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Abstract

Data-driven approach is an effective solution to achieve the optimal controllers in
the control process. In this approach, a mathematical model of a plant is not re-
quired, only a set of data directly collected from the plant to be controller is required
for designing the controller. It means that we do not have to implement the identifi-
cation to know the dynamics of the plant, this is an advantage in compare with the
conventional method. In addition, since the data obtained from the practical system
includes the dynamics of the plant more explicitly and directly than mathematical
models which is described in the form of the compressed formula, data-driven ap-
proach is expected to bring more desired controllers. Due to these reasons, there
are many authors studying and developing data-driven approach to control systems
such that, H.Hjalmarsson and F.De Bruyne in [6, 7, 8] with iterative feedback tun-
ing (IFT), M.C.Campi, A.Lecchini, G.O.Guardabassi in [13, 14, 12] with virtual
reference feedback tuning (VRFT) and S.Souma [9], O.Kaneko [10, 11, 15, 16, 17],
H.T.Nguyen [18, 19, 20] with fictitious reference iterative tuning (FRIT).

Cascade control systems are developed and used for practical multiple-loop con-
trol systems, and are applied to many industrial processes such that, temperature,
humidity control, pressure, level of fluids control, oil-gas industry and adjustment
of DC motor speed e.g.,.Cascade control system consists of the inner loop and the
outer loop, which are often referred as the secondary loop and the primary loop,
respectively. Inner loop or secondary loop controller is designed to eliminate the
effect of the disturbance, to achieve faster recovery from disturbance, to improve
the dynamics for the outer loop. Outer loop or primary loop controller is designed
to obtained the final purpose of the controlled systems. one of the main features on

cascade control systems is to be possible to independently assign the characteristics



of both these two loops for two different purposes.

In this dissertation, data-driven approach to the cascade control system is pre-
sented. Here, I treat two representative methods on this issue, one is virtual ref-
erence feedback tuning (VRFT), the other is fictitious reference iterative tuning
(FRIT). Main feature to be pointed out for these two methods is that only one-shot
experimental data is required for obtaining the desired controllers. I apply these
two methods (VRFT and FRIT methods) of data-driven approaches to cascade con-
trol systems to obtain the optimal parameters for both inner and outer controllers .
Particularly, I focus on VRFT method and clarify the meaning of the cost function.
Furthermore, the prefilter is originally derived for cascade control systems to assign
the inner and the outer loop property independently. This is also effective strategy
to overcome non-proper problem in the VRFT method to cascade system.

Finding out the original prefilter for cascade control systems is extremely im-
portant point, it enable us to have a new method of applying VRFT approach to
achieve the optimal parameters for both inner and outer controllers in the cascade
scheme. Also this point is a big difference from study of the results derived by
F.Previdi et.al. in [5]. The simulation results of illustrated examples demonstrate

the effectiveness and the validity of my proposal results.
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Chapter 1

Introduction

1.1 Cascade control system

A cascade control system (see Fig. 1.1) is a multiple-loop system where the output
of the controller in the outer loop (the “primary” or “master”) is the set point of a
controller in the inner loop (the “secondary” or “slave”). The inner loop controller
generates an intermediate process variable that can be used to obtain more effective
control of the outer process variable. Cascade control systems are developed and
used for practical multiple-loop control systems, and are applied to many industrial
processes such that, temperature, humidity control, pressure, level of fluids control,
oil-gas industry and adjustment of DC motor speed [1, 2, 3, 4] e.g...

In the configuration of the cascade control system, the process is divided into
two parts (the inner process and the outer process) and therefore two controllers are
used, but only one signal generated from inner controller is manipulated. These two

processes can be affected by disturbances d; and d,, respectively.

. Process [ dy do
Outer setpoint Inner setpoint ! i Output
! |
SPl Outer SP2 Inner | Ui Inner (gyl Outer | | y
+ —

' |Controller __ |Controller ! Process Process | |

1

R S 4
Inner loop
Outer loop

Fig. 1.1: Block diagram of a cascade control system



The closed-loop of cascade control system can be shown in a block diagram
form (Fig. 1.1). Here, the outer (master) controller generates the set point S P, for
the inner loop which includes the inner (slave) controller and the inner process. The
controlled variable of the inner loop (y;) also affects the outer process and therefore
it also affects the primary controlled variable (y), which is also the output of cascade

control system.

Cascade control system has several advantages on applications where the inner
process has a large dead time or time lag . Cascade control system is also effective
when the large disturbance occurs in the secondary loop. Because the disturbance
applied to the inner loop is eliminated by the inner controller before they affect on

the outer process.

The case where the cascade control system is not affected by disturbances then

the configuration of cascade control system can be shown in the Fig. 1.2.

r U Y1 Y
e 01—’0_ ‘CQ *-Pl PQ

h
L 4
L 4

Fig. 1.2: Cascade Control System

As shown in Fig.1.2, the cascade control system consists of an inner loop where
an inner controller C, operates as a feedback controller for plant P, and an outer

loop where an outer controller C performs the same function for inner closed loop

PGy
1+P1C2’

which is serially connected to a plant P,. The outer controller C; generates
the set point signal for the inner loop, which includes the inner controller C,. The
controlled variable of the inner loop y, affects on the outer loop y. Though this
is an ideal configuration, it is useful to analyze the mechanism of cascade control

architecture.



1.2 Data-driven Approach

Similarly to most other control architectures, appropriate mathematical models are
needed to design controllers. Practically speaking, many cases exist in which a con-
troller has already been designed to achieve desired specifications based on math-
ematical models reflecting dynamics. It might thus be important to maintain the
initial desired performance under aging changes, sudden changes, or intrinsic un-
certainties. In these cases, it is desirable to develop update and tuning methods for
parameters of the implemented controllers based on directly used measured data.

This is a basic principle of ” data-driven approach’” to control.

Studies on data-driven controller tuning and updating have been developed such
as, iterative feedback tuning (IFT, [6, 7, 8]), fictitious reference iterative tuning

(FRIT, [9, 10]) and virtual reference feedback tuning (VRFT, [12, 13, 14]).

Specifically, FRIT and VRFT require only a one-shot experiment for the desir-
able parameter, so they have practical advantages over IFT, which requires many

experiments in off-line nonlinear optimization.

In the structure of cascade control system, we want to design desired controllers
C, and C,, then the first important step is to obtain a mathematical model of plants
P, and P, as exactly as possible. Controllers are designed by using conventional
methods to meet a given specification based on mathematical models. Nevertheless,
there are cases in where a desirable experiment to achieve mathematical model of
the plants is too hard to be done. And it is also very difficult to take much time and
cost to execute efficient experiments for identification P, and P,. To overcome these
problems, an effective solution should be used is to apply data-driven approaches to

cascade control system.

In reference [5], Previdi et.al. studied VRFT design of cascade control systems
with application to an electro-hydrostatic actuator. In this work the author gave two
desired reference model (for the inner and the outer loop). The optimal parameters
of the inner controller is achieved by adjusting the inner loop to obtain tracking
properties of the inner loop so as to be approximated as desired inner reference

model with respect to the outer loop. Also, the author gave the outer desired ref-



erence model, and use the same way to find the optimal parameters of the outer
controller. In fact, in the reference [5] the authors minimized the cost function and
used the prefilter introduced by Campi et.al. [13] to obtain the two desired con-
trollers.

As another approach of application of VRFT to cascade control systems, in my
proposed method, I applied and developed VRFT methods to cascade control sys-
tems in the cases in where plants are minimum and non-minimum phase systems.
Here, I construct the original cost function for cascade control system, and simul-
taneously obtain optimal parameters for both inner and outer controllers by only
minimizing this cost function. The most important point and different points com-
pared with the Previdi’s work, I clarified the meaning of the cost function in VRFT
without the prefilter. As a result, it is clarified that the cost function of VRFT aims
to optimize the open loop transfer function. Moreover, I also derived the original
prefilter for cascade control system not only to avoid the problem of non-properness
appearing in the cost function but also to obtain the matching between optimal pa-
rameters achieved from model reference criterion of VRFT and one yielded from
original cost function. The above two points are major important different points
compared the reference [5].

Besides, I also developed FRIT for cascade control systems in [18]. In the
reference [18] , the authors have just applied FRIT method to cascade control system
to deal with the case plants are minimum phases . FRIT for cascade control systems

with non-minimum phase systems will be also implemented in this dissertation.

1.3 Outline of The Dissertation

The structure of dissertation consists of the following items

Chapter 2, VRFT approach to cascade control system is applied to simultane-
ously achieve the optimal parameters for both inner and outer controllers such that
the output of outer cascade control system can be approximated well with a de-
sired reference model of cascade control system. Besides, the meaning of the cost

function is also explained clearly.



Chapter 3 presents the derivation of the prefilter used in the VRFT for the cas-
cade control systems, which guarantees the optimality of the cost function to be
minimized. The similar method to obtain the prefilter is also used in the FRIT case,
as shown in Chapter 4.

Chapters 5 and 6 presented the extensions of VRFT and FRIT for cascade con-
trol systems to the non-minimum phase case. The strategy for the unstable zeros
are presented.

Chapter 7 presented the concluding remarks and future works.






Chapter 2

Virtual Reference Feedback Tuning

for Cascade Control Systems

Virtual Reference Feedback Tuning (VRFT), proposed by Campi et-al.,[13] is one
of the effective data-driven tuning methods used in feedback controllers in the sense
that desired parameters implemented in the controller are obtained by using only
one-shot experiment data. In this chapter, I present a VRFT method for the cascade
control system. I propose a direct tuning method for controllers in cascade control
system to simultaneously obtain optimal parameters for both the inner and outer
controllers by performing one-shot experiment to collect a set of initial data from
the cascade system. I also clarify the meaning of the cost function in my proposed
method and provide an example for demonstrating our proposal’s effectiveness and

validity.

2.1 Cascade control systems

In the introduction part of chapter 1, cascade control system was described as
multiple-loop control system ( see Fig. 1.2). It includes two loops such that inner
loop and outer loop.

The inner loop the inner controller C, generates input control signal u to control
the plant Py, and y, is the output of the inner loop, it also affects on the plant P, of

the outer loop and the output of the cascade control system y.

7



The outer loop cascade contains the outer controller C; operating as a feedback

P1Cy
1+P,Cy°

controller for the inner for inner closed loop which is serially connected to
a plant P,. The output of the outer loop y also is the output of the cascade control
system.

Consider the cascade control system with tunable parameters in Fig. 2.1.

r U 0 0
C1(0) 1 e 02(9) () Pl u( )= P, y( ):

L -

r e

Fig. 2.1: Cascade control system with tunable parameters

In this case, we consider that P; and P, are linear, time-invariant, single-input
single-output, strictly proper, stable and minimum phase. The two controllers of

cascade control system are parameterized as

Op1q" + - +60,_1g+0,

Ci(0) = 2.1
1( ) qn+91qn_1+"'+0n—lq+0n ( )
and
Opis1q" + - +0,1g+0
Cal) = —— 1 o 22)
qr + 9v+161" R 6v+n/—1q + 9v+n’

by using a parameter vector

0=6 - 6, 6,4 - 6, | (2.3)

A transfer function with a tunable parameter vector 6 from r to y is defined by

T(60), it is shown as

_ P P,C1(6)C2(0)
1+ P1Cy(6) + P1P,Ci(0)C>(6)

T(6) (2.4)

Similarly, input, output, and inner output with parameter 6 are denoted by u(6), y(6),
and y;(0).
Using a parameter vector 6;,;, assume that the current or initial closed loop is

stable. The desired tracking closed loop transfer function from r to y is given as M.

8



The initial output y;y; := y(by,;) is different from desired output of cascade sys-
tem y4 := Mr. Here, the purpose of tuning parameters is to find optimal parameter
vector 8" such that the output of cascade control system with these optimal param-
eters can approximated well with the desired output yq := Mr.

