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Abstract: - Controller design for a laboratory circuit heating plant with model feedback delays by means of a
branched control system in a robust sense is the aim of this contribution. The reader is concisely acquainted with a
mathematical model of then plant that includes all significant delays and latencies first; hence, the model is
infinite-dimensional. Relevant algebraic tools, namely, a special ring quasipolynomial functions, Bézout identity
and particular controller parameterizations for a feedback control system with additional inner loop follow.
Although the controller structure is fixed, its parameters are eventually tuned by introduced robustness principles
in order to meet robust stability and performance. For the practical implementation, rather complex controllers’
laws, which are of a delayed nature, are simplified by a rationalization and their discrete-time formulation is
suggested as well. The results are verified by simulations in MATLAB® and Simulink®. All the obtained results
are promising for a future real-life implementation of the presented approach.

Key-Words: - Algebraic control design, Discretization, Heat exchanger, MATLAB®, Rationalization,
Robustness, Time-delay system

1 Introduction engineers. However, algebraic control design means
By a simple anisochronic modelling principle [1]-[3] proyed to be very effective and in many cases
and also many others (see e.g. [4]-[6]), it has been engineeringly acceptable as well [17]-[19]. For
proved and demonstrated that circuit heating and instance,  the ~ring of proper and stable
thermal plants and processes are typical quasipolynomial meromorphic functions (Rys) [20],
representatives of nonlinear systems with feedback [21], as a point of authors’ interest, provides one with
internal delays mainly due to transmission latencies a simple model-based d§s1gn yielding a delayed
in pipelines. A heat exchanger is a device that _controller structure which, howevgr, can be
exchanges heat between two streams, heating one and implemented e.g. via programmable logic controllers
cooling the other. A subset of recuperating (through- [22]. The Rys ring can also be used to design
flow) heater exchangers consists in the hot and cold controllers meeting some robustness COl’ldl.tl-OIlS. mn
fluids that are separated by a wall and heat is some sense [23], [24]. Note th.at rpbust stabilization,
transferred by conduction through the wall. An controlf cgntroller parameterization, delgy Yalues
exchanger of this type was recently developed and Qetermmatlon etc. has Wlde.ly been studied in the
assembled at the Faculty of Applied Informatics of literature, and many algorithms, approaches and

Tomas Bata University in Zlin (FAI TBU) and this results has been derived and published [11], [12],
appliance has become a rewarding object for many [16], [25]-[27].

scientific experiments giving some interesting and - Asupto the amount of 95 percent Of contr-ol loops
promising results [3], [7]-[9] where, however, only n }ndl.lstry are equipped by propo;tlonal—lntegr.al—
only input-output delays have been considered. derlva-tlve.(PID) controllers [30], the 1rr}pl-emen‘Fat10n

The family of delayed (or time-delay) systems is of which is Well solved and. managed, it is desirable
not trivial to be controlled by the use of many for. the practice to approximate the final delay.ed
traditional or conventional control design approaches (anisochronic) controller law by the PID one (or its
— or, these methods are even impossible to be utilized linear generalization). Methods based on a rational
directly [10]-[13], for instance, without a approximation of .exponentlal (delay) terms ([31],
rationalization. Some proposed ad-hoc approaches, [32]) do not effectwe}y epable to control the order of
e.g. Lyapunov-Krasovskii methods [14] or H, the obtained approximation modpl. Morgover,.they
optimal controllers [15], [16], are too complex and are mostly used .to plant model rationalization prior to
troublesome to be practically implemented by controller design, rather than to controller

simplification. A way how to cope with this problem
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is to find the closest finite-dimensional model with a
prescribed fixed structure to the infinite-dimensional
original e.g. by the matching of spectral properties
[33] or via some advanced interpolation/extrapolation
methods [34], [35].

Another practically-oriented problem is connected
to discrete-time control law implementation. Most of
control design approaches utilize a controlled plant
discretized model prior to a controller structure
determination either in the input-output [9], [36], [37]
or state-space formulation [38]. There is, however, a
lack of well-applicable digital implementation
procedures for continuous-time controllers — so called
delta models [39] represent a family of possible
approaches solving this task.

This contribution provides a reader with a
complex robust control design for the above
introduced circuit laboratory heat exchanger evincing
internal feedback delays. It follows up with and
extends our previous works [23], [24], [40] — details
appear in the state-of-the-art section — in the sense
that the branched Two-Feedkack-Controllers (TFC)
control structure is used and, in particular, the
eventual controller rationalization and discretization
are proposed. The obtained theoretical results are
verified by means of MATLAB® / Simulink®
environment tools.

The paper is organized as follows. Section 2
provides the reader with a concise state of the art on
robust control of the considered circuit heat
exchanger and our motivation. The appearance of
the appliance and its mathematical model is
summarized in Section 3. In Section 4, principles of
algebraic controller design in the Ry ring and basic
results on robust stability and performance for the
TFC control system are given. The complete
controller structure design and parameterization in
the robust sense for the particular model are derived
in Section 5. Section 6, preceding the conclusions,

brings about controller rationalization and
discretization proposal that are proved by
simulations.

2 Heat exchanger robust control -
State of the art

As mentioned above, circuit heating plants and
exchangers of the type considered in this paper,
evincing internal feedback delays, were modeled
and served for control design verification many
times. Regarding frequency-domain-based (robust)
control of our plant considering internal delays (not
only input-output ones), works of Zitek and his
colleagues have to be referenced [2], [20], [22],
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[41], [42] first, where so-called anisochronic (i.e.
delayed) controllers were tuned mostly by direct
pole placement methodology. Model predictive
control (MPC) and discrete-time approaches, in
which a kind of robustness is also included, were
referred above; see e.g. [8], [9], [43], [44].

