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Abstract Tidal power, also called tidal energy, is a form of hydropower that converts the energy of tides into useful forms of
power, mainly electricity. Although not yet widely used, tidal power has potential for future electricity generation. Tides
are more predictable than wind energy and solar power. Among sources of renewable energy, tidal power has
traditionally suffered from relatively high cost and limited availability of sites with sufficiently high tidal ranges or flow
velocities, thus constricting its total availability. However, many recent technological developments and improvements,
both in design (e.g. dynamic tidal power, tidal lagoons) and turbine technology (e.g. new axial turbines, cross flow
turbines), indicate that the total availability of tidal power may be much higher than previously assumed, and that
economic and environmental costs may be brought down to competitive levels. Historically, tide mills have been used
both in Europe and on the Atlantic coast of North America. The incoming water was contained in large storage ponds,
and as the tide went out, it turned waterwheels that used the mechanical power it produced to mill grain. The earliest
occurrences date from the Middle Ages, or even from Roman times. It was only in the 19th century that the process of
using falling water and spinning turbines to create electricity was introduced in the U.S. and Europe. Two-unit standby
system subject to environmental conditions such as shocks, change of weather conditions etc. have been discussed in
reliability literature by several authors due to significant importance in defences, industry etc. In the present paper we
have taken two-non-identical warm standby system with failure time distribution as exponential and repair time
distribution as general. The Role of tidal energy generated due to tides and gravitational attractions under which the
system operates plays significant role on its working. We are considering system under the influence of (i) tides and (ii)
Gravitational attractions causing different types of failure requiring different types of repair facilities. Using semi Markov
regenerative point technique we have calculated different reliability characteristics such as MTSF, reliability of the
system, availability analysis in steady state, busy period analysis of the system under repair, expected number of visits by
the repairman in the long run and gain-function and graphs are drawn.
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INTRODUCTION
Tidal power is taken from the Earth's oceanic tides; tidal forces are periodic variations in gravitational attraction exerted
by celestial bodies. These forces create corresponding motions or currents in the world's oceans. Due to the strong
attraction to the oceans, a bulge in the water level is created, causing a temporary increase in sea level. When the sea
level is raised, water from the middle of the ocean is forced to move toward the shorelines, creating a tide. This
occurrence takes place in an unfailing manner, due to the consistent pattern of the moon’s orbit around the earth. The
magnitude and character of this motion reflects the changing positions of the Moon and Sun relative to the Earth, the
effects of Earth's rotation, and local geography of the sea floor and coastlines. Tidal stream generators (or TSGs) make
use of the kinetic energy of moving water to power turbines, in a similar way to wind turbines that use wind to power
turbines. Some tidal generators can be built into the structures of existing bridges, involving virtually no aesthetic
problems. Land constrictions such as straits or inlets can create high velocities at specific sites, which can be captured
with the use of turbines. These turbines can be horizontal, vertical, open, or ducted and are typically placed near the
bottom of the water column.

Assumptions
1. The failure time distribution is exponential whereas the repair time distribution is arbitrary of two non-identical

units.
2. The repair facility is of four types :
Type 1, 11 repair facility
e when failure due to tides producing tidal energy and gravitational attractions of first unit occurs respectively
and
Type 111, IV repair facility
e when failure due to tides producing tidal energy and gravitational attractions of the second unit occurs
respectively.

The repair starts immediately upon failure of units and the repair discipline is FCFS.

4. The repairs are perfect and start immediately as soon as the tides producing tidal energy and gravitational
attractions of the system become normal. The tides producing tidal energy and gravitational attractions in both
the units do not occur simultaneously.

5. The failure of a unit is detected immediately and perfectly.

6. The switches are perfect and instantaneous.

7. All random variables are mutually independent.

W

SYMBOLS FOR STATES OF THE SYSTEM

Superscripts: O, WS, SO, FTPTE, FGA, SF

Operative, Warm Standby, Stops the operation, failure due to tides producing tidal energy, failure due to gravitational
attractions, Switch failure respectively

Subscripts: ntpte, tpte, ga, ur, wr, uR

No tides producing tidal energy, tides producing tidal energy, gravitational attractions, under repair, waiting for repair,
under repair continued respectively

Up states: 0, 1,2, 9;

Down states: 3,4,5,6,7,8,10, 11

Regeneration point: 0,1,2,4,7,10

STATES OF THE SYSTEM

O(Ontptea Wsntpte)

One unit is operative and there are no tides producing tidal energy and the other unit is warm standby with no
gravitational attractions in both the units.

I(Sotntea Ontpte)

The operation of the first unit stops automatically due to tides producing tidal energy and warm standby unit’s starts
operating with no tides producing tidal energy.