To find the optimal parameters for both inner and outer controllers we have to

minimize ||y(8")—M r||12V and use the initial data u,; = u(Gini), Yini, and Yiini 1= y1(Ginp)-

2.2 Basic of VRFT method

In this section, I present some main points of an original VRFT method based on
reference [13]. A diagram of conventional feedback system with the tunable con-

troller is shown in Fig. 2.2.

r €

N

L

u

h A
h A

0(9) P ==

Fig. 2.2: A conventional feedback control system

Here, we consider that P is a linear, time-invariant, single-input, single-output
dynamical system. We also assume that P is unknown. Controller C(6) is parame-
terized by using tunable parameter vector 6 := [0, 6, - - - 6,] as follow:

9n+1qm +--t ev—lq + ev

C) = 1 .
q"+6,q" +---+6,_19+6,

(2.5)

The only set of data we use is the one-shot experimental data of input « and output
y. We also give desired reference transfer function M from r to y.

With above conditions, virtual reference signal 7 is given to satisfy
y=Mr (2.6)

by using actual (initial) output, and define virtual error

e:=r—y. 2.7

9



Cost function
Jv(8) = llu = C(O)elly (2.8)
is then minimized for 6. u is actual (initial) input and C(@)e is referred as virtual
input.
Roughly speaking, the ideal minimization of Jy(6) is equivalent to that of
u—C@e =0,i.e.,u=C(0)e = C(6)(r— Pu). The last relation is also equivalent

to stating that
1+ PCO)u=COF (2.9)

where the right side of (2.9) is equal to
cOP

1
7y = —y = . 2.1
COF = COy = — —u (2.10)
From (2.9) and (2.10), we see that
PC(0)
My=—— 2.11
“CT1+PCcO"” 11)

holds.

To briefly explain the mechanism of VRFT in [13], the closed loop with optimal
6 is thus close to desired model M under the influence of initial input data u.

The problem of the non-properness of 1/M that appears in the virtual reference
is avoided by using prefilter L = M(1 — M), which guarantees the optimality of Jy
in cases where ideal minimization can not be achieved, applied to data. In [13],
a more theoretical analysis of this prefilter is discussed for cases in which C(6) is

linearly parameterized, which is done by convex optimization. See [13] for details.

2.3 VRFT approach for cascade control systems

2.3.1 Construct an original cost function of cascade control sys-

tems

In presenting of VRFT approach to cascade control systems, we concentrate on the

inner closed loop. Applying [13] to the inner loop, we introduce cost function
Jv(0) = llutini = C2(0)21 ][ (2.12)

10



e; is the error between the initial output of inner closed-loop y;,; and virtual refer-

ence 7, for the inner loop, which is calculated as
€1 =T — Ylini (2.13)

Note that 7, is also virtual output of outer controller C;.
Now let us focus on the outer loop of the cascade control system. Similar to the

inner loop, we introduce virtual error e by using actual output y;,; as follows:

€ =T~ Y (2.14)
7 1s a virtual reference such that

Yini = MT (2.15)

for the outer loop.

As stated above, 7 is also the output of C;(6). We thus see
r = C(0)e (2.16)
By substituting 7; in (2.16) into (2.13) with (2.14) and (5.19), we obtain

e Ci(0)e — yiini
C1(O)T = Yini) — Yiini

1
Ci(9) (M - 1) Yini — Ylini- (2.17)

o
Il

Last, we substitute e, in (2.17) into (2.12) to obtain performance index Jy(6) of

cascade control system as

2

Jv(0) = (2.18)

1
Uini + C2(O)Y1ini — C1(0)C2(6) (M - 1) Yini

N
As seen trivially, Jy is minimized by using only initial one-shot experimental data
Yini» Uini and yin;. This means that our proposed method has practical advantages in
cascaded controller tuning.

To minimize the above cost function Jy(6), we only perform one-shot experi-
ment on cascade control system to collect a set of initial data {u;,;, Y1ini, Yini}. After

minimizing the cost function, we simultaneously obtain the optimal parameters for
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both inner and outer controllers of the cascade control system such that the output
of cascade control system with these optimal parameters is almost the same with
desired output y, = rM. This important point is a big difference from F. Previdi’s
studies in [5].

In the reference [5], F. Previdi and co-authors gave a VRFT method design
of cascade control systems with application to an electro-hydrostatic actuator. In
the pages 628, 629 of reference [5], F. Previdi gave two desired reference models
(the inner desired reference model M,, the outer desired reference model M, ), and
then he used cost functions introduced by Campi [13], Jyr(6,) = %Zf;l(u%(t) -
C(6,)e,1(1))* for the inner loop, and Jyg(6y) = + S (ru(t) — Co(6,)e (1)) for the
outer loop.

To obtain the tracking properties of the inner loop, he minimized the cost func-
tion Jyg(6,) to achieve the optimal parameters of the inner controller C,. Similarly,
the optimal parameters of the outer controller C, are obtained by minimizing outer
cost function Jy(6,).

From these points, we see that in my proposed method , I present an VRFT ap-
proach to cascade control system such that we achieve the tracking properties of the
outer cascade control system , the output of cascade control system can approximate
well with desired output. Also, I calculated to establish the original cost function
(equation 2.18) of VRFT method for cascade systems. Only one-shot experiment
to collect the initial data is necessary for minimizing the cost function (2.18). Min-
imizing this cost function simultaneously yields the optimal parameters for both
inner and outer controllers. These important points are absolutely different from the

study of authors in [5].

2.3.2 The meaning of the cost function with ideal case

First, we consider the meaning of Jy(6) in the ideal case, i.e., the case in which 6*

exists such that Jy(6*) = 0. In this case, note that

1
uini + C2(6")y1ini — C1(67)C2(0%) (M - 1) Yini = 0 (2.19)

12



holds generically. Note that trivial relations

Pittiyi = Yiini (2.20)

PoYfiini = Yini (2.21)
Also hold. Using them, we rewrite (2.19) as
1
1+ P1Cy(8°) — C1(8)Co(67) P P, (M - 1)) Uini = 0

which is equivalent to

1+ P,Cy(07 1
L L) (— - 1) - 222)
C1(0")Co(6")P, Py M
Simple algebraic manipulation of (2.22) then yields
T(0 ) uini = Muip; (2.23)

which means that the optimal closed loop is achieved over initial input.

2.3.3 The meaning of the cost function with ordinary case

It is difficult to achieve Jy(6) = 0. Even in this case, we rationally interpret the
minimization of Jy(6). First, note that

M
—— =H 2.24
— =t Hy (2:24)

is interpreted as the desired open loop transfer function for M. This is because
1 — M is the sensitivity function of desired closed loop M and the open loop transfer
function of the feedback loop is represented by the ratio of sensitivity function 1 —
M and the complementary sensitivity function where the later function is equal to
closed loop transfer function M from the reference signal to output .

Similarly, an open loop transfer function for 7'(6) with parameter 6 is interpreted

as

T(9)
1-1T()

=: Hy(6) (2.25)

From the Fig. 2.1, after some simple calculations yield

_ P1P,Ci(0)CA(0)
Hr(0) = 1+ P,Co(0) (2.26)

13



The cost function (2.18) is also rewritten as follows:

The part

Jy(6)

1

1+P1C2(9)

(1 + P1Cy(0) — P1P,Ci(0)C2(0) (% - 1)) Uini

P P,C,()Ca(6) 1 ’
(I+ P1C2(9))(1 TV X0 H_M) Uini N
2
(I+ P1C2(9))(1 - HT_@) Uini
Hy N

2

N

is regarded as the sensitivity function of the inner loop.

(2.27)

Above equation in (2.27) shows that the minimization of Jy(6) in (2.18) corre-

sponds to that of the relative error between open loop transfer function Hr(6) and

H); under the influence of the inverse sensitivity function of the inner loop and

initial input data u;y;.

2.3.4 Algorithm

The proposed method is summarized in the following algorithm:

1. Set initial parameter vector 6;,;

2.

2.3.5 Remarks

. Obtain optimal parameter vector 6

tem so that these data are bounded.

mance index Jy(6) as equation (2.18).

controllers and desired output of the cascade control system.

Least Squares, Gauss-Newton, Gradient methods, or CMA-ES[21].

Execute a one-shot experiment to achieve a set of data {uni, Y1ini, Yini}. With

i, controllers are assumed to stabilize the closed-loop cascade control sys-

Calculate the virtual reference signal as 7(6) = %y(@,-,,,-) and construct perfor-

Minimize performance index Jy(6) using nonlinear optimization such as the

:= arg miny Jy(6), which yields optimal

To overcome the problem non-properness of i appearing in the cost function of

VRFT to cascade control system, we have to use prefilter introduced by Campi [13],

14



this prefilter also guarantees the optimality of the cost function in VRFT method.
This prefilter is applied for convention system, and it can be used to avoid problem
non-properness of % in cost function (2.18). Of course, finding out an original
prefilter for cascade control systems in VRFT method is an important issue which
allows us to obtain better results. We will focus on this work in the next chapter.

In this method, we conducted one-shot experiment on closed loop cascade con-
trol system to collect the initial data. However, we can also obtain good results in
the open loop cascade control systems case.

The meaning of cost function in VRFT method for cascade control system given
by equation (2.27) shows that when we minimize it, we consider the relative error
between the open loop desired transfer function and the open loop transfer function
cascade system. In the case of FRIT to cascade control system in [19], the meaning
of the cost function is considered by the relative error between the closed loop
desired transfer function and the closed loop transfer function cascade system. This

point is an important difference between two methods.

2.4 Numerical Example

To demonstrate the validity of the proposed method, we give an illustrative example
of a cascade control system in a continuous-time domain.

Unknown plants of cascade control system are described as follows:

s+ 8
Pl=—— 2.28
T 213542 ( )
and
s+9
Py= —— 2.29
2T 2 475+5 ( )

The outer and inner controllers are parameterized as

9152 + 6,5 + 63

Ci(6) = 2.30
10 = T b5 + 0 (2.30)
and
675 + 64
C(0) = —— 2.31
2(0) Bos + Orc (2.31)
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with 0 := [91 32 93 94 95 06 97 98 99 Hlo]T.

0.5~ a

Uini

0 10 20 30
Time [sec]

Fig. 2.3: Initial input u;y;

The desired reference model of the cascade control systems M is given by

(2.32)

Initial parameter vectors are set as
0ni = [0.0 1.0 1.0 0.0 1.0 0.0 1.0 1.0 1.0 0.0]"

We then conduct a one-shot experiment on a cascade control system to obtain

initial data u;pi, Y1in; and yip;.

The initial input u;,; and the initial output of the inner loop y;;,; are shown as in

Fig. 2.3 and Fig. 2.4.

In Fig. 2.5, initial output of cascade control system y;,; is drawn as a solid line,

reference signal r as a dot-dash line, and desired output y4 := Mr as a dotted line.
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1.5

Y tini

10 20 30
Time [sec]

Fig. 2.4: Initial output of the inner loop yin;

Time [sec]

Fig. 2.5: Initial cascade control system output yi,; (solid line), reference signal r

(dot-dash line), and desired output y4 (dotted line).

By applying our proposed algorithm with VRFT and using the prefilter intro-
duced by Campi [13] L = M(1 — M), the performance index Jy(6) minimization
problem is solved by using covariance matrix adaptation evolution strategy CMA-
ES in [21].

In this study, we programmed the CMA-ES algorithm in MATLAB and ran it
on a calculator with a 3.6 GHz Core 17-4790 CPU, 8GB RAM, and iterative step
N = 3000.
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We obtained the optimal parameter vector as

6" = [0.4664 1.7533 1.3209 0.0283 1.2162 —0.0010 0.8008 0.2504 0.0494 1.0844]".

We then conducted the experiment by using optimal parameter vectors §*, obtaining

the results in Fig. 2.6.

In Fig. 2.6, the actual output of cascade control system with optimal parameter
vectors y(6*) is shown as a solid line, reference signal r as a dot-dash line, the

desired output y4 as a dotted line.

Input with optimal parameters u(6*) is shown in Fig. 2.7 and inner loop output

with optimal parameters in Fig. 2.8.