The work presented herein the paper, in fact,
follows up with and extends our some previous
works. Namely, the One-Degree-of-Freedom
(1DoF) control system and robust control design
were implemented to the heating exchanger in [23],
[40] by simulations as well as real laboratory
measurements. The latter paper, moreover, suggests
a way how to rationalize and discretize the final
infinite-dimensional controller. A more advanced
branched TFC structure [45], see Fig. 1, with a
delayed controller satisfying robust stability and
performance is designed in [46]. In this paper, the
whole procedure is summarized and, moreover, a
simplification (rationalization) of the controller

together with its sampled-data algorithm is
suggested.
Wils) E(=) @ @ E[S]
P(s) Als) -
Gylsl & 6]

a6
Pis)
GQ(S)

Fig. 1. TFC control system

3 Heat exchanger appearance and
model

3.1 Laboratory model appearance

A rough scheme of the laboratory heat exchanger to
be controlled is provided to the reader in Fig. 2 [3].
The model works as follows: Distilled water inside
the piping is driven by a pump {6} - continuously
controllable via the voltage u,(¢) - through a flow
heater {1} with maximum power P, (t) of 750 W.
The heater output temperature, 3,,(¢), is measured

by a platinum thermometer. Warmed liquid then
goes through a 15 meters long insulated coiled
pipeline {2} which causes the significant delay in
the system. A heat-consuming appliance is
represented by the air-water heat exchanger (cooler)
{3} equipped with a continuously adjustable (by
means of the voltage u.(¢)) and an on/off cooling
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fans {4, 5}. Input and output temperatures of the
cooler, ¥ (t) and ﬁCO(t), respectively, are
measured by platinum thermometers as well. The
expansion tank {7} compensates for the expansion
effect of the heat fluid. Let the ambient temperature
be o, (¢).

Fig. 2. Circuit heating exchanger

The laboratory appliance can be considered as a
small-scaled model of a real-word system, e.g. as the
cooling system in cars or a house central heating
system.

3.2 Mathematical model
The anisochronic modeling approach utilized here,
[1], [2], is based on the comprehension of all
significant delays and latencies in the model. Two
step are performed while modeling. Models of
separate functional parts of the plant are found first
and, as second, the obtained sub-models are
combined by means of their common physical
quantities taking delays between them into
consideration.

The sub-models based on heat balance equations
are the following:

e The heater

cM, dﬁg—(;(t) =P,(t-0.57,)
+ cm(t)(ﬁm (Z Ty )_ o (Z))
-K, (t)( ﬂHo(t)"' 0H1(t_TH) _ ﬂAJ

2

e The long pipeline

vy (1)
dt

cM, = Cm(t)(ﬂHO (t ~Thc ) — ¥y (t))

o2l tul=sc) )
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e The cooler (water-air exchanger)

cM dﬁC—O(t) = cm(t)(ﬁa (t —7c )_ Beo (t))

de
- el )

where

¢ [Jkg'K'] is the specific water heat capacity,

m(t) [kg's'] is the water mass flow rate,

My [kg] is the overall water mass in the heater,

M¢ [kg] is the overall water mass in the cooler,

Mp [kg] is the overall water mass in the pipeline,

Uy (t) [°C] means heater input temperature,

v, [°C] stands for ambient temperature,

7, [s] expresses the delay of a water flow through

the heater,
Tye [s] is the delay of a water flow between the

heater and the cooler,
T, [s] means the delay of a water flow through the

cooler,
Tixc [s] is the delay between a control signal to the

cooling fan and the output temperature of the cooler,
T.y [s] stands for the delay of a water flow between

the cooler and the heater,

u P(t) [V] is pump input voltage

Uc (l) [V] is cooling fan input voltage

K, (t) [W-K'] expresses the overall heater wastage
energy heat transmission coefficient

K.(t) [WK'l is the
transmission coefficient, and
K, [W-K'] is the overall long pipeline heat

overall cooler heat

transmission coefficient.

The complete linearized model describing the
dependence of three measured outputs, #J,,(t),
Oy (t), (), (or, their deviations from an
operating point, more precisely) on three
manipulated inputs, P, (), u,(t), u.(t) can be
obtained by introducing additional static relations
and linearization [3]. For the sake of this paper it is,
however, sufficient to consider the relationship
between Au,(t) and Ad.,(t) governed by the
transfer function (1), where the prefix A means the
difference from an operating point, the particular
setting of which is given in (2). Then, eventual
model parameters values can be seen in (3).
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(1
__ (byp exp(=7y5)+ by Jexp(-5)
s +a,s’ +as+a,+a,, exp(— %)

l” u., Py 19H0519CI’?9CO’?9J

2
=[5V,3V,300 W,44.1°C, 43.8°C, 36 °C, 24°C]
byp =2.334-107°,b, =—2.146-107,
a, =0.1767,a, = 0.009,a, =1.413-107, 3)
a,, =—7.624-10°,7,=1.5,7=131,9=143
4 Algebraic control design and

robustness issues

4.1 Ry ring and control design for TFC

In this subsection, basic algebraic notions and
conditions for controller structure derivation by
means of the TFC system are introduced.

Rys ring

The design starts with the formulation of the plant
model and all external signals in the Laplace
transform (the reference - W (s), load disturbance -

D(s), control error - E(s), controller output -
U, (s), manipulated input affected by D(s) - Uls),
and output - ¥ (s), see Fig. 1) in Ry This ring was
defined in [21] as follows: T(s)=n(s)/d(s)e R, if
n(s) , d (s) are  quasipolynomials  with
n(s)=7(s)exp(- ), 720, T'(s)e H_(C"), and the
term is formally stable and proper, i.e.

dR>0: sup |T(s)|<

Res>0s[2R

Feedback system stability

Prior to the introduction of the stability condition
formulation, dynamics’ relations of the TFC system
in terms of transfer functions ought to be given to
the reader. The following transfer functions can be
derived in TFC.

Y(s) _ B(s)R(s) ) Y(s) _ Bls)P(s)
Gy (s)= ORTOR Gy (s)  ERT AR
G, ()= E) _ A6)Pls)+ Bls)Ols)
" w(s) M(s)
“4)
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where the characteristic
meromorphic function reads

quasipolynomial

M (s)= A(s)P(s)+ B(s)(O(s) + R(s)) (5)

From (4), (5), the following theorem can be
proofed [17], [18], [24]:

Given a Bézout coprime pair A(s), B(s) e Rys the
closed-loop TFC system is stable (in Ryy sense) if
and only if there exist coprime pairs P(s), Q(s)e Ry
and P(s),R(s)e Rys satisfying the Bézout identity
).

Moreover, if we set O(s):=0(s)+ R(s), all

stabilizing solutions of (5) can be parameterized as
(6)

for an arbitrary Z(s)e Rys where the subscript -,
means a particular solution.

Load disturbance rejection
The load disturbance d(r)=
means the inverse Laplace transform) is
asymptotically rejected if it holds that
lim, . y,(t)=lim,_,sG,,(s)D(s)=0. This can be
algebraically fulfilled if and only if F,(s) divides
B(s)P(s), where D(s)=-/F,(s), i.e

LYD(s)} (where L™

B(s)P(s)/ F(s)e Ruys (7)
in Rys, which can be deduced from (4). Condition
(7) can be satisfied by a suitable choice of Z (s) in

(6).

