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1 Introduction

Course prerequisites:

e Linear systems, e.g.: Az =b

Differential equations: & = f(z)

[ ]
S
<
I
o

Continuous unconstrained optimization: min f(z) —

min ¢!z

st. Az =b

e Linear programming:

Matrix algebra, e.g.: AX =B — X = A~'B

Examples of optimization problems:

e What is the fastest way to get from A to B?

Where is the optimal launch point into the orbit?

e How does the fuel-optimal trajectory to Jupiter look like?

Optimal rate of infusion.

Stock market: stochastic optimal control
A basic classification of optimization problems is shown in Table 1. In this course we will

focus mainly on optimal control.

Table 1: Classification of optimization problems
One decision maker | Several decision makers

No time | Static optimization Game theory
Dynamic Optimal control Dynamic games

Ezample 1.1: Classify the following activities:
e Parking a car: optimal control.
e Drive to Rome: dynamic games.
e Buy Christmas gifts: static optimization.

e Buy operating system: game theory.

Basic Notions:

Robustness. We need to make sure that our solution is not sensitive to changes (perturbations)
in the model.

Convexity. We need mathematical conditions to ensure that solutions are optimal; under con-
vexity assumptions, there exist efficient ways for computing the optimal solution.
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2 Static Optimization

2.1 Static Optimization without Constraints

Univariate case. For a scalar function f : R — R, a necessary condition (first order condition)
for x° being a local minimum of f at x° is given by

The following conditions are sufficient for local minimum at z° (second order condition):

O f(x)
Oz

0f (x)

o =0 and

nd

> 0.

0

Example 2.1: Find the minimum of f(x) = 2* + 223. Figure 2.1 shows a plot of f(z).

M:4$3+16$2;0 - Q:ZO,O,_%
ox
a 2
.2 (255) = 1222 + 122 =9>0 =— minimum.
T 3
T==3

X2 x%

f(x)

Figure 2.1: Function f(x) = 2* + 223. The circle denotes the minimum.

Multivariate case. For a scalar function f : R® — R, a necessary condition for z° being a
local minimum of f at z° is given by

of(x)
of(x) e
o7 | of(x)




2.1 Static Optimization without Constraints
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Figure 2.2: Function f(z,y) = 2% + y? + zy + =.

A sufficient condition for a candidate point x° being a (local) minimum, is a positive definite!

Hessian matrix at x°:

sl g
a2f . i i 1071 0 L10Tn 20
2 (2) = fax(2°) = Af(2°) = : : = 0.
X
2 £ () £ ()
O0xn 011 20 0xn0Tn o

This can be easily shown by considering a truncated local Taylor approximation of f(z);

T82f($)

0z2

x° x°

de + ...

T
[ 9f(z) 1
df = | =52 d + 5 dx

0

If 2° is a local minimum, df must be positive for any variation dz. Thus

2
dg;Taa";(f) de >0 Vdx#0.

x°

Example 2.2: Find the minimum of the given f(z,y) = 2% + y? + xy + 2 which is illustrated
by Fig. 2.2.

1
1 2]=3>0 —> minimum.

det[2] =2>0, det[
O

'A matrix A is called positive semidefinite if 7 Az > 0 for all z € R™ and positive definite if 7 Az > 0 for all
z € R" x # 0. For convenience, we will write A > 0 and A > 0 respectively.
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2.2 Static Optimization with Equality Constraints

Consider the following optimization problem:

min L(z, u)
s.t.
filx,u) =0 i=1,...,n

where x € R" and v € R™, i.e. the number of equality constraints equals the dimension of z.

First Order Conditions. The variations of the objective function L and constraint vector f
with respect to « and w are as follows:

dL = Lldz+ Lldu
df = fedz+ fudu.