1- [0 ‘53 §8F 3 3o
I
7]
5 [
£
3505 , 1
|
g 10 20 30
Time [sec]

Fig. 2.6: Cascade control system output with optimal parameters y(6*) (solid line),

the reference signal r (dot-dash line), and desired output y4 (dotted line)

Results in Fig. 2.6 show that actual output y(6*) and desired output y4 are almost
the same, implying that we can achieve the desired output of the cascade control

system by using optimal parameter vectors 6*.
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300

200 q

100 1

u(®™)

- | |
1 10 20 30

Time [sec]

Fig. 2.7: Input with optimal parameters u(6*)

10 20 30
Time [sec]

Fig. 2.8: Inner loop output with optimal parameters y,(6")

2.5 Comparing my proposed method with F.Previdi’s
method in the reference [5]

In this section, I use the method of F. Previdi in the reference [5] to apply for the
same example given in the section 2.4. I also show clearly the advantage of my
proposed method over than F. Previdi’s method by comparing the results of two
methods.

The structure of the cascade control system which F. Previdi used in the refer-
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ence [5] is given as in Fig. 2.9

Ty €z rv €y u v T
0G0 — P ] P2

Inner loop

Outer loop

Fig. 2.9: Closed loop cascade control architecture

Where the inner and outer controllers are given such as C, and C,. F. Previdi
used the cost functions introduced by Campi [13] for the inner and outer loops

The cost function of the inner loop is shown such as

2
1
Jvr(@,) = [’ = Cy(6,) (— - 1) o’ (2.33)
M, N
And the cost function of the outer loop is
1 2
Jvr(8,) = ||[r) = C.(6,) (— - 1)x0 (2.34)
M, N

Where M, and M, are desired reference models of the inner and outer loops.
The initial data {u°,1°, x°} are obtained from the cascade control system Fig. 2.9 by

conducting a single experiment.

1

25+1° and

We give the desire reference model of the inner loop such as M, =

choose the same desired reference model like in the section (2.4) for the outer loop

such as M, = ﬁ

Similarly, the structures of the inner and outer controllers are selected as

.oy = 180 (2.35)
ST ghs + @ ‘
and
0, s2+ 05 + 6,
C.(0) = ~ (2.36)

QASZ +6s + 6
Where 6, = [0}, 6, &, 0,]7. 6,=10, 6, &, 0, 0, 6]

By choosing the initial data such as
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6°=[1.0 1.0 1.0 0.0]", 6°=10.0 1.0 1.0 0.0 1.0 0.0 1.0]7,

we obtain the same initial output of the cascade control system as in Fig.2.5. The
non-properness problems of Mi and ML appeared in the cost functions( 2.33), (2.34)
are avoided by using prefilters introduced by Campi [13] such as L, = M,(1 — M,)
and L, = M. (1 - M,).

We minimize the cost functions (2.33) and (2.34) by using a calculator with a
3.6 GHz Core 17-4790 CPU, 8GB RAM, and iterative step N = 3000 to run the
CMA-ES algorithm in MATLAB.

This brings out the optimal parameter vectors for the inner and outer controllers
as

0: = [0.5062 0.2354 2.4708 —0.0118]"

6: = [0.4188 0.8970 0.7839 0.0046 1.3773 0.0061]"

Using these optimal parameter vectors to implement again on the cascade con-

trol system Fig.2.9, we obtain the outputs of the cascade control system as in

Fig.2.10

=Y
T
*
L

Outputs
'.h...
..‘..

.F.-_-_-_-_-

Time [sec]
Fig. 2.10: Cascade control system outputs with optimal parameter vectors

In the Fig.2.10, the solid line, dotted line and dot-dash line indicate the actual

output of the cascade control system with optimal parameters, desired output and

reference signal, respectively.

Obviously, when comparing result obtained by my proposed method as in the
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Fig. 2.6 with the achieved result by using F. Previdi’s method as in Fig. 2.10,
we see that the result in Fig. 2.10 does not satisfy the tracking property as in my
result. From that observation, we can conclude that my proposed method works

much better than F. Previdi’s one.

2.6 Summary

In this chapter, I presented VRFT method to the cascade control systems. Only a
set data of input/output experiments collected from a closed cascade control system
loop is required to simultaneously achieve the optimal parameters for both inner
and outer controllers in my approach. Using optimal parameters, we are able to
bring out the results showing that the output of cascade control systems is almost
the same with a desired output.

Also, I have shown that VRFT method effectively yields both the optimal con-
trollers in the cascade systems. Moreover, the meaning of the cost function is theo-

retically analyzed by using my proposed method.
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Chapter 3

Prefilter Approach to Virtual
Reference Feedback Tuning for

Cascade Control Systems

In this chapter, I develop the work of chapter 2 with cascade control systems by pro-
viding a more effective data-driven approach. It is based on finding out an original
prefilter of Virtual Reference Feedback Tuning (VRFT) method to cascade control

systems.

Deriving an original prefilter of cascade control system is a very important point,
it not only overcomes the problem of non-properness existed in the cost function
of VRFT method but also ensures whether the optimal parameters obtained from
model reference criterion in VRFT method are closed to the optimal parameters
achieved from VRFT original cost function. In addition, it enables us to have a new
VRFT approach to cascade control systems. Using the original prefilter is also the

main difference in comparison with the study by authors in reference [5].

The proposed approach allows us to obtain the optimal parameters of the in-
ner and outer controllers in the structure of cascade control systems. A numerical

example is given to demonstrate my proposal’s effectiveness and validity.
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3.1 Problem Formulation

Consider again a cascade control system with the tunable controller as in Fig. 3.1.
We assume that P; and P, are linear, time-invariant, single-input single-output,
strictly proper, stable and minimum phase. And we also do not mention the ef-

fect of the disturbance in the explanation.

r e 1 (6) y(0)

- (OFROH A Py (1 Po

Fig. 3.1: Cascade control system with tunable parameters

The two controllers are parameterized as

Opi1g" + - +60,1g+86,

Ci1(0) = 3.1
1) Q" +6,g" 4+ 0,1+ 6, G-1)
and
Oiwi1qd" +--+6,.1q+06
Co(0) = — 1T ptd " (32)
C[” +9v+161”_ +"''*'91/+n’—1q+9v+n’

by using a parameter vector

0=6 - 6, 6, - 6, | (3.3)

A transfer function with a tunable parameter vector # from r to y is denoted by

G,,(0), which is represented as

_ P1P,C(6)Cy(8)
Gry(0) = 1 + P1Cy(0) + P1P,C(6)C(0) oy

Similarly, input, output, and inner output of cascade system with parameter 6

are denoted by u(6), y(0), and y,(0).

Using a parameter vector 8°, we assume that with this parameter the initial out-
put of the closed loop cascade control system is bounded.

The desired reference model of a closed loop cascade system is given by M.
Initial output y° := y(#°) is different from the desired output yq := Mr. Here, the
optimal parameter vector §* is found by minimizing |ly(6*) — Mr|l, and using the

initial data u® := u(6°), y°, and y := y,(6").
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3.2 Prefilter for Virtual Reference Feedback Tuning

in the structure of cascade control systems

3.2.1 VREFT approach to cascade control systems

Standard of VRFT method for a convention closed-loop control system (Fig. 2.2)
is shown by M. Campi [13]. It is based on minimizing the criterion index to obtain

the optimal parameters for the controller.

1 N
J{)’R(H) = Z [u(f) — C(O)e())]? (3.5)

=1
In the chapter 2, I have applied VRFT method to cascade control systems. As
shown in the chapter 2 and reference [27], a virtual reference signal 7 of cascade

control system is introduced to satisfy
y=Mr (3.6)
And the criterion index of cascade control system J"fR(H) is described as

1 K
T®) = =
t=1

In here, we note that the output of the inner loop y;(#) and the output of the outer

1 2
u(t) + C2(0)y1 (1) — C1(O)C2(0) (ﬁ - 1) y(t)] (3.7)

loop cascade control y(¢) are expressed through the input u(¢) such that
y1(1) = u()Py and y(1) = y1 ()P = u(t)P Py

Hence, the criterion index of cascade control system J§R(9) can be described as

1 1 2
JE0) = © (l+C2(9)P1—CI(G)CQ(H)Ple(M—1))u(t)] (3.8)

t

K
=1

By using a compatible prefilter L., the signals u(?), y;(¢) and y(¢) are filtered into
L.u(t), L.y, (t) and L.y(t), respectively.

When the number of data increases (K — o0), using the discrete Parseval theo-

rem [28, 29], the criterion J{,(R(Q) is rewritten in the frequency domain as

1 T
Jvr(0) = ﬂf

Where @, is the power spectrum density of u(?).

2

L, d,dw (3.9)

1
I+ C(0)P, — C1(O)C2(0)P1 P (M - 1)]
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3.2.2 Derivation of original prefilter for cascade control systems

As stated above, the purpose of control in VRFT approach to cascade control system
scheme is to achieve the optimal parameter vector 6 by minimizing the following

model reference criterion

Jur(6)

1G.,(0) — M][;
_ “ P1P,C(0)C2(0) 3
— l1 4 P,Cy(0) + P P>,C1(0)CA(0)

2
(3.10)

N
With a reference signal r is used as a virtual input of the cascade control system, we
expect that it yields the desired output of cascade system.
Model reference criterion of cascade control system Jyz(6) can be described as
N RN 2
Baw®) = > [Mr -G, 0y] 3.11)

t=1

Similarly to section 3.1, when N — oo using the discrete Parseval theorem [28, 29]

1 T
Jur(0) = er

Where @, is the power spectrum density of the signal r.

we obtain

Gy (6) — M| ®,dw (3.12)

We introduce two ideal controllers C{ and C§ such that

P\ P,CICY _
1+ PyCY + P P,CICE

(3.13)

In the scheme of cascade control system, C¢, C;’ are chosen to satisfy the problem
model-matching such that the output of closed loop cascade control system is equal
to the desired output Mr.

By substituting the desired reference model of the cascade control system M in
(3.13) to equation (3.12), and after some simple calculations, the model reference

criterion Jyz(6) is rewritten as

m P,P,C4C?
Iar® = — PifaCiCz LR ®,dw
21 J_z |1+ P\Cy+ P\P,C,C;, 1+ P\C¢+ P P,CICY
1 (™ |PiPoJ*IC,Cx(1 + P,C%) — C4Ce1 + P,Cy)|?
_ |P1 P>]*|C 1 Co( 1C5) — CTC5( 1C) ,dw (3.14)

E -r |1 + P1C, +P1P2C1C2|2|1 +P1Cg +P1P2C?Cg|2

26



We consider again the cost function Jyg(6) in (3.9) used in the VRFT framework
for cascade control system. By using prefilter L. and substituting M in (3.13) to
equation (3.9) and after some calculations, we obtain the representation for cost

function Jy(0) of cascade control system as follows

1 (™ ILFIP1PoPIC Co(1 + PiCY) — C{CH(1 + P1Cy)P
JVR(Q) = 2 f uda)
T J-n

IMP|1 + P,CY + P, P,C{CS)
(3.15)

By comparing equation (3.14) with equation (3.15), the prefilter L. is chosen as

|2 |M|2 (Dr

= — 3.16
|1+P1C2+P1P2C1C2|2®u ( )

L

to guarantee that Jyg(6) = Jyr(0) and hence minimizing Jyg(6) is the same as
minimizing Jyz(6).
In addition, from the equation (3.13) we acquire

1 _-Mmp
11+ P,CY + Py P,CICIR |1 + PyCIPR

(3.17)

In here, the purpose of control is to obtain the model-matching problem such as
the output of cascade control system equals to the desired reference model output
y = Mr. So, we expect that |1 + P;C, + P{P,C,C,|* ~ |1 + P1C§ + P P,C?C4J* and
11+ PG ~ |1 + P,C4J* for

argmind yg(6) = argmindyg(6) (3.18)

With above respect, the prefilter L. need to satisfy

1 d
L) =M - MP————— 3.19
ILc|” = |M[| ||1+P1C2|2<Du (3.19)
In the equation (3.19), the prefilter L. is still unclear since the term m remains

unknown. However, we can overcome this difficulty by a strategy given in the next
explanation.