Reference tracking
The reference signal w(t)= L {W(s)} is tracked if
W (s)=

lim,_,_ e, (¢ ( ) =lim_, sGy;p (

)=0. It holds in
Ry if and only if
(A(s)P(s)+ B(s)O(s))/ Fy (s)€ Rus 8)

where W(s)=H,(s)/ F,(s), i.e. F,(s) divides the
product A(s)P(s) in Rys and, simultaneously,
F,(s) divides B(s)O(s). The natural question is

how to meet both the conditions, (7) and (8). This
task can be solved by so called decomposition of
O(s) that is described in the following subsection.
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Decomposition of O(s)
Let

n k; .
( s"+2.2.0,8" exp(— z9ijs)
O(S) — ON s — i=0 j=1

OD(S) Op (S)

Introduce a set of real selectable parameters
€ [0,1],1'=O,1,...n,j=1...kl. where n is the degree

of o0,(s), k, expresses the number of non-zero

delay terms for s',n, =1+ k, is the number of all
i=1

non-zero terms in o, (s), and set

VoS +ZZ7,,0 ' exp(- djs)

=0 j=1

R(s)=
ol ©)
(1_ 7n0)sn +ZZ(I_ Vi ijsl exp(— 79;‘;"9)
O(s) =

OD(S)

If the number n, of free parameters is not

enough to solve (8), O(S) has to be expanded as

S+ B+ B
S+ B+ B

where ,i=0..n 5 —1 stand for additional

selectable parameters.

4.2 Robust stability and performance

A triple motivation for robust analysis of the heat
exchanger can be found. First, some physical
quantities of the laboratory model and the room
environment can vary in time. Second, measurement
and identification uncertainties can naturally appear
when modeling and measurements. Third, we intend
to determine a possible range for the free controller
parameters such that the control system is robust
against these perturbations.

It is well known that robust stability and
performance analysis is based on the Nyquist
criterion [47]; hence, the first step is devoted to its
validity for time-delay systems and the selected
TFC control system. Then, the main results on
robust stability and performance published by the
authors earlier are reviewed.
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Nyquist criterion for TFC with delayed plant

Let G, (s) express the nominal plant transfer
function and G(s)=(1+A(s)7,,(s))G,(s) be a
family of perturbed transfer functions where W,, (s)

is a fixed stable weight function expressing the
uncertainty frequency distribution and for a
perturbation stable transfer function holds

||A(s)||m <1. Moreover, G(s) and G,(s) have the

same number of unstable poles. Hence, it holds that

G(jo)
G, (J a))

-1<p, (jo)Ve

Function W,, (s) ought to be selected so that it

covers all systems from the family over some
suitable frequency range.

Regarding the TFC control structure, there are
more possibilities how to define the criterion since it
depends on how the feedback transfer function is
constructed. Let, for instance, the function be of the
form

Y(s) _ Gyls)als)

w(s) 1+Gs(GRs+G )
G(S GR s))

If retarded delayed systems are considered [10]
(since system (1) is of this type), the following
theorem can be proved [24], [48]:

Theorem 1 (Nyquist criterion for retarded time-
delay systems with TFC). Let the plant and the
controller in the TFC structure have transfer
functions with distributed or lumped delays and

Gy (s)=

(10)

GR(S)-I-GQ(S):O(S)/p(S), G(s)=b(s)/a(s),
where a(s),b(s),ols), p(s) are retarded
quasipolynomials, G(s) is strictly proper and

Gyls)+ GQ(S) is proper. Moreover, let a(s) and
p(s) have no root on the imaginary axis, i.e.
a(s)#0,p(s)#z0 for any s=jw,
define m,, (s) as the denominator of L, (s).

Then if Aarg m,, (s)=1z/2, the closed-loop

s=jw,we[0,0)

system is asymptotically stable if

weR", and

Aarg (1+L,(s))= (n —1-2N, )% = Nu,apﬂ- (11)

s=j,we[0,00)
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where 7 is the highest s-power in m,, (s), N, means

the number of common zeros of the numerator and
denominator of Z,(s) in C*and N,,, stands for the

number of unstable zeros of m,, (s) which are not

included in the L,(s) numerator. u

Robust stability

Due to Theorem 1, another theorem for the whole

family of perturbed plants can be derived [24]:
Theorem 2 (Robust stability of time-delay

systems with TFC). If L,(s) is stable, the TFC

control system is robustly stable (i.e. remains stable
for all perturbed plants) if and only if

WMmmmwﬁ+ﬁﬁﬁqm

GR(Ja)) <1 (12)

where To(s)=GWY,0(s) is the so called nominal

complementary sensitivity function. |

Robust performance

Prior to the presentation of robust performance
condition, the notion of nominal performance must
be introduced [47].

The  feedback system  meets nominal
performance if
[, (je)s, (i), <1 (13)

where |WP (j a))| stands for the sensitivity weighting
function and So(s)=1—T0(s)=GWE,0(s) means the

sensitivity function for the nominal plant. Then we
can state [24]:

Theorem 3 (Robust performance of time-delay
systems with TFC). If L(s) is stable, the TFC

control system satisfies robust performance (i.e. it is
robustly stable according to Theorem 2 and meets
performance (13) for the whole family of perturbed
plants) if and only if

o Gyliw)
W, (i), (jo) 1+ -2
)( GR(Jw)j o <1
+ WP(jw)(So(Jw)+WM (o), o) GQ(;Z)J
(14)
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5 Controllers structures design and
robust parameterization for the

heating exchanger

Let us recall basic results already introduced in [24].
Considering a linearwise reference function and a
stepwise disturbance one, the eventual controllers
via the procedure (5)-(9) can be derived

3 (s3 +37 a,s' +ay, exp(- ﬁs)Xl —7)o,s’
GQ(S): m, 4l i
(Zi=z pss +p (S)S + D (S)XS + ml)
G, (s) = mg (}'tls2 + (olm1 +0, )s + ooml)
(53 + Z?:o aisi +ap exp(— 793))
(Z?:Zpisi +p (S)S + pO(S)XS + ml)

(15)
where
Py = (bo +byp )2,173 = 4m0(b0 +byp )Za
P, = 6m§ (bo +by) )Za
P (S) =my
(4(5’0 +byp ) - (by + by expl(=7,5)) J
(bo (mOT + 4) +byp (mo (T +7 ) + 4)) exp(— 13)

pxw:ma%+@w{%0—wd—n» J

+ by, (1—exp(—= (7 +7,)s))
0, = by(m,t+4)+b,, (m,(t +17,)+4),
0y = mo(bo +boz>)

Real valued parameters m,,m, >0 and 0 <y <1
(defined in (9)) are selectable controller parameters.