Since the constraints have to hold for small variations, equation (2.2) has to equal zero yielding
compatibility conditions for dx:
dr = —f;  fudu. (2.3)

Inserting (2.3) back into (2.1) yields dL with the constraints considered:
dL = (=Lyfy " fu+ Ly)du

For a local minimum, dL must be > 0 for arbitrary variations du. Thus the first first order
conditions are given by:
Ly =Ly f fu=0. (2.4)

Lagrange Multiplier Method. As already mentioned above, for an optimum, equations
(2.1) and (2.2) must be equal to zero, i.e.:

IR 25)

In order for (2.5) having a non-trivial solution for [dz” du], the rank of the matrix must be
less than n + 1. Hence, its rows must be linearly dependent:

Joo fu

where X\ denotes the vector of the so-called Lagrange multipliers. In other words, the gradient of
the objective function can be expressed as a linear combination of the gradient of the constraints:

[1 AT][Lg Lﬂ_o, (2.6)

[Li Ly ]=-M[fe fu].

Equations (2.6) may also be obtained by constructing the Hamilton function H defined as
follows
H(z,u,\) = L(z,u) + \T f(z,u) (2.7)

and computing a stationary point of H by setting its partial derivatives equal to zero:
H, = Lo+ X f,=0

H, Lo+ X' f,=0 .
Hy = f(z,u)=0. (2.10)
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0,5‘*(y2/a2 + ><2/b2)
T

Figure 2.3: Contour plot of L(z, u) with constraint f(x,u) = 0. The circle denotes the minimum.

Ezxample 2.3: Solve the following optimization problem:

. 1 /2% w?
min L(z,u) = 2<a2+bz>

s.t.
flz,u) = z+mu—c=0

Hamilton function:

[\

1 /z u?
H:§(¥+b—>+)\(x+mu—c).

Stationarity conditions:

H, = S 4+A=0

a

U
H, = b—Q—i-)\:O
Hy, = x4+mu—c=0.

After some short algebraic computations, one obtains:
r=a’c/A, u="b’mc/A, A=c/A where A =a®+ m?p?.

Contour lines of L(z,u) and the constraint f(z,u) = 0 are illustrated in Fig. 2.3. 0

Second Order Conditions. To derive sufficient conditions for a minimum, consider a local
second order Taylor expansion of dL. and df at a critical point:

T
B T T 1 Tx Tu
b = [LmL“][du]Jrz[du] [Lu:c Luquu]’
T
B T T L xrx ru
=1 fU]{du]JrQ{d“] {fux wad“]'
Next, the expression dL + AT df is computed using equations (2.8) and (2.9):

T
dzx 1| dx H. H. dzx
T _ T T - T ur
dL=+2 fﬂ_w[du]Jrz[du] [Hw Huu][du}
0 0
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Inserting compatibility conditions (2.3) eliminates the dependent variations dax:

_1 T _fajlfu g Hm" qu _fajlfu
dL = idu { T Hy Hy, T du.

Since a local minimum requires that dL > 0 for all arbitrary variations du, the second order
conditions are given by:

_ T _
R e ] e 2



3 Discrete Time Optimal Control

In this section we will derive the necessary equations for computing the optimal control law for
a discrete-time system.
3.1 Solution of the Generic Time-Discrete Control Problem

The equations of the discrete time system are given by
Th+1 :fk(ack,uk), k‘Zi,...,N—l, (3.1)

where i denotes the start time and NV the end of the optimal control problem. Our aim is to find
the control law that minimizes a certain cost function or performance index which is defined as

follows:
N-1

J = CI)(N, .CE‘N) + Z Lk(:rk,uk). (3.2)
k=i

In a nutshell, the optimization problem is given by

min J
s.t. .
$k+1:fk(33k,uk), k=4,...,N—1.

Examples for cost functions:
e Minimum time: LF =0, ® =N or L* =1, & = 0.
e Minimum fuel: LF = |uy|, ® = 0.
e Minimum energy: LF = |ug|?, ® = 0.

