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Posznsioaromeca npobremu npoexmyeanHs MIiHIMATbHA eHep2ifi YAPABNIHHA 0N 00HO20 KAACY OUHAMIYHUX
cucmem Taxaei-Cyeeno y besnepepsnomy uaci. Poboma cnpamosana na 8UKOHAHHA KOMYMAYIHO20 3aKOHY 0/4
niomooeni. [Ipononoganuili nioxio 3acHoganuil Ha npunyuni onmumarsHocmi benimana. Ilopienanns yimkux nepe-
MUKAHb | HeyimKux Mooeiell NpogooumspCsi 3 Memow OeMOHCmpayii egexmuenocmi Hewimkoi moodeni 0Ons
onmumizayii inoexcy enepeemuunoi epexmuenocmi. L[a epa 3 yimkumu i Hewimxumu yacmuramu Oask Onmumizayii
npobaemu 062060pIOEMbCA AK MAUOYMHIU AKMYANbHUN HANPAMOK 00Cai0xceHs. Bei pesynomamu npointocmposani
HA NPUKIAOAX HEYIMKUX CUCTNEM 0OYUCTIOBATIbHO2O IHMENeKM) .

KirodoBi cioBa: ynpaBiiHHA nepeMukaHHsIM, Takari-CyreHo Mojelni, HediTKa JAWHAMIYHA CHCTEMa, 1HICKC
MIPOIYKTUBHOCTI, MiHiMi3aIlii eHeprii.

Paccmampusaiomes npobremvl npoekmuposanuss MUHUMATbHAS SHEP2Us YNpasieHus 0is 00H020 Kidccd Ou-
namuyeckux cucmem Taxaeu-Cyeeno 6 nenpepvisHoMm @pemeHu. Paboma nanpagiena Ha evlnoiHeHue KOMMymayu-
OHHO20 3aKOHA 07151 hoomoodenu. Ilpednacaemvlii N0OX00 ocHo8an Ha npunyune onmumarvhocmu benimana. Cpas-
HeHue YemKuUX NepeKkaoyenull U HeuemKkux mooenel nposooUmcs ¢ Yeabio OeMoOHCmpayuu dPgexmusnocmu Hevyem-
KOU MoOenu O/isk ONMUMU3AYUU UHOEKCa IHepeemuyeckol sg@dexmusHocmu. dma uepa ¢ YemxKumu U He4emKuUMu
yacmamu 05l ONMUMU3AYUYU NPOOaeMbl 0OCYAHCOaemcs Kak byoyuee aKmyaibhoe HanpasieHue ucciedosanuil. Bee
pe3yibmamul BPOULTIOCIPUPOBAHLL HA NPUMEPAX.HEUEMKUX CUCMEM BbIYUCIUMETbHO20 UHMENLEKMA .

KiroueBble ciioBa: yrnpasieHue nepekitoueHueM, Takaru-CyreHo MoJielii, HeueTKas THHAMHYEeCKasi CUCTEMa,
WHJICKC TIPOU3BOIUTEIHHOCTH, MUHUMU3AIMH YHEPTUH.

This paper deals with the problem of designing mimh-energy control for a class of Tak&jigen
continuous-time dynamical systems. The work isskdwon fulfillmenbf the switching law for submodels.
proposed approach is based on Bellman’s princidleotimélity. The comparison of crisp switching and fi
models is conducted to demonstrate the effectiganfethe fuzzy model to optimize the energy affigimdex. Th
different combination of crisp and fuzzy parts tlee optimization problem is discussed as futurécadgrends o
studies. All results are illustrated with examples.

~Keywords: switching control, Takagi-Sugeno modakzly dynamic system, emgr efficiency index, energ
minimization.

Introduction. Implementation of the management methodologies in the implementation
principles of energy management at the enterprisek the energy management system caused by the
of Ukraine is a key element of the nationainnovative nature of the technical solutions, the
program to improve efficiency of the energyexisting time and financial constraints, high risk,
industry. and for quality requirements of the project [1, 2].

The main elements that determine th&Vith the implementation of changes in the energy
efficiency of the energy management system asector at the regional level, there is a need ffor a
the institutional arrangements, facilitiesjntegrated approach to management, based on a
information technology, the availability of multi-project and program management.
necessary resources. Using of modern project
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In order to formalize management processeystems are used for description of a variety of
in the energy management are appropriate usingagplications, including situations where a conigol
standard 50001:2012SO “"energy managementgenerated among a number of subsystems[6].
systems. Requirements with guidance for use.” [3]. The choosing of appropriate model usually
Using of this standard will integrate the principle depends on a part (or a region) of state space in
of energy management as the management of tlvhich an object is staying or a model itself is a
organization and the project management, tlwontrol parameter. We consider in this paper the
implementation of which the organization iscase when a model is depended on a region of state
involved. space in which state is staying. In this case we ca

In spite of the fact that energy managemeRjrite A= A( x) .
technical aspects (energy audit, application of We can also formulate the optimization
energy saving technologies et cetera) are underl oblem, namely, the minimization of a cost func-
efficiency of management projects in energy i on ' y:
determined efficiency of management resources. )

With the purpose of providing of viability of pro- J=J(x%U (2)

jects on the initial stage of planning it is neeggs with restriction (1) and some initial and/or final

to conduct the estimation of resource realizabilityiates

of project, expose requirements both to to materia}

and tec(trqr_li%al re?ourceo? and to the command of X(t0)1x(tf) 3)
roject (high-quality and quantitative compositio s Lo

gf éommagd,qneceésary chJrisdictions, fungtions gpr finite or infinite timet, of control. _

necessity and presence of resources in a project). The main objective of an optimal control is to

In the case of multiproject management angetermine control signals(t)for open systems or

management the brief-case of projects it is

necessary to provide optimum allocation of reU(X, x) for closed-loop systems that will cause

sources within the framework of pool of resourcegat 5 process (plant) will satisfy some physical
of organization with the purpose of decline of rislggnstraints (1) and at the same time extremize
of origin of resource conflicts. _ . (maximize or minimize) a chosen performance
During realization of project a requirement ircriterion (a performance index or a cost function)
the resources of certain kind is not permanent(a) Taking into account different types of
size, but changes during time. , uncertainly there are many formulations of optimal
_Let x —is a resource of project, u — thgontrol problems, where (1),(2) or (3) can be
facilities, necessary for functioning of this resmI described using statistical or fuzzy models [7, 8].
(expenses on the use, energy consumption et cetera \we consider here the case when model (1) is
for financial resources and labour costs for humef[]zzy and an performance index is a crisp one. We

capitals). _ , compare also the switching fuzzy model with the
Then time-history of this resource can brisp one in the sense of the value of the perform-
described differential equalization: ance index as well.
dx
gt f(xu), Decomposition approach for energy

h : 00 infl | tIperformance index minimization using Bellman
where u is managing influence (expenses, elec 6ﬁbtimality principle

power et cetera) which needs to be minimized for o5 4 problem of optimization we consider the

86;{;9[;1 of time of implementation of project (fromenergy-optimal control system, namely

As a system is difficult, to describe it one _ 2
equalization is not always possible, and depending —EIU dt, (4)
on the state of kh (more precisely, from his place T
on a phase plane), different equalizations are.us&dth the model of region rules
Together they form the so-called commuted system RL:if xis/A\, then'x= 1f( X .).
(switched system). o

One of the modern directions in control sys- R2:if xisA, thenx f( x
tem theory is to investigate different complex and ©)
hybrid systems, among them so-called switching
systems[1.2]. In such a system the dynamic, for RM :if xisA,, thenx= f ( x

instance, of the continuous-time controlled proc-h A . in th h .
ess is described with several differential equatioVNeére/\; are regions in the state space. In the crisp

or differential inclusions like case these regions are crisp sets, in a fuzzy case
. they are the fuzzy sets. For crisp sets we use
x(t)D{ fa(x(t),u(t))}aDA, (1) | - y

where x(t)OR'is a state systera(t)0R'is a following restrictions g/\‘ =R,

control and {fa:R”*k R R‘} is a set of NA;=0,0i#]. Inthe case of the fuzzy
continuously differentiable functions. Model, the membership functions of linguistic
parameterized byain a suitable set A. Suchterms A, are designed under such limitation of

]
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o M _ The final value x(2)=-2 belongs to condition
normalization, namelyz,ui (x)=1OxOR". x<0.5 and we use model R2 the rest part of time

i=1 .

Giving the energy-optimal criteria we alsoffomt; to 2. That is clear that we havet,) =0.5.
base on Bellman principle of optimality [6] According to principle of optimality (6) we can
according to an optimal sequence of decisions inwaite
multistage decision process, the problem has the 12 14 12
property that whatever the initial state and =_Iu2dt: J+ \12=_I % dt+_J' 3 d,
decisions are, the remaining decisions must 2% 25 2]
constitute an optimal policy with regard to theasta '

. : W : f
C?g%lgﬂ% ig)vwittgu(aﬂr;lras; decisions. This means th%ith partial optimization problemsJ, =1'[u2dt
t 2 0
_ 2 4 _ 2
J _E.[u dt=J, +..+ 4, = for model f,(x,u)=u and J, =%qudt for the
t
’ (6) u

model f,(x,u)=2u. On each piece of trajectory
we solve the separate optimization probldpand
where each part of performance index isl,with the appropriate model from (7). In such a
minimized for appropriated model (1) or (5) fromcase the whole optimization problem could be
aj DA( x). Giving models in each part of controlformulated as finding the timet, <2of the

time the optimization problem in this case can bewitching of the control. Let us solve this task
formulated as finding the times from the sehow.

{t,....t,} that jointly minimize the performance ~ Case 1. Let x205  tO[0],
index (6) with solving the optimization problemx(0)=2,x(t)=0.E. We solve here the
for each modela; DA(X). Such decomposition optimization problem of minimization

approach allows considering the whole opti- 1% | _ . .
mization problem as a set of separate optimizatioh :—IU dt with the plant modelx=u using
problems with additional transversality conditions . <o .
between models. These conditions depends on tyY@fiation approach:
of solution: is the trajectory inside one time 1]&

interval [t ,t,,] intersect or does not intersect the 1=

:%:I:ude%I uzdt+...+%1 U dt,

1t1 t
uzdt:E£ ) dt=[ V( x} d,

0

o

border of space appropriate intervalj. Most of \where

authors on the topic of switching control does the N 1.

strict restrictions and does not consider such V(X, X):—X2- (8)
intersections [6, 8]. Moreover, there are not 2 o )
separate investigations on energy performance The necessary condition to minimize (8) is the
index minimization for switching systems usingEuler-Lagrange equation [8]

decomposition approach. ov doVv
We compare in this paper two switching T AL 9)
models, namely the crisp model and fuzzy Takagi- _ ox dtox
Sugeno one for minimization of functional (2).Fotthat gives the optimal solution
the sake of simplicity the decomposition approach X(t) =Ct+C,. (10)
is illustrated on examples of first order diffetiaht I , . .
equations. From initial and final conditions we can find
the constants in (10), the optimal control and the
Energy-optimal  control  system  for . 1.5
switchingggrisg model y performance index C,=2,C = —t— :
Let us consider a following optimization 1
problem of a crisp switching system (5) that is 15 14%1.8 1.12¢
consisted of models R1 and R2: u(t)=-=—, J, :—I - dt= . Here
RL:if x= 0.5then’x= u b 25 4 it

' 7) time t,is to be found.

R2:if x< 0.5thenx= 2t (7) time ti u

with the performance index (4) and initial and fina Case 2. Let x<0.5, tD[tz,Z] ,

conditions x(0)=2,x(2)=-2 correspondingly, X(T1) _=0.$,x( )=-2. We solve here  the

where t, =0t; =2. The initial value x(0)=2 optimization problem of minimization
'}

belongs to conditionx>0.5 that is why we use :Ejuzdt with the plant modelk = 2u using
0

model R1 in the first part of time from O tp<t, . b
variation approach

154 ) ISSN 1993—9868. Hadprorasosa eHepretuka. 2013. Ne 2(20)

-2/




Hayka i cyvacHi rexHonorii

1 i 1 £ . z . Y
J, =Eju2dt=—2.[4x2 dt:j V(xy d, with partial optimization problems], =%IU2 dt

] t ty 0
where 1%
V(xx)=2%. (11) for model f,(x u)=u, J, :Etju dt for the model

The necessary condition to minimize (11) is 12
the Euler-Lagrange equation (9) that gives thg (x, u)= XEU+(1— gggu and Jsz_J‘uzdt for
2t

optimal solution
x(t) =C;t+C,. (12) the modelf, (x,u) = 2u.

From initial and final conditions we can find _ _ ;
the constants in (12), the optimal control and the The model fZ(X' u)— XD“(l >§D’Zu arises

rom Takagi-Sugeno inference engine
performance index C, = 25 C, = 2, +1 () [u+ 4, (XU
- 1 - 1 X
T2t T p-2) fuy=the +” e with limitation of
1.2 128  0.7812 H, 09+ 1, (X)
(t)= . J, ——I dt=- : normalization.
t - t, 2) t-2 On each piece of the trajectory we solve the
' ThUS we have the following performanceseparate optimization probled,, J,and J,with
index as a function frory the appropriate model from (14). In such a case
the whole optimization problem could be
1.125 0.7812! - )
J'u di=J+ = 5 formulated as finding the timet, <t,<2 of
! 4 switching of the control. Let us solve this task
t,0(0,2) . (13) now.
~ To find the minimal value of the performance  Case 1. Let x=1,t0[0t],
index (13) is necessary to solve the equatloQ(O):z’x(tl):l_ We solve here the optimization
0J 0.78125 1.125
—=0. We have for (13) >———=0. 14
ot t,-2) t problem of minimization leaj‘uzdt with the

The solutions aret, ={1.(09,12.). Because
t1D(O,2) we have the moment of switching 18 1h 4
— 2 — X — .
t,=1.(09. The value of the performance index —EJU dt—zj det—_[ V(xy d,
_1.125_0.78125 ° ° °

J= =1.891 where
t, t,—2

0
plant modeKk = U using variational approach:

v(>gx):1 X. (17)
Energy-optimal  control  system  for 2
switching fuzzy model The necessary condition to minimize (17) is
Let us consider the energy optimizatiorthe Euler-Lagrange equation (9) that gives the
problem of a fuzzy switching system (5) that i®ptimal solution
consisted of models R1 and R2: (t) =Ct+C,. (18)

RL:if xisL, then = u

(14) From initial and final conditions we can find
R2:if xisL, thenx 2 the constants in (12), the optimal control and the
with the performance index (4) and initial and finaP€rformance index
valuesx(0) =2,x(2) =-2. C,=2, (;1:_&, u(t)=—1,
Let L,L, be the linguistic variables with L L
membership functions ' _ 1%1 1
Lif x< 0, Jl_E = dt=—.
. 0 tl 2‘-1
X)=<1- < X< 15
i, (%) ; fx t 01 x<1, 3 case 2 Let 0<x<1tO(t.t,),
if x> _ _
According to the principle of optimality (6) (ti) L X(tz)_ 0. We solve .he.re. _the
we can write opt|m|zat|on problem  of  minimization
2
J =%J‘uzdt= J+ 3+ = J; ——Iu dt with plant model
0
(ae) . . -
Y t2 2 X= XEU+ — X) [2u using variation approach:
=l.|'u2dt+—1j. uzdt+—1juzd1 (2= J PP
20 2t1 2t2
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'C-ﬂSI:I model (Mﬂ_@lkl:l

-1.E5F Fuzzy model
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Figure 1 — Optimal trajectory for the fuzzy model (L4) and the crisp model (7)

14 12 52 t, From initial and final conditions we can find
le_juzdt:_j dt=jV( x) d, (19) the constants in (20), the optimal control and the
27 2; (2-%)° 1 performance index:
g X cszi,cﬁz 2, ,u(t)= L
where V(% X) —m . The necessary t,~2 2-t, t,-2
-X
condition to minimize (19) is the Euler-Lagrange _1f 1 _ 1
; 2ot 3= ~dt= .
equation (9)%* + 2X— x[x= Owhence 2] (t,-2) 2(2-t,)
x(t) =C " +2. (20) Thus, we have the following performance
From initial and final conditions we can findindex as a function fror, t,
the constants in (20), the optimal control and the — —
performance index: ‘](ti'tZ) it dpt g
- 2 23
c, =2 2 Cu()=-nZ S, (m2) 1 (23)
t;~t et L-h 2, 2t,-t) 22ty
. ) ) Let us find the minimal value of the function
_1IZ (In2) dt= (In2) 33
275 - . 23), namely solve the following system— =0,
20 (t,-t)  2At-t) (23) Y 9 SYSIETG:,

Case 3. Let x<0,t0[t,, 2], 93

x(t)=0,x(2)=-2. We solve here the 9%
imizati .- ..~ equations
optimization problem of minimization

=0. It leads for (23) to the system of

2 In2 2 1
J; =%{[uzdt with the plant modelX = 2u using (t(l _tz)z —¥=0,
variational approach 1 (In2)2
_ 1 2 ) _ 12 XZ B 2 . . 5 — > -
Jl—Eiu dt—5£—4dt—£v(x>) d, (t,-2)° (t,-t,)

Only one solution can be approved according
1 to conditionst,, t, D[O,Z] t, <t,, namely:
V(% x)=§'x2 : (21) 2 2(In2+1)

) N . =0.743t, =
The necessary condition to minimize (21) is In2+2 In2+ 2
the Euler-Lagrange equation (9) that gives the gg\ue havel (tl t )21 817
] 2 . A T

optimal solution
P _ lllustrate the optimal trajectories for crisp and
x(t)=Gt+ G, (22) fuzzy models (fig.1).

where

1

= 1.257
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Comparison of the crisp and fuzzy models  This article opens also the wide ways for investiga
It is interesting that the optimal fuzzy systention of optimization problems for different
model gives less value of the performance indesombinations of type of optimization elements —
i <] crisp, fuzzy Takagi-Sugeno, fuzzy Mamdani,
then the crisp model.); < J; . Let tD[tl'tz]’ statistical models for representing of performance
where the interva[tl,tz] is an interval where the indexes, plants, initial and transversality corais

fuzzy model works. It is enough to calculate th%o_gt”é We hope to solve these tasks in future step-
performance index in intervdl,t,]. Really, out y-step.
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That isAJ(1.(09)) =-0.444, s0J, < J. .

Conclusion

In this paper we illustrate the interesting
phenomena of advantage of the fuzzy switching
model and the crisp one in optimization problem
with minimum energy criteria. We show also that
such a problem for the switching model can be
transformed due to Bellman principle of optimality
to the problem of switching time optimization.

[2)
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