By taking year-long variations in &, (t)e [1 6,30]
inside the laboratory room and identification
uncertainties of transmission coefficients of the

heater (boiler), K,e[0.1,0.5], and heating
exchanger K€ [15,22],
consideration, the following estimation of W,,(s)
can be written

(cooler), into

(2005 +1)10s+1)
W, (s)=0.36 (3405 +1)(155 +1)

_ 720s* +75.65+0.36
5100s* +355s +1

(16)

see Fig. 3 — there is still a gap in finding a suitable,
not so conservative, envelop curve.
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‘G(J a)) /Gn(j w)‘ l‘- |WM (J a)}‘ [dB]

@ [rad’s]

Fig. 3. |WM (j a))| estimation

-100 ¢

——my=0.01 RS
|| — —my=0.05 ~.

m0=0‘1

-140 =

10" 10° 10” 10" 10°

@ [rad/s]

Fig. 4. Robust stability test

Whereas, surprisingly, neither m, nor y affects

(12), let us select m, 2{0.01,0.05,0.1} from a
sufficient range test the robust stability condition.
Results are presented in Fig. 4. Thus, as a robustly
stable range, we can asses m, € [0, 0.09].

The weighting function W,(s) is selected in

order to keep the condition (13) for all selected
combinations of controller parameters values,

7={0.3,050.7}, m, ={0.01,0.05,0.1},
my ={0.01,0.05}, see Fig. 5.

namely,

V)|
N

IS, (o). 1] (jew) [dB]
()

10° 10" 10°
w [rad/s]

Fig. 5. |WP(j a))| determination
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Its possible eventual Laplace form might be

s*(1.55+1)
(10005 +1)(80s +1)(10s +1)
1.55° + 5°
8-10°s° +9.08-10*s* +1090s +1

1/W,(s)=9-10°

(17)
=9-10°

where the level of conservativeness is a rather low
on low frequencies. Once functions W, (s) and
W,(s) are fixed, possible values of the free

controller parameter can be benchmarked by
simulations of robust performance condition (14),
see a bunch of Bode plots in Fig. 6. The result of the
test can be summarized as follows: Possible ranges
of controller parameter values can be:

o my,=0.01,m,¢€[0.001,0.01],7=[0.5,0.8], or
o my,=0.05,m,¢<[0.001,0.005], y=[0.3,0.5],

or
e my=005,m=001,7=03

It can be shown that the endeavor to reduce the
maximum overshoot yields the maximization of m,

and the minimization of y [24]. Thus, the triplet
m, =0.02,m, =0.005,y =0.4
eventual controller parameters.

was chosen as

6 Controllers structures rationalization

and discretization

Linear delayed controllers (15) are characterized by
an infinite spectrum, which is not suitable for
practical reasons since the most of industrial
feedback loops are equipped with conventional PID
controllers. Hence, it is highly desirable to
approximate them by a finite-dimensional linear
control law. Moreover, the control law to be
implemented via a machine working with digital
signals and values should be formulated also in a
discrete-time form. Therefore, propositions of
controllers’ rationalization and discretization follow.

6.1 Controller rationalization

The Padé approximation, which is usually
performed in such a way that the approximation is
applied to separate exponential terms [31], has been
eventually used to the finite-dimensional
approximation of controllers (15). We, in the
contrary, decided to apply it to the whole transfer
function.
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7=0.3,m;=001

7=0.3,m,=0.05

— mlzoﬂol
7—m1:OOOS

m1:O 01

10" 10° 10°

10* 10° 10° 10 10’

w[radls]

7=0.5,m,=0.05

10°
@[radis]
7=0.7,m;=0.01

107 10; 107
ofrads]

7=0.7,m;=0.05

— mIZOOOI
77»1;1:0005
—m;=0.01

107 10
©[radss]

10

10° 10° 10° 10 10

Fig. 6. Robust performance tests

The well known Maclaurin series expansion,
Mc(s) (f it converges), of function f(s) is

equivalent to the rule

{js—iMcwl_o _ [js— f<s>}

ISSN: 2367-8917
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We intend to approximate controllers (15) by
proportional (P) and proportional-derivative (PI)
laws, respectively, as

52 (19)

which respects the asymptotic behaviour of (15)
because G,(s) has a double integral action, while

G, (s) does not exhibit any. Since G,(0)— oo, the
inversion of G,(s) is used in (18); moreover,
lG,;l (S)L=O = lG;l (s )J0 =0, hence the zero derivative

can be omitted. To sum up, the final particular
matching rules read

[js—",. G, @)L _ Lfs— G @)}

,i=1,23

s=0

(20)

¢
which yields
— 47.2676s* +0.416887s +6.16545-107*
GR (S) = 2

S
G,(s)=24.6114

21)

The simulation comparison of original control
responses (where the step load disturbance
d(f)=-50W enters at r=6000 s) by means of

controllers (15) with those using simplified rational P
and PI controllers (21) are displayed in Figs. 7 and 8.

400t 1
300r
200F
3
= 100-
0
-100 B
— — - Original controllers
Simplified controllers
200 B
d(r)
0 2000 4000 6000 8000 10000
Time [s]
Fig. 7. Simulated control responses of u,(¢) for the

TFC system with controllers (15) vs. (21)
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— — - Original controllers

Simplified controllers
w(z)
4000

1
0 2000 6000 10000

Time [s]
Fig. 8. Simulated control responses of y(t) for
the TFC system with controllers (15) vs. (21)

8000

These results prove a very good agreement of the
original and approximating responses except for the
reaction on the step-down change in w(z). Note that

it is possible to calculate identities (20) at a different
point from s=0, e.g. in the neighborhood of the
leading (most dominant) pole.

6.2 Controller discretization
In this subsection, the reader is briefly provided
with the idea of possible delayed controllers (15)
discrete-time formulations based on the transfer
function (i.e. input-output) description — unlike
some advanced but computationally heavy state-
space algorithms [38], for instance. In particular,
delta models [39] and linear delay interpolation [49]
are implemented herein.

