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Internal Model Control (IMC) is a well-known control strategy provided with simple
tuning rules requiring a model in order to control a given single-input single-output
plant; furthermore, it allows an easy and straightforward closed-loop analysis. How-
ever, it has some limitations. For instance, it cannot be applied to open-loop unstable
plants, it does not cope easily with constraints, and disturbance rejection may be slug-

gish for disturbances other than output steps.

On the other hand, Model Predictive Control (MPC), that still requires the definition of
a model, has no limitation from the point of view of the nature of the plant, but it does

not give allows simple CL analysis.

IMC and MPC have many common features but, at the same time, they are also quite
different control strategies: the goal we want to achieve in this work is to find a com-

promise between them that should have advantages of both control structures.

In this work a Disturbance Observer Based Internal Model Control (DOB-IMC) structure is
proposed: it works with an augmented model, classical IMC controller design is left
unchanged, while the block standing for the model has been replaced by an observer
block, where predicted states are “filtered” through a Luenberger observer, known to

deal better with dynamic disturbances rather than classic IMC deadbeat observer.
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Afterwards, this structure has been extended to open-loop unstable plants through ap-

plication of the Q parametrization, and to integrating plants as well.

The effectiveness of this control scheme has been validated through several simula-
tions: first, different kind of Single-Input Single-Output linear systems have been tested;
then, as a pratical application, the multivariable “Shell oil fractionator” case study has

been simulated with unmeasured disturbance.
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Chapter 1

Introduction

1.1 Motivation

Internal Model Control (IMC) and Model Predictive Control (MPC) are two different
and well-known strategies in their field: indeed, literature is full of papers and books

describing these control structures, with their own features and properties.

Moreover, literature is also full of papers talking about their affinities and diversities:
in fact, at the same time there can be found several differences and analogies among
them: it is common to think that MPC comes out from IMC, but it is important to

identify what they commonly share and what they does not.

IMC is a solid control structure applicable to open-loop stable plants, since it gives
good responses and, at the same time, it lends itself to transparent and straightforward
closed-loop analysis, even in front of plant-model mismatches. One of the disadvan-
tages of IMC is that it is not that much versatile, since, for instance, it cannot be applied

to open-loop unstable plants, it does not deal well with saturated actuators, etc.

On the other side, MPC is much more versatile because it does not suffer from any
restriction due to the nature of the plant, it copes very well with constraints and always
gives an optimal response, since MPC control strategy minimizes a given cost function;
however, closed-loop analysis of a system controller through Model Predictive Control

is not easy and straightforward as it used to be in IMC.

In order to find “analogies between Internal Model Control and Predictive Control Al-
gorithms”, attention must be focused on shared features that can be helpful in finding

a rearranged control structure which could be placed in the middle between these two.

Both of them requires a model in order to control a given plant: this is a very important

aspect in this work, since a lot of attention will be focused on how this two models

1



Chapter 1 Introduction

are built. Then, MPC requires the adoption of an observer for model dynamics: IMC
structure does not need it, though it can be seen like a particular situation in which

there is adopted a particular kind of observer.

Furthermore, Q parametrization has been here investigated, principally for two reasons:
the first is that this parametrization gives instructions about stabilizing any controller
provided with a stable transfer function, and second because IMC can be considered
as a particular example of application of this parametrization; it has been very useful
for the extension of the theory here devoloped for open-loop stable plants to open-loop

unstable plants.

Here there will be explained the development and the features of a single-input single-
output control structure which has most of elements belonging IMC, but with some

innovations brought by MPC and Linear Quadratic Gaussian (LQG) control strategy.

All the implementations here have been done in dicrete-time domain, principally in
state space, even if mostly of the analisys will be still explained using Laplace transform

in continuous time, for a matter of clearness and simplicity.

1.2 Literature review

Finding an interface between these two control structures has become a quite popular
task, so literature is provided with a lot of previous works trying to find similarities

between them.

Among the huge amount of papers and books, there can be remembered Morari and
Zafiriou [13] which developed an IMC version for open-loop unstable plants; Scali et al.
[18,[19] developed an analytical design for Linear Quadratic Optimal Control provided
with optimal ISE controller and filter; Amobrose and Heath, [2], worked on an IMC for
Input-Constrained Multivariable Processes, following anti-windup instructions given
by Zheng in [22]; Youla et al. in [21] and Kucera in [10] developed a parametrization of
all stabilizing controllers, that, even if is not directly linked to IMC, has been one of the

key point of this dissertation project.

All these precedent works have been here taken into account to develop a Disturbance

Observer Based Internal Model Control structure.




Chapter 1 Introduction

1.3 Thesis overview

This disseration is made up of 7 chapters:

¢ In the current Chapter, the aim of this project has been discussed, together with
a brief description of the principal features and problems of the control strategies

here investigated.

Moreover, there are also some examples of common features of the two structures
and a literature review, where some of the principal references here adopted are
listed.

¢ In Chapter[2|Internal Model Control has been analyzed in depth: first, it has been
developed in continuous time through Laplace Transform, and then the entire
discussion has been turned into a discrete-time context. Sensitivity functions have

been furthermore implemented.

¢ In Chapter 3| there is a quick summary of notes about optimal control: in partic-
ular, we can first find a list of basic definitions, then there is the optimal control
problem expressed in terms of minimization of a cost function J, and then some
typical strategies of resolution of the optimal control problem are listed, such as
Receding Horizon or He control. Finally LQG and MPC control structure have

been described.

e Chapter [ is the heart of the theory of this thesis, since proposed Disturbance
Observer-Based IMC structure is here presented, provided with two different
configurations: open-loop stable plants and open-loop unstable plants frame-
work, namely an extension of the open-loop configuration to which Q parametriza-
tion has been applied; sensitivity functions for these "new” structures have been

derived as well.

¢ In Chapter |5, DOB-IMC has been tested on several linear systems, each of them
exhibits a specific feature; moreover, robustness has been here tested adopting
the Robust Stability criterion suggested by [13], where possible. Plants analyzed
are: first order with time delay both stable and unstable processes, a second order
stable process provided with time delay and inverse response, and an integrating

plant.

* In Chapter [6| we pass from theoretical applications to a more practical one: in
fact, DOB-IMC has been here applied to a well-known case study, the Shell Oil

Fractionator, developed following instructions given by [12]

* Chapter|[/]is the chapter of Conclusions, when results are pointed out and sum-

marized, giving furthermore new possible research directions.




Chapter 2

Internal Model Control

The starting-point of this dissertation project is Internal Model Control structure: in fact,
the criterion adopted in this work is to begin looking at the IMC structure, modifying
it little by little, in order to obtain a new control scheme that can be compared to the
optimal ones, that are LQG and MPC (described in [B); so, it is really important to de-
scribe in a detailed way Internal Model Control, in order to well understand features

and properties belonging to this control structure.

2.1 Structure

Figure|2.1|shows Internal Model Control structure: it is basically made up of

* a Controller, Q(s), whose tuning rules will be widely delineated in Section [2.2.1]

and [2.3.1}
e aPlant, P(s);
* aModel, G(s).
This control structure is basically based on the inversion of the model G(s): this implies

that the more G(s) is close to real structure of the plant P(s), the better results can be

achieved, and the more robust is the output y(s).

2.2 Continuous time

First, a continuous time version of IMC has been developed following instructions
given by [13] ; then, the entire structure has been converted in discrete-time in Sec-
tion[2.3]: so, a brief decription of both schemes has been provided.

4



Chapter 2 Internal Model Control

dp
—:O—» Q > P O >
- G 35
d

FIGURE 2.1: Internal Model Control block diagram
221 Tuning rules

IMC controller Q is based on the inversion of the model G; this implies that both plant
and model need to be OL stable and, furthermore, that the model needs the be decom-

posed into Minimum Phase and Non-Minimum Phase part:

G(S) = Gnmp(S>Gmp(S> (2.1)

The non-minimum part system of G(s) includes non-invertible terms, that are terms
that would make the controller Q(s) unstable: these system parts are, specifically
e Time delays, Gy;(s) = e~ %;

8 +11 with & > 0;

* Zeros € RHP, Gy, (s) =

2.2.1.1 Model decomposition

The decomposition of the model is made up of steps: as an example, consider a second

order orocess with time delay (SOPTD) , namely

_ —as+1

G(s) =e % 2.2

(s)=e (s +1) (s +1) (2.2)
witha > 0,71 >0, >0
1. Factorization
1

— . 1 —0s

<(T1S—|—1)(Tzs—|—1)> (mas+1)e




Chapter 2 Internal Model Control

2. Building of the All-Pass filter

_ as+1 —us + 18795
(ms+1)(s+1) as+1
MinimumPhase Non— MinimumPhase

The decompositions for model G are

Gmp = <(T15 ff)?és + 1)>

[ —as+1 4
Grmp = ( as+1 ¢ >
In numerical terms, let be

_35 + 1 _25

P(s) = G(s) = Gst1) 1 1)6 (2.3)
so, steps are
1. Factorization
_ 1 —2s
C=Grn@yn (3 HDe™)
2. All-Pass Filter
3s+1 _ps—3s+1
= e
(5s+1) (2s+1) 3s+1
~—_——
MP NMP

thus, the non-minimum and minimum part of the model are

G _ 3s+1
" (Bs+1) (25 +1)
_e—3s+1
2
Gnmpze S3S—|—1




Chapter 2 Internal Model Control

2.2.1.2 Controller

Let X be the Input to the control loop, that could be a Reference signal, * whether
a disturbance d; the nominal controller is built as follows (please see [13] for further

informations):

Qnom = f(G/ X) = (Gmemp)_l{Gn_n%anmp}*

Xump is the Minimum Phase of the input X;

The terms in curly braces {. .. }. stands for the elimination of unstable terms;

For Minimum Phase Models, i.e. G = Gmp, we have Qo = G,;; = anl ;

¢ For step input, we have Qo = anrl,.

Remark: For the aim of this thesis, Reference Signal will always be a step input; thus,

the algorithm adopted in this discussion is, in a simpler way
_ -1
Qnom - Gmp

In case of inputs provided with their own dynamics, X needs to be decomposed in the
same way as seen for G in Section[2.2.1.1

Since Qyom requires a model inversion, it is sometimes necessary to implement a Filter

for the Physical Realizability of the controller , making sure that

Npoles = Nzeros (2.4)

Moreover, together with the filter, the only tuning parameter, A appears in the structure.

IMC filter structure is different, depending on the type of the plant

¢ type-1 filter,

1
F(s) = ——— 25
(S) ()\S + 1)71 ( )
for step-like inputs;
* type-2 filter,
(nAs+1)
F(s) = —% 2.6

for ramp-like inputs.




Chapter 2 Internal Model Control

We deal only with step-like inputs, so filter will be not taken into account.

A acts as a sort of detuning, i.e. the higher is A the smoother is the response, but, as a

consequence, it becomes also more and more sluggish.

Final expression for the controller is

Q = QnomF

For the model (2.3), it has been assumed to be A = 10; thus, final expression for the

controller is

(5s+1) (2s+1)
(35 +1) (10s + 1)

Q=

Referring to the classical feedback control scheme ( see Figure[2.2]), the controller takes

the form

. Q
T 1-PQ

dp
Tk  ep C Uy p

C

FIGURE 2.2: Classic FB control block diagram

where C is the controller of a typical FB structure.