In the diagram of cascade control system Fig. 3.1, we concentrate on the inner
loop where the sensitivity function of the inner loop is given by

PC, 1
1+P1C2_ 1+P1C2

S =1 (3.20)
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If M, is a desired reference model of the inner loop, we expect that it is possible
to obtain the model-matching of the inner loop such that the closed loop transfer

function of the inner loop is equal to the desired reference model M,

P\C;
— =M 3.21
1+P1C2 ! ( )

If we hold the above condition, then the sensitivity function of the inner loop S is

rewritten as

1
i=—=1-M 3.22
Sl 1+P1C2 ! ( )

Finally, we obtain the original prefilter L. of the cascade control systems by

substituting equation (3.22) to equation (3.19) to get

®,
L = IMPIL = MPIL = M P (3.23)

The derivation of above original prefilter L. enables us to have a new strategy in
applying VRFT approach to cascade control systems. This is an important different
point from the work of the chapter 2 and [27].

Besides, finding out the original prefilter of VRFT method for cascade control
system in equation (3.23) is also the main difference in comparison with work of F.
Previdi and co-authors in [5]. In the pages 628, 629 of the reference [5], F. Previdi
only used the cost function and prefilter introduced by Campi [13] for using VRFT
method to apply to an electro-hydrostatic actuator.

By constructing the cost function of outer loop cascade system as equation
(2.18) with original prifilter of cascade system in (3.23), we can achieve the track-
ing properties problem of cascade control system such that the output of cascade
control system y(6*) with optimal parameters can be almost the same with desired
output y, = rM.

Identify prefilter L.:

The original prefilter of cascade control system L. in (3.23) can be calculated
exactly if we know the power spectrum density of r, u signals as ®,, ®,. In this
case, before implementing an experiment on structure of cascade control system,
the designer should decide the kind of excited input signal and author also should

consider to estimate @, and @,,.
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In another case, the original prefilter of cascade control system L. can be con-
sidered to identify as follows:
From equation (3.23), under the effect of the initial signals 7°, u°, the original

prefilter of cascade systems can be selected as

L’ = M1 - M)(1 — M) (3.24)

If we give a structure of the original prefilter L. and parameterize it by vector

n=1[n n...1n,]", then we establish the cost function of L. as

Jr. () = IL(u’ = M1 = M)(1 = M)l (3.25)

Where the initial data °, u° are collected from cascade control system by one-shot
experiment, M, and M are desired reference models of the inner loop and outer
loop.

The optimal parameters of the original prefilter cascade control system L. can

be obtained by minimizing the cost function (3.25) as

n" = argmin,J (1) (3.26)

3.2.3 Algorithm

We summarize the proposed method by the following algorithm:

In the scheme of cascade control system Fig. 3.1 we implement

1. Tuning inner loop of the cascade control system to obtain the optimal inner

controller C»(6;,):

e Given a reference model M, of the inner loop cascade control systems

e As presented in [13], we construct the cost function of the inner loop

such as

2

Jvr,Om) = (3.27)

M,

1
wini — C2(611) (— - 1)y1im’

N
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Where: {u,;, y1:n;} are initial data of the inner loop. We also can use
prefilter of Campi in [13] L; = M (1 — M,) to avoid the problem of the

non-properness of MLI that appears in the above cost function.

e Minimizing the cost function (3.27) to achieve the optimal parameters

of the inner controller C»(6;,).

2. Tuning outer loop of cascade control system, which includes the outer con-
troller C;(6;) and the optimal inner controller C»(6;,) to achieve the optimal

outer controller C;(6;) :

e A desired reference model of the outer loop cascade control system is
given by M. Conducting the second experiment on outer cascade con-
trol systems to obtain a set of initial data {u°, 49, y°} from cascade con-
trol system. With these initial data, the outer controller is assumed to
stabilize the closed-loop cascade control system so that these data are

bounded.

e As shown in the chapter 2 and reference [27], using the original prefilter
L. derived in the equation (3.23), the cost function of the outer loop
cascade control system is described as

2
Jvr,.(O1) =

. ]
L’ + Co(0;) Loy — C1(0)C(6;) (M - 1) Ly’

N

(3.28)

e Minimize the cost function (3.28) using nonlinear optimization methods
such as the Least Squares, Gauss-Newton, Gradient methods, or CMA-

ES [21] to obtain the optimal parameters of outer controller C;(6;).

3.3 Numerical Example

In this section we demonstrate the validity of the proposed method by giving an
illustrative example of a cascade control system in a continuous-time domain and

assume that it is not affected by disturbance.
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Two unknown plants of cascade control system are described as follows:

s+ 1

Pl=— 3.29
' 2455+6 ( )
and
s+5
Phr=—— 3.30
2T 2 4+255+15 (3-30)

Firstly, we will turn the closed- loop inner of cascade control system to guarantee
that the sensitivity function of the inner loop is approximate to the desired reference
model of the inner loop M;.

A desired reference model of the inner loop is given by:

1
M, = 3.31
TR (3.31)

The inner controller is parameterized as:

6, §2+ 6,5 + 05

Cy(0y)) =
2(0m) 0452 + 655 + O

(3.32)

with 91[ = [91 92 93 94 95 96]T.
We use an initial parameter vector 8y, = [0.0 1.0 1.0 0.0 1.0 0.0]7, and then
conduct an one-shot experiment on the inner closed-loop cascade control system to

obtain initial data {u;y;, y1ini}. The initial input of the inner loop is shown in Fig. 3.2.

ini

10 20 30
Time [sec]

Fig. 3.2: The initial input of the inner loop.
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Fig. 3.3: Initial inner loop cascade control system output yy;,; (solid line), reference

signal r (dot-dash line), and desired inner loop output y,, (dotted line).

In Fig. 3.3, the initial output of the inner loop cascade control system y;; is the
solid line, reference signal r is the dot-dash line and the desired inner loop output
Y14 := M,r is the dotted line.

We can obtain the cost function of the inner loop by using equation (3.27) and
the prefilter introduced by Campi [13] L; = M,(1 — M;). Then the cost function
Jyr, (6;) minimization problem is solved by using covariance matrix adaptation
evolution strategy CMA-ES in [21].

Here, a calculator with a 3.6 GHz Core i7-4790 CPU, 8GB RAM, and iterative
step N = 1000 are used to run CMA-ES algorithm program in MATLAB.

The optimal parameter vector of the inner controller is achieved as
6;, = [0.3338 1.3079 1.5522 0.5180 0.5176 0.0]".

We implement the experiment again on the inner loop cascade control system by
using the optimal parameter vector ;, to obtain the results in Fig. 3.4, in this figure
the actual output of the inner loop cascade control system with optimal parameter
vector y;(6;,), the reference signal r and the inner desired output y,4 are shown in
solid line, dot-dash line and dotted line respectively.

We also achieve the input of the inner loop with the optimal parameters u(6;,)

as in Fig. 3.5.

32



1*.-l-l-l-l-
i
e |1
g_ ]
s |1
S0} « |
I
I
| |
¢ 10 20 30
Time [secl

Fig. 3.4: Inner loop cascade control system output with optimal parameters
y1(6%)(solid line), the reference signal r (dot-dash line), and desired inner loop out-

put y4 (dotted line).
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Fig. 3.5: The input of inner loop with the optimal parameters u(6;,).

Results in Fig. 3.4 show that we achieved the tracking property of the inner
loop such that actual output of the inner loop cascade control system with optimal
parameters y;(6;,) and desired output y,4 are truly the same.

Next, we implement tuning the outer loop cascade control system to get the

optimal outer controller C;(6;) after obtaining the optimal inner controller C,(6;,).
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The outer controller cascade control system should be parameterized as

/ o3 /o2 / ,
0)s” + 05"+ 05+ 0,

Ci(6) =
161 0,53 + 0,52 + 05 + 6

(3.33)

Where 6, := [0, ¢, 6, 0, 6, 0, 6, 6,]".

Desired reference model of the outer loop cascade system M is given by

(3.34)

Initial parameter vector is chosen as 9(1) =[0.0 1.0 1.0 1.0 0.0 1.0 1.0 2.0]7,
then we conduct one -shot experiment on the outer loop cascade control systems to

achieve the set of the initial data {u°, 9, y°}.

In Figs. 3.6 and 3.7, I show the first two signals ( initial input #° and initial
output of inner loop y! of the second tunning). The initial output of the outer loop
cascade control system y° (solid line), the reference signal r (dot-dash line) and the

desired output y; = Mr (dotted line) are shown respectively in Fig. 3.8.

1.5

T
1

o
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|
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Fig. 3.6: Initial input of the outer loop cascade control system u°.
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Fig. 3.7: Initial output of the inner loop y‘l).
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Fig. 3.8: Initial outer loop cascade control system output y° (solid line), reference

signal r (dot-dash line), and desired output y, (dotted line).

We use original prefilter L. in (3.23) to establish the cost function of the outer
loop cascade control system as shown in equation (3.28).

Identify original prefilter L.

The original prefilter L. is identified as follows

We give the structure of the original prefilter L. as

_ Mms® + s + 13 (3.35)
C s+ nss? +mes + 1y '

With the parameter vector 7 = [17; 72 03 14 115 6 7717 . Then, the cost function of
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the original prefilter L. is established as (3.25)

Jr.(p) = IL(u® = M(1 = M)A — M)l (3.36)

Where the initial data {u°, 7°} are obtained from cascade control system at the

second experiment (tuning outer loop cascade system).

To minimize the cost function (3.36), we use CMA-ES program. Here, a calcu-
lator with a 3.6 GHz Core 17-4790 CPU, 8GB RAM, and iterative step N = 5000
are used to run CMA-ES algorithm program in MATLAB.

The optimal parameter vector of the original prefilter L. is achieved as
7" =[1.5998 0.2602 — 0.0100 0.9939 7.0649 3.5228 1.9913]" (3.37)

Therefore, we can obtain the original prefilter L. for cascade control system as

I - 1.5998s% + 0.2602s — 0.0100
©0.993953 + 7.0649s% + 3.52285 + 1.9913

(3.38)

This original prefilter L. is used in the cost function of the outer loop cascade

control system Jyg (6;) (3.28).

out

To minimize the cost function Jyg ,(6;), we use the same method (iterative step

N = 3000) and tool as in the first tuning of the inner loop. The optimal parameter

vector of the outer controller is obtained as:

6; = [1.4036 3.5248 3.2346 0.8723 0.0082 0.4025 2.9443 —0.0011]" (3.39)

By using this optimal parameter vector to perform again experiment on the outer
loop cascade control system, we achieve results as in Figs. 3.9, 3.10 and 3.11. The
actual output of the outer loop cascade control system with the optimal parameter
vector y(67) (solid line), the reference signal r (dot-dash line), and the desired output
y, (dotted line ) are shown in Fig. 3.9. The input and the inner loop output with the

optimal parameters u(6;), y,(6;) are also shown in Fig. 3.10 and Fig. 3.11.

36



Outputs

— 1

10 20 30
Time [sec]

Fig. 3.9: Cascade control system output with optimal parameters y(6;) (solid line),

reference signal r (dot-dash line), and desired output y, (dotted line).
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Fig. 3.10: Input with optimal parameters u(6;).
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Fig. 3.11: Inner loop output with optimal parameters y,(6;).

Besides, we consider the case the output of cascade control systems is affected
by measurement noise. The results are shown in Fig 3.12, we see that the output of
cascade system with optimal parameters still can be approximated well with desired

output in the measurement noise case.

1 ]
|
a ||
a2 |1
305 | — : -
s == Qutput with optimal parameters, noise
| = =1Desired output
= 1Reference signal r
| | | | 1
0 5 10 15 20 25 30

Time [sec]

Fig. 3.12: Cascade control system output with optimal parameters y(6;) (solid line)
affected by measurement noise, reference signal r (dot-dash line), and desired out-

put y, (dotted line).

Positively, results in Fig. 3.9 indicate that the output of cascade control systems
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y(67) achieved by using the optimal outer controller C;(6;) is almost the same with

the desired output y,.

3.4 Comparing with F.Previdi’s method in the refer-
ence [5]

In this section, To show the usefulness of my proposed method over than the method
of F. Previdi and co-authors in the reference [5], we will apply F. Previdi’s method

for the same plants as in the section 3.3, P; = o*t— and P, = o2 —

Similar to the section 2.5 of chapter 2, the cost functions of the inner and outer

loops are shown as

2
1
Jyr(8,) = |[u’ - C,(8,) (— - 1) v’ (3.40)
M, N
and
1 2
Jyr(8,) = [|r° = C(6,) (— - 1)x° (3.41)
M, N

We also use the same desired reference models of the inner and outer loops as
M,=—and M, = L

2s+1 s+1°

The inner and outer controllers are parameterized as

V) / ’
05~ + 0,5+ 0]

c6)=—>—— 3.42
©) Hjls2+0;s+03 ( )
and
9]’s3 + Oé’sz +60s+ 0]
C.(0, = (3.43)

3 2

075 + 65>+ 0)s + 6f

Where , 6, = [0] 0, 6, 6, 65 6,17, 0, =1[0) 65 67 6 6 67 6 6/1".
We choose the same initial parameter vectors as in the section 3.3

6° =[0.0 1.0 1.0 0.0 1.0 0.0]"
6°=10.0 1.0 1.0 1.0 0.0 1.0 1.0 2.0]"
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to obtain the initial outputs of the cascade control system like in Fig. 3.13. In
this figure, the output of outer cascade control system with initial parameter vectors,

the desired output and the reference signal are demonstrated such as solid line,

dotted line and dot-dash line, respectively.

1 i-.-:F-—- s
+
ES '.
7] ! :
3 s
gos I ]
k
]
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Time [sec]

Fig. 3.13: Initial outputs of outer cascade control system

Here, we use the prefilters introduced by Campi [13] for the inner and outer
loops as L, = M,(1 - M,), L, = M,(1 — M,) to overcome the non-properness
problems of ML and Ml appeared in the cost functions (3.40), (3.41).

To minimize the cost functions (3.40) and (3.41), a calculator with a 3.6 GHz
Core 17-4790 CPU, 8GB RAM, and iterative step N = 3000 are used to run CMA-

ES algorithm program in MATLAB.
This yields the optimal parameter vectors of the inner and outer controllers as
0: = [0.2304 1.1356 1.8772 0.4418 0.6320 - 0.0003]",
0: = [0.2980 2.0303 4.2835 0.5666 0.0027 0.0969 1.8198 0.0026]"

Using these optimal parameter vectors to conduct again the experiment on the

cascade control system Fig.2.9, we obtain the outputs of the cascade control system

as in Fig.3.14
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Fig. 3.14: Cascade control system outputs with optimal parameter vectors

In the Fig.3.14, the solid line, dotted line and dot-dash line present the actual
output of the cascade control system with optimal parameters, desired output and
reference signal, respectively.

By comparing Fig. 3.9 and Fig. 3.14, we can easily deduce that the obtained

result of my method is better than achieved result of F. Previdi’s method.

3.5 Summary

In this chapter, I have presented a new VRFT approach for cascade control systems
by deriving an original prefilter for cascade control systems . This method allows us
to obtain the optimal parameters for both inner and outer controllers. The optimal
parameters for both inner and outer controllers guarantee that the output of cascade
systems can approximate well with desired output.

Through an illustrative example, I have shown that the optimal controllers of
cascade control systems are absolutely achieved. This brings out a precise evi-
dence of the proposed method. Moreover, finding out the original prefilter of VRFT
method for cascade control systems is a crucial point which distinguishes my works

from F. Previdi’s works in [5].
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Chapter 4

Prefilter of FRIT Approach to

Cascade Control Systems

In chapter 3 , I derived the original prefilter for cascade control system in VRFT
approach. This original prefilter guarantees that the optimal parameters obtained
from criterion reference model is closed to the optimal parameters achieved from
the original cost function of cascade control systems.

Similarly, in this chapter, the original prefilter of cascade control structure is
derived in FRIT method. This original prefilter allows us to achieve optimal param-
eters for both controllers in the cascade control systems. A numerical example is

given to demonstrate the effectiveness and validity of this study.

4.1 Basic of FRIT approach to cascade control sys-

tems

4.1.1 Problem formulation

Consider a cascade control system with the tunable controller as in Fig. 4.1. We
assume that P, and P, are linear, time-invariant, single-input single-output, strictly
proper, stable and minimum phase. In this case, the effect of the disturbance to
cascade control system is omitted. Two controllers of cascade control system are

parameterized as
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T r u(p) (p) y(p)
— O (—0—{C2 ()= Py 154 Po :

Fig. 4.1: Cascade control system with tunable parameters

Pni1q" + -+ py1g + 0,

Ci(p) = 4.1)

10 q"+p1g" +F peig + oy

and
Pv+n lqml o+ Pu1gtp
Cap) = ——————— . . (4.2)
q + Pv+14 +oeeet Py+n'-14 +pv+n’
by using a parameter vector

p = pl “ e pv pv+1 oo p# . (4.3)

We denote a transfer function with a tunable parameter vector p from r to y by

G,,(p), which is shown as

B P P,Cy(p)Ca(p)
Gl = TP Coo) + PLPACL o) Calp) 9

Similarly, Let u(p), y(0), and y,(p) denote input, output, and inner output of

cascade system with parameter p, respectively.

Using a parameter vector p°, assume that with this parameter the initial output
of the closed loop cascade control system is bounded.

The desired reference model of a closed loop cascade system is given as 7.
Initial output ° := y(p°) is different from desired output y4 := Tyr.

Here, the purpose of tuning parameters is to find the optimal parameter vector
p* that minimizes |ly(o*) — T,rl3 by using the initial data u® := u(p°), y° := y(°),
and g := 100

We use a suitable Ly for signals u”, y(l) and y° of cascade control system respec-
tively, which are Lru®, Lry? and Lry. It is reasonable to expect that by using this
suitable prefilter, the optimal parameters obtained in FRIT method is closed to the

optimal parameters for the original cost function.
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4.1.2 FRIT method for cascade control system[18]

In the reference [18], the authors have developed FRIT method to cascade control
systems. In the following, I show a brief review along the reference [18].

First, we introduce the fictitious reference signal of cascade control systems as

7=Ci(p) 'Cr(p) ' u’ + Ci(0) 'yl + 4.5)

The cost function in FRIT for cascade control systems is described by

Jr(p) = ly° = Tarlly (4.6)

By substituting 7| in (4.5) into (4.6), the cost function in FRIT for cascade con-

trol systems is shown by

Jr(E) = I(1 = To)y° = TaCi(p) ' C2(p) ' u® = TuC1(0) "Il 4.7)

As seen trivially, Jr(p) is minimized by using only initial one-shot experimental

data y°, u” and y! from cascade system loop.

4.2 Original prefilter of Fictitious Reference Iterative

Tuning to cascade control systems

The purpose of control in cascade control structure is to achieve the optimal param-

eter p* by minimizing of the following model reference criterion

[G.storr = Turll

H P P,Ci(p)Cy(p)
1 + P,Cy(p) + P P,C1(p)C»(p)

Similarly to [13], as N — oo by using the discrete Parseval theorem [28] under the

J(p)

2

r—Tyr (4.8)

N

Ergode assumptions, we obtain

1 T
J(p)=§£

Gry(p) = T ®,dw (4.9)
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where @, is the power spectrum density of r.
We then introduce the ideal controllers C? and C‘21 such that the closed loop
transfer function cascade control system with these controllers is equivalent to the
desired closed loop T, as
P, P,C{C}
1+ P,C$ + P, P,C{C}

=T, (4.10)

By substituting the desired reference model described by (4.10) to the equation (4.8)

and after some calculations, the model reference criterion J(p) is rewritten as

2

1 (" P,P,C,C P, P,C{CS
Jp) = 5 D212 el @, dw
—n 1+P C2+P P2C1C2 1+P1CS+P1P2C(11C(21
f |P, P, IC1Co(1 + P CY) — C{CI(1 + P1C2)|2q) J
= raw
|1+P1C2+P1P2C1C2|2 |1+P1C§+P1P2C?C§|2
4.11)

We focus on Jr(p) in (4.7). Here, we apply prefilter Ly to the initial data of
cascade control loop as Lry°, Lry" and Lru®. By applying Ly, the cost function in

FRIT to cascade control systems can be modified as

Je() = I(1 = T)Lry’ = TaCi(p) ' Calp) ™ Leu® = TaCi(0) ' Leilly,  (4.12)

We use trivial relationships Py" = y° and Py Pou® = y° to rewritten the cost function

Jr(p) as

2

1 1
J = |l1-1,c7C5t ~T,C7'— =T, | Ls1)°
r(p) H( i Cpp TG d) FY ,
2
1+P,C, + P,P,C,C
— H[l—Td( =2 771727l 2)]pr0 (4.13)
P,P>C,C, N

Next, we substitute 7, in (4.10) to equation (4.13), do some calculations again
and use the discrete Parseval theorem [28] under the Ergode assumptions to obtain

the cost function in FRIT to cascade control systems as

" |LePIC1Co(1 + Py CY) = C{CI(1 + P Cy)P

1
J = o O odw (4.14
O, IC1CaPI1 + PyC§ + P1P,CYCEP pdo (414)

Where @ is the power spectrum density of y°.
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By comparing equation (4.14) with equation (4.11), the original prefilter Lg

should be chosen as

2 |P1P2PPICiCof? ®,

= 4.15
|1 + PCy + P1P2C1C2|2 CDyO ( )

ILr

so that Jr(p) = J(p) and minimizing J(p) is the same as minimizing J(p).
As shown in [13] and [10], we might expect that |[C/CI* ~ |C,C,f* and |1 +
P1C‘21 + P1P2C§’C§l|2 ~ |1 + P,Cy + P,P,C,C,|* for argmindg(p) = argminJ(p)
Finally, with above respect, the original prefilter Ly in FRIT method to cascade
control systems is given as
PPPICICIE o,
|1 + PiCY + Py P,CYCIP @y

@,
D0

y

ILrl?

T,

(4.16)

Finding out the above original prefilter Ly enables us to have an effective strat-
egy in applying FRIT method to cascade control systems which allows us to achieve

the optimal parameters for both inner and outer controllers.

4.3 Algorithm

We summarize the proposed method by the following algorithm:

In the diagram of cascade control systems Fig. 4.1 we implement
1. Given a desired reference model of cascade control systems T,
2. Set an initial parameter vector p°

3. Conduct a one-shot experiment to achieve a set of data u’, y, y°. Using this
parameter vector, the controllers is assumed to stabilize the closed-loop cas-

cade control system so that these data are bounded.

4. Calculate the fictitious reference signal 7 as in (4.5), use original prefilter Ly
in (4.16) to construct the cost function of cascade control system Jx(p) as in

(4.12).
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5. Minimize the cost function Jx(p) using a nonlinear optimization such as CMA-

ES [21].

6. Obtain the optimal parameter vector p* := argminJg(p), which yields the

optimal controllers and the desired output of the cascade control system.

4.4 Numerical Example

In this section, I demonstrate the validity of the proposed method by giving an
illustrative example of a cascade control system in a continuous-time domain and
assume that it is not affected by disturbance.