Delay exponential terms are subjected to the
transformation exp(—=7s)X(s) = x(t—7) and

as x(t-n)= (1~ )l ~7,,)
+aix<t_rd+l,i) where d, =|_77i /Tst Ty ST ST,

d+1,i °
=d T, Ty, = (di + I)Tv » & = (77i _Td,i)/T and

its? S s

interpolated

Tai
T, means the sampling period. The goal is that 7,
are commensurate delays as integer multiplies of the
sampling period. Then x(t—d.T,)— z ™ X(z) where
z 1is the z-transform variable associated with the
shifting operator gq.

The approximation of derivatives resides in the
introduction of variable ¥ associated with the delta

operator 0 defined as

z—1

" Brz+ (- B, 22

/4
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where fe [0,1] represents a weighting parameter. In

this paper, the Tustin (trapezoidal) approximation
governed by the setting £ =0.5 is used.

The eventual particular discrete-time control
laws with 7, =1s are omitted since the complete

ones are too long yet sufficiently simple to be
implemented by a computer. The PC connected to
the heat exchanger is equipped with the data
acquisition card AD622 and Real-Time Toolbox for
MATLAB®, which enables to use quasi-continuous
algorithms with 7, =0.01s or a higher. Note that

orders of corresponding linear difference equations
equal 146 and 149, respectively.

Similarly, a graphical comparison of continuous-
time and discrete-time simulation control responses
is useless since both the courses are almost identical
and indistinguishable by a human sight.

7 Conclusions

In this contribution, we have presented a complex
control design for a laboratory circuit heating plant
(exchanger) in a robust sense with a branched Two-
Feedback-Controllers control system. The plant
mathematical model evinces internal delays and thus
the process ought to be considered as an infinite-
dimensional one. The introduced utilization of the
ring of stable and proper meromorphic functions has
resulted in delayed (anisochronic) controllers with
unknown, tunable, parameters which have been
determined by using robust control tools and
simulation experiments. Namely, robust stability
and robust performance conditions have been met.
For practitioners, a rationalization procedure and a
possible digital implementation of the control law
have been suggested, yielding conventional linear
finite-dimensional continuous-time and discrete-
time control laws, respectively. Both the results
have given a very good agreement with the original
control responses.

For the future research, practical real-life
verification of all these promising results should be
performed. A multi-input, multi-output control
design might be a suitable task for the future
research on the exchanger as well.

Acknowledgements

The work was performed with the financial support
of the research project NPU I No. MSMT-
7778/2014 by the Ministry of Education of the
Czech Republic and also by the European Regional
Development Fund under the project CEBIA-Tech
No. CZ.1.05/2.1.00/03.0089.

Volume 2, 2017



Libor Pekaf, Roman Prokop

References:

[1] P. Zitek, Anisochronic Modelling and Stability
Criterion of Hereditary Systems, Problems of
Control and Information Theory, Vol. 15, No.
6, 1986, pp. 413-423.

P. Zitek and A. Vitecek, Control Design of

Time-Delay and Nonlinear Subsystems. Prague:

CVUT Publishing, 1999. (in Czech)

L. Pekaf, R. Prokop, and P. Dostalek, Circuit

Heating Plant Model with Internal Delays,

WSEAS Trans. Systems, Vol. 8, No. 9, 2009,

pp. 1093-1104.

L. Garbai and L. Barna, Modelling of Non-

Steady-State Conditions in a Gas Boiler Heated

Room, in Proc. 3rd IASME/WSEAS Int. Conf.

on Heat Transfer, Thermal Engineering and

Environment, Corfu, Greece, 2006, pp. 6-11.

L. Hacia and K. Domke, Integral Modeling and

Simulation in Some Thermal Problems, in

Proc. 5th IASME/WSEAS Int. Conf. on Heat

Transfer, Thermal Engineering and

Environment, Athens, Greece, 2007, pp. 42-47.

S. A. Staines and F. Neri, A Matrix Transition

Oriented Net for Modeling Distributed

Complex Computer and Communication

Systems, WSEAS Trans. Systems, Vol. 13,

2014, pp. 12-22.

R. Prokop, J. Korbel, and R. Matusti, Auto-

tuning Principles for Time-delay Systems,

WSEAS Trans. Systems, Vol. 11, No. 4, 2012,

pp. 561-570.

S. Tala§ and V. Bobal, Measurable Error

Compensation with GPC in a Heat-Exchanger

with a Traffic Delay, in Int. Conf on

Prediction, Modeling and Analysis of Complex

Systems (NOSTRADAMUS 2014). Advances in

Intelligent Systems and Computing, Vol. 289,

Ostrava, Czech Republic, 2014, pp. 281-290.

V. Bobal, M. Kubalcik, P. Dostal, and J.

Novak, Adaptive Predictive Control of

Laboratory Heat Exchanger, WSEAS Trans.

Systems, Vol. 13, 2014, pp. 470-481.

[10]J. P. Richard, Time-Delay Systems: An
Overview of Some Recent Advances and Open
Problems, Automatica, Vol. 39, No. 10, 2003,
pp. 1667-1694.

[11] R. Sipahi, T. Vyhlidal, S.-I. Niculescu, and P.
Pepe (Eds.), Time Delay Systems: Methods,
Applications and New Trends. Lecture Notes in
Control and Information Sciences, Vol. 423,
New York: Springer, 2012.

[12] T. Vyhlidal, J.-F. Lafay, and R. Sipahi (Eds.),
Delay Systems: From Theory to Numerics and

(3]

(7]

(8]

(9]

ISSN: 2367-8917

240

International Journal of Control Systems and Robotics
http://www.iaras.org/iaras/journals/ijcsr

Applications. Advances in Delays and
Dynamics, Vol. 1. New York: Springer, 2014.

[13]C. Zeng, S. Liang, S. Gan, and X. Hu,
Asymptotic Properties of Zero Dynamics of
Multivariable Sampled-Data Models with Time
Delay, WSEAS Trans. Systems, Vol. 13, 2014,
pp. 23-32.

[14] M. Jankovic, Control Lyapunov-Razumikhin
Functions and Robust Stabilization of Time
Delay Systems, I[EEE Trans. Autom. Control,
Vol. 46, No. 7, 2001, pp. 1048-1060.

