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ABSTRACT

In this effort, we present novel nonlinear modeling of two
solenoid actuated butterfly valves subject to a sudden aontr
tion and then develop an optimal configuration in the presenc
of highly coupled nonlinear dynamics. The valves are us#ukin
so-called “Smart Systems” to be employed in a wide range of ap
plications including bioengineering, medicine, and ergiring
fields. Typically, tens of the actuated valves are instagbaisly
operating to regulate the amount of flow and also to avoid prob
ble catastrophic disasters which have been observed inrde p

tice. We focus on minimizing the amount of energy used in the

system as one of the most critical design criteria to yielce&n
ficient operation. We optimize the actuation subsystenes-int
acting with the highly nonlinear flow loads in order to minzai

US Navy has particularly focused on developing reliable emd
ergy efficient systems to minimize the cost of operation dsd a
to increase crew safety through a stable performance.

Automation systems typically consist of actuators, sessor
controllers, valves, piping, electrical cabling and conmigation
wiring. Many types of actuator-valve systems are in use][1, 2
One of the most critical systems to be utilized in cooling-pur
poses is the so-called “Smart Valve” system. The main objec-
tive of the smart valves is to shut down automatically in cafse
breakage and to reroute the flow as needed.

These sets include many interdisciplinary components-inte
acting with each other through highly coupled nonlinearaiyn
ics. We have previously analyzed a solenoid actuated [iytter
valve dealing with electromagnetics and fluid mechanic6]3—

a lumped amount of energy consumed. The contribution of this High fidelity mathematical models were developed for both th

work is to include coupled nonlinearities of electromedbah
valve systems to optimize the actuation units. Stochdwstiajs-
tic, and gradient based algorithms are utilized in seekimgap-
timal design of two configurations of solenoid actuated @alv
The results indicate that substantial amount of energy can b
saved by an intelligent design that helps select parametaes
fully but also uses flow torques to augment the closing sffort

1 Introduction

Generally “Smart Systems” have received much attention
for a wide range of applications to be operated efficientlthwi
respect to the amount of energy used in the actuator units. Th

1

single and coupled actuated valves. For the single set 8], o
focus was on developing a nonlinear model to analyze the com-
plicated physics of the system to be used in dynamic angisis
and optimization. [5]

We have captured transient chaotic and crisis dynamics of
the single valve actuator for some critical parametersihglfo
define the safe domain of operation. Determining the safe op-
erational domain through the stability map helped us defiee t
lower and upper bounds of the optimization tasks [5] and@per
tion, which reduced the amount of energy used in the single se
The first phase was to optimize the system design, partigular
the actuation unit coupled with the mechanical and fluidgart
We then optimized the valve operation to be closed in an effici
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fashion yielding the minimum energy consumption. In both th
optimization schemes, the roles of flow torques are impot@an
help close the valve with minimal energy.

It is of great interest to emphasize that the smart valve sys-

sign process is formulated to help select the efficient actsa
parameters coupled with the electromagnetical, mechiaaicd
fluid parts in order to yield an energy efficient system. Mdste
tromechanical systems used in the flow control lines have bee

tems contain many of the actuated sets and hence, they wouldstudied by neglecting the interconnections imposed byrctis.

not be independent of each other. These dependencies have be
observed in the practice and probable malfunction of eath se
may expectedly result in the catastrophic behavior of thela/h

From another aspect, the linearization method, as one afitire
plest practices, is widely being utilized in many of analgtiin-
vestigations particularly for the systems with a higheelesf

system. Therefore, we have developed the coupled dynamic complexity and coupling. The results of both the isolatetd a

model of two actuated valves operating in series [6]. A peri-
odic noise was applied on the upstream valve to evaluatéd-its e
fects on the downstream set of the valve and actuator. A power
ful tool of the nonlinear dynamic analysis (power spectrwa}
then employed to present the same oscillatory responseeof th
downstream set with that of the upstream one; as expected, th
downstream set revealed the same frequencies of respotise wi
a smaller amplitude. Any slight dynamic change of the upsire
set, on the other hand, was shown to be effective for the down-
stream set through the media trapped between two valves.