2.2.2 Sensitivity functions

Sensitivity functions are obtained considering the two contributions to the final output
y, respectively y, for the tracking problem and y, for the disturbance problem, accord-

ing to the Superposition principle; then, expression for the output y can be so written:

B PQ 1-GQ B
y_1+Q(p_G>r+1+Q(P_G)d_yr(s)+yd(5) (2.7)
So, calling S= sensitivy and T= complementary sensitivity
. 1-GQ
S_—1+Q(P—G) (2.8a)

8



Chapter 2 Internal Model Control

Bode Diagram
50 : :

o
g o
3
5 501
=
&0
& -100 -
~

-150

720

540 T
= s
()
= 360
@
@ 180r
B o

-180

107 1072 10t 10° 10t 10?

frequency (rad/s)

FIGURE 2.3: IMC sensitivity functions for continuous time system (2.3)

_ PQ
“150(P-0) (2.8b)

In the nominal case, namely P = G, S and T are reduced to

S§=1-GQ (2.9a)

T=GQ (2.9b)

This implies linear expressions between inputs and outputs. In Figure there are
Bode diagrams for (2.3), for which T and S are described by (2.9b) and (2.9a), since
we are considering the nominal case; responses for step inputs are shown Figure

we can see response for a step-like change in set point (blue line), and response for a

step-like disturbance (red line).

2.3 Discrete time

IMC is commonly described in continuous time, but for the aim of this project, it needed
to be turned into a discrete-time IMC, since MPC and LQG will be here implemented in

discrete-time domain: this conversion needs some preliminary steps, such as:
1. Sample time choice, Ts: it can be taken, following an empirical rule, as

Ts = 0.1 + 0.2min(7, 0)

As a rule, sampling interval must be multiple of constant delay; in this work, T

has been usually taken equal to 1.
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Responses for Step Inputs

1.2

Tracking problem
Disturbance rejection

Responses

. . . . .
0 20 40 60 80 100 120
Time (seconds)

FIGURE 2.4: IMC response for a step-like input for continuous time system (2.3)

2. Conversion from Laplace transform to z-transform, through Matlab command
c2d;

3. Passage from z-transform to state-space model, when necessar (ss command).

A model in state space is represented by the following equations:

Xk+1 = Axx + Bu
k41 k k 2.10)
Yk = Cx + Duy

with A € R"™", B € R"F,C € RP*",D € RP*P. When working with strictly

proper plants (this is the case), D = 0; otherwise, if Npoles = Nzeros, D # 0. Fur-

thermore, here a SISO system has been described, where p = 1.

Converting model (2.3) with a sample time of Ts = 0.1min (11,0) = 0.5s, model in z

transform becomes

. —0.072886 (z — 1.289)
=z7* 2.11
G(2) =2 5 =0.9048) (z —0.7788) @11)

Converting G(z) in a state-space model, we obtain the following set of matrices:

IMPC is completely developed in state-space variables. In IMC instead, there is the first part, i.e. the
tuning, in z-transform domain; once the model is decomposed as seen in Section [2.2.1.1} control loop will
be solved using state-space

10



Chapter 2 Internal Model Control

[0 1135 0 0 0 0 ] [0 ]
0 0 10 0 0 0
L_]0 0 01 o0 0| 4|0
0 0 00 1 0 0
0 0 00 07788 1 0
0 0 00 0 09048 0.5

C= [0.1655 ~01458 0 0 0|, D=0

2.3.1 Tuning

Similarly to Section[2.2.1.1} IMC controller in discrete time needs model decomposition;

S0, again

G(2) = Gump(z)Gump(2)

where Gyp contains:

e Zeros outside the unit circle, i.e. |z| > 1 (the corresponding for positive zeros in

continuous domain);

® Zeros whose value is close to the point (-1,0); they may cause ringing, a phe-
nomenon because of which the control output y shows ripple around the steady-

state value.
¢ Time delays, i.e. z7k,

2.3.1.1 Model decomposition

In order to explain the decomposition process steps, I assume the model to be a Second
Order Process with Time Delay (SOPTD), namely

zZ—

z) =zFk
C@ == e )

with |a1] > 1; in other words, G(z) has a zero outside the unit circle.

G(z) could be splitted adopting the following instructions, taken from [4]:

11



Chapter 2 Internal Model Control

1. Factorization of all the zeros outside the unit circle, time-delays and ringing zeros;

z) = ! z Kz—a
RN

2. Building the All-Pass Filter

(Z) _ zZ- a ka (Z _al)

~ (z=p)(z—p2) (Z_ ;)

3. Normalization of the function, making sure that G, (1) = 1 and G,p(1) = G(1)

G(z) = (-g)u-w (1)

G-mG-p) (1-7)  (:-7)0-m)

MinimumPhase Non— MinimumPhase

finally,

As in continuous time, an example will make these concepts clearer.

Take (2.11) as model: the steps for decomposing G(z) are

1. Factorization

—0.072866 )
G(z) = ((z ~0.9048) (z — 0.7788)> (Z - 1‘289))

2. Building the All-Pass Filter

1
0072 R
Gl = 0.072866 <Z 1.289> - (2—1289)
= | (z—0.9048) (z — 0.7788) 1
1.289

12



Chapter 2 Internal Model Control

3. Normalization for the adjustment of gains

1
—0.072866 (z - 1289) (1—1.289)

(z— 1.289) (1 _ 12189>

G(z) = 1 z74 7
(z —0.9048) (z — 0.7788) (1 - 1289> <z - 1289> (1—-1.289)
MP NMP
and, finally
(z —0.7759)
Gmp = 0.0939
" (z —0.9084) (z — 0.7788)
(z—1.289)

_ —4
Gunp = —0.775912™* 25

2.3.1.2 Removal of ringing zeros
Once the Minimum Phase model is built, it is necessary to eliminate all those zeros in
Gmp(z) which may give ringing in the output.

Ringing could be avoided replacing these zeros with zeros in the origin (which, in the

controller, will become poles in the origin).

So, if P is the number of “ringing zeros” in the minimum phase part of G(z), the ex-

pression for G, (z) becomes

I (1 —¢y)

mod _
Gy (2) = Gup(z) - 2 G ¢)

with ¢; as ringing zeros.

2.3.1.3 Controller

The design of a discrete-time IMC controller is exactly the same as the one done in
continuos time (see Section 2.2.1.2; as in Laplace transform, Q still needs a filter for
the PR; the discrete-time filter constant « is related to A in (2.5) through the following

expression:

and the expression of type-1 filter in z-transform is the following:

13



Chapter 2 Internal Model Control

_ -1 _
F(z) = (1 — z_)zzl = Ei — z; (2.12)

and it makes Q(z) Physically Realizable; furthermore, as said in continuos time, A is
also a detuning parameters, since it manages to attenuate the effect of control input u.
In the example with (2.11) as model, IMC phisically realizable controller is

z—0.9084) (z — 0.7788) (1 — &)
z —0.7759 (z —a)

Q(z) = 10(

keeping A = 10 as it was in continuous time, a is 0.9512.

2.3.2 Sensitivity functions

T and S are exactly the same as in continuous time, previously described (Sec [2.2.2):

their expressions are:

B 1-GQ
PQ
- = 2.13b
1+Q(P-G) ( )
In the nominal case P = G, S and T are reduced, simply, to
S5=1-GQ (2.14a)
T =GQ (2.14b)

Trends of sensitivites for system (2.1) are shown in Figure[2.5| while response for step-
like set point change (blue line) and disturbance (red line) are shown in Figure

2.4 Open loop unstable plants

Internal Model Control is a control structure developed on purpose for OL Stable Plants:
in fact, for its own features, it is not able to stabilize the closed-loop sistem in the case

of unstable plants.

Several attemps to determine an IMC structure for OL Unstable system have been tried:
among them, it is remarkable the example of tuning given by Morari and Zafiriou in

[13], who followed instruction given by Youla et al. in [21].

14



Chapter 2 Internal Model Control

Bode Diagram

Magnitude (dB)

-180
1072 107t 10°

frequency (rad/s)

FIGURE 2.5: IMC sensitivity functions for discrete-time system (2.11)

Responses for Step Inputs

1.2
Tracking problem

Disturbance rejection

Responses

0 10 20 30 40 50 60 70 80 90
Time (seconds)

FIGURE 2.6: IMC response for a step-like input for the discrete time system (2.11))

Consider a plant with k poles p; € RHP: define the allpass

k
—s+ p;
’ £¥S+P?
Theorem 1. Assume, in the nominal case, that P = G has k unstable poles at py, ... px €
RHP and !/ poles in the origin. Assume, furthermore, that there exists Qp that stabilizes

P. Then, all controllers which stabilize P are parametrized by

Q= Qo+bys”Q (2.16)

with Q1 as whatever stable transfer function.

15



Chapter 2 Internal Model Control

This result uses same principles adopted in Chapter {4{ for the development of a DOB-
IMC for unstable plants, but it is still quite close to IMC configuration. The one we

adopted, instead, is on purpose closer to optimal control structures like LQG and MPC.
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Chapter 3

Optimal control and estimation

Another important part of control theory that needs to be investigated, as it is very

important for the final aim of this work, is optimal control field.

3.1 Controllability, stabilizability and observability for Linear

Systems

Given a linear system

{xk+1 = Axy + Buy 3.1)

Yk = Cxy

Definition 1. (3.1)) is controllable if and only if, given any initial xo, it is possible to make

xi reach the origin in n steps.

From the previous sentence it can be derived that a linear system (3.1) is said to be

controllable if and only if the matrix

R(A,B)Z[B AB ... AHB}

has full rank.

R(A, B) is called controllability matrix.

(Hautus Lemma) A linear system is controllable if and only if the matrix

A-4 B

has full rank for any A eigenvalue of A.

17



Chapter 3 Optimal control and estimation

If a system is not controllable, then there exists a transormation matrix T such that

- An A - B
A=T1AT= "1 712, B=T1B|"" (3.2)
0 Ax 0
x(
Defining ¥ = @ the vector of the states for system (3.2), states x(!) € R” and x(?) €
X

R"™" evolve with the following dynamics:

(2) (2) (8.3)

x,(ir)l = Allx](cl) + Byug + Appx®
Xpr = AnXg

It can be immediately noticed that state x(%) is not directly controlled by u.

Definition 2. A lynear system is stabilizable if

1. |)\ (A22)| <1

2. rank (R (A11,B1)) =n
Using Hautus Lemma, a linear system is stabilizable if and only if the matrix

A1-4 B

has full rank for any |A (A)| > 1. A matrix whose eigenvalue all stand inside the unit

circle is called Hurwitz.

Definition 3. System is observable if, for any t; > 0, the initial state xo can be
determined from the time history of the input u(t) and the output y(f) in the time
vector [0, t1]. Observability matrix, O(A, C) is defined as follows:

C

CA
O(A,C)=| (3.4)

CAn—l

and the linear system is observable iff O(A, C) has full column rank.

18



Chapter 3 Optimal control and estimation

3.2 Linear quadratic regulator

Consider linear system described by (3.1): we need to be find a control strategy provid-

ing a sequence of control inputs that can be defined optimal.

In linear optimal control, control strategy is obtained solving an optimization problem:
when the problem is quadratic, we have the Linear quadratic requlation (LQR) problem,

which consists of minimizing the following unconstrained cost function:

N-1

1 1
J (x,u) = 5 ) [x,?ka + u{Ruk} + ExK,PxN (3.5)
k=0
subject to
Xk11 = Axy + Buy (3.6)

where u = (uy, ... uk)T is a vector of control inputs at different time steps (with 0 < k <
N —1), Ris symmetric and positive definite, Q and P are symmetric and positive semidefinite;
N is a finite number called horizon; furthermore, in LQR problems it is always assumed

that the system is stabilizable.