[15] S. Gumyssoy, Coprime-Inner/Outer Factorization
of SISO Time-Delay Systems and FIR Structure
of their Optimal H-infinity Controllers, Int. J.
Robust Nonlin. Control, Vol. 22, 2012, pp. 981-
998.

[16] M. Wakaiki, Y. Yamamoto, and H. Ozbay,
Stable Controllers for Robust Stabilization of
Systems with Infinitely Many Unstable Poles,
Syst. Control Lett., Vol. 62,2013, pp. 511-516.

[17] M. Vidyasagar, Control System Synthesis: A
Factorization Approach, Cambridge, M. A.: MIT
Press, 1985.

[18] V. Kucera, Diophantine Equations in Control - A
Survey, Automatica, Vol. 29, 1991, pp. 1361-
1375.

[19]J. J. Loiseau, Algebraic Tools for the Control
and Stabilization of Time-Delay Systems, Ann.
Rev. Control, Vol. 24,2000, pp. 135-149.

[20] P. Zitek, V. Kucera, and T. Vyhlidal,
Meromorphic Stabilization and Control of
Time Delay Systems, in Proc. 16th IFAC
World Congress, Prague: IFAC, 2005, pp. 638-
638.

[21] L. Pekai, A Ring for Description and Control
of Time-Delay Systems, WSEAS Trans.
Systems, Vol. 11, No. 10, 2012, pp. 571-585.

[22] T. Vyhlidal, Analysis and Synthesis of Time
Delay System Spectrum, Ph.D. Thesis, Faculty of
Mechanical Engineering, Czech Technical
University in Prague, 2003.

[23] L. Pekat and P. Valenta, Robust Control of a
Laboratory Circuit Thermal Plant, Int. J. Math.
Models and Methods in Appl. Sci, Vol. 7, No.
3,2013, pp. 311-319.

[24] L. Pekat, J. Korbel, and R. Prokop, TFC
Robust Control Design for Time Delay
Systems — Analysis and Example, Proc. 19th
Int. Conf. Process Control 2013 (PC 2013),
Strbské Pleso, Slovakia, 2013, pp. 324-329.

[25] X. Li and D. E. De Souza, Delay-dependent
Robust Stability and Stabilization of Uncertain
Linear Delay Systems: A Linear Matrix
Inequality Approach, [EEE Trans. Aut.
Control, Vol. 42, No. 8, 1997, pp. 1144-1148.

Volume 2, 2017



Libor Pekaf, Roman Prokop

[26] K. Gu, V. L. Kharitonov, and J. Chen, Stability
of Time-Delay Systems, Boston: Birkhduser,
2003.

[27]1R. Sipahi and N. Olgac, Complete Stability
Robustness of Third-Order LTI Multiple Time-
Delay Systems, Automatica, Vol. 41, No. 8,
2005, pp. 1413-1422.

[28] M. Papoutsidakis, D. Piromalis, F. Neri, and M.
Camilleri, WSEAS Trans. Systems, Vol. 13,
2014, pp. 242-251.

[29] M. Camilleri, F. Neri, and M. Papoutsidakis,
An Algorithmic Approach to Parameter
Selection in Machine Learning using Meta-
Optimization Techniques, WSEAS Trans.
Systems, Vol. 13, 2014, pp. 202-213.

[30] L. Desborough and R. Miller, Increasing
Customer Value of Industrial Control
Performance  Monitoring —  Honeywell
Experience, in Proc. 6th Int. Conf. on Chemical
Process Control, Tuscon, AZ, 2001, pp. 153-
186.

[31]J. R. Partington, Some Frequency-Domain
Approaches to the Model Reduction of Delay
Systems, Annual Reviews in Control, Vol. 28,
No. 1, 2004, pp. 65-73.

[32] P. Dostal, V. Bobal and Z. Babik, Control of
Unstable and Integrating Time Delay Systems
Using Time Delay Approximations, WSEAS
Trans. Systems, Vol. 11, No. 10, 2012, pp.586-
595.

[33] L. Pekar. On a Controller Parameterization for
Infinite-Dimensional Feedback Systems Based
on the Desired Overshoot, WSEAS Trans.
Systems, Vol. 12, No. 6, 2013, pp. 325-335.

[34] W. Michiels, E. Jarlebring, and K. Meerbergen,
Krylov-based Model Order Reduction of Time-
Delay Systems, SIAM J. Matrix Analysis and
Appl., Vol. 32, No. 4, 2011, pp. 1399-1421.

[35] A. Seuret, H. Ozbay, C. Bonnet, and H.
Mounier (Eds.), Low Complexity Controllers
for Time Delay Systems, Advances in Delays
and Dynamics, Vol. 2. New York: Springer,
2014.

[36] C. C. Hang, K. W. Lim and B. W. Chong, A
Dual-rate Digital Smith Predictor, Automatica,
Vol. 20, 1989, pp. 1-16.

[37] B. C. Torrico, and J. E. Normey-Rico, 2DOF
Discrete Dead-time Compensators for Stable
and Integrative Processes with Dead-time, J.
Process Control, Vol. 15, 2005, pp. 341-352.

[38] D. Breda, S. Maset, and R. Vermiglio,
Pseudospectral Differencing Methods for
Characteristic Roots of Delay Differential
Equations, SIAM J. Scientific Comp., Vol. 27,
No. 2, 2005, pp. 482-495.

ISSN: 2367-8917

241

International Journal of Control Systems and Robotics
http://www.iaras.org/iaras/journals/ijcsr

[39] R. H. Middleton and G. C. Goodwin, Digital
Control and Estimation: A Unified Approach,
Detroit: Prentice Hall, 1990.

[40] L. Pekat and R. Prokop, Simulation of Robust
Algebraic Control of a Delayed Heat
Exchanger with Controller Rationalization, in
Proc. 29" European Conf. on Modelling and
Simulation, 2015, accepted.

[41] P. Zitek and J. Hlava, Anisochronic Internal
Model Control of Time-Delay Systems,
Control Eng. Practice, Vol. 9, No. 5, 2001, pp.
501-516.

[42] K. Pault, Multi-parameter Heating Plant
Control by Means of Feedback States, Master
Thesis, Prague: Faculty of Mechanical
Engineering, Czech Technical University in
Prague, 2006, 114 p. (in Czech)

[43] V. Krishna, K. Ramkumar and V. Alagesan,
Control of Heat Exchangers Using Model
Predictive Controller, in Proc. IEEE Int. Conf.
on Advances in Eng., Sci. and Management,
Nagapttinam, India, 2012, pp. 242-146.

