C), so N (Q,) C N (C)
e By the representation theorem, we can find a coordinate transformation P by taking the first k =
n — rank(Q,) vectors as a basis for N'(Q,), then the rest such that P is invertible, and let z = P~ 'x
-1 4 2 -
o Then we get 2 = [;} = {AO“ i;j z+ [gj y=1[0 Cy]z+ Du
— The subsystem 22 = Apz® + ng Yy = Co2? + Du is observable, while the subsystem pertaining
to z! is unobservable

Kalman Decomposition for Controllability and Observability

e Now we will combine what we know about observability and controllability
e Lemma: The intersection of two A-invariant subspaces is also A-invariant
e Consider a system that is neither controllable nor observable
— Let V.5 = R(Q.) NN(Q,) be the controllable but not observable subspace; let its dimension be
Neo
* This is A-invariant because it’s the intersection of two A-invariant subspaces
Let V., = R(Q:) \ V5 be the controllable and observable subspace; let its dimension be n.,
* Vca @ Vco = R(Qc)
— Let Vz5 = N(Q,) \ Ves be the not controllable and not observable subspace; let its dimension be
Neo
* Veo ® Ves = N(Qo)
Let Vzo = R™\ (Vo5 ® Veo @ Vz5) be the not controllable but observable subspace; let its dimension
be ngz,
* Note that the direct sum of all subspaces is R"
e Let the matrix P contain the basis for V.5, Veo, Vzs, Vzo in this exact order
— The first n.s + neo columns form a basis for R(Q.)
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1
22
e Let z= 3= P, where each of the 4 components corresponds to the 4 subspaces in the order
o
above R .
ok * * 21 B.;
0 A 0 * 22 B
o Applying the representation theorem, 2 = o + |l u
pplyng P ’ 0 0 AE& * z3 0
0 0 0 Al l# 0

y=[0 C, 0 Czlz+Du

— The entries marked with % are nonzero in general, which don’t affect our analysis

— We first apply the Kalman Decomposition for controllability, which gives us A €
R(Peatneo) X (neatneo) 4nd so on

— We can verify the zero entries by checking which subspace is contained in the others

o If we start in the controllable subspace, i.e. £(0) € R(Q.), then z*(t) = z*(¢) = 0 for all ¢

— x(0) is a linear combination of the basis vectors of V.5 and V.,, since those two subspaces together
make up R(Q.); it doesn’t have any component in the basis vectors of the other two subspaces,
since those do not intersect R(Q.)

~ From z(0) = Pz(0) we see that 2°(0) = 2*(0) = 0 as a result, and this gives 2> = 2% = 0 for all
time

-1 " 1 A
z A z B
o Th - — co . > co
w2 A e 5
N zl
Y= [0 Cco] |:Z2:| + Du
* This subsystem is controllable (since we get it from the Kalman decomposition for controlla-

bility) but not observable
* From this we can extract the controllable and observable subsystem 22 = A.,2? + B u

ACO * 22 -
v a) (2]

[éco é& ] |:z4:| + Du

022+ Du

z
Y =

:2
e The observable subsystem is [24]
y =

The system (A, B,C, D) has the same transfer function as the controllable and observable subsystem,
(Aco, Beo, Ceo, D), which is known as the minimal realization of the transfer function, as it is the
smallest (lowest number of states) system that results in this transfer function.

e Let G : C+— RP*™ be a transfer function matrix, and let (A, B, C, D) be any state space realization
of the same system and (ACO, BCO, C’co, ﬁ) be the controllable and observable subsystem
— If (A, B,C, D) is uncontrollable or unobservable, then the minimal realization has k < n states,
and so it will have k poles
— The transfer function G will also have k poles, and therefore there are n — k pole-zero cancellations

Key insight: If a transfer function has one or more pole-zero cancellations, then its state space
realization is either uncontrollable or unobservable.

s+1

» Bxample: Consider Gi(s) = gy

, which has one pole-zero cancellation

33



— Using the uncancelled transfer function, one choice of states is * = [y g

I R BN

* Q.= [_13 _93} , which has rank 1, so the system is not controllable

u} , we get the realization

1
— Using G(s) = paret choose x = y, which results in A =-3,B=1,C=1

* This is now the minimal realization of the system
* Q. = B =1 so clearly this system is controllable
* @, = C =1 so the system is observable as well

State Observers

o Given a control system (A, B,C, D), we want to design an observer, which estimates (“observes”) the
state x(t), given the known y(t) and u(t)
o The observer predicts a state estimate & as @ = A& + Bu + L(y—19)
y=C2+ Du
— The observer is an LTI system itself which tries to simulate the system dynamics and corrects its
estimate based on observations
— L is a matrix to be designed, which corrects the estimated state based on the difference of the
predicted output versus the actual measured output
o Define the estimation error e = & — &, which we can show to have dynamics é = (A — LC)e
— Therefore we just need to choose L such that this system is asymptotically stable, i.e. make the
eigenvalues of A — LC' have negative real part

The state estimation problem is to find a matrix L for a system (A, B, C, D) such that the eigenvalues
of A — LC all have real part less than zero, so the estimation error is asymptotically stable.