LOR minimization problem is solved using a dynamic programming, developed by

Bellman [3] and gives an optimal control law, that is

Up = —Koxk (3.7)

which minimizes cost function J.
The dynamics of the Closed Loop system evolves according to the following equation:
Xk+1 = (A - BK()) Xk (38)

hance, CL system is stable if and only if

IA(A—BKo)| <1 (3.9)

It is important to notice that this approach, called receding horizon, solves, at each sam-
pling time, an optimization problem over a finite horizon, but it actually applies only
the first element of u. It is possible to demonstrate that, following this method, there is
no warranty that is satisfied.
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Chapter 3 Optimal control and estimation

This aspect led to take into account turning (3.5) into (3.10), where the horizon is not

anymore a finite value, but it goes to infinity, N — oo:

(e 0]

J(x,u) = ikz [x,fok + u,{Ruk} (3.10)
—0

subject to

Xky1 = Axx + Bug (3.11)

Assuming that linear system (3.1)) is both stabilizable and controllable, and that Q and
R are positive definite, eq (3.10) gives as solution

Up = —ka (312)
with
K = (R+ BTIB) ' B'TIA (3.13)
where I is the solution to the Discrete Algebraic Riccati Equation (DARE):
1= Q+ ATIA — A'TIB (R + BTIB) ' BTIA (3.14)

This approach provides CL stability for any value of Q and R.

3.3 Luenberger observer

State estimation problem will be shortly introduced the before talking about observers.

For each sampling k, together with the state xj, there is an estimation of the state, &y,

which evolves as a “copy” of the Plant, with the following dynamics:

Xp11 = AXx + Buy (3.15)

The role of the observer in this copy is to “correct” the estimation equation with a

feedback based on the prediction error:

Cpred = Yk — CXk (3.16)
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where yy is the measured output and C%; the estimated one.

Dynamics evolution of the estimated states together with the observer evolve as fol-

lows:

fp1 = A%k + Bug + L (ye — Cy) (3.17)

with L € R"*? is the observer gain.

The difference between the actual state and its estimation is called estimation error, €:

€ = X — J?k (318)

whose nominal dynamics is

€xs1 = Axg + Buy — A% — Buy + L (yk —Cxy) = (A - LC) €k (3.19)

from which, it is evident that, given any initial value €q for k — oo, € goes to zero if

and only if matrix (A — LC) is Hurwitz.

An observer chosen such that (A — LC) is Hurwitz is called Luenberger observer, while
an observer such that the eigenvalues of (A — LC) are all equal to zero is called deadbeat

observer.

Internal Model Control can actually be considered as a control structure adopting a
deadbeat observer, if we consider model G as a system that evolves as a copy of the
original plant P.

Observer could be chosen in different ways, like using pole placement technique, with
which the observer gain L could be chosen by arbitrary assignment of the poles of the

dynamic matrix A — LC.

3.4 Kalman filter

Pole placement technique is not always the best option: indeed, its action could be too
much aggressive since it places poles too far away from the original system, i.e. from

the eigenvalues of matrix A, making the system “unnatural”.
A useful way to find an observer definable optimal was suggested by Kalman in [8].

The system is in the form

X1 = Axg + Bug + wy (3.20)

Yk = Cxy + vy

with w; and v, are white noises with Q and R as covariances;
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1. choosing a large Q means large process noise (wy) and leads to estimated states

able to respond fast to changes in the measured output;

2. choosing a large R means large output noise (v;) and leads to estimated states

that respond carefully,i.e. slowly, to unexpected changes in the measured output.

Kalman filter Ky articulates the calculations of the estimation in two different steps: as
first step, £ is updated according to the estimation dynamics (3.15), then the estimation

passes through Kalman filter.

Steps can be summarized as follows:

1. Time update

Xppe—1 = AXp_qje—1 + Bk (3213)
b = AP AT+ Q
2. Measurement update
- -1
ka = Pk cT (CPk_lCT + R)
Tk = Fup—1 + K, (ke — CRppr) (3.21b)

P, =P, —K;CP

where P~ is the covariance of the estimated state at time update and P; is the

covariance of the estimated state at measurement update.

After few measurements, the Kalman filter does not change anymore going ahead with

the iterations; it converges to the Steady-State Kalman filter.

Adopting this observer, dynamics of the estimation error are

€1 = (A — AKC) g (3.22)

Relation between Kalman filter and Luenberger Observer is

L = AKs (3.23)
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3.5 Linear Quadratic Gaussian control

Linear Quadratic Gaussian control (LQG) gave birth to MPC, since it is its uncon-
strained version, and is very useful in order to better understand how these optimal

stategies work.

Putting all the elements mentioned and explained in the previous sections together
leads to LQG control scheme: there is a stabilizing state feedback, K, and an observer,
L; an example of LQG block diagram is shown in Figure

p =

u
o— K s

A -

4
A

observer <

Xk

FIGURE 3.1: Linear Quadratic Gaussian Control

This structure is the basic one, it will be well explained and enlarged in following sec-
tions, to explain how it manages to follow the reference signal, r¢, and to remove the

effect of disturbances[17].

3.5.1 Steady-state problem

To make LQG reach the Reference Signal and to remove offsets when disturbances
occur, it is necessary to introduce a block which calculates steady-state values for each

sample time, called targets; steady-state system is

X¢s = AXss+ Bu
SS SS SS (3‘24)
Yss = sts
from which
I-A -B] [o 0
Uss C 0 Yss Yss
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with yss equal to the reference signal ¢ at Ts. Thus, in the controller block in Figure

it is included both state feedback K and target calculation matrix M .

Adopting deviation variables, that are

X = X — Xss (3.26&)

g = U — Uss (3.26b)

we can re-define the optimal control law (3.10)

oo 1 & (s T~
J(%,8) = 5 Y [ Qu + ] Ri (3.27)
25
which has as solution
il = K& (3.28)
thus
U = K (R — Xss5) + Uss (3.29)

(3.29) guarantees the output perfectly follows set point and it does not exhibit any offset
left.

3.6 Model Predictive Control: offset-free design using distur-

bance models

Finally, what is missing in this framework is Model Predictive Control (MPC): it took
birth by the end of 70s, and it is nowadays the most widespread advanced control

strategy adopted in industrial processes.

Here it is described a SISO version of a Linear MPC which is the configuration that can

be better compared to IMC and LQG to find analogies and differences.

MPC structure is shown in Figure it is made up of several blocks, each of those will

be briefly examined in the following pages.
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Yk

dynamic Uk P Yk
optimization

L S

7] M
k vy

Xss | steady-state
Uss | optimization

Y
\/

\

observer

FIGURE 3.2: Model Predictive Control

3.6.1 Disturbance model and observer

In order to achieve offset-free performance, model we are working here with MPC is a

augmented, developed as follows:

£k+1|k = Afk“{ + Buy + deAk|k
d\k+l|k = d\klk (330)
]?k == Cﬁk ‘|‘ Cdd\k|k
This system can be re-written in a more compact way, i.e.
s A B ik B
Gl -
k-+1[k klk—1
. | (3.31)

w=|C F"“]

dijk—1

Here cfk is an additional state working as a disturbance model, thanks to which it is

possible to remove any offset.

In the framework of this augmented model , state estimation dynamics with observer,

seen in (3.17)), becomes

ey (332)

R | [ Frjp—1
ik Aijk—1
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Where L, and L; make an augmented observer

Lo |be (3.33)
- ,

Even ¢, is an augmented version for the prediction error:

%:W—k @}

W“1 (3.34)
Aifk—1

Putting together (3.31) and (3.34), expression obtained is the one for the so-called Kalman
predictor step:

A By
0 1

B L

+ Uy +

X
[ k+1]k e

[fukl
Ary1)k dijk—1

= |C Q}FM*]

Aik—1

Ly
(3.35)

Matrices B; and C,; could have different values; a common choice for them and for the
observer is ( [15] E]

This model allows to choose how the disturbance model works by choice of matrices
B; and C; under the only condition that (3.31) has to be detectable; detectability can be
checked as follows ( See [17])

Lemma 1. Augmented system (3.31)) is detectable if and only if the pair [A, C]is de-
tectable, and if

I-A —B,

Ca

rank

]:n+nd (3.36)

with n, as dimension of the disturbance.

lobservers are optimal, chosen as taught by Kalman, and shown in Section
2For unstable systems, such as control of levels, these matrices requires other values to work
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Corollary 1. The dimension of the disturbance has to be such that the augmented system

is detectable is equal or less than the dimension of the measured ouput: calling 1, =

dim(y),

ndgny

Remark: Since the system investigated is a single input-single output, dimension 7, is

necessarily equal to 1, and so is n,.

3.6.1.1 Analogies between LQG and MPC

In Section Linear Quadratic Gaussian Control has been investigated, but once an-
alyzed this augmented model, it can be observed that model adopted for LQG can be

considered as a particular sub-category of this augmented model, with

By, =0, Ci=1

Furthermore, LQG could be implemented even choosing different values for B; and Cy:
in other words, an augmented model can be adopted in LQG, but the expression of the
targets calculation matrix changes: in fact, steady-state dynamics with an augmented

model is the following;:

Xss = AXss + Bugs + deAk
dss = di (3.37)

Yss = sts + CddAk
from which

I—A —B] [ Bydy

. (3.38)
C 0 yss - Cddk

Xss
Uss

Byd,
S
yss_cddk
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3.6.2 Controller
Figure |3.2|shows that MPC strategy is made up of two separate blocks:

1. Steady-State Optimization, which calculates optimal values of states and inputs;

2. Dynamics Optimization, which generates a sequence of optimal inputs for a time

window made up of N elements ( N= Prediction Horizon ).

According to the Receding Horizon Control (RHC) strategy, only the first element of
this sequence of inputs is sent to the Plant: hence, for each sampling time, both blocks

repeat their calculations.

3.6.2.1 Steady-state optimization

This block calculates optimal steady-state values,i.e. the targets, for states, x,;, input 1

and output, yss.

The optimal steady-state control problem is so defined:

(i (yes )" = min (v 4k = 2ysm) (339)
subject to:
Umin < Uss < Upax (3.40a)
Xss = AXgs + Bitgs + Bydyy (3.40b)
Yss = Cxss + Cdd\k\k (3.40¢)

The problem can be written in a compact form:
min(zT Hyz + z* f) (3.41)
z
subject to:

¢ Equality Constraints

quZ — beq (3.42)
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¢ Inequality Constraints
Ainz < bindy (3.43)

with the above matrices and vectors so defined:

Xs 0n><n O 0 0n><n
z=|u|,Hs=| 0 0 0|,f=] 0
Ys 0 01 —Iy

0 1 0
Aip = /bin = Hmax
0 -1 0 —Uwmin

Remark: 7, and dAk‘ x could change for each sampling, so vector f (and so the solution of

the optimal stady-state problem) must be computed online.

3.6.2.2 Dynamic optimization

As said before, the role of this block is to calculate, for each sample time, a sequence of

optimal control inputs, even if only the first of these inputs is to the plant P.

Given the following Deviation Variables:

X =X i—x
T Tkl e (3.44)

Uj = Upyjlc — Uss
and the Prediction Horizon N, dynamics optimal control problem is defined as:

N-1
min - (# Q%)+ ] Rit;) + £ Pay =

Xjtj j=0

N-1
min (ijQJZj n Raf) + 7T Pry
I =0

s.t.
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fjJrl = Af]‘ + Bﬁ]‘ (3.45)

Umin — Uss < Uj < Upmax — Uss (3.46)

With Q = CTC, R as a scalar value, and P obtained as solution of the Discrete Algebraic
Riccati Equation (DARE).

We can write all this in a compact way as

n;in(szHdzd +2z47q) (3.47)
d
s.t.
DZd =e (348)
Gzq < h (3.49)
with
I, (Q 0 1 o]
"o 0 0
X1 0
Z4 — ﬁl IHd = ’q —
' R
. 0 P 0
XN | - - -
(1 0 0 ] EEA
—-A —B 1 0 0
0 —-A -—-B
D= ,e =
|0 ~A -B 1] 0
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01 0 ... ... ... ... ... 0 [ (tmax — thss) |
o -1 0 . " : — (Upin — Uss)
o 0 1 .
0 -1
: 1 0 (Umax — Uss)
0 oo eee et e . 0 =10 | — (Umin — Uss)

The solution to the quadratic problem calculates at each sampling T the vector zq4, thus
the control input a time 0 as deviation variable, iy, from which the final expression of

desired input uy

Up = ﬁ() + Ugs (3.50)

And uy so obtained is optimal.
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Chapter 4

Proposed Observer Based IMC

structure

In this chapter a Disturbance Observer Based Internal Model Control (DOB-IMC) is

proposed, and its features and properties are delineated.