[44] M. Bakosova and J. Oravec, Robust Model
Predictive Control of Heat Exchanger Network,
Chemical Engineering Transactions, Vol. 35,
2013, pp. 241-246.

[45] R. Ortega and R. Kelly, PID Self-Tuners: Some
Theoretical and Practical Aspects, IEEE Trans.
Ind. Elect., Vol. IE-31, No. 4, 1984, pp. 332-
338.

[46] L. Pekaf, J. Korbel, and R. Prokop, TFC
Robust Control Design for Time Delay
Systems — Analysis and Example, in Proc. 19th
Int. Conf. on Process Control 2013 (PC 2013),
Strbské Pleso, Slovakia, 2013, pp. 324-329.

[47]C. Doyle, B. A. Francis, and A. R.
Tannenbaum, Feedback Control Theory. New
York: McMillan, 1992.

[48] L. Pekat, R. Prokop, and R. Matusii, A Stability
Test for Control Systems with Delays Based on
the Nyquist Criterion, Int. J. Math. Models and
Methods in Appl. Sci., Vol. 5, No. 6, 2011, pp.
1213-1224.

[49] T. Vyhlidal and P. Zitek, Discrete
Approximation of a Time Delay System and
Delta Model Spectrum, Proc. 16th IFAC World
Congress, Prague: IFAC, 2005, pp. 636-636.