Two unknown plants of cascade control system are described as follows:

s+1.2
p=—"""" 4.17
"7 2 40275+18 (4.17)
and
2.5
py=— 7 (4.18)

s2+6.55+10.5

A desired reference model of cascade control system is given by:

(4.19)

The outer and inner controllers are parameterized as

2 4+ pas +
C(p) =22 222 1 (4.20)

pas? +pss + pe

and

+
Colp) = P75 + P8

(4.21)
P9s + P1o

with p := [p1 p2 p3 Pa Ps Ps P7 P3 Po Prol”
Initial parameter vectors are setas p° = [1.0 2.0 7.0 3.0 1.0 3.0 17.0 0.0 2.0 0.0]”.
We then conduct one-shot experiment on a cascade control system to obtain initial

data u°, 4" and y°. The first two signals are shown in Fig. 4.2 and Fig. 4.3.
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Fig. 4.2: Initial input #°
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Time [sec]

Fig. 4.3: Initial output of the inner loop y(l)

In Fig. 4.4, initial output of cascade control system y° is drawn as a solid line,
reference signal r as a dot-dash line, and desired output y4 := Ty4r as a dotted line.

By applying our proposed algorithm with FRIT and using the original prefilter
Lr as in (4.16), the cost function Jr(p) minimization problem is solved by using
covariance matrix adaptation evolution strategy CMA-ES in [21].

In this study, we programmed the CMA-ES algorithm in MATLAB and ran it
on a calculator with a 3.6 GHz Core 17-4790 CPU, 8GB RAM, and iterative step
N = 3000.

This yielded optimal parameter vector as

p" =1[0.5218 4.2790 9.8957 0.9734 4.6909 0.0001 16.9954 5.1102 0.0712 0.0136]".
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Fig. 4.4: Initial cascade control system output y° (solid line), reference signal r

(dot-dash line), and desired output y4 (dotted line)

We then implement again the experiment by using optimal parameter vectors p*
to obtain the results in Fig. 4.5, in this figure the actual output of cascade control
system with optimal parameter vectors y(p*) is shown as a solid line, reference

signal r as a dot-dash line, the desired output y4 as a dotted line.
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Fig. 4.5: Cascade control system output with optimal parameters y(p*) (solid line),

the reference signal r (dot-dash line), and desired output y4 (dotted line)

Besides, input with optimal parameters u(p*) and inner loop output with optimal
parameters y;(o*) are shown in Fig. 4.6 and Fig. 4.7.

Results in Fig. 4.5 show that the output of cascade system using optimal pa-
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rameters y(p*) and desired output y4 are almost the same. It indicates that we can
achieve the desired output of the cascade control system by using optimal parameter

vectors p*.

120 .

u(p”)

40
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Fig. 4.6: Input with optimal parameters u(p*)

v,(p")
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Fig. 4.7: Inner loop output with optimal parameters y,(p*)

4.5 Concluding Remarks

In this chapter, I have presented a new FRIT method for cascade control systems
by deriving original prefilter for cascade control systems. This original prefilter
guarantees the optimality of the cost function in FRIT method to cascade control
systems. Through an illustrative example, it is possible to see that the optimal
controllers of cascade control systems are absolutely achieved by using proposed

method.
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Chapter 5

Extension of VRFT Approach to
Cascade Control System for

Non-Minimum Phase Systems

In chapter 2, I presented a VRFT method to cascade control systems. This method
allows us to obtain the optimal parameters for both the inner and outer controllers
by directly using data collected from the cascade system. However, we have just

considered the case in which plants are minimum phase systems.

Practically, there are many industrial systems which include unstable zeros as in
[22, 23]. In these systems, the unstable zeros cause an undershot in the initial step
response [24, 25], and they also concerned with an overshot [26]. Thus, overcoming
the problem of unstable zeros in the non-minimum phase systems is a crucial issue

not only for conventional method but also for data-driven approach.

In this chapter, I extend VRFT method to cascade control systems in the case
the plants are non-minimum phases to estimate the unstable zeros of plants and
obtain the optimal parameters of both the inner controller and the outer controller.
These optimal controllers guarantee that the output of cascade control systems has
a good approximation to the desired output. Also, I give an illustrative example to

demonstrate the effectiveness and validity of the proposed method.
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5.1 Parameterize the plants in cascade control sys-

tems

We consider the cascade control system with tunable parameters as in Fig. 5.1.

U(é?): Pl y1(9): y(9):

r T

—1C1(0c1)—0=—1{Ca(0n)

P

Fig. 5.1: Cascade control system with tunable parameters

In here, we address P(s) and P,(s) in the cascade control system are linear,
time-invariant, single-input single-output, strictly proper, stable, and non-minimum
phase plants.

Let Dy(s) and D,(s) denote the denominators of P;(s) and P,(s). Nj,(s) and
Ny,(s) denote the polynomials whose roots are stable- and unstable zeros of Pi(s)
and N,,,(s), N,,(s) denote the polynomials whose roots are stable- and unstable
zeros of P,(s), respectively. We assume that P;(s), P>(s) are unknown except the
degrees of the numerator and denominator of P;(s), P,(s). And the number of un-
stable zeros of P(s), P>(s) are also known.

By using factorization technique to the unstable zeros which has already been

shown in the reference [11], P;(s) and P,(s) can be described as follows:

N ($)N7 Ni,
Pi(5) = Piu(s)P1(s) = — (DS)(S;"(S) Ni Eg (5.1
1 1n

le(S) Pln(S)

NZm(S)N;n(S) N2n(s)

Ps(8) = Py, (8)Pr,(s) = 5.2
2(8) = Pou(s)Pan(s) D) No(s) (5.2)
—
Pon(s) P,(s)

As above mention, we parameterize the plants P(s) and P,(s) of the cascade control

system as:

Pl (le’ eln’ S) = P]m(glm’ Hln’ S)Pln(gln’ S) (53)
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Where

(Zl,flzo b,-si)(Zf:O Cd—isi)

P1n(01m, 011, = - 54
1m(B1m, O, 5) i+ 1 (5.4)
ocis'
Pin(Oiy5) = 200 (5.5)
i=0 Cd-i$'
with unknown parameter vectors
O =1lay...a, b() RN bﬂ]T € R+l
01, :=1lco ... Cd]T € R+l
And
Py (02, Orns 8) = Po(Oams 020, $)P20(021, 5) (5.6)
Where
(Xm0 B)(Eo oy
Po(Oa, 03, 5) = — 2T 0 (5.7)
masi+1
Zd;o c’s/
Poy(O2n, 8) = ——— (5.8)
=0 Car—jS’

with unknown parameter vectors

b = d]...a, b ... b]" e RY+o¥!

02 :=[c)...c,]" e RYH

P1,(01m, 011)5 P2u(62n, 62,) and Py,,(61,), P2, (65,) are parameterized as minimum-
and non-minimum phase parts of the plants, respectively.

The inner and the outer controllers of the cascade control systems are parame-

terized as follows

9@1, s9+ ..+ 9@1’15’ + 9@1’0
Ci(0c) = —— (5.9)
0@1’g+fs + ... + 0C1,g+1s +1
with a tunable vector ¢ := [Oc10 Oc1i - - - Oci ge]” € RIV
ch, /S'(/ + ... + 9(;2’15‘ + 9(;2’0
C2(0c2) = 4 7 (5.10)
ch,gq_f/s + ... + ch’gurls +1
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with a tunable vector Ocs := [0c20 Ocai - - - Ocag+p ]’ € RS

Thus, we get the unknown parameter vectors as

0:= 167, o, 6, 6L, of, O1"

Under the influence of these unknown parameter vectors, the input and the out-
puts of the cascade control systems are defined as u(6, s), y,(6, s) and y(6, s).

Then, the closed loop cascade control system architecture with a tunable pa-
rameter 6 is shown in Fig. 5.1. And T,,(6, s) denotes a transfer function from the

reference signal r(s) to the output y(6, ).

5.2 Problem statement

5.2.1 Modification of the desired reference model

The main idea of applying VRFT method to cascade control systems is to obtain
the optimal parameter vectors for both the inner and the outer controllers by using
the direct utilization of the data collected from the closed loop cascade. In this
case, when the plants are non-minimum systems and we have no information of
the plants, so a desired reference model included the unstable zeros of the plants
should be given. In the reference [11] an useful strategy has already been shown to
overcome this problem.

According to the reference [11], the desire reference model should be given as
Md(gna S) = Mdm(S)Pln(gln’ S)PZn(HZn’ S) (511)

with unknown parameter vector 6, := [0 6] 1"
Where M, (s) is the minimum phase part of the desired reference model, which
is strictly proper and given by the designer. Hence, the desired output of the cascade

control system is defined as follow
Ya(On, 5) 1= My(0,, $)r(s) (5.12)

Here, the setting problem is to find an optimal parameter 6* such that the ac-
tual output of the cascade control systems y(6",s) = T,,(6, s)r(s) approximates

the desired output y,(6,, s) by using the initial data u;,; = u(6;n;), Yini = y(;n;) and
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Yiini = Y1(0i;) collected from the closed loop cascade with only one-shot experi-

ment.

5.2.2 Standard of VRFT method to cascade control system [27]

We briefly present about the main results of VRFT method to cascade control sys-
tem, which is based on chapter 2 and reference [27].
Consider the cascade control system in which the controllers are parameterized

by vector 6 as in Fig. 5.2.

r e re _eq y1(6) y(0)

A OF0H oEA Py B Py

L -

Fig. 5.2: A cascade control system with parameterized controllers 6

A desired reference model of cascade control system is given by M. The cost

function Jy(0) is described as
2

Jy(0) = (5.13)

1
Uini + C2(O)Y1ini — C1(0)C2(0) (M - 1) Yini
N

We minimize Jy(6) to achieve the optimal parameters for the inner and the outer
controllers. Jy is minimized by using only initial one-shot experimental data y;y;,
Uini ANd Yyini.

In the chapter 2 and reference [27], the authors showed the meaning of the cost

function (5.13) such as
2

1
Jy(@) = (1 + P1Cy(0) — P1P,C1(0)Co(0) (M - 1)) Uini
N
B P P,Ci(0)C2(6) 1 ’
= ||(I+ P1C2(9))(1 TN H_M) Uini .
2
= [|(1+ P1C2(0))(1 - M) Uini (5.14)
M N

Above equation in (5.14) shows that the minimization of Jy () in (5.13) corresponds

to that of the relative error between open loop transfer function Hr(6) and H), under
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the influence of the inverse sensitivity function of the inner loop and initial input
data Uini -

Where

M
— =H 5.15
—— = Hy (5.15)

is interpreted as the desired open loop transfer function for M. And

=: Hr(0) (5.16)

is interpreted as an open loop transfer function for 7'(¢) with parameter 6.

_ PP,Ci(0)Ca(6)
H7(6) = 1+ P,Co(0) (5.17)

A transfer function with a tunable parameter vector # from r to y is denoted by

T(6), which is represented as

) PLP>CLO)CA(0)
1O = 15,60 + P 2CHOCO) ©-18)

5.3 VRFT method for non-minimum phase systems

in Cascade Control Systems

5.3.1 Establishing the cost function of cascade control systems

Assume that a set of data {u;,;, Y1ini, Yini} 18 collected from the closed loop cascade
system (5.1), as shown in the reference [27] , the virtual reference signal 7 of the

cascade control system is calculated as

Yini = Ma(O,, S)T (5.19)

As the presentation in the section 5.2.1, we modify the desired reference model

of cascade control system as

Md(gm S) = Mdm(S)Pln(elna S)P2n(92na S) (520)
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Hence, cost function of cascade control system for non-minimum phase systems

is introduced as

2

Jv,,(0) = (5.21)

1
Uini + C2(0c2)Y1ini — C1(0c1)C2(0c2) (ﬁ - 1) Yini
d N

The non-properness problem of 1/M, appearing in the equation (5.21) is avoided
by using prefilter of Campi [13], L = M,(1 — M;), which guarantees the optimality
of Jy,,, in cases where ideal minimization can not be achieved.

When using prefilter L = M,;(1 — M;), the cost function of cascade control

system for non-minimum phase systems is rewritten as

2
Iy, (0) =

cas

(5.22)

1
Lutini + C2(0c2) Ly 1ini — C1(6¢c1)Ca(6c2) (ﬁ - 1) Ly
d

N
The optimal parameters of the inner and outer controllers are achieved by minimiz-

ing the cost function (5.22).

5.3.2 Algorithm

We summarize the proposed method as follows.

1"

ini

1. Prepare a set of initial parameter vector 6,,; as 6,,; := [HlTn’_m_ or

T T
2nini 9C1im‘ 0C2

and give the minimum phase part of the desired reference model M,,,.

2. Conduct only one-shot experiment on the cascade control systems as in Fig.5.1
to achieve a set of data {u;,;, Yiini» Yini}- With 6;,;, the controllers are assumed
to stabilize the closed-loop cascade control system such that these data are

bounded.

3. Calculate the virtual reference signal 7(6) by using (5.19), construct cost func-

tion Jy_ (6) as in (5.22).

4. Minimize the cost function Jy,, (6) using the optimal minimization for the
nonlinear system such as Least Square, Gauss-Newton, Gradient methods or

CMA-ES program [21].
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5. Obtain the optimal parameter vector 6* := arg mingJy_ (6) which yields the

cas

optimal controllers and the desired output of cascade control systems.

5.4 Example

To demonstrate the validity of proposed method, I give an illustrative example of
a cascade control system with non-minimum phase plants in continuous -time do-
main.

The unknown non-minimum phase plants of cascade control system are de-

scribed as
s—1
Pp=—— 2
' 2+ 65+875 (5.23)
and
s—1.5
Pp=— 5.24
T 924375+ 3.4 (5.24)

Two unknown non-minimum phase plants can be factorized and parameterized as

s+6, s—0,
= Y, , ’ /
915 +925+03 s+6?4

—_——
Pim Pin

(5.25)

Py

and

4 /

B s+ 65 s — 0
) / ’ ’
95s +96s+07 s+6?8

————— e —
Pom Poy

(5.26)

P,

We use controllers for outer and inner controllers and they are parameterized as

6, §2 + 6,5 + 05
Ci(lc) = ———— 5.27
1( Cl) 94S2+05S+96 ( )

and

675 + O
Cy(0cr) = ———— 5.28
2(6c2) Bos + Orc (5.28)

Where 0c = [0, 65,1 and 6cy = [0, 62 65 04 05 061" , 62 = [67 65 69 61]"
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We give the desired reference model which includes the unknown non-minimum

phase parts P1,,(61,), P2,(62,)

Md(gn) = Mdmpln(gln)PZn(HZn)
1 s—0,5s—04
S 25+ 15+, 5+6;

(5.29)

Where 6, = [01, 621" = [0, 6;]"
With the above setting, we set the initial parameter vector as
Ocini = [1.0 2.0 4.0 1.0 1.0 3.0 17.0 0.0 2.0 0.0]" and 6,;,; = [0.6 0.7]"

Then , we conduct one-shot experiment in the cascade control system diagram
as in Fig. 5.1 to obtain the initial data u;,;, y,;,; and y;,;. The first two signals are

shown in Fig. 5.3 and Fig. 5.4.

30

ini

10

10 20 30
Time [sec]

Fig. 5.3: The initial input u;,;

In Fig. 5.5, the initial output of cascade control system y;,; is drawn as a solid
line, reference signal r as a dot-dash line, and the desired output y;, = Myr as a

dotted line.
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0 10 20 30
Time [sec]

Fig. 5.4: The initial output of the inner loop y;,

Time [sec]

Fig. 5.5: The initial output of cascade control system y;,; (the solid line), the refer-

ence signal r (the dot-dash line), and desired output y, (the dotted line)

By applying the proposed algorithm with VRFT method, the minimization prob-
lem of the performance index Jy_ (0) is solved by using the covariance matrix adap-
tation evolution strategy CMA-ES algorithm [21].

In this study, I programmed the CMA-ES algorithm in MATLAB and ran it on
a calculator with a 3.6 GHz Core i7-4790 CPU, 8GB RAM, and the iterative step
N = 5000.

This yielded optimal parameter vectors as

6;. = [0.4023 2.4377 2.3755 0.4633 1.6874 3.3192 16.8500 0.1822 1.9234 0.0209]"
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and 7 = [1.0073 1.4885]".

I then conduct the experiment by using the optimal parameter vectors 6. and 6.
The obtained results are shown in Fig. 5.6, in this figure the actual output of cascade
control system with the optimal parameter vectors y(6*), the reference signal r, and
the desired output y,; are drawn as the solid line, the dot-dash line, and the dotted

line, respectively.

Besides, the input with the optimal parameters u(6*) is shown in the Fig. 5.7,
and the output of the inner loop with the optimal parameters y;(6*) is also drawn in

the Fig. 5.8.

From the result shown in Fig. 5.6, we see that the actual output y(6*) and the de-
sired output y, of the cascade control system are almost the same, which implies that
we can achieve the desired output of cascade control system in the non-minimum

phase plants case by using the optimal parameter vectors 6*.

—
T
1

Time [sec]

Fig. 5.6: Cascade control system outputs with optimal parameters y(6*) (the solid
line), the reference signal r (the dot-dash line), and the desired output y, (the dotted

line)
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20

Time [sec]

Fig. 5.7: Input with the optimal parameters u(6*)

Time [sec]

Fig. 5.8: Inner loop output with the optimal parameters y,(6")

5.5 Summary

In this chapter, I have extended VRFT method to the cascade control systems in the
case the plants are non-minimum phases. This method does not require the mathe-
matical model of the plants but only a set of initial data collected from closed loop
of cascade control systems. Two optimal controllers of cascade control architecture
are absolutely achieved by using this method. Moreover, we can obtain the unstable
zeros of the unknown plants in cascade control systems.

It has also been shown that VRFT method is an effective method to simultane-

ously obtain both optimal controllers in the cascade systems.
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Chapter 6

Fictitious Reference Iterative Tuning
of Cascade Control Systems for

Non-minimum Phase Systems

In the reference [ 18], the authors presented FRIT method for cascade control system
with minimum phase and stable system case. As in the references [22, 23, 24, 25,
26], we can see the importance of solving the problem of the unstable zeros in the
non-minimum phase systems which create an undershot and overshot phenomena
in the initial step response. In chapter 5, I have introduced the VRFT method for
cascade control systems. It seems reasonable that FRIT method can also be applied

here.

Thus, I applied FRIT method to cascade control systems in the case the plants
are non-minimum phases to obtain the optimal parameters of both inner controller
and outer controller in this chapter. Also we can obtain the unstable zeros of the

unknown plants in the cascade system.

Besides, I also explain the meaning of the cost function in eliminating the un-
stable zeros. An illustrative example is given to demonstrate the effectiveness and

validity of the proposed method.
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6.1 Standard of FRIT method

In this section, I briefly present about the main idea of FRIT, which is based on
reference [9, 10].

Consider a convention feedback system with the tunable controller as in Fig. 6.1.
Assume that the plant P is unknown and the controller C is parameterized by tunable

parameter vector p.

r u(p) y(p)

P -

o )

L

v

C(p)

Fig. 6.1: A diagram of convention closed system with a tunable vector

The main idea of the FRIT scheme is to construct the model-reference criterion
in the fictitious domain. By using only one-shot experiment on the closed loop
system we obtain the initial data u(0") and y(p°), the controller C(p0°) is assumed to
stabilize the closed loop system such that u(o°) and y(p°) are bounded.

The fictitious reference signal 7(p) is computed by using the initial data u(o®)

and y(p°) as follow

T(p) = C (") + y(©°) (6.1)
Notice that when the closed loop system with the transfer function lfgép()p) is

excited by 7 then its output always equals to the initial output y(o°) for any p. For a

given reference model 7;, we then introduce the cost function Jz(p) as

Jr(p) = lly(e") = Tar(p)lly (6.2)

By substituting 7(p) in (6.1) into (6.2) with respect to u(p°®) = @ the cost function

can be computed as

2

(6.3)

T, 0
J =l1-
F(p) “( Gr—y(p)) y(p”)

N

Where G,_,(p) = 1fg(cp(;)) is the transfer function of the closed loop system.
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We see that the cost function (6.2) with 7(p) in (6.1) requires only the initial
data u(p°) and y(p°). This means that the minimization of (6.2) can be conducted
off-line. The meaning of the cost function is shown in the equation (6.3), that is
the minimization of the relative error of the closed loop G,_,(p) and the desired

reference model T; under the effect of the initial output y(p°).

6.2 FRIT method for non-minimum phase systems in

the Cascade Control Systems

6.2.1 Parameterize the non-minimum phase plants

We give a diagram of cascade control system with tunable parameters as in Fig. 6.2.

s |

— 01(01) 0= Coloco)

“(p). y1(p) y(p)

Pl > PQ .

Fig. 6.2: A diagram of cascade control system with tunable parameters

In here, we assume that P, (s) and P,(s) in the cascade control system are linear,
time-invariant, single-input single-output, strictly proper, stable, and non-minimum
phase plants.

Let Dy(s) and D,(s) denote the denominators of P;(s) and P,(s). Ni,(s) and
Ni,(s) denote the polynomials whose roots are stable- and unstable zeros of P;(s)
and N,,,(s), N,,(s) denote the polynomials whose roots are stable- and unstable

zeros of P,(s), respectively.

We use a factorization technique for the unstable zeros which has already been

introduced in the reference [11] .
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By using this technique, P;(s) and P,(s) can be described as follow:

N]m(S)NTn(S) Nln(s)
Di(s)  Nj,(s)
— —

Pin(s) Pia(s)

Pi(s) = Piu(8)P1,(s) =

Now($)N3,(8) Noyu(s)
Dy(s) N, (s)
—

Pon(s) Pan(s)

P>(5) = Pyu(s)Pa,(s) =

(6.4)

(6.5)

As mentioned above, we parameterize the plants P;(s) and P,(s) of the cascade

control system as:

Pl(plm’plm S) = le(plm’plm S)Pln(plm S)

Where

(Chy bis N E Ly camis’)

iaist+ 1

P1(©ims P1ns ) =

d i
Z':o CiS
P1(p1n, 8) = dl—i
i=0 Cd—iS

with unknown parameter vectors
Pim=lai...a by...b, " € R

Pin=[co...cq]T € R

And
P02, P2n> 8) = Po(02ms P2n> $) P20 (0205 5)
Where
Puto ) (X DX € y7)
m ms P2ns S) = -
2m\P2m> P2 Lla;s1+1
Zd;o c’s/
Pr(02n, 8) = dj—,j
j=0 Car—j8’

with unknown parameter vectors
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(6.8)

(6.9)

(6.10)

(6.11)



pom = la) ... d, by ... b;]" e R

pan = lcf ... c,]T € RIH

P1,(01m> P11)s Pom(02m, 02,) and Py,(01,), P2,(02,) are parameterized as minimum-
and non-minimum phase parts of the plants, respectively.

The inner and outer controllers of the cascade control system are parameterized

as follows
Pcrgs? + ... +pc11S+ Pcio
Cilper) = —— (6.12)
pcrgifst + ..o Fpcrgns+ 1
with a tunable vector pPc1 = [PCI,O Pcii - - - pCLg_'_f]T € Ro+/+1
Pcrg s’ + ... +pcais+peao
Calper) = ——L— (6.13)
Pcag+pS’ + ... T Pc2g+15 T 1

with a tunable vector pcs := [0c20 Pea - - - Porg ]l € R

We get the unknown parameter vectors as

=101, Py P P2y P P

The input and outputs of the cascade control systems are denoted as u(p, s),
y1(p, s) and y(p, s).

Then, the closed loop in the structure of the cascade control systems with a
tunable parameter p is shown in Fig. 6.2. And G,,(p, s) denotes a closed transfer
function from the reference signal r(s) to the output y(p, s).

In this case, we consider that P(s) and P,(s) are unknown except the degrees
of the nominators and denominators of the non-minimum phase parts of P(s) and

PQ(S).

6.2.2 Modification of the desired reference model

Similar to chapter 5, we modify the desired reference model of cascade control

system as

Td(pm S) = Tdm(s)Pln(plm S)P2n(p2n’ S) (614)

with unknown parameter vector p, := [p] p} 1"
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Where T,,(s) is the minimum phase part of the reference model, which is
strictly proper and given by the designer. Hence, the desired output of the cascade

control system is defined as follow

Ya(Ons 8) := Ta(pp, $)r(s) (6.15)

Here, the purpose of control is to find an optimal parameter p* such that the
output of the cascade control system y(p*, s) = G,,(p", s)r(s) approximates the de-
sired output y,(0,, s) by using the initial data u;,; = (i), Yini a0 Y1ini = Y1(Oini)

collected from closed loop cascade by only one-shot experiment.

6.2.3 Cost function of cascade control systems for non-minimum
phase systems
In this section, I give a FRIT method to apply for cascade control systems in the case

the plants are non-minimum phase systems, we consider a cascade control system

shown in Fig. 6.3.

r u(p) y1(p) y(p)

Py o Py

—1C1(p1)—9=—1Calp)

Fig. 6.3: A cascade control system with parameterized controllers p

Assume that a set of data {u;,;, Y1ini, Yini} 1S collected from the closed loop cascade
system, as shown in the reference [18] , the fictitious reference signal 7(p) of the

cascade control system is calculated as

7(p) = C1(01) ™' Ca(02) thini + C1(01) ™ Yrin + Yini (6.16)

As the presentation in the section 6.2.2, we introduce the desired reference model

T, = Ty(p,,s). Hence, the cost function of the cascade control system for non-
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minimum phase is introduced as

JFo0s(©) = 1Yini — Td7(P)||/2v (6.17)

By substituting 7(p) in (6.16) into (6.17) the cost function of cascade control systems

for non-minimum phase systems can be described as

I (0) = I(1 = T)yini — TaC1(p1) ' Ca(02) " thini = T4C1(01) 'y1inillyy,  (6.18)

The above cost function, Jr_ 1s minimized by using only initial one-shot ex-

cas

periment data u;,;, Y1;,; and y;,;, which means that the minimization of (6.18) can be

conducted off-line by using a set of experimental data.

6.2.4 Analysis of the meaning of the cost function

We analyze the meaning of the cost function Jg,,, let G,,(p) denote a closed-loop

cas?®

transfer function from r to y(p) in the diagram of cascade control systems Fig. 6.3.

PCy(02)P>,Ci(p1)
G, = 6.19
42 1 + PCy(p2) + P1Ca(p2)P2Ci(p1) (6.19)

It is shown in the [18] that the cost function of the cascade control systems can be

rewritten as

2
(6.20)

T, )
J cas = 1 T~ N yll’ll
8 ”( Goy(p)

Which means that the minimization of Jp, in (6.18) corresponds to that of the

N

relative error between closed loop G,,(p) and desired transfer function 7,; under the
influence of the initial output data y;,;.

In the case the plants P, and P, of cascade control systems are non-minimum
plants. By parameterizing P; and P, as in section 6.2.1, the transfer function of the
closed loop cascade can be rewritten as

Py ($)P1,(8)C2(02) P2y (8) P2, (5)C1 (01)

Gr(p) = DN

6.21)

where
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DN =1+ Piu($)P1n()C2(02) + Pii(8)P1n(8)C2(02) Pon($)P2u($)C1(p1)  (6.22)

In the section 6.2.2 we gave the desired reference model as

Ta(Pn, $) = Tam($)P12(5)P2n(s) (6.23)

From the equation (6.18), after some simple calculations we obtain the cost
function of cascade control system in the non-minimum phase case such as

2
(6.24)

Jr () =|l[1 La
Fegs - Gry Yini

N
We see that in the above cost function Jg_ (o), the minimization of Jr_ (p) cor-

responds to that of the relative error between closed loop G,,(p) and desired transfer

function 7; under the influence of the initial output data y;,,;.

6.2.5 Algorithm

We summarize the proposed method as follows.

1

ini

1. Prepare a set of initial parameter vector pi,; as pji := [0}, 3, Per. . Pes
mi mi mi

and give the minimum phase part of the desired reference model T,.

2. Using the system as in Fig.6.3, conduct one-shot experiment to achieve a set
of data {u;,i, Y1ini» Yini}- With p;,;, the controllers are assumed to stabilize the

closed-loop cascade control system such that these data are bounded.

3. Calculate the fictitious reference signal 7(p) by using (6.16), construct cost

function Jr_ (o) as in (6.18).

cas

4. Minimize the cost function Jr_ (p) using the optimal minimizing for the non-

cas

linear system such as Least Square, Gauss-Newton, Gradient,...methods or

CMA-ES program [21].

5. Obtain the optimal parameter vector p* := arg min,Jr,, (p) which yields the

cas

optimal controllers and the desired output of cascade control system.
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6.3 Example

To demonstrate the validity of proposed method, I give an illustrative example of
a cascade control systems with non-minimum phase plants in continuous -time do-
main.

The unknown non-minimum phase plants of cascade control systems are de-

scribed as
s—1
=i (62
and
s—2
Pp=——— 6.26
2T 2 +155+05 (6.26)

Two unknown non-minimum phase plants can be factorized and parameterized as

’ ’

B s+ 0 s =0
- 2

p1s*+pis+ ) s+ p;

— e~~~

Pim P

Py

(6.27)

and
’ ’
- S + Py S — Py
P58% + prs +pl s+ py
—_—— — —

Pom Poy

P

(6.28)

We use the outer and inner controllers which are parameterized as

P15° + pas + p3
pas? + pss + pe

Ci(pc1) = (6.29)

and

s+ p8
Calper) = L2222 (6.30)
P9S + P10

Where pc = [pby pé,)" and per = [p1 p2 p3 p4 ps pel” - pe2 = [P7 ps po p1ol”

We give the desired reference model which includes the unknown non-minimum

phase parts Pln(pln)’ P2n(p2n)

Td(pn) = Tdeln(pln)PZn(pZn)
_ 1 s=pys—pg
25+ 1s+p) s+ p§

(6.31)
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Where p, = [p1n p2a]" = [0} pgl"

With the above setting, we set the initial parameter pc;, = [1 11111305 0]7
and p,, = [0.5 0.6]7

Then , we conduct one-shot experiment in the cascade control systems as in Fig.
6.1 to obtain the initial data u;,;, y,;; and y;,,. The first two signals are shown in

Fig. 6.4 and Fig. 6.5.

0.8

0.6

0.2

0 1 | 1
15 30 45 50

Time [sec]

Fig. 6.4: The initial input u;,;

X \ \ \
0 '40 15 30 45

Time [sec]

Fig. 6.5: The initial output of the inner loop y;,

In Fig. 6.6, the initial output of cascade control system y;,; is drawn as a solid

line, reference signal r as a dot-dash line, and the desired output y,; = T,r as a dotted
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line.

1 —Il - . - T'l‘“ﬁ“-—---—l-I-I-I-I-I—I-I-I-I-l-l
-
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Fig. 6.6: The initial output of cascade control system y;,; (the solid line), the refer-

ence signal r (the dot-dash line), and desired output y, (the dotted line)

1.2

0 15 30 45
Time [sec]

Fig. 6.7: Cascade control system outputs with optimal parameters y(o*) (the solid
line), the reference signal r (the dot-dash line), and the desired output y, (the dotted

line)

We apply the proposed algorithm with FRIT, in which the minimization problem
of the performance index Jr_ (p) is solved by using the covariance matrix adapta-

tion evolution strategy CMA-ES algorithm [21].
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In this study, I programmed the CMA-ES algorithm in MATLAB and ran it on
a calculator with a 3.6 GHz Core 17-4790 CPU, 8GB RAM, and the iterative step
N = 3000.

This yielded optimal parameter vectors as

pe =[1.1701 1.4631 0.6384 0.0321 0.9124 1.4983 2.6627 0.9982 4.3120 0.4989]"

and p; = [1.0053 2.0185]".

I then conduct again the experiment by using the optimal parameter vectors pg.
and p;. The obtained results are shown in Fig. 6.7, in this figure the actual output
of cascade control system with the optimal parameter vectors y(p*), the reference
signal r, and the desired output y, are drawn by the solid line, the dot-dash line, and
the dotted line, respectively.

Besides, the input with the optimal parameters u(p*) is shown in the Fig. 6.8,
and the output of the inner loop with the optimal parameters y;(0") is also drawn in

the Fig. 6.9.
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Fig. 6.8: Input with the optimal parameters u(p*)

From the result shown in Fig. 6.7, we see that the actual output y(p*) and the
desired output y, of the cascade control systems are almost the same, which implies
that we can achieve the desired output of the cascade control systems in the case

non-minimum phase plants by using the optimal parameter vectors p*.
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Fig. 6.9: Inner loop output with the optimal parameters y,(o")

Also, we consider the case in which the output of the cascade systems is affected
by measurement noise. The results are given in Fig. 6.10, we see that the output of
the cascade control systems using optimal parameters still can approximate well

with desired output in measurement noise case.

With noise case

T T T T
|
w [ ]
ERYL
‘E. u
3 ! == Qutput with optimal parameters, noise
| == Desired output
== 1Reference signal r
-0.27 I | | | |
0 10 20 30 40 50

Time [sec]

Fig. 6.10: Cascade control system outputs with optimal parameters y(p*) affected
by measurement noise (the solid line), the reference signal r (the dot-dash line), and

the desired output y, (the dotted line)

77



6.4 Summary

In this chapter, I have developed FRIT method to the cascade control systems in the
case the plants are non-minimum phases. This method allows us to obtain the opti-
mal parameters for both the inner and outer controllers. These optimal controllers
ensures that the output of cascade control systems is almost the same with the de-
sired output. In addition, we can achieve the unstable zeros of the unknown plants
in the cascade control systems.

I also analyzed the meaning of the cost function in my proposed method theo-
retically. It has also been shown that FRIT is an effective method to simultaneously

obtain both optimal controllers in the cascade systems.
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Chapter 7

Conclusions and Future Works

7.1 Conclusions

In this dissertation, I presented two methods ( FRIT and VRFT ) of data-driven
approaches to cascade control system. Through out my studies, the mathematical
models of the plants are not required, the only thing we need to achieve the opti-
mal parameters for both inner and outer controllers is a set of initial data directly
collected from a closed cascade control system loop by one-shot experiment.

In chapter 2, I have presented VRFT method for the class of minimum phase
plants of cascade control systems. Also I constructed the original cost function for
VRFT method to cascade systems and show that VRFT method simultaneously
yields both optimal controllers in the cascade systems. In addition, I analyzed
clearly the meaning of the cost function in two cases to show the strong effectiveness
of my proposed method.

Moreover, I derived original prefilters of VRFT and FRIT methods for cascade
control systems, using these original prefilters not only avoids the problem of non-
properness appearing in the cost function of VRFT case but also obtains the match-
ing between optimal parameters achieved from model reference criteria and one
yielded from original cost functions . It also ensures the optimality of the cost func-
tions in two methods. These original prefilters are remarkable additions to literature
of data-driven approach. Also, these are very important different points when com-

paring with previous study of authors in reference [5]. Deriving original prefilters
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for cascade control systems in case the controllers are linearly parameterized en-
ables us to have a new strategy in applying VRFT and FRIT methods to cascade
control systems. These works are done in chapters 3 and 4.

In chapters 5 and 6, I have extended VRFT and FRIT methods to the cascade
control systems in the case the plants are non-minimum phases systems. The results
show that these methods yield the optimal parameters for both the inner and outer
controller of cascade control systems. The optimal controllers guarantee that the
output of cascade system is matching the desired output.

Consequently, the above achieved results convince that data-driven approach is
a very effective method to design optimal controllers for not only cascade control

systems but also other kind of control systems.

7.2 Future Works

In future works, I plan to expand data-driven of cascade control systems to unstable
plants. Analysis of the effect of disturbance and giving the solution for eliminating
disturbance are also important problems for consideration. In addition, I would like

to apply data-driven approach to various practical cascade control systems.
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