As first step, there is the presentation of the proposed structure for OL stable plants;
afterwards, the structure has been extended to OL unstable plants, according to in-

structions given by [7, (10, 21].

41 Model

The model is represented by the following equations, taken from the MPC control

scheme (the so-called Kalman Predictor Step):

[%Huk _ A By Fﬂk—l n B ut Ly (yk—{c Cd} JikD

Aii1)k 0 1] [dijk—1 2 k @)
o Lk
Yk = [C Cd} d\k]

Hence, instead of the usual model, an augmented one is taken into account, where cik

is introduced as additional state.

Furthermore, conventional IMC deadbeat observer is replaced by a Luenberger ob-
server, in order to overcome the poorness of performance that Internal Model Control

normally achieves with the occurrence of a disturbance on control input uy.
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4.2 Open loop stable plants

The modified structure initially proposed for open loop stable plants is shown in Fig-

ure 4.1}
dp

re € u k
kol S L

A

observer

Y

d

FIGURE 4.1: DOB-IMC block diagram for open loop stable plants

As it can be easily seen from the picture, the block standing for the model in the orig-
inal IMC scheme is replaced by an observer block; moreover, the feedback branch in
this structure is represented by dy, which is supposed to replace the conventional IMC

return difference between measured output and estimated one, namely d; = y; — C%y.

In this framework controller design is left unchanged and its tuning perfectly follows

the tuning istructions given in Chapter

Remark: In order to make this structure work, it is necessary that what is fed back to the

controller is exactly the same quantity as it used to be in classical IMC, that is

(ijJk

This is true only if the equations of the model shown in collapse to the ones de-
scribing (2.10), that is the conventional model adopted in IMC; this happens only under

certain specific conditions, i.e.

B; =0, Ci=1 (4.2a)
L,=0, Ly=1 (4.2b)
However, we want to obtain stability independently from the choices of both the ob-

server and the matrices, so the next step consists of working on a system capable to

turn the observer output into the classical return difference dj.
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4.2.1 Algebraic equivalence of two different systems

To make structure in Figure work, system (4.1) needs to be turned into an alge-
braically equivalent one, having B; and C; described by (#2a) with different observers
than those in (4.2b).

Ly and L, are evaluated used the following corollary, taken from [16]

Corollary 1. Given two systems in the form (4.1)), defined by matrices
i. (A,B,C,B;,Cy, Ly, Ly)
ii. (A,B,C,B;,Cyq Ly, Ly);
assuming that
e The pair (A, B) is stabilizable, the pair (A, C) is detectable, and

A—1 By
Cq

rank =n-+ny

where n = dim(A) and ng = dim(dy).

e The matrix

is strictly Hurwitz.

these two systems are Algebrically Equivalent (AE) if there exists Hj, € R"*" and

Hu] _ [Bd
H» Cq

and such that ]:_,x = Ly + HipLy and id = HylL,.

Hy, € R"*™ (invertible) satisfying:

(4.3)

A—1 By
c (4

Once these new values are known, it is sufficient to replace system (i) with (ii) to make

the control structure work.

In this way, in this way, augmented system can be obtained with the matrices and the
observers chosen arbitarily; for instance, it is possible to choose (see [14}20] for further
details):

¢ L, set through pole placement technique or, better, defined as a Kalman filter, L; =
L

° Bd:Lx,Cd:]._CLx
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Chapter 4 Proposed Observer Based IMC structure

4.2.2 Introduction of a transformation block

Since we do not want to change B;, C; into B; and C,, itis necessary to modify structure
of Figureinto something new, capable to turn the observer output dy into the desired
feedback d~k ; 80, an additional block H is added to the control scheme, thanks to which
I have

d, = Hd,
where , in the OL stable case, H is equal to Hy, calculated in (4.3). The adjustment is

shown in Figure which can be more generally represented by Figure where

the disturbance enters with its own dynamics, P;.

dp
187 €t Uj yk
et Q 1 P
~ observer
dy H . dy
(A)
dp
P4
192 et Uy + Yk
—:O—» Q > P O >
> observer [
dy H . dy

(B)

FIGURE 4.2: DOB-IMC block diagram for open loop stable plants, with the transfor-
mation block H
4.2a} step-like disturbance
disturbance with a certain dynamics P,
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Chapter 4 Proposed Observer Based IMC structure

4.2.3 Sensitivity functions

Sensitivity functions are useful and powerful instruments thanks to which it is possi-
ble to verify if response is well-shaped and to analyze robustness of control schemes;
sometimes finding these functions is easy, such as with classical FB o IMC structure. On
the contrary, finding CL transfer functions for this block diagram is not immediate and
straightforward, since it needs some preliminary information, such as the knowledge

of the observer transfer function.

4.2.3.1 Observer block trasfer functions

To define CL transfer functions T and S for the Observer-Based IMC, it is necessary to
derive, first, the transfer function for the observer block: this can be obtained considering

that che observer block has, as it is easy to see in Figure

U Yk
— observer [~—

N

dr Xx

FIGURE 4.3: DOB-IMC, observer block

e two inputs, 1y and yy;

¢ two outputs, £; and dy

so, basically, there is the need to build several transfer functions.

Equations for the observer block are:

x A B Xl B L X
[AkJrlIk _ d [Ak|k1 4 g + 1 (yk—{C Cd} Ak])
Ary 1)k 0 1] [dipg— 2 dk w4
. Xk
Yk = |:C Cd} dAk]
with
L[] A B [
| 0 1| |k




Chapter 4 Proposed Observer Based IMC structure

For a matter of simplicty and shortness, some terms are grouped:
. Rrjk-1
Aik—1

1;],@: c cf L=4L

A By
0 1

_ B =

so it can be written (4.4) in a more compact way

2 a = (A—LC) 5y + Bug + Ly (4.5)

while the equations for estimated states and disturbance kept separated are

foap = (|4 By —11C) 2y + B+ Luyi (4.62)

G = ([0 1} - ch‘) £y + Loy (4.6b)

Considering a generic system G described through state-space variables with (4, B,C, D),

its transfer function is

G(z) =C(zI—A)'B+D 4.7)

A|B
C|D

in the rest of this section, we will adopt this notation for the description of transfer

(4.7) can be also written as

G(z) = (4.8)

functions.

Using superposition principle

2(z) = fyx(2)y(z) + fuxu(z) (4.9a)
d(z) = fy.4(2)y(2) + fuau(z) (4.9b)

with
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Chapter 4 Proposed Observer Based IMC structure

* fyx as transfer function between y(z) and £(z)

| A-1¢ L
Jux = {A BdJ—Llc‘h

* f,.x as transfer function between u(z) and £(z)

A—-ILC B
{A BdJ—L1C‘B

f ux —

* f,a as transfer function between y(z) and d(z)

4.2.3.2 CL transfer functions

As known, the output of a system y can be considered as a sum of two different contri-
butions, that are the reference tracking problem, represented by the the complementary
sensitivity function T, and the disturbance rejection problem, represented by the sensi-

tivity function S.

So, thanks to the Superposition principle, we can write

y(z) = T(2)r(z) + 5(2)d(2)

and T(z) and S(z) are calculated separately.

The algebraic expression for complementary sensitivity T is

rQ
T = 4.10
1+ PQHxnfy4 + QH2fud (*.10)

while the equation for sensitivity, S, in the general case of disturbances occurring pro-

vided with a certain dynamics process P;:
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Bode Diagram

n
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FIGURE 4.4: DOB-IMC Sensitivity functions for open loop stable plants

B Py (1+ QHxfuq)
14 PQHxnfya+ QHxnfy @1

Furthermore, there are particular situations:

* case P; = 1, disturbance on the output

_ (1+ QHxfya)
1+ PQH» fyq4 + QHxfya

S

* case P; = P, input disturbance entering just before the plant

_ P (1+ QHxnfyd)
1+ PQH» fyq4 + QHx fya

As an example, CL transfer functions for a nominal case P(s) = G(s) with model de-
fined as (2.3) are displayed in Figure

These functions appear to be well-designed, since they clearly show that this control
structure works as it is supposed to, i.e. the complementary sensitivity rolls off to zero

at high frequency and is equal to 1 at low frequencies (it means perfect tracking of the

Reference Signal), while the sensitivity rolls off to zero at low frequency.

Further information about how to calculate CL transfer function for a stable configura-

tion of DOB-IMC can be found in Appendix
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Chapter 4 Proposed Observer Based IMC structure

4.3 Open loop unstable plants

When the Plant P(z) is OL unstable, i.e. it has one or some unstable poles |'| control
scheme provided in Figure |4.2|is not able anymore to stabilize the process output: the

structure needs to be modified.

In order to do this, notes given by Q parametrization [7], have been very useful, which
states that provided that both plant P(z) and controller Q¢ (z) are stable, the Parametriza-
tion of All Stabilizing Controllers needs:

* a Luenberger observer, whose gain is L;

* astabilizing state feedback F, chosen making sure that

A=A+BF

is Hurwitz.

The observer already existed in structure in Figure so there is only the need to add
the state feedback.

Control scheme adopted for Unstable Plants is shown in Figure

dp
19 €t U Yk
—:O—> Q —() > P O >
Fxy
E > observer [
52]( ﬁk
Cik d

H -

FIGURE 4.5: DOB-IMC block diagram for open loop unstable plants

In the OL stable systems structure, even though there are two outputs exiting from the
observer block, i.e. %, and dj, only the disturbance estimation dy is fed back to the
controller, provided the transformation discussed in Section here, instead, vector

of states £ is a key point for the construction of the control input, since £ first passes

! An unstable pole in discrete time is a pole p; such that |p;| > 1
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Chapter 4 Proposed Observer Based IMC structure

through H and then the resulting X is sent to the stabilizing state feedback F, and the

exiting product F¥; is a part of the final control input expression, that is

Up — U(k) + ka

Hyj1 Hip

In this case, the structure of matrix H is H =

] , so the tranformation equa-

tion becomes:

Tl g 4.12)
d dy
Control input exiting from the controller Q(z) is called vy : definining e b =Tk — dy,

vk = Qe

Remark: OL Stable Plant control structure could be considered as a particular case for

the general structure shown in Figure where F is chosen to be zero.

4.3.1 IMC controller tuning

Let the unstable model be

where b; is an unstable pole.

The state-space description for G(z) is

Xgp1 = Axg + Buy (4.13)
vk = Cxy

The idea is that the IMC controller should keep working as it already used to do in
OL stable configuration, taking care of both tracking system and disturbance problem,

while F has, as only task, to make the output y, stable.

In order to do this, IMC controller has been tuned using a different model from (4.13),

since matrix A has an eigenvalue A; standing outside the unit circle: so, Q is built using
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Chapter 4 Proposed Observer Based IMC structure

the same tuning Rules descripted in Section but the model to be inverted during

the decomposition is the pre-stabilized one, i.e.

P AP

X, = Ax; + Buy
k*; ’; (4.14)
Y = Cx;

where A = A + BF is guaranteed stable as a requirement for the choice of F.

4.3.2 CL transfer functions

Transfer functions for the observer block are those defined in Section(4.2.3.1} expression

for the sensitivity functions is

PQ
1+ PQHxfyq + QH2 fuqg — PFH11 fyx — FH11 fux — PFH1ofy 0 — FH12fua
(4.15)

Tunst =

while the sensitivity is, considering a disturbance with a certain dynamics P,

Pd (1 + QHZqu,d - FHllfu,x - PHlqu,d)

1+ PQHx fya + QHxfya — PFH11 fyx — FH11 fux — PFH1ofy 0 — FH12fua
(4.16)

Sunst -

which becomes

¢ for disturbances on the output,i.e. P; =1

Sy = (14 QHx fya — FHyi fux — FHiofua)
Y14+ PQHyfya + QHo fua — PFH11 fyx — FHui fux — PFH1ofyq — FHiofua

¢ for input disturbances, P; = P

Sy = P(1+ QHxnfys— FHi1fux — FHi2fua)
Y14+ PQHyfya + QHa fua — PFH11 fyx — FHui fux — PFH1afyq — FHiofua

For instance, considering a nominal case with model

—2s+1
(2s—1)(5s+1)

G(s) =e™ > (4.17)
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Chapter 4 Proposed Observer Based IMC structure

Bode diagrams for Ty;s and Syus are shown in Figure in Figure there is an
output disturbance and in Figure the disturbance occurs immediately before the
plant.

Bode Diagram

Magnitude (dB)
= = IN]
o o o o

N
(S

-360 [

-720 1 1
107 1072 10t 10° 10t
frequency (rad/s)

(a)

Bode Diagram

Magnitude (dB)
= BN
o o o o

)
S

1080

720 s

360

Phase (deg)

-360

-720 1 1
107 1072 10 10° 10t
frequency (rad/s)

(B)

FIGURE 4.6: DOB-IMC Sensitivity functions for open loop unstable plants,
for a step-like disturbance occurring on the output
for an input disturbance

From these pictures we can see that disturbances are amplified for high frequencies
and rejected at low frequencies, but in an industrial framework high frequencies are

not relevant.

For more information about how to obtain the expressions for CL transfer functions in

the Unstable configuration, go to Appendix

Remark: It is imporant to notice that
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Chapter 4 Proposed Observer Based IMC structure

T+S#1

both in stable and unstable plants.

In Internal Model Control, sum between S and T is always equal to 1: this because
IMC has a one degree of freedom controller; this proposed Disturbance Observer Based
IMC, instead, has a two degree of freedom controller, since there is more than one tuning

parameter, that are:

¢ in the OL unstable configuration, A, Ryps and Rgp;

¢ in the OL stable configuration, A and R,s

where Ryps and Ry, are weighting matrices for the choice respectively of the observer L
and the stabilizing state feedback F.
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Chapter 5
Applications: linear systems

In this chapter DOB-IMC is applied to several kinds of Linear systems; these examples
have been chosen to show how this control structure works if applied to different kind
of plants and to compare results obtained with well-known control structures, such as
Internal Model Control and Model Predictive Control.

Furthermore, these systems have been tested from the robustness point of view as well,
in order to verify if this structure could afford some mismatches between Plant and
Model, which thing occurs very often in real systems; this is an important aspect, since
itis really hard to have a model which is the exact “copy” of the Plant; some mismatches

might always been taken into account.

Remark: In the whole work, only stricly proper plants are simulated: this is consistent
with reality since most of the physical processes are strictly proper; furthermore, it has
been done in order to avoid alegraic loops, which would make both DOB-IMC and

IMC resolutions in dicrete time not able to give a stable response.

5.1 Procedure

This section briefly summarizes the operations needed to obtain all the elements re-

quired for the analysis.

Assuming P(s) to be the plant and G(s) the model, and once chosen a certain sample
time T;, P(s) and G(s) are converted from Laplace transform into z-transform; then,
G(z), discrete-time expression for the model, is decomposed into Minimum and Non-
Minimum phase, respectively Py, and Pyp, according to Section
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Chapter 5 Applications: linear systems

Afterwards, there is the inversion of the model, in order to build the ideal controller
Qi = P,;; and then the insertion of the filter, as a sort of “detuning” for the control

input: final expression for the controller is

_Qd(z) o 1
Q(S) - F(S) - Qld(s) (AS + 1)71 (51)
in continuous time, and
_ Qialz) o 1—a
Q(Z) - F(Z) - Qld(z) <Z _ 06)1’1 (52)

in discrete time, where 0 < a < 1: the greater are A (or, equivalently, a) and 7 values,
the stronger is the detuning effect: as a result, high values of these parameters give
a sluggish output, but with stronger robustness property. It is important to achieve a

reasonable trade-off between fast response and robust performance.

Another element required is the observer, chosen accordingly to methods discussed in
Chapter 3.

When the system is open loop unstable, a stabilizing state feedback F is needed: this
has been here built as optimal, i.e. F is a steady-state Kalman filte

Once done all the preliminary steps, we can see and analyze responses.

Remark: Reading this section, it emerges immediately that every reasoning part refers
to continous time plants, in order to make analysis more immediate and easy to unde-

stand; this does not affect the results and the remarks done in the whole chapter.

5.2 First order plants

5.2.1 Open loop stable plant

Let the Plant be

1
P(s) = TR s (5.3)

namely a first-order lag plant with delay, and whose pole p = —% € LHP.

Time delay belongs to the non-minimum phase part of the plant, so in the decomposi-
tion it is separated from the “good” stuff, that is the minimum phase part, selected for
the building of the controllerﬂ

IThis is the choice adopted for this work; nevertheless, F could be chosen in other ways, such as using
pole placement technique, here avoided because considered too much aggressive, since CL poles could be
placed too far away from A original eigenvalues

2This remark about time delays is explained only here, but it will be still valide for every plant provided
with delay here analyzed

46



Chapter 5 Applications: linear systems

8 1 T
= I Y At
~
g o5t |
. ——=A=2
R I A=5
sy e A=10
S o | ‘ ‘
0 30 40 50 0
Timels]
4
3 -
=
% 2N |
S
X ~
1 [T
0 1 i | | ‘
0 10 20 20 20 ” -
Timels]

FIGURE 5.1: First order OL stable system, nominal responses for different values of A
5.2.1.1 Nominal case

For the moment it is assumed not to have mismatches between plant and model, G(s) =
P(s).

Responses to the nominal case for a constant step input 7, = 1 can be seen in Figure
for different values of A: as expected, response becomes sluggish for increasing values

of the filter time constant.

As further instrument for analysis, it is possible to study frequency response of CL
transfer functions, calculated as explained in Section Bode diagram of sensitivity
functions is represented in Figure[5.2} that shows that complementary sensitivity T rolls
off faster for bigger values of the filter constant; on the opposite side, a growing filter
constant values determines a slower rolling off of the sensitivy; a fair trade-off between

these two opposite trends needs to be found.

In order to find a good value for A, robustness analysis could be very helpful.

5.2.1.2 Non-nominal case: robustness analysis

When the model does not exactly represent the actual plant, i.e. P # G, it is possible to

express the mismatch between P and G in terms of multiplicative uncertainty I, using

the following expression:

P=G(1+1,) (5.4)

thus
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Bode Diagram
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FIGURE 5.2: First order OL stable system, closed loop transfer functions:
complementary sensitivity
sensitivity

P — _

where [, is the upper bound for I,,,.

The case to be considered now is to have (5.3) as model, with equal uncertainty o = 25%
on each parameter, namely 7, K and 6: I, is obtained through Equation and its Bode
diagram is shown in Figure

So, generally, 1, is low at low frequencies and it grows at higher frequencies. It can be

defined a set of plants IT such that

IT

{p: ](p_p) 15*1\ <ln(@)} (5.6)
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FIGURE 5.3: First order OL stable system, Bode diagram of multiplicative uncertainty

I

The necessary and sufficient condition for Robust Stability is (see [13,[18,[19]

T (iw)| < I (w),Yew (5.7)

So, assuming a certain percentage of uncertainty, the trade-off could consist in find-
ing the lowest value of A able to satisfy (5.7): translated into a Bode diagram frame-
work, this means that complementary sensitivity T plot needs to be at most tangent to

Ly (w) ™" Bode diagram.

For model calling K, 7, 6 plant parameters and K, %,0 model parameters, and fixing

o = 25% as mismatch on every parameter, namely

K=R(1+0) (5.82)
T=%(1+0) (5.8b)
0=0(1+0) (5.8¢)

the filter constant value satisfying (5.7) is Asg = 0.98, which corresponds to the red line
in Figure[5.4, with the tangency detail zoomed Figure|5.5; thus, it is possible to take any

A > Agr being sure to satisfy stability robustness condition.

As an example, Figure shows nominal and uncertain output response for a filter

time constant equal to 3.

Figure |5.6/ shows the difference between the nominal output (solid line) and the one

with uncertainty on all parameters (dashed line) for a given A = 1: in this case, the
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Bode Diagram
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FIGURE 5.4: First order OL stable system, Bode diagram for robust stability
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FIGURE 5.5: First order OL stable system, Bode diagram for robust stability; detail of
the tangency point between [,;! and T

situation is quite close to the robust stability limit (it has been made on purpose, in
order to show how the control structure works in the worst case scenario), but the
response could be made more robust by increasing A value, keeping in mind that a

growing value for the filter constant makes the resulting output slower.
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FIGURE 5.6: First order OL stable system, comparison between nominal response, and
uncertain response (¢ = 25%)

For each case here analyzed, tuning parameters have been set in the following way:

* observer parameters are equal in MPC and DOB-IMC;
* A, tuning parameter for IMC controller, is the same for both IMC and DOB-IMC;

e in order to find some tuning parameters to work with, controllers have been de-
signed in such a way that the output response for every control strategy for a
change in set point is the same. Afterwards, disturbance rejection problem is an-

alyzed.

Coming back to the nominal case, once chosen a suitable value for the filter constant,
comparison between responses to already existing control schemes IMC and MPC in

time domain, are shown in Figure
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FIGURE 5.7: First order OL stable system, comparison (in nominal conditions) be-
tween IMC, MPC and DOB-IMC

with the following tuning parameters:

1. MC:A=3,n=1;
2. MPC:

e for the observer choice, Q,,s = I and R, = 1;
* for the quadratic optimization problem, Q.+ = CTC and Ropt = 0.5;
* for the matrices of the augmented model[3.30, Bd = Ly and C; =1 — L,C;

3. DOB-IMC:

e for the IMC standard controller, A =3 ,n=1;
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e for the observer choice, Q,ps = I and R ;s = 0.5;

¢ for the matrices of the augmented model Bi=Lyand C; =1-L,C;

Figureshows that, without any disturbance, there is actually no difference between
IMC and DOB-IMC, as desired; furthermore, as expected, DOB-IMC works exactly as
a classical IMC, since feedback branch dj is 0.

Figure instead, shows disturbance rejection problem: here we see that, differently
from Figure DOB-IMC and IMC exhibit quite different trends, since DOB-IMC
response set with these tuning parameters (solid line) is closer to MPC rather than
IMC.

This is a first validation of DOB-IMC, since it respects the expectation of faster re-

sponses in the case of input disturbances.

5.2.2 Open loop unstable plants

The Plant taken under exam now is

P(s) = 551_ 1e—95 (5.9)

that has a pole p = % € RHP

5.2.2.1 Nominal case

Nominal responses for a step input with different values A are shown in Figure|5.8} and
their corresponding Bode diagrams represented in Figure even in this case, results

perfectly mirror what was expected, the higher is A, the slower y; settles down.

As for the OL stable case, a trade-off value between speed in the response and robust

performance, thus a good value for the tuning parameter A needs to be found.
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FIGURE 5.8: First order OL unstable system, nominal responses for different values of
A

5.2.2.2 Non-nominal case: robustness analysis

In this case robustness analysis modalities are different because for the OL Unstable
Plant control structure defining a multiplicative uncertainty appears quite difficult,
since feedback F acts stabilizing the state belonging to system G = (A, B,C, D), while
the IMC controller is based on the inversion of the pre-stabilized system, described by
(4.14).

So, once fixed an uncertainty value ¢ = 25% on each plant parameter, different values

for tuning parameters have been tested in order to decide which one is the best.

In this case, there is another factor to take into account, since there are not only IMC

controller and observer as control instruments, but there is also the stabilizing state
feedback F.