Volume 2, 2017




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /AgencyFB-Bold
    /AgencyFB-Reg
    /Aharoni-Bold
    /Algerian
    /Andalus
    /AngsanaNew
    /AngsanaNew-Bold
    /AngsanaNew-BoldItalic
    /AngsanaNew-Italic
    /AngsanaUPC
    /AngsanaUPC-Bold
    /AngsanaUPC-BoldItalic
    /AngsanaUPC-Italic
    /Aparajita
    /Aparajita-Bold
    /Aparajita-BoldItalic
    /Aparajita-Italic
    /ArabicTypesetting
    /Arial-Black
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialRoundedMTBold
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /BatangChe
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BlackadderITC-Regular
    /BodoniMT
    /BodoniMTBlack
    /BodoniMTBlack-Italic
    /BodoniMT-Bold
    /BodoniMT-BoldItalic
    /BodoniMTCondensed
    /BodoniMTCondensed-Bold
    /BodoniMTCondensed-BoldItalic
    /BodoniMTCondensed-Italic
    /BodoniMT-Italic
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BradleyHandITC
    /BritannicBold
    /Broadway
    /BrowalliaNew
    /BrowalliaNew-Bold
    /BrowalliaNew-BoldItalic
    /BrowalliaNew-Italic
    /BrowalliaUPC
    /BrowalliaUPC-Bold
    /BrowalliaUPC-BoldItalic
    /BrowalliaUPC-Italic
    /BrushScriptMT
    /Calibri
    /Calibri-Bold
    /Calibri-BoldItalic
    /Calibri-Italic
    /Calibri-Light
    /Calibri-LightItalic
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /CalisMTBol
    /CalistoMT
    /CalistoMT-BoldItalic
    /CalistoMT-Italic
    /Cambria
    /Cambria-Bold
    /Cambria-BoldItalic
    /Cambria-Italic
    /CambriaMath
    /Candara
    /Candara-Bold
    /Candara-BoldItalic
    /Candara-Italic
    /Castellar
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /Consolas
    /Consolas-Bold
    /Consolas-BoldItalic
    /Consolas-Italic
    /Constantia
    /Constantia-Bold
    /Constantia-BoldItalic
    /Constantia-Italic
    /CooperBlack
    /CopperplateGothic-Bold
    /CopperplateGothic-Light
    /Corbel
    /Corbel-Bold
    /Corbel-BoldItalic
    /Corbel-Italic
    /CordiaNew
    /CordiaNew-Bold
    /CordiaNew-BoldItalic
    /CordiaNew-Italic
    /CordiaUPC
    /CordiaUPC-Bold
    /CordiaUPC-BoldItalic
    /CordiaUPC-Italic
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /CurlzMT
    /DaunPenh
    /David
    /David-Bold
    /DFKaiShu-SB-Estd-BF
    /DilleniaUPC
    /DilleniaUPCBold
    /DilleniaUPCBoldItalic
    /DilleniaUPCItalic
    /DokChampa
    /Dotum
    /DotumChe
    /Ebrima
    /Ebrima-Bold
    /EdwardianScriptITC
    /Elephant-Italic
    /Elephant-Regular
    /EngraversMT
    /ErasITC-Bold
    /ErasITC-Demi
    /ErasITC-Light
    /ErasITC-Medium
    /EstrangeloEdessa
    /EucrosiaUPC
    /EucrosiaUPCBold
    /EucrosiaUPCBoldItalic
    /EucrosiaUPCItalic
    /EuphemiaCAS
    /FangSong
    /FelixTitlingMT
    /FootlightMTLight
    /ForteMT
    /FranklinGothic-Book
    /FranklinGothic-BookItalic
    /FranklinGothic-Demi
    /FranklinGothic-DemiCond
    /FranklinGothic-DemiItalic
    /FranklinGothic-Heavy
    /FranklinGothic-HeavyItalic
    /FranklinGothic-Medium
    /FranklinGothic-MediumCond
    /FranklinGothic-MediumItalic
    /FrankRuehl
    /FreesiaUPC
    /FreesiaUPCBold
    /FreesiaUPCBoldItalic
    /FreesiaUPCItalic
    /FreestyleScript-Regular
    /FrenchScriptMT
    /Gabriola
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Gautami
    /Gautami-Bold
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Gigi-Regular
    /GillSansMT
    /GillSansMT-Bold
    /GillSansMT-BoldItalic
    /GillSansMT-Condensed
    /GillSansMT-ExtraCondensedBold
    /GillSansMT-Italic
    /GillSans-UltraBold
    /GillSans-UltraBoldCondensed
    /Gisha
    /Gisha-Bold
    /GloucesterMT-ExtraCondensed
    /GoudyOldStyleT-Bold
    /GoudyOldStyleT-Italic
    /GoudyOldStyleT-Regular
    /GoudyStout
    /Gulim
    /GulimChe
    /Gungsuh
    /GungsuhChe
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /ImprintMT-Shadow
    /InformalRoman-Regular
    /IrisUPC
    /IrisUPCBold
    /IrisUPCBoldItalic
    /IrisUPCItalic
    /IskoolaPota
    /IskoolaPota-Bold
    /JasmineUPC
    /JasmineUPCBold
    /JasmineUPCBoldItalic
    /JasmineUPCItalic
    /Jokerman-Regular
    /JuiceITC-Regular
    /KaiTi
    /Kalinga
    /Kalinga-Bold
    /Kartika
    /Kartika-Bold
    /KhmerUI
    /KhmerUI-Bold
    /KodchiangUPC
    /KodchiangUPCBold
    /KodchiangUPCBoldItalic
    /KodchiangUPCItalic
    /Kokila
    /Kokila-Bold
    /Kokila-BoldItalic
    /Kokila-Italic
    /KristenITC-Regular
    /KunstlerScript
    /LaoUI
    /LaoUI-Bold
    /Latha
    /Latha-Bold
    /LatinWide
    /Leelawadee
    /Leelawadee-Bold
    /LevenimMT
    /LevenimMT-Bold
    /LilyUPC
    /LilyUPCBold
    /LilyUPCBoldItalic
    /LilyUPCItalic
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSans
    /LucidaSans-Demi
    /LucidaSans-DemiItalic
    /LucidaSans-Italic
    /LucidaSans-Typewriter
    /LucidaSans-TypewriterBold
    /LucidaSans-TypewriterBoldOblique
    /LucidaSans-TypewriterOblique
    /LucidaSansUnicode
    /Magneto-Bold
    /MaiandraGD-Regular
    /MalgunGothic
    /MalgunGothicBold
    /MalgunGothicRegular
    /Mangal
    /Mangal-Bold
    /Marlett
    /Mathematica1
    /Mathematica1-Bold
    /Mathematica1Mono
    /Mathematica1Mono-Bold
    /Mathematica2
    /Mathematica2-Bold
    /Mathematica2Mono
    /Mathematica2Mono-Bold
    /Mathematica3
    /Mathematica3-Bold
    /Mathematica3Mono
    /Mathematica3Mono-Bold
    /Mathematica4
    /Mathematica4-Bold
    /Mathematica4Mono
    /Mathematica4Mono-Bold
    /Mathematica5
    /Mathematica5-Bold
    /Mathematica5Mono
    /Mathematica5Mono-Bold
    /Mathematica6
    /Mathematica6Bold
    /Mathematica6Mono
    /Mathematica6MonoBold
    /Mathematica7
    /Mathematica7Bold
    /Mathematica7Mono
    /Mathematica7MonoBold
    /MaturaMTScriptCapitals
    /Meiryo
    /Meiryo-Bold
    /Meiryo-BoldItalic
    /Meiryo-Italic
    /MeiryoUI
    /MeiryoUI-Bold
    /MeiryoUI-BoldItalic
    /MeiryoUI-Italic
    /MicrosoftHimalaya
    /MicrosoftJhengHeiBold
    /MicrosoftJhengHeiRegular
    /MicrosoftNewTaiLue
    /MicrosoftNewTaiLue-Bold
    /MicrosoftPhagsPa
    /MicrosoftPhagsPa-Bold
    /MicrosoftSansSerif
    /MicrosoftTaiLe
    /MicrosoftTaiLe-Bold
    /MicrosoftUighur
    /MicrosoftYaHei
    /MicrosoftYaHei-Bold
    /Microsoft-Yi-Baiti
    /MingLiU
    /MingLiU-ExtB
    /Ming-Lt-HKSCS-ExtB
    /Ming-Lt-HKSCS-UNI-H
    /Miriam
    /MiriamFixed
    /Mistral
    /Modern-Regular
    /MongolianBaiti
    /MonotypeCorsiva
    /MoolBoran
    /MS-Gothic
    /MS-Mincho
    /MSOutlook
    /MS-PGothic
    /MS-PMincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /MS-UIGothic
    /MVBoli
    /Narkisim
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NSimSun
    /Nyala-Regular
    /OCRAExtended
    /OldEnglishTextMT
    /Onyx
    /PalaceScriptMT
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Papyrus-Regular
    /Parchment-Regular
    /Perpetua
    /Perpetua-Bold
    /Perpetua-BoldItalic
    /Perpetua-Italic
    /PerpetuaTitlingMT-Bold
    /PerpetuaTitlingMT-Light
    /PlantagenetCherokee
    /Playbill
    /PMingLiU
    /PMingLiU-ExtB
    /PoorRichard-Regular
    /Pristina-Regular
    /Raavi
    /RageItalic
    /Ravie
    /Rockwell
    /Rockwell-Bold
    /Rockwell-BoldItalic
    /Rockwell-Condensed
    /Rockwell-CondensedBold
    /Rockwell-ExtraBold
    /Rockwell-Italic
    /Rod
    /SakkalMajalla
    /SakkalMajallaBold
    /ScriptMTBold
    /SegoePrint
    /SegoePrint-Bold
    /SegoeScript
    /SegoeScript-Bold
    /SegoeUI
    /SegoeUI-Bold
    /SegoeUI-BoldItalic
    /SegoeUI-Italic
    /SegoeUI-Light
    /SegoeUI-SemiBold
    /SegoeUISymbol
    /ShonarBangla
    /ShonarBangla-Bold
    /ShowcardGothic-Reg
    /Shruti
    /Shruti-Bold
    /SimHei
    /SimplifiedArabic
    /SimplifiedArabic-Bold
    /SimplifiedArabicFixed
    /SimSun
    /SimSun-ExtB
    /SnapITC-Regular
    /Stencil
    /Sylfaen
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /TraditionalArabic
    /TraditionalArabic-Bold
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga
    /Tunga-Bold
    /TwCenMT-Bold
    /TwCenMT-BoldItalic
    /TwCenMT-Condensed
    /TwCenMT-CondensedBold
    /TwCenMT-CondensedExtraBold
    /TwCenMT-Italic
    /TwCenMT-Regular
    /Utsaah
    /Utsaah-Bold
    /Utsaah-BoldItalic
    /Utsaah-Italic
    /Vani
    /Vani-Bold
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /Vijaya
    /Vijaya-Bold
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Vrinda
    /Vrinda-Bold
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /SyntheticBoldness 1.000000
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002000d>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002000d>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /GRE <>
    /HRV <>
    /HUN <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e000d>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /CZE <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice




