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Preface

This book contains lecture notes which are used in the Advanced Control Theory
course which is held at the master study in Systems and Control Engineering at
Faculty of Technology at University of South-Eastern Norway.

Some of the chapters is based on translated lecture notes in Norwegian. Hence, some
of the theory also exists in Norwegian.

These lecture notes should give depth insight in Optimal Control of continuous as
well as discrete time systems.

System theory, optimal control theory and estimation theory is central topics in the
course. There also is one remarkable equation which comes up at diverse places in
those topics, namely the Riccati Equation, after Count Jacopo Francesco Riccati
and his paper from 1724.

In order to give an historical perspective we end this preliminary words by a verse
written by Count Riccati:

Since adolescence, the mind should be educated to treasure the most
eminent of sciences and the finest of arts.

I do not want to claim that every topic should be probed in detail.
Following one’s own talent and inclination, one should select at least
one topic, and study it in depth. In the others, one should follow

the example of the bee which sucks a drop of nectar from each flower...

This cite is from the Opere of Count Jacopo Riccati ca. year 1676-1754. See Bittanti,
S. (1989).
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Chapter 1

Topics in Analysis of Linear
Systems

1.1 Continuous time linear state space models

Definition 1.1 (Strictly proper linear state space model)
A continuous time, time invariant, strictly proper linear state space model is defined
as follows

& = Ax + Bu, (1.1)
y = Dz, (1.2)

where v € R" is the input vector, x &€ R" is the state vector and y € R™ is
the output vector. z(ty) = x¢ is the initial state at the initial time ¢3. The time
invariant (constant) matrices A, B and D are of dimensions n X n, n x r and m x n,
respectively.

A

Definition 1.2 (Proper linear state space model)
The linear model in Definition 1.1 is only proper if there is a direct influence from
the input vector u to the output vector y in the output equation, Eq. (1.2), i.e.

& = Ax + Bu, (1.3)
y = Dx + Eu, (1.4)

where E is a m X r constant matrix.

A

Equation (1.1) is referred to as the state equation and Equation (1.2) is referred
to as the output equation. The output equation is some times referred to as the
measurement equation or equation of measurements. The dimension n of the state
vector x is referred to as the system order. The matrix A is referred to as the state
matrix, the matrix B is referred to as the input matrix or also the control input
matrix, and D, F is referred to as output matrices. Furthermore, the linear model,
Equations (1.1) and (1.2), is defined to be deterministic if the input vector u is
exactly known.
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Definition 1.3 (Combined deterministic and stochastic model)
A continuous time, time invariant, combined deterministic and stochastic model is
defined as follows

& = Az + Bu + Cv,

y = Dx+ EFu+ w,

where u is the known (deterministic) input vector, v is the stochastic (usually un-
known) process noise vector and w is the stochastic measurements noise vector.

A

Remark 1.1 Note that an only proper state space model as defined in (1.3) and
(1.4) can be expressed as the following strictly proper state space model

2= 0wl [ [l w

y=[DE] [:C] (1.8)

u

1.2 Solution to the continuous state equation

The state equation & = Az + Bu have the following solution
t
z(t) = eAt0)p(¢0) +/ A7) Bu(r)dr. (1.9)
to
The initial time is often assumed to be zero, i.e. t{g = 0. The transition matrix ® is
defined as
B(t, ty) = eAt10), (1.10)

The solution x(t) given by Equation (1.9) can be written in terms of the transition
matrix ® as follows

x(t) = ®(t,to)x(to) + /t O(t, 7)Bu(r)dr. (1.11)

to

A special case which is of particular practical importance in connection with dis-
cretization of continuous models is to consider the case were u(7) is constant in the
time interval to < 7 < t. Hence we have that (1.11) can be written as

z(t) = ez (t9) + A7 (A1) — 1) Bu(t) (1.12)
when A is non-singular. This can be proved as follows

ft O(t, 7)Bu(r)dr = (ftg A7) Bdr)u(r) = [—A‘leA(t_T) ]io Bu(to)

to

= (A7 = (—ATN)eAC)) By(ty) = A (eAl0) — [)Bu(ty)  (1.13)

where we have used that u(7) = u(tp) in the time interval ty < 7 < t. The integral
in (1.11) can also be solved for the case when A is singular. See exercise 19.1 and
solution 19.1 for an example.
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1.3 Discrete time linear state space models

For some linear systems the state, input, output and noise vectors are defined only
at fixed time instants, say

tr = kA, (1.14)
where k > 0 is defined as the discrete time, usually the integer values
k=0,1,2,... (1.15)

and At is the sampling interval, usually a constant time interval.

If an arbitrarily continuous vector signal u(t) is sampled at the discrete time instants
as specified above, then we have a sequence of vectors defined only at discrete time
instants

u(ty) = u(kAt) vV E=0,1,... (1.16)

We will make the following shorthand notation

we W uty) = u(kAt). (1.17)

In a Digital Control System (DCS) we frequently have that the input u(t) to the
process is applied periodically at time instants t; = kAt and held constant within
the period, i.e.

u(t) =up V kAt <t < (k+1)At and £k =0,1,... (1.18)

A discrete signal uy can be converted to a stepwise constant continuous signal ()
as defined in (1.18) by using a zero-order hold element, i.e. a digital to analog
converter.

In digital control systems a discrete input uy to the process is usually computed by
a digital controller. The digital (discrete) signal u; must be converted to an analog
(continuous) signal before being sent to the process (or final control element, such
as e.g. a valve position). One of the most common digital to analog converters is the
zero-order hold element which results in a signal u(t) as described above in (1.18).

Another digital to analog converter is the first-order hold element. A first-order
hold assumes that the signal changes linearly as predicted from e.g. the two recent
samples ug_1 and ug

Suppose now that the continuous output y(¢) from the process is observed also
periodically at discrete time instants of time which, however, need not coincide in
time with the time instants at which the inputs are adjusted. Define

yr = y(kAt + At') where 0 < At' < At and k=0,1,... (1.19)

We will call At’ the displacement in time between the sampled variables uy and y.

A discrete time state space model is presented in the following definition.
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Definition 1.4 (Discrete time, proper state space model)
A discrete time, time invariant, proper state space model is defined as follows

Tr+1 = Az + Bug, (1.20)

where u; € R" is the input vector, y; € R™ is the output vector and z; € R" is
the state vector. A is the state transition matrix and F is the direct feed-through

matrix. xg is the initial time state vector. zq is usually specified.
A

Note that the discrete time system may have a direct feed-through term E # 0 even
if the underlying continuous time system has not. The reason for this is e.g. the
presence of a displacement At’ in time between the input wu; and the output y.

Hence, a discrete version of a continuous model & = A.x+ B.u and y = D.x is given
by (1.20) and (1.21) with the discrete model matrices

A=eAedt B = [BeATp dr
D = D™ E =D, [ eAemdr
and where At is the sampling time and At’ is the displacement between the input

and the output. A common special case is to assume that the displacement At' = 0.
In this case we have that D = D, and E = 0.

A linear or linearized system which is influenced by process noise v; and measure-
ments noise wy can be described as in the following definition.

Definition 1.5 (Discrete combined deterministic and stochastic model)
A discrete time, time invariant, combined deterministic and stochastic model is
defined as follows

Tr11 = Axg + Bug + Cuy, (1.22)
yr = Dz + Fug + wg, (1.23)

where uyg is the input vector, v is the process noise vector and wy is the measure-
ments noise vector.

A

Remark 1.2 Note that the only proper state space model, as defined in (1.20) and
(1.21), can be expressed as the following strictly proper state space model

Bzi] - [éﬂ@* [?]ukﬂ (1.24)
v=[DE] [i:} (1.25)

where the initial time state vector is given by

Fo = [wo} (1.26)

Uo

We have here assumed that the initial time is k = 0.
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Some alternative methods for reformulating an only proper state space model into
a strictly proper state space model are discussed and presented in Exercises 77 - 77
and Solutions 77 - ?77.

Discretization: varying sampling rate
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Figure 1.1: A 1.st order continuous model (& = —z 4+ u, y = 1z) excited with a

unit input step response is discretized with varying sampling rate.
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Figure 1.2: A 1.st order continuous model (& = — %:L‘ +u, y = %aj) exited with

a unit input step response is discretized with varying sampling rate. The discrete
state space model parameters are illustrated as a function of the sampling rate. The
continuous model is strictly proper (E = 0).

Example 1.1 (Effect of sampling a continuous SS model)
Consider a continuous time, strictly proper state space model given by

1 1
T = —3% +u, y= 3% (1.27)
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The continuous response after an input experiment is illustrated in Figure (1.1).
The continuous time model is simulated from time to = 0 to t1 = 79.9 by using
the Matlab Control System Toolbox function lsim.m. The continuous time instants
is generated by t = 0 : 0.1 : 79.9 which results in 800 time instants with a time
increment (sampling time) of 0.1.

The data which results from the simulation of the continuous time model is sampled
with varying sampling interval of At =5, At = 10 and At = 20. The discrete time
instants are also illustrated in Figure (1.1).

It can be shown, by e.qg. using a system identification method, that the discrete time

instants are exactly given by a proper state space model of the form

Tht1 = Az, + Buy (1.28)
yr = Dxp + Fug (1.29)

where the discrete state space model parameters are as illustrated in Figure (1.2)
and presented in the table below.

AtO 5 10 20
A —10.18890.0357 0
B 1 0.1584 0.0356 0 (1.30)

1
D i 1 1 0
E 0 0.8047 0.9631 1.0053

The discrete model parameters
shown in Figure 1.2.

A

Example 1.1 illustrates the fact that sampling a strictly proper continuous state
space model may give rise to a discrete time state space model which is only proper,
i.e. a state space model characterized with a direct feed-through term Fuj from the
input ug to the output yy.

The reason for this is usually the presence of some kind of displacement in time
between the signals. E.g., a small displacement in time between the input u; and
the output yy.

Remark 1.3 Consider a continuous model & = A.x + Beu and that the input is
constant over time (sampling) intervals of size At > 0, i.e., u(t) is constant for
tr <t <tp+ At. An ezxact discrete time model can then be derived from (1.12) and
s given by

Tpt1 = Az + Buy (1.31)

where
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1.4 Controllability

Definition 1.6 (Controllability)

The linear system, Equation (1.1), is said to be completely (state) controllable if for
any initial state vector xy = x(to) there exist a finite time ¢y and a control vector
u(t) for the time interval tg < ¢t < ¢; which moves the state vector to a prescribed
final state vector x; = x(ty).

A

It exists several criteria for controllability which gives us a (yes or no) answer to
whether a linear system, defined by the pair (A, B), is controllable or uncontrollable.

Theorem 1.4.1 (Controllability matrix)
The pair (A, B) is controllable if and only if the controllability matrix

C,=[BAB A’B --- A""'B] € R™"7, (1.34)

has rank n, i.e. rank(C,) = n.

If rank(B) = rp > 1, then, this condition reduces to
Cprpi1 =B AB A’B ... A»"8B] ¢ RVmretbr (1.35)

where we have assumed that n —rp + 1 > 0. The pair (4, B) is controllable if and
only if the reduced controllability matrix C,,—,,+1 have rank n.
A

Theorem 1.4.1 is valid for both continuous time and discrete time models. Un-
fortunately, this theorem may give a wrong answer, since the computations of the
controllability matrix (C),) may be related to great errors, because of subtractive
cancelations in evaluating the powers of A. For multi input systems, » > 1 and
rank(B) = rp > 1, Equation (1.35) is recommended (if Theorem 1.4.1 is to be
used), because powers of A only up to A" "8 has to be computed. The rank test of
the controllability matrix works well on small systems which can be solved exactly
by hand, but it may lead to a very poor algorithm when used as the basis of machine
software.

The MATLAB Control System Toolbox function ctrb can be used to form the
controllability matrix C,,, i.e. C,, = ctrb(A, B).

Example 1.2 (Controllability)
Given a system described by

-] 5] 039

The controllability matriz for this system is given by

(1.37)

Cy— [B AB] - [1 1+52]

4] 52
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The system is controllable if § # 0 because rank(Ca) = 2 in this case.

But if a computer with machine precision eps is used to compute Co, then we will
get

11 11
CQZ[BAB}:{MQ}:{OO] (1.38)
when § < /eps. The reason for this is that § = 6% = 0 in this case. Note that

rank(Cs) = 1 in this last case. The computer based controllability test says that the
system is not controllable even if it is.

1.4.1 Continuous time controllability Gramian

Theorem 1.4.2 (Continuous controllability Gramian)
Assume the linear continuous time model. The pair (A, B) is controllable if and
only if the n x n controllability Gramian

t
We(t) = / A"BBTeA Tdr € R (1.39)
0

is positive definite for some ¢t > 0. W, is positive definite if and only if rank(W,) = n.

A

If A is a stable matrix, then for ¢ — oo, the continuous infinite time controllability
Gramian satisfy the Lyapunov matrix equation

AW, + W AT = —BBT. (1.40)

The Lyapunov equation is linear in the elements w;; of the Controllability Gramian
We. There exist numerically stable and efficient algorithms for solving the linear
matrix Lyapunov equation. Hence, it is a better method than the rank test, Theorem
(1.4.1), for controllability analysis. The MATLAB Control System Toolbox function
gram can be used to compute the continuous time controllability Gramian W,.. The
function gram solves the Lyapunov equation (1.40) for W,.. gram works only for
stable systems. A method for computing W, which also works for unstable systems
is presented below.

Proof of Equation (1.40)
Substitute Equation (1.39) into the left hand side of Equation (1.40). We have

t t
AW, + W, AT :/ AeATBBTeATTdT—i—/ eATBBTeA ™ AT dr
0 0
! d AT T AT+
= ; E(e BB*e® T)dr
= [eA"BBTeA ), = eA'BBTeA"t — BBT. (1.41)

which is identical to the Lyapunov matrix Equation (1.40) when A is stable and
t — oco. QED
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If A is unstable, the Gramian Equation (1.39), can be solved directly for some finite
t. Hence, in the general case the Gramian can be solved as follows. Compute the
following matrix exponential

2]
[OE“ g;z] —el0 AT (1.42)
The Gramian is then given by

We(t) = Egy Ena. (1.43)

We shall however note that a simple method for computing the controllability
Gramian W,(t) for a specified finite time ¢, can be done by solving the Lyapunov
matrix equation

AW, (t) + W, () AT = eA'BBTeA"t — BBT (1.44)

for W,(t). This follows from Equation 1.41.

1.4.2 Control input for specified state
The input which achieves the state z(t1) is given by
u(t) = —BTeA =W 1 (1 — o) (A0 (t0) — z(ty)). (1.45)

where W,(t) is defined in (1.39). This expression can be derived from linear quadratic
optimal control theory. However, a more direct proof is given in the following.

Proof: From Equation (1.9) with ¢ = ¢; we have
t1
z(ty) = eAt00) (1) +/ A=) Bu(r)dr. (1.46)
to

We will below show that the control input defined by (1.45) satisfy (1.46). Substi-
tuting u(7) given by (1.45) into (1.46) gives

2(tr) = AB=0)a(tg)

t1
—~ / A= BRT AT =T gr WL () — ) (A1) (1) — (t1)) . (1.47)

to

Wc(tlft())

The integral which is under-braced can be shown to be identical to the Gramian
We(t1). This can be shown by changing the integration variable from 7 to e.g. s.
Defining s = t; — 7 gives ds = —dr and integration from s9p = t; — 0 = ¢; to
s1 =t1 —t1 = 0 gives.

t1 0
/ A= BT A (=T g7 — _/ e BBT A ds = W(ty — to), (1.48)

to t1—to
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which is identical to the controllability Gramian (1.39). Finally from (1.47) we have

:L'(tl) = eA(tlftO).%'(tw — Wc(tl — to)ng<t1 — to)(eA(tlftO)J}(to) — J}(tl)).

4
z(ty) = eAt=0)g(ty) — (eAt=t0)g(ty) — 2(ty)). (1.49)
4
l‘(tl) = a:(tl).

Control input u(t)
T T

States x1(t) and x2(t)
T T

X2

L L L L
0.5 1 15 2 25 3 35 4 45
Time [sec]

-15 I I I I
0

Figure 1.3: Illustration of state controllability. It was specified that the states at
time ¢ = 4 should be 1 = z9 = 1. Se Example 1.3 for details.

Example 1.3 State controllability
Consider the system

= [8; 2;] z+ M u 2(t) = m (1.50)

From the definition of state controllability we have that it exist a control signal u(t)
which gives a final state vector x(t1).

Assume that we want the state at time t1 = 4 to be
1
x(ty =4) = e (1.51)
Using (1.45) we get to input signal

u(t) = —[12] "0 [_2%4%265] : (1.52)

This result is illustrated in Figure 1.3. Figure 1.3 shows that the states actually hit
the target x1 = xo = 1. Howewver, from Equation (1.45) we have that the input is
unstable for t > t1 = 4 when A is stable.
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1.4.3 Discrete time controllability Gramian
The discrete time equivalent to the Controllability Gramian theorem is as follows

Theorem 1.4.3 (Controllability Gramian)
Assume the linear discrete time model. The pair (A, B) is controllable if and only
if the n x n discrete time controllability Gramian

N
We =Y A-UBBTAGCDT ¢ g, (1.53)
i=1

is positive definite for N > n. Same as rank(W,) = n.
A

If A is a stable matrix, then for N — oo, the discrete infinite time controllability
Gramian satisfy the discrete Lyapunov matrix equation

AW AT —W,. = -BBT. (1.54)

The Lyapunov equation is linear in the elements w;; of the Controllability Gramian
W,. This is a better method than the rank test, Theorem (1.4.1), for controllability
analysis.

Note also that the discrete time controllability Gramian satisfy
W. = CnCR, (1.55)

where Cy is the extended controllability matrix. This gives immediately the link
between the controllability matrix and the discrete controllability Gramian.

1.5 Steady state controllability

Consider a stable state space model

& = Az + Bu, (1.56)
y = Dz + Eu. (1.57)

In order to analyze the system in steady state the system must be stable, i.e A has
all eigenvalues strictly in the left hand part of the complex plane.

We will in the following discuss perfect control and controllability. The transfer
function model is then

y(s) = (D(sI — A)™'B + E)u(s) (1.58)

where s is the Laplace operator. In steady state we have s = 0. The continuous
proper linear state space model is in steady state described by

z® = —A7 2% 4 Bu, (1.59)
y* = (-DAT'B + E)u®. (1.60)
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where °, ©u® and y° are steady state vectors. Introduce the steady state gain matrix
from the inputs u to the outputs y, i.e.

H'= _-DA'B+E. (1.61)

Theorem 1.5.1 (Steady state output controllability)

If the system matrix A is non-singular, i.e. if A™! exist, then the system is com-
pletely steady state output controllable, if and the steady state gain matrix H% =
—DA™!'B + FE is non-singular.

A

This can be proved as follows. Assume that we want to force the output y to
a prescribed set-point y® in steady state by some control input vector u®. It is
immediately shown from the above that u® is defined if and only if H? is invertible,
ie. u® = (H) 1y

1.6 Observability

Theorem 1.6.1 (Observability matrix)
Define the observability matrix

D
DA

0; = | DA? e R™*n, (1.62)

b Ai—l
The pair (D, A) is observable if and only if the observability matrix O; has rank n,
i.e. rank(O,) = n.

If rank(D) = rp > 1 and n —rp + 1 > 0, then we have that the pair (D, A) is
observable if and only if the reduced observability matrix O,_,,+1 have rank n.

A

Theorem 1.6.2 (Continuous observability Gramian)
Consider the linear continuous time model. The pair (D, A) is observable if and
only if the n X n observability Gramian

t
Wo(t):/ A" DTDeAdr € RM (1.63)
0

is positive definite for some ¢ > 0. W, is positive definite if and only if rank(W,) = n.

If A is a stable matrix, then for ¢ — oo, the continuous infinite time observability
Gramian satisfy the Lyapunov matrix equation

ATW, 4+ W,A=-D'D. (1.64)



1.7 More on observability and controllability 13

Theorem 1.6.3 (Discrete observability Gramian)
Consider the linear discrete time model. The pair (D, A) is observable if and only
if the n x n discrete time observability Gramian

N
W, => ACDTPTPAG-D ¢ R, (1.65)

i=1
is positive definite for N > n. Same as rank(W,) = n.

If A is a stable matrix, then for N — oo, the discrete infinite time observability
Gramian satisfy the discrete Lyapunov matrix equation

ATW,A - W,=-D'D. (1.66)

In the general case the Gramian can be solved as follows. Compute the following
matrix exponential

[—AT DTD}
Eyy Ep| |0 A
[0 Eﬂ] =e , (1.67)
for some specified time ¢ > 0. The observability Gramian is then given by

Wo(t) = ELEps. (1.68)
A
Note also that the discrete time observability Gramian satisfy

W, = O} Oy, (1.69)

where Oy is the extended observability matrix for the pair (D, A). This gives
immediately the link between the observability matrix and the discrete observability
Gramian.

1.7 More on observability and controllability

Remark 1.4 (Diagonal form and observability and controllability)
Consider a state space model © = Ax + Bu and y = Dz + Eu and its diagonal
canonical form

i =Az+ M 'Bu (1.70)
y =DMz + Fu (1.71)

where A is a diagonal matrix with the eigenvalues \; Vi = 1,...n of A on the
diagonal and M = [ml mn] is the corresponding eigenvector matrix. Note the
relationship Am; = \;m; between the ith eigenvalue and eigenvector.

The system is observable if no columns in the matrix DM is identically equal to
zero. Furthermore, the system is controllable if no rows in the matrix M~'B is
identically equal to zero.
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Note that the controllability and observability tests is existence tests. They says
nothing about the degree of controllability and observability. This is an important
limitation.

1.8 Zeroes in multivariable linear systems

Zeros are usually and numerically preferred, computed from a state space realization
of the system. The method is illustrated in the following.

The Laplace transform of the continuous time proper state space model is given by

Ax(s) + Bu(s), (1.72)
Dx(s) + Eu(s). (1.73)

sx(s)

y(s)

This system of equations can be written i matrix form as follows

(=T ED - [5) o

The zeroes are the values s = sg for which the matrix

I, S
A B
10
SIQ_S_S[OO}_{DE]’ (1.75)

loses rank. If sg is a zero frequency, then the matrix (1.75) will lose rank at s = sg,
and there will exist a vector

mo = [zg} , (1.76)
such that
i) .
(soly — 5) [Uo} =0. (1.77)

The zeroes are then computed as the finite generalized eigenvalues of the following
generalized eigenvector/eigenvalue problem

Smo = solgmo. (1.78)
This is preferred for numerical calculations. Note that if I, = I this reduces to the

conventional eigenvector/eigenvalue problem.

Note that the zeros can be calculated as the roots of the characteristic equation (for
the generalized eigenvalue problem), i.e.,

p(s) = det(soly — S5) =0 (1.79)

This method may be suitable for hand calculations of some simple systems, i.e., for
systems which lead to an S matrix of at most dimension 4 x 4. The roots can, in
general, be computed analytically in this case.
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Note that the zero frequency sg results in zero output y = 0 for some non-zero input
ug and initial value xg. In other terms this means that an input

u = uget, (1.80)

results in an output y = 0 for some initial state vector xg.

Note also that zeroes in MIMO systems often are called transmission zeroes. The
zeroes are generally different from the zeroes of the elements in the transfer matrix
H(s)=D(sI — A)~'B+E.

Example 1.4 (Transmission zeroes)
Given a continuous linear two-input and two-output (MIMO) system with system

matrices
1
—s 0 21 10 -1 0
_ 2 _ _ _
A—[ 0_1],3—[11],D—[01},E—[ 0_1] (1.81)

The generalized eigenvalue problem can be solved in MATLAB as [my, sy] = eig(S, Iy)
where s is a vector with the transmission zeroes and my s a vector with generalized
eigenvectors satisfying Smg = Iymgsg.

There are two finite zeroes of this generalized eigenvalue problem, sb = —% and

S% = 2. Hence, the system has a zero in the left half plane. The system is non-
minimum-phase.
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Chapter 2

Multivariable Frequency
Analysis

2.1 Stabilizability and detectability

Definisjon 2.1 (Controllability)

A system & = Ax + Bu is controllable if there exist a control vector u(t) ( defined
over a finite time interval ty < t < t;) which brings the system state vector x(t)
from an arbitrary initial state x(to) to an arbitrary final state x(t1) within the final
time interval.

Definisjon 2.2 (Stabilizability)
A system given by the matriz pair (A, B) is stabilizable if all unstable modes
(eigenvalues or poles) are controllable.

Note that stabilizability is a weaker demand than controllability. In a stabilizable
system there may be uncontrollable states but those states must be stable. Often
there dos not matter if some states are uncontrollable, but it make sense to demand
the system to be stable.

Definisjon 2.3 (Observability)

A system is observable if it by the knowledge of the system output measurements
vector y and the input vector u within a finite time interval (ty <t < t1) is possible
to compute all elements (variables) in the state vector x(t).

Definisjon 2.4 (Detectability)
A linear system given by the matrix pair (D, A) is detectable if all unstable modes
in the system (i.e. eigenvalues ore poles in the system) is observable.

Remark that detectability is a weaker demand than observability. A detectable
system may have un observable states, but those un observable states must be stable
for the system to be detectable. The above definitions are central in connection with
existence analysis of the solution to the linear quadratic optimal control problem as
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well as the dual linear optimal estimation problem, i.e. the Kalman filter. If the
system matrix, A, can be diagonalized, i.e. if there exists an eigenvalue matrix
M and a diagonal eigenvalue matrix A such that A = M~'AM ore equivalently
A = MAM™", then stabilizability and detectability analysis can be performed by
viewing rows in M ~'B and columns in DM, respectively. The system is stabilizable
if no rows in M~ B witch belongs to unstable eigenvalues (positive eigenvalues), are
identically equal to the zero vector. In the same way, the system is detectable if no
columns in DM, which belongs to unstable eigenvalues, are identically equal to the
zero vector.

In connection with linear dynamic systems we often speak of the modes of the system.
the modes of a realization (A, B, D) is described by the eigenvalues of the system
matrix A. In connection with this we also have modal analysis and modal control.
Modal analysis of a system (A, B, D) is performed on the equivalent diagonalized
system (A, M~'B, DM) where A = M~'AM is a diagonal eigenvalue matrix, if the
eigenvector matrix M is non-singular (invertible). Model control means to find the
controller such that the closed loop system gets prescribed modes (ore eigenvalues).

2.2 System poles and related definitions

It is important to remark that the poles of a linear dynamic system usually are
computed numerically by computing the eigenvalues of the system matrix A in the
linear state space model. This state space model should (but not necessary) be a
minimal realization in order to get as few poles as possible.

Definisjon 2.5 (Poles from state space model)

The poles of a system given by the state space model © = Ax + Bu, y = Dz + Fu
is given by the eigenvalues \; ¥ i = 1,...,n to the system matriz A. The pole
polynomial ore the characteristic polynomial for A is defined as

m(s) = det(s — A) = 8" + a,s" '+ +ags +ay = H(s — Si) (2.1)
i=1

where s; = \; Vi =1,...,n is the poles of the system. An alternative is

m(A) =det\] — A) = X"+ au X"+ tad+ar =[N - N)  (22)
=1

where \; Vi =1,...,n is the poles of the system. Hence, the poles are given by the
roots of the characteristic equation, i.e., w(s) = det(s] — A) = 0.

We define, n, as the order of the dynamic system, if the state space model is a
minimal realization, i.e., so that the state space model does not contain unnecessary
states which are not controllable and observable.

The definition is valid if the state space model is a minimal realization or not. If the
state space model is not a minimal realization, then we will have poles that describes
redundant states which is uncontrollable and unobservable. Note that a minimal
realization can be computed in MATLAB by the function minreal(A, B, D, E).
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Definisjon 2.6 (Minimal realization)
A state space realization (A, B, D) is minimal if and only if the pair (A, B) is con-
trollable and the pair (D, A) is observable.

If (A,B,D) is a minimal realization then the system matriz A has least possible
dimension, i.e., the system order, n, in a minimal realization is minimal.

If the transfer matrix H(s) of a system is given, then this model can be transformed
to a state space model and the system poles can then be computed from the eigenval-
ues of the system matrix A. However, in some cases it may make sense to compute
the poles directly from the transfer function model H(s) directly. One advantage is
that the calculations is easy to perform by hand. the calculations will also directly
give the poles corresponding to a minimal state space realization.

Definisjon 2.7 (Poles from transfer matrix model H(s))

The pole polynomial 7(s) is given by the smallest common denominator for all under
determinants, which is not identically zero, of all orders of the system transfer matrix
H(s). The pole polynomial is then given by

(s — i) (2.3)

A
=
i
jamb

where s; Y 1 =1,...,n is the system poles.

The poles of the system is then given by the roots of the pole polynomial m(s).

One weakness with this definition is that it gives no reliable method to be imple-
mented in a computer. The problem is to find the roots of polynomials because this
is numerically difficult. The problem is badly conditioned for numerically computa-
tions in a computer. the most robust and reliable method of computing poles in a
computer is to do the calcluations by computing the eigenvalues of the A matrix.

2.3 Poles and stability

Teorem 2.3.1 (Stability in linear dynamic systems)

A linear dynamic system & = Ax + Bu is stable if and only if all poles (ore eigen-
values) \; Vi =1,...,n to the system matriz A is located in the left half part of the
complex plane. This is equivalent with that the real part of the poles is negative, i.e.,
Re{\;(A)} < 0.

2.4 Zeroes in multivariable systems

An important meaning of a zero, say so, is that the effect of a control input, u(sgp) #
0, on the system is such that the output is zero, i.e. y(sg) = H(sp)u(sg) = 0.

For SISO systems we simply find the zeroes as the values sy which results in that
H(so) =0, where y = H(s)u is the transfer function model of the system. This can
be extended to MIMO systems as follows:
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Definisjon 2.8 (Zeroes and transfer matrix)
s; is defined as a zero for the transfer matriz H(s) if the rank of H(s;) is less than
the natural (mazximal) rank of H(s).

We say that the transfer matrix loses rank if the system is excited a control input
with ”frequency” equal to the system zero. The effect of this control will then be
invisible on at least one of the system outputs.

Notice, that the transfer function h(s) in a SISO system will be equal to zero if the
system is exited a control input with such a frequency, i.e., y(s;) = h(s;)u(s;) =0
and h(sg) = 0.

Definisjon 2.9 (Zero polynomial and zeroes from transfer matrix)

The zero polynomial p(s) is given as the largest common divisor (numerator) to the
under determinants of order ry for the transfer matriz H(s), where vy is the natural
rank of H(s), assumed that all under determinants are justified such that they have
the pole polynomial as denominator.

the natural rank of H(s) is given by the rank of H(s) for all s except for the singu-
larities given by the zeroes s;. The natural rank of H(s) € R™*" is normally given

by
rg = min(m, r), (2.4)

where m is the number of outputs (variables in the vector y) and where r is the
number of control inputs (variables in the vector u).

The zero polynomial in factorized form is given by

Nn
p(s) = [Is ) (25)
i=1
where s; ¥ i =1,...,ny, are the system zeroes. The system zeroes are given as the

roots of the zero polynomial.

The transfer matrix model of the system is given by y(s) = H(s)u(s) where y(s) €
R™ is the system output vector and u(s) € R" is the system input vector (control
vector). The normal rank of H(s) is then given by rp = min(m,r). The rank of
H(s) is less than 7z only for s = s; equal to the system zeroes.

Merknad 2.1 (Zeroes for non singular (invertible) transfer matrix)

In the case that H(s) is invertible and thereby quadratic, then we can find the zeroes
of a minimal realization of H(s) as the poles to H='(s). Le., the zeroes for H(s) is in
this case found simply found as the roots to the zero polynomial p(s) = det H(s) = 0.

Merknad 2.2 (Minimum-phase and non-minimum-phase system)

If the system zeroes are stable, i.e., lies in the left half of the complex plane, then we
say that the system is a minimum-phase system. If all or some of the zeroes lies in
the right half of the complex plane, the system is said to be a non-minimum-phase
system.
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2.5 More about zeroes

1. Tt is important to notice that the system zeroes are generally not changed
by feedback control. This yields both state feedback and output feedback.
Example 2.1 illustrates this as well as the effect of zeroes in the right half
plane.

2. It is furthermore important to note that the system © = Ax + Bu and y = x
controlled with state feedback, e.g., u = G(2° —z), does not have transmission
zeroes, i.e. zeroes from z° to the output y. This is one reason for the good
robustness properties of Linear Quadratic (LQ) optimal control, i.e., at least
60° phase margin and gain margin of % ore more. In general,note also that a
system with D = I and E = 0 does not have zeroes.

3. We usually have zeroes in systems with fewer control inputs (ore outputs) than
states, or when E # 0.

4. Note also that a system may have zeroes at infinity, i.e., s = F00 zeroes. Such
zeroes is mostly of interests in root locus analysis, i.e., the investigation of the
movement of poles and zeroes in the complex plane by varying the feedback
parameters. Zeroes at infinity are not found by the method which is based
on the transfer matrix. The method based on the state space model and the
generalized eigenvalue problem also finds zeroes at infinity.

Teorem 2.5.1 (Zeroes in open loop and closed loop systems)
Given a system described by

& = Az + Bu, (2.6)
y = Dz + Eu, (2.7)

which is controlled by the state feedback
u=—Gzx+u. (2.8)

The open loop, uncontrolled system, given by y = Hpu where

Hp=D(sI —A) 'B+E, (2.9)
have the same zeroes as the feedback controlled closed loop system given by y = Hcluo,
where

H.=(D—-EG)(sl —(A—BG)) 'B+E. (2.10)

Proof 2.1 The closed loop system described with
i = (A— BG)x+ Bu°, (2.11)
y = (D — EG)z + Eu’. (2.12)

This can be written as

T AL e
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when s is a zero, i.e., y(s) = 0. The zeroes of the controlled system is described by
those values s which results in that the matriz S loses rank below the natural rank
which is min(n + m,n +r). The zeroes are then found by det(S) = 0.

In order to investigate the relationship between the closed loop system zeroes and the
open loop system zeroes, we use that

(R B [Ta R e ew

This means that

(2.15)

_ sl —(A—-BG) -B| _ sl —A -B
det(S)—det[ D_pe E}—det[ D E]

We have here used that det(AB) = det(A) for two matrices A and B with suitable
dimensions, and if B is non-singular.

This means that the zeroes of the controlled system is identical to the zeroes of the
open loop uncontrolled system, i.e., zeroes does nor change by feedback.

2.6 Examples

Example 2.1 (Effect of feedback: SISO system)
Given a system described by the transfer function
_1-—s5
1+

hy(s) (2.16)
This system have a loop transmission zero at s = 1 and a pole in s = —1. We
say that the zero is located in the right half plane. The system is therefore a mon-
minimum phase system and we could have limitations in the feedback gain and the
speed response of the control system.

We want to control the system with a proportional, P-controller, i.e.,

u=g(y’ —y), (2.17)

where y° is the reference and g = K, is the proportiolnal gain constant. The closed
loop system is therefore described by

Yy )
(=Dhp(s)he(s)  (1—g)s+1+g

yO

= hcl(s) = 1_

where we have used negative feedback.

As we see the closed loop system have a zero at s = 1, i.e., unchanged and identical
with the zero of the open loop system. This is general, the locations of zeroes are not
changed by feedback. The pole of the feedback system is

1ty
1—g

S

ol (2.19)
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We demand stability of the closed loop system, i.e. we require s, < 0. This is
satisfied for

~1<g<l. (2.20)

This implies that the speed of the control system is limited. For this example it
implies that we will have problems with an inverse response, because the system is
non-minimum phase and that the system have a right hand transmission zero. As
we see, the system have an inverse response because the gain at time zero, t = 0 is
given by

—g .
h (s =00) = Ty =— —o0 mnar g—1 (2.21)

and that the system have a gain with the opposite sign given by h (s = 0) = ﬁ.
This means that the inverse response increases against infinity for increasing gain
g, i.e. when g — 1. At the same time we obtain faster closed loop time response
because the pole of the closed loop system move to the left in the complex plane.
i.e. 8, — —00 when g — 1. The problem is that we cannot obtain fast closed loop
response and small inverse response at the same time. This is illustrated in Figure

2.1. We also see from Figure 2.2 that the amount of control increases as g — 1.

SISO inverse response example

-25 I I I I I L L
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4
Continuous time

Figure 2.1: Step response simulation of a system with hy(s) = %—jr‘; and u = g(y° —y)
for varying proportional coefficient 0.8 < g < 0.96.

Example 2.2 (PI-control of non-minimum-phase SISO system)
Given a system described by the transfer function

1—2s 1—2s

h = = 2.22
»(5) $2+3s+2  (s+1)(s+2) (2:22)
which are to be controlled by a PI-controller given by
1+T;
he(s) Ry (2.23)

p ,111‘8
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SISO inverse response example: input
25 T T T

20 B

15 B

10 B

0 Il Il Il Il Il Il Il
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4
Continuous time

Figure 2.2: The input u = g(y° — y) after a step response simulation of a system
with hy(s) = %—;‘; for varying proportional coefficient 0.8 < g < 0.96.

Often a common choice is to chose the integral time T; such that the dominating
time constant in the process is canceled, and such that the loop transfer function is,
ho = hphe, at the same time is simplified. The system have two poles/eigenvalues,

s1 = —1 and so = —2 and therefore also two time constants, e.g., T1 = —% =1 and
T = —é = % We then have that (with T; = Ty = 1) that
1-2 14T, K, 1-2
ho(s) = hyhe = i ths _ By S 72 (2.24)

(s+1)(s+2) P Tis T s(s+2)

where we have chosen T; = 1. Vi kan na finne krav til proporsjonalkonstanten, Kp,
ved a kreve stabilitet av det lukkede systemet, dvs. systemet fra referansem, r, til
utgangen, y. Vi har at transferfunksjonen fra r til y i ett requleringssystem med
negativ tilbakekopling er gitt ved

Kp 1-2 K,
y_o h _ Tseem w129 (2.25)

Det kan vises at ett 2. grads polynom, s> +ay1s+ag = 0 har rotter i venstre halvplan
(stabilt system) dersom koeffisientene er positive, dvs. slik at ay > 0 ogag > 0. Dette
kan vises ved d studere polynomet, (s +X1)(s+X2) = 52+ (A1 +X2)s+ A1 Ao = 0 som
har rotter s1 = —A1 0g ss = —Xo. Dersom rattene skal ligge i venstre halvplan, dvs.
$1 <0 0g so0 <0 ma vi ha at \1 > 0 og Ay > 0. Dette betyr igjen at koeffisientene
ma vere positive, dvs. ag = Ao >0 0g a1 = A1 + Ay > 0.

Vi far folgende krav til Kp:
K, K
21— =2 L >0. 2.2
( T, ) >0 og T, >0 (2.26)
Dette gir
Ky
— < 1. 2.2
0< T < (2.27)

)
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Vi har na simulert det lukede reguleringssystemet for forskjellige verdier for K, etter
at vi patrykker et enhetssprang i referansen. Resultatet er vist i figur 2.3. Vi ser at
systemet far mer oversving og oscillatorisk oppforsel nar K, sker mot en. Samtidig
ser vi at systemet far en storre og stgrre inversrespons som starter ved tiden t = 0.
Inversrespons er et typisk fenomen for systemer med nullpunkt i hoyre halvplan.

Vi ser av figuren at det ikke er enkelt a samtidig fa til rask innsvingning, lite oversv-
ing og liten inversrespons. Grunnen til disse problemene er at systemet har ett
nullpunkt © hoyre halvplan. Inversresponsen i prosessen kan vi ikke gjre moe med.
Den forefinnes ogs i settpunkts-responsen til det lukkede (regulerte) systemet. Litt
prving og feiling med valg av K, gir folgende innstilling:

K, =042, T,=1. (2.28)

Denne innstillingen gir en forsterkningsmargin,GM = 2.8 [dB], og en fasemargin,
PM =T71°.

Pl-regulering av ikke-minimum-fase prosess

15 I I I I I I I I I
0 2 4 6 8 10 12 14 16 18 20

Continuous time

Figure 2.3: Unit step response (in the reference) simulation of a control system with
process model, hy(s) = ﬁ, and Pl-controller h.(s) = Kpl%ﬁs with T; = 1
and for varying proportional coefficients in the interval, 0.1 < K, < 0.9. Figuren er

generert av MATLAB scriptet siso_zero_ex.m.

Example 2.3 (PI-regulering av ikke-minimum-fase SISO system)
Gitt et system beskrevet med transferfunksjonen

1-—2s 1-—2s

h = = . 2.2
»(5) $2+3s+2  (s+1)(s+2) (2:29)
Systemets frekvensrespons er gitt ved
hp(jw) = |hp(jw)|e? 20, (2.30)

der fase og amplitude-karakteristikkene er gitt ved

ZLhp(jw) = —(arctan(2w) + arctan(w) + arctan(%)), (2.31)
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|hp(jw)] LA (2.32)
w)| = . .

P\J V1+ w4 + w?

Fase kryss-frekvensen (kritisk frekvens), wigo, er da gitt ved den frekvens der fasen er

—180°, dvs., Zhy(jwigo) = —m. Den kritiske forsterkning, Ke,, er da den forsterkn-

ing som er slik at Key|hp(jwiso)| = 1. Parametrene K., og wigo kan f.eks. finnes

vha. MATLAB funksjonen margin. Vi far

w180 — 1.8708, (2.33)
Key = 1.5. (2.34)

Vi kan na enkelt finne parametrene i en Pl-requlator gitt ved

14+ T;s
vha. Ziegler-Nichols metode. Duvs.
K., 2w P,
K,= =0.68,P, = — =3.36,T;, = — = 2.79. 2.36
P22 T wiso 12 (2:36)

Det viser seqg ved simulering at responsen i y blir relativt darlig med dette valg av
Pl-regulator parametre.

Det lukkede systemet kan videre analyseres som folger. Transferfunksjonen fra r til
y er gitt ved:

K,
Y _ ho _ 72 (1 —25)(1 + Tis) (2.37)
rooldho s34 (3 2K,)s% + (K, — 292 +2)s + o

Eksempel 2.6.1 (Styrbarhet av system med to like modi)
Gitt et system © = Ax + Bu der

A= [gg] (2.38)

by
Vi har at AB = AB og dermed at styrbarhetsmatrisen er gitt ved

Vi skal vise at et slikt system ikke er styrbart for noen B = {bl ] .

Cy=[B AB] =B AB]. (2.39)

Systemet er ikke styrbart fordi rang(Co) < n = 2. Forspk a arqgumentere for dette
ved fysiske betraktninger.

Eksempel 2.6.2 (Styrbarhet av system med tre like modi)
Vi skal vise at et system med

A 00
A=]0A1 (2.40)
00X
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tkke er styrbart for noen B = [bl ba bg]T. Styrbarhetsmatrisen er i dette tilfellet
gitt ved
by Aby A%by
C3=[B AB A’B| = | by Abg + by Aby + 2Xbs (2.41)
bs Abs A2b3
b1

Vi ser at rekke en 1 Cs er lik rekke tre multiplisert med faktoren ba- Vi har dermed
at rang(Cs) < n = 3. Systemet er dermed ikke styrbart.

Dersom systemet endres til (Jordan form)

A10
A=]0A1 (2.42)
00X

kan vi vise at systemet er styrbart for alle B = [bl ba b3 ]T #0.

Eksempel 2.6.3 (Inversrespons i tilstandsrom og transferfunksjon)
Gitt et system med tilstandsrommodell

. 1 T+ T

T =7 +k Tz U (2.43)
k

y:x_%w (2.44)

Dette er ekvivalent med transferfunksjonsmodellen

Y kl—TS

w1+ Ts

(2.45)

Dette systemet har en inversrespons pa grunn av nullpunktet, sg = % 1 hoyre halv-
plan. Merk at inversresponsen 1—7s er en approksimasjon til en transportforsinkelse
fordie™™® ~ 1—71s. Modellen (2.45) er ett gunstig utgangspunkt for requlatorsyntese.

Eksempel 2.6.4 (Inversrespons og modellrediksjon ved halveringsregel)
Gitt et system beskrevet med transferfunksjonen

1—2s 1—171s

h,(s) = =k : 2.46
(5) (s+1)(s+2) (14 T15)(1 + Ths) (246)
der
k=t r—9 =1, Th— 1 (2.47)
- 9’ T = 4, 1=4 2 = 9 .
En god approksimasjon for requlatorsyntese er
1—7s
h = 2.48
ol8) = ks (2.48)
der k = % og T og T1 finnes fra "halveringsregelen”.
1 1 9
= =T5 =2 - = = 24
T T+ 512 + 10 (2.49)
1 1 5
= STy=14-=". .
T T + 2T2 + 1 1 (2 50)
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En god Pl-regulator innstilling er dermed gitt ved

5
T, =T = 1~ 125, (2.51)
og
17, 5
K, =--1 =2 2056 2.52
P 9okr 9 ( )
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Chapter 3

Introduction to Continuous
Time Linear Quadratic Optimal
Control

3.1 Introduction to linear quadratic optimal control

We shall in this section give a presentation of the continuous time Linear Quadratic
(LQ) optimal control problem and its solution.

Problem 3.1 (Linear Quadratic Optimal Control)
Assume that the process is modeled by

& = Az + Bu, (3.1)
with known initial state x(t = tg) = xo, and that we want a control specified by
u = Gz, (3.2)

which gives a minimum of the Linear Quadratic (LQ) performance criterion or per-
formance index

J = /t1 (T Qz + uT Pu)dt, (3.3)

to

with long or infinite settling time ;.
A

We will in this section for the sake of simplicity putting o = 0. Long settling time
means that the time interval [0, ¢; > is assumed to be greater than the time constants
of the process, or simply infinity.

We will now show that the solution to this problem gives an expression for the feed-
back matrix G which when applied to the system yields some remarkable properties
of the closed loop system.
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Substitute the control v = Gz into the performance index. We have

& = (A+ BG)x, (3.4)
J = / 27 (Q + GTPG)xdt. (3.5)
0
The solution of Equation (3.1) is given by
z = ATBO) g, (3.6)

where z is the initial values at time zero, i.e. g = z(t = 0). Substitute the solution
into the performance index and we get

J = xg[/ e(A+BG)Tt(Q + GTPG) e BN gt % zt Rag, (3.7)
0
where we have defined

p def /OO cAHBEH (0 4 GT PG A+BO gy, (3.8)
0

We want a feedback matrix GG such that the performance index reach a minimum
value. Hence, the performance index J must be finite. This means that the closed
loop system matrix A + BG must be stable.

We know from observability analysis that R is the observability Gramian for the
system described by the pair (/Q + GT PG, A+ BG) and that this Gramian satisfy
the following Lyapunov matrix equation

(A+ BG)"R+ R(A+ BG)+Q +GTPG = 0. (3.9)

Define the following scalar function
J=al[(A+ BG)TR+ R(A + BG) + Q + GT PGz
= tr(zoz{ [(A + BG)T' R+ R(A + BG) + Q + GTPQ)). (3.10)

The minimization of J with respect to the feedback matrix G is the same as to
minimize the performance index J with respect to G. The following can be used to
see this

R=[(A+BG)"R+ R(A+ BG) +Q + GTPG] + R. (3.11)
Premultiplication with a:OT and postmultiplication with g gives
J=J+J (3.12)
where .J is defined by (3.7) and J is defined in (3.10). Hence, we have
min.J = min J+ min J, (3.13)

which is equivalent to minimize J with respect to G. The minimum of J with respect
to G is determined from

d
% = zozd (2BTR + 2PG) = 0. (3.14)
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We have for the minimum that G is given by
G =—-P'BTR, (3.15)
and which substituted into the Lyapunov equation gives

ATR+ RA—RHR+Q =0, (3.16)
H = BP'BT, (3.17)

which is the famous matrix Algebraic Riccati Equation (ARE). The ARE is named
after Count Jacopo Francesco Riccati and his original paper published in 1724. See
Bittanti (1989).

3.2 Some simple examples

Example 3.1 (Design of LQ optimal PI controller)
Assume that the process is modeled by

T = ax + bu, (3.18)
Yy = x. (3.19)

The problem is to design a LQ optimal PI-controller for the process. A state space
formulation of a PI controller is given by

Z=yo—v, (3.20)
U= giT + g2z, (3.21)

where g1 = K, and go = I;{’

The first step in the solution procedure is to make an augmented model for the process
and the controller. We have

Ll

where
i = [“T] . (3.23)

The second step in the solution procedure is to choose a Linear Quadratic perfor-
mance index. We will choose a diagonal weighting matriz QQ for the augmented state
vector. We have

T
J = / (z" [q“ O} i+ ulpu)dt. (3.24)
0 0 q22

We will now choose the settling time T to be large compared to the time constants
in the augmented system. The solution to this infinite time horizon LQ problem can
then be found by solving the ARE.
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The third step is to solve the Algebraic Riccati Equation (ARE) for the optimal
control, w = Gz, that minimize the quadratic performance index. Il.e. we have to
solve

H = BP'BT, (3.25)
ATR+ RA—RHR+Q =0, (3.26)
G=-P'BTR. (3.27)
We have
a—1]|][r re T11 T12 a0
o) e i [ 629
ri1 72 | [ h O] | r11 712 Q1 0] [O 0]
[7’12 7“22} [0 0} [7“12 7"22] [ 0 g22 00 (3:29)
where h = bp~'b. We then get
2ar1y — 2r1g — hr?, + qu = 0, (3.30)
arig — r22 — T'11h7"12 = O, (3.31)
22 — hriy = 0. (3.32)
The control is given by
u=—p tbriiz —p lbrisz. (3.33)

This gives

T12 — :|:1 / qi}f, (334)

a=£+/a?+ h(qn — 2r
py = GV h(q“ 12), (3.35)

rog = ary — hriri. (3.36)

We have to chose the positive definite (mazimum) solution to the ARE. Hence

iy = — /(%2, (3.37)

a + \/&2 + h(q11 - 27‘12)

T = 3 ; (3.38)
rog = ariz — hriri. (3.39)
We have
b
g1 = ——r1, (3.40)
p

b q22
= ——7r19 = sgn(b), | —. 3.41
92 712 =59 (0)4/ » (3.41)

Note that the external set-point signal yo was put to zero when designing the LQ)
optimal PI controller. However, the controller can be applied to a plant with yo # 0.
However, in this case the solution is not necessary optimal.
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Example 3.2 (Double integrator)

Consider an idealized angular position control system where the position of the ro-
tation shaft is controlled by the torque applied, with no friction in the system. The
equation of motion is given by

JO =T, (3.42)

where 6 is the angular position, T is the applied torque and J is the moment of
inertia of the rotating parts. Define

z =0, (3.43)
T3 =0, (3.44)
u="T, (3.45)
1
b= —. 3.46
-~ (3.46)
We have the following state space model
1| [01] |2 0
)=o) ]+ o) a4
We choose the following LQ index
_ [T g1 0] |z T
J—/O ([z1 22] [ 0 qu [ng + ' Pu)dt, (3.48)
which is equivalent to
[ee]
J = / (quz? + qoax + pu®)dt. (3.49)
0
The ARE is in this case given by
00 11 T12 11 T12 01
o] [l [ a] 00 a0
rinriz | |0 0] | rin 2 a1 0 00
+ = . 3.51
ot 1191 e B P 1 B
where h = bp~'b. We get
—hriy + qu1 r11 — hraori2 | [0 0
9 = : (3.52)
r11 — hrooria 2112 — hrgy + qo2 00

For this 2nd order example, there are 2n = 4 solutions to the ARE. We want the
unique positive definite solution, corresponding to the stable closed loop eigenvalues.

Hence
rig = ,/%, (3.53)
[ 2ri2t g2
Tog = N =

(3.54)
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The optimal control is given by
u=—P7'B"Rx = g1z1 + gaa,

where the feedback gain values g1 and go are given by

b _
P
_ b _ b [2ri2+qoo
92 = —pT22 = T\ T, -

Note that the fractions q% and % are involved in the feedback elements.

(3.55)

(3.56)

(3.57)



Chapter 4

Optimal Control of Continuous
Time Systems
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4.1 The maximum principle for continuous time sys-
tems

Given a process

T = f(z,u,t). (4.1)
We will assume that the initial state is given, i.e., the initial value of the state vector
x(to) is given (known).

For the final state vector x(¢;) we consider the following cases

1. x(t1) given.

- a(t)
. z(t1) should belong to a specified domain.

. x(t1) is completely free.

. z(t1) can be weighted in an optimal criterion.

The optimal criterion os of the form

t1
J = S(z(t1)) —i—/ L(z,u,t)dt, (4.2)
to
where we assume that the starting time tg is given. Often we only consider tg = 0.
The final time instant ¢£; can be given ore a free variable.

The optimal control problem is now to minimize (alternatively maximize) the op-
timal control criterion J with respect to the control function u(t) over the time
horizon tg <t < t;. This can be formulated as follows
min J (4.3)
uelU

where U denotes the control space. Note that we have the process model & =
f(x,u,t) as a bi-constraint to the optimization problem.

The first which is defined is the so called Hamiltonian function
H(z,p,u,t) = L(z,u,t) + p" f(z,u,t), (4.4)

where we have included and defined the so called impulse vector p(t). The impulse
vector can be viewed as an Lagrange multiplier which is used in order to reformulate
the optimization problem with constraints to a problem without constraints. The
optimal control function, u(t), may now be found as the optimum of the hamiltonian
function (4.4). This will be shown in the following.

In order for the control function u(t) € U to be the optimal control which minimizes
J it is necessary that:

e — (4.5)
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with given initial state x(¢y). The final state condition z(¢1) may be as specified
above.

The impulse vector satisfies

0H

)= ——— 4.

The border conditions for the impulse vector is only given and defined at the
final time t1. We consider the following case

pit) = G|, (4.7)

e The Hamiltonian function H must have a global minimum with respect to the
control function u(t) € U V ¢ty <t < t; such that

u* = arg u%iély H(xz,p,u,t), (4.8)

is the optimal control function.

e Conditions for minimum is then

OH
- 4.
oy (1.9
and in order for a minimum problem
0*H
— > 0. 4.10
52 (4.10)

o In case that the final time ¢; is not specified, then we must have that

_ aS
H(t1) = —% " (4.11)
Usually we have that the function S(x(¢1)) is independent of time ¢. In this
case this condition simply reduces to

H(t)) =0 (4.12)

The Maximum Principle was first presented by Pontryagin (1956). We will later
on use the Maximum Principle in order to solve many linear optimal control prob-
lems. The Maximum Principle can also be used to solve non-linear optimal control
problems. Note that the optimal solution in (4.8) usually gives an open loop control
strategy in which the controls are computed in advance. However, there is important
special cases which gives a optimal feedback control structure.



40 Optimal Control of Continuous Time Systems

4.2 Linear systems with Quadratic criterions

Given a linear continuous time system described by the state space model
& = Az + Bu, (4.13)

with initial state vector z(¢p) at initial time instant ¢;. The optimal criterion or
performance index, valid over the time horizon ty <t < t¢1, is assumed given by the
following Linear Quadratic (LQ) function

t1

J= %xT(tl)Sx(tl)) + % / 2T Qx + uT Puldt. (4.14)

to
This criterion is referred to as a Linear Quadratic (LQ) criterion.

There are some demands for the weighting matrices S, Q and P in order for the
optimal problem to have a solution.

First of all, S, @ and P are symmetric weighting matrices. We will also show that
the control weighting matrix P must be positive definite. Furthermore, it is sufficient
that the weighting matrices S and ) are positive semi definite. We will discuss those
demands later.

We start by defining the Hamiltonian function

1
H = i(xTQx +u? Pu) + p* (Az + Bu). (4.15)

We are to minimize H with respect to u. A necessary condition for a minimum is
found by putting the gradient of H with respect to u equal to zero, i.e.,

OH
— = Pu+BTp=o. 4.16
5 u+ B'p (4.16)

This gives the following control
u=—P 'BTp. (4.17)

We now have to find an expression for the impulse vector p and we will later on
show that there is a relationship p = Rx where R is the solution to a matrix Riccati
equation. However, let us first look at the second derivative of H with respect to u,
i.e. the sufficient condition for a minimum. We have

O*H

ou?
The second order derivative is is connection with optimization theory often referred
to as the hessian matrix. A condition for that the control given by (4.17) at least
should result in a minimum criterion value is that the Hessian matrix is positive
definite. This means that we must demand the control weighting matrix to be
positive definite, i.e., P > 0 in order to guarantee a minimum.

=P (4.18)

As we see, in order to compute the optimal control from (4.17) we must find en
expression for the impulse vector p. The impulse vector p is defined from (4.17). We
have

. OH
p=—g = —Qx — ATp, (4.19)
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and from equation (4.7) we obtain
p(tl) = %(%xT(tl)Sx(tl)) ‘tl == Sa;(tl). (4.20)

As we see, there is a linear relationship between the impulse vector p and the state
vector x at the final time instant ¢;. We will later on show that this also is the case
for all time instants to <t < t7.

From equation (4.5) we obtain

T = %;I = Ax + Bu, (4.21)

which is identical to the system model, i.e., this gives no further information. We
are now putting the optimal control given by (4.17) into(4.21) and obtain

&= Az — Hp, (4.22)
where we have defined the matrix

H=BP'BT. (4.23)
We will now prove a linear relationship p = Rz between the state vector z and the

impulse vector p. By viewing the equations for # and p, we see that they form an
autonomous system, i.e.,

[75 :F[”“"] (4.24)
where the matrix F' is given by

F= (4.25)

[ A -H
QAT
The matrix F' is denoted the Hamiltonian matrix for the autonomous system. This
matrix is also very central in connection with the LQ optimal control solution.

We will now show that there is a linear relationship between p and x for all g <t <
t1. This relationship will result in a very simple formulation of the optimal control
given by (4.17).

For given border conditions x(¢;) and p(t1) at the final time ¢ = t; we have that the
solution of the autonomous system is given by

[m(tl)} = ®(t1,1) [;] , (4.26)

p(t1)
where ® is the transition matrix
d O
D(ty,t :eF(tl—t):[ 1 12]. 4.27
(t1,1) Doy Do (4.27)
Hence, we have the following two equations
x(tl) = Pz + Diop, (4.28)

p(t1) = Porx + Poop = Sz(ty), (4.29)
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where we in (4.29) have used the expression for p(t1) given by (4.20). Combin-
ing Equations (4.28) and (4.29) gives (i.e. we have put x(¢1) given by (4.28) into
Equation (4.29)), i.e.

p = Rz, (4.30)
where
R = [®gy — SP15] H[SPy; — oyl (4.31)

If we are letting t = t; in (4.27) then we have that ®(¢1,¢1) = I[2,. This means that
the corresponding sub matrices are ®17 = P99 = I, and P19 = P9 = 0,,. Putting
this into (4.31) gives the following border condition for R at the final time instant
t = tl, i.e.,

R(t)) = S. (4.32)

We have now found that the optimal control is given by
u=G(t)x, (4.33)
where
G(t) = —P 'BTR(t), (4.34)

is the LQ optimal feedback matrix. In order to compute G(t) we have to compute an
expression for R. The matrix R is in general time dependent and given by Equation
(4.31) with border condition as in Equation (4.32). The matrix R can in principle
be computed as in Equation (4.31). However, we will below show that thee exist
a method which does not involve the explicit problem of evaluating the transition
matrix, i.e. the matrix exponent in (4.31),

We will now show that R satisfies a matrix differential equation, i.e., the so called
Riccati equation. From (4.30) we have that

p = Rz + Ri. (4.35)
from (4.19), (4.21), (4.30) and (4.33) we find that
i = (A-BP'BTR)z, (4.36)
p=(-Q—-A"R)z. (4.37)
Putting p and & given by Equations (4.36) and (4.37) into equation (4.35) gives,
(R+ATR+ RA—RBP'BTR+Q)x =0. (4.38)

Since the state vector x may be arbitrarily different from zero (i.e. z # 0), at least
close to the initial time ¢ = ¢y, then we have that

ATR+RA—RBP'BTR+Q=-R. (4.39)

This is a so called matrix differential Riccati equation with border condition as given
by Equation (4.32). We see that the matrix R is a solution to the Riccati equation
(4.39).
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The solution of the Riccati equation is of central importance for the optimal feedback
given by (4.33) and (4.34). Hence, it is of importance to note the following moments
with the Riccati equation. The Riccati equation have border conditions at the final
time, i.e., R(t;) = S. The Riccati equation is therefore solved backward in time, i.e.
from the final time ¢; and backward to the present time instant ¢ in order to compute
R(t) which is used to compute the present optimal control u(t) = —P 1 BT R(t)z(t).
The Riccati equation have 2n solutions. From all those 2n solutions there is only
one unique positive definite and symmetric solution R > 0. This positive definite
solution R is to be used in order to compute the optimal control.

Furthermore, it can be shown that the minimum value of the optimal criterion over
the optimization horizon tg <t < t; is given by

J* = z(to)T R(to)z(to). (4.40)

As we see, the minimum criterion value is dependent of the initial state z(tg) as well
as the solution of the Riccati equation R(ty) at time ¢ = t.

4.3 Constant running time horizon (Receding horizon)

We have in the above Section 4.2 considered a fixed optimization interval tg < t < ¢;.
A special case of great interest is to consider a running constant optimization horizon
in which tg =t and t; =t + T where T is the usually constant prediction horizon.
The standard optimization criterion will in this case be of the form

1 1 t+T
J(t) = Sa(t + TSzt +T) + 3 / (2T Qz + ™ Pu)dt. (4.41)
t

where S > 0, @ > 0 and P > 0 are symmetric weighting matrices. The weighting
matrices may in general be time varying matrices.

From Equations (4.31) and (4.27) we see that R is a function of the time horizon
t1 — t. In this case we have that t; — ¢t = T is constant and therefore we have that
R = R(T) is a constant matrix and not dependent of time t. Furthermore this
gives a constant feedback matrix G = G(T) = —P~!BTR(T). This means that
the feedback matrix only is dependent of the constant horizon T', which usually is
referred to as the prediction horizon in Model Predictive Control (MPC).

Minimization of this criterion with respect to the process model & = Ax + Bu with
respect to the control vector u gives the optimal control u* at the present time ¢,
ie., u*(t) = Gz(t). However, all the optimal control over the optimization horizon
[t,t+T > are computed. However, the optimization problem is recalculated at each
new time instant. It can therefore be natural to only use the control u* at time ¢.
The most important motivation behind this is that the optimal control is simply
u*(t) = Gz(t) where G = G(T') which can be computed off line and in advance.

Basically we have an optimization problem at each time instant t. At the present
time ¢ a prediction T time units into the future is performed. Note however, that
we does not have any constraints on the inputs ore process outputs ore states, we
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have that the optimal control is given by u* = G(T")x where G(T') is constant and
only dependent of the prediction horizon, as well as the matrices A, B, P,Q,S. We
therefore, in this unconstrained LQ optimization problem, with receding horizon,
does not need to recompute the optimal solution. The above discussion also holds
for unconstrained Model Predictive Control (MPC).

The optimization control problem with constant running optimization time horizon
is referred to as receding horizon control.

The above details is described in Balchen (1970). The basic Model Predictive Control
(MPC) theory is therefore not new and described in many text books on optimal
control theory.

4.4 LQ optimal control with infinite time horizon

A special case of great importance is obtained by putting the horizons to be large,
ore infinite, i.e. T — oo or t; — oo. This means in practice that the optimization
time interval is sufficiently larger than the time constants in the system 8closed loop
system), i.e. that ¢; is large. The Riccati equation is a stable matrix differential
equation which converges to a constant solution R if the final time ¢; is large. This
again means that we obtain a constant feedback matrix G and feedback v = Gz. It
gives in this case no meaning of weighting the states in infinity, that at time ¢; = cc.
We therefore let S = 0. It can also be proved that the solution to this problem is
independent of S. The optimal criterion becomes in this case
1 o0
J=3 /t (2T Qx4 u” Puldt. (4.42)
0

In this case we say that R is a solution to The Algebraic Riccati Equation (ARE),
ie.,

ATR+ RA—-RBP'BTR+Q =0, (4.43)

because R = 0 when t1 — oo.

If a minimum of the objective J given by Eq. (4.42) exist, then J have to converge
against a finite value when time approach infinity. This implies that the state, x = 0,
when t — oo and that the control approaches u = 0 because u = Gx.

If the system is unstable then x — co when t — co. In such a case there will not be
a finite value on the objective J and there will not exist an optimal solution.

There exist some requirements to the weighting matrices  and P for the solution
to the LQ optimal control problem to give a stable closed loop (controlled) problem.
We have the following important theorem about stability in LQ optimal control
systems with infinite setling time (infinite horizon).

Theorem 4.4.1 (Stability of LQ optimal systems)

Given a continuous time invariant system @ = Az + Bu and a Linear Quadratic (LQ)
objective with infinite time horizon (t; — oo) with weighting matrices Q = DT D
and P > 0.
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The optimal control is of state feedback type u* = Gz with feedback gain matrix
G = —P7'BTR, where R is the unique positive definite solution to the Algebraic
Riccati Equation (ARE). The optimal controller gives a stable closed loop system,
i.e. the eigenvalues of A + BG is located in the left part of the complex plane, if
and only if the pair (A, B) is stabilizable and the pair (A, D) is detectable.

A

Note that in connection with this theorem, that the product DT D may be a square
root factorization of ). Some times we also equivalently says that the pair (A, /Q)
should be detectable.

4.5 Solution of the Algebraic Riccati Equation

There exist many methods for solving the Algebraic Riccati Equation (ARE), i.e.,
H
—N—
ATR+ RA—-RBP'BTR+Q =0, (4.44)

where H = BP~!B” is the Hamiltonian matrix.

Possibly the best and most stable method is based on a Schur decomposition of
the Hamiltonian matrix. It can be shown that the positive definite solution R of
the ARE may be expressed in terms of the eigenvectors connected to the stable
eigenvalues of the Hamiltonian matrix F'. Furthermore, it is also possibile to find
all 2n solutions of the ARE from this method, but remember that we usually only
need the unique positive definite solution R for control purposes.

Given a real Schur decomposition of the Hamiltonian matrix F, i.e.,

F U U T
{A —-H } {Un U12] _ [Un UIQ] [Tn T12:| (4.45)
—Q —AT | | Uy Ux Ui Upp | |0 Too |~ '

where U and T are real matrices obtained from the real Schur decomposition F' =
UTUT. The matrix U contains the Schur eigenvectors to the matrix . Furthermore
U is an orthogonal matrix such that U~! = U”. T is an upper block triangular
matrix with 1 x 1 or 2 x 2 blocks on the diagonal. Real eigenvalues of F' is contained
in the 1 x 1 on the diagonal. Complex conjugate eigenvalues of F' are contained in
2 x 2 on the diagonal of T

Furthermore the Schur decomposition (eigenvalues and eigenvectors) may be ordered
such that the eigenvalues (of F' and T') may be ordered in an arbitrarily specified
order along the diagonal of T. Hence, we may order the Schur decomposition such
that all n stable eigenvalues is located in the 771 part and all n unstable eigenvelues
in Thy. We then have that

F=UTUT (4.46)

It can be shown that the unique solution to the Riccati equation may be expressed
in terms of the Schur eigenvectors of U of the Hamiltonian matrix F. When Uyq is
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non-singular, then
R=UnU;, (4.47)
is the unique positive definite solution to the Algebraic Riccati Equation (ARE)
ATR+RA—-RHR+Q=0. (4.48)

where H = BP~!BT. Here we assume that the stable eigenvalues of F' are located
in 771 and the Schur decomposition as in (4.45).

It can be shown that the eigenvalues of the closed loop system A + BG where
G = —P7'BTR is given by the eigenvalues of 711, and located on the diagonal
(1 x 1 and 2 x 2 blocks on the diagonal of T7;.

In connection with the optimal solution to the LQ control problem we want the
unique positive definite solution R of the ARE which results in a stable closed loop
system. Hence, the Schur decomposition have to be ordered such that the matrix
T11 contains the stable eigenvalues of the Hamiltonian matrix.

4.6 Linear system with disturbance

Assume that the process can be described by the following linear continuous time
state space model

& = Az + Bu + Cu, (4.49)
y = Dz, (4.50)

where v is a vector of process noise (disturbances). We will in this section assume
that the process noise,v, is colored. This means that v has a mean value different
from zero and that the noise is time varying. We will assume that v is measured or
estimated in an estimator.

In case when v is withe Gausian noise with zero mean, then it can be shown that the
solution to the LQ optimal control problem is identical to the LQ optimal solution
which is obtained for v = 0. This solution consists as we have shown of a state
feedback, u = G(t)z.

We will in the following sections show that in case when v is colored then the LQ
optimal solution will consists of a feedback from the state, x, and a feed forward
from the disturbance,v.

4.6.1 Solution by reformulating the problem as a standard LQ
problem

The solution which is described in this section is dependent on a model for the
process disturbance. The disturbance may often be modelled. Assume that the
surrounding which generates the disturbance may be modelled by a linear state
space model of the form

To = Fay + Fn, (4.51)
v = Huxy, (4.52)
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where n is a rudimentary disturbance which excites the surrounding disturbance
model. By rudimentary we mean a stylized noise, e.g. n may be white Gausian
noise with zero mean, ore an impulse at time ¢ty = 0.

In case when the process disturbance which influence upon the process is constant
ore slowly varying, then we can describe the noise model simply as

b = Fn. (4.53)

where n is a rudimentary noise process. In case of a constant disturbance the noise
model is given by

b =0. (4.54)

The process model and the disturbance model can be augmented together to a linear
state space model given as follows,

i = Ai 4+ Bu+ Chn, 4.55)
4.56)
where
- [AcCH
A= 0 E ] (4.57)
- [B
B = 0 ] , (4.58)
- [0
o [o] )

Since the noise vector n is rudimentary it will not influence upon the LQ optimal
control problem.

We are now choosing a standard LQ optimal criterion given as follows

J= 1iT)Gs + " i1 Q7 + ul Pu)dt 4.60
7527(1) x+2/t0 (Z° QT +u' Pu) (4.60)
where

Q:[OQ%J, Sz[g?%} (4.61)

@ and S are weighting matrices for the process state x. @2 and Sy is weighting
matrices for the state vector xy in the surrounding noise model which generates the
disturbance v. We often have little knowledge of how to weight the states in the
noise model so often we are putting )2 = 0 and S = 0. In this case the criterion is
simply

t1
7=y Sl + 5 [ Qo+ T Pu (162
to



48 Optimal Control of Continuous Time Systems

The solution to the LQ optimal control problem is now given by
uw=—P 'BTR%, (4.63)

where R is the positive definite solution to the Riccati equation
ATR+RA—-RBP'B"R+Q=—-R. (4.64)

The boundary conditions for the Riccati equations becomes in this case R(t1) = S.
If we does not have any weighting of the final state in the LQ criterion then we
have that S = 0 and the boundary conditions become R(t;) = 0. This is always
reasonable when ¢; is large.

Let us study the LQ optimal solution. The solution to the Riccati equation can be
presented as follows

Ri1 Rys
R= , 4.65
[Rm R22} (4.65)

where Rg1 = R1T2, Ri1 = R1T1 and Roy = RQTQ because R is a symmetric matrix. The
optimal control can therefore be written as follows

w=—-P'[BT0] [Rn Rlﬂ [aj }

Ro1 Ras | | w2
= Gix + Gaxo, (4.66)
where
G1=-P 'BTRy, (4.67)
Gy = —P1BTRys. (4.68)

As we see, the LQ optimal control u consists of a feed back from the process state
vector x and a feed forward from the state vector x2 in the surrounding noise model.
The solution demands that both state vectors x and x5 is available, measured ore
estimated in state estimators.

By studying the Riccati equation we find that

ATRy1 + Ri1A — RuBP'BTRy1 + Q = — Ry, (4.69)

and
R1CH + Ri3E + (A— BP'BTR))TR15 = —Rys. (4.70)
We have here used that ()o = 0 and that Ry is symmetric. The boundary conditions

becomes Rj;i(t1) = S and Rya(t1) = 0.

We note that the feedback matrix (G; from the process state vector x is independent
of the surrounding noise model which generates the disturbance v. However, on
the other side we see that the feed forward from the state zo in the noise model is
dependent on Ri; and thereby the feedback.
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Assume an infinite time horizon and the noise model ©® = 0. Then we have that
Ris = —(A+ BG1) TRy, C (4.71)
and the feed forward matrix from v to w is given by
Gy = P 'BT(A+ BG,) TRy, C. (4.72)

As we see, the optimal solution is only dependent on the solution Ry of the station-
ary algebraic Riccati equation.

4.6.2 Solution by the use of the maximum principle

One advantage of the solution presented in this section is that we does not need an
explicit model for the disturbance, v. However, as we will see, the optimal solution
is based on known future disturbances. But in case of large or infinite optimization
horizon the solution is considerably simplified and consists of feedback from the
states, x, and feed forward from measured or estimated disturbances, v.

When using the maximum principle we first define the Hamiltonian function
1
H = i(acTQa: + u? Pu) + p? (Az 4+ Bu + Cw). (4.73)
We will now assume that the impulse vector p is given by the relationship

p=Rx+h, (4.74)

where h at this stage is an unknown time varying vector function. Think of the term
h as a feed forward function due to the non-zero process disturbances v. Hence, we
have

p= Rz + Ri + h. (4.75)

We now put the equations for p and & as well as the optimal control v = —P~1BT)p
into Equation (4.75)-

From the maximum principle we have that

b=y = —Qz — ATp. (4.76)

Putting p given by (4.74) ito (4.76) gives
P
. T \ T T
p=—-Qr—A" (Rr+h)=—-Qx— A" Rx— A" h. (4.77)
Furthermore, the optimal control is of the form
oH
ou
Inserting (4.74) into (4.78) gives

0 = u*'=—-P BT (4.78)

uw* = —-P'BTRx — P'BTh. (4.79)
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As we see, the optimal control is generated through a feedback from the state vector,
x, and a feed forward from the feed forward signal vector h. In order to obtain a
complete solution we have to find the matrix R and the vector h.

Putting the optimal control given by (4.78) into the process model & = Ax+ Bu+Cwv
gives,

i=(A—-BP 'BTR)x — BP'BTh 4 Cw. (4.80)
Inserting (4.80) into the equation for p given by (4.75) gives

p=(R+RA+ ATR— RBP'BTR)x
+h+ RCv— RBP~'BTh, (4.81)

Inserting p given by (4.77) gives

(R+RA+ ATR—- RBP'BTR+ Q)z
+h+ (A—BP'BTR)"h+ RCv = 0. (4.82)
This must be valid for al z # 0. We also recognize the Riccati equation. Hence,

the matrix R is the solution to the Riccati equation and the feed forward signal h
is given by a differential equation. We have

—R=RA+ ATR— RBP'BTR+Q, (4.83)
—h = (A+ BG1)Th+ RCv, (4.84)

where
Gy =—-P'BTR. (4.85)

The boundary conditions for the differential equations are found as follows. From
the maximum principle, Equation (4.7) we find that

p(tl) == % [%l‘(tl)TSl‘(tl) ]tl == S:E(tl). (486)

Putting ¢ = ¢; into (4.74) gives
p(t1) = R(t1)z(t1) + h(t1). (4.87)

This must apply to any end state x(¢;). Ie. by comparing equations (4.86) and
(4.87) we find the boundary conditions

R(t1)
h(t1)

S, (4.88)
0. (4.89)

Note that we get the special case R(t1) = 0 and h(t;) = 0 if we do not weight the
state x at the end time, i.e. set S = 0 in the optimal criterion.

We see that equation (4.83) is identical to the Riccati equation which we would find
if we did not have a process disturbance v. We see that the process disturbance does
not affect the optimum the feedback. This is then also expected because forward
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shifts does not affect the stability of the system. The stability of a linear system
can only be operated by feedback.

The optimal forward link given by equation ( ref eqlllm) is however, depending
on the solution of the Riccati equation R (ie. depending on the optimal feedback
system). Note that the solution of (4.84) is given by

t
h(tl) — e*(A‘FBGl)T(tl*t)h(t) o / ! e*(A+BG1)T(t17T)RC,UdT. (490)
t

We have used equation here (1.9). Equation (4.90) can be solved with respect to
h(t). This gives

h(t) = (e~ (ABOT(=0)"1p ) 4 (e (A+BE)T (1)) =1 /t1 e~ (A+BCNT(1=7) ROy,
t

We use the identity (e4)~! = e~ to invert a matrix exponent and we have

h(E) = BT ) 4 (A58 [ A0 R a1

t
We have the boundary condition (4.89) and thus
h(t) = eATBG)T (11-1) /tl e_(A+BG1)T(t1_T)RCvdT. (4.92)
¢

This can be simplified to

t1
h(t) = / eATBG)T (=) RCwdr. (4.93)
t

In order to solve this integral and thus find A(t) we have to know the future distur-
bances v(t) over the time interval [¢,¢; >.

Pay special attention to the steady state solution. By setting h = 0 into (4.84) we
find that

h=—(A+ BG))"TRCv (4.94)

We find this answer, and by integrating (4.93) analytical as t; — co.

This provides a constant forward link from the disturbance/interference v. It can

further be shown that this is the solution of the integral (4.93) if v is constant over

the time interval [t,¢; > and if we let t; — co. We then have the optimal control
u= Gz + Gav (4.95)

where

Gy =P 'BT(A+ BG))"TRC. (4.96)
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4.7 Optimal tracking systems

We will in this section study optimal tracing systems. With tracking systems we
mean that the output y of the system is to follow a prescribed reference 7 in such a
way that a given criterion ore objective function is minimized.

As process model we consider the continuous linear system

= Az + Bu+ Cr, (4.97)
y = Dux. (4.98)

Note that we have included the term Cr in the state space model. Normally, we
have C' = 0 in connection with standard feedback systems. We will later in Section
4.8 show that it may be practical to use a model with C' # 0 in case that we want
integral action in the closed loop controlled system.

the reason for the term Cr is that a standard process model & = Ax + Bu and
y = Dx augmented with an integrator Z = r —y for the controller results in a model
of the type (4.97). We will discuss this later. However, note that the development
will be more general if we work with the term Cr in the process model.

Let us define the deviation between the output y and the reference r by
e=r—y=r—Duz. (4.99)

We are choosing an Linear Quadratic (LQ) criterion where the deviation defined by
(4.99) is weighted, i.e.,

1 1 [h
J = 5eT(tl)Se(tl) +3 / [eT Qe + uT Pu)dt. (4.100)

to

Substituting for e gives

J - %(T(tl) — D:U(tl))TS(’l“(tl) — Dl‘(tl))
+3 [l [(r = D2)"Q(r — Dx) + u” Pujdt. (4.101)

where S, Q and P > 0 is symmetric weighting matrices.

We will now solve this problem of minimizing (4.101) subject to the process model
(4.97) and (4.98) by using the maximum principle. We first form the Hamiltonian
matrix,

H= %[(7‘ — Dx)TQ(r — Dz) + u” Pu] + p* (Az + Bu + Cr). (4.102)
This can be expressed as follows
H= %(TTQT‘ —rTQDx — 2" DTQr + 2" DTQDx + u” Pu) + p” (Azx + Bu +(@1A)03)
The Hamiltonian function is a scalar function. hence, we may write

1
H= 5(rTQr — 2TQDx 4+ 2T DTQDx + u” Pu) + pT (Az + Bu + Cr). (4.104)



4.7 Optimal tracking systems 53

The optimal control is found by putting the gradient of H with respect to u equal
to zero, i.e.,

OH
— =Pu+BTp=0. (4.105)
ou

This gives
uw=—P 1BTp. (4.106)

In the same way as for optimal feed forward control from disturbances, v, we may
show that the impulse vector, p, may be expressed as a linear function in the state
vector, z, and of an at this stage unknown vector function h. The function h may
be viewed as a feed forward function du to the external reference vector r. We have

p= Rx + h. (4.107)
The optimal control is then given by
u=—-P 'BTRx — P~'B"h. (4.108)

In order to use this solution we have to find expressions for R and h. By taking the
time derivatives of Equation (4.107) we find

p= Rz + Ri + h. (4.109)

Let us now obtain the equations for p and & and using those in (4.109). From the
maximum principle we have that

p=-% = -DT'QDz — ATp+ DTQr
= -DTQDx — ATRx — ATh + DTQr. (4.110)

Putting the optimal control into the state space model, Equation (4.97), we find
i=Axr — BP'BT"Rx — BP'BTh + Cr. (4.111)
Putting (4.110) and (4.111) into (4.109) gives

—DTQDxz — ATRx — ATh + DT Qr
= Rz + R(Az — BP'BT"Rz — BP'BTh 4+ Cr) + h. (4.112)

This can be rearranged as follows

(R+ATR+ RA - RBP'BTR+ DTQD)x
+h+ (A—BP'BTR)Th — DTQr + RC'. (4.113)

This equation must hold for arbitrarily x # 0, and also recognize the Riccati equa-
tion. We may therefore write

—R=ATR+ RA—- RBP'BTR+ DTQD, (4.114)
—h = (A—BP'BTR)Th — DTQr + RCr. (4.115)
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The final value boundary conditions for those differential equations are found as
follows. From the maximum principle, Equation (4.7) we obtain

p(t1) = 8% [ 3(r(t1) — Dx(t1))TS(r(t1) — Dx(t1)) ]t1 . (4.116)

This can be written as follows

p(t1) = a% [5(r(t)"Sr(t1) — 2r(t1)TSDTz(t1) + 2(t1)" DT SDz(t1)) ], (4.117)

Derivation of (4.117) of time gives
p(t1) = DTSDx(t;) — DT Sr(ty). (4.118)
Letting ¢t = t; in (4.107) gives
p(tr) = R(t)e(t) + hitr). (4.119)

This must hold for arbitrarily final states x(¢1). Hence, by comparing Equations
(4.118) and (4.119) gives the boundary conditions

R(t;) = DTSD, (4.120)
h(t) = —DTSr(ty). (4.121)

Note that we get the special case R(t1) = 0 and h(t;) = 0 if we do not weight the
deviation e at the end time, ie set S = 0 in the optimal criterion. However, in this
case there should be little reason to set S = 0. A better choice is to put S = Q.
The reason for this is in order not to obtain bad tracking of the reference at t = ¢;.

We see that equation (4.114) is the common Riccati equation. The only difference
from before is that we now have a weighting matrix DTQD for the process state
vector z. Both the Riccat equation and the equation (4.115) can be solved backwards
in time from end-time ¢;. Remember that we need the solutions at the present time
t,ie. R(t) and h(t).

The optimal solution consists, as we have shown, of a feedback from the process state
vector x as well as a feed-forward link from h. We see that the forward feedback
does not affect the feedback. The vector h is determined by the reference vector r
as well as by the feedback.

4.7.1 Conclusion

We summarize the results in the following theorem

Theorem 4.7.1 (Continuous time Linear Quadratic (LQ) optimal tracking)

Given a linear state space model & = Axr 4+ Bu and y = Dx as well a LQ opti-
mal criterion as given in equation (4.101).

The optimal control that minimizes the optimal criterion is given by

u= Gz — P 'BTh, (4.122)
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where
G1 = —P'BTR(t), (4.123)
and
—R=ATR+ RA—-RBP'BTR+ DTQD, R(t;)=DTSD, (4.124)
—h = (A+ BG1)"h — DTQr + RCr, h(t;) = —DTSr(ty). (4.125)
A

Theorem 4.7.2 (Continuous time LQ optimal tracking: minimum of the objective)

Given the solution to the optimal tracking problem in theorem 4.7.1. The mini-
mum value of the criterion over the time horizon [t, 1] is then given by

1
J(t) = §a:TRx +2Th +w, (4.126)
where the time varying signal w is given by
1 1
— = §TTQT — 5hTBP*HBTh, (4.127)

with boundary conditions for w at the final time ¢; given by
L 1
w(t1) = 57” (tl)ST(tl). (4,128)

A

Let’s study the steady state solution. This is what we get if the time horizon is
infinite, i.e. t; — oo. If we put A = 0 in equation (4.115) we find

h=(A-BP'BTR)"1(DTQ — RC)r. (4.129)

The optimal control is thus given by

u = Grx + Gar, (4.130)

where
Gy = —P7'BTR, (4.131)
Gy = —P'BT(A- BP'BTR)™(DTQ - RC), (4.132)

where R is the solution of the algebraic Riccati equation. The optimal control in
this case is given by a constant feedback from x and a constant feed-forward control
from the reference r.

Example 4.1 (Optimalt folgesystem)
Given a process described with a SISO model with one state, with model

& = —0.5z + u, (4.133)
y =, (4.134)
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with initial condition x(ty) = 0.
the output y should follow a given reference signal r(t). We chose the following

optimal objective

1

JZ;“Nh)—yUﬂ”*2A:@@—yV+pﬁﬁ% (4.135)

where s, q and p are scalar weighting parameters.

The optimal control u which minimizes the objective J is given by

u=gix + goh, (4.136)
where
R h
g=——5 G2=——. (4.137)
p p

R is the solution to the Riccati equation and the feed-forward control h is given by

. R2
—R:—R—?;+% (4.138)

. 1 R
—h=—(=+—)h—qr. 4.1
G+ h—ar (4.139)

the boundary conditions are given by FEqs. (4.120) and (4.121).

R(t1) = s, (4.140)
h(ty) = —sr(ty). (4.141)

The steady state solution of the Riccati equation as well as the stationary feedback

are given by
q
J31+4, -1
R = P (4.142)

Y

V1+4% -1
X (4.143)

g1 = 5

Note that if we set the boundary condition R(t1) for the Riccati equation (4.138)
similar to the stationary solution, i.e. R(t1) = R which means that s = R, the
solution of the dynamic Riccati equation will be constant for all time ty leqt leqty.
In this case, this means that the deviation r—1y at the end time is weighted by s = R.
This solution to the problem is especially simple because the optimum on the draw
consists of a constant feedback and a dynamic feed-forward. See Figures 4.1 and 4.2
for simulations.
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Figure 4.1: The figure shows simulations of y and u for example 4.1. We have used
the weights s = 2, ¢ = 2 and p = 1. We see that the output y reacts before the
jump in the reference at ¢ = 10. This is typical of optimal tracking systems (and for
predictive control) because one in advance, know the future change in the reference.
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Figure 4.2: The figure shows simulations of R and h for example 4.1. R is the
solution of the dynamic Riccati equation. h is the optimal feed-forward signal. We
have used the weights s =2, ¢ =2 and p = 1.

4.8 LQ optimal tracking system with prediction and in-
tegral action

A standard Linear quadratic (LQ) optimal tracking system will generally have a
stationary deviation between the reference and the output vector (which must follow
the reference). In this section we will study a method to eliminate the stationary
deviated (including integral action).
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In this section, we will show how we can expand the results which was derived in
section 4.7 so that the LQ optimal tracking system has integral action.

We can call the results in section 4.7 a standard wording and solving the follow-up
problem. The technique we are going to use here is to include a model of the integral
effect in the process model and the criterion. We can then set this to standard form.
The solution is further given as in section 4.7.

4.8.1 Augmented process and controller model

Assume given a linear state space model for the system

& = Ax + Bu, (4.144)
y = Dx. (4.145)

A method used to achieve integral action in optimal systems is to include the deriva-
tive of the controller error 7 — y in the model. we define

Z=r—y=r— Dz, (4.146)

where we have used Eq. (4.145). We have here introduced a state z which is given
by integration of (4.146). We combine (4.146) with the process model (4.144) and
(4.145) and obtain

| ,—j%/i\ PR
[:ZU] N [—D 8] [f] + [OB] ut [(}] r (4.147)

In the same way, the output vector (4.145) can be written as

T

D1
7 > | @
y=[DO0] L] (4.148)
This gives the augmented (combined) state space model

i = A&+ Bu+ Cyr, (4.149)
y = Diz. (4.150)

where the model matrices and vectors are defined as in (4.147) and (4.148).

For later use, we define a slightly different formulation in the same way of the
extended state space model (4.148) and (4.150).

i = A% + Bu+ CF, (4.151)
j = Di, (4.152)

where

g:[i], D:[é)?], é:[?g], f:{g}. (4.153)
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4.8.2 Formulating the objective

From the theory of LQ optimal systems (section 4.2), 4.7)) we know that the optimal
on the move among other things, consists of a feedback from the whole the state
vector of the process. The reason for this is that the conditions must be weighted
in the criterion such that all conditions are observable (possibly detectable) seen
from the criterion. To ensure that all conditions are observable from the criterion it
is natural to emphasize the regulator state vector z in addition to emphasizing the
deviation r — y. It would therefore be natural to choose a criterion of the form

t1
/= %[(T —y)'S(r—y) + 2782, + % / [(r = )" Q(r —y) + 2" Qz2 + u” Puldt.
to

(4.154)

We will now show that this criterion can be set to standard form, i.e. in the same
form as the criterion used in connection with optimal tracking. See section 4.7.

Let’s start with based on the definitions given in (4.153) and looks at the discrepancy
between 7 and y. We have

~ = /—/A/w\
Lo~ = T DO| |z r— Dz
R R AR
We define the augmented weighting matrix
- [Qo
Q= [0 0. (4.156)

We then have that
(7 — Di)TQ(7 — D%)

= [(r— Dx)T 2T [82 %J I:?"—ZD:L':|

= (r — D2)TQ(r — Dz) + 27Q2. (4.157)

Let us further define the following weighting matrix for the error 7 — DZ at the final
time instant ¢

S = [(‘f %J . (4.158)

This means that the criterion (4.154) may be written equivalently as

(7 — D))y, + % /t ! (7 — D&)TQ(7 — DZ) + u” Pu]dt(4.159)

<
I
|
<
|
)
@
N
U

We notice for lather use that this objective is of the same form as the objective
(4.100).
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4.8.3 Solution to the optimal tracking problem with integral action

We see that the criterion given by (4.159) is of the same form as the criterion (4.100).
Furthermore, the state space model given by (4.152) and (4.153) is of the same form
as the state space model (4.97) and (4.98). This means that we can use the same
solution as derived in section 4.8 and as presented in theorem 4.7.1.

The only practical difference in the solution in section 4.8 and theorem 4.7.1 is that
we have got two new folding matrices @), and S, that emphasize the integrator
state vector z. In addition, the dimension of the Riccati equation has increased and
thus the complexity of the problem. On the other hand, there are many zeros in
the expanded matrices we has defined. It may therefore be useful to rewrite the
solution.

We end the discussion by concluding that the general solution The problem with
integral effect is quite equivalent to the solution presented in theorem 4.7.1, but
replaced with extended model matrices and vectors as presented above. We therefore
do not repeat the solution. In the next section, however, we will study a suboptimal
solution.

4.8.4 Suboptimal solution

In this section, we are by problem definition interested in zero stationary deviation
between the reference r and the output vector y. In order to be able to analyze the
stationary deviation we mathematically let ¢ — oo. This means that it is reasonable
that we only study optimal tracking systems with integral effect for time horizons of
a certain size. If the time horizon is chosen small, it can in many cases be impossible
to achieve zero steady state error. You can also have problems with stability. We
disregard the case of constantly sliding horizons, i.e. receding horizon problems.

It is therefore reasonable to assume a large time horizon. By large we mean here
that the time horizon is greater than the dominant one the time constant of the
feedback system. We can therefore study the stationary Riccati equation. This
means that we also do not need the boundary conditions for the dynamic matrix
Riccati equation. We also have a great advantage because we are guaranteed that
the closed system is stable. This is of great practical interest.

From theorem 4.7.1 we have that the optimum p aa drag is given by

u=G1i— P 1BTh. (4.160)

This means that the pull is given by a feedback from the process state vector z and
a feedback from the integrator state z. We see this by spliting up (4.160. We have

u=Gyrx+G,z— P 'BTh. (4.161)

where G, and G, are submatrices from G;. We assume a large time horizon. The
feedback gain matrix G is therefore given by

G, =—-P'BTR, (4.162)
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where R is given by steady state solution to the ARE (the Algebraic Riccati Equa-
tion) in Theorem 4.7.1. We have

ATR+ RA - RBP'BTR+ DTQD =0. (4.163)
We notice that
o T
DTQD = {D oQch } (4.164)

G1 og R beregnes enkelt for eksempel med MATLAB funksjonene lqr eller Iqr2.

Let’s study the boundary conditions for the dynamic equation for calculating the
forward switching signal h(t). We have assumed a large time horizon so that we can
use the stationary solution to the Riccati equation to determine a constant feedback
matrix GG1. In section 4.4 we gave a justification that it has no meaning to weight
the end state if the horizon is infinite and that we thereby can set S = 0. Actually, S
is arbitrary in this case because S is not entering in the stationary Riccati equation.

Against this background, it will in our case be tempting to use S = 0 so that the
boundary condition becomes h(t;) = 0. On the other hand, we want zero stationary
offsets. A boundary condition h(t;) = 0 will generally make it impossible to meet
the requirement for zero stationary deviation at the end time. The reason for this is
of course that the forwarding signal h go to zero when we reach the end time. This
means that you do not have stationary conditions near the end time.

Let’s look at the case that S # 0. From theorem 4.7.1 we have that

—DTSr(tl)] ’

h(t1) = =DS#(t1) = —D{ Sr(t1) = [ 0

(4.165)

where we have used the definitions for S as defined in (4.158), D and 7 as defined
in (4.153) and D; as defined in (4.148).

We see from this that if S # 0 the forward switch will be actived also at the end
time. It can be shown that this does not necessarily give zero stationary deviation
at end-time.

To achieve zero stationary deviation also at the end time we can use the stationary
solution of the dynamic equation (4.125) as boundary condition. We then have the
following limit condition for h.

h(t1) = AT (DTQ — RC)#(t), (4.166)
Ay = A+ BR, (4.167)

where R is the solution to the steady state Riccati equation (4.149). The boundary
conditions may be written more simplified as follows

h(ty) = A;7(DTQ — RCy)r(ty). (4.168)

We notice that the fold matrix ), which limits (emphasizes) z is not included in
the calculation of h.

Such a suboptimal solution as discussed above will of course generally give one higher
value on the criterion J compared to the optimal solution. This is the price you have
to pay for using a constant feedback matrix G; and in addition have zero steady
state deviation also at the end-time.
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Example 4.2 (Optimal tracking system with integral action)

In example 4.1 we got stationary deviation between the reference r and the output y.
In this example we will use the theory described in this section and the same process
as in example 4.1 and show that the stationary deviation becomes zero. Given a
process as described in example 4.1. The controller’s integrator state z is defined by

Z=r—uzx, (4.169)

Combining this with the model described in example 4.1 we obtain

PSS S SN
[ﬂ:[__ofg} :}-F[(l]]u—k[(l)]r, (4.170)
>
y:m[ } (4.171)

The output y should follow a given reference r(t). We therefore choose the following
optimal criterion

t1
7= 580 (0) ~u(t) + 5.7 + 5 [ 100~ + Qs+ Pallat. (4.172)

where we have selected S =2, 5, =1, Q =2, Q, =1 and P =1 are scalar weights.
The station solution can be found, for example, by using the "MATLAB Control
System Toolbox” function, [—G1, R] = lgr2(A, B, Q, P). where

= [20
Q= [0 1] : (4.173)
This gives
1.562 —1.000
R= [_1'000 5 069 } , Gp=[-1.562 1.000] (4.174)
This gives the control
- h
_PleT A
‘ ‘| b
u=-15616z+z—[10] b, | = —1:56162 + 2 — I (2), (4.175)
2

where h is the solution of the dynamic equation (4.125) and z is given by (4.169).
We have used (4.168) as a boundary condition for equation (4.125). The simulation
results shown in figure 4.8 show that we have zero stationary offset/deviation. This
was not the case in example 4.1.
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Figure 4.3: The figure shows simulations of y, u and h for example 4.2. We have used
the weights S =2, Q@ =2, @, =1 and P = 1. The start and end times are ty = 0
and t; = 25, respectively. We have used (4.166) as the boundary condition for A(ty).
We see that the output y reacts before the jump in the reference at ¢ = 10. This is
typical of optimal tracking systems (and for predictive control) because one know the
future change in the reference. We see that we have zero stationary offset/deviation
between r and y. This was not the case in example 4.1 and the figures 4.1 and 4.2.

4.9 Weighting control rate of change u

4.9.1 Standard LQ optimal control with weighting the control rate
of change

Consider a LQ objective of the form

t1
J = %x(tl)TSac(tl) + ;/ (2T Qx + vl Pu + «TRa)dt, (4.176)
to
where we in addition to emphasizing the state vector, x, and on the control vector,
u, emphasizes the derivative of the control i.e., . The advantage of this is that we
can add weight on the speed of the control action via the weight matrix R. We can
thus by increasing R achieve a smoother/softer and calmer control action uw. This
is appropriate in systems where we do not want rapid changes in the control action.

This problem can be solved by transforming the problem into a standard LQ prob-
lem. Let’s introduce a new control @ such that

o= . (4.177)

We consider this as a state equation with u as the state. We can then set up an
extended state space model

m - [64 f} m + ijf] i. (4.178)
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ie. such that we have an extended state space model of the form

i = A% + Ba,

~ | T i A B o O xr
T |:u:|’ A= |:0r><n 0r><r:|’ B= |:Ir><r:|.

The LQ objective may then be written on standard form as

where

t1 B
T / (&7 Qz + aTRa)dt,

2 J

N |

where the weighting matrices are given by

Ay Q On><7° o S Onxr
Q a [OTXH P ’ 5= Orxn Opxr '

The optimal control @ is then given by

i = G2
G =-R'B'R,
where R is the positive definite solution ti the Riccati equation
—R=A"R+ AR - RBRBTR+Q,
with boundary conditions at the final time instant tq, i.e.
R(t;) = S.

Remark that we know have obtained an equation

u = Grx + Gau

(4.179)

(4.180)

(4.181)

(4.182)

(4.183)
(4.184)

(4.185)

(4.186)

(4.187)

which has to be solved with respect to the control action u so we can put this control
to the process. This can usually be easiest done by discretization. We should note
that there is one discrete variant of this problem that we will discuss in the section

on optimal regulation of discrete time systems.
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4.10 Specified final state and open loop control

The control objective to be studied in this section is to drive the state x(¢) in a
linear system & = Az + Bu from an initial state x(tg) to a final state x(t1) using
minimum control energy. The initial state x(tp) is known and the final state z(¢;)
is specified.

This optimal control problem can be solved by minimizing a quadratic performance
index. Since z(t1) is specified it is redundant to include a final state weighting in the
cost index (performance index). Hence, it make sense to let the final state weighting
matrix S = 0. In order to simplify the solution, let Q = 0 also.! The resulting
quadratic performance index is given by

1M
J== / ul Pudt. (4.188)
2 to

Note that u =0V t € [tg,t; > gives a minimum J = 0 when P > 0. However, this
control does in general not drive the state to the specified final state z(¢1). Hence,
u = 0 is not a solution to our problem.

We will solve this optimal control problem by using the maximum principle. The
Hamilton function is given by

1
H = §uTPu + pT(Az + Bu). (4.189)

The optimal control is determined from the condition %—ZI =0, ie.,

u=—P'BTp, (4.190)

where we have assumed that P > 0. Substituting the optimal control into the state
and costate equations gives

& = Az — BP~'BTp, (4.191)
p=—Alp. (4.192)

As we can see, the choice () = 0 has decoupled the costate equation from the state
equation. Hence, the solution of the costate equation is simply

p(t> — e—AT(t—t1)p(t1) — CAT(tl_t)p(tl), (4193)

where, at this stage, p(¢1) is unknown. Substituting this into the state Equation
(4.191) gives

@ = Az — BP'BTeA (1=0p(4y). (4.194)

The solution of the state equation with the optimal control is given by

t
2(t) = eAt0)p(tg) — ( / AT BP-1BT AT (1 =T) gr)p(ty), (4.195)

to

'In fact, as we will show, this problem has an analytical solution.



66 Optimal Control of Continuous Time Systems

We can now find p(t1) from the equation obtained by evaluating (4.195) for ¢t = ¢;.
Putting ¢ = ¢; in (4.195) gives

a(ty) = e (tg) — Welto, tr)p(t1), (4.196)
where
t1
W, (to, t1) = / eAli=m) pp=1 BTeAT (=) g7 (4.197)
to

is defined as the weighted controllability gramian. The gramian is weighted because
it depends upon the control weighting matrix P. Note that the weighted control-
lability gramian reduces to the standard controllability gramian when P = I and
to = 0.

We have from (4.196) that the final costate is given by
p(t1) = —Welto, t1) " (z(t1) — e )2 (ty)), (4.198)

provided W(to, t1) is non-singular. The costate p(t) is then given by (putting (4.198)
into (4.193) gives)

p(t) = —eA DWW (2, 1) Ha(ty) — e 02 (2g)). (4.199)

Substituting this into the expression for the optimal control, i.e. u = —P~!BTp,
gives the optimal control

u(t) = P BTeA 0, (2o, 1) (2(t1) — e g (ty)). (4.200)

if We(to,t1) is non-singular. Note that the optimal control (4.200) for single input
systems is independent of the control weighting p. Since u(t) is defined in terms of
the inverse of the gramian W,(to,?1) the optimal control exists for arbitrary x(to)
and x(t1) if and only if det(W,(to,t1)) # 0. This corresponds to controllability of
the plant. This means that if the system (A, B) is controllable then there exists a
minimum-energy control to drive any x(ty) to any desired x(t1).

The control (4.200) is an open-loop control since u(t) does not depend on the current
state (t). It depends only on the initial and the final states (and time), and it can
be precomputed and then applied for all ¢ in [to, t1].

4.10.1 On the controllability gramian

Definition 4.1 (Weighted controllability gramian) The weighted controllabil-
ity gramian for the system (A, B) is defined as

t
We(to, t) = / A=) pp-1 BT AT (-7) g (4.201)
t
ciffto T
= / eATBP BT Tar, (4.202)
0

where P is a non-singular weighting matrix.
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Note that the gramian W,(to,t) only is dependent on the difference ¢ — ty. This
means that We(0,t —tg) = Wc(to,t). This is the reason for the short-hand notation
We(to,t) = We(t — tp) which sometimes is used.

It is useful to recognize the relationship between the gramian W, (to,t) and the
solution of a matrix Lyapunov equation. We have the following proposition.

Proposition 4.1 The weighted controllability gramian Wc(to,t) can be computed
from the solution of the Lyapunov matrix differential equation

W =AW + WAT - pp~'BT (4.203)

which has the solution
t
W(t) = ATOW (1)t (1) 4 / AT Bp1BT AT (") g
t
(;—to

= Al (gg) e (1) 4 / ATBPTIBTA T (4.204)
0

If the initial condition is zero, i.e., W (tg) = 0, then Wc(to,t) = W(t).

Proof

The time derivative of (4.204) is
W(t) = AeA0W (1) t710) 4 AUty (gg)e” (tt0) AT
+ eAlt=to) g p=1 pT AT (t=to) (4.205)
Substituting (4.205) and (4.204) into (4.203) gives
eAlt—to) p p—1 BT (AT (t—t0) _
[ AeACD Bp=1BT AN (=T gy 4 [! Al-T) Bp-1BTeA" (=T AT 47 + BP~' BT
0 0

and

t
eA(t_to)BP—1BT6AT(t—t0) _ _/ di [GA(t—T)BP—lBTeAT(t_T)} dr + BP~'BT
to T

and
GAlt—to) g p—1 BT AT (t—t0) _ _ [eA(t—T)BP—lBTeAT(t—T) T L Bp-1BT
to

which is true. Hence, (4.204) is a solution of (4.188). QED.

Remark 4.1 Consider the solution (4.204) and (4.203) with initial condition W (to) =
0. Substituting (4.205) into (4.203) gives the matriz Lyapunov equation

AW, (to,t) + We(to, t) AT = eAlt-t0) pp=1gTeAT(t=t0) _ pp=1pT  (4.206)

This is a linear equation which can be used to compute the gramian We(to,t). This
equation is frequently used when A is stable and t — co. See e.g. the Control System
Toolbox for MATLAB function W, = gram(A, B). Equation (4.206) can be used for
unstable A and finite t.
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Remark 4.2 [t is important to note that (4.206) only can be used when the solution
is unique or when (4.206) has a solution. Equation (4.206) can not be used on
01 A1l
00] and A = [0_)\

Lyapunov equation does not have a unique solution in these cases.

systems with A =0, A = [ ] The reason for this is that the

Remark 4.3 Note that the controllability gramian W, ((4.202) with P = I) is
related to the controllability matriz C,, for the pair (A, B) as

We(to,t) = C, F(t)CT (4.207)

where F(t) is a matriz. The matriz F(t) can be deduced by using the series equivalent
to AT and the Cayley-Hamilton theorem. Se example 4.7 for an illustration.

4.10.2 TIllustrating examples

Example 4.3 Consider the system matrix

01
A= {O 0] . (4.208)
Problem Show that the transition matriz is given by
At _ 1 t
et = [0 e (4.209)

Solution The system matriz A is nilpotent® because A> = 0. This implies that the
series expansion for et is finite, i.e.

e =T+ At. (4.210)

Example 4.4 Consider the system & = Ax + Bu with system matrices

A= [8 (1) . B= m (4.211)

Problem Show that the weighted controllability gramian is given by

1 [ (t=t0)® (t—t0)?
We(to,t) = — 3 2 . 4.212
( 0 ) p i (t—;0)2 t—tg ( )
Solution Integrating
t
We(to, t) = / A1) pp=1BT A (=T g, (4.213)
to

with P = p as a scalar weight gives

1 [t1¢t—=71[00 10
We(to, t) = p/to [0 1} {o 1] [t—fl]dT

_ ;/t: [(t;z)j t_;] dr. (4.214)

2A nilpotent matrix is a matrix A where A* = 0 for some k.
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This gives
Ll 3 Ll )2 t
Wa(to, 1) = ;'_38_732 b=y
to

_1 [0 0} 1 [_l(t—t0)3 —§(t—t0)2]
S l0t] pl—g(t—t0)? to
_ L[5t —t0)® 3(t —to)?
T p [2(15—1&0)2 ’ t—to} . (4.215)

As we see, the gramian W.(to,t) is only dependent on the difference t — ty. This
means that W.(0,t — tg) = We(to, ).

Example 4.5 The objective in this example is to compute the weighted controlla-
bility gramian We(to,t) as in Example 4.4 but now by using the differential matriz
Lyapunov equation approach as illustrated in (4.203) and (4.204). Let

w w
We(to, t) = [wi wz;] : (4.216)
then (4.188) gives
Bp~1BT
—
W:{gé]w+w[?g]+ {8 g] (4.217)

which gives the scalar differential equations

w11 = 2wo1, (4.218)

wgl = w22, (4.219)
1

Ugg = —. (4.220)
p

We can now integrating these equations by using zero initial conditions, i.e. W (t =
0) =0, and from time ty to t. We have

I t—t
way = / dr = —2. (4.221)
P Ji p

Putting (4.221) into (4.219) gives

and so on. Hence
4% | wir war | % %
c(t,t0) = [wzl w22] - !@—2?)2 tpt()] , (4.223)
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Example 4.6 An object obeying Newton’s law satisfies

A B
—— ~ =
. 01 0
x—[oo]x—k[l}u (4.224)
where T = [:1;1 :L‘Q]T with x1 the position, xo the wvelocity and w an acceleration

mput.

The control objective is to drive the state from an initial state x(to) to any final state
x(t1), while minimizing the performance index

1 [
J== / pu’dt. (4.225)
2 Ji,

The controllability gramian can be solved by using the definition or from (4.203) and
(4.204) with zero initial conditions W (tg) = 0. Se Ezamples 4.4 and 4.5. From this
we have

I (t—t0)? (t—to)2
_ 11 21 _ 3p 2p
Wc(t,to) = [wm w22] = [(t_;o)z t_t()] . (4.226)
D D

In order to compute the optimal control we need the inverse of We(to,t1). We have

_ 12p 1 —hzio
1 _ 2
We o) = =5 [_tlgto (i) | (4.227)

The optimal control is found by using (4.200). First, compute
T AT (t1— 1 12 10 1 _tlgto
Bt =W (to, 1) = oy [01] [tl 1 1] i (ato)?
1 —tizto

_ 12 2
B (t1—g))3 [tl —t 1] [_tl—to (t1—t0)?
2 3

= [tl —t— g5 (t1 — to) —g5(tr — t)(t1 — to) + g5 (t1 — t0)2]

o 12(t1—1) 6 6(t1—t) 4
. { Bt _ 6, Sy tl_to] . (4.228)

Substituting into (4.200) gives the optimal control

(120t 6 6(t1—t 4 1ty —to
u(t) = [ ('51(—11ﬁ0)3 ENGEE _(lt1it0)>2 + t1—to] (z(t1) — [0 1:| (to))(4.229)
Note that this expression with to = 0 reduces to
6t1—12t —2t1 46t 1t
u(t) = [ 5 o ] (z(t) — {O i] z(to)). (4.230)

Note that the optimal control is independent of the control weighting p.
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Example 4.7 Consider a system (A, B) where A € R™™ and B € R™", and where
A is nilpotent so that A?> = 0. The transition matriz is in this case given by

e =T+ At (4.231)

See e.g. example 4.6 for a system matriz which has this property. The controllability
gramian s given by

t—to
W.(to,t) = / eA"BP BT A dr
0

t—to
= / (I + AT)BP~Y((I + Ar)B)Tdr. (4.232)
0
Putting P = I gives
= T
We(to,t) = [B AB]/O [ﬂr] (1, 1. ]dr [B AB]", (4.233)

where I, is the r X r identity matriz. This gives
We(to,t) = CoF (t — to)CT (4.234)
where
Cy=[B AB], (4.235)

and

F(t—=to) = | 1

1
2
$(t—t0)I 3(t — 1)L, (4.236)

Note that this F(t — tg) matriz with t — tg = 1 is known as a Hilbert matriz which
s a famous example of an ill-conditioned matrix.

Example 4.8 Consider a system matrices A € R"™™ and B € R™*". Assume that
A is nilpotent so that A3 = 0. In this case

1
M =T+ At + 5A3. (4.237)

The controllability gramian W.(0,t) can in this case be expressed in terms of the
controllability matrix as

W.(0,t) = C3F(t)CF (4.238)
where

C3=[B AB A’B], (4.239)
18 the controllability matriz and

I 5t%I, %ﬁ[r
F(t) = %mr %t?’lr st | (4.240)
3 37 145
UL gt 55171
where I, is the r x r identity matriz. It can be shown that F(t) is symmetric and
positive definit for all t > 0.
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4.11 Exercises

Exercise 4.1 Consider the system

0011
0001
A=10000l (4.241)

0000
and
00
00

B=|,,l" (4.242)

01

a) Show that A? = 0.

b) Find the controllability gramian W,.(0,1).
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4.12 Analytical solution to the scalar LQ problem

We will in this section study the LQ problem of a scalar system analytically. Consider
the system

T = azr + bu, xz(ty) given. (4.243)
and the performance index
1 L 2
J = §sx(t1) + 5 (qz* + pu®)dt. (4.244)
to

The solution to this problem is given by
u=——r(t)r (4.245)
p
where 7(t) is the positive solution to the scalar Riccati differential equation

b2
—i =2ar — —1? +¢q, r(t)) = s. (4.246)
p

This differential equation can be solved analytically, e.g. by the method which is
known as separation of variables.

The solution can also be derived from an eigenvalue-eigenvector decomposition of
the Hamiltonian matrix. The Hamiltonian matrix F' corresponding to the state and

costate system
[ﬂ —F {m(g] (4.247)

p p(
is given by
b2
a -2
F= p ] . (4.248)
—q —a

The solution is given as

[x(tl)] _ [x(t)] (4.249)

p(t1)

where ® = e (=1 ig the transition matrix. The transition matrix can be computed
from an eigenvalue and eigenvector decomposition of F.

The two eigenvalues of matrix F', A\ and Ay are given by A\; = —X and Ay = A where

A=, Ja?+ %bQ. (4.250)

A= [_3 2] : (4.251)

Define the eigenvalue matrix as
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The corresponding eigenvector matrix is given by

1 1
M = [ ’ g ] (4.252)
A Tamx
and the inverse is
2 2 2
Mt CEN s T e L s (4.253)
20\ 41 2o\ | 5 1

The transition matrix corresponding to the solution of the state and costate equa-
tions is now given by

B(t; —t) = FM=) = pleA=t (4.254)
which gives
_ a2 — )2 _Qa—i%\e_A(tl_t) + ?‘S\ek(tl—t) —eAMti=t) | pA(t1—t) 1.255)
20N | i MO - E A=) L emME=t) g A
and
P

q(e_k(tl_t) — ek(tl_t)) (a _|_ ;\])e_)‘(tl_t) — (a _q)\)ek(tl_g‘/%

1 [—(a C e M) 4 (g At @20 oM (tat) @222 A (1) }256)
= ,

The elements in & can be written in terms of the hyperbolic sine and cosine as
follows

o1 = i}\(a(ex(tl—t) _ e—A(tl—t)) + )\(e/\(tl—t) + e—)\(tl—t)))
2
. %(asinh()\(tl —#) + Acosh(A(t — 1)), (4.257)

$21 = —%q sinh(\(¢; — 1)), (4.258)

A2 — g2
P12 = —

sinh(A(t1 — 1)), (4.259)

boy = i}\(_a(ex(tl—t) e Aty (MBI A0
2
1
= X(—a sinh(A(t1 — t) + Acosh(A(t1 —1)). (4.260)

The solution to the scalar Riccati equation is then

r(t) = 5011 — P21

P2 — sh12 (4.261)
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This gives
gtanh(\(t; —t)) + s(atanh(A(t1 — t)) + A)

A= atanh(A(t; — t)) + 5259 tanh(A(t — 1))

r(t) =

(4.262)

Assume s = 0. Then

inh(A(t; — ¢ tanh(A\(t; — ¢
r(t) = asinh(\(f — 1)) __atanh (=8 -y o
Acosh(A(t; —t)) —asinh(A\(t; —t)) A —atanh(A(t1 —t))
Note that the hyperbolic cosine and sine of a number z are defined as sinh(z) =
$(e*—e~%) and cosh(z) = $(e*+e~*). The hyperbolic tangent is defined as tanh(z) =
ig;lﬁ(é)) and the hyperbolic cotangent is defined as coth(z) = m

Assume t; — oo. This gives the scalar algebraic Riccati equation and the positive
solution is found from the above as

s(A+a)
. q+s(A+a) q 1+-7— q
RS ST T S

which is independent of the final state weighting s. We have here used that

e —e % 1—e 22

tanh(z) = = 4.2
anh(z) prrp e D F (4.265)
and, with z = A\(¢; — t) that
1— e*QA(tlft)
lim tanh(A(t; —¢)) = lim ————— = 1. (4.266)

t1—00 ti—oo 1 + e—ZA(tl—t)
Note that an alternative expression for 7, is found by solving for the positive solution
to the ARE, i.e. solving for r > 0 where —%72 + 2ar + ¢ = 0, which gives ro =
Ela+ ).
Let us study the relationship between the weights and the closed loop system in

this case. We now that —\ is the eigenvalue of the closed loop system Hence, from

—A =a — bg where g = %roo we obtain

q_ , (4.267)

This means that it is possible to specify the closed loop eigenvalue —A and compute
the corresponding ratio between the weights. This result is generalized to general
linear systems in Solheim (1972) (eigenvector-eigenvalue method) Di Ruscio (1990)
(Schur method).

4.12.1 The case with ¢ = 0 in the objective function

Consider the case with no intermediate state weighting, i.e., ¢ = 0 in the objective
function. The solution to the Riccati equation is in this case given by
t) s(atanh(a(ty — t)) + a)
'S =
a —atanh(a(t; —t)) + s% tanh(a(t; —t))

S
= — _ (4.268)
&+ (- e
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Consider now an infinite horizon LQ problem with zero state weighting.

Unstable system a > 0

The steady state value of r(t) as t; —t — oo is in this case given by

2ap

The closed loop system is in this case £ = a.x where

b2
Qo] = @ — —Too = —a. (4.270)
p
This means e.g. that the LQ optimal feedback with zero state weighting, i.e. g =
—%roo = —2a, will stabilize an unstable system.

The algebraic Riccati equation is in the case with () = 0 reduced to a Lyapunov

equation in R71, i.e. R7TAT + AR™' — BP7'BT = 0. In the scalar case with ¢ = 0

2
we get T_1:2b7p andrzgl%.

The result above can be generalized to multivariable linear systems and is known in
the literature as the mirror image property of the LQ regulator. It states that the
eigenvalues of a closed loop LQ system, obtained with zero state weighting @ = 0,
is identical to —A(A) where A(A) is the open loop eigenvalues.

Stable open loop system a < 0
The steady state value of r(t) as t; —t — oo is in this case
Too =0 (4.271)

and the closed loop system is &£ = ax and u = 0 is the optimal control.

Integrator a = 0

The case where both ¢ = 0 and a = 0 needs to be handled separately. In this case
we have that the transition matrix of the state and costate system is

b2
p

Oty —t) =B = [ 1 F(t) — 1) = [0 (= ?] . (4.272)

The solution to the Riccati equation is then

r(t) = s 5

= = . 4.273
P22 — sP12 1+ %(tl — 1) ( )

Consider t; — oo. Then we have that ro = 0 and that v = 0 is the optimal control.
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Example 4.9 (Temperature control in a room)

Define 0(t) as the temperature in the room, 0, as the ambient temperature (Norwe-
gian: omgivelses temperatur) which is assumed to be constant, and u(t) as the rate
of heat supply to the room. The dynamics of the room temperature is then given by

0 =—-\0—0,)+ bu, (4.274)

where A and b are constants.

Define the state as
z(t) =60 — 04, (4.275)
where 04 is the desired room temperature. Then we have the state equation
T =axr+bu+wv, (4.276)
where a = —\ and v = a(f, — 04).
Consider the following objective function

1 I
T = a6t~ 00 + 5 [ (a(0— 00" + pu)as
to

1 1[4
— 5s:z;(tl)? +3 / (gz* + pu?)dt. (4.277)

to

A special case of interest is to put ¢ = 0. This means that we want the temperature
to be close to the desired temperature at the final time t1 while using the least possible
supplied energy.

In order to solve this problem properly we need a method to incorporate external
stgnals in the model, i.e., the disturbance in the state equation. This will be discussed
later.

However, the above problem can be re-formulated by defining the state as

x(t) =0 — 0. (4.278)
This gives the model

= az + bu, (4.279)
and the objective (with ¢ =0)

J= Ls(a(t) —2)? + 2 / "t (4.280)
2 2/,

where

2y =04 — 0, (4.281)

can be viewed as a reference signal for the final state. x, is assumed to be known for
all times tg <t < ty.
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Let us study this problem in detail. The solution of the state and costate system is

xz(ty) | | di2 | | x(t)
o) = 175 o L) (4:252)
where
¢11 = e, (4.283)
oy = e (1), (4.284)
P12 = _a; sinh(a(t; —t)). (4.285)

Note that the transition matriz ® of an upper triangular matrix F' has the same
structure as F' and that F' and ® commutes, i.e. F® = ®F. Note also that the diag-
onal elements in ® is equal to the exponent of the corresponding diagonal elements
i F.

The optimal control is given by

u(t) = —2]9(15). (4.256)

We will no go for a relationship between p(t) and x(t).

The boundary condition p(t1) is found from the mazximum principle, i.e.,

01
p(t1) = 8778(3”(“) —z,)% = s(z(ty) — z,). (4.287)
t1 2
Hence, we have three equations
z(t1) = dnz + 12p, (4.288)
p(t1) = ¢a22p, (4.289)
p(t1) = s(z(t1) — r), (4.290)
which gives
p=r(t)z + h(t), (4.291)
where
r(t) = _son (4.292)
P22 — 5P12
and
S
h(t) = ——x,. 4.293
() $22 — $P12 ( )
The optimal control is then given by
u(t) = g1(t)a(t) + g2(t)ar, (4.294)
where
b
q1(t) = _ET(t)’ (4.295)
b S
l)=——"——. 4.296
a2(t) P P22 — 5912 ( )

Hence, the optimal control consist of a feedback from the state and a feedforward
from the reference.
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An expression for the final state x(t1) can be found as follows. Using (4.288), (4.289)
and (4.290) with t =ty gives the final state x(t1) as a function of known variables,
i.e.,

é11(to, t1) sWe(to, t1)
t1) = r 4.297
z(t) 1+ sWolto,t1) 0 T+ sWa(to, t1) (4.297)
where
_ P12 _ b* a(ti—to)
We(to, t1) = —— = —e sinh(a(t; — to)) (4.298)
®22 ap

is the weighted controllability gramian for the pair (a,b) and weight p. Note that
x(t1) =z, as s — 0.

The results of the LQ optimal control strategy are illustrated in Figures 4.4 and 4.5.

Room temperature
T

10r
8l
=R
x
a4k
oL
0 I I I . |
0 10 20 30 40 50 60
Heat supply
T
oL
15F
g .l
0.5
0 I I I
0 10 20 30

t [min]

Figure 4.4: Optimal control of room temperature. s = 0.4,p =1, z, = 10,a = —1/5,
b=1,ty=0,t =60, z(tp) = 0. An LQ optimal control u(t) is used for ty <t < t;.

Suppose that the heat supply u(t) is held constant equal to u(ty) for all times t > t1
and that we want to find the weight s such that

li = T 4.2
Jim z(t) = x, (4.299)
The steady state control is in this case us = —gx, Hence, an equation for the weight

is determined from u(t1) = us. We have
b
u(ty) = —];p(tl) (4.300)

where

sé11(to, t1) 5
. W) ) — B . 4.301
p(t1) = s(z(t1) — z7) 1+3Wc(t0,t1)x0 1—i-é>’VVc(t0,t1)ﬂlj ( )
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Feed forward signal
0 T

1k

/\72 [

z
3k
4k
-5 I I I I I

0 10 20 30 40 50 60
Solution of the Riccati equation

0.5 T T T
04r

A0.3 r

- 0.2
011

Figure 4.5: Optimal control of room temperature. s =0.4,p =1, x, = 10,a =
b=1,t =0, t; =60. An LQ optimal control u(t) is used for to) <t < t;.
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—1/5,

Figure 4.6: Optimal control of room temperature. s = 0.4,p =1, z, = 10,a = —1/5,
b=1,ty=0,t; =60, z(tg) = 0. An LQ optimal control u(t) is used for ty <t < t;.
The control is held constant u(t) = u(t1) for t > ;.

Putting (4.301) into (4.300) and solving for s gives

This control strategy is simulated and illustrated in Figure 4.6.

u(t1)

C by, — %d’ll(thtl)xo — Welto, t1)u(ty)

p

Example 4.10 (Temperature control in a room)
Consider the same problem as in Example 4.9 but with parameters to =t and t1 =

(4.302)
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t+1T where T is a constant time horizon. Hence, we have a receding horizon objective

1 1 t+T
J = 5s(glc(t +T) — 2,.)* + 2/ pudt. (4.303)
t

The solution to this control problem is found by putting t; =t + T into the control
determined in Example 4.9. We have

u(t) = g1 (T)x(t) + g2(T), (4.304)

where g1(T') and g2(T) now is constant parameters defined as follows

b b sou(T)
T = —r(T) = —— R 4.305
a:(T) p ) p ¢22(T) — s¢12(T) ( )
b S
T)=- . 4.306
20 = @) — sora(T) (4300
where
¢11(T) = €T, (4.307)
¢ (T) = e, (4.308)
b2
$12(T) = “a sinh(aT). (4.309)
The closed loop system with this control is given by
&= (a+bgi(T))x + bg2(T)x,. (4.310)
Define the closed loop pole as
aq = a+ bgi(T) (4.311)
and the steady state as
. —bga(T)
s =1 )= —————ux,. 4.312
o tiglox() a—i—bgl(T)x (4.312)

The steady state xs and the closed loop pole agq = a + bgi1(T) are illustrated as a
function of the weight s and the horizon T in Figures 4.7 and 4.8.

The figures shows that a small horizon T and a large weight s will result in a steady
state xs which is close to the reference x,.. Note however, that the closed loop system
1s very fast with T small and s large. Note also that there are no finite parameters
s >0 and T > 0 which will result in a steady state s which is identically equal to
Ty

The heat supply u(t) and the state x(t), (which is defined as the difference between
the room temperature and the ambient temperature), are illustrated in Figure 4.9.
Note that the heat supply at time t = 0 is different from zero in this case. The
control at time zero is u(0) = g2(T)x(0) + g2(T)x, = g2(T)x, in this case. Note that
the control was u(t = 0) = 0 for the LQ optimal control strategy in Ezample 4.9,
Figures 4.4 and 4.6.
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Figure 4.7: Steady state temperature with predictive control, as a function of the
weight s and the horizon T. a = —-1/5,b=1, p =1, x, = 10.

Figure 4.8: The closed loop pole a. = a + bg1(T') as a function of the weight s and
the horizon T. a = —-1/5,b=1,p =1, x, = 10.

4.13 Analytical solution to the tracking problem

Consider a linear model & = Ax + Bu + Cr, y = Dz, initial values x(ty) specified
and the performance index

t1
T = 3r) =) SGr(0) —y(e) + 5 [ =07 QU )+ uf Pujde13
to

We will in the following discuss the solution to the optimal tracking problem. An
analytical derivation will be given as far as possible.
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Room temperature

T
10+
gk
= 6F
<
a4k
2
0 I I I I I
0 10 20 30 40 50 60
Heat supply
4 T
3
s2
1
0 I I I I I
0 10 20 30 40 50 60

t [min]

Figure 4.9: The state and heat supply with predictive control. a = —1/5, b = 1,
p=1,s=04, 2, =10, T =0.1, z(t = 0) = 0.

The Hamiltonian function is

H= %[(r — D2)T'Q(r — Dz) + u' Pu)] + p (Az + Bu + Cr) (4.314)

The optimal control is determined from the 1st order condition for a minimum,

ie. %—ZI = 0, which gives u = —P~!BTp(t). We will in the following prove the

relationship p = Rx + h.

Derivation of the relationship p = Rx + h

The co-state is given by p = —%—IZ. Having that

OH
— = -DT'Q(r— Dx)+ ATp (4.315)
Oox
gives

p=—(-DTQ(r — Dz) + ATp) = —DTQDx — ATp+ DT Qr. (4.316)
Note that the derivative of a vector valued scalar function f(u(x)) with respect
to a vector x is given by % = (%)T%. This can be used to find the derivative
of the first term in the Hamilton function. Consider the quadratic function f =
%(r — Dz)TQ(r — Dx). Defining u = r — Dz gives f = %uTQu, g—g =-D, % = Qu
and % = —DTQu.

The state equation substituted for the optimal control is
i=Ax— BP'BTp+Cr. (4.317)

This gives the system of differential equations
F

[;] - [—DéQD _BfA;BT} [ﬂ n {D(TJQ] r (4.318)
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The solution is

:L'(tl) CI)U (1)12:| [.%':| |:h1:|
= + 4.319
[p(tl)] [@21 Qoo | | P ho ( )
where we have defined
P11 P12 F(t1—t)
Ot —t) = = 1 4.320
(=) [‘1)21 ‘%2] c ( )
and
m] M Fiti-n | C
[hz] = /t e DTO r(T)dr (4.321)

The transition matrix (4.320) and the integral (4.321) can for some simple systems
be solved analytically. The transition matrix can also be defined via the eigenvalue
decomposition or the Schur form of matrix F.

The boundary condition for (4.316) is given by

0H 1
dx(ty) 5

p(t1) = (r(t1) — Da(t1))"S(r(t1) — Da(t1))] = —DTS(r(t1) — Dx(t1))

Write this for convenience with the literature as
p(t1) = R(t1)z(t1) + h(t1), (4.322)
where
R(t;) = DTSD, h(t)) = —DTSr(ty). (4.323)

The point is now that we have three equations (4.319) and (4.322), which can be
combined to give

p= R(t)x + h(t), (4.324)

where we have defined
R(t) = (P22 — R(t1)®21) " (R(t1)®11 — Pa1) (4.325)
h(t) = (@22 — R(t1)®21) " ' (R(t1)h1 — ho + h(t1)) (4.326)

Note that R(t) is the solution to the Riccati equation —R = AT R+RA—RBP~'BT R+
DT QD with final value R(t;) = DTSD, and that h(t) is a solution to the differential
equation —h = (A — BP~'BTR(t))Th + (RC — DTQ)r with final value as above,
i.e. h(ty) = —DTSr(t1). h(t) is often refereed to as a feed-forward signal.

Tracking a step change

Define the reference as

(4.327)

0 Vi <t<t,
r<t)_{r0v7fsgt§t1
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where r( is a constant.

In order to compute the feed-forward signal from (4.326) we have to define the signals
hl and hg.

For tg <t < ts we have

[Z;] - /t " R {D(TJQ] r(r)dr

=0 =To
ts = t1 =~
— /t el (ti=7) [D:CF’Q} r(T) dT+/t eF(ti=) [DgQ} r(r)dr
t1
y /t P ) { DEQ] "o (4.328)

Hence, the problem is a function of the transition matrix. Note that if F' is non-
singular

[Z;:| _ F—l(eF(tl—ts) _ IQn) |:DgQ:| 0 (4329)

Remark that hqy and hs are constant vectors in this case.

For t; <t < t1 we have

[Z;} = /ttl G [DgQ} r(r)dr

t1 C
= (/t eF(t1*T)d7-) [DTQ:| 70 (4.330)
and for F' non-singular
{Z;] = F () 1, [D(;Q] ro (4.331)

Remark that h; and ho are in general time variant functions in this case. The
problem of computing h; and hs is relatively simple in case of a constant reference
or a step change in the reference signal. Constant step change reference signals is
also frequently used in practice.

Example 4.11
For a scalar system

& = azr+bu (4.332)
y=uz (4.333)

where the initial state x(to) is given and with performance index

/= %S(T(tl) —y(t1))” + % /t:l q(r —y)* +puldt. (4.334)
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we have that the elements in the transition matriz ® = e 1= are given by
¢11 = %sinh()\(tl — ) + cosh(A(t1 — 1)), (4.335)
ém = —3 sinh(A(ts — 1)), (4.336)
A2 — a2
P12 = — v sinh(A(t1 — 1)), (4.337)
o = —g sinh(\(t; — 1)) + cosh(A(t; — t)). (4.338)
The solution s
u= b (t) (4.339)
= Pp .

where the co-state is

p=r(t)z+ h(t) (4.340)
where
_8h11 — P21
r(t) = 7@2 . (4.341)
_ Shl — h2 — ST(tl)
h(t) = p—— (4.342)

In order to compute h(t) we need to find hy and he. The reference is a step change
from zero to o at time ts, i.e. as defined in (4.327). We can use (4.329) and (4.330)
directly.

Fortg <t <ts we have

hy /tl F(t1—7) [0] /tl [¢12}
[h2] t ‘ Tlal"™ . | P22 Taro

t1

_ A2_g2 cosh(A(t1 — 7)) .
= {q‘; cosh()\(;l — 7)) — $sinh(\(t; — T))]ts qro (4.343)

which gives

[hl] _ [ XS (1 — cosh(A(ty — ) ] ro, to <t < ty(4.344)

ha 13 (1 — cosh(A(t1 — t5))) + ¥ sinh(A(t; — t4))
and
hi| )‘23“2 (1 —cosh(A(t; —1))) ,
[hJ = {ggu ~ cosh(A(t1 — 1)) + Lsinh(A(ty 4))} 0, Ts St <ty (4.345)



Chapter 5

Optimal Control of Discrete
Time Systems

5.1 The discrete maximum principle

Given a discrete time dynamic process described by the model
T+l — Tk = f(xka Uk, k)7 (51)

where k is discrete time. f(-) is in general a nonlinear vector function.

Furthermore, we assume an optimal performance index (criterion) of the form

N-1

Ji=S(xn) + Z L(xg,ug), (5.2)
k=t

where S(-) is a scalar weighting function of the state at the final time instant N,
L(-,-) is a scalar weighting function of the state vector z; and the control input
vector uy over the time horizon i < kK < N — 1. Both S(-) and L(-,-) may be non
linear functions.

By investigating this criterion we se that the discrete start time is k = ¢ and that
the discrete final time is £k = N. We assume that N > ¢. The criterion is defined
over a time horizon of N — i + 1 discrete time instants. We also observe that the
criterion only is dependent of the control inputs at N — ¢ time instants. Hence, this
means that a part ov the criterion is not dependent of the unknown control inputs,
and the criterion may be splitted into two parts. More of this later on.

We will in the following present the discrete time Maximum Principle which is a
method for solving the discrete time optimal control problem

We define the discrete time Hamiltonian function corresponding to the continuous
case. We have

H;, (@ uk) + Phgr f (@, g, )

=1L
= Lk, up) + phy (Thg1 — 21)- (5.3)
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In order for the existence of an optimal control which minimize the criterion J; it is
necessary that:

e The impulse vector, p, and the state vector, x, satisfy the differential equations

OH,
Thtl — Tk = 5 Mo fag, up k), (5.4)
Pk+1
OH},
DPk+1 — Pk = T on (5.5)

with known boundary (initial and final value) conditions

Z; = Xo, (56)
oS
bN = Orn (5.7)

The state space model (5.1) have boundary conditions at the initial time in-
stant. But remark that the model for the impulse vector (5.7) have boundary
condition at the final time instant. This is defined as a two-point boundary
value problem.

e The Hamiltonian function, Hj, must have an a absolute minimum (ore max-
imum) with respect to the unknown control u, € U where U is the allowed
control space. This must hold for all time instants k = ¢, ---, N—1. This means
that we may include constraints on the control vector ui. Those constraints
define the control space U.

Conditions for a minimum is that

0H,.
a—uk =0, (5.8)
and
0% H,,
0. 5.9
8uz = (59)

5.2 Discrete optimal control of linear dynamic systems

Assume that the process may be described by the discrete time state space model
Tra1 = Axxi + Brug, (5.10)

where zp € R” is the state vector of the dynamic process and ug € R" is the control
vector. A € R™™™ is the transition matrix which in general may be time variant
By € R™7 is the control input system matrix.

Consider an optimal criterion of the Linear Quadratic (LQ) form

N-1

1 1
J; = 51’%5}\[1‘]\7 + 3 kz (ngkxk + unguk), (5.11)
=3
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where Sy, @ and Py are symmetric weighting matrices. Note that the weighting
matrices in general may be time variant. We will later on specify further detectability
assumptions on the weighting matrices.

We will in the following find the optimal control, uy, which minimize the optimal
criterion Equation (5.11). We start by writing down the Hamiltonian function, i.e.,

Tp4+1—Tk

1
Hy, = 5(35{Qka:k + ui Peug) + phoy ((Ax — Iz + Brug). (5.12)

We have used that the state space model equation (5.10) may be written as

Tyl — Tk = (Ak — I)a:k + Bpuy. (513)
The optimal control is then found from

OH,
o ¥ = Poug + B ppa1 =0, (5.14)
U

which gives give
up, = —P, ' Bl pry1. (5.15)
if the weighting matrix is non-singular (invertible). One should note that we later

on, in Sec 5.2.2, will present a version which does not involve the inversion of the
weighting matrix Pj.

Putting equation (5.14) into the linear state space model gives
Tp1 = Apay — BP, ' Bl pry1. (5.16)

We will later on use this expression for x;; in order for defining an expression for
the optimal control. The impulse vector is defined from Equation (5.5). We have

OHj,

Pt =Pk = =5 == —Qrar — (A — DT i, (5.17)
Tk

which may be presented simply as
Pk = Qrk + Af Prt1- (5.18)

Equations (5.16) and (5.18) defines an autonomous system, i.e.,

Tpy1 | | A —H | |2
{Pk ] B [Qk AZ’] [pkﬂ} ’ (5'19)

where the matrix H is defined as
H = B,P; 'Bl. (5.20)
This matrix should not be compared with the Hamiltonian function Hj.

Note that in Equation (5.19) the state vector and the impulse vector are defined
at different time instants at the same side of the equality sign. In case when Ay is
non-singular we find from (5.16) that

xp = A gy + A Hpgy (5.21)
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Putting this into (5.18) we find that

pr = QrA; ' + (AL + QuAL H)pga. (5.22)

Equations (5.21) and (5.22) may be written in matrix form as follows
F
~1 ~1
)= Lt ar fol ) 62
Dk QuA N AT + QATH | | pra

Note that the transition matrix Ay is invertible if the model is obtained by discretiz-
ing a continuous time model. You should note that (5.23) may be used in order to

show that there is a linear relationship between p; and zi, i.e., pr = Rixp as well
as to find an equation for Rj.

The prof of this is as follows. From (5.7) we find the boundary condition py =
Snxn. This indicates that there is a linear relationship between z;, and pi. Putting
k=N —1in (5.23) gives, with using the boundary conditions, two equations with
three unknown, py_1, zny_1 og . Eliminating xny we find the linear relationship

pN-1 = Ry—1zn-1, (5.24)
Rn_1 = (le + FQQSN)(FH + F12SN)71. (5.25)
Putting k = N — 2 into (5.23) and doing the same, i.e., finding a linear relationship
between py_s and xy_o. Since that we have a series to do, we use the induction

principle for the prof, i.e., we can prove that there is a linear relationship between
pir and zi. We will later on generalize this to hold also when Ay is singular.

In the same way as in the continuous case, and which is sketched above, we may
show that there is a linear relationship between the impulse vector, p;, and the state
vector, x. Hence, we may show and assume that

Pr = Rpxp. (5.26)

This means that if we may find an equation for defining/computing Ry then we
indeed have proved that there exist such a relationship as described above. This
also indicates an alternative prof of the LQ optimal solution to the one given above.
This prof is presented in the following

Putting (5.18) into (5.26) gives
Ryay, = Quay, + AL prsi. (5.27)

Expressing (5.26) at time instant k 4+ 1 and putting this expression into (5.27) we
find

Rix = Quay + AF Ry 11 (5.28)

We will now find an expression for x4, and putting this into (5.28). Putting the
relationship (5.26) into (5.16) gives

Thtl = A:L‘k — BkPIZIB]{Rk_Hl'k_H. (5.29)
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From this last equation we find an expression for for xy4q
Tpr1 = (I + Bp Py "Bl Riy1) t Agy.. (5.30)

Note that (5.30) have to be an expression for the closed loop system. Putting
equation (5.30) into (5.28) gives

Rixi = Qo + Ang_H(I + kangng+1)71Akxk. (5.31)

This equation must hold for an arbitrarily state vector xp # 0. This gives the
following matrix equation for finding Ry.

Ry, = Qi + A{ Rey1 (I + BrPy ' B Ry1) " Ay (5.32)

This is one formulation of the famous Riccati equation named after Count Riccati
which lived in the 1600 century. However, this formulation assumes that the con-
trol weighting matrix, Py, is non-singular. We will later show that there exist a
more general formulation of the discrete Riccati equation wich does not involve the
inversion of Pj.

An alternative formulation in the case when Ry is non-singular is
Ry, = Qp + AL (Rl + BuP. "Bl ) Ay (5.33)
From (5.7) we find the boundary condition
PN = SNTN- (5.34)
Expressing the relationship (5.26) at k = N we find that
pN = Ryzn. (5.35)
Comparison of (5.34) and (5.35) gives the boundary condition
Ry = Sy, (5.36)

which gives the boundary condition for the discrete time Riccati equation. This
means that the solution Ry, (at time k) may be found by iterating the Riccati equa-
tion backward in time, to the present time instant k, from the final time instant,
k=N.

An expression for the optimal control can now be found by putting (5.26) into (5.15),
ie.,

up = —P BT R w141 (5.37)
Putting (5.30) into (5.37) gives

U = le‘k, (5.38)
Gp=-P 'BTR, . (I+BP'BTR, ) 1A (5.39)
As we see, the above solution assumes that the weighting matrix P} is non-singular.

We will in the next section propose a better solution which does not involve the
inversion of Pj.
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Consider now the case in which the time horizon is large, i.e., N — oo, then we
have that Ryy1 = R = R is a constant matrix. This gives us the Discrete time
Algebraic Riccati Equation (DARE). Furthermore, we may show that when choosing
the weighting matrices properly then the LQ optimal solution results in a stable
closed loop system. In general we have that the LQ optimal control system is
stable when N — oo, under the assumptions that (A, B) is stabilizable, (1/@Q, A) is
detectable and P a positive definite matrix. As mentioned above, there may also in
certain circumstances exist an LQ optimal solution also when P is singular.

5.2.1 Derivation of the optimal control: intuitive formulation

The solution to the discrete time LQ optimal control problem may be formulated in
different ways and with different equations. In case when the transition matrix Ay
is non-singular then we may find pg41 from Equation (5.18), i.e.,

pre1 = AT (py — Qrak) = AT (Ry, — Q) (5.40)

where we have assumed that pp = Rpxi. Putting this into the expression for the
optimal control given by Equation (5.15), we find

U = kak, (5.41)
Gy = —P,'BF AT (R, — Q). (5.42)
This solution demands that both A and Py are non-singular matrices. Ay is usually
non-singular. This is in particular the case when Aj is found from discretizing a
continuous time model. There may however exist cases in which Ay is singular.
This is the case for systems with a static component and for systems with time

delay modeled as extra ”dummy” states in the system in order to take care of the
time delay.

5.2.2 Derivation of the optimal control: a better formulation

We may show that there exist a formulation of the discrete LQ optimal solution
which does not involve the inversion of the matrices A; and P,. We have from the
condition for a minimum 88% = Pyuy + B;{pkﬂ = 0, equation (5.14), that

Pyuy, = =Bl Rpiawpp1, (5.43)

where we have assumed pp11 = Riy12k+1. Putting the state space model into (5.43)
gives

Pyug = — B} Ry1(Agay, + Brug). (5.44)
This gives
(Pr + B Ry 1By)up, = —BF Ry Agy.. (5.45)
This gives the following nice expression for the optimal control

uj, = Gy, (5.46)
Gy = —(Px + B{ Riy1Bi) ' B Ry 1 Ay (5.47)
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Rj11 may be found from the Riccati equation (5.32) or (5.33). However, we will in
the next section derive a 3rd formulation of the discrete time Riccati equation which
is to be preferred compared to Equations (5.32) and (5.33).

5.2.3 Alternative formulations of the discrete time Riccati equation

The discrete time Riccati equation in the LQ optimal control solution may be formu-
lated in different ways. In Section (5.2) we have derived two different formulations.
Se Equations (5.32) and (5.33). We will in this section propose two different for-
mulations which does not involve the inversion of the weighting matrix P,. These
formulations are may be the most used formulations.

The starting point is as shown earlier, i.e., by putting Equation (5.18) (i.e. pr =
Qxy, + ATpjy1) into equation (5.26) (i.e. pp = Rpxi), we have

Rixp = Qe + Ang‘-i-lxk‘-i-l’ (5.48)
where we have used that at py+1 = Rg112Tk41-

An expression for the closed loop system is obtained by putting the optimal control
(5.46) and (5.47) into the discrete time state Equation zj; = Agzr + Brug. This
gives

Tpy1 = (Ap — Bp(Pr 4+ B Ry 1By) ' BF Ry Ay (5.49)
Putting (5.49) into (5.48) gives
Rz = Quey, + AL Ry 1 (A — Br(Py + BE Ry 1 By) ' B Rjp1 Ap) i (5.50)
This equation must hold for all states xp # 0. Hence we have,
Ry = Qi + AN (Rpy1 — Ri1 Be(Py + BY Rpy1Br) 'BI R 1) Ak (5.51)

This formulation of the discrete time Riccati equation is to be preferred. As we
see, only the matrix P + BkTRkHBk have to be inverted. Note that the boundary
condition is as before, i.e. Ry = Sy.

Finally, we will present a 4th formulation of the Riccati equation. Hence, we may
show that

Ry = (Ak + Bka)TRk+1(Ak + Bka) + GZPka + Qk, (5.52)
Gy = —(Py + B Ri11B) "' BT Ry 1 Ay (5.53)

This formulation of the discrete time Riccati equation is known in the litterature as
the Josephs stable version of the Riccati equation. As we see, this Riccati equation
consists only of symmetric terms. This formulation is to be preferred in numerical
calculations.

We also se that for a given control gain matrix, Gy, then Equation (5.52) is a discrete
time Lyapunov equation. Equations (5.52) and (5.53) can with advantage be used
in order to iterate to find the stationary solution to the LQ optimal control problem,
i.e. the problem with infinite horizon N — oco.

Note that the boundary conditions to the different formulations of the Riccati equa-
tion is the same, i.e., Ry = Sy where Sy is the weighting matrix for the final state,
IN.
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Example 5.1 (MATLAB m-file: Solving the DARE)

The following m-file function solves the Discrete Algebraic Riccati equation (DARE)
by iterating on the Josephs stable formulation of the Discrete Riccati Eqs. (5.52)
and (5.53).

function [G,R]=dric_solv(A,B,S,Q,P,N);
% DRIC_SOLV

% [G,R]=dric_solv(A,B,S,Q,P,N);

% Iterate Riccati-equation backward

% in time from k=N+1 to k=1.

R=S;

for k=N:-1:1

G = -inv(P+B’*R*B) *B’*R*A;

R = (A+B*G) **R* (A+B*G)+G’*P*G+Q; ¥ Josehps stabilized version of Riccati eq.
end

5.2.4 Numerical example

Example 5.2 (Singular transition matrix)
Given a system described by a linear discrete state space model with the following
model matrices

01 0
A_[OO},B_[ﬂ},D_[l—l], (5.54)
and with weighting matrices
T 1 -1
P=1 Q=D'D= 1 , SN =Q. (5.55)

We chose the following initial value for the state vector, i.e.,

o xl,i . 2

ri= [m] _ [ J , (5.56)
and simulate the optimal closed loop system over the time horizon i < k < N where
i =0 and N = 5. This gives after N =5 iterations of the Riccati equation (5.53)

1 -1 1 -1 1 -1

o = [—1 1.4993} f1 = [—1 1.497] R = [—1 1.488} ’ (5:57)
1 -1 1 -1 11

Rs = {—1 1.455] R = [—1 1.333} Xk [—1 1 } (5.58)

and where R5 = S5 is defined from the specified final boundary value condition. It
can be shown, se Pappas og Laub (1980), that the solution of the stationary discrete
Riccati equation, i.e. the solution when N — oo, is given by

R= [_i _31]. (5.59)
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In general we have that limy_. Ry = R. We se that even for a ”short” horizon
as N = 5 then Ry is a relatively good approximation to the stationary solution, for
this example.

Furthermore, the optimal time variant feedback matrices are given by

where r9 141 is the lower right element in Ry 1. This means that the optimal control
is given by a feedback

V2

=7 5.61
1+ 2792 k41 2k ( )

Uk

where x3 i, is the 2nd state in the state vector (5.56). For this system it is optimal to
only take feedback from one of the two states in the system. This is unusual because
it in general is optimal with a feedback from all states in the system.

We remark that the system (A, B) is controllable and that (D, A) is observable.
One special remark is that the system have two poles (eigenvalues) in origo. This
means that the open loop system has infinite fast dynamics. The optimal system
minimizes the objective J;. The objective will in general obtain a small value if the
state xj goes fast to zero. It is therefore not optimal to make the system slower then
necessary.

Simulations of the optimal control up = Grx; and xj is shown in Figure 5.1.

We end this example by mentioning that for systems with transport delay modeled
as extra states, then the transition matrix will have eigenvalues in origo, and the
optimal control will have a structure relatively equal to the above example.

A

Control inputs u_k
0.4 T T T

0.2r b

15- b

1 x_k~1 i

0.5F ‘ B
[ ]
|

0 I I I I I | I T
0 05 1 15 2 25 3 35 4 4.5 5

Diskrete time [samples]

Figure 5.1: The Figure illustrates simulations of u; and xj for example 5.2. The
discrete initial time is ¢ = 0 and the final time instant is N = 5.
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5.2.5 Summing up: The Discrete LQ (DLQ) optimal control prob-
lem

We will sum up some results in the following theorem

Theorem 5.2.1 (Discrete time Linear Quadratic optimal regulator)
Given the discrete time system

Tr11 = Axxi + Brug, (5.62)

where k > 4 and the initial value of the state vector, z;, is given.

Consider given a LQ criterion valid over the time horizon ¢ < k < N, i.e.,

N-1

1 1
Ji = §$ESN$N +3 > (xf Quan + uf Pruy), (5.63)
P

where Sy, Qr and P, are symmetric weighting matrices.
The optimal control vector, u}, which is minimizing the LQ criterion, J;, is given by
up = Grag, (5.64)
Gy = —(Py + BF Ry1By) ' Bl Ry Ay, (5.65)
where Ry is the positive solution to the Discrete time Riccati equation
Ry = Qi + Al (Riy1 — Ry Be(Py + Bil R By) "' Bl Rg1) Ay, (5.66)
with final value boundary condition

Ry = S (5.67)

Furthermore, the minimum value of the criterion, J;, is given by
1
2

and where R; is found from the Riccati equation. A

Ji = =l Ry (5.68)

Merknad 5.1 In some references it is common to define the state feedback matrix
as Ky = —Gy, and up, = —Kpxy instead of up, = Grxy as in these lecture notes.
This is in particular the case as e.g. in Lewis and Syrmos (1995). The MATLAB
Control System Toolbox also uses the notation K = —G, se e.g. the dlqr function.

5.2.6 Standard Discrete time Linear Quadratic (DLQ) optimal con-
trol with infinite horizon

Theorem 5.2.2 (Discrete time Linear Quadratic (DLQ) optimal regulator)

Given a linear discrete time system

Tht1 = Azy, + Buy, (5.69)
yr = Dxy, (5.70)
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where k > ¢ and the initial value of the state vector, z;, is given.
Consider given a discrete time LQ criterion valid over an infinite horizon, i.e. time
horizon 7 < k < oo,
1 1
Ji = 5 Z(ykTka + uf Puy) = = Z(m%@xk + ul Pug), (5.71)

/ 2~
k:l k;:z

where Q = DTQD. Q and P are symmetric weighting matrices.
The optimal control vector, uj,, which is minimizing the LQ criterion, J;, is given by
uy = Guy, (5.72)
G = —(P+ BTRB)"'BTRA, (5.73)
where R > 0 is the positive definite solution to the Discrete time Algebraic Riccati
Equation(DARE)
R=D"QD + ATRA — ATRB(P + BTRB)"'BTRA. (5.74)

Furthermore, the minimum value of the criterion, J;, is given by
1
Ji = ix;prxi. (5.75)
and where R > 0 is found from the DARE. A

Notice that the solution Ry to the discrete Riccati equation in Theorem 5.2.1 usually
converges in a few number of samples to the solution R of the Discrete Algebraic
Riccati Equation (DARE) in Theorem 5.2.2. This is illustrated as in e.g. Example
5.2.

5.2.7 Linear Quadratic (DLQ) optimal control: Cross weighting in
the objective

Theorem 5.2.3 (DLQ optimal regulator: cross weighting)
Given a linear discrete time system

Tht1 = Az, + Buy, (576)
yr = Dz + Buyg, (577)

where k > i and the initial value of the state vector, x;, is given.

Consider given a discrete time LQ criterion valid over an infinite horizon, i.e. time
horizon i < k < oo,

Ji =

N | —

o
> Wk Qur + uf Puy), (5.78)
k=i

which gives the following objective with a cross weighting between zj and uy (here
we have used the output equation Eq. (5.77) in the objective (5.78))
1=, 74 .
Ji = 5 Z(xf@mk + 221 Ny, + ul Puy), (5.79)
k=i
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where Q = DTQD, N = DTQE and P = P + ETQE. Q and P are symmetric
weighting matrices.

The optimal control vector, uj, which is minimizing the LQ criterion, J;, is given by

uy, = Gry, (5.80)
G = —(P+ BTRB)"Y(BTRA + NT), (5.81)

where R > 0 is the positive definite solution to the Discrete time Algebraic Riccati
Equation(DARE)

R=DTQD + ATRA — (ATRB + N)(P + BTRB)"Y(BTRA + NT). (5.82)
A

Furthermore, notice that the results in Theorem 5.2.3 are identical with the results
in Theorem 5.2.2 when the cross weighting matrix N = 0 in the objective, and or
when E = 0.

Theorem 5.2.3 may be proved from the Maximum principle. The Hamiltonian func-
tion of the objective in Eq. (5.79) and the state equation (5.76) is

1
Hy = ~ (1 Quy, + 22T Nuy, + ul Puy) + p{H(ka — T)

2
1
= 5(90;‘5@% + 203 Nug, + uj Pug) + pyr (A = Dy, + Bug).  (5.83)

The optimal control is found from

OHj,

= NTx, 4+ Puy + BT pjy1 = 0. (5.84)
8uk

Using that py = Rxj gives
NTzy + Pup + BT Rz 1 = NTxp + Pup + BT R(Azy + Bug) = 0. (5.85)
This gives
(P4 BTRB)uy = —(BTRA+ NT)xy, (5.86)

and the optimal control

uj = —(P+ BTRB) Y (BTRA + NT)xy,, (5.87)

The Riccati equation is derived from

0H;
= 8 5.88
Pk+1 — Pk Bz ( )
This gives
Pra1 — Pk = —(Qzp + Nuy 4+ (AT — Dppyy) (5.89)
and

Pr = Qi + A pp1 + Nug. (5.90)
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This gives
e = Qry, + AT R(Azy, + Bug) + Nug = Qxy, + AT RAxy, + (ATRB + N)uy(5.91)
Using the optimal control and the relation py = Rxy.
Ry, = Quy, + ATRAxy, — (ATRB + N)(P + BTRB) Y (BTRA + NT)x}.(5.92)
This equation must hold for all non trivial z; # 0 and we have
R=Q+ATRA— (ATRB + N)(P+ BT"RB)"Y(BTRA+ NT),  (5.93)

which is Eq. (5.82) in Theorem 5.2.3.

5.2.8 Discrete LQ optimal control objective: Compact formulation

Notice that the LQ terms in the objective may be written more compact as discussed
in the following. The function under the summation in the discrete LQ objective in
Sec. 5.1 and Eq. (5.2) is

1
= 01 [far ] 2]

= [ofQu+ Ju M7 daf a4 p] | ]
T 1 TasT 1 T T

= :U%Q:Ek + w%Muk + u;‘gPuk, (5.94)

because %u;‘gMT:Ek and %J;fkrMuk are scalars and then %u;;FMka + %xfkrMuk =
zF Muy,.

5.3 Optimal tracking in discrete time systems

Given a system described by a linear discrete time state space model

Try1 = Apxp + Brug + Cry,, (5.95)
yr = Dy, (5.96)

where k > 7 is discrete time and the initial state x; is given. x € R"™ is the state
vector, ur € R™ is the control input vector and y; € R™ is the output vector.

We want the output, yi, to be as close as possible to a known reference vector, r. In
this case it make sense to use a control input, uz, which minimize a control objective
where the deviation r; — y; is weighted in the objective. But control action costs so
the control input, wug, is also weighted in the objective.
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We study the following control objective (ore performance index).

=z

-1

1
Ji = 5(7“]\/ — Dzn)TSn(ry — Dzy) + [(re — D) T Qp(ry — Day) + ul Prug)

DN | =
By
Il

i

(5.97)
where Sy € R™*™ Q€ R™™ and P, € R™*", is symmetric weighting matrices.
Note that the reference vector, ry, is influencing in the state equation (5.95).

usually, C' = 0, but if we want integral action in the control system then an integrator
for the deviation rp — y, may be augmented in the model and a model of the form
(5.95) is the result. The optimal control consist of a feedback from the complete
state vector. Assume that a state equation of the form xy11 = Agxr + Brug is
augmented with an integrator zypy11 = 2z + e where ex = ry — yx then the result is
a state space model of the form as in Equation (5.95) with C' # 0.

The state equation Equation (5.95) may be written as
Tpr1 — vk = (A — Iz + Brug + Cry. (5.98)
The Hamiltonian function is then given by

1
H;, = 5[(7% — D$k)TQk(T‘k — D:L’k) + ugpkuk] + p£+1[(Ak — ])l’k + Brug + C’rk]
(5.99)

A 1st order confition for the existence of an optimal control vector, u}, which mini-
mizes the performance index J; with the state space model as condition is that

OH,
a—’“ = Pyug + Bl ppyr = 0. (5.100)
Uk

We will firthermore assume the following relationship between the impulse vector,
P, and the state vector, xy, i.e.,

pr = Rz + hy, (5.101)

where R, € R™ "™ is an unknown matrix and where hy € R" is an unknown n-
dimensional vector.

Putting (5.101) into (5.100) gives

Prup + Bng+1xk+1 + thk+l = 0. (5.102)

Substituting the state equation into this expression gives
Py, + BY Ry (Apzy + Brug + Cry) + BE by = 0. (5.103)
Solving with respect to uy gives

up = —(Px + B;{Rk+1Bk)_1(Bng+1Ak:L'k + B;‘CFRJH_lCTk + B]?hk-&-l)- (5.104)
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From the maximum principle we have that the impulse vector is given by

OH
P+l — Pk = _W: = —DTQyDzy, + DT Qyri — (Ax — D)7 prya. (5.105)

This may be simplified to
pr = DT QyDxy, — DT Qrry + Af prs1- (5.106)
Using the relationship py = Rixy + hi gives

Ryxg + hy = DTQp.Dxy — DT Qpry + Al pria
= DTQpDxy — D" Qpry + A} Rp1wpq1 + Al hygr. (5.107)

We can now find an expression for xpy1 as a function of xp by substituting the
expression for the optimal control equation (5.104) into the state equation, equation
(5.95). For simplicity we write the optimal control as follows

u, = Gy + G2Cry + Gahyy 1, ( )
G1 = —(Py + BI' Ry 1By) !B Ry 1 Ay, (5.109)
Gy = —(Py + Bj Rp1By) ™' B Ry, ( )
G3 = —(Py + B Re11By) ' By . (5.111)

Hence, we have the following expression for the closed loop system
Tyl = (A + BGl)l'k + (BGQ + I)C’I“k + BGghk_H. (5.112)
Putting Equation (5.112) into Equation (5.107) gives

Rixi + hy = DT Qi Dy, — DT Qpry, + AT by
+AT Ry 1[(A + BGy)xy, + (BGo + I)Cri + BG3hyy1] (5.113)

This may be written as follows

[~ Ry, + DTQiD + AL Ry (A + BGy)]wi+
[—hk - DTQka + Aghk+1 + A{Rk+l(Bk-G2 + I)CTk + AngJrlBnghm(f)].llﬁl)

This equation must hold for all z; # 0. In order for this to hold the expressions in
the brackets have to be zero. We have the equations for Ry and hg.1, i.e.,

Ry = DTQuD + AL Ry 1(A + BGh), (5.115)
and
hy = (A + BG1) hipy1 — DT Qury, + AL Ry 1 (BrGa + I)Cry.. (5.116)

Equation (5.115) is the famous discrete time Riccati equation. Equation (5.116) is a
difference equation for the feedforward signal h; due to the external reference signal
r,. Equations (5.115) and(5.116) is solved backward in time from the final time
instant, K = N. This means that we have to know some border conditions at the
final time instant. This is discussed in the next section.
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5.3.1 Border conditions

From the Maximum principle we have the border conditions

0

PN =5 [3(rn — Dan)TSn(ry — Dzy) |, (5.117)
which is equivalent with
0
PN = Fre [%T‘ZZ\}SNT’N - r]TVSNDJ:N + %:E]:C,DTSND:L‘N] . (5.118)
Derivation gives
pn = DTSyDxy — DT Syry. (5.119)

Expressing Equation (5.101) at time k = N gives
pN = Byzn + hy. (5.120)
Comparing Equations (5.119) and (5.120) gives us the final time (value) conditions

Ry = DTSN D, (5.121)
hy = —DTSyr. (5.122)

5.3.2 Summary

The results in this section is summed up in the following Theorem 5.3.1.

Theorem 5.3.1 (Optimal tracking in discrete time systems)
Given a discrete time state space model

Tyl = Apzyp + Brug + Cry, (5.123)

yr = Dxy, (5.124)

and a Linear Quadratic (LQ) control objective (performance index) defined over the
finite time horizon i < k < N

Ji = %(TN — DSL‘N)TSN(’I"N — Dl’N)
+1 SV ek — Dag) T Qu(ry — Day) + uf Pruy), (5.125)
where Sy € R™* ™ Qp € R™™ and P, € R"™*" are symmetric positive semi-definite
weighting matrices.

The optimal control which minimizes the objective J; is given by

uy, = Gy + G2Cry + Gahyy 1, ( )
G1 = —(Py + Bl Ry 1By) 'BF Ry 1 Ay, (5.127)
Gy = —(Py + Bl Rgy1Br) ™' Bl Ry, ( )
G3 = —(Py + Bl Ry1B) Bl ( )
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Rj41 is the solution to the discrete Riccati-equation,
Ry = DTQuD + AL Ry 1(A + BGh), (5.130)
and the feed forward signal vector hyp41 is given from the difference equation
hi = (A + BG1) hiy1 — DT Quri, + AL Ry 1 (BrGo + I)Cry. (5.131)
The border conditions is at the final time instant k = N given by

Ry = DTSN D, (5.132)
hy = —DTSnry. (5.133)

A

Theorem 5.3.2 (Optimal tracking: Minimum of the objective J;)
Given the state space model, Equations (5.123) and (5.124) mith C' = 0. Given the
solution to the LQ optimal control problem as presented in Theorem 5.3.1.

The minimum of the control objective (performance index), equation (5.125) over
the discrete time horizon ¢ < k < N where ¢ is the initial time, is given by

1
J,: = 5.%'£Rk$k + x;‘ghk + wg, (5.134)

where hy, is given by Equation (5.131) and where the signal wy, satisfies the difference-
equation

1 1 _
W = Wk4+1 + iTngTk — §h£+1Bk(Bng+1Bk + Py) lBZ;hk_H, (5.135)

with border conditions at the final time instant given by

1
wy = §rﬁsNrN. (5.136)

A

5.4 Weighting control deviations in the LQ objective

5.4.1 Standard LQ control and weighting control deviations

Assume given a system described by a linear discrete time state space model

Tht1 = Apxy + Brug, (5.137)
Yk = Dy (5.138)

Consider the problem of minimizing the LQ objective

‘_1 N-1

1
Ji = SuNSNuN + 5 D (Uk Quk + Auf Ry Aug) (5.139)
k=i
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with respect to the control deviations Aup Vk=1,...,N — 1.

Notice that we now have the choice of formulating the problem in terms of deviation
variables Aup = up — up_1 or in terms of actual control variables u;. We chose to
formulate the problem in terms of control input deviations Aug. The two alternatives
gives the same results anyway.

the problem may be reformulated as a standard L.QQ optimal control problem. We
start by augmenting the process model eq. (5.137) with ux = ug_1 + Aug. This
gives the augmented state space model

Tri1 Ag T By
Tol T4 BT 1.78 1
Tht1 v Br | |z k
= + Au 5.140
|:uk :| |:0r><n Irxr:| |:uk—1:| |:Ir><r:| F ( )
- Ti
D — e
—_——
X
Y = [ D Opxr | [uz 1] (5.141)

where 0, %, and 0,,x, is an n X r matrix and m X r matrix with zeroes, respectively.
I« is an 7 X 7 identity matrix.

The LQ criterion may be written as

SN
/_/__
S _1fan 1T [DTSND 0] [an
P72 |y 0 0] |uyv
Qr
—_—~
N S s TP 0] | 4 AuT R AW (5.142)
k=i Uk—1 0 0 Uk—1 | U Ik S Uk ’

We find the solution to this LQ optimal control problem by using the results in
Theorem 5.2.1 but with model matrices Ay and By, and with weighting matrices
SN, Qr and P = R. This results in the state feedback matrix Gy,.

The optimal control deviation is then given by

Gy
Aug = TG Ga, [

T

:| = Gll‘k + Gguk_l. (5.143)
Uk—1

The actual optimal control to the process is given by
Auy,
wup = G + Gattp s +un1 = Grg + (Ga + Inr )1 (5.144)
This optimal controller will among others, if we increase the weight R on the control
deviations Auy will give a smother control action ug. The problem presented in this

section can with advantage be extended to weighting the control deviation y; — 7§
where 7y, is a specified reference signal.

In order to get grater insight into the solution of this problem, we may with advan-
tage use the maximum principle directly.
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5.4.2 Optimal tracking and weighting control deviations

An LQ objective which make sense in the case where both the output ¥y, and the
control ug have steady state values different from zero is as follows

N-1

D (k= k)" Qulre — i) + Auf Ry Ath,)145)
h=i

N

1
Ji = 5(7“1\7 —yn) SN (rn —yn) +

Using the augmented model (5.140) and (5.141) we find that the above objective
may be written as
Ji = %(T’N — [)fN)TSN(TN — DIIN,’N)
+% Zg:_il((hc — D.f}k)TQk(Tk — Di‘k) + AungAuk.) (5.146)
The solution to this LQ optimal control tracking problem is given as presented in
Theorem 5.3.1.

We present the result in the following theorem. However, notice that we have added
the matrix C in the problem solution for the sake of completeness.

Theorem 5.4.1 (Weighting control deviations and optimal tracking)
Given the discrete time state space model
Tht1 = Ak:ﬁk + BkAuk + C’Tk, (5.147)
yr = Diy, (5.148)
However, notice that we have added the term Cry in the model, for the sake of

completeness of the solution, and notice that the model (5.137) and (5.137) does
not have a term Cry.

Given an LQ objective defined over the time interval ¢ < k < N
Ji = %(TN — DH?N)TSN(’I’N — D:Z’N)

+% E,]j:_zl((mf — D.’Z‘k)TQk(Tk — D.fk) + AuZRkAuk) (5.149)

where Sy € R™*™ Qf € R™*™ and P, € R"™*", are symmetric weighting matrices.
The optimal control which is minimizing the objective J; is given by
Auy, = G1Z + G2Cry + Gahps, ( )

—(Ri + Bl Riy1By) "' Bf Ry1 Ay, (5.151)
—(Ri 4+ BFRy 1 By) 'BF Ry, (5.152)
Gs = —(Ri + Bf Rrs1Br) ' Bf. ( )

Q8
[

Ry 1 is the solution to the discrete time Riccati equation
Ry = DTka + Ang_,_l(A + BG]), (5.154)
and the feed-forward signal hy41 is given by the difference equation

hi = (/Nl + BGl)Th]H_l — bTQka + Aleﬁ_l(éng + I)C’rk. (5.155)
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The border conditions (final value conditions) at the final time & = N is given by
Ry = DTSND, (5.156)
hy = —DTSyry. (5.157)

A

An alternative suboptimal strategy to the one presented in Theorem 5.4.1 is to
use the solution to the discrete algebraic Riccati equation (DARE), i.e. with R =
Ry = Rgy1. The difference equation for computing the feed-forward signal hy is as
before and given by 5.155, but with Ry = R, G; and G are constant feedback
matrices. This strategy is in many cases to be preferred because it simplify the
solution considerably and the difference are in many cases minor.

One should also notice the alternative final value condition Ay which with advantage
could be used in this case, i.e. the steady state solution to (5.155), i.e.,

G = —(Ry + BLRBN) 'BLYRAy, (5.158)

hy = (I — (Ay + BvG)T) Y (=DTQ + AGR(ByGo + 1)C)ry.  (5.159)

This final value condition ensures integral action and zero steady state error at the
final time.

It is of importance to illustrate the implementation of this strategy. In connection
to this we refer to the MATLAB script file main_dlgq_rdu.m.

A modified version where we are using a mowing horizon control strategy as in Model
Predictive Control (MPC) is given in the file main_dlq_rdu2.m.

Example 5.3 (Weighting control deviations)
Given the system

Trr1 = Az + Bug, (5.160)
Yk = Dy, (5.161)
where
1.5 1.0 0.10 00
A=|-07 0010|, B=1|01|, D= [g 2 _0‘(15] (5.162)
0 00.85 10
We specify the following weighting matrices
0.03 0 10
Q_[ 00.03}’ R_[O 1} (5.163)

Solving the DARE gives

1.5873 1.0940 —0.0290 —0.2046 0.3320
1.0940 0.9971 0.0963 —0.1657 0.4078
R =]-0.0290 0.0963 0.1033 0.0623 0.1344 |, (5.164)
—0.2046 —0.1657 0.0623 0.3757 0.0140
0.3320 0.4078 0.1344 0.0140 0.7163

0.2046 0.1657 —0.0623 —0.3757 —0.0140

| —0.3320 —0.4078 —0.1344 —0.0140 —0.7163 | ° (5.165)
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This example is implemented in the MATLAB m-file main_dlq_rdu.m and main_dlq_rdu2.m.
Ezecuting the files gives the results as illustrated in Figures 5.2 and 5.3.

Output Yy and reference e

1.2 T T

0.7 —
0.6 - -
y2
0.5 =
- m N\ VAV N\ |
0.3 -
0.2 1 1 1 1
[0} 50 100 150 200 250

Discrete time

Figure 5.2: Simulation of the system in Example 10.1. this Figure is generated by
executing the MATLAB script-file main_dlq_rdu2.m.

Optimal control u,
0.15 T T

Uy

0.05 _

—0.05 - -

-0.1 i i i
(o] 50 100 150 200 250

Discrete time

Figure 5.3: Simulation of the system in Example 10.1. this Figure is generated by
executing the MATLAB script-file main_dlq_rdu2.m.
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5.5 LQ control objective used in MPC

We will in this section study the solution to the LQ optimal control problem where
ry — Y, Aug and up are weighted in the control objective. This objective is also
used by the EMPC algorithm.

Consider a discrete time linear process model

Tr+1 = Axxr + Brug, (5.166)
yr = Dxy. (5.167)

and a performance index
Ji = s(rv —yn) TSN (rn — yn)

N-1
((’I“k — yk)TQk(rk — yk) + Au;‘ngAuk + u%Puk), (5.168)
k=i

_|_

N~ N

where Sy, Qk, R and Py are weighting matrices. We will in the following use the
maximum principle in order to derive the optimal control.

5.5.1 Computing u}

The Hamilton function is

1
Hy, = 5((7% —yi) T Qr(rr — yi) + (u — wp—1) T R (g — ugp—1) + uf Pyuy,)
+ Pt (Ax — Dy + Brug). (5.169)

The co-state

An equation for the co-state is

OH,
Pk+1 — Pk = —67: = —(=DTQi(ry, — Day) + (AL — Dpry1) (5.170)
which gives
pk = DT QuDaxy, + Al pri1 — DT Qpre (5.171)

The optimal control

OHy

S = Rk — k1) + Prug + BTpi1=0 (5.172)
k

which gives

(Ri + Py)ug = Riuk—1 — Bi pri1, (5.173)
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which can be solved for uy if the matrix Ry + Pk is non-singular. However, we will
in the following find an expression for uj in terms of variables which is defined at

time k only (not in terms of pgy1).

In order to continue we will assume that there are a relationship
pr = Rrxp + hy.

Substituting (5.174) into (5.173) gives

(R + Pr)ur = Ritip—1 — B (Ri12p41 + higr),
Substituting for the state 41 given by (5.166) gives

(Ri + Pr)ur = Ritp—1 — B Ryy1(Apwy + Brug) — Bj hyyr.
Solving for u gives
up = Grzg + Gahg1 + Gaug—1,

where

Gl = _(Rk + Pk + Bng.;.lBk)ilBng_i_lAk
G3 = —(Ri + Py + Bff Ryy1By) ' B}
Gy = —(Ri + Pi + Bf Riy1 Br) 'Ry,

The closed loop system

Substituting the optimal control into the process model gives

Tp1 = (A+ BGr)xy + BG3hyyy + BGaup—y

The Riccati equation and the feed-forward signal

Substituting (5.171) into (5.174) gives

DYQyDzy + Al pri1 — DT Qrri = Rpwp + hy,
Using that pg+1 = Rip+1Tk+1 + hi41 gives
DT QyDxy, + Af Re1xp1 + AL hiwr — DT Qury, = Ryxp + hy,

Substituting (5.181) for (xx4+1) gives

DTQkak + Ang-i-l((Ak + BkGl)a:k + BrGshpy1 + BkG4uk_1)

+AF hip1 — DT Qyry = Rixy + hu,
which can be rewritten as

[—Rk + AZRkJrl (Ak + BkGl) + DTQkD]:Ck

(5.174)

(5.175)

(5.176)

(5.177)

(5.178)
(5.179)
(5.180)

(5.181)

(5.182)

(5.183)

(5.184)

—hk + (A{ + A%R%_,'_IB]CGg)thrl + AngJrlBszluk,l — DTQka = 0(5.185)
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Equation (5.185) must hold for all zj so that

Ry = AT Ry 1(Ay + ByGy) + DTQyD, (5.186)
hi = (Af + AL Rl BrGs)hyi1 + A Rey1 ByGaug—1 — DT Qpry. (5.187)

Equation (5.186) is the well known discret time Riccati equation. Note that the
difference equation for the feed-forward signal can be expressed as

hie = (A + BrG1)" hiey1 + Af Ria BrGaug—1 — DT Q. (5.188)

Final value conditions

We have similar conditions as in the standard tracking problem.

Ry = DTSyD (5.189)
hy = —DTSyry (5.190)

5.5.2 Discussion

Equations (5.188) and (5.186) has to be iterated backwards from kK = N — 1 to time
k = i. One problem is here that ug_; in (5.188) is not known for k =i+ 1, ...,
k = N — 1. Hence, a question is how to solve the problem.
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5.6 Solution to the discrete algebraic Riccati equation
(DARE)

Consider a discrete infinite time LQ optimal control problem, i.e. find the op-
timal control wg for a system xy11 = Axp + Buyp with performance index J; =
St (2T Qg 4+ ul Puy) and where the pair (4, B) is stabilizable and where the pair
(vV/Q, A) is detectable.

. .. . OH, OHy, OH,
From the maximum principle, i.e., T: =0,z —2f = W: and pgr1—pr = _W,f?
we have the two point boundary value problem
Tp11 = Az, — BPT B py, (5.191)
pe = Qug + AT pran, (5.192)

with initial state x; given and final co-state poc = 0. Equations (5.191) and (5.192)
can be written in matrix form as follows

Fy I
1T A0
I BP~ Thy1 Tk
— ) 5.193
e R (109

Consider now the generalized eigenvalue problem

|F1A — F5| =0, (5.194)
and the corresponding generalized eigenvalue and eigenvector problem

FIMA = F>,M, (5.195)

where M is the matrix of generalized eigenvectors and where A is the matrix of
generalized eigenvalues. Equation (5.195) can be partitioned as follows

F =F , 5.196
! [Mm MQJ [ 0 Ag 2| My My, ( )

where Aq; is a diagonal matrix with the n stable generalized eigenvalues and Ao
contains the n unstable generalized eigenvalues.

From this we have that

R =My M = ATV AV  +Q (5.197)
is a solution to the discrete ARE

R=ATR(I+ BP'BTR)'A + Q. (5.198)
This can be proved by substituting (5.197) and the equations obtained from (5.196)

into the DARE (5.198). Similarly we can prove that the closed loop system is stable,
i.e. that the closed loop system contains the eigenvalues in Aq;.



112 Optimal Control of Discrete Time Systems

Proof 5.1 (Solution to the DARE)
From (5.196) we have that

(My1 + BP71BT My Ay = AMy, (5.199)
AT My Ay = —QMyy + Moy, (5.200)

Equation (5.199) gives
A= (I+BP BT My M )My Ay M (5.201)
Using R = My M;' and substituting into the DARE (5.198) gives

R = ATR(I+BP'BTR)™ (I + BP™'BT Myy M )My Ay MM+ Q
= ATRMHAHMHI + Q = ATMglAHMil + Q (5202)

Substituting (5.200) into (5.202) gives
R = (—QMy + Mxu)M' +Q = Moy M. (5.203)

This proves that R = M21M1_11 18 a solution to the DARE. QED.

Proof 5.2 (Stability of the closed loop system)
An expression for the closed loop system is given by (see Equation 4.25)

Ag= (I +BP'BTR)'A. (5.204)
Substituting for A given by (5.201) into (5.204) gives
Ag = My Ay M (5.205)

which proves that the eigenvalues of the closed loop system is given by A11. QED.

The generalized eigenvalue/eigenvector problem can be solved in MATLAB by [M, A] =
eig(Fy, F1). Note also that the Control Systems Toolbox function [—G, R] = dlqr(A, B, Q, P)
does not work when A is singular. However, the above method works for singular
transition matrices.

Example 5.4
Consider a system
11 0
Tyl = [0 O:| T + |:1:| Uk (5.206)
ye = [10]zy (5.207)
and the objective function
oo
Jo=> (Ui ur + uju). (5.208)
k=0

The problem is to find a solution to the discrete ARE and the optimal feedback gain.
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10
00

The matrices in the generalized eigenvalue and eigenvector problem are

First, note that we have weighting matrices Q = DT D = { ] and P =1.

1000
I BP~'BT 0101
F = [O AT ] =lo010 (5.209)
0010
and
1100
A0 0 000
Fy= {Q I] =1 o010 (5.210)
0 001
The MATLAB command [M,A] = eig(Fy, F). gives
0 0.3887 —0.4777 0.5774
~ | Myp My | | —0.7071 0.6290 0.2952 —0.5774
M= [Mgg M21:| N 0  —0.2402 —0.7730 0.5774 (5:21)
0.7071 —0.6290 —0.2952 —0.0000
and
—Inf+ NaNi 0 0 O
- [Apm 0] 0 26180 0 0
A= [ 0 Au] N 0 0 038200 (5:212)
0 0 0 O

Note that the three finite generalized eigenvalues Ao = 2.618, A3 = 0.382 and Ay =0
are the roots of the characteristic equation det(Fi\ — Fy) = (=A2 +3X — 1)\ = 0.
This can be partitioned according to (5.196), i.e. with the stable eigenvalues first.
Hence, we have

—0.4777  0.5774
Mu = [ 0.2952 —0.5774} (5:213)
and
~0.7730  0.5774
M = {—0.2952 —0.0000} ' (5:214)
This gives
B 1 [2.618 1.618
= Moy = [1.618 1.618 (5:215)

and the optimal feedback up, = Gz with optimal gain matriz

G=—(P+B"RB)"'B"RA = —[0.618 0.618]. (5.216)
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Chapter 6

Discrete LQQ optimal control:
Alternative direct solution

6.1 The objective function

Lemma 6.1 (Discrete Linear Quadratic Regulator)
Consider the standard L@ performance index or objective function

N—-1
1 1
J; = §$7];[SN$N + 5 E (l‘%le’k + ukauk), (6.1)
k=1

where Sy, Qr and P are symmetric weighting matrices. i is the discrete initial
time instant and N the discrete final time instant.

The LQR optimal controller is given by
uy, = Grry, (6.2)
Gy = —(P,+ BT'R,.1B)"'BTR;. 1A
where Ry, is the non-negative solution, for al time instants i < k < N, of the Riccati
difference equation

Ry, = AT(Rj41 — Ry B(P + BTR, .\ B) " 'BT R, 1) A + Qy, (6.4)
Ry = Su. (6.5)
The minimum of the objective eq. (6.1) is given by
JF = %x?RmZ (6.6)
A

It is clear that the objective eq. (6.1) may be written as

1 V= 1

Ji = B kz (@h 11 Qrr1@rs1 + uj Poug) + §wiTQixi (6.7)
=1
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when Qn = Sy. The reason for separating the term %xZTQZ:L‘Z is that it can not be
influenced upon by the unknown control actions uy V k=14,i+1,...,N — 1.

Putting the initial time ¢ equal to the actual present time instant k, and noticing
that the objective functions (6.7) is defined at L = N — i+ 1 discrete time instants,
including the present time instant k& = i, then we may write the objective eq. (6.7)
as

1 L-1

1

Je=3 D @y i@uihri + Wipi_1 Prpio1ursi1) + §$£Qk$k (6.8)
i=1

This objective function is usually used in connection with Model Predictive Control

(MPC) and the prediction horizon is here defined as L — 1. The objective functions

eqs. (6.7) - (6.8) are equal when L=N —i+1and L—1= N —i.

Since the last term in (6.8) is not influenced by the unknown control actions we may
instead minimize the performance index
1 I
TYPC = SN (af i Qurithgs + Uh i Praio1tpaio) (6.9)

2 4
=1

where here T'=L — 1 = N — 1 is the prediction horizon.

6.2 Compact description

The objective function eq. (6.8) may be written compact as follows

1 1
Jr = §(UC;€+1\LQ1¢\L9€1¢+1\L + ufy Pypus) + ingkxk- (6.10)
where we have redefined the prediction horizon as L := L — 1 for simplicity of

notation.

Using that zy;, = Opzg + Hpugr—1 and the plant model @y = Axg + Buy gives

xk+1\L = OLA.’I?k + Fgule (611)
=pL+ Fguk\Ly (6.12)
where
Fff = [0OB H{] e RIIT (6.13)
pr = OLAz. (6.14)

Here Oy, is the extended observability matrix for the matrix pair (D = I,,xn, A) and
Hg the Toeplitz matrix of the impulse response matrices £ = 0, DB, DAB, ...,
DAF=2B (also with D = I, timesn)-

With these definitions we write the objective eq. (6.10) in terms of the unknown
controls uy,r, as

1 1
Ji = §(ug|LHuk‘L + 2fLTuk|L +Jo) + 533%@]{2?;% (6.15)
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where
H = Py + F{TQuiFf, (6.16)
/T = pLQuLFL, (6.17)
Jo = p1 QL (6.18)

where FI' = (FH)T

6.3 Optimal control and minimum objective

The optimal control u;;‘ ; minimizing the objective eq. (6.15) is given by

0Jy,
8uk|L

1 . _
= 5 (2Huyp +2f1) = 0= uyy, = —H Y, (6.19)

where we have to ensure

0% J;,
Gui‘L

=H >0, (6.20)

for a minimum.

The minimum of the objective function is then

.1 - _ 1
i = GULH fr = 2T H™ fi, + Jo) + S Qe (6.21)
1 _ 1
= 5(—f}fH YL+ Jo) + ingkUCk (6.22)
1 _ 1
= 5( L(Qur — QurFIH 'FiTQp)pL + §$£Qkxk- (6.23)

The minimum of the objective can then be written as a function of the present state
x). and the solution of the Riccati equation Ry, as

1
Ji = 5x}{kak, (6.24)

where the solution to the Riccati equation is given by
Ry, = (0L A)" Qi — Qe FiH ' F{TQur)OLA + Qy. (6.25)

Interestingly, using eq. (6.16) we write eq. (6.25) as

Ry, = (0L A)" (Quz — QunFi(Pyyr + Ff Qi Fi) ' Fi" Qi) OLA + Qy, (6.26)

QriL = 5w, (6.27)

and comparing with the Riccati difference equation, we find strong similarities. The
Riccati difference equation (6.4) may be replaced with a analytic matrix equation
as in (6.26). The Riccati difference equation and the matrix eq. (6.26) are dual
equations, meaning that if we replace the matrices in (6.4) with A := Op A, B := F g,
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Ryy1 := Qpr, and Py, := Py, we obtain the analytic matrix expression (6.26) for
Ry.

Notice that the Riccati matrix Ry is equal to the steady state solution R of the
Discrete Algebraic Riccati Equation (DARE) when the prediction horizon L is large.
However, if the last lower left block in @z, is chosen equal to R then Ry, = R for any
finite prediction horizon 1 < L, and hence the optimal control (6.19) is stabilizing.

Let us now study the future controlled responses. We write the predicted control
actions as follows

Uy = —H i, = _HingTQk\LPL = Grag, (6.28)
where we have defined the gain matrix
Gr=—H 'F{"QurOLA. (6.29)

Substituting the optimal control into (6.12) gives the predicted controlled state
responses

d, *
xk+1\L = OLA.’Ek + FLuk|L

= (OLA+ F{Gp)my, (6.30)

From this we may also deduce the following alternative formulation of the Riccati
matrix

Ry, = GTHG, +2(0LA) " QurFiGL + (OLA) " QurOLA+ Q. (6.31)



Chapter 7

Discrete LQQ optimal control:
Alternative direct solution

7.1 Innledning

Vi har i avsnitt 5.2 vist at lgsningen av det diskrete optimal reguleringsproblemet
bestar av en Riccati-ligning. Dette betyr at for a4 finne de optimale padrag ma vi
lgse den diskrete Riccati-ligningen.

Vi skal i dette avsnittet vise at man ikke trenger & lgse den diskrete Riccati ligningen
som vist i avsnitt 5.2 for & finne den optimale lgsningen. Dette resultatet er meget
viktig fordi det blant annet viser sammenheng mellom klassisk LQ/LQG regulering
og modell prediktiv regulering (MPC). I denne sammenheng er det av interesse a
diskutere det diskrete LQ kriteriet.

7.2 Diskusjon av det diskrete LQ kriteriet

Dersom man skal sammenligne klassisk LQ regulering og sakallt modell prediktiv
regulering er det en god ide & starte med & se pa optimal kriteriet som benyttes.

La oss studere det diskrete optimal kriteriet

1 N-1

1
J; = §$7];SN$N + B kz (x;‘ngiL‘k + ukauk), (7.1)
=1

der Sy, Qi og Pi er symmetriske vekt-matriser. ¢ er det diskrete start-tidspunktet
og N er det diskrete slutt-tidspunktet.

Vi tar utganhspunkt i denne formuleringen av et L(Q kriterium fordi det er en
forholdsvis generell formulering. Kriteriet (7.1) er dessuten identisk med det som
benyttes i Lewis og Syrmos (1995) og Soderstrom (1994). Dette kan refereres til
som det klassiske diskrete LQ kriteriet.

Dersom start-tidspunktet er & = i og slutt-tidspunktet er £k = N vil kriteriet J; veere
avhengig av padragsvektoren ved N —i diskrete tidspunkt, dvs., ugy Vk =14, -+, N—i.
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Vi forutsetter at N > i. Kriteriet er imidlertid avhengig av tilstandsvektoren zj ved
N — i+ 1 diskrete tidspunkter. Merk ogsa at det ikke er mulig & pavirke tilstanden
x; ved hjelp av noen av padragene som inngar i kriteriet. Grunnen til dette er at
padraget ug bare pavirker tilstanden ved neste tidspunkt, dvs., xx1q. LQ kriteriet
(7.1) kan derfor splittes opp i en sum av to deler. En del som er avhengig av
padragssekvensen og en del som er uavhengig av padragene. Vi har

N-1

— 1
(@41 Qrr1@rr1 + uf Prug) + 5:}5?@2-902- (7.2)
k=i

Ji =

N | =

Denne formuleringen av LQ kriteriet er identisk med (7.1) dersom Qn = Sn. Det er
klart at det bare er det forste leddet pa hgyre side som kan pavirkes av padragene.

LQ kriteriene (7.1) og (7.2) er videre definert over en tidshorisont pa L = N —i+ 1
diskrete tidspunkt. Merk ogsé at dersom tidshorisonten L og start-tidspunkt i er
gitt ma vi ha at slutt-tidspunktet er gitt ved N = L — 1 + 4. Setter vi dette inn i
LQ kriteriet (7.1) far vi

L—14i—1
1 1
Ji = §x€,1+iSL,1+ixL,1+i + 5 Z (angka + u%Pkuk) (7.3)
k=1

Dette kriteriet er vel definert dersom horisonten L og initial-tidspunktet ¢ er spesi-
fiserte. Setter vi N = L — 1+ inn i LQ kriteriet (7.2) far vi

L—1+4i—1

1
Ji=5 Z (@541 Qr1 @y + uf, Peug) + 5“{@@'% (7.4)
k=t

Dersom L > 0 er en konstant vil den fgrste delen av kriteriet vaere definert over en
konstant horisont pa L — 1 diskrete tidspunkter uavhengig av initial-tidspunktet i.

Merknad 7.1 De fire formuleringene av LQ kriteriet gitt ved (7.1), (7.2), (7.3) og
(7.4) er identiske dersom initial-tidspunktet i og slutt-tidspunktet N er spesifisert.
Vi forutsetter at Qn = Sy @ ligning (7.2) og at Qn = Sy og L=N —i+ 11 (7.4).

Merknad 7.2 Formuleringen i (7.2) viser at vi kan separere ut kvadrat formen
%CCZTQZ.’L‘Z fra det klassiske LQ kriteriet (7.1). Ingen av padragene som inngar i
kriteriet har innvirkning pa denne kvadrat-formen. Vi forutsetter her at systemet
er strengt-proper. Dette betyr at det er mulig a finne de optimale padragene ved a
finne minimum av det forste leddet pa venstre side av (7.2).

Et viktig spesialtilfelle far vi na ved a velge i lik lgpende tid. Formuleringene gitt ved
(7.3) og (7.4) av LQ kriteriet (7.1) refereres da til som receding horizon LQ kriterier.
Et LQ kriterium av denne typen gir opphav til et nytt optimaliseringsproblem for
hvert nytt tidspunkt.

Vi merker oss i denne sammenheng at LQ kriteriet (7.3) kan skrives som

1.7
Jk = 3% 11 Sk+L—1Tk+L—1

L—1
3 it (@F 1 Qraric1Thrio1 + Uy Prgim1Upgio1) (7.5)



7.3 Diskret optimal regulering: Alternativ lgsning I 121

der k er lgpende diskret tid. Pa samme mate kan LQ kriteriet (7.4) skrives slik

L—1
1 1
Je=3 ) (@i Qrrithi + ufyi 1 Prpio1tpyiot) + §$£Qk$k (7.6)
=1

LQ kriterier som vist i de to siste ligningene benyttes i stor grad i forbindelse med
MPC.

Merknad 7.3 (receding-horizon control) Dersom vi for hvert nytt diskrete tid-
spunkt k minimaliserer et LQ kriterium av typen (7.5) eller(7.6) med hensyn til
padragene ug, Ug41,- .., UprL—2 09 bare benytter det forste padraget uy til a requlere
prosessen sa refereres dette til som receding-horizon control. Dette refereres i lit-
teraturen ogsa til som Model Predictive Control (MPC) og Moving Horizon Control
(MHC).

7.3 Diskret optimal regulering: Alternativ lgsning I

La oss fortsette diskusjonen med to eksempler.

Example 7.1 (kompakt formulering av optimal kriteriet)

Gitt en tidshorisont L = 4. Vi spesifiserer start-tidspunktet til ¢ = 0. Dette betyr
at slutt-tiden er N = L 4+ ¢ — 1 = 3. Vi definerer et kvadratisk optimal kriterium
over tidshorisonten

2

1 1
Jo = §:p3Tng3 + 3 kzo(l{Qkxk + u;;FPkuk) (7.7)

Poenget med dette eksemplet er & vise at kriteriet kan skrives pa matriseform. Vi
har

1
Jo = 5(370T\4Q0\4330\4 + U0T|3P0\3U0|3) (7.8)
der
X
o g
Lol4 = 2o |7 Up|g = | U1 | - (7.9)
T3 Y2
og
@ 0 00 P, 0 0
0 0 0 0
Qoa= | %1 Qs 0 | Pys=1]0P 0 |. (7.10)
0 0 0 Sy 00 P

Det er en fin gving & vise dette !

A
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Example 7.2 (Utvidet tilstandsrommodell)

La oss studere kriteriet (7.8). Det er av interesse & uttrykke zg, ved hjelp av
padragsvektoren ug3. Kriteriet kan da uttrykkes som en funksjon av ug3. Vi kan
dermed finne den optimale padragsvektoren ug|3 ved a sette den deriverte av kriteriet
mht. padragsvektoren lik null.

Vi skal na vise at en slik sammenheng eksisterer. Med utgangspunkt i tilstandsrom-
modellen finner vi

To|4 O4 Hf
—_——  —— —_— . YoI3
0 I 0 0 0]7 =
x| | A B 0 0 0
m| 42| aB B oo || W] (7.11)
3 A3 A’B ABB| L™
Vi har funnet sammenhengen
=0 d
.1130‘4 = U4 + H4U0|3. (712)

Merk at matrisen Oy er en (utvidet) observerbarhetsmatrise for matriseparet (D, A)
der D =1.

Dersom vi setter sammenhengen (7.12) inn i kriteriet sa vil kriteriet bare avhenge
av ug|3 0g To. o er uavhengig av ug3. Den optimale padragsvektoren kan dermed
finnes ved a sette den deriverte av Jo med hensyn til ug3 lik null.

A

Det kan vises at det diskrete optimal kriteriet (7.1) generelt kan skrives pa den
kompakte matriseformen

1
Ji = §<33;TTLQ1'\L$¢\L + u£L71Pi|L—1ui|L—1>v (7.13)
der
o -
Ti+1 i
1+
Ui4-1
TiL = | s UWL—1= | . . (7.14)
_— :
L+i—2 ULtio2
| TL4i—1
Videre har vi den utvidede tilstandsrommodellen
xi|L = OLQZ‘i + ngilL_l. (715)

Setter vi (7.15) inn i kriteriet (7.13) far vi at
Ji = S1(Opa + Hiugy, 1) Qi (O + Hibu, P ; 7.16
T [( LTi + Luz|L71) QZ\L( LTi + Luz|L71) + Ui|r—1 'L\Lflu'L\Lfl]'( : )

Vi finner

0J;
aui\L—l

= H{'Q10pxi + (HF' Qur HE + Pyr—1)uyr—1. (7.17)
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Vi setter den deriverte lik null og finner fglgende uttrykk for den optimale padragsvektoren

uij—1 = Gpr, (7.18)

der
G=—(HTQyH} + Pyr—1) "HI Q. (7.19)
pr = OLw;. (7.20)

Legg merke til at p;, representerer tilstandsrommodellens autonome responser ved
de diskrete tidspunktene ¢,¢ 4+ 1,i+2,---, L +4 — 1. Dvs. py, inneholder lgsningene
av tilstandsrommodellen xj 1 = Axj der initial tilstandsvektoren x; er gitt. Fgrste
blokk i py, er identisk med x;. Det kan vises at fgrste blokk kolonne i Gy, er lik
null. Grunnen til dette er at de optimale padragene i u;_; ikke er avhengig av
initial-tilstandsvektoren x;. Vi skal i neste avsnitt vise hvordan vi, ved a ta hensyn
til dette, kan utlede en alternativ formulering av resultatet i (7.18)-(7.20)

Minimumsverdien av kriteriet blir

1
Ji = 535?0{ (I +H{G)"Qyr(I + HIG) + G" Py, 1G)OLa;. (7.21)
Sammenligner vi dette med den lgsningen som er presentert i avsnitt 5.2 sa finner vi
folgende uttrykk for lgsningen av den diskrete Riccati-ligningen ved start-tidspunktet
k=1i.

R =OL[(I+H{G)Q(I+H{G)+G"Py_,GlOy. (7.22)

Dersom tidshorisonten L er stor vil (7.22) konvergere mot den stasjonere lgsningen
av den diskrete algebraiske Riccati-ligningen. Dette betyr at vi har funnet en al-
ternativ lgsningsmetode for det diskrete L@ optimal reguleringsproblemet. Vi har
dessuten funnet en alternativ metode for a lgse den diskrete Riccati-ligningen pa .

La oss studere det lukkede systemets responser. Vi setter det optimale padraget gitt
ved (7.18)-(7.20) inn i den utvidede tilstandsrom-modellen (7.15) og far

2y = (I + F{G)Opa;. (7.23)

Det er klart at denne ligningen kan benyttes til & studere stabilitets egenskapene til
det lukkede systemet.

Stabilitet er ikke ngdvendigvis relevant i forbindelse med optimaliseringsproblemer
der vi benytter et endelig optimaliseringsintervall i < k < N. I batch prosess reguler-
ingsproblemer og minimum-tid reguleringsproblemer er det normalt ikke ngdvendig
a kreve stabilitet, dvs. en analyse av systemet nar ¢ — oo har ingen mening. Der-
som vi imidlertid krever stabilitet vil det i enkelte tilfeller veere lurt & vektlegge
slutt-tilstanden.

7.4 Diskret optimal regulering: Alternativ lgsning II

Vi skal i dette avsnittet vise at resultatene som ble funnet i avsnitt 5.2 kan uttrykkes
pa en noe enklere mate. Det kan vises at det diskrete optimal kriteriet (7.13) kan
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splittes i to deler.

1

1
Ji = 5(JU?H|L,1Qi+1|L—1$i+1|L—1 + UZ[Lflpi\L—lui\L—l) + §$?Qi$i- (7.24)

Grunnen til at vi har splittet opp kriteriet er at den utvidede padragsvektoren w;z,_;
bare kan pavirke den utvidede tilstandsvektoren z;,1;,_;. Grunnen til dette er at
uy, bare pavirker tilstanden ved neste tidspunkt, dvs., zx4+1. Dvs., u; 1 kan ikke
pavirke tilstandsvektoren x; ved start-tidspunktet.

Dersom vi tar utgangspunkt i formuleringen av kriteriet som gitt i (7.24) finner vi en
annen formulering av lgsningen en den som ble utledet i avsnitt (7.3). Lgsningene
er imidlertid identiske.

Tilsvarende (7.15) finner vi fglgende formulering
Tit1)—1 = OL—14z; + Ff_ w1, (7.25)
der
Fl  =[0rB H} || € REDnmx@Lbr, (7.26)

Vi vil referere til (7.25) som en utvidet tilstandsrommodell. Vi setter na ligning
(7.25) inn i kriteriet (7.24) og far.

Ji = 51(Op—1Azi + Ff_juyr1)" Qiynj—1(Or—1Az; + Ff_juyp 1)
+U;7F|L,1H|L—1Uz‘|L—1] + 52] Qs (7.27)

Kriteriet kan skrives slik

Ji = %U;TF\LA(P@‘IL—I + P Qi1 Fi w1 + (Or—1A2) T Qi1 Fi_ i1

+52 [(0-14)" Qi1),-101L 1A + Qil ;. (7.28)
Vi kan finne en betingelse for minimum ved a derivere .J; med hensyn pa w;r_;.
Derivasjon gir

aJ;
aui|L71

= FT Q1110014 + (FI11 Qv i1 Fi—y + Pyp—1)wir—1-(7.29)

Vi setter ligning (7.29) lik null og far

wy—1 = Gr1pr-1, (7.30)

der vi definerer
Gr1=—(Ff Qiv1j—1Ff 1 + Pyr—1) ' FiT Qi1 (7.31)
PrL—1 = OLflei. (732)

Legg merke til at py_1 inneholder det apne systemets autonome responser ved tid-
spunktene ¢t 4+ 1,7+ 2,---, L 4+4— 1. Vi har her utledet en litt annen formulering en
den presentert i (7.18)-(7.20).
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For at lgsningen (7.30)-(7.32) garantert skal veere den optimale lgsningen som gir
minimum av kriteriet ma den Hessiske matrisen vaere positiv definit. Dvs., vi har
fglgende krav

9%J;
ou?

i|L—1

= (F{% Qi1 Fi oy + Pyp—1) > 0. (7.33)

Dette vil alltid veere oppfyllt dersom vi for eksempel velger P, >0V k=14,---, L+
1 — 2. Dvs. dersom vi velger positiv definite vektmatriser for padragsvektoren ved
alle diskrete tidspunkt.

La oss studere det lukkede systemets responser. Vi setter det optimale padraget gitt
ved (7.30)-(7.32) inn i den utvidede tilstandsrom-modellen (7.25) og far

Tip1L-1 = (OL_1A+FEZ,1GL_1OL—1A)$Z‘- (7.34)

Det er klart at denne ligningen kan benyttes til &4 studere stabilitets egenskapene til
det lukkede systemet.

La oss finne minimumsverdien til kriteriet. Vi setter den optimale padragsvektoren
(7.30) inn i kriteriet (7.27) og finner

Jf =52l (O AT (I + Ff Gra) " Qiprjp (I + Ff Gra)
+G] Py 1Gra)Op 1Az + ] Qi . (7.35)
Med utgangspunkt i maksimumsprinsippet kan vi vise at minimumsverdien av kri-

teriet er gitt ved J = %m?Rlxz der R; er lgsning av den diskrete Riccati-ligningen.
Dette betyr at lgsningen av den diskrete Riccati-ligningen, ved tiden ¢, er gitt ved

Ri = (Op 1A' [T+ Ff_ \Gr1)" Qipayp—1 (I + Ff_,Gr1) + GT_ 1 Pyr—1Gr—1]0Op1 A
+ Qi (7.36)

Dette resultatet er viktig fordi det viser at det finnes en “analytisk” lgsning av den
diskrete Riccati-ligningen.

En alternativ formulering finner vi ved a sette den optimale padragsvektoren (7.30)
inn i kriteriet (7.28). Dette gir

Ri = —Z"HZ + (0i410-14)" Qit11-10i41 014 + Qi (7.37)

der
Z = FgT1Qz‘+1\L—1OL—1A, (7.38)
H o= (Pyp-1+ FiT Qi1 Fi_)) (7.39)

Merknad 7.4 Veklegging av slutt-tilstanden er viktig for stabilitet i forbindelse med
endelig horisont LQ) regulering.

Dersom den stasjonere lgsningen av Riccati ligningen skal finnes ved hjelp av form-
lene gitt over kan det vere hensiktsmessig med en tilstrekkelig vekting av slutt-
tilstanden. Slutt-tilstanden vektlegges med matrisen Sy

Merk at dersom vi vekter slutt-tilstanden med Sy = R der R er den stasjonere
losningen av Riccati ligningen vil det lukkede systemet veere stabilt selv om vi velger
en endelig horisont pa kriteriet. Se ogsa oppgave 77.
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Chapter 8

Time delay in optimal systems

8.1 Modeling of time delay

We will in this section discuss systems with possibly time delay. Assume that the
system without time delay is given by a proper state space model as follows

Tr+1 = Axy + Bug, (8.1)
Y = Dxp + Fuy,

and that the output of the system, yy, is identical to, y, , but delayed a delay 7
samples. The time delay may then be exact expressed as

Yhtr =Yy, - (8.3)

Discrete time systems with time delay may be modeled by including a number of
fictive dummy states for describing the time delay. Some alternative methods are
described in the following.

8.1.1 Transport delay and controllability canonical form
Formulation 1: State space model for time delay

We will include a positive integer number 7 fictive dummy state vectors of dimension
m in order for describing the time delay, i.e.,

1
xp 1 = Dxy —|1Euk

Lhy1 = L, (8.4)

T _ T—1
Lry1 = Ly,

The output of the process is then given by
Yk = T, (8.5)

We se by comparing the defined equations (8.4) and (8.5) is an identical description
as the original state space model given by (8.1), (8.2 and (8.3). Note that we in
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(8.4) have defined a number 7m fictive dummy state variables for describing the
time delay.

Augmenting the model (8.1) and (8.2) with the state space model for the delay gives
a complete model for the system with delay.

Tt A Zy, B
— ~—" /=
z A00---00 x B
z! D0OO0---00] |2t E
22 —|0T0---00]| |2*| £]0 |y, (8.6)
_xT_kH | 000---10] _:rT_k 10 ]
T
,_—/%
X
D a!
P S—— $2
ye=[000---01]]. (8.7)
&771
_xT Jd g
hence we have
Fpy1 = AZy, + Buy, (8.8)
yr = Dy, (8.9)

where the state vector Zp € R"™™™ contains n states for the process (8.1) without
delay and a number 7m states for describing the time delay (8.3).

With the basis in this state space model, Equations (8.8) and (8.9), we may use all
our theory for analyse and design of linear dynamic control systems.

Formulation 2: State space model for time delay

The formulation of the time delay in Equations (8.6) and (8.7) is not very com-
pacter. We will in this section present a different more compact formulation. In
some circumstances the model from g, to yx will be of interest in itself. We start
by isolating this model. Consider the following state space model where y,— € R™
s delayed an integer number 7 time instants.

Thig AT x BT
x! 000---007 [z I
x? I00---00] |2 0
3 —|0I0---00| |2®*]| 4|0 vp (8.10)
—xT—k+1 (000 --- 10| _xT_k 1 0 ]
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T
,——/%
T
1
. x
ye=[000---01]]. (8.11)
%771
_‘TT dr
which may be written as
Thy = ATap + BTy, (8.12)
yr = D7z, (8.13)

where 27 € R™. the initial state for the delay state is put to x5 = 0. Note here
that the state space model (8.10) and (8.11) is on so called controllability canonical
form.

Combining (8.12) and (8.13) with the state space model equations (8.1) and (8.2),
gives an compact model for the entire system, i.e., the system without delay from
uy, to y,. , and for the delay from y,~ to the output yy.

T A T
< /iz—-“-———\f—'f—\
: ][] e
T = T T T + T Uk (814)
[x],m [BDA |, |BE
bt
—N— T

yp = [0 D] [ﬂ] (8.15)

k

Note that the state space model given by Equations (8.14) and (8.15), is identical
with the state space model in (8.6) and (8.7).

8.1.2 Time delay and observability canonical form

A simple method for modeling the time delay may be obtained by directly taking
Equation (8.3) as the starting point. Combining yz4, = v, with a number 7 — 1
fictive dummy states, yx+1 = Yk+1s -5 Yktr—1 = Yk+r—1 We may write down the
following state space model

Thq AT Ty BT
—— ~ -~ ~~ ~ =~/

Yk+1 0I0---00 Yk 0

Yk+2 007---00/| | yg+1 0

Yks | = |00 o Yk+2 + | e (8.16)
: 000---011|: 0

| Yk | 1000---00] [Ypar—1] |1
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zy,
—~
o =
b Yk+1
Ye=[100---0] | Yrt2 (8.17)
| Yk+7-1 |

where 27 € R™™.

The initial state for the time delay is put to zj = 0. Note that the state space model
(8.16) and (8.17) is on observability canonical form.

8.2 Implementation of time delay

The state space model for the delay contains a huge number of zeroes and ones when
the time delay is large, ie when the delay state space model dimension mr is large.

In the continuous time we have that a delay is described exact by yrpir = y, . It
can be shown that instead of simulating the state space model for the delay we can
obtain the same by using a matrix (array or shift register) of size n, x m where we
use n, = T as an integer number of delay samples.

The above state space model for the delay contains n, = 7 state equations which
may be expressed as

i

T = Ty
(8.18)

T7—1 T—2

Ly = xk—%

Rz

Ye = T

where we have used y, = x7. This may be implemented efficiently by using a matrix
(or vector x. The following algorithm (or variants of it) may be used:

Algorithm 8.2.1 (Implementing time delay of a signal)
Given a vector y, € R™. A time delay of the elements in the vector y, of n, time
instants (samples) may simply be implemented by using a matriz x of size ny X m.

At each sample, k, (each call of the algorithm) do the following:
1. Put y, in the first row (at the top) of the matriz x.
2. Interchange each row (elements) in matriz one position down in the matriz.

3. The delayed output yy is taken from the bottom element (last row) in the matrix
x.
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yr = x(r,1:m)T
fori=71:-1:2

z(i,1:m)=z(—1,1:m)
end

z(1,1:m) = (y,;)T

Note that this algorithm should be evaluated at each time instant k.
A

8.3 Optimal regulering av systemer med transportforsinkelse

8.3.1 Lgsning ved 4 modellere transportforsinkelsen

Transisjonsmatrisen A til systemet med transportforsinkelse er singuleer. Grunnen
til dette er at transportforsinkelsesmodellen inkluderer 7m egenverdier i origo. Der-
som vi studerer den optimale lgsningen vil vi ogsa finne at transisjonsmatrisen til
det lukkede systemet er singulaer. Vi skal se at det lukkede systemet uansett valg
av vektmatriser vil ha m egenverdier i origo.

Den optimale tilbakekoplingsmatrisen er gitt av
G = —(P+ BTRk_HB)_IBTR/H_lA (8.19)

Dersom vi benytter formuleringen (8.6 kan vi uttrykke A som

~ A1 0 _
A= n+(7 1)m><m:| 8.20
|:A12 Omxm ( )

Vi far dermed at G beregnes som

—(P+BTRy1B)"'BTRy 41 é
All 0n+(771)m><m
G = [x x] [Am o } = [G1 Omxm|  (8:21)

der G € R™"H(=1) oo der x betyr at denne matriseblokken generelt er forskjellig
fra null.

Dette betyr at den optimale lgsningen bestar av en tilbakekopling fra tilstandsvek-
toren zj samt en tilbakekopling fra de (7 — 1)m forste kunstige tilstandene som
beskriver transportforsinkelsen. De siste m tilstandene i den kunstige tilstandsvek-
toren x benytes altsa ikke til a beregne den optimale tilbakekoplingen. Vi har
fra definisjonen at x] = yi. Dette betyr at det optimale padraget uy er direkte
uavhengig av yy.

8.3.2 Lgsning ved 4 modifisere LQ kriteriet

Anta en prosess

Tpy1 = Az + Buy (8.22)
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der utgangen til systemet er forsinket et helt antall 7 sampler slik at

Yir = Day (8.23)
Dersom vi ikke vektlegger tilstandene som beskriver transportforsinkelsene vil vi fa
et (modifisert) LQ kriterium av formen

L

T 1 T
Tb = (WUhsic14rQhsimYbri14r + Ui Peri1tgi) (8.24)
i=1

som ogsa kan splittes opp i to deler slik

L

Jp = Z(ykT+i+TQl£+iyk+i+r +up g PoyiciUetio1) + Y Qivkir  (8:25)
i=1

Det er bare fgrste ledd pa hgyre side av LQ kriteriet som pavirkes av padragene over
prediksjonshorisonten.

Det vil her veere rimelig at dersom man ikke vektlegger tilstandene som beskriver
transportforsinkelsen sa vil det optimale padraget veere generert av ug = Giry.

8.4 Numeriske eksempler
Example 8.1 (Optimalt system med transportforsinkelse)

Gitt et diskret 1. ordens system

Tr+1 = Az + Bug (8.26)
Y, = Dxy + Euy, (8.27)

der A=0.9, B=05, D=1o0g F=—1. Vi antar at det er en transportforsinkelse
pa T =1 sample for utgangen yy er tilgjengelig, dvs.

Yk+1 = Yy, (8.28)
Vi far falgende tilstandsrommodell for totalsystemet

SEE S
B::] - [38} B,’:] T [g]w (8.29)
yr = [0 1] [;’:] (8.30)

Legg merke til at modellen (8.27) er bare proper, dvs. modellen inneholder en direkte
innvirkning fra uy, til y,— mens modellen (8.30) er strengt proper, dvs. ingen direkte
mnvirkning fra ug til utgangen.

Vi velger folgende glidende LQ kriterium

Q
L /_’Q T)
Lhdi—
J = E ([xkﬂq yk+z>1] [D QJ {y:;_ﬂ +Puz+i_1) (8.31)

i=1
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med folgende vekter og tidshorisont

Q=10,Q, =10, P=1, L =15. (8.32)
Dette gir
56.183 0
Gr=[-06100], R, = [ 0 10} , up = —0.61zy, (8.33)

Vi ser at det optimale padraget bare beregnes pa bakgrunn av tilstanden xp i sys-
temet. Det kan vises at den optimale tilbakekoplingen er uavhengig av den kun-
stige tilstanden x}g = yi for alle valg av vektmatriser Q (vi forutsetter at A,Q er
detekterbar). Dette kan vi for eksempel se ved a multiplisere ut uttrykket Gy =
—(P + B"Ryy1B) ' BT Ry 1 A,

Vi har i dette eksemplet lost Riccati-ligningen ved a benyttet ligningene (5.52) og

(5.53) ved a iterere bakover i tid fra slutt-tiden. Legg merke til at R og G er tids-
twvariante og at de bare varierer med horisonten L.

Dersom L — oo (eller L er stor) far vi at R er lgsningen av den diskrete algebraiske
Riccati-ligningen (DARE). Ligningene (5.52) og (5.53) kan med fordel benyttes til
a lgse DARE. Det er her viktig og merke seg at MATLAB Control System Toolbox
funksjonen dlgr.m ikke virker pa dette systemet, dvs. dlgr.m klarer ikke a lose DARE.
Grunnen til dette er at A er singuler for dette eksemplet. dlgr.m kan ikke benyttes pa
systemer der transisjonsmatrisen er singuler. dlgr.m kan modifiseres ved a benytte
en generalisert egenverdimetode presentert i Pappas og Laub (1980).
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Chapter 9

Examples on continuous time
LQ optimal control

9.1 Examples: continuous time LQ-optimal control

Example 9.1 (LQ controller for distillation column)
A distillation column with one stage and re-boiler and accumulator can be modeled

as
1
& = M(Lﬂz — Lyz1 — Vi), (9.1)
1
&9 = M(Rl‘g + Frp +Vyr — Lawy — Vi), (9.2)
2
1
T3 = M(Vyz — V), (9.3)

where x1 1s the composition in the re-boiler, xo is the composition in the column
and x3 1s the top-product composition. The flow-rate of bottom product, L1, and the
flow-rate from the column, Lo, are given by

Li=R+F-V, (9.4)
Ly =R+F, (9-5)
where R is the refluz (control input), V is the steam flow-rate from the re-boiler
(control input) and F is the feed flow-rate. xp is the feed composition. My is the

liquid in the reboiler, My is the liquid holdup in the column and Ms is the liquid in
the accumulator.

The composition in the steam from the re-boiler, y1, and from the column, ya, are
given by

QT
R S— 9.6
v 1+ (a — 1)2?17 ( )
Ty
= 9.7
2T 1 (a— Dy (07)

This gives a non-linear model of the form

= f(x,u,v), (9.8)
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i.e.,
ip:&#@+Fny%R+F—Wm—V1+$?UML (9.9)
iy = ]\Z(Rxg t Fap+ Vﬁ — Lows — Vﬁ), (9.10)
i3 = J\/Z(VH(Z:E—QUJ:? — V), (9.11)

where the parameters in the model are M1 = 10, My =5, M3 = 10, and the relative
volatility o = 22.4. The control input vector, u, and the disturbance vector, v, with
nominal values, us, and vs are defined as

[ e e
o= [ =[] = [2] 010

Solving for the steady state composition profile, i.e., solving s = f(xs,us,vs) = 0
gives

B 0.0500
ze= |3 | = 04501 | . (9.14)
a8 0.9500

Note that x5 can be computed by using an ODE solver. A linearized model around
the steady state vectors xs, us and vs s given by

Az = AAz + BAu + CAv, (9.15)

where Ar = x — x5, Au=u — ug, Av =0 —vs and

VKD I3

. LA OS —~1.3576 0.3 0
A= s el R - | 26151 —0.6956 0.4 |, (9.16)
2 % 2
0 Vi % 0 0.0478 —0.25
3 3
Lol L 0.0409 —0.0491
B=| %% vi-¥i | = |0.0982 —0.0818 |, (9.17)
2 2
0 0 0 0
2 0.0409 0
C= |51 E | =10.00820.2|. (9.18)
2 2
0 0 00

where the steady state variables are Ry = 2, Vo = 2.5, Fy =1, zp = 0.5, L] =
Rs+F,—Vy=0.5,L5=Rs+ Fs =3, and

KPS = i=1,2. (9.19)

yP= e = 1,2, (9.20)
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An infinite time LQ-optimal controller with the following weighting matrices

1000 0 0

Q=10 oo ,P—[(l)(l)]. (9.21)
0 01000
are given by Au = GAx, i.e.,
u=G(x —x5) + us, (9.22)

where

| —13.2839 —1.9656 —7.5059

=1 150669 2.0020 6.3353]" (9.23)

Hence the control inputs vary around the offset us and the feedback seeks to mini-
mize the deviation x — xs. This example is implemented in the MATLAB script-file
main_fcol3.m.

Example 9.2 (LQ controller with integral action for distillation column)

Consider the distillation column model in Example 9.1. We want to include integral
action in the controller. A state space model for the controller integrator is

Z=r—y=r— Dz, (9.24)

where v is the reference signal. Augmenting this with the state space model Az =
AAx + BAu gives

i A i B
Az | Onxem T B Opn s,
i B e e P S

This gives

—1.3576 0.3000 0 00
2.6151 —0.6956 0.4000 00

A= 0  0.0478 —0.250000 |, (9.26)
~1.0000 0 0 00
0 0  —1.00000 0

0.0409 —0.0491
0.0982 —0.0818

B= 0 0 . (9.27)
0 0
0 0

A simple solution is then to assume r = 0 in the LQ-controller design procedure.
Consider an LQ-objective where both the process state deviations, Ax, and the con-
troller states, z, are weighted. We have

J=5 [ (80T QA+ T Quz + AuTPAwd = 5 [ (7G5 + BuT PAWA2S)
to to
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where the weigting matrix Q is given by

10000 0 0 O
i Q0 0 000 0 O
Q-[ "Xm}_ 0 01000 0 O (9.29)
0m><n Q2

0 0 0 500 O
0 0 0 0 500

This means that only the bottom-product and top-product compositions are weighted,
i addition to the controller states. The LQ-controller is then found from the solution

of the ARE
ATR+ RA—RBP'BTR+Q =0, (9.30)

which gives the feedback matriz

G=-P'BTR. (9.31)
This gives
—13.9059 —4.8668 —76.7138 2.6790 22.1996
G = [Gl GQ] © | 22.8848 1.4733 —20.1423 —22.1996 2.6790 |’ (9-32)
The final LQ-controller with integral action can be implemented as
u=Gi(r — zs) + G2z + us, (9.33)

The practical implementation can be illustrated by the following MATLAB code lines

X=XS; % Initial values for the process states.
z=[0;0]; % Initial values for the controller states.
r=[0.05;0.96]; % Reference signal.
for i=1:N
y=D*x; % Process measurements.
u=G1*(x-x8)+G2*z+us; % LQ-controller with integral action.
z=z+h* (r-y) ; % Update controller state.
Y(i,:)=y’; U(i,:)=u’; % Store outputs and inputs.
f=fcol3(t,x,u,vs); % Putting control input to the process,
x=x+hx*f; % updating the process model.
end

The order of the computations is of central importance. This should be noted by
the reader. All details of this example is implemented in the MATLAB script-file
main_fcol3.m. A simulation of the closed loop system is illustrated in Figure 9.1.

Example 9.3 (Equivalence between LQ and PD controllers)

A single input and single output linear system & = Ax 4+ Bu and y = Dz can be
transformed to a canonical observability form, provided the pair (D, A) is observable.
Consider a 2nd order system on canonical observability form

A:[SOH,B:[M,DZ[W]. (9.34)
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One stage distillation column with LQ—controller with integral action

0.06 T T T T T T T
0.055 -
= &
0.05
0.045 | | | | | | | | |
o 50 100 150 200 250 300 350 400 450 500
T T T T T T T T T
0.96 -
~
>
0.95 | | | | | | | | |
(0] 50 100 150 200 250 300 350 400 450 500
10 T T T T T T T T T
0 | | | | | | | | |
(0] 50 100 150 200 250 300 350 400 450 500
10 T T T T T T T T
=N 5 _
0 | | | | | | | | |
(o] 50 100 150 200 250 300 350 400 450 500

Continuous time units

Figure 9.1: Simulation of the system in Example 9.2 with LQ optimal controller with
integral action. The figure is generated with the MATLAB script main_fcol3.m.
The infinite time LQ optimal controller is of the form

U= g171 + g2Z2. (935)
A PD-controller can be written as

u= Kpe+ K, Tye
= Kp(—y) + KpTu(=9)

= Kpl’l — KpTstl, (936)

where we have used that e =r —y = —y = —x1 when r = 0. This can be written as
K K,T,

= P p-d (9.37)

T K Tabo T T+ Ky Taby

The PD-controller parameters are then found by comparing (9.35) and (9.37) and
solving for K, and Ty . This gives

g1 g2
K,=—"—— Ty==.

P 1+ gobo g1

Hence, for 2nd order systems we have that the LQ optimal controller is equivalent

with a PD-controller with optimal settings of the proportional gain, K,, and the
derivative time constant, Tj.

(9.38)

Example 9.4 (Equivalence between LQ and PD controllers)
Given a system on canonical observability form, say

T A T B

et Vg N
[2] - [20 (111} [i;] + [8,5}“7 (9.39)
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y=1[10] [‘”1] (9.40)
—— | T2
D SN
x
where ag = —2 and a1 = —3. The system have eigenvalues A\1 = —1 and Ay = —2.
Hence, the two time constants of the system is T7 = —)%1 =1and 15 = —)%2 = 0.5.

The infinite time LQ optimal control problem with the following state and control
input weighting matrices

10
Q= [0 2}, P =1, (9.41)

gives the following solution to the ARE, R, and the optimal feedback gain, G,

1.5807 0.2462
= {0.2462 0.4085] ’ (9-42)
and
G=g1 92] =[—-0.1231 —0.2042] . (9.43)
This gives the LQ optimal control
u=Gx = gi1x1 + g2x2, (9.44)

where g1 = —0.1231 and go = —0.2042. Let us have a look at a standard PD-
controller, i.e.,

u = Kye+ K,Tye, (9.45)
e=1r-—y. (9.46)

where K, 1s the proportional gain, Ty is the derivative time constant and r is the
reference signal. From the state and output equations we have that

y = 11, (9.47)

E=T—y=7—=I =1 —T2. 9.48)
Consider the case where r = 0, and substituting this into (9.45) gives.
u=—Kyr1 — K,Tyzs, (9.49)

Comparing the LQ controller (9.44)with the PD-controller (9.49) shows that they
are equivalent if g1 = —K, and g2 = —K,1g, i.e.,

K, = —g1 = 0.1231, (9.50)
T, = % = 1.6590. (9.51)
92

Hence, for this example the LQ optimal controller is equivalent with a PD-controller.
However, note that this is not a general result, i.e., the result does not hold for nth
order systems in general.



9.1 Examples: continuous time LQ-optimal control

141

Equivalence between LQ and PD controllers
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Figure 9.2: Simulation of the system in Example 9.4 with LQ optimal PD controller.
The figure is generated with the MATLAB script 1q2pd_ex.m, and with a unit step

change at time zero in the reference signal r.

The system with the LQ optimal PD controller is implemented in the MATLAB
sceript-file 1g2pd_ex.m. A simulation after a unit step change at time zero in the
reference is illustrated in Figure 9.2. As we can see, there is a steady state error
between the response in y and the reference signal, v. Hence, we have, as expected

no integral action in the controller.

Example 9.5 (Designing LQ optimal PID controller)

Given the system as in Example 9.4. Augmenting the state equation with the follow-

ing model for the controller integrator

t=r—y=r— Dz,

gives
A B
—— —~ =
L A0 5 B " 0
T=|_pol® N N
where

Choosing an LQ objective with infinite horizon, i.e.,

Q

2 0 Q2

oo
J:l/ (@T[Ql O}f+uTPu)dt,
0

(9.52)

(9.53)

(9.54)

(9.55)
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with weighting matrices

10
Q—|:02:|,Q2—5,P—1. (9.56)
The L@ optimal controller is given by
u = Gz, (9.57)
G = —P'BTR, (9.58)

where R is a solution to the ARE
ATR+ RA—-RBP'BTR+Q=0. (9.59)

Using e.qg., the MATLAB function are_schur.m gives the positive solution, R, to
the ARE, and the optimal feedback gain matriz, G, as

20.7568 5.9406 —15.7926
R = 5.9406 2.1253 —4.4721 |, G = [—2.9703 —1.0627 2.2361} .(9.60)
—15.7926 —4.4721 15.5861

This gives the LQ optimal controller
u=GT = g1x1 + goTa + g32. (9.61)

A PID controller can be written as

K
u = Kp(r—vy)+ K,Tyé + ?pz
i

K
= —Kpr1 — KpTyxo + ?”z (9.62)
1

Comparing with the LQ controller shows that they are equivalent if

K, = —g1 = 2.9703, (9.63)
T, = & = 0.3578, (9.64)
g2
T, = — % — 1.3284. (9.65)
g3

The system with the LQ optimal PID controller is implemented in the MATLAB
script-file 12pid_ex.m. A simulation after a unit step change at time zero in
the reference is illustrated in Figure 9.3. As we can see, the response in y follows
the reference with zero steady state error. Hence, we have integral action in the
controller.
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Equivalence between LQ and PID controllers
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Figure 9.3: Simulation of the system in Example 9.5 with LQ optimal PID controller.
The figure is generated with the MATLAB script 1q2pid_ex.m, and with a unit step
change at time zero for the reference signal r.

9.2 Matlab scripts for the examples

9.2.1 MATLAB script for Example 9.4

% 1g2pd_ex.m

% Script for Example 3.4.

% This example shows the equivalence between an LQ optimal controller
% and a standard PD controller.

% Functions called: are_schur.

% Author: David Di Ruscio, 10.10.00.

%path(path,’s:\tex\fag\avreg\oving5\are_schur’)

A=[0,1;-2 -3]; B=[0;0.5]; D=[1,0]; % The state space model for the process.
Q=[1,0;0,2]; P=1; % Weightings for the LQ objective.

R=are_schur(A,B,Q,P); % Solve the Riccati equation.
G=-inv (P) *B’ *R

Kp=-G(1) % The equivalent PD parameters.
Td=G(2)/G(1)

t1=10; dt=0.01; t=0:dt:t1; N=length(t);

r=1; % The reference signal.
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for i=1:N
y=D*x;
u=-G (1) *(r-y)+G(2)*x(2) ; % u=G*x written as a PD-controller.

Y(i,1)=y;
U(i,1)=u;

dotx=A*xx+B*u;
x=x+dt*dotx;
end

subplot (211), plot(t,Y), ylabel(’y’), grid
title(’Equivalence between LQ and PD controllers’)
subplot (212), plot(t,U), ylabel(’u’), grid,
xlabel(’Time: O \leq t \leq 107)

print -deps 1lqg2pd_ex_fig % Make figure in eps-format.
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9.2.2 MATLAB script for Example 9.5

/A
b
/A
b
/A
b

lg2pid_ex.m
Script for Example 3.5

This example shows the equivalence between an LQ optimal controller

and a standard PID controller.
Functions called: are_schur.
Author: David Di Ruscio, 10.10.00.

hpath(path,’s:\tex\fag\avreg\oving5\are_schur’)

A=[0,1;-2 -3]; B=[0;0.5]; D=[1,0]; %
Q=[1,0;0,2]; P=1; Q2=5; %
%Q=D’*10%D; P=1; Q2=5; %

At=[A,zeros(2,1);-D zeros(1)]; Bt=[B;0]; %

Qt=[Q zeros(2,1);zeros(1,2) Q2]; %
R=are_schur (At,Bt,Qt,P); %
G=-inv (P)*Bt’*R %
Kp=-G(1) b

Ti=-G(1)/G(3)
Td=G(2)/G(1)

t1=10; dt=0.01; yA
t=0:dt:t1; N=length(t);
r=1; %
x=[0;0]; z=0; %
for i=1:N

y=D*x;

u=-G (1) * (r-y)+G(2) *x (2) +G(3) *z; b

Y(E,1)=y;

U(i,1)=u;

dotx=A*xx+B*u;
x=x+dt*dotx; b
z=z+dt*(r-y); b

end

The state space model for the process.
Weighting matrix and parameters.
alternative weights.

Model for process with controller integrato:
The corresponding weighting matrix.

Solve the algebraic Riccati equation.
The LQ optimal feedback gain matrix.

The equivalent parameters for the PID-contrc

Simulate the system.

The reference signal.
Initial values for the "states".

u=G*x written as a PID-controller.

The process state.
the controller state (integrator).

subplot(211), plot(t, [r*ones(N,1) Y]), ylabel(’y’), grid
title(’Equivalence between LQ and PID controllers’)
subplot(212), plot(t,U), ylabel(’u’), grid
xlabel(’Time: O \leq t \leq 10’)

print -deps 1q2pid_ex_fig yA

Make figure in eps-format.
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Chapter 10

Examples on discrete time LQ
optimal control

10.1 Examples: discrete time LQ-optimal control

Example 10.1 (LQ controller for scalar system)
Given a system described by the scalar system

Tp+1 = axy + buy, (10.1)
Yk = Tk, (10.2)

with the following LQ) objective function

—_

N-1
Ji = *S?/N‘f‘ Z (quit + pui). (10.3)
k=i

The optimal control which minimizes the LQ objective is given by

abr1
= 10.4
Ik P+ b?rp ( )

where 111 is given by the discrete time Riccati equation, i.e.,
2b2T
2 k+1

TE=q+a‘rg ] — ———— 10.5
T p b (10:5)
TN = S. (10.6)

Leta=09,0=05,4g=2,p=1,5=2,i=1and N =10. A MATLAB script-file
implementation of this example is illustrated in ov7oppg3.m.
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10.2 Matlab scripts for the examples

10.2.1 MATLAB script for Example 10.1

% ov7oppg3.m
% Script for loesning av oppgave 3 paa oeving 7.
% David Di Ruscio.

a=0.9; b=0.5; % Modellparametre.
q=2; p=1; s=2; % Vektparametre.
x0=10; % Initialverdi for tilstanden.
N=10; % Slutt-tid (diskret tidspunkt).
R=zeros(N,1); % Setter av plass for lsningene av Riccati-ligninge
G=zeros(N-1,1); % Setter av plass for tilbakekoplingskoeffisientene
r=s; % Grensebetingelse, R_N=S_N.
R(N)=s;
for k=N-1:-1:1 % Itererer fra slutt-tiden til initial-tidspunktet.
k
g=-b*axr/(p+b~2*r) ; % Optimal tilbakekoplings-konstant, g(k)=f(r(k+1)).

r=a”2%r-a"2*b~2*r"2/(p+b~2*r)+q; % Den skalare Riccati-ligning, r(k)=f(r(k+1)).
R(k)=r;
G(k)=g;

end

Y=zeros(N,1); U=zeros(N-1,1); % Simulerer systemet med optimal LQ-regulator.
x=x0; % Initialverdi for tilstanden.
for k=1:N-1
Y=
Y(k)=x;
u=G (k) *x;
U(k)=u;
x=a*xx+b*u;
end
Y(N)=x;

Ys=zeros(N,1); Us=zeros(N-1,1); % Simulerer systemet med suboptimal LQ-regulator.
x=x0; % Initialverdi for tilstandsvektoren.
for k=1:N-1
y=x;
Ys (k) =x;
u=G (1) *x;
Us (k) =u;
x=a*xx+b*u;
end
Ys(N)=x;

figure(1)
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subplot(211), plot(1l:length(Y),Y,’bo-’), ylabel(’y_k’)
subplot(212), plot(l:length(U),U,’bo-’), ylabel(’u_k’)

figure(2)

subplot(211), plot(1l:length(R),R,’bo-’), ylabel(’r_k’)
subplot(212), plot(l:length(G),G,’bo-’), ylabel(’g_k’)
xlabel (’Discrete time: 1 \leq k \leq 10°)
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Part 111

ESTIMATION AND
CONTROL






Chapter 11

Control and Estimation

11.1 Continuous estimator and regulator duality

It can be shown that the solution to the Linear Quadratic optimal control problem
is dual to the optimal minimum variance estimator problem, Kalman filter. This
means that if we know the solution to the LQ optimal control problem, then we
can directly write down the solution to the optimal estimator problem by using the
duality principle. However, note that the LQ optimal control problem is a topic of
a course in Advanced control theory.

The duality principle can be formulated in the following table

Regulator Estimator
AT
DT

(11.1)

+
m-meQmem
A A A A A

|
=
S~

As we know from the solution of the LQ optimal control problem the Riccati equation
is solved backward in time from the final time instant, i.e. recursively from the final
value, R(t;) = S. The solution to the dual minimum variance estimator problem
is also containing a Riccati equation. The Riccati equation in the dual estimator
problem is however solved forward in time with initial values given at the start time.
This is the reason why we have specified —t in the table for the LQ control problem
and t in connection with the dual estimator problem.
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11.2 Minimum variance estimation in linear continuous
systems

Given a linear dynamic system described by

& = Ax + Bu+ v, (11.2)
y = Dz + Eu+ w, (11.3)

where v is uncorrelated white process noise with zero mean and covariance matrix
V and w is uncorrelated white measurements noise with zero mean and covariance
matrix W, i.e. such that

V = E(vvl), (11.4)
W = E(ww?). (11.5)

Furthermore, in this section we assume the process noise v to be uncorrelated /independent
of the measurements noise w, i.e. E(vw?) = 0. We assume that A, B, D and E

are known model matrices. Furthermore we assume that the covariance matrices

V and W are known or specified and that the measurements vector y is measured

and given. We also assume that the matrix pair A, D is observable. Since the state
vector x is not measured it can be estimated in a so called state estimator or state
observer.

The principle of duality in connection with the solution of the Linear Quadratic (LQ)
optimal control problem can be used to find the solution to the optimal minimum
variance estimation problem.

Note that we have from the duality principle that R — % = —X. using the
duality principle we have that
X = AX + XAT - XDTW™IDX +V, X(to) given, (11.6)

which is a matrix Riccati equation which defines X. The Kalman filter gain matrix
is then given by

KT =w~'DX. (11.7)

Let us define the error between the actual state, x, and the estimated state, Z, as
follows

Ax =2 — 1. (11.8)

It can be shown that the solution to the riccati equation, X, is the covariance matrix
of the error between x and the estimate z, i.e.

X = E[(z — &)(z — )] = E[AzAzT]. (11.9)

The state estimator is then given by

z

y

Az + Bu+ K(y — 1), (11.10)
Di + Eu. (11.11)
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Z is the minimum variance estimate of the state vector x in the sense that X is
minimized. Note also that ¢ is the optimal prediction of the measurements vector y,
given all old outputs y and given all old input vectors u as vell as the present input
at the present time t.

The reason for that ¢ is dependent of the input u at present time ¢ is the direct
feed through term matrix E. However E is in principle always zero for continuous
systems, but a nonzero E may be the results of some model reduction procedures.
Note also that a non zero E often is the case in discrete time systems due to sampling.

Equations (11.10) and (11.11) gives the following equation for the state estimate
& =(A-KD)i+ (B— KE)u+ Ky, (11.12)

where the initial state estimate &(tp) is given.

Note that the eigenvalues of the matrix A — KD defines the stability properties of
the estimator. It make sense that K is so that A — K D is stable, i.e., all eigenvalues
in the left half of the complex plane. the reason for this is that & is given from a
differential equation driven by known inputs 4 and known outputs y. Note also that
when A — kD is stable then the effect of wrong initial values (to) will die out when
t — 00.

Let us study the properties of the estimator by studying the excepted value of the
error in the state estimate Az. From the definition (11.8) we have that

Az =i — 7. (11.13)
Using (11.2) and (11.10) gives
Az = Az + Bu +v — [AZ + Bu + K(y — §)). (11.14)
using (11.3) and (11.11) gives
Az = Az + Bu+v — [AZ 4+ Bu+ K(Dz + Fu +w — Di — Eu)], (11.15)
which gives
Az = (A— KD)Az +v — Kuw. (11.16)
The excepted value of the estimated error, Az, is then given by
E{Az} = (A — KD)E{Az}. (11.17)

The stability properties of the estimator can be analyzed by studying the estimation
error when ¢t — oo.

It can be shown that the minimum variance estimator is stable. This can be argued
from the fact that the LQ optimal controller is stable (by properly choice of some
weighting matrices) and that the optimal minimum variance estimator is dual to the
LQ controller. Hence, a similar stability theorem exists for the optimal minimum
variance estimator.

In the following a different argumentation for stability will be given. Assume that v
and w is uncorrelated white noise stationary processes. Then the covariance matrices
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will be constant and positive definite, i.e., V > 0 and W > 0. Letting ¢ — oo then
we have that X is a solution to the stationary algebraic matrix Riccati equation

AX + XAT - XDTW™ DX +V =0. (11.18)
This can be written as a Lyapunov matrix equation, i.e.,
(A-KD)X + X(A— KD)'' = —(V+ KWKT). (11.19)

From the discussion above it is clear that X > 0 and V + KWKT > 0. From
Lyapunovs stability theory we then know that A — KD is a stable matrix, i.e. all
eigenvalues of A — K D lies in the left half of the complex plane.

It is clear that when A— K D is a stable matrix then the excepted value is E{ Az} = 0.
From (11.17) we then have that 0 = (A— K D)E{Ax}. This implies that E{Az} = 0.

Another alternative is to analyze the error from the solution of (11.17). We have
lim E{Az} = lim [eAED)E—0IB{ Az(ty)} = 0, (11.20)
—00 —00

which is valid even if E{Axz(t9)} # 0.

11.3 Separation Principle: Continuous time

Theorem 11.3.1 (Separation Principle)
Given a linear continuous time combined deterministic and stochastic system

& = Ax + Bu+ Cv, (11.21)
y = Dx + w, (11.22)
where v and w is uncorrelated zero mean white noise processes with covariance
matrices V og W, respectively.
The system should be controlled such that the following performance index is min-
imized
1 h
J =SB (11)S(h) + / w7 Ox + uT Puldt), (11.23)
to

with respect to the control vector u(t) in time interval, to < ¢ < ¢;.

The solution to this stochastic optimal control problem is given by
u=G(t)T. (11.24)

G is the feedback gain matrix found by solving the corresponding deterministic LQ
optimal control problem where x is known, i.e., with v = 0 and w = 0 in (11.21) and
(11.22) and the same LQ objective as in (11.23). It is no need for the expectation
operator E({-} in the deterministic case. This means that G is given by

G(t)=-P'BTR (11.25)
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where R is the unique positive definite solution to the-equation
~R=AT"R+RA—-RBP'BTR+Q, R(t;)=S5. (11.26)

Z is optimal minimum variance estimate of the state vector xz. % is given by the
Kalman-filter for the system, given by

& = A% + Bu + K(y — Di), (11.27)

with given initial state, Z(¢9), and where the Kalman filter gain matrix, K, is given
by

K(t)=XxDTw— (11.28)
and where X is the maximum positive definite solution to the Riccati equation
X =AX + XAT - XDTW™DX + cvCT, X(ty) = given. (11.29)

A

Often an infinite time horizon is used, i.e., t; — oo. This leads to the stationary
Riccati equation, i.e., putting (R = 0) and the stationary Riccati equation for X,
ie., with X =01 (11.29). In this case the gain matrices G and K are constant
time invariant matrices. Note that a stationary Riccati equation are denoted an

Algebraic Riccati Equation (ARE).

11.4 Continuous LQG controller

An Linear Quadratic Gausian (LQG) controller for MIMO systems where an Linear
Quadratic (LQ) optimal feedback matrix G is used in a feedback from the minimum
variance optimal (Kalman filter) estimate, Z, of the process/system state x. The
controller is basically of the form u = GZ. The LQG controller may be useful in
problems where the state vector x is not measured or available.

A short description of the LQG controller is as follows. Given a system model

& = Ax + Bu, (11.30)
y = Duz, (11.31)
and the state observer
i = Aé + Bu+ K(y — ), (11.32)
y = Dz, (11.33)
and the controller
u = GZ. (11.34)

An analysis of the total closed loop system with LQG controller is as follows. Note
that the analysis is valid for arbitrarily gain matrices G and K.
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The above Equations (11.30)-(11.34) gives an autonomous system

HE e H (1189

The stability of the total system is given by the eigenvalues of the system matrix.
For simplicity of stability analysis we study the transformed system, i.e.,

[ix} - [Zx} - H ?] m (11.36)

this gives the autonomous system

Atc

[Zw} - [SHBG ;EGKD} [Zx] (11.37)

because

“—le ﬁ —2] (11.38)

As we see, the stability of the entire LQG controlled system is given by n eigenvalues
from the ”feedback” matrix A+ BG and n eigenvalues from the ”estimator” matrix
A — KD. The LQG system matrix Ay have 2n eigenvalues.

As a rule of thumb the estimator gain matrix K is ”tuned” such that the eigenvalues
of the matrix A — K D lies to the left of the eigenvalues of A + BG in the left half
part of the complex plane. Often it is stated that the time constants of the estimator
A — KD should be approximately ten times faster than the time constants of the
matrix A + BG.

If we have modeling errors then the LQG controller should be analyzed for robustnes.
It may be shown that the LQG controlled system may be unstable due to modeling
errors, and an LQG design should always be analyzed for robustness (stability) due
to perturbations (errors) in the model.

One should that an LQG controller is close to an MPC controller and the same
robustness/stability analysis due to modeling errors should be performed for any
model based controller in which an estimate & is used for feedback instead of the
actual state x.

11.5 Discrete time LQG controller

11.5.1 Analysis of discrete time LQG controller

We will in this section discuss the discrete time LQG controller. We assume that
the process is described by

Tipt1 = Axy + Bpuy, (11.39)
yr = Duxy. (11.40)
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The controller is of the form
up = GZy,. (11.41)

where j, is given by the state observer

Y = DTy, (11.42)
Ty = a?k—i-K(yk —ﬂk), (11.43)
Tpr1 = AZy + Bug. (11.44)

where Zg is given. Here x;, is defined as the a-priori estimate of x;. Furthermore we
define 2 as the a-posteriori estimate of z;. We assume that the feedback matrix
G is computed based on the model matrices A, B. The observer gain matrix K is
computed based on the model matrices A, D.

We see that we have a perfect model is B = B,. If B # B, then we have modeling
errors. Let us in the following study the entire closed loop system. Putting (11.41)
into (11.39) and (11.44) and we obtain
Tyl = A.Tk + BpG:ik, (11.45)
Tht1 = (A + BG)QAZk (11.46)

We may now eliminate 2 from (11.45) and (11.46) by using (11.43).

2p41 = (A+ B,GKD)zy, + B,G(I — KD)Zy, (11.47)
Trs1 = (A+ BG)K Dz + (A+ BG)(I — KD)iy,. (11.48)

This means that we have an autonomous system

Atq

[x,m} B [A+BPGKD B,G(I — KD) } [mk] _

Zri1| | (A+BG)KD (A+ BG)(I—KD)| | 7

(11.49)

The entire system is stable if the 2n eigenvalues of the matrix A;q is located inside
the unit circle in the complex plane. Let us use the transformation (11.36). This
gives

Agq

B:i - $k+1} N [?B_;f}ﬁ(; E?piggf{gp _BGU- KD)] [i: - %’3}.50)

In case of a perfect model, i.e., B = B, we se that the eigenvalues of the total
system is given by the n eigenvalues of the matrix A + BG and the n egenvalues of
the observer system matrix A — AKD.

This also means that in case of modeling errors we have to check the eigenval-
ues/poles of the system matrix for the entire system, i.e., Ay for different cases of
model errors B,,.

Note also that a rule of thumb is that the eigenvalues of the observer matrix A—AK D
should be ten times faster than the eigenvalues of the controller feedback matrix
A+ BG.
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11.6 The discrete Kalman filter

11.6.1 Innovation formulation of the Kalman filter

Given a process

Tyl = Az + Buy, + vy, (11.51)
yr = Dxp + wy, (11.52)

where v is white process noise and wy is white measurements noise with known
covariance matrices.

First, let us present the apriori-aposteriori formulation of the discrete time optimal
minimum variance Kalman filter as follows

Y = DTy (11.53)
Ty = Tk + K(yx — k), (11.54)
Tra1 = AZy + Bug. (11.55)

where Ty is a given initial value for the apriori or predicted state estimate. Here, Ty, is
defined as the apriori or predicted state estimate of the state vector xj. Furthermore,
I is defined as the aposteriori state estimate of xx. The apriori-aposteriori Kalman
filter is further discussed in Section 11.6.3.

Note that Zj can be eliminated from the estimator equation (11.55), i.e. an equiva-
lent estimator for the predicted state Zy is given by

yr = Dy, (11.56)
Ti1 = ATy, + Bug + K (yr — ) (11.57)
= (A~ KD)Z, + Bug + Ky, (11.58)
where
K = AK. (11.59)

It is the apriori estimate, j which is the essential state in the estimator. Z; is also
referred to as the predicted state.

The dynamics of the estimator is in this case described by the eigenvalues of the
matrix A — KD = A — AKD. the estimator given by (11.56)-(11.57) above gives
the optimal one step ahead prediction g of the output y. This formulation is used
if we only want to compute the prediction of the output y;. As a rule of thumb we
may say that K = AK is the Kalman filter gain for the prediction of y; and for
computing the predicted state .

Note also that if we are using yr = yr + €, where the predicted output is given by
Y = DTp then we obtain the innovations formulation of the Kalman filter, i.e.,

Tr+1 = A%, + Bug + K&k, (11.60)
yr = DZp + €, (11.61)
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where €, = yr — ¥ is the innovations process.

Notice that the optimal Kalman filter gain K is such that the innovations process
€} is white noise.

This means that K = AK is the kalman filter gain in the innovations formulation
(11.60)-(11.61) and K is the Kalman filter gain in the apriori-aposteriori formulation
(11.42)-(11.44) of the Kalman filter.

Note that the above equations easily is extended to be valid for a proper system in
which y, = Dz + Fuy, + €.

11.6.2 Development of the Kalman filter on innovations form

Given a process

Tpr1 = Axg + v, (11.62)
Yr = Dy + wg, (11.63)

where vy, is white process noise and wy, is white measurements noise with covariance
matrices given by

T
VEk VEk |4 R12
= 11.64
(] L] = Lo o 1104
The Kalman filter on innovations form is then given by

Tpy1 = ATy, + Key, (11.65)

Note that the Kalman filter gain K in the innovations formulation is related to the
Kalman filter gain K in the apriori-aposteriori formulation as K = AK.

When analyzing the Kalman filter the estimating error Az = xp — Ty is of great
importance. The equations for the estimating errors are obtained from the above
equations. i.e. from the process model and the Kalman filter above, i.e.,

Amk_H = AAxp + v, — K&k, (11.67)
er = DAz + wy, (11.68)
Axy = xp — Tp. (11.69)

The equations for the estimating error are to be used in the following discussions.

Equation for computing K in the predictor

The development which is given here is based on the fact that the innovations process
£i is white noise when the optimal Kalman filter gain K is used in the filter. Since ¢},
is white it is independent and uncorrelated with the estimation error Azxy1. Hence,
by demanding

E(Azgyiel) =0, (11.70)
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then we can derive an expression for K. We have that

Axkﬂe;‘g = (AAxy + v — f(ak)s;‘g
= AAzpel + vpel — f(akeg
= AAzp(AzI DT + wl)) + v (Azf DT +wl) — Kepel. (11.71)

Using this in (11.70) gives
E(AAzp Azl DT + vpwl — Kepel) =0, (11.72)

where we have used that E(Aziv]) = 0 and E(Aziwl) = 0. We have then obtained
an equation

AXDT + Rjy — KA =0, (11.73)
where
A =E(epel) = DXDT +W. (11.74)
This gives the following expression for the Kalman filter gain
K = (AXD" 4+ Rp,)(DXD" + W)~ . (11.75)

This is the equation for th Kalman filter gain in the innovations formulation of the
Kalman filter. We now have to find an expression for the covariance matrix of the
estimation error, X = E(AxkAzcg). It can be shown that X is given as the solution
of a matrix Riccati equation.

Equation for computing X = E(Az;Ax])

The derivation of the riccati equation for computing the covariance matrix X is
based that we under stationary conditions have that

E(Azp1Axi, ) = B(AzpAz]) = X. (11.76)

From equations (11.67) and (11.68) we have that

€k

. ———
Azpy1 = AAzy + v — K (DAzy + wy), (11.77)
which gives
A$k+1 = (A — f{D)Al‘k + v — f(wk. (11.78)

we have that the estimation error Az is uncorrelated with the white noise processes
v and wg. We then have that

Azk+1Aﬂ§£_~_1 =[(A— KD)Amk + v — f(wk][(A — KD)Axk + v — f(wk]T
= (A— KD)Az Azl (A — KD)T + (vp — Kwy) (v — Kwy)T
= (A - KD)AzpAzl (A — KD)T + ool — qpwl KT

K(vpwh)T + Kwpwl KT (11.79)
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Using the mean operator E(-) on both sides of the equal sign gives
X=(A-KD)X(A—KD)T +V — RioKT — KRL, + KWKT,  (11.80)
which also can be written as follows

X =(A-KD)X(A— KD)" +[I K] [Zsz ];}2] (11" (11.81)
Note that (11.80) and (11.81) is a discrete matrix Lyapunov equation in X when
K is given. A Lyapunov equation is a linear equation. The Lyapunov equation can
e.g. simply be solved by using the MATLAB control system toolbox function dlyap.
By substituting the expression for the Kalman filter gain K given by (11.75) into
(11.81) gives the discrete Riccati equation for computing the covariance matrix X,
ie.,

X = AXAT 4+ V — K(AXDT + Ry9)T
= AXAT +V — (AXDT + Rp)(DXDT + W) H(AXDT + Ryp)7.
(11.82)

The stationar Riccati equation can simply be solved for X by iterating (11.82) until
convergence. Another elegant method is to iterate both (11.75) and (11.80) until
convergence and computing both K and X at the same time. this is illustrated and
implemented in the MATLAB function dlqe2.m.

function [K,X,itnum]=dlqe2(A,C,D,V,W,R12);

% DLQE2

% [K,X]=d1lqe2(A,C,D,V,W,R12);

% This function computes the Kalman gain K in the Kalman filter on
% innovations form, and the covariance matrix X of the estimation
% error, i.e. the error between the state and the predicted state.

X=CxV*C’ ; % Initial covariance matrix.
K=(A*X*D’+R12) *pinv (D*X*D’+W) ; % The corresponding Kalman gain.
it=100; % Maximum number of iterations.
Tol=1e-8; % Tolerance for norm(X(i)-X(i-1)).
X01ld=Xx*0; % Iterate for the solution X of
for i=1:it; % the discrete Riccati equation.

K=(A*X*D’+R12) *pinv (D*X*D’+W) ;

AKD=A-K*D;

X=AKD*X*AKD’+V-R12*K’-K*R12’+K*xW*K’ ;
if norm(X-Xold) <= Tol
itnum=i;
break
end
Xold=X;
end
K=(A*X*D’+R12) *pinv (D*X*D’+W) ;
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11.6.3 Derivation of the Kalman filter on apriori-aposteriori form

Given a process

Tyl = Az + v, (11.83)
yr = Dxp + wy, (11.84)

where vy, is white process noise and wy, is white measurements noise with covariance
matrices given by

T
Vk Vk o V R12
E([WJ [WJ )= [sz W ] (1.5
We here note that the process noise viy may be correlated with the measurements

noise wg, i.e. E(vkwkT) = Rys.

The kalman filter on apriori-aposteriori form is basically used when we are out for
the optimal state estimate of x;. The filter is of the form

Y = DTy, (11.86)
Ty = Tk + K(yx — k), (11.87)
Trr1 = AT + ngAfl(yk — yj), (11.88)

where the initial predicted state g is given or specified. Here Zj is defined as
the apriori state estimate of xp. the estimate x; is also often referred to as the
predicted state. Furthermore we define Zj as the aposteriori state estimate of xj.
Apriori means known in advance, and aposteriori means the new information which
is obtained by the updating in (11.87), i.e., by using the apriori information and the
new information in the measurement y;. The reason for that the state estimate is
divided into two parts T; and I is mainly because the system is discrete time, e.g.
because of sampling.

The kalman filter gain K in the filter given by (11.86)-(11.88) above is given by

K, = X, DT(DX, DT + W)™ !, (11.89)
Xy, = (I — KyD)Xi(I — KxD)" + KWK, (11.90)
Xy = AXGAT +V + 7, (11.91)
where
Zr = —RipAT'RY, — AKLRY, — RipKF AT, (11.92)

Note that (11.91) contain an extra term given by Z; when the process and measure-
ments noise is correlated, this term is not present when Rio = 0, which usually is
the case.

In order to start the filter process we need an initial value for the covariance matrix
Xp, i.e. when we look at the filter at time & = 0. Note that the covariance matrices
are defined as follows

Xi = B((xr — Zp) (me — 7)), (11.93)
Xy = B((w — ) (wx — &) 7). (11.94)
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Note that when the system is time invariant, i.e. when the system matrices A and D
and the noise covariance matrices V, W og R12 are constant matrices, then the filter
will be stationary and we will have that X k1l = X, = X and K, = K are constant
matrices. Note also that (11.90) can be expressed as the following alternative

X, = X, — KyDX;,. (11.95)

However, Equation (11.90) is to be preferred of numerical reasons due to the fact that
all terms in (11.90) are symmetric and positive semidefinite. Hence, it is of higher
probability that the final computed results is symmetric and positive semidefinite
by using (11.90). The final computed covariance matrix X should be symmetric and
positive semidefinite, i.e. symmetric and X >0

Equation for computing K} in the filter

The derivation of the Kalman filter gain matrix presented in this section is based
on the fact that when K} is the optimal minimum variance filter gain, then the
innovations process, €, is white noise and uncorrelated with the state deviation
variables ATy 1 = i1 — Tra1 as well as Az, = xp — T, i.e.,

E(Afik_i_lgg) = E((ﬂ?k+1 — i’k.;,.l)&‘%)
= E((Azy + v, — AZg)el) = AE(Adyel) =0, (11.96)

since E(vkel) =0

In this section we will derive an expression for the stationary Kalman filter gain, K,
from the equation

E(Airel) = 0. (11.97)

We take the updating given by (11.87) as the starting point and write

ALy = xp — T = o, — T, — Kep = Ay, — Key. (11.98)
Post multiplication with el = (yx — 7x)T = (D(xx, — Zg) + wi)T gives
Aiksg =
(zr — k) (2 — 2) " DT + w]) = (2 — Tx) (21, — T) DT +w) — Kegel.

(11.99)
Using the mean operator E(-) on both sides of the equal sign in (11.99) gives

0= XDT — KE(exe}),

(11.100)

because
E((z), — #1)ef = 0, (11.101)
E((zy — &p)wl) = 0, (11.102)

E((z — Zr)wi) = 0, (11.103)
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when we are using the optimal Kalman filter gain K.

An alternative derivation is as follows
E(Azrel) = B((AZy, — Kep)el) = 0. (11.104)

And from Eq. (11.104) we have

ck
—_——
E((AZ), — Kep)el) = B(AT, (AZE DT + wl) —KE(exel)
= XDT — KE(ggel) = 0, (11.105)

since E(Azw]) = 0.

We then get from (11.100) (or equivalently (11.105) ) that the optimal Kalman filter
gain matrix in the filter is given by

K =XDY'(DXDT + W)™, (11.106)
where we have used that

E(erel) = DXDT +W. (11.107)
Let us now compare (11.106) with the expression for K = AK for the Kalman
filter gain in the predictor given by Equation (11.75). As we see, the equations are
consistent and the same when Rj2 = 0. However, (11.106) will be valid even when

the process noise and the measurements noise are correlated, but we then have to
take X given by (11.82).

Equation for computing X

The updating equation (11.87) can be expressed as follows
We can then write the estimator error x; — 2 as follows

T — T = Tp — ((I— KD)fk + KDz, + Kwk)
— (I — KD)(x), — 7) + Kwp. (11.109)

This gives

Xy=(—-KD)X,(I- KD+ KWKT. (11.110)

Equation for updating X,

We have earlier deduced the Riccati equation for computing X}, in connection with
the Kalman filter on prediction and innovations form. Se Equations (11.80)-(11.82).
By substituting the expression for X}, given by (11.90) into Equation (11.91) gives
Equation (11.80). This proves Equation (11.91).
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Notice that a simple derivation (when Rjy = 0) is as follows. We have
X1 = E(AZp 1 ATLL ), (11.111)
Using that
AZpy1 = Tpy1 — Tpa1 = Axp + v — AT = AAZy + vy, (11.112)

where we have used that .1 = Az when Rjp = 0 in (11.88). Hence we find from
(11.112) that

Xpp1 = AX AT + V. (11.113)

since E(Azv]) = 0.

11.6.4 Summary

It is important to note that for discrete time systems, we have two formulations
of the Kalman filter, one Kalman filter on innovations or prediction form, and one
Kalman filter on apriori-aposteriori form for filtering or optimal state estimation.
The Kalman filter gain in the innovations form is denoted K and the Kalman filter
gain in the filter is denoted K.

The relationship is given by K = AK when the process noise vy, and the measure-
ments noise wy, are uncorrelated, i.e. when R15 = 0. When the process noise and the
measurements noise are correlated then the Kalman filter gain in the innovations
form (the predictor) is given by

f(k = (AXkDT + Rm)(DXkDT + W)il,
and the gain in the filter used to compute the aposteriori state estimate is given by
K, = X, DT(DX;,,DT + W)~ L.

As we see, the relationship is particularly simple and given by Kj, = AK), when the
noise are uncorrelated, i.e. when Ri5 = 0.
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Chapter 12

The Kalman filter algorithm for
discrete time systems

12.1 Contunuous time state space model

A continuous time nonlinear state space model can usually be written as

& = f(z,u,v) (12.1)
y = g(z,u) +w (12.2)

where x is the state vector, u is the vector of known deterministic inputs, v is a
process noise vector, w is a zero mean measurements noise vector, and y is a vector
of measurements (observations).

This model is both driven by known deterministic inputs (u) and usually unknown
process and measurements disturbances, (v and w).

12.2 Discrete time state space model

We will in this section formulate a discrete process model which can be used to
design an Extended and possibly Augmented Kalman filter.

A discrete time model, which can be a discrete version of the continuous model, can
usually be written as follows.

Tip1 = fi(we, ug, v) + day (12.3)
Yt = ge(xe, ur) +we (12.4)

where wy is zero mean discrete measurements noise, dx; is a zero mean process noise
vector which also can represent unmodeled effects or uncertainity. The effect of
adding the noise vector dx; to the right hand side of the process noise is that it
usually gives more tuning parameters in the process noise covariance matrix, which
can result in a Kalman filter gain matrix with better properties of estimating the
states.
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We will next write this model on a form which is more convenient for nonlinear
filtering (Extended Kalman filter, Jazwinski (1970)). The problem is the case when
the process model function f;(-) is a non-linear function of the pocess noise vector
v¢. Assume that the statistical properties of v; is known. In general, the statistical
properties of the non linear function f;(v;) is unknown. The idea is to augment a
model for v; with the process model such that the augmented model is linear in the
process noise.

Assume the case when the process noise have known mean (or trend) v; and that
the noise can be modeled as

Vy = U + d”l)t (125)

where dv; is a zero mean white noise vector. The known mean process noise vector
or trend 7; can be augmented into the vector of known deterministic inputs (u).
The resulting model is then driven by both deterministic inputs (u; and v;) and zero
mean white process and measurements noise (dv; and wy). fi(+) can in some cases
be assumed to be a linear function of the white process noise vector (dvy).

Assume next the better case when the process noise v; can be modeled as a random
walk (or drift), i.e.

Vi1 = v + duy (126)

The vector vy can be augmented into the state vector x;. The resulting augmented
model is linear in the process noise (dv;).

The process model to be used in the filter is assumed to be of the following form,
(i.e. linear in the process noise vector)

Tip1 = flze, w) + Qo (12.7)
Yt = ge(e, ur) + w (12.8)

which is linear in terms of the unknown process and measurement white noise pro-
cesses v; and wy, respectively. The input vector u; is a collection of all (deterministic)
known variables, including possibly measured process noise variables and manipu-
lable process input variables. The system vector z; can be an augmented vector of
system states, possibly states in a process noise model and states in a parameter
model, e.g. random walk (or drift) models.

Furthermore, the following statistical properties are assumed

E(v) =0 and E(vtva) = V by _Jlifj=t
E(w;) = 0 and E(ww!) = Wy where 0 =9 03¢ j £t (12.9)
The linearized discrete time state space model is defined as
d$t+1 = (I)tdl‘t + Atdut + Qtdvt (1210)
dyt = DtdCCt + Edut + Wi (1211)

where dz;, dus, dvy and dy; are deviations around some vectors of variables.
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12.3 The Kalman filter algorithm

The algorithm presented is a formulation of the Extended and possibly Augmented
Kalman filter. The algorithm is formulated, step for step, such that it can be directly
implemented in a computer.

Algorithm 12.3.1 (Extended Kalman filter algorithm)

Step 0. Initial values.

Specify the apriori state vector, Z;, and the apriori state covariance matrix, X;. (T4
and X; are usually given from the previous sample of this algorithm. Note that ¢ is
discrete time.)

Step 1. Measurements model uppdate.
ﬂt = gt(jt,ut) (1212)

Step 2. The Kalman filter gain matriz.
Linearized measurements model matrix

— Ogi(ms,ur)
Dy = 12.13
! Oz Tt,uUt ( )
Kalman filter gain matrix.

K = X;D} (D;X;D} + w)™! (12.14)

Step 3. Aposteriori state estimate.

:i‘t = .ft + Kt(yt - ﬂt) (1215)

Step 4. Apriori state uppdate.

Ty = fi( @, ur) (12.16)
Define the state transition and the disturbance input matrices.
o, = 8ft($tgl;§3+ﬂtvt o (12.17)
Q = 2t | (12.18)
Eyu
Step 5. State covariance matrices.
Aposteriori state covariance matrix.
X, = - K.D)X,(I - K,D)" + KWKT (12.19)
Apriori state covariance matrix uppdate.
Xi = 0 X0 + Qval (12.20)

A
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Note that the matrix equation for the aposteriori state covariance matrix, Equation
(12.19), is called the stabilized implementation, because it have better numerical
properties than the other frequently used equations for X, e.g.
X; = X; — X;DI'(D:X; DI + W)"'D, X, (12.21)
X, = (I - K;D)X, (12.22)
The Algorithm 12.3.1 is all that is needed for the design of an Kalman filter appli-
cation. Se also the next sections for pure details about implementation. However,

for extreme accuracy of the computational results the (square root) algorithm by
Bierman (1974) should be implemented

12.3.1 Example: parameter estimation

Assume the linear (measurement) equation
Yt = Etut + wy (1223)

where y; € ™ and u; € R are known. The error w; € R™ is assumed to be a
zero mean white noise process. E; € R™*" is a matrix of unknown parameters. The
problem adressed in this section is to estimate the (gain) matrix Fj.

We will first write the model into a more convenient form for parameter estimation.
We have

Y1 el uley uf 0 -0 €1
T T . .
) e U- es T €9
S - |V (12.24)
3T L o . 0
Ym |, em ], u'em |, 0 0 ---uf em |,
which can be written as
ye =i b (12.25)

where y; € R™ is a vector of observations, ¢! € R™*"™ is a matrix of (regression)
known variables and 6; € R"™ is a vector of unknown parameters.

Hence, the parameter vector 6; is formed from the rows in the matrix £ and the

matrix ¢} is a matrix with the known (input) vector u! on the “diagonal”. Note

that in the Multiple Input Single Output (MISO) case, we simply have ] = u]
and Gt = ET.

Assume that the parameter vector 6; is slowly varying. A reasonable model is then
a so called random walk (or drift), i.e.

0t+1 =0; + v (1226)

where v; is a zero mean white noise process.

Problem

Use the Kalman filter Alorithm 12.3.1 to write an algorithm for parameter estimation
based on the models given by Equations (12.25) and (12.26). Express the parameter
estimates in terms of the apriori parameter estimate vector, i.e. 6;.
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12.4 Implementation

The Kalman filter matrix equations that are computed at each sample (if required)
is given by,

1. Stabilized Kalman measurement uppdate equations.

K = XDT(DXDT + W)~} (12.27)
X=U—-KD)X(I-KDT+KWKT (12.28)

2. Time uppdate apriori covariance matrix equation.
X=0ox0"+V (12.29)

where for simplicity X := X.

We will in what follows count the number of multiplications which is required for
one sample of the actual implementation and then suggest efficient implementations
of the algorithm where the number of multiplications is considerably reduced.

The stabilized Kalman measurement uppdate Equation (12.28) is implemented in the
following steps. The resulting matrix dimension and the number of multiplications
required is identified to the right of each equations.

Algorithm 12.4.1 (”Bulk” implementation)

WORK1 =1—-KD (nxmn) n‘m

WORK?2 = X WORK1T (nxn) n?

WORK3 = WORK1 WORK2  (nxn) n? (12.30)
X = WORK3+ KWKT (nxn) 2n’m

Total 203 + 3n2m

A

The total number of multiplications for Equation (12.28) is then given by
2n3 + 3n*m (=400 for n =5 and m = 2) (12.31)
The term KW KT can be implemented more effectively as follows

WORK1 = KW (nxm) mnm (12.32)
WORK2 = WORK1 KT (nxn) n’m '

The total number of multiplications is in this case given by

2n3 + 2n?m +nm (=360 for n =5 and m = 2) (12.33)
Multiplications can be saved if the symmetry of the matrix terms (I — K D)X (I —

KD)T and KWK are utilized. Only the lower or upper part of the latter terms
needs to be computed.
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Algorithm 12.4.2 (Computations of symmetrical parts only)

WORK1 =1-KD (nxn) n’m
WORK2 = X WORK1” (nxn) n?
_ n(n+1)

WORK3 = WORK1 WORK?2 (nxn) n™% (12.34)
WORK1 =K W (nxm) nm

X — WORK3+WORK1 KT (nxn) m™atl

Total Sn3 4+ SnPm+ §n® + 3nm

A

The total number of multiplications is in this case given by

3 3 1 3
5713 + §n2m + §n2 + Jnm (=290 for n =5 and m = 2) (12.35)

In general, the most efficient implementation of Equation (12.28) with respect to the
number of multiplications is probably as follows. However, both algorithms (12.4.1)
and (12.4.2) are probably better conditioned with respect to positive definiteness of
the computed covariance matrix.

Algorithm 12.4.3 (Biermans implementation)

WORK1 = XD7T (nxm) n’m
X = X - K WORK1T  (nxn) n?m
WORK2 = KW (nxm) nm
WORK1 = XDT —WORK2  (nxm) n’m (12.36)
X = X -WORK1 KT (nxn) n?m mntl)
Total (4n® +n)m (5n + 3n)m

A

Note that the matrix product X DT used initially in Algorithm 12.4.3 is available
from the computation of the gain matrix K. Therefore the total number of multipli-
cations by Algorithm 12.4.3 can be reduced by n?m for comparison with Algorithms
12.4.1 and 12.4.2. The total number of multiplications required to form the a pos-
teriori state covariance matrix X is illustrated in the following table.

Table 1: Comparison of number of multiplications for m = 2

’ Algorithm H Total ‘ N=3 ‘ N=5 ‘ Remarks ‘
4.1 2n3 + 3n°m 108 | 400
4.2 %n?’ + %an + %nQ + %nm 81 290 (12.87)
4.3 (3n? +n)m 64 160
4.3 Symmetrized || (3n% + 3n)m 54 140

The a priori state covariance uppdate matrix Equation (12.29) can be directly imple-

mented with 2n3 multiplications or with n3 + n% = %n?’ + %nQ if the symmetry

of the resulting product DX DT is utilized.
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Note that the structure of the ® matrix should be utilized if it is sparse. For the
N =5 and M = 2 example given in this note, only 36 multiplications are needed to
form X compared to 250 (or 200 if symmetry is utilized) in the general case.

Skogn implementation: 72 + 400 + 250 = 722.
Symetrical implementation: 67 + 290 + 200 = 557.
Symetrical and structure: 67 + 290 + 36 = 393.

4.3 symmetrized and structure: 67 4+ 140 4 36 = 243.
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Chapter 13

Robustness in LQ and LQG
systems
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13.1 Return difference equation

The Riccati equation can be formulated in the frequency domain through the so
called return difference equation. This equation is of central importance in connec-
tion with robustness properties of the LQ controller.

Theorem 13.1.1 (return difference equation)
The Riccati equation can be written as

[+ Ho(—s)]"P[I + H(s)] = P+ H} (—s)QHy(s) (13.1)
where
G = —-P7'BTR, (13.2)
Hy(s) = —G(sI — A)7'B, (13.3)
Hy(s) = (sI — A)™'B. (13.4)

Proof 13.1 The proof is divided into two parts.

Part 1 The return difference equation can be written as

P — PG(sI — A)"'B — BT (—sI — AT)"'GTP
+BT(—sI — A1) 'GTPG(sI — A)™'B =P+ BT (—sI — AT)"'Q(sI — A)"'B

and

—PG(sI — A)™'B — BT (—sI — AT)71GT
+BT(—sI — AT)'\GTPG(sI — A)~'B = BT (—sI — AT)71Q(sI — A)"'R13.5)

Part 2 Hence, we have to prove (13.5). The algebraic Riccati equation AT R+ RA —
RBP'BTR+ Q can be written as
—ATR-RA+GTPG =Q (13.6)

where we have used that G = —P~'BT R is the optimal state feedback matriz. Adding
sR and subtracting —sR to the left hand side gives

(—sI — AT)R+ R(sI — A)+ GTPG =Q (13.7)

Pre-multiplication with BT (—sI — AT)™1 and post-multiplication with (sI — A)~'B
gives

BTR(sI — A)™'B+ BT (—sI — AT)"'RB + BT (—sI — AT)"'GTPG(sI — A)~'B
=BT (—sI — AT)71Q(s[ — A)"'B (13.8)

From G = —P~'BTR we have that BT R = —PG. This gives

—PG(sI — A)7'B — BT (—sI — AT)7'GTP + BT (—sI — AT)"1GTPG(sI — A)~'B
=BT (—sI — AT)71Q(sI — A)"'B (13.9)

which is equivalent to (13.5). QED
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13.2 Robustness of L(Q systems

Consider a single input LQ system. From the return difference equation we have
that

1+ hol > 1 (13.10)

where the loop transfer function is hg = —G(sI — A)"'B and G = —P~'BTR and
R is the positive solution to the ARE.

The inequality (13.10) implies that the curve ho(jw) does not enter a circle with
center (—1,0) and radius 7 > 1 in the complex plane. This can be shown by using
that ho(jw) = Reho+7Smhg, which gives the circle equation (Reho+1)2+Smhd = r?
where the radius satisfy 72 > 1.

Considder the possibile values of hg(jw) along the real axis. From the inequality
(13.10) we have —(1 + ho) > 1 which gives hy < —2 and from (1 + hy) > 1 we have
that hg > 0. Considder that there is a multiplicative uncertainity in the system,
which results in a perturbed loop transfer function h = khg where k is a constant
uncertainity parameter. The perturbed system is on the stability limit if |h(jw)| = 1
and Zh(jw) = —180°. This gives that k = ﬁ

13.2.1 Gain margin

From the above we have the condition hg > 0 which gives k < oo or k = oo if only
the negative real axis is considered. Recall that the gain margin (GM) is the factor
by which the loop gain may be increased before the closed loop system becomes
unstable. hence, we have a gain margin

GM =k = oo (13.11)

13.2.2 Gain reduction margin

The condition hg < —2 gives k < 3. Hence, the loop gain may be reduced by a

2
factor

0<k< (13.12)

N |

before the system becomes unstable. This is defined as the Gain reduction margin
property of the LQ regulator.

Example 13.1 (Gain margin with LQ regulator)
Considder that we have a model

Tm = Tm + u, (13.13)

Ym = Tm, (13.14)
for a real plant

T = x+ mu, (13.15)

Yy = x. (13.16)
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The difference between the plant and the model is only the parameter m. Considder
now that an LQ regulator is designed based on the model (13.13) and (13.14) and
applied to the plant (13.15) and (13.16). The problem which is adressed is now to
find out how large perturbations in the parameter m we can tolerate before the system
becomes unstable.

The LQ performance index is
o
J = / (qy"y + pu?)dt. (13.17)
0

The solution to the algebraic Riccati equation 2ar — %TQ + q = 0 and the optimal

state feedback are
B [ q
r=p(l+ 1—#23)7 (13.18)

1 q
g=——r=—1+,/1+=). 13.19
P ( P) ( )

The control to the plant is chosen asu = gx. The closed loop system is then described
by © = (a+ mg)x. The eigenvalue of the closed loop system is A = a + mg and for
stability we must have that

q

A=14+mg=1-m(1+,/14+=)<0. (13.20)
p
This gives that
1
< m. (13.21)
1+, /1+1

4
8

Considder now the two cases % =0 and v

3=0 = z<m<oo 13.22
Ll—2o00=0<m=<oo (13.22)
This means that the L(Q) system is guaranteed to be stable if
1
3 <m< o (13.23)

wrrespective of the choice of weight parameters ¢ > 0 and p > 0.

13.3 Robustness of LQG systems

The results in the paper by Doyle (1978), with title Guaranteed Margins for LQG
regulators and abstract There are none are reviewed and worked out in the following
example.
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Example 13.2 (LQG example, Doyle (1978).)
Consider that we have a model

A B c
—— = =
. 11 0 1
x—[(]l}x—i-[l]u—&-[l}v (13.24)
D
—
y=[10]z+w (13.25)

where © = [331 xg]T s the state, v and w is Gaussian white noise with variance
E(@?) =V =0 >0 and E(w?) = W =1, for the (real) process

& = Az + Bpu+ Cv (13.26)
y =Dz +w (13.27)
where
0
B, = [m] : (13.28)

and where m is an unknown parameter, but assumed to be close to m = 1.

An infinite horizon LQ controller and a Kalman filter are constructed based on the
process model (13.24) and (13.25), and applied to the plant (13.26) and (15.27).

Let the LQ performance index by
o0 o
J = / (qy"y + u' Pu)dt = / (T Qz + uT Pu)dt, (13.29)
0 0
where
T 11
Q =qDD" =q 112> 0, (13.30)

and P =1. The LQ controller minimizing (13.29) is given by

u =Gz, (13.31)
where
G=[~f~f], (13.32)
and where
f=2+4+q (13.33)
The Kalman filter is
&= A% + Bu+ K(y — Dz),. (13.34)

where the Kalman filter gain is

K= M , (13.35)
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and where

d=2+Vito. (13.36)

The closed loop system, determined by applying the control (13.81) and (15.34) to
the plant (13.26) and (13.27) is given by

Acl

[i] - [Kg A+ BG _l;?g] [i] : (13.37)

with

11 0 0
01 —mf —mf
d0 1-d 1
d0—-d—f1-—f

Ay = (13.38)

The stability of the LQG system is defined by the eigenvalues of matriz Ay. The
characteristic polynomial is (use e.g. MAPLE to show this)

| AT — Ay | = N+ e3) + A + A + o, (13.39)

where the polynomial coefficients are

co =1+ (1 —m)df, (13.40)
1 = d+ f—4+2(m—1)df, (13.41)
¢y = df — 2f — 2d + 6, (13.42)
3= f+d—4 (13.43)

From Rouths stability criterion we have that a necessary (but not sufficient) condition
for stability is that all coefficients (1,cs,co,c1,c0) in the characteristic equation is
positive. The nominal LQG system with m = 1 is stable so we know that cs > 0 and
ca > 0. Note also that only c1 and cq is dependent upon the unknown parameter m.

A necessary condition for stability is then that

co =1+ (1—m)df >0, (13.44)
¢ =d+ f—4+2(m—1)df > 0. (13.45)

Obuviously, this is true for m = 1. This is also true if
Miow < M < Mypp- (13.46)

where

d+f-4 ViFq+Vito

=1-A A = 13.4
Miow Miow, Miow Qdf 2df ( 3 7)

1
@.-

Mupp = 1+ Aypp, Amyp, = (13.48)
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Note that both d and f are positive and that d + f —4 = \/A+q+ Vd+o > 0.
Hence, there exist m # 1 for which the necessary conditions ¢y > 0 and ¢y > 0 are
satisfied, We have assumed that q and o are finite. However, the problem is that
Miow — 1 and myp, — 1 when ¢ — oo and/or o — co. This means that the margins
(Amyey and Amyy,) can be made arbitrarily small for sufficiently large parameters
q and o. Note that Amjp, — 0 and Amyp, — 0 when ¢ — 0o and/or o — co.

Consider a particular LQG design with parameters ¢ = o = 12. The necessary
conditions for stability are in this case satisfied if

0.889 < m < 1.027. (13.49)
It can be shown numerically that
0.9105 < m < 1.027 (13.50)

s both necessary and sufficient for stability of the particular LQG system.
Hence the margins should be checked for each specific LQG design

13.4 Exercises

Ezxercise 13.1 (Gain margin in LQ system) Considder a SISO plant with one
state and model parameters A = —1, B = 1. Assume that we have an multiplicative
uncertainity in the real plant input matriz. Ie. the real plant is * = Ax + Byu with
B, = mB where m is the multiplicative uncertainity. Show that the closed loop LQ)
system have gain margin

——— <m. (13.51)
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Eksempel pa bruk av ulinezer
dekobling

Example 24.1 (Regulering av ulinesert SISO system)
Gitt en prosess beskrevet/modellert med

= f(z,u) (24.1)
der
flz,u) = ECEEITE (24.2)

Vi innforer na et ekvivalent padrag o slik at
&= f(z,u) = a. (24.3)

Dette betyr at prosessen er en ren integrator sett fra det ekvivalente padraget .
Prosessens padrag u kan na bestemmes ved a lgse f(x,u) = @ med hensyn pa u.
Duvs. wvi lgser

Gl (24.4)

mht u som gir
u=—(z+ 1) (24.5)

Ligning (24.5) er a betrakte som en kompensator som plasseres for prosessen. Det
vil veere tilstrekkelig med en proporsjonal-requlator for a generere det ekvivalente
padraget 4 og for a requlere prosessen & = . Dwvs.

= Kp(zg — ) (24.6)

der xq er et spesifisert settpunkt og der K, er en konstant. Vi ser forgurig at vi ma
kreve at Kp > 0 for at det lukkede systemet skal vere stabilt. K, kan for eksempel
velges slik at man far en spesifisert tidskonstant T = K%) etter en settpunktsendring
1 Z(Q-
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Example 24.2 (Regulering av ulinegert 2 x 2 system)
Anta at en reaksjon

sA% B (24.7)

foregar i en isoterm tank med ideell omroring der k = 1 er reaksjons hastighets
konstant fra stoff A til stoff B og s = 2.

Definer uy som massestromen inn til rektoren og us som sammensetningen av stoff
A iuy. Likeledes defineres x1 som sammensetningen av stoff A i reaktoren og xo som
sammensetningen av stoff B i reaktoren. Prosessen og reaksjonen er kontinuerlig,
dvs. at det er en kontinuerlig gjennomstrogmning i reaktoren.

En modell for prosessen kan bestemmes pa folgende mate. Vi setter opp komponent
massebalanser for stoffene A og B.

d
i(v:rl) = UlU — ULX] — skV:):%, (24.8)
d
%(Vmg) = —ujxg + kVa:%. (24.9)

der V. =1 er reaktorens tank volum som antas konstant. Dette kan videre skrives
slik

T = %(UQ —x1) — ska?, (24.10)
Gy = —%xg + ka2, (24.11)

Denne prosessen er beskrevet i Fjeld (1971) s. 32. men uten utledning.

Vi innforer ekvivalente padrag t1 og 1y slik at

iy = i, (24.12)
i = Tis. (24.13)

Dette betyr at prosessens padrag kan bestemmes ved a lgse

%(UQ —x1) — skz? = @y (24.14)
Wyt ka? = (24.15)
Vv
med hensyn pa uy og us. Dette gir
|4
uy = —— (g — ka?) (24.16)
Z2
V. 2
ug = x1 + — (a1 + skx7) (24.17)
u1

Reguleringsslpyfen kan na lukkes med for eksempel to enkeltslgyfe proporsjonal-regulatorer
(PI eller PID regulatorer kan ogsa benyttes). Dus.

1]1 = Kpl (33‘10 — xl) (24.18)
fLQ = Kpg(l‘Qo — IL‘1) (24.19)
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der x10 0g T20 er spesifiserte settpunkt og K1 og Kpo er positive konstanter.

For bruk ved analyse og simulering sa vil vi na presentere stasjonerverdiene til
reaktormodellen (24.10) og (24.11). Fra (24.10) har vi at

i = W — o) — sh(a3)? =0, (24.20)
= —%x% +k(af)? = 0. (24.21)
dette gir
—ui + /(uf)? + dskVujus
5 — 24.22
= 25kV ’ (24:22)
k 5)2
25 = fol) (24.23)
1

Dersom de stasjonere padragene er gitt ved u; = 10 og us = 1 har vi at de stasjonere
tilstandene er gitt ved ] = 0.8541 og x5 = 0.0729. Det er disse stasjonerverdiene
som er benyttet ved simulering av reaktorrequleringssystemet.

Simuleringsresultater for prosessen requlert med ulineer dekobling er wvist i figur
24.1. For a kunne sammenligne viser vi simuleringsresultater for samme prosess
requlert med to enkeltsloyfe PI requlatorer i figur 24.2.

Av figur 24.1 ser vi at responsene i x1 og xo er dekoblet. Det vil for eksempel si at et
settpunktsendring i x19 tkke har innvirkning pa responsen i xs. Dette er ikke tilfellet
dersom prosessen requleres med to enkeltsloyfe PI requlatorer som wist i figur 24.2.

ul: nonlinear decoupling u2: nonlinear decoupling
11 1.01

1 :
105 0.99 H

F 0.98
10 : 0.97

0.96

9.5 0.95
0 0

1 2 3 4 1 2 3 4
x1 X2
0.08
0.86
0.075
0.85 ] |
x10 |
0.07 ot
0.84 x20
0.83 0.065
0 1 2 3 4 0 1 2 3 4
Time [sec] Time [sec]

Figure 24.1: Figuren viser simulering av prosessen i eksempel 24.2 regulert med
ulineser dekobling. Settpunktene x19 og g er stiplet. P regulatorene i (24.18) og
(24.19) har parametre K, = K,2 = 5. Figuren er generert av MATLAB scriptet
nl_ex2.m.
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ul: Pl-controller u2: Pl-controller
11 1.01
1
10.5 0.99
f 0.98
10 : 0.97
0.96
95 0.95
0 1 2 3 0 1 2 3 4
x1 x2
0.08
0.86
L 0.075
| S
0.85 a N
007X A
0.84 A
x1
0.83 0.065
0 1 3 0 1 3 4

Time [sec]

Time [sec]

Figure 24.2: Figuren viser simulering av prosessen i eksempel 24.2 regulert med to
enkeltslgyfe PI regulatorer. Settpunktene z1g og x9 er stiplet. Begge PI regula-
torene har parametre K, = 10 og T; = 0.1. Figuren er generert av MATLAB scriptet
nl_ex2 _pi.m.
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Appendix A

Linear Algebra and Matrix
Calculus

A.1 Trace of a matrix

The trace of a n X m matrix A is defined as the sum of the diagonal elements of the
matrix, i.e.

tr(A) =) au (A.1)
=1

We have the following trace operations on two matrices A and B of apropriate
dimensions

tr(AT) = tr(A) (A.2)
tr(ABT) = tr(ATB) = tr(BT A) = tr(BAT) (A.3)
tr(AB) = tr(BA) = tr(BT AT) = tr(AT BT) (A.4)
tr(A £ B) = tr(A) £ tr(B) (A.5)

A.2 Gradient matrices
e tr(X] =1 (A.6)
& tr[AX] = AT (A7)
S tr[AXT] = A (A.8)
2 tr[AXB] = ATB" (A.9)
% tr[AX"B] = BA (A.10)
& tr[ X X] = 2X7 (A.11)
Ze tr[ X XT] = 2X (A.12)
Ze tr[ X" = n(X" T (A.13)
2 trl[AXBX] = ATX"B" + BTX" AT (A.14)
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8% tr[eXB] = (BeAXBA)T (A.15)
9 T . T

—r[XAX | =2XA if A=A (A.16)
0X

59r tr[AX] = A (A.17)

2 tr[AXT] = AT (A.18)

597 tr[AXB] = BA (A.19)

597 tr[AXTB] = ATB" (A.20)

aXLT tr[eXB] = BeAXB A (A.21)

A.3 Derivatives of vector and quadratic form

The derivative of a vector with respect to a vector is a matrix. We have the following
identities:

o =1 (A.22)
2 ("Q) = (A.23)
Z (Qr)=Q" (A.24)

(A.25)

The derivative of a scalar with respect to a vector is a vector. We have the following
identities:

2 (y'r) =y (A.26)
% (Tz) =2z (A.27)
2L (27Q2)=Qz+Q"x (A.28)
& ('Q2) =Q"y (A.29)
Note that if @) is symmetric then
9 (2TQx) = Qz + QTz = 2Qu. (A.30)

ox

A.4 Matrix norms

The most frequently used matrix norm in numerical analysis and linear algebra is
the Frobenius norm (the F-norm).

The trace of the matrix product AT A is related to the Frobenius norm of A as
follows

1AI[F = tr(ATA), (A.31)



A.5 Linearization 223

where A € RVxm,

A frequently used notation and expression for the matrix Frobenius norm is also
N m .
1A% = (Zzazj)i, (A.32)
i=1 j=1

i.e. equal the square root of the sum of all elements.

An important property of the Frobenius norm is that it is invariant with respect to
orthogonal transformation. Assume given two orthogonal matrices () and Z with
appropriate dimensions we have that

[Allr = QAZ][F. (A.33)

A.5 Linearization

Given a vector function f(x) € R™ where x € R". The derivative of the vector f

with respect to the row vector 7 is defined as
9fi A . Ofr
321 8:v2 awn
of Ofs Ofa . Of2
s _ 39:61 (95:32 ' 3:;371 c RMXn (A.34)
Ofm Ofm ... Ofm
or1 Oxzo O0zn

Given a non-linear differentiable state space model

I
~

(2, u), (A.35)
g9(z). (A.36)

z
Y

A linearized model around the stationary points xg and ug is

ox = Az + Bu, (A.37)
dy = Dz, (A.38)
where

A= (A.39)
= T e (A40
= 20 leoas (A1)

and where
=z — 2o, (A.42)

U = u— up. (A.43)
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A.6 Kronecer product matrices

Given a matrix X € RV*". Let I,,, be the (m x m) identity matrix. Then

XL =XxTeI,, (A.44)

(In@X)' =1, XT. (A.45)
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