Keeping Qs, = C'C fixed, it is interesting to see how the system reacts to different

values of Ry;: only for the moment, A is kept equal to 1.

From Figure emerges that, apart from Ry, = 0.1 (case shown separately in Fig-
ure 5.10a), for which the corresponding output response is unstable, the choice of Ry
does not affect so much the performance; so, it is possible to choose the desired R b

without loss of stability or robustness.

Consider now IMC controller tuning parameters: given a fixed value for R, namely
Rpp = O.ﬂ responses for different values of A need to be investigated: results of the
parametric Analysis are shown in Figure since for 1 < A < 5 time response does

3to keep continuity with the previous sections
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FIGURE 5.9: First order OL unstable system, closed loop transfer functions:
complementary sensitivity
sensitivity

not change that much, it is possible to assume , as previosly done, A = 2.5: this choice
has been done in order to keep the same value used for an OL stable plant, and also for
having a A that could be a good compromise between robustness and velocity (A = 5

already starts to exhibit a too much sluggish response).

A comparison between nominal and uncertain responses in a situation very close to
instability can be looked at in Figure since, unfortunately, there is not a specific
limit value to test, the situation analyzed is the closest as possible to unstability, i.e.
Rpp=011and A = 1.
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FIGURE 5.11: First order OL unstable system, robustness test: parametric analysis for
different values of the filter constant

In this case, time response obtained will be compared only to MPC, since classical In-

ternal Model Control does not manage to control OL unstable plantﬂ

Tuning parameters are:

1. DOB-IMC:

o for the IMC standard controller, A =2.5,n = 1;
e for the stabilizing state feedback F, Q b= CTc, R =05

¢ for the observer choice, Qs = I and Ry = 1;

¢ for the matrices of the augmented model Bd=Lyand C; =1—L,C.
2. MPC:

e for the observer choice, Q,,s = I and R, = 1;
¢ for the quadratic optimization problem, Q,,: = CTC and Ropt = 0.5;

e for the matrices of the augmented model[3.30} Bd = Ly and C; = 1 — L,C.

From the comparison of the two different control strategies so tuned, it is easy to ob-
serve that DOB-IMC in an OL Unstable configuration is able to achieve results very

close to those given by MPC.

“In literature there are some works presenting an IMC designed and tuned to control unstable plants:
see [13]. Nevertherteless, in this work this configurations has not been taken into account.
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FIGURE 5.13: First order OL unstable system, comparison (nominal case) between
MPC and DOB-IMC

Furthermore, we want to investigate how much the response is affected by different
values of A: from Figure m it can be seen that, given a fixed value of R, even decreas-

ing A the output does not become faster than MPC.
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FIGURE 5.14: First order OL unstable system, comparison between MPC and DOB-
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5.3 Second order plants

The transfer function for the plant here analyzed is

—2s+1

Ps)=e™™ (is+1) (s +1)

(5.10)

This is the Laplace function representing a Second Order Plant with Time Delay (SOPTD)

and inverse response as an effect of the positive zero for z; = 0.5 .

First, classical IMC controller needs to be tuned. The positive zero belongs of the Non-
Minimum part of the plant, so P needs to be decomposed in order to separate this term

from the part of the plant adopted for the tuning of Qjpmc, i.e. the Minimum one.

5.3.0.3 Nominal case

Nominal response for plant (5.10) in time domain with the usual values adopted for A
can be seen in Figure
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FIGURE 5.15: Second order OL stable system, nominal response for different values of
A

and Bode diagrams of CL transfer functions are represented in Figure

In time responses plot we can notice that an high A gives a slow response but copes bet-
ter with the inverse response; Bode diagram for transfer functions show that controller
has been well designed, and that the rolling off frequency of S and T changes with filter

constant values.

60



Chapter 5 Applications: linear systems

Bode Plot
0 — === T
EEEEN
) NOIR
N N
Z ot S ~ .
o NG ~
< LN
Z N,
k= A= N
0200 _\=2 1
= ||==- A=5
4444444444 A=10
30 1 1 1
360
o 180 F 1
<
=
) or 1
g
&
<
Ay -180 8
-360 L
107 1072 10 10° 10t

frequency (rad/s)

(4)

Bode Plot

20 - : :
o
g o
<
2 20
=
=]
o0
& .40
=1

-60

540
@ 360
()
=
o 180
@
g
Ao

,180 1 1 1

10°° 102 107t 10° 10t

frequency (rad/s)

(B)

FIGURE 5.16: Second order OL stable system with inverse response, closed loop trans-
fer functions

complementary sensitivity

sensitivity

As usual, an optimal value of A needs to be sought: robustness analysis will be helpful

in this field.

5.3.0.4 Robustness analysis

Consider an percentage of uncertainty o = 25% on each parameter: in other words if

the model is

. A as+1
G = Ke % 5.11
¢ hst1) (Bs+1) G-11)
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And expressing plant parameters in terms of ¢

K=K(1+0) (5.12a)
a=&(l+0) (5.12b)
7 =1(4+0) (5.12¢)
B ="2(1+0) (5.12d)
0=0(1+0) (5.12€)

expression for the actual plant P in terms of ¢ and model parameters is

(as +1)
(is+1) (s +1) (5.13)

As done for first order plants, a value of A able to satisfy robust stability condition

needs to be found: Figure reveals that is satisfied by A = 1.5.
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FIGURE 5.17: Second order OL stable system with inverse response, Bode diagram for
robust stability

Comparison between nominal response and the one provided with uncertainty is pre-
sented in Figure
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FIGURE 5.18: Second order OL stable system with inverse response, comparison be-
tween nominal response and uncertain response (¢ = 25%)

Once fixed a certain value for the filter time constant, it is possible to look at and sub-

sequently analyze DOB-IMC time responses, compared to classic IMC and MPC, rep-
resented in Figure
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FIGURE 5.19: Second order OL stable system with inverse response, comparison
(nominal case) between IMC, MPC and DOB-IMC

Tuning parameters for the three control scheme are the same as those for first order

plants, namely

1. IMC:A=3,n=1;
2. MPC:

e for the observer, Qs = [ and Ryps = 1;
o for the quadratic optimization problem, Qo = CTC and Ropr = 0.5

* for the matrices of the augmented modelB.30} Bd = Ly and C; =1 — L,C

3. DOB-IMC:
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e for the IMC standard controller, A = 3 and n = 1;
e for the observer choice, Qups = I and Ry, = 0.5;

¢ for the matrices of the augmented model Bd=Liand C; =1 L,C

In Figure responses are very close one to each other; in Figure instead,
trends of DOB-IMC and MPC are still equite close, while IMC, nevertheless has the
same A as DOB-IMC,this time gives a slower response, for the reasons previously ex-

plained.

DOB-IMC response can be further made faster or even slower by respectively decreas-

ing or increasing the tuning parameter value.

5.4 Integrating plants

In this section there will be a short description of how this kind of plants could be
controlled adopting DOB-IMC strategy, which thing should not taken for granted, since
integrating dynamics are provided with some features that make it difficul to control

them with this control structure.

5.4.1 Definitions and problems of an integrating plant

In continuous time, an integrating Plant has a pole in the origin, namely p; = 0 : an

example of integrator in Laplace transform is shown in the following equation:

P(s) = (5.14)

K
s
This type of plants cannot be implemented in DOB-IMC: in order to understand why
this implementation faces difficulties, it could be helpful converting P(s) from contin-

uous time to dicrete time.

In a discrete time context, integrator is a process with a pole p; = 1, at the border of
the stability region: an example of a discrete-time integrator is given by the following

equation:

P(z) = (5.15)

When using a state-state description for (5.15), with its relative set of matrices (A, B, C, D)

we see that matrix A has en eigenvalue in 1: this makes things difficult from a point
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of view of implementation, since transformation matrix described by (4.12) cannot be
computed because of its very high conditiong number, which makes its inversion im-

possible.

The solution adopted to overcome this problem is to represent the integrating plant
with a model slightly different from (5.14): namely, G should be modeled as a first
order model with an high lag:

G(s) = (5.16)

with T > 1.

It is possible to adopt this approximation because the limit of G for high values of time

constant T goes to the system gain K:

lim G(f) = lim K—* = K (5.17)

T—00 T—00 - <S + 1) S
T

This way of acting naturally involves robustness problems, since representing the plant
with (5.16)) clearly implies a plant/model mismatch.

The model can be chosen to be whether OL stable or unstable, and could be imple-
mented in both configurations analized in Chapter[# after several trials (here omitted),
it seems that the configuration giving the best behaviour is stable or unstable model ap-

plied to the OL unstable scheme.

In order to analyze scheme behaviour in presence of integrating plants, several analysis

needs to be done.

5.4.2 Parametric analysis

Let the plant be despcripted by a pure integrator as defined in (5.14): it is assumed the

model to be

G(s) = (5.18)

The attempt is to control it through the OL unstable Configuration scheme of DOB-
IMC.
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5.4.2.1 Parametric analysis for T

First thing to do consists of searching for a time constant value T which good represents

the plant:
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FIGURE 5.20: Integrating plant, time response for different choices of T

In Figure there are time responses for different values of time constant (assuming,
for the moment, A to be 1): it is evident that, for T > 10, there is no such a big difference
in the behaviour of time responses ; thus, it is assumed to be T = 20, since zooming the
tigure, whose zoom is shown in Figure this is the lowest value for which y does

not exhibit underdamped response.
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Time(s|

FIGURE 5.21: Integrating plant, zoom on time response for different choices of T

Transfer functions for different values of T can be found in Figure the higher is 7,

the faster both sensitivities roll off to zero, but difference between different values of

time constant is not very relevant.
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FIGURE 5.22: Integrating plant, closed loop transfer functions for different values of T
complementary sensitivity
sensitivity

5.4.2.2 Parametric analysis for A

Afterwards, a good value for A needs to be sought: so, different filter constants have
been tested, and results are shown in Figure[5.23}
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FIGURE 5.23: Integrating plant, time response for different choices of A

Looking at this pictures, it clearly emerges that the smaller is A, the better is the result-
ing performance, since an high value for the filter constant determines a response more
fluctuating: this even because an integrating system needs to be kept under control, so

filter detuning action does not need to be too much excessive).

Figure shows CL transfer functions for values of A analyzed.
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5.22b} sensitivit
y

Growing values of filter time constant determine a faster rolling off for T, but, on the
other hand, S reels off slower; furthermore, values different from 1 generate a peak at

mid frequencies.

For all there reasons, A is assumed to be 1.

Once fixed model and controller tuning parameters, it could be interesting to look at the
comparison of performances between IMC, MPC and DOB-IMC; tuning parameters,

this time, are the following (R s, has been kept, for the moment, equal to 0.5 for a matter

of continuity with other sections):

1. MC:A=1,n=1;
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2. MPC:

e for the observer, Qs = I and Ry = 1;
¢ for the quadratic optimization problem, Q,,: = CTC and Ropt = 0.5
e for the matrices of the augmented model (3.30), B; = Ly and C; =1 — L,C

3. DOB-IMC:

for the IMC standard controller, A = 1;

for the observer choice, Qs = I and Ry = 1;
for the stabilizing state feedback, Qs = CTCand R = 0.5;
for the matrices of the augmented model Bj=Lyand C; =1—-L,C

Figure shows responses for, respectively, reference tracking problem and distur-
bance rejection: for the case of a change in the set point, represented in Figure
we see that DOB-IMC, designed with tuning parameters previously specified, leads to
underdamping in the output; this behaviour can be better noticed in Figure [5.26] In

Figure|5.25b)} instead, a step disturbance d), = 1 occurs at the output: it is immediate to
notice that DOB-IMC response is worse than IMC and MPC, but we have to consider
that model (5.18), implemented in DOB-IMC, is different from the plant itself, while
both IMC and MPC have been implemented in nominal conditions, in which G = P.
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FIGURE 5.25: Integrating plant, comparison (nominal case) between IMC, MPC and
DOB-IMC
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FIGURE 5.26: Integrating plant, detail of comparison between IMC, MPC and DOB-
IMC for the case of a change in set point

In order to obtain a better response, different actions could be done: for instance, in-

creasing Ryp to 1 (keeping A fixed); improvement in the result can be seen in Figurew
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FIGURE 5.27: Integrating plant, comparison (nominal case) between IMC, MPC and
DOB-IMC, with an increased value for R, with a particular zoomed on Figure

and the response is not underdamped anymore. The behaviour of this structure when
faced to a pure integrating plants is considered as a big result achieved, since DOB-IMC
initially structure is not thought for this kind of systems; however, since it is still slower
than IMC and MPC, development of DOB-IMC for integrating plant should be further

improved.
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Chapter 6

Applications: simulated industrial

process

In this chapter DOB-IMC has been applied to a well-known case study, useful to see
how DOB-IMC copes with processes closer to reality, and not only with hypotetical

systems.

Case analyzed is the “Shell heavy oil fractionator”, whose definition is taken from [12]:
it does not represent a real situation, but it is implemented to show and analyze how
DOB-IMC deals with multivariable systems.

6.1 Process summary

The distillation column works as a fractionator, as shown in Figure

the feed enters the column at the bottom, in a gaseous form. There are three products
exiting the column, drawn off respectively at the top, side and bottom of the fraction-
ator: they can be seen on the right-hand side of the fractionator; furthermore, on the
left-hand side of the column there are three circulating reflux, again at the top, middle
and bottom of the column: they have the task to remove heat carried into the column
by the feed, giving it to other processes demanding for thermal duties, that could be,
for instance, other fractionator columns. Heat removal is made through heat exchang-
ers: the amount of heat removed by each reflux is defined as heat duty. Gains from heat
duties to temperatures are defined positive. Heat removed in the two top reflux de-
pends on the demand of the other processes: an higher duty corresponds to more heat
recirculated back into the fractionator (then, it also corresponds to a smaller amount of

heat given to other processes). Intermediate reflux duty is assumed to be a measured
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FIGURE 6.1: Shell oil fractionator

disturbance, so it can be controlled by means of a feedforward controller, while upper
reflux duty acts as an unmeasured disturbance, being thus object of interest in our imple-

mentation.

On the other hand, bottoms reflux duty is used as manipulated variable , so it can be used
to control the process: however, since it is used to generate steam sent other units, even
if bottoms reflux duty is a manipulated variable, our interest is to keep it the lowest

possible, for an evident economic advantage.
Top Draw and Side Draw are manipulated variables as well.

Controlled variables are the following:

¢ Composition of top end point flow;
¢ Composition of side end point flow;

* Bottoms reflux temperature.

Table [6.1| delineates and summarizes role and symbol of each variable taken into ac-

count.
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TABLE 6.1: Classification of each variable with its role and symbol

Variable Role Symbol
Top Draw Control Input uq
Side Draw Control Input Uy
Bottoms Reflux Duty Control Input u3
Intermediate Reflux Duty Measured Disturbance A
Upper Reflux Duty Unmeasured Disturbance dy
Top End Point Controlled Output Y1
Side End Point Controlled Output 2
Bottoms Reflux Temperature Controlled Output Y3

Now, transfer functions of the process need to be defined. Tables and [6.3] contains

information about transfer functions between inputs and outputs of the MIMO system
and of disturbances as wellll

TABLE 6.2: Transfer functions for the MIMO process

Variables Uq U Us
4.05¢ %7 1.77¢ 28 5.88¢7%7¢
n ¢ 50s 11 ¢ 60s 11 ¢ 50s 11
—18s —28s —15s
. __~ 572~ g -
v 93TE T T s r1 O0% T ams 1
—20s —22s
o ATt M T mern MV

TABLE 6.3: Transfer functions of unmeasured disturbances

Variables dy
—27s
Y1 1.20e 745514_ 1
—15s
v 192675
1.14
Ys 275+ 1

So, the MIMO transfer function of this multivariable system is

—27s

1
4.05¢ %7 1.77¢~28s . . —
05¢ 50 + 1 ¢ 60s 1 > 50s 1
G= 539" ——— 5720 —— 690e > —— 6.1
339 a1 7% Tgns it 0% T dos i 6-1)
43867205~ 442075~ 7.2
3Be s 1 ¢ Ms+1 0205 11

1We will not deal with measured disturbance, since they are kept under control through a feedforward
controller. Building this kind of additional controller goes beyond the aim of this work.
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All transfer functions are linear systems of first order provided with time delay.
A sample time Ts = 1 has been here chosen.

In the following pages there will be results of implementation of 3 x 3 “Shell” case
controlled through DOB-IMC; results will be furthermore compared to those obtained
with classical IMC, in order to see if improvements in the resulting performance could

be achieved or not.

6.2 Simulation

The implementation of this case with three manipulated variables (MV) and three con-
trolled variables (CV) practically consists of building three different decentralized con-
trollers, having so three different responses, taking into account the fact the output y;

given by each system “suffers” for interactions between itself and the others.

6.2.1 Interactions and relative gain array

First thing to do is choosing the best pairing between inputs with outputs, hence Rela-
tive Gain Array(RGA) , A has been evalued.

Elements of A are so defined:

(il wj),,, -
Aij = /'—”1*10 (6.2)
with
n
i=1
n
Y Aii=1 (6.3b)
j=1
Referring to MIMO transfer function matrix (6.I), A can be obtained as
T
A=Go (G—1> (6.4)

The resulting RGA for the process here analyzed is

20757 —0.7289 —0.3468
A= | 34242 09343 —3.3585 (6.5)
—4.4999 0.7946  4.7056

which suggests the following couplings:
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FIGURE 6.2: Shell oil fractionator with decentralized controllers

1. uq — Y1
2. Uy — Y2

3. uz — Y3

So, the expression of outputs y; is

Y1 = §uu1 + g1aUp + g13U3 (6.6a)
Y2 = 82111 + g2olp + §23U3 (6.6b)
Y3 = 3111 + g3oUs + g33U3 (6.6¢)

Figure|6.2|gives a complete framework of the case study here analyzed, provided with
decentralized controllers: blue controller stands for system 1, red controller stands for

system 2 and magenta line represents system 3.

Remark: Please note that A(1,1) = 2.0757 and A(3,3) = 4.7056, both > 1: they are sig-
nals of strong interactions between considered system and the others; A(2,2), instead,

is quite close to 1, so interactions between system 2 and the others is weak.
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TABLE 6.4: Observers Parameters

System 1 2 3
Qus;  ChCi1 CpCm  CliCas
Rops, 0.5 0.5 0.5

6.2.2 Tuning

Three differents DOB-IMC controllers needs to be designed, inteverting, respectively

g11 = G(1,1) = 4.05¢ %7 508 11 (6.7a)
_ _ —28s
g2 = G(2,2) = 5.72¢ ] (6.7b)
1
¢33 = G(3,3) =7.20 1051 (6.7¢)

this means that each control scheme has its own parameters to tune; furthermore, since
there are strong interactions between systems, the effect of the tuning of a single con-
troller does influence not only the behaviour of its system, but has also impact on the
other two.

Furthermore, IMC controllers have also been designed, in order to compare the two

control schemes.

Several tests for a correct tuning have been done in order to find a configuration able to
give good performances as results: as first choice, observer parameters Q,ps, and R,ps,
have been kept fixed, and A; has been changed: this decision is due to several reasons,
among which the most important is that changing A; seems to be more effective than

working on the observer parameters.

First thing done has been fixing relative values of A1, Ay, A3, tuning parameters of the
three IMC controllers: considering that A(1,1), A(3,3) >> A(2,2), we have to think
that systems 1 and 3 needs to be detuned more than system 2, that does not interact
that much in the MIMO, so the first choice adopted is

AL, A3 >> Ay (6.8)

In order to prove the goodness of this choice, once fixed observer values as shown
in Table DOB-IMC has been tried with different combinations of A;, with results
shown in Figure subdivided into three different pictures, one for each output

* A = 5,12 =100, A3 = 100, represented by dotted line in Figure[6.3}
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FIGURE 6.3: Time responses for different choices of A1, Ao, A3:

y3, bottoms reflux temperature

81



Chapter 6 Applications: simulated industrial process

* A =100, A2 = 5,A3 = 100 represented by solid line in Figure[6.3}

* Ay =100, A2 = 100, A3 = 5 represented by dashed line in Figure 6.3}

Solid line appears always to be the best situation among the three implemented. So,
appears now a justified choice; a similar analysis revealed that the relative value

between A; and A3 has not much influence on responses.

So, tuning parameters here adopted are

TABLE 6.5: Tuning Parameters DOB-IMC for the multivariable system “Shell oil frac-
tionator”

System 1 2 3
A 100 8 100
Rops 1 01 01

6.2.3 Performance and comparison with IMC

Responses obtained with tuning parameters listed in Table 6.5 are now compared to
classic Internal Model Control; in order to have results the more comparable as possi-
ble, each IMC controller has the same values of A; that it used to have in DOB-IMC.

6.2.3.1 Reference tracking problem

Figure is referred to the case in which there is a change in set point of system 3,
r3 = —0.5, which is desidered to be kept the lowest possible, while the others are

constant (here we fixed r; = 0,7, = 0).

Differently from the SISO case, here responses given by DOB-IMC are quite different
from those of IMC, even without disturbances occurring: this happens because inter-
actions between systems act themselves as disturbances for each control stucture. Here
we see that DOB-IMC responses are still quite fluctuating before settling down; never-

theless, some better performance, for instance that given by system 3, can be noticed.

There have been done simulations also in cases in which there are changes in Set Point
of system 1 and 2: obtained results have been here omitted because they does not

change that much compared to the case shown in Figure
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6.2.3.2 Disturbance rejection problem

Figure |6.5|instead, shows responses when an unmeasured disturbance occurs (distur-
bance enters in Upper Reflux Duty, and it affects each system with a different dynamics.

See Table 6.3|for the list of dynamic disturbance occurring on each system).

Results show that DOB-IMC copes dyanamic disturbance better than IMC: response is
still fluctuating, but we can see here that there are less peaks and a faster disturbance

rejection.
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Outputs and References
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Chapter 7
Summary and conclusions

Starting from conventional Internal Model Control (IMC) and looking at features of
Linear Quadratic Gaussian (LQG) control and Model Predictive Control (MPC), we
have here implemented a Disturbance Observer Based Internal Model Control (DOB-
IMC) in a discrete-time context, whose block diagram is clearly based on IMC one, but

has some features taken from optimal control.

For open loop stable plant, this control structure keeps design of classical IMC con-
troller Q unchanged, making sure that closed-loop analysis are still transparent and
easy to do; as additional control instrument, it uses a Luenberger observer instead of
default IMC deadbeat observer, with resulting improved performance when an input
disturbance occurs. Since observer needs the definition of some preliminary parame-

ters, its introduction implies an increased number of tuning parameters to fix.

For open-loop unstable plants, DOB-IMC adopts a stabilizing state feedback lﬂwhich
makes resulting output y stable. Contrary to the state feedback of LQG, F does not
need calculation of steady-state variables to converge to the set point value and to re-
ject disturbances, as Q is not designed inverting the unstable plant, which would give
an unstable controller, but a pre-stabilized system, thanks to which DOB-IMC manages
to give an output that follows reference signal and rejects disturbances. It is also impor-
tant to underline that this structure introduces other tuning parameters, that are those

requested by F calculation.

Furthermore, these additional parameters to regulate turned conventional one degree-
of-freedom IMC regulator into a two degree-of-freedom controller, since A here is not any-
more the only one tuning parameter. As a verify, we checked that the sum of sensitivity

and complementary sensitivity is not anymore equal to 1.

lfrom Q parametrization [10]
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A variant for integrating plant has been furthermore proposed, in which model does

not correspond to the plant, but it is a first order system with an high lag.

Finally, DOB-IMC has been tested to several types of linear systems in Chapter |5 and
to a multivariable system in Chapter [6 exhibiting stability and robustness, and even

performances closer to those given by MPC rather than IMC.

7.1 Other research possibilities

DOB-IMC has not been tested with saturations on actuators, so a constrained analysis

can be done. Furthermore, in this work the advantages of Model Predictive Control

have been “imported” to Internal Model Control, but the final structure is still an IMC,
even if with improved performance and more tuning parameters; it could probably be
interesting ooking at the opposite direction, namely importing the features that make

IMC a very good instrument in control field to MPC.
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Appendix A

The Q parametrization

A.1 Introduction

In Chapter 4, DOB-IMC structure, initially developed for open-loop stable systems, has
been subsequently extended to OL unstable plants: in order to do this, as mentioned
before, concepts about Q parametrization (or, equally, Youla parametrization) have been
adopted, following instructions given by [7, (10, 21]. The name Q parametrization de-
rived from the fact that it can stabilize all feedback controller capable to stabilize a given

system.

It is important to underline that only basic notions about Q Parametrization have been
here used to make the output y converge; in fact, the whole theory could not be ap-
plied here, since we are working with an augmented model in order to reject any offset

related to disturbances, inserting thus an integrator to the normal system dynamics.

The insertion of this integrator means that augmented dynamics matrix

A B,

o (A1)

has an eigenvalue in 1, making it not Hurwitz.

In this section, theory about Q parametrization will be briefly explained. For further

and detailed information, please see [7, (10} 21]].
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A.2 Augmented controller

Consider linear system

X = Axy; + Bu
k+1 k k (A2)
ve =Cxi
A standard LQG controller is in the form
frr1 = (A — ALC) % + Buy + Lyi (A.3a)
up = —K& (A3b)
with (A — ALC) and (A — BK) are both Hurwitz.
Suppose, now, that control input uy is
uy = — K=& + vy (A4)

where vy = Wey: W is a stable transfer function and ey, is the output estimation error,

ex = Yr — CX (A.5)

Putting W equal to the standard IMC controller, we can rearrange (A.3) as follows

%11 = (A — ALC — BK) £ + Buy + Lyx (A.6a)

Uy = —K& + vy = —K& + Wey (A.6b)

Where W is a stable transfer matrix chosen arbitrarily; if we choose W = Q, where
Q is IMC controller, control input (A.6b) is a sum of two contributions: LQG-like and
IMC-like control input; in other words, a stabilizing feedback on the states manages to

stabilize the output vy, keeping original Qjpsc design unchanged.
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Appendix B

Calculation of Sensitivity functions
for DOB-IMC

This appendix illustrates how to derive expressions for sensitivity functions for DOB-
IMC, already shown in Chapter |4} here investigated more in depth and explained step
by step.

B.1 Reference tracking problem

Note: z dependency will be dropped for a matter of simplicity. Assuming r = 1 and

d, = 0,y, = Pu, consequently u = P~ly,; replacing u value in (£.9), we have

{J? = (fyx+ fuxP Ny (B.1)

dA = (fy,d + fu/dpfl) y
in the most general case (OL unstable plants)

yr=Pu=P(Q(r—d)+Fz) =P (Q(r—d) +F%)

where ¥ and d are obtained using the transformation matrix T; replacing in Equa-
tion (4.12) x and d values shown in (B.1), I have

-

(fyx +fu,xP1)] y = [Hll H12]
(fy,d + fu,dp_l) 0 H»,

e
(fy,d +fu,dp_1)
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after few algebraic steps, we obtain

Qp
= r
YT QPH fy,q + QH2 fu,g — PFH11 fy,x — FH11 fux — PFH12fy 0 — FH12fua

¢ for OL unstable plants,

P
Tunst = 3 + PQH fyq + QHo fua — PFHnyS — FHyi fux — PFH1zf, 4 — FHi2fua

¢ for OL stable plants, F = 0, so the complementary sensitivity function is

PQ
"~ 14 PQHxnfy4+ QHnfyd

Tst

B.2 Disturbance rejection problem
In this case, r = 0, d, = 1; thus,

y=Pu+Pyd,=u=P " (y—Pyd,)

from which

(B.3)

{32‘ = (fy,x +fu,xp_1) (]/_pddlf’)
d = (fa+ fuaP™") (v — Pudp)

so, ¥ and d are given by the following expression:

x| _ |Hn Hp
d 0 Hx
Then, the output has the following expression (derived after some algebraic steps here

omitted)

(fy'x+f“/xp_1)] B [Hn Hu] [ u,x] p-1p.4 B4
(fy'dij”fdPil) / 0  Hxn| |fud ““r (B4)

Vi = Py (14 QHx fua — FHi1 fux — FHiafua) J
1+ PQHfy4 + QHnfya — PFH1 fyx — FH11fux — PFH1afyq — FHiofya ©
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¢ for OL unstable plants,

Py (14 QHxfyq — FH11fux — FH12fua)
1+ PQHxfya + QHxfuq — PFH11 fyx — FH11 fux — PFH1ofy 0 — FHiafua

Sunst =

which

— for disturbances on the output, i.e. P; = 1, becomes

(1+QHxnfyq4— FHiifux — FHi2fua)

Sunst -

1+ PQHxnfy4 + QHxn fua — PFH11 fy,x — FH11 fux — PFH12fy 0 — FH12fua
— for internal disturbances, P; = P

P(1+ QHxfu4 — FHiifux — FHi2fud)

S —
"8 1+ PQHy fy,q + QHao fug — PFHii fyx — FHii fux — PFHi2fyyq — FHiofua

e , for OL stable plants, as for H, some terms are missing;:

_ Py (1+ QHxfa)
1+ PQHa fy,q + QHaz fu4

Sst

—case P; =1
S, = (14+ QHxnfua)
® 1+ PQHnfyq+ QHxnfug

—case P;j =P
P(1+ QHxfuq)

S, =
T 14 PQHxnfy 4+ QHnfud
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Appendix C

Matlab codes

C.1 Open loop stable plants

Once defined plant and model in continous time, they are both converted in dicrete
time domain, both in z transform and state space; state space description is made up
of a set of matrices (A, B,C, D). Then, model has been decomposed in minimum phase

part and non-minimum part; then, controller is built.

This part of code has been here omitted for its simplicity.

3 e
4

5 n_states=size (A, 1); % Number of states

6

7 %%% Standard IMC Matrices for the augumented model

8

9 Bdt=zeros (n_states, 1l);

10 cdt=1;

11
12 %%% Actual matrices and observer implemented

13

14 Qf=eye(n_states); % Weighting matrix
15 Rf=1; % Weighting matrix
16 Lx=dlgr (A',C',Qf,REf)"; % Kalman filter

17 Ld=1;

18

19 Bd=Lx;

20 Cd=1-C*Lx;

21
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22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

68

69

o\
o\
o\

Function for conversion

°

% H22 is the transformation block needed for the calculation

o

% of the Alebgraic Equivalent system

[H22]=Convert_Obs (A,C,n_states, Bdt, Cdt, Lx, Ld, Bd, Cd) ;

o\

Disturbance dynamics evolution

dpd=Cdd*xd+Dddx*dp;

o\

Measured outuput

yp (k) =Cp*xp+dpd;

o\

Estimated output
y=C*x+Cdxd;

o\

Prediction error

e_pred=(yp(k)-y);

o°

Observer block
x=x+Lx*xe_pred;

d=d+Ldxe_pred;

oe

Algebraic equivalent system calculation

dt=H22xd;

o

Return difference

e_fb=r (k) -dt;

o

Control input

u (k) =Cgxxgt+Dgxe_fb;

oe

States Update
x=Axx+Bxu (k) +Bd*d; % Model
xp=Ap*xp+Bpxu (k) ; % Plant
xg=Ag*xg+Bgxe_fb; % Controller
xd=Add*xd+Bdd*dp; % Disturbance
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‘70 end

C.2 Open loop unstable plants

Here the building of the controller has been included, because it is based on the pre-

stabilized process.

1 n_states=size(A,1);

4 Fm
5 %%% Standard IMC Matrices for the augmented model

6 Bdt=zeros (n_states, 1);

7 cdt=1;

©
o\
o\°
o\

Actual matrices and observer implemented

10 Qf=eye(n_states); % Weighting matrix
11 Rf=1; % Weighting matrix
12 Lx=dlqgr (A',C',Qf,REf)"'; % Kalman Filter

13 Ld=1;

14

15 Bd=Lx;

16 Cd=1-C«Lx;

17

18 %%% Matrix for the Algebraic Equivalent system

19 [H12,H22]=Convert_Obs (A,C,n_states, Bdt, Cdt, Lx, Ld, Bd, Cd) ;
20 Hll=eye (n_states);
21 H=[H11l, H12; zeros(l,n_states), H22];

22

o\
o\°
o\

23 Stabilizing state feedback (from Q parametrization)

24 epsilon=10"(-5);

25 Q= (C'*C)+epsilonxeye (n_states);

26 R=1;

27 F=dlgr(A,-B,Q,R); % Kalman Filter

28
29 %%% Pre-stabilized model to be inverted in the controller

30

31 Ahat=A+B«*F; Bhat=B; Chat=C; Dhat=D;

32 Ghat=ss (Ahat, Bhat, Chat, Dhat, Ts) ;

33 [numhat, denhat]=ss2tf (Ahat, Bhat, Chat,Dhat) ;

34 Ghatz=tf (numhat, denhat, Ts); Ghatz=zpk (Ghatz);

35 T T T T

o

36 IMC controller design
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38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

68

69

70

71

72

73

74

75

76

77

78

79

80

81

82

83

84

85

%$Decomposition into minimal phase and non-minimal phase

[Pnmp, Pmp, Ring]=decompose (Ghatz, Ts) ;

$Nominal Controller

[gid]l=(Pmp) "-1;

$Tuning Parameters

lambda=1;

%$Controller Filtered
[Q,filter,alphan,n]=IMCfilterz(gid, lambda, Ts) ;
[numg, denqg]=tfdata(Q, 'v'");

[Ag, Bg, Cq,Dgl=tf2ss (numqg, denq) ;

W=200; % Number of samplings

o\

Disturbance dynamics evolution

dpd=Cdd*xd+Ddd=*dp;

o\

Measured output

yp (k) =Cp*xxp+dpd;

o\

Estimated output
y=Cxx+Cdxd;

o\°

Prediction error

e_pred=(yp(k)-y);

oe

Observer block
x=x+Lx*xe_pred;

d=d+Ldxe_pred;

o

Algebraic equivalent system
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86

87

88

89

90

91

92

93

94

95

96

97

98

99

100

101

102

103

104

x_aug=Hx [x;d];

xt=x_aug(l:n_states);

dt=x_aug (n_.states+1);
% Return difference

e_fb=r (k) -dt;

% Control input

oe

v (k) =Cg*xg+Dgxe_fb; IMC controller

o\

u_lgg (k) =F*xt;
u(k)=u-lqgg (k) +v (k) ;

Optimal controller

o°

Global control input

% States Update

x=Axx+Bxu (k) +Bd*d; % Model
xp=Ap*xp+Bp=xu (k) ; % Plant
xgq=Ag*xgt+Bgxe_fb; % Controller
xd=Add*xd+Bddxdp; % Disturbance

end

C.3 Functions

C.3.1 Algebraic Equivalent System calculation

function [H12,H22]=Convert_Obs (A,C,n_states,Bdt,Cdt, Lx,Ld,Bd,Cd)

I=eye(n_states);
S=[A-I, Bdt; C, Cdt];
H=S" (-1) « [Bd; Cd];
H12=H(l:n_states);
H22=H (n_states+1l);
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