Similar to the static optimization with equality constraints introduced in Section 2.2, the
system constraints (3.1) are taken into account by appending them to the cost function via
Lagrange multipliers:

N-1
J = N l’N + Z |: mk,uk + >\k+1(fk($k,uk) — l’k+1) . (3.3)
k=t

With the Hamilton function H* defined as

Hk(.f(}k, Uk) - Lk(‘r’w uk) + )\Clﬁl:1+1fk(xk7 Uk),
equation (3.3) can be rewritten as follows:

N—-1
J = (I)(N, -fN) - /\7]\1].%]\[ + H’(:cz,uz) + Z {Hk(xk,uk) + )\%l’k . (3.4)
k=i+1

To derive necessary conditions for a minimum of J, its variation dJ has to be considered:

dJ = (Pay — A ) drn + ( d«Tz + Z — k) Td:ck + (Hii)Tdui—i—
k=i+1
N-1

N
+ > (HE) dug+ Y (HY = ap)

k=i+1 k=i+1



10 3 DISCRETE TIME OPTIMAL CONTROL

For a minimum, the increment d.J must be > 0 for all variations dxy,, duy, d\;. Thus all factors
of (3.5) are required to equal zero:

OH* N _ )

Tpy1 = v = f"(xg,ur) state equation,
oH* afe\" oLk

Ak = — = or A:+1 + = costate equation, (3.6)
oH* are\" dL* o .

0 = — = —— | Ar+1+ =— stationarity equation.

Note that in contrast to the state equation, the costate equation runs backward in time, i.e.
future As at time k + 1 yield present ones at time k. Last but not least, also the boundary
conditions follow from dJ > 0:

0P T
(—8:6]\/ - /\N> dry =0 (3.7)

and

iN T
H'L
<%x‘ > da; = 0, (3.9)

Exemplary boundary conditions:
e Initial state given: x; =29 =— dx; =0.

e Final state free: arbitrary variations deny = @, — Ay =0.

Ezample 3.1: Compute the optimal control law that minimizes

, N1
_r 2
J = 2 Z Uk
k=0
subject to the discrete time system

Trt+1 = axy + bug

for fixed initial state xg and fixed final state x .
For this example, equations (3.6) become

Tpe1 = axg + buy,
)\k = a)\k+1, (39)
0 = b)\k—i-l + rug.

Solving the second equation of (3.9) yields immediately an equation for Aj:
A = aN_kAN. (3.10)

The control law u can be computed explicitly from the last equation:

b

Substituting both into the first equation of (3.9) yields a difference equation for xyy:

N—k—1
Tpt1 = AT — Ya AN,
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where v = %. This equation can be solved analytically:

(3.12)

To compute the yet unknown Ay, the boundary condition for the final state being zx has to be
considered, i.e., equation (3.12) must conform to the boundary condition:

TN = aNacg — Ay,

1_a21\7

where A =~ . Thus,

—a2

AN = K(aNiUo —xN)

Finally, plugging this and (3.10) in (3.11) yields the control law:

b
up = ﬁ(mN —aNxg)aV L

Note that if the final state is equal to a™¥ zg, i.e., the state to which the system would go without
doing anything, the control law becomes zero. Since every control action u gets punished in the
cost function, this is indeed a wise decision. Just for reasons of completeness we state the cost
function without derivation: .

2

Jo = ﬂ(l‘]\/’ —aV )t

3.2 Linear Quadratic (LQ) Regulator

The equations derived in the previous section apply to the generic case of nonlinear systems and
arbitrary cost functions. Unfortunately, explicit solutions for the control law can be obtained
only for some special cases such as linear systems with quadratic performance index. This so-
called LQ Regulator Problem will be considered in the following. Surprisingly, we will be able
to obtain a feedback control law in case of a free final state.

3.2.1 LQ Problem with Finite Time Horizon

The state equations of the linear system are given by:
Tyl = Apxy + Brug, (3.13)

where x € R"™, v € R™ and A, By are appropriate matrices. The cost function J for the
problem starting at time ¢ and ending at time IV is defined as:

N-1
1 1
J = ?U%SNxN +3 > (@f Qrar + uf Ryu), (3.14)
P

where Sy and Q) are symmetric positive semidefinite matrices and Ry is a symmetric, positive
definite matrix. For this optimal control problem, state-, costate-, and stationarity-equation
(3.6) become:

Tpy1 = Aprp + Brug, (3.15)
Ne = Quag + AL 41, (3.16)
0 = Rpup+ BF\pi. (3.17)
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By computing wuy from (3.17),
up = =R B Ay, (3.18)

equations (3.15) and (3.16) can be rewritten as:

=l L]
Ak Qk AT el |

For a free final state x, we obtain a boundary condition for Ay according to equation (3.7):
S NIN = A N-

In order to compute the optimal control law, a little trick has to be applied: assume that there
exists a S such that

Sk = Ak (3.19)

Thus the state-equation (3.15) becomes
Tt1 = Agry — BrRy Bl Spi1mp4.

and is solved for zj4q:
Th+1 = (I + BkRI;IBgSkJrl)_lAkwk. (3.20)

Together with definition (3.19) the costate equation (3.15) can be written as:
Skwr = Qrak + Al Spr1Th41-

Plugging equation (3.20) into the previous one yields:
_ -1
Spxrr = |Qr + AZSIC-H (I + BkRk 1BES]€+1) Ak} Tk (3.21)

Since above equation must hold for arbitrary states xx, we require Sy to equal the square bracket
term:

_ —1
Sk = Qr + AL Sks1 (I + BiRy ' Bl Sj1) Ax. (3.22)

This is the famous Riccati Recursion which enables us to recursively precompute the matrices Sy
starting at Sy which is given by the performance index (3.14). Note that since Sy is symmetric
and positive definite, all Sy will have these properties too.
Finally, the control law is obtained by inserting definition (3.19) and state equation (3.15)
in (3.18) :
Up = _R;1B£Sk+1xk+1 = —R;IB;‘CFS;CH(Akxk + Bkuk)

Solving for uy yields an expression for the optimal control law:

-1
u) = — (Bf Sk41Bi + Ry,)  Bi Skr1Ap v = —Kag,. (3.23)

K

It is important to note that we managed to express u? as a linear function of the current state
Tk, i.e., we found a closed loop control for the LQ regulator problem.

For completeness, we state the cost function with respect to the optimal control law (without
derivation):
1
3%

Jo(a?i) = ZTSzxz
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3.2.2 Time Invariant LQ Problem with Infinite Time Horizon

In the time invariant case A, By, Rr and Qi aren’t dependent on time k. To obtain the control
law in case of an infinite time horizon (or equivalently k¥ — —o0), we need to compute the limit
Soo = limg_,_ o Sk. Using the condition Sy = Sk41 = S in (3.22) yields the discrete algebraic
Riccati equation (DARE):

Seo = Q+ ATS, (I+BR'BTS,) " A, (3.24)

What is left is to answer the question when S, is bounded. In the following we will state
conditions to guarantee a bounded solution:

Stabilizability The system (A, B) is stabilizable if 3K such that A — BK is stable, i.e. for
discrete time systems |\, (A — BK)| < 1.

Theorem 3.1 (without proof) If (A, B) is stabilizable, then Soc = limg_,_o Sk is bounded
and a positive definite solution of the DARE (3.24).

Since @ = 0 there exists a matrix Q such that Q = CTC. If (A, C) is observable, the costs J
will indicate if z goes to infinity: Y 2] Qui, = 3 [|Cai|* = 3 |Jywl %

Theorem 3.2 (without proof) Let Q = CTC = 0. If (A,C) is observable and (A,B) is
stabilizable, So 1is the unique positive definite solution of the DARE (3.24) and the closed loop
plant (A — BK ) is asymptotically stable.

Ezxample 3.2: Consider the following 1-dimensional optimal control problem with infinite time

horizon: )

min J = 3 Z (qxi + ruz)
k
s.t.
Tp+1 = ax + buy, la] < 1 (stable system).

and compute the optimal controller gain K, in case of very expensive control, i.e., r — oo.
For this example, the DARE (3.24) simplifies to:

2 12
2 _ Soob
Foo = (800 r+b2soo> t4

and respectively ko, is given by:
abss
koo = ———.
r+ b2800

Letting r — oo yields the following limit for s, and kuo:

q
1—a?

and ko = 0.

S0 —

This is a reasonable result since we required our system to be stable, i.e., its state goes to 0
without any controller action, and control is very expensive. 0
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4 Continuous Time Optimal Control

Knowing how to compute the optimal control law for discrete time systems from Section 3, we
move on to optimal control of continuous time systems.

4.1 Solution of the Generic Continuous Time Optimal Control Problem

Regard the continuous time system

T = f(x,u,t). (4.1)
Similar to Section 3 we introduce a cost functional J(z,u,t) as a performance measure for our
problem starting at time t, and ending at time 7"

T

) = &(x(T), T) + / L(x(t), u(t), t)dt. (4.2)
to

Our aim is again to find the control law u(¢) that minimizes the costs J and furthermore satisfies

additional constraints at final time 7"

V(z(T),T) = 0. (4.3)
To sum up, the optimal control problem is given by

min J(z,u, t)

s.t.

= f(x,u,t)

U(x(T), T) =0.

To get rid of the constraints, the Lagrange multiplier method is applied again yielding the

extended performance index J:

T
J = ®(a(T),T) + v W(a(T),T) + / (L), ult) ) + N O(F @ u,t) — &) b, (4.4)
to
where v and A(t) denote the Lagrange multipliers corresponding to final state and system dy-
namic constraints.
Next, we define the Hamiltonian

H(z,u,t) = L(z,u,t) + AT f(z,u,t). (4.5)

and compute the variation d.J to derive necessary conditions for a minimum. After some short
algebraic computations and using integration by parts, one obtains:

dJ =@, + 9Ty + Nda(T) 4+ (@4 + O+ H — N + ATi)dt(T) + 9T (T)dv + AT dx(to)—

T

(H — XTq + \Tq)dt(to) + / [(Hx + M) dz + (Hy — &)Td\ + HT du] dt. (4.6)
to

For a minimum dJ must be > 0 for arbitrary variations, i.e., the bracket terms which are

multiplied with an increment must vanish. Thus, analyzing the terms in the integral yields

state, costate and stationarity equation:

{ on tat ti
r = — state equation
a)\ q Y
‘ OH
A= —— costate equation, (4.7)
ox
OH : : :
0 = Du stationarity equation.
u

Furthermore, boundary conditions for free final state and/or time are obtained from the first
two terms in (4.6):

(B, + UTv = N da(T) + (@4 + Uyv + H) . dT = 0. (4.8)
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Properties of the Hamiltonian Consider the absolute time derivative of the Hamiltonian
together with equations (4.7):

T T T
= (20 (1) (D)5 28 g 008

Ox A EX ot ot~ ot
_\T T

If f= f(z,u) and L = L(x,u) are independent of time ¢, the time derivative of H = H(x,u) is
equal to zero and and as a consequence H must be constant along trajectories of the system?.

Ezample 4.1: Lagrange’s Equation of Motion. Find the function z(t) that minimizes the
following functional:

T
J:/ L(z,&)dt
0

by using the “fake” dynamics £ = u above problem can be cast into the standard form:

T
min J = min/ L(z,u)dt
0

s.t.
T = u.

Thus, the Hamiltonian is

H = L(z,u) + Au

and state, costate, and stationarity equations (4.7) are given by

T = u (4.9)
AN = —L, (4.10)
0 = L,+2A (4.11)

Inserting the time derivative of (4.11) together with (4.9) in (4.10) yields the well-known La-

2In physics a constant Hamiltonian is interpreted as conservation of energy.
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grange equation of motion:

oLy or_
dt \ 0z or

Ezample 4.2: What is the shortest path between two points? See Fig. 4.1.
X(t
® A

B

~Y

a b

Figure 4.1: Shortest path between two points.

b
J:/ V14 2dt

Substituting & by u transforms the problem into an optimal control problem of standard form:

b
min/ V14 u?dt
a
s.t.
T =u.

Hence, L = v/1 + u? and equations (4.9)—(4.11) become:

T = u
A =0

(4.12)
(4.13)

(4.14)

Equation (4.13) implies that A must be a constant and due to (4.14) v must be constant too. As
a consequence, x(t) must be a linear function: z(t) = cx + d. Inserting the boundary conditions
yields a straight line connecting points A and B. Note that the boundary conditions weren’t
necessary to obtain the structure of the optimal solution — it’s already contained in the state,

costate, and stationarity equation.

4.2 Linear Systems

Consider the linear system
i = Az + Bu

with respect to the given value function

T
J = %:r(T)TST:):(T) + % / (2T Qx + u” Ru]dt.
0

O

(4.15)

(4.16)
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Hence, the Hamiltonian is given by
1
H= §(JJTQ1‘ +u” Ru) + AT (Az + Bu)

and the state, costate, and stationarity equations corresponding to our optimal control problem
are as follows:

& = Az + Bu, (4.17)
\ = —Quz— AT\,
0 = Ru+ BT\ (4.18)

Computing the optimal control law from (4.18)
w=—R'BT)\

and inserting it in (4.17) yields a 2-point boundary value problem which must be solved according
to the boundary conditions:

# = Az — BR'BT)\
A= —Qz— AT\

Analytical solutions can be obtained in the following cases:
e Fixed final state and @ = 0 (see [1, Section 3.3, p. 165]) and

e Free final state, yields closed loop control (see [1, Section 3.3, p. 170]).

4.2.1 Model Reduction - Balanced Realizations

Consider again a linear plant

&t = Az + Bu (4.19)
= C(Cu, (4.20)

where y denotes the output of the system and A is Hurwitz-stable, i.e., Re(A(A4)) < 0. The
transfer function for the system above is as follows:

G(s)=C(sI — A)7'B.

Our aim is to find a new transfer function G, (s) that has fewer poles than the n ones from
G(s) but still describes the behaviour of the system properly, i.e., the error

G(5) = Gr(9)] |, = sup [G() = G ()] = supa(Gw) = Grlw),

is minimized. In above expression, ¢ denotes the maximum singular value.
To find an approximate solution to this problem, we firstly compute the optimal control law
that drives the plant from initial state equal to zero to final state equal to zg in infinite time:

1 [oe)
J = —/ uludt.
2 Jo

We just state the solution of this optimal control problem without derivation (check it!):

u* = BTeA W gy, (4.21)
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where W, denotes the controllability gramian:
o0 T
W, = / e"BBTeM Ut (4.22)
0

The cost function, i.e., the optimal energy are ellipsoids:

Next, we consider the energy of the system’s output with initial state xy and input u(t) set
to zero:

and

where W, denotes the observability gramian

W, = / AT Ot (4.23)
0

Remark In practice the gramians (4.22) and (4.23) aren’t computed by doing the integration
but rather by solving the corresponding Lyapunov equations:

AW, + W.AT + BBT =
ATW,+W,A+CTC = o.

Note that in both cases (minimum energy to take system to zy and zero input) the energy
is a quadratic form. The eigenvectors of W, and W, represent the principal axis of the resulting
ellipsoids and the eigenvalues their corresponding lengths. The eigenvalues are a measure of
how “controllable” respectively “observable” a state is. If we want to find out which states
contribute much to the input-output behaviour we have to take into account both controllability
and observability. Unfortunately, the ellipsoids generated by W, and W, are usually not aligned.
Thus we are looking for a coordinate transformation x = Tz which lets the ellipsoids coincide:

z = flz—}—Bu
y = Cz,

where A = TAT™!, B=TB, C = CT~!. Furthermore, W, = TW,ITT and W, = T-Tw, T
Note that although the transformation changes the eigenvalues of W, and W, the singular values
of their product o; = \/A(W.W,) are invariant. The following theorem states the existence of a
transformation with the properties mentioned above:

Theorem 4.1 Given two symmetric positive definite matrices W, W,,, there exists a transfor-
mation T, such that
TWIT =T TW, T~ = diag(oy, ..., 0n)
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After applying T the transfer function of the system is given by

i o Ay A | B
G(s)=C(sI-A)'B=| Ay Axn|B |,
¢, G| 0

where A1 is an 7 X r matrix.

Theorem 4.2 Let the approximating transfer function Gy(s) be defined as follows:

Ay | By
Gr(s) = .
(s) [ A ]
Then following inequality holds:

1G(5) = Gr(s)lloo <2 0.

r+1
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5 Dynamic Programming

Principle: If we know an optimal path, then every sub-path is optimal too.

5.1 Discrete Time Dynamic Programming

To illustrate the basic idea of dynamic programming for discrete systems, we start off with an
example:

Ezample 5.1: Find the path with the lowest costs given by Fig. 5.1 for going from A to B.