Capturing the coupled dynamics of two actuated valves
would help us optimize the design of both the actuation units
in which an interesting connection can be distinguishedéen
the currents. The currents are subject to the intercondéicis
torques and pressure drops of the valves. Note that, forithe s
gle set, we neglected the interactions among the actueabres
operating in series although the magnetic parts are rernlgrka
affected by the dynamics of the neighbor sets [6].

Optimization of solenoid actuators has recently received
some attention. Ju and Woong [7] have focused on the optimal
design of solenoid actuators using a non-magnetic ringctiele
magnetic actuator-current development has been carriedyou
Hameyer and Nienhaus [8], and Sugital. [9] studied develop-
ment of a design process for on-off type of solenoid actsator
Kajima [10] has considered a dynamic model of the plunges typ
of solenoids. Karr and Scott [11] utilized the genetic aiton
to optimize an anti-resonant electromechanical contralfeer-
ating in frequency domain. Mahdi [12] carried out optimiaat
of the PID controller parameters to operate nonlinear edewt-
chanical actuator efficiently. A coupled electromecharogdi-

linearized analyses may expectedly be valid within a nadow
main of operation leading typically to significant inacatyand
unreliability of the results. The contribution of this woik to
optimize both the actuated valves dynamically coupled fn di
ferent aspects while our previous effort [5] was on optimigi

a single unit by neglecting its dynamic coupling with aneothe
set. A considerable amount of energy saving was obtained via
the isolated analysis but would obviously could be affedigd
the dynamic interactions among sets. In this effort, a lutnpe
cost function will be minimized, with respect to the stalyitind
physical constraints, using global optimization tools rdey to
obtain efficient design and operation of the actuation weniis
valves, respectively. This would provide an interestingantu-
nity to utilize the coupled optimization scheme, which isnige
developed here, for other large-scale networks includihgral
gas fields, municipal piping systems, petrochemical plaarts
aerospace. The need for optimization clearly exists foh sust-
works in order to improve efficiency.

2 Mathematical Modeling

The system being optimized consists of two solenoid actu-
ated butterfly valves operating in series as shown in Fig).. 1(a
The actuators are connected to the valves’ stems through the
rack and pinion arrangements. Applying electric voltagks (
or DC), the magnetic forces move the plungers and conselguent
rotate both the valves to desirable angles. Note that wieaitl
return spring to open the valves; this is a common practicanam
manufacturers.

The mathematical modeling of such a coupled system obvi-

mization of the cost of high speed railway overheads has been ously needs some simplifying assumptions to avoid useleds a

carried out by Jimenez-Octavat al. [13]. Nowak [14] has fo-
cused on presenting an algorithm of the optimization of the d
namic parameters of an electromagnetic linear actuatoatpg

in error-actuated control system. Other contributionsesign
optimization of electromechanical actuators include PB-

This paper begins with a brief nonlinear dynamic model of
the actuators/valves operating in series but slightlyedé#ht from
the model reported in [6] due to the sudden contraction. én th
practice, multiple contractions and expansions existughathe
pipeline. The coupled modeling and then analysis of these co
figurations would hence be necessary to capture highly monli
ear mutual interactions among the sets. Then, the optimal de

2

cumbersome numerical calculations. The first one is to égle
the magnetic diffusion. During the diffusion time, therenis
powerful magnetic force to move the plunger and the valve sub
sequently would not rotate in that time interval. Note that t
diffusion time has an inverse relationship with the amoticto-
rent [3] such that a large value of the current yields a négkg
diffusion time and vice versa. We apply a curreni ef 13(A)
for both the actuators yielding the diffusion time Bf~ 6(m9
which can be easily neglected considering the nominal dipera
time.

The second assumption is to utilize laminar flow for both
the valves. This is a common practice to avoid the tedious nu-
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FIGURE 2. The experimental work carried out for a single set

_ L. L L. _
1 TABLE 1. The system parameters
%0,1 7%a,z kg -
f P 1000 5 Y 33
1 ; l . u 0.5 Pn 256(kPa)
p D
D. P—WM% 45 ¥ Ji2 0.104x 10 Y(kg.m?) bgrgp 103M:Mms
R] RLI Rcon RL2 RZ 1
v | N1’2 3300 C11712 1.56x 106(H )
1 2 Omme 0.1(m) Viz  24(Volt)
(b) Dy1 8(in) Dy, 5(in)
FIGURE 1. (a) Two actuated butterfly valves subject to the sudden ~ Dsi2  0.5(in) Pout  2(kPa)
contraction; (b) A model of two valves in series without atton Ky 60(N.m) Corop 6.32x 108(H 71)
Ly 2(m) Lo 1(m)
merical calculations of a turbulent regime and also to dgvah Hg 0.018Kgmts!) R 18Q)
analytical model to be used in the nonlinear dynamic anglysi f1o 0.05(m) 0 90

The dynamic analysis needs to be done to capture the danger-
ous responses of the system [4]. The validity of laminar flow
assumption needs to be examined particularly with respect t
the amounts of inlet velocity and pipe diameter given in &abl

1. Using these values, the Reynolds number indicates the ex-the coupled sets [6].

istence of the turbulent regime and questions the assumpfio We modeled the coupled system as two changing resistors
laminar flow. We hence carried out experimental work shown in for the opening/closing valves plus three constant onefién t
Fig. 2 to examine the validity of the assumption. Shown in Fig middle of the valves, shown in Fig. 1(b). Two of the constant
3 is the total torque, sum of both the hydrodynamic and bear- resistors stand for head losses and another one is due todhe s
ing ones, for the inlet velocity oy ~ 2.7 (') and valve diam- den contraction. The inletand outlet pressures are sugpose

eter ofDy = 2 (incheg revealing an acceptable consistency [22] known. Applying the assumption stated for the dominant temi
among the experimental data and the formula utilized in the a ~ flow, the Hagen-Poiseuille [23] and Borda-Carnot [24] fotasu
alytical studies based on the laminar flow. This also gives us €xpress the pressure drops between two valves (points J)and 2
the confidence to use the analytically (and computatiohdky

rived mathematical expressions for the hydrodynamic ara-be

ing torques. We previously discussed the important roldxti P — Poomn = 128“; - v (1)
the torques on the dynamic response of a single actuated valv Dy,
and subsequently such effects are expected to be obsemved fo Ri1

3 Copyright © 2015 by ASME



> Exprl

_8 i
0 20

40
a (degree)

FIGURE 3. The experimental and analytical total torques for thetinle
velocity of Vo ~ 2.7 ('T) and valve diameter db, = 2 (inches

1

Peort — Peore = éKconPch)ut (2
128usl,
Peore — P> = q 3)
i,
——

R 2

where, s is the fluid dynamic viscosityp,; andD,, stand for
the valves’ diametergy, indicates the volumetric flow raté,;
andL, are the pipe lengths before and after contractagy and
Peorp indicate the flow pressures before and after contractiah, an
R 1 andR, » are the constant resistancése,, is easily calculated
as follows.

Kcon=0.5(1— %) /sin (g) (4)

where, 6 is the angle of approach arffl indicates the ratio of
minor and major diametelég—ﬁ). Using the parameters given

in Table 1, we obtairKcon, = 0.2562. We rewrite Eq. 2 as the
following:

1
Peort — Peore = EKconPV§ut

_ 8Keon  TPDL V3
- mDE, 16

W—/ A

Reon v
= Rconq\zl )
4

where, Reon is the resistance due to the sudden contraction.
Adding Egs. 1,2, 3, and 5 easily yields,

Pi—P,=[R.1+ R.2+ ReornQv]av (6)

The valve’s “Resistance (R)” and “Coefficient” are the most
important parameters of the regulating valves includintidutly
ones. The valve’s resistance and coefficient are nonlingar-f
tions of the valve rotation angle [25]:

_ 891D€| i

Ran) = cGi(ai)’

=12 ")

The pressure drop across the valve is stated as follows [26]:
AR(aj) = 0.5R;(aj)pv? (8)

where,a indicates the valve rotation angleis the flow velocity,
andp stands for the density of the media. Rewriting Eq. 8 yields,

_ D}v? 8x Ri(ai)p

- \
& Rei (ati)

We established that both the hydrodynanij) @nd bearingTy)
torques [26, 27] are too sensitive to the pressure drop roddai
via Eq. 9 leading us to reformulate them to be stated as fsllow

16Ti(a;
fi(ai) = Cc.(:‘g(ll)sm(a)) 2 (10)
37T(1— %)
16Tci(ai)D3AR
T = oi(%) Dy AR 2 = fi(a)DGAR  (11)
3n(1_ w)
Toi = 0.5A4ARUDs = GIAR (12)

where,u is the friction coefficient of the bearing ardag indi-
cates the stem diameter of the val@e= ’—g uDSiDs, andT and

Ceci stand for the hydrodynamic torque and the sum of upper and
lower contraction coefficients, respectively; they dependhe
valve rotation angle [3].
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The nonlinear dynamic analysis carried out for a set of the
actuator/valve [4] provides the criteria needed to deteenthe
bounds of the optimization tasks; the stability analysigobsly

needs to be done using an analytical model. The same practice

we would utilize for the coupled system with the aid of fitting
suitable curves ony,; andR; in order to model the system an-
alytically. For our case study @,;=8 (in) andD,,=5 (in), the
valves’ coefficients and resistances are formulated asvsl

cu(a1) = p1o3 +qua? + 0101+ (13)
C2(02) = P203 + 03 + 0202+ S (14)
€1

ay) = 15
Rua(1) (p10113+Q10!f+010!1+31)2 13)
Ruo(012) = = (16)

(P203 + 0202 + 0202 + )2

wheree; =7.2x 10°, & =4.51x 10°, py = 4619, p, = 16184,
g1 = —4054, qp = —11053,0; = —1831,0, = —6951, 5 =
2207, ands, = 807.57. Clearly the mass continuity principle
impliesgin = Qout = Qv- Rewriting Eq. 9 then yields,

Ph—P1  P.—Pou
Ru(o1)  Rp(o)
Ra1P> 4+ Ri2PL = Rn2Pn + Ra1Pout (18)

(17)

One can easily derive the couplBdandP, terms by combining
Egs. 6 and 18 as follows:

_ Rn2Pn + Rn1Pout + Ra1(RL1 4+ Ri2 + ReonGv) Qv

P, 19
' (Rn1+Rn2) (19)
Rn2Pin + Rn1Pout — Rn2(Ru1 + Ri2 4+ ReonOv) Qv
— 20
& Ry + R (20)

Egs. 19 and 20 state the rolesRfi, Rz, R.1, R 2, andRgo, 0n

the variations oP, andP, with the given values dR,, Poyt, and

Ov, as observed in the practice. Therefore, it is fairly stutfigy-

ward to conclude the dynamic sensitivity of the downstreatn s

to any slight changes of the upstream one. We then can rewrite
both the hydrodynamic and bearing torques dependency on all
the resistances as follows.

Thi = fi(ai)D3AR (Rag, Rz, Ri1, Ri2, Reon) (21)
Tbl = CIAF)I (Rn17 Rn27 RL17 RLZa Rcon) (22)

Note thatf; is a function of many nonlinear terms which
include the changind.; andC in addition to the valves’ an-

5

gles. For a systematic analysis of the whole system, theviell
ing functions are fitted to thB3 f; of each valve:

Th = (alaleblall'l — 1€ (R — Py)

3
Dy, f1

€1
(p1o3+a1a7+0101+51)2

= (alaleblall'l — cledlal) X

Y ]
=1 (pa+ga?+oiai+s)?

X (Pin — Pout— (RL1 + Ri2 + Reoniv) v) (23)
Tho = (840262 — ¢, e42) (P, — Pou)

D, f2
€
P203+0203+0,05+5)2

- / ! a. 11 d o (
= (ajapeM? " — ¢jeh19?) x > =
=1 (pia?+gia?+oiai+s)2

X (Rn — Pout— (RL1 4+ Ri2 + Reontv)av) (24)

where,a; = 0.4249,a) =0.1022,b; = —1852,b; = —17.0795,
c1=—7.823x 1074 ¢, = -2x 1074 dy = —1.084, andd] =
—1.0973. We also replace the sign functisigh(a;)), which
is being used in the bearing torque statement to prese@sis r
tance role, by the smooth function takter; ) for ease of analysis.
Figs. 4(a) and 4(b) are results of the stability analysi®©efdou-
pled system; we will report this effort as another article.

The state variables are defined as follows.

(21,20,23,24, 25,25 = Q1,011,i1,02,02,i2]

We previously developed the magnetic force and rate of atirre
terms [3] to be used in deriving the state space equationd-as f
lows.

Fini = 25
™ 2(Cyi + Cai(gmi — %i))? (3)
dii _ (Vi —Rii)(Cai +Cai(gmi — X))
dt N?
CailiX;
— 26
(C1i +Coi(gmi— %)) (25)
un=2 (27)
1 I'1C21N122§
= — —b1gzo — kit Z
NN [2(C11+C21(gml —riz))2 TR
(Rn—Pout—(RL1+R 2+Reondv) dv) €1
(MB+nZ+01z1+51)? %
) g
2i-14 pFaZ ronrs)
[(alzleblzll’l — cledlzl) —Cy1x tanI’(Kzz)H (28)
5y — V1= R123)(C11 1 Cor(gm —1121))

N
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Co1zzzp

29
(C11+Co1(9m —r1z1)) (29)
=17 (30)
. 1 I’2C22N222(23
5= — —bogzs — katzs
°T 7, [2(C12+ Coo(Ome —roza))2 ¢ 2
(Rn—Pout—(RL1+R 2+Reondv)dv) €2
(P2Z3+ 023 +0024+5;)? %
) g
=14 (5 q R 10518
[(aflaeb’lal'l — %) — Cyx tanI"(Kzs)} } (31)
(V2= Roz)(Cr2+ Coo(Gne — 1224))
26 - N2 -
5
Co27575 (32)

(Cr2+Co2(Imz — raz4))

where x indicates the plunger displacemenis the radius of the
pinion, Ry, stands for the motive forc€; andC, are the reluc-
tances of the magnetic path without airgap and airgap, cespe
tively, N is the number of coilsi, indicates the applied current,
Om is the nominal airgap] is the polar moment of inertia of the
valve’s disk,by is the equivalent torsional dampinig, indicates
the equivalent torsional stiffnesy, is the supply voltage, and
R indicates the electrical resistance of coil. Note that Ked r
sulted in a good approximation to the sign function. Eqs327-
constitute the sixth order dynamic model of the coupledactu
tors/valves.

3 Optimal Design

Efficient optimization schemes are needed to be utilized in
minimizing the amount of energy used by the whole system with
respect to the stability criteria we developed earlier 8}, Ne-
glecting the parameters’ constraints established throlglsta-
bility analysis would result in the failure of the whole syist
shown in Fig. 4(a) revealing the hyperchaotic dynamics ahbo
the valves/actuators for a set of the critical parameters;tos-
itive Lyapunov exponents shown in Fig. 4(b) confirm the hyper
chaotic behavior of the system. We selected critical vatdi¢ise
equivalent viscous damping and friction coefficient of tleaub
ing areabgi = 103, 1 = 5x 10~2), based on the stability anal-
ysis, to present the hyperchaotic dynamics of both the gaivel
actuators. The detailed results and discussions will bespited
as another article. The US Navy has experienced such aefisast
by running the flow line within the critical parameters duette
military incident.

The problem is one of constrained optimization with pos-
sibly several local minima. Therefore, we need to utilizi- ef
cient optimization approaches to get the global minimune; th
constraints are the stability and physical ones. The cosition
we wish to minimize is a lumped term of the energy used in both

6

150

rad
S

-150

_L1:+0.0737
3 -0.2 L,=-0.0130
—_— L3:—0.0287
-0.3
S L4:+0.0082
04 L,=-0.9240
L6:—0.3738
-0.5 i i i i
200 400 600 800 1000
time(s)
(b)
FIGURE 4. (a) The hyperchaotic dynamics of the valves/actoators;

(b) The Lyapunov exponents indicating the hyperchaoticadyias of
the system

the sets.

(33)

2ty
mmEzz/ Vi dt
=170

subject to z; < 90°, 4 < 90°

We previously reported that the analytical model would not
be valid atzy = 90° andzy = 90° [3—6, 26]. The cost function is
typically determined with respect to the scale and perforrea
of the network. Tens of such actuated valves are used in the US
Navy fleet and a lower lumped amount of energy consumed in
the network is needed to reduce the cost of operation. Thigdvo
lead us to select a lumped cost function to be minimized. rAfte
selecting some of the parameters as predetermined, thgndesi
variables to be used in the optimization process are chasen a
follows: Cy1, C12, Co1, andCy; are the magnetic reluctancegy
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andgqp indicate the airgaps, and; andN, are the number of
coils for both the actuators.
We hence define the design variables as the following:

8 = [C11,C12,C21,Ca2, N1, N2, Gt , O] " (34)

The state equations, as discussed earlier, need to be satis
fied at all times during the optimization process and thegiesi
variables are subject to the following lower and upper baund
(35)

(36)

Bmin = [0.8€6,0.866, 468, 468, 2900 2900 0.08,0.08T
Bmax = 266, 266, 9¢8, 9e8,340034000.11,0.11] T

These bounds were established based on practical system con
siderations, stability analysis, and physical constgaifiYe em-

ploy three global optimization tools including simulatethaal-

ing, genetic, and gradient based (GlobalSearch) algosittom
provide a clear map of optimization efforts with respecthe t
locality/globality of the cost function minima.

The first method (SA) was independently developed by
Kirkpatrick et al.[29] and by Cerny [30]. The second one (GA)
has been designed based on a heuristic search to mimic the pro
cess of natural selection [31].

One of the advantages of the simulated annealing procedure
is to select a new point randomly. We hence need to set thalinit
guesses as random numbers. The algorithm covers all newgpoin
to reduce the objective. At the same time, with a certain prob
ability, points that increase the objective are also a@mkpThe
algorithm avoids to be trapped in local minima by using moint
that raise the objective and has the potential to searchatijob
for more possible solutions.

The genetic algorithm is significantly more robust than othe
conventional ones. It does not break easily in the presehce o
slight changes of inputs, and noise. For a large state-sthacal-
gorithm may potentially exhibit significantly better pemfeance
than typical optimization techniques.

The design variables in practice are not of the same order,
and caused serious numerical errors in our initial studiég.
solved this issue by conditioning them using a normalizatio
scheme as follows.

Cyi Cai

N.
~;Ciin = ﬁiczm = 708+ 9min = 10gmi

Nni = —=;

ni 103

Note that random initial guesses we also used in the opti-
mization process (as required by simulated annealing)lasvi&

Ohr = B + (Bup— Bp) x rand(0,1) (37)
where rand(0,1) is a random number between zero and one. We
developed the algorithm in MATLAB and captured many inter-
esting results.

4 Results

The predetermined parameters given in Table 1 were ob-
tained from the experimental work we have done for the single
set as shown in Fig. 2. Table 2 gives the optimal design viasab
utilizing the GlobalSearch, genetic, and simulated anngall-
gorithms. The GS, genetic, and SA algorithms terminate afte
6000, 1040, and 24000 iterations, respectively, satigftlie tol-
erances defined for both the variables and the lumped cost fun
tion. All methods yield lower values @1, C12, Co1, C22, Omas
andgnp, and higher values for the number of coils with respect
to their corresponding nominal values.

These optimal variables to be used in the actuation parts are
considerably more efficient in that higher and lower valuidb®
actuation forces and currents are obtained as shown in Figs.
and 6, respectively. Note that for both the nominal and ogtim
configurations, the downstream actuators’ currents aroefoare
lower and higher, respectively, than those of the upstreaes,o
particularly for the optimal sets. This can be easily adskds
with respect to the sudden contraction between the valves. T
change of pipe diameter would potentially yield higher eslof
both the hydrodynamic and bearing torques acting on the down
stream valve based on Egs. 7-9, 21, and 22, to be stated as fol-

lows.
Tho ( D\/z) 3 <Cv1 > 2
— 0= x| — 38
Thl Dvl Cv2 ( )
Th2 ( Dw2Cy1 > 2
— 0 39
Tbl DvlC\Q ( )

The downstream set is hence expected, for both the nominal
and optimal cases, to be subject to the higher hydrodynamdic a
bearing torques for the approximate ranges &f 8; < 60° and

a; > 60°, respectively, as shown in Fig. 7. From another aspect,
we previously established the important roles of both tharéy
dynamic and bearing torques on the valve motions. The hydrod
namic torque is a helping load to push the valve to be closdd an
is typically effective for when the valve angle is lower thaoY

[6]. Note that the bearing torque is a resistance load andmem
ably becomes effective for the valve’s angle higher than dfia
60°; we validated the effective ranges experimentally [6] viahic
indicate the helping and resisting natures of the hydrodyoa
and bearing torques by presenting positive and negativesal
respectively. Consequently, the higher helping loads d/éedd

to the downstream valves’ higher rotation angles than tlodse
the upstream ones, shown in Fig. &0 = 22°, azno = 26°,
O10p = 63°, andazop = 75°. The higher rotation angles mini-
mize the dominator of the magnetic force term stated in Eq. 25
and one is expectedly able to notice slightly higher valuthef
force for the nominal downstream set and considerably mighe
amount for the optimal one in addition to the effects of th&-op
mal design variables.
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TABLE 2. The nominal and optimal variables

Nominal GS GA SA
SHY 156 08 08 0.8014
%}; H™1) 6.32 38 3.8009 38
% (HY) 156 09 0.8220 0813
22(H1) 632 4 38676 38018
Ny 3300 3400 3398 3400 4} —— Downstream Nominal

- = = Upstream Optimal

Ny 3300 3400 3330 3399 2| - - - Downstream Optimal
Om1 (M) 0.1 0.08 008 008 o m | 20 2 2
gro(m) 0.1 008 008 008 fmetd
Erot 25165 20563 20572 20400 FIGURE 6. The optimal and nominal applied currents

The optimal design variables which include smaller values 600 5
of Cyi’s, Cyi’s, gm's and higher values dfi’s would also remark- 500! N R
ably help magnify the magnetic forces based on Eq. 25. From ool ™S
another aspect, the circled area shown in Fig. 7 confirmsethe r 400¢
duced bearing torgques of the optimal sets than those of timé-no T 300l —40 10°
nal ones to help consume lower values of the currents andddmp z o
. epe . S ownstream Nominal
energy. Significantly smaller amounts of currents are useld & 2001 - = - Downstream Optimal
. . . . ) . = = = Upstream Optimal
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FIGURE 8. The optimal and nominal valves’ rotation angles

Consequently, reduced amounts of energies are consumed
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as shown in Figs. 9(a), 9(b), and 9(c). Shown in Figs. 9(dy) 9(
and, 9(c) reveal upward of 18.28%, 18.25%, and 18.94% energy
savings obtained through the GS, genetic, and SA algorithms
respectively, for the whole optimal systems in comparisdth w
that of the nominal one:

Enominai— Eopt
NEgg = —ominal” —optimal, 100~ 1828%  (40)

Enomial

AEg = —nominal™ Foptimal 450~ 1825%  (41)

Enomial

NEga = —nominal™ —optimal . 100~ 18.94%  (42)

Enomial

We repeatedly examined the optimization schemes to avoid to
be trapped in local minima. The negligible difference (lgemn
1.6%) among the GS, genetic, and SA algorithms would poten-
tially confirm the global minimum value. The amount of energy
saved is promising in that we typically run tens of valvesator
sets in a flow line and using such optimal configurations would
help reduce the amount of energy consumption and subséguent
the cost of operation for the whole network.

5 Conclusions

This paper presented a novel coupled nonlinear model of
two actuators and valves subject to the sudden contractia.
discussed the effects of mutual interactions between thesa
dynamics in correlations with the flow nonlinear torquedude
ing both the hydrodynamic and bearing ones. These dependen-
cies among different components were formalized to yieldta s
order dynamic model of the whole system. We used simulated
annealing, genetic, and gradient based algorithms to oatryp-
timization and obtained the global minimum of the lumpect cos
function defined as the sum of energy consumed in each set.

The principal results of this paper can be summarized as fol-
lows.

e Energy can be saved by a remarkable amount (as much as
19%) by implementing optimal design.

e The optimal flow torques help consume a minimum level of
the lumped energy.

e Lower values of the currents and subsequently instantaneou
energies (by plottingins = Viii vs. a;) are consumed partic-
ularly for higher rotation angles.

e Higher values of the motive forces are obtained.

e Better optimal performances would be obtained using opti-
mal design.

We currently focus on developing a comprehensive model
for nvalves and actuators to be operated optimally in series.

Copyright © 2015 by ASME
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