A system is called detectable if the state estimation problem is solvable.

Theorem

A system (C, A) is detectable if and only if (A7, CT) is stabilizable.

o This is because the eigenvalues of A — LC is the same as (A — LC)T = AT — CTL", so if we can find
K to stabilize (AT, CT), then taking L = K7 solves the state estimation problem

Duality Theorem: Controllability and detectability are duals, i.e.
1. (C, A) is observable if and only if (AT, C”T) is controllable.
2. (C, A) is detectable if and only if (AT, CT) is stabilizable.
(AT, C7T) is known as the dual system of (C, A).

« We can prove this by noticing the similarity between Q, and Q7'; if we take (AT, CT) and form its
controllability matrix, we get Q:;F, which has the same rank as Q,, so the system is observable if and

only if its dual system is controllable
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PBH Test for Detectability: (C, A) is detectable if and only if for all eigenvalues A of A,

Re(\) >0 = rank([’\I_AD =n

C

« This is analogous to applying the PBH test for stabilizability to the dual system
e Proof:
— (C, A) is detectable if and only if (AT, CT) is stabilizable, which is true if and only if for all
eigenvalues of A", Re(\) >0 = rank([A\ — AT C7T]) =n (PBH stabilizability test)
— Since transpose does not change rank or eigenvalues, this is the same as rank (PI 6 A}) =n
e Suppose (C,A) is not observable, then by applying the Kalman decomposition we get
5 [An A
0 Ay
subsystem

. Let I — H then A — LG — {
Ly

]z + {21] u and y = [0 Ci]z + Du where (Cy,Ay) is the observable
2

Ay A - L1C1:|
0 A — LG,
— This shows that we can affect the eigenvalues of the Agg subsystem but not the All subsystem
— The eigenvalues of All are the unobservable eigenvalues, and the eigenvalues of Agg are the
observable eigenvalues; together these make up all eigenvalues of A
— Just like the controllability case, by the PBH test, an eigenvalue is unobservable if and only if

rank ([AI C_ A]) < n, and observable if and only if rank ([AI C’_ A}) =n

Output Feedback Stabilization

» Putting it all together, how do we stabilize a system if we only know the output y(t) and input w(t)
but not the state?

e Given a stabilizable and detectable system, our goal is to design K and L such that the eigenvalues
of (A+ BK) and (A — LC) have real part less than zero, then we can implement the control law
u = K& and observer £ = Az + Bu+ L(y — 9)

9y =C&+ Du
o We will show that this indeed results in an asymptotically stable system
—lete=xz—-2
- &= Az + Bu
=Axz+ BKi:+ BKx — BK=x
= Ax+ BKx — BK(xz — &)
=(A+ BK)x — BKe
— Also, é = (A — LC)e (shown previously)
_|A+BK —-BK ] [a:

— Therefore [é] = 0 A_LC e], so if we have the eigenvalues of (A + BK) and

(A — LC) both negative, then the overall system is stable

Separation Principle: To stabilize a system (A, B, C, D) through output feedback, we can design
separately an asymptotically stable state feedback controller to place the eigenvalues of A + BK, and
an asymptotically stable observer to place the eigenvalues of A — LC, then using the observer estimate
for state feedback. The resulting control law uw = K& makes the system asymptotically stable.
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Lecture 19, Nov 26, 2025

Linear Quadratic Optimal Control

e Consider a spring-mass system with an input force, v — kxy = m&; and let x5 = &1, so the system is
. . 0 1 0
described by @ = [—k/m O} x + L/m] u

— The energy of the system is F = ikm% + fmgcg

2
1 1 1
— We can try to minimize the energy over time, J = ikx;f (r)+ §mx§(7') + §u2(7') dr
— Note we need to include the control input in the integral to make the problem well-defined,

otherwise this will just cause infinite control inputs
e More generally, we can have any cost function quadratic in the system state and control input

For a stabilizable system & = Ax + Bu, let U be the set of admissible control laws of the form
u(t) = ¢(t),t > 0 such that ¢ : [0,00) — R™ is continuous and asymptotically stabilizes the
closed-loop system.

The Linear Quadratic Optimal Control problem is to find some ¢ € U which minimizes a quadratic
cost function,

J(2,) = / T 2(0)TQa(t) + $(t) R() dt

where @ is symmetric positive semidefinite, and R is symmetric positive definite.

\. J

e Intuitively, the reason we choose this cost function is that it usually relates to the “energy” of the
system, and penalizes the state being far from the origin and the control effort being large
o Let L(z,u) = 27 Qx + u” Ru be the instantaneous cost for the current values of &, u

o Define the optimal value function V(x) = d1>n£’ J(x, ¢p) = qinfu/ ()T Qx(t) + u(t)” Ru(t) dt such
S S 0

that x(t) = Az(t) + Bu(t),z(0) = x, i.e. V(x) is the lowest possible cost if we start with an initial
state of x
— Note the infimum inf denotes the greatest lower bound (we can’t simply use min since we don’t

1
know if one exists yet), e.g. ing — =0, but 0 is not in the set
neN 1

o We can show that if an optimal control ¢* € U exists, i.e. V(z) = ;nlril J(x, @) = J(x, "), then (V, ¢™)
e

|4
satisfies the Hamilton-Jacobi-Bellman (HJB) equation, rrel]%n —w(w) -(Axz + Bu) + L(x,u) =0
wER™

ov
— Intuitively, since the first term is essentially o this means that the cost does not change

instantaneously
o0

— Let 7 > 0 and suppose ¢* exists, then V(x) = /OT L(x(t), ¢*(t)) dt +/ L(x(t), ¢ (t)) dt

— The second term must minimize the cost on |7, 00), i.e. / L(z(t), " (1)) dt = IIIEIE/ L(z(t),u(t)) dt,
uw T

since if this is not the case, then if we decrease 7, then ‘T/(m) will decrease, violating our assumption
that it is optimal
* This means that the control law must be optimal at each point in time, so we can consider
only a very small initial 7 (i.e. the initial step) and ignore the rest
* This is known as Bellman’s principle of optimality: an optimal policy has the property that,
whatever the initial state and decisions so far are, the remaining decisions must constitute
and optimal policy witTh regard to the state resulting from the decisions so far

— Therefore V(x) = melal/ L(z(t),u(t))dt + V(x(7)), where V(z(r)) is the cost from time 7
uel Jo
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onwards and known as the cost-to-go

— For small 7, / L(x(t),u(t)) dt = 7L(x,u) + O(7) where O has the property that liI% 0s) =0
0 s— S
— Using a first-order Taylor series at 7 =0, V(z(7)) = V(x) + %V(w(t)) T+ O(7)
t=0
d oV oV de 0V
* —_ = _ PN —_ —_— = — .
Note dtV(m(t)) P (2) pre (z) Tl (z) - (Az + Bu)

— Substituting both expansions into the expression earlier and some manipulation later we get the
HJB equation
e The HJB equation is quadratic in u, and since R is positive definite there is a uniqt%e minimum, i.e. the
problem is convex, with the unique solution given by u* = f%RleT <g‘;(m)>
« Propose a trial solution V(x) = 2’ Pz, where PT = P is positive semidefinite, so 8—w(:c) =22TP
and u* = —R'BT Pz
— Substitute into the HJB equation to get 2’ (~-PBR'BT"P + PA+ AP + Q)x =0
— Since this holds for any arbitrary & € R", this means that - PBR'BT"P+ PA+ATP+Q =0
— —PBR 'BTP+ PA+ ATP + Q =0 is known as the algebraic Ricatti equation
+ Now we need to show that our candidate optimal control law ¢(t) = —R™' BT Pa(t) does lead to the
lowest cost, and stabilizes the system so it is admissible
e We will use the result that if @ is symmetric positive semidefinite, then there exists a matrix square
root Q% such that (Q%)TQ% =Q
— Since Q is PSD, Q = MTAM where M is an orthogonal matrix, so Q% = Az M where A? has
square roots on the diagonal
e Also, all principal sub-matrices of @Q, i.e. any sub-matrix on the diagonal of @, must also be positive
semidefinite (this can be shown by noting 27 Qx > 0 and we can choose @ to isolate any sub-matrix)

If (A, B) is stabilizable and (Q%,A) is detectable, then the algebraic Ricatti equation
—-PBR 'BTP+PA+ATP+Q=0
has a unique symmetric positive semidefinite solution P, and the control policy
o*(t) = —R'BTPx(t)

is the optimal controller for the linear quadratic optimal control problem, and the optimal cost is
given by V(x) = J(x, ¢*) = 2’ Pzx.

o Proof: Let ¢ € U and x(0) = x, we substitute the algebraic Ricatti equation for @ into the cost, then
complete the square and use &(t) = Ax(t) + Bo(t)

o)~ [ a0 Qe + o) Ro(t)at
= /Oo z(t)"(PBR'BTP - PA - A"P)x(t) + ¢(t)" Rp(t) dt
0

- / oO(qs(ze) + R 'B"Pz(t))"R(¢(t) + R'B" Px(t)) — (2(t)" Pz(t) + z(t)P(t)) dt
0

d

&(sc(t)TP:c(t)) dt

= /0 Oo(qb(t) + R 'B"Px(t))" R(¢(t) + R™'B" Px(t)) dt — /0 -

=z'Px+ / Oo(d)(t) + R'BTPx(t))" R(¢(t) + R"'BY Px(t))dt
0

— By the positive semidefiniteness of R, the term inside the integral is always nonnegative, and it is
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minimized when ¢(t) + R™'BT Px(t), i.e. ¢*(t) = —R ' BT Px(t), which gives us the optimal
cost 7 Px

For a system & = Ax + Bu, linear quadratic optimal control seeks to optimize a cost functional
Hed) = [ w07 Qalt) + (1) Re(t)at
0

where u = ¢, x(0) = x, assuming that (A, B) is stabilizable and (Q%,A) is detectable. Then the

optimal control law is given by
¢o*(t) = —R'BT Px(t)

where P is the unique positive semidefinite solution to the algebraic Ricatti equation,

—-PBR 'BTP+PA+ATP+Q=0
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