=0 =1 =2 =3 =
Figure 5.1: Find the cheapest path to get from A to B.
Solution procedure:
e Start going backwards in time.
e Replace future decisions by the current value function.

e In order to make a local decision at time k minimize the sum of the current decision at
time k and the value function at time k + 1. This gives the value function at time k.

Applying above rules yields value function and control law (in which direction one should go)
step by step. Fig. 5.2 shows the results for each of the different time steps. 0

We will now carry over the ideas from this introductory example to solve general discrete
time problems. Regard again the generic state equations given by

Try1 = [r(Tk, uk)
with the corresponding cost functional

N-1

J(z;) = ®(zy, N) + Z Ly (g, ug).
h—i

To compute the optimal decision ug at current time k we assume that the optimal costs and
control law for all future time steps are already known. The optimal costs Ji are given by the
sum of the costs of the current decision and the optimal costs for the subsequent time steps:

Ji () = min [Ls(uk, ) + T (@) -

Solving this equation backwards in time for all states yields the optimal control law.
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t=0 t=1 t=2 t=3 t=4 t=0 t=1 t=2 t=3 t=4

t=0 t=1 t=2 t=3 t=4 t=0 t=1 t=2 t=3 t=4

Figure 5.2: Solution procedure for the optimal path problem

5.2 Continuous Time Dynamic Programming

In this section we will consider dynamic programming for continuous time systems of the stan-
dard form

t = f(z,u)

with the already well-known cost functional
T
I, ut) = &(x(T), T) +/ Lz, u, t)dt. (5.1)
¢

5.2.1 Derivation of the Hamilton-Jacobi-Bellman (HJB) Equation

In the following we will derive the HJB equation as a necessary condition for the value function.
Before we proceed, we split the integral into two parts:
t+At T
J(x,u,t) = &(x(T),T) —l—/ L(z,u,t)dt —l—/ L(z,u,t)dt
t t+AL

Analog to the solution procedure applied in the previous section, we assume that the optimal
solution for the second part is already known and the optimal costs are thus given by

t+AL
J (x,t) = min [/ L(z,u, t)dt + J*(z,t + At)] :
¢

J*(x,t + At) is now replaced by a first order Taylor approximation:

t+At
J*(,1) = min [/ L, u, )t + (@, ) + I} (2, ) At + Tz, t)Ax] .
t

u
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Dividing by At and letting At tend to zero yields the Hamilton-Jacobi-Bellman equation

—Ji (x,t) = min [L(z, u,t) + T (x,t) f(x, u,t)] . (5.2)

u

The terminal condition for this scaler first order PDE follows directly from the fact that the
value function must equal the end cost term of (5.1) at final time 7™

J(z(T),T) = ®(x(T),T).

By defining the Hamiltonian H(z,u, \,t) = L(x,u,t) + AT f(x,u,t) (5.2) can be rewritten as

_M:minH $7U,M,t .
ot u ox

5.2.2 The HJB Inequality

Note that equality in (5.2) holds only for the optimal control law that minimizes the right hand
side. Consequently, following inequality must hold for all other wu:

Theorem 5.1 Let V' be a function such that

—Vi(w,t) < L(z,u, t) + V] (2,0) f (z, u, 1) (5.3)
with boundary condition
V(2(T),T) = (a(T),T) (5.4)
Then
V(z,t) < J*(t,x). (5.5)
Proof:
T

L(x,u,t)dt > ®(z=(T),T) + /tT [—Vi(z,t) — VI (z,t) f(x,u, t)] dt =

T
=®(x(T),T) + /t —% (V(z(t),t))dt = &(=(T),T) + V(x,t) = V(x(T),T) =
®(2(T),T)

=V (x,t).

Remark: If V} and V5 are solutions of (5.3)-(5.4), then every convex combination of V; and
V5 is a solution too, i.e., AV + (1 — \)Va with A € [0, 1].

5.2.3 LQ Regulator - Once Again

Consider again the linear system (4.15) with cost functional (4.16) from Section 4.2, page 16. In
the following we will derive the optimal control law for the problem with free final state by using
the HJB equation. To compute the control law that maximizes the Hamiltonian, we simply set
its partial derivative equal to zero:

0H

— =Ru+BT'A=0.

ou
Hence

u=—-R'BT\
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Inserting this into the HJB equation yields the following PDE

1 1
T = QxTQ;p + 5(_RleTJ;)TR(_RleTJ;) + J:T(Az — BRT'BT )

1 1
—J; = §a:TQx - 5J;;TBR*1BTJ;§ + 2T Ax

with terminal condition

J(x(T),T) = §xTST:):.

By using the ansatz

1
J*(x,t) = ixTS(t)x,
we obtain 1 1 1
—§.TUTSSU = 5xTQx — ExTSBR_lBTSx + 2T SAz.

Note that all terms in above differential equation are quadratic in the state. Since it must hold
for all x, we obtain the following Matriz Riccati Differential Equation as a solution:

—S = Q—SBR'BTS+SA+ ATS

S(T) = Sp. (56)
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Figure 6.1: Kalman filter in the loop

6 LQG Regulator - Kalman Filter

In Section 5.2.3 we derived the optimal feedback control law for a linear system under the tacit
assumption that all states are measurable. However, in reality we often don’t have access to the
full state space and must get along with the information from the measured output y.

6.1 Kalman Filter

Consider the following state space system with output y:

T = Ax+ Bu

o — Ca (6.1)

In order to employ the feedback law of the form u = —Kx, we must somehow estimate the
state = by the measured output y. Figure 6.1 shows the block diagram of the resulting output
feedback control law. Being a stochastic approach, the Kalman Filter tries to compute the best
estimate & for the system under the assumption of additional process and measurement noise:

& = Ax+ Bu+ Guw
y = Cz+u, (6.2)
where w and v denote white noise given by

Elwt)w(t +7)7]
Eltvt+71)7T] = §(1)R, R=O0.

I
=3
2
O
Q
Y
o

For computing the estimated state £ we use
& =A%+ Bu+ L(y — 9)
or, with the estimated output § = C'z,
& =(A— LC)i+ Bu + Ly. (6.3)
The dynamics of the estimation error e = x — & are thus given by
é=(A—-LC)e— Guw — L. (6.4)

Note that if (A — LC') is Hurwitz, the error would tend to zero in case of absence of noise. Our
aim is now to find the best possible estimator gain L that makes the error small or, equivalently,
minimizes the trace of its covariance
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It turns out that the error covariance P(t) must satisfy the algebraic Riccati equation
AP+ PAT + GQGT — PCTR™'CP =0 (6.5)
and the Kalman gain L is given by (for a detailed derivation refer to [1, pp. 459-470])
L=PCTR™L (6.6)
Let us rewrite the differential equations for the state and the error in matrix form:
x A—-BK  BK x B G 0
L [T [ e[ e [ 2]

M

y:[c()}{i]

Separation principle for stability. If both A — LC and A — BK are stable, i.e., stable
controller and stable estimator, then the full control interconnection (controller + estimator) is
stable.

6.2 Stability Margins for the LQ/LQG Regulator
In the following section we investigate how a perturbation ¢ of the feedback gain K, i.e. u =

—0 Kz, can affect stability of the system.

Case 1: State Space Feedback Control Consider again the LQ problem with full measur-
able state space from section 5.2.3. In case of an infinite time horizon (5.6) becomes

SA+ATS = -Q+ SBR'BTS. (6.7)

and the feedback gain is given by
K =R!'BTs. (6.8)

Subtracting (§BK)TS and S§BK from (6.7) and using (6.8) on the right hand side yields:
S(A—-0BK)+ (A—-6BK)'S=-Q— (26 —1)[SBR™'B’S]. (6.9)

This can be considered as a Lyapunov equation for the system (A—JBK) and since SBR™'BT'S
is positive definite, the right side of (6.9) is negative definite for § > 1 and hence (4 — 6BK) is
guaranteed to be stable for all § satisfying this condition.

Case 2: Output Feedback Control There are no guaranteed margins for the LQG regula-
tor. See [2]
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