2(FTPTE;, Opgyee)

The first unit fails and undergoes repair after the tides producing tidal energy are over and the other unit continues to be
operative with no tides producing tidal energy.
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3(FTPTER, SOpee)

The repair of the first unit is continued from state 2 and the operation of second unit stops automatically due to tides
producing tidal energy.

4(FTPTE,,, SO,,)

The first unit fails and undergoes repair after the tides producing tidal energy are over and the other unit also stops
automatically due to gravitational attractions.

S5(FTPTE,r, FGAgawr)

The repair of the first unit is continued from state 4 and the other unit is failed due to gravitational attractions in it and is
waiting for repair.

6(Onipte, FGAUr)

The first unit becomes operative with no tides producing tidal energy and the second unit is failed due to gravitational
attractions is under repair.

7(SOn2a9 SFntpte, ur)

The operation of the first unit stops automatically due to gravitational attractions and during switchover to the second
unit switch fails and undergoes repair and there is no tides producing tidal energy

S(FGAga, wry SFntpte, uR)

The repair of failed switch is continued from state 7 and the first unit is failed after gravitational attractions are waiting
for repair.

9(Ontpte, Soga)

The first unit is operative with no tides producing tidal energy and the operation of warm standby second unit is stopped
automatically due to gravitational force.

10(SOy,, SF)

The operation of the first unit stops automatically due to gravitational attractions and the second unit switch fails and
undergoes repair after the gravitational attractions is over.

II(FGAga. Wr FGAuR)

The repair of the second unit is continued from state 10 and the first unit is failed due to gravitational attractions

is waiting for repair.

(G
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Figure 1: The State Transition Diagram

OHE state | | down state

TRANSITION PROBABILITIES

Simple probabilistic considerations yield the following expressions:
A 22

Por = a3 T T v Az a3
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22 a1 23
Poo= M4 02 +23° plz A+)3° Pu=s
on—8G1 (7\1) P2 =G\ (M)=pas, P = Gy (M),
P =G, (ha)=Psg

We can easity verify that

po1 + p07(54; poo=1,patpuu=1,pxo+ P23(5—)P22( =1, ps "= 1 peo= 1,

Pt P4 pu= 1 poio=1,proat proz =1 (1)
And mean sojourn time are

mo=E(T) = [ P[T > t]dt Q)

Mean time to system failure
We can regard the failed state as absorbing

00(t) = Qo1 (D)[5]01(t) + Qoo(D)[s]64(t) + Qo7 ()
01(t) = Q12(6)[s]162(t) + Q14(£), 62(£) = Q20 (t)[5]160(2) + Q§3)(t)

04(t) = Qo,10(t) (3-5)
Taking Laplace-Stiltjes transform of eq. (3-5) and solving for

Qo(s) =Ni(s)/Di(s) (6)
where

Ni($)=Q51(8) { Qi2(9) 05 () + Qia() I+ Qao(s) Q510(5) + Q37 (s)

Di(s) =1-Qg1(s)  Q12(s) Q30(s)
Making use of relations (1) and (2) it can be shown that 0o (0) =1, which implies that 0,(t) is a proper distribution.
MTSF = E[T] = d/ds 6, (s) (D1 (0) - N, (0)) / Dy (0)

s=0
= (Mo tPo1 U1 + Po1 P12 Uz + Poo Ho ) / (1 - Po1 P12 P20 )
where

3
Ho = Hor +Ho7 + Hoo» 1 = H1z + Haas o = Hao + Haz ), Ho = Ho10

AVAILABILITY ANALYSIS

Let Mj(t) be the probability of the system having started from state I is up at time t without making any other regenerative
state belonging to E. By probabilistic arguments, we have The value of M(t), M;(t), Mx(t), My(t) can be found easily.
The point wise availability A;(t) have the following recursive relations

Ao(t) = Mo(t) + qo1(D[c]A1(t) + qor(D[c]A7(t) + qos(t)[c]Ao(t)

Ai() =M, (3t) + qua(t)[c]Ax(t) + qua(t)[c]A4(D), Ax(t) = Ma(t) + qao([c]An(t) + g2 (D[] Ax(t)

Aq() = qus(D[c ]As(t) Aq(t) = qeo(t)[c]Ao(t)

As(t) = (qra(0)F 422 (0) [c]Ax() + qra (D[C]Au(t)

Ag(0) = Ms(t) + do,10(D[c]A10(t), A1o(D) = Qo 2(O[C]Ax(1) + dro2" (D[] Ax() (7-14)
Taking Laplace Transform of eq. (7-14) and solving for A, (s)

Ap(s) =Na(s)/Da(s) (15)
where

Na(s) = (1 - § 227(s)) { M o(s) + Gor(s) M 1(s) + Gos(s) M o(s)}+ M 2(s){ Gor(s) §a(s) + Qor(s)( Gra(s) + @ V(s)) + G 0o
() 4 9.10 ($)( G 102 (s) +q 10,2(“)(5))}

Ds(s) = (1 -4 27s)) { 1 - 46”(5) Goo(s) ( Gor(s) § a4 O+ qor(®) Gu(s)
- G20(s){ Goi(s) Q12(S)+ Qor(s)( G 72(8) + G 12°(5) + G 09 (5) § 0,10 (5)
(102 (s) +q 10, 2 D(s))}

The steady state availability

A() = hmt_,oo[Ao(t)] = lims_)o [S AO(S)] — lims_)o S NZ(S)

D, (s)
Using L’ Hospitals rule, we get
1 Np(s)+s Np'(s) _ Np(0)
Ao=limeso =577 30 (16)

Where
N2(0)= p2o(Mo(0) + po1M1(0) + pog Mo(0) ) + M»(0) (poip12 + Po7 (P72
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+ 972(8) + Pos )
D, (0) = p20{ to * Po1 41+ (Po1 P14 + Po7 P74 ) Ua™T Po7 U7 + Po7 U7 + Poo(te + M)
+pz { 1- ((Poip1a+ Po7 P74 )}

5 8 11
Mgy = 26),.117 =l t U 52) TR, M0 = oz T H 50_2)

The expected up time of the system in (0,t] is

— A Ny (S
2,0 = [ Ag (2)dz So that I, (s) = =2 = #((S)) (17)
The expected down time of the system in (0, t] is
Aa(®) = t- 2,(t) So that g () =% — X, (5) (18)

The expected busy period of the server for repairing the failed unit under gravitational attractions in (0, t]
Ro(t) = So(t) + qor(D[c]R1(t) + qor(D[Cc]R7(t) + qoo(t)[c]Ro(t)

Ri(t) = Si(t) + Chz(t)[C]Rz(? + qua(t)[c]R4(D),

Ry(1) = qao(D[c]Ro(t) + g2 (D[c]R(1)

Ri(6) = a5 (O[CIRg(D), Re(t) = gso(t)[cIRo(1)

Rr(t) = (@n(t)+ an™(1) [eRo(0) + ars (DCIR4()

Ro(t) = So(t) + Go,10(D[CIR10(0), R1o(t) = Gro2(t) + dro2" (O[c]Rx(0) (19-26)
Taking Laplace Transform of eq. (19-26) and solving for Ry(s)
Ro(s) =Ns(s)/Dy(s) (27)
Where
Na(s) = (1-§ 27(5)) { S o(8) + Gor(s) S 1(5) + Gos(s) S o(s)} and Dy(s) is already defined.

N3(0)

In the long run, Ry = (28)

D,'(0)

where N3(0)= p2o(So(0) + poiS1(0) + poo S5(0) ) and D; (0) is already defined.
The expected period of the system under gravitational attractions in (0,t] is
Ao(®) = [ Ry (2)dz So that I, () = =22

The expected Busy period of the server for repairing the failed units under tides producing tidal energy by the
repairman in (0, t]

Bo(t) = qor(H)[c]B1(t) + qor(D[c]B7(t) + qoo(t)[c]Bo(t) ®

Bi(t) = C112(t)[C]Bz3(t) + qua(®)[c]Ba(t), Bo(t) = qao(t)[c] Bo(t) + g2 (t)[c]Ba(t)

By(t) = T4 ()+ Qus. )g)[C]Bs(t), Be(t) = Te ()+ qeo(t)[c]Bo(t)

Bo(t) = (qr()+ an (D) [c]Ba(t) + qrs (D[c]Ba(t)

B(t) = do,10()[cIB1o(t), Bio(t) = Tio (0 (Quo2() + dio2" "(D[cIB() (29- 36)
Taking Laplace Transform of eq. (29-36) and solving for B (s)

By (s)  =Nu(s)/ Da(s) (37)
Where

Ni(s) = (1- 3 227) { Goi(®) G ( T 4(8) + 8a V) T 6(5) +8 0776) o) T (5)
+ 4 46”7) T 6(9))+ Gools) Goo10(8) T 10(8))
And D»(s) is already defined.

In steady state, By = ?8; (33)
2
where Nu(0)= p2o {( po1 P14+ po7 p74) (T4(0) +T6(0)) + poo T'10(0) } and D, (0) is already defined.

The expected busy period of the server f9r repair in (0, t] is

Au(t) = J* Bo (2)dz So that A, (s) = 22 (39)
The expected Busy period of the server for repair of switch in (o, t]

Po(t) = qoi(D[c]P1(t) + qor(D[cIP7(t) + qoo(t)[c]Py(t) s

P1(t) = qra(D[CIPA() + qua(DICIPa(D), Po(t) = qao(D[cIPo(t) + a2 (Dc]Pa(0)

Py(t) = ue” (D[IPe(D), Pe(t) = deo()[IPo(t)

P7(t) = Ly()+ (a2()* 42(D) [eIP(t) + qa (O[cIPu()

Po(t) = do,10(D[IP10(D), Pro(t) = (d10.(t) + quoa" () [eIPo() (40-47)
Taking Laplace Transform of eq. (40-47) and solving for
Py (s) =Ns(s)/Dafs) (48)
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where Na(s) = Gor(s ) L 1(s) (1 - § »")(s)) and Da(s) is defined earlier.
N5(0)

D,'(0)
where N5(0)= pag po7 L4(0) and D, (0) is already defined.
The expected busy period of the server for repair of the switch in (0, t] is

Aps(t) = focx P, (z)dz So that A (s) = POT(S)
The expected number of visits by the repairman for repairing the non-identical units in (0, t]
Ho(t) = Qo1(H)[c]H1(t) + Qo7(H)[c]H7(t) + Qoo(t)[c]Ho(t)
Hi () = Qua)[c][1+Ha()] + Qua(®lel 1+Hy(®)], Ha(t) = Qau(®)[e]Ho(t) + Q2" (D[ c]HaAt)
H(t) = Qe (D[cTH(D), H(t) = Qeo(D)[c]Ho(®)
H(t) = (Qua(t)+ Qua™(0) [e]Ha(6) + Qra (D[c]Ha(D)
Ho(t) = Qo 10(®)[c][1+H10(0)], Hio(®) = (Qroa(B)[e] + Quon" () [c]Ha(t)
Taking Laplace Transform of eq. (51-58) and solving for Hj(s)
Hg(s) =Ne(s)/ Ds(s)
Where
Ne(s) = (1-Q 2”7 (9) { Q0(8)(Q"12(9)+ Q"14(5) + Q" 09 () Q" .10 ()}
Dy(s) = (1-Q 27 () £ 1-(Q"01(5) Q" 14 (5) + Q"09(5) Q"74(5)) Qs (5) Q" 0(s)}
- Q" 20(S) Q"01(8) Q" 12(9)+ Q0r()( Q" 7a(s) + Q" V(s +
Q%09 () Q9,10 (5) (Q” 102 (8) +Q 102" ()}

In the long run, Hy = 1;16_,((00))
3

where Ng(0)= pao (Po1 T+ Poo) and D’;3(0) is already defined.

The expected number of visits by the repairman for repairing the switch in (0,t]
Vo(t) = Qui(D[c]Vi(t) + Qor(D[c] V(1) + Qoo()[c]Vo(t) X

Vi) = Qu(e]Va() + Qua(®IelVa(t), Va(t) = Qao()elVo() + Q™ (O[e]Va()
Vi(t) = Qu V(O[] Ve(D), Vs(t) Qso(D)[c]Vo(t)

V(1) = (Qu®[1+Va(0]+ Qu (1)) [c]Va(t) + Qg ﬁt)[C]V4(t)

Vo(t) = Qo10()[cIVio(t), Vio() = (Quoa(t) + Qio2" (®)[c]Va(t)

Taking Laplace-Stieltjes transform of eq. (61-68) and solving for V" (s)

Vo' (s) =Ny(s)/Dy(s)

where Ny(s) = Q* 7 (s) Q* 7 (s) (1 — Q %®(s)) and Dy(s) is the same as Ds(s)
N7 (0)

D4/(0)

where N7(0)= pao po7 p72 and D’;(0) is already defined.

In the long run, Py =

In the long run, V=

COST-BENEFIT ANALYSIS

(49)

(50)

(51-58)

(59)

(60)

(61-68)

(69)

(70)

The gain- function of the system considering mean up-time, expected busy period of the system under tides producing
tidal energy when the units stops automatically, expected busy period of the server for repair of unit due to gravitational
attractions and switch, expected number of visits by the repairman for unit failure, expected number of visits by the

repairman for switch failure.
The expected total cost-benefit incurred in (0, t] is
C (t) = Expected total revenue in (0, t] - expected total repair cost for switch in (0, t]

e cexpected total repair cost for repairing the units due to tides producing tidal energy in (0, t] when the units

automatically stop in (0, t]

e expected busy period of the system under gravitational attractions

e cexpected number of visits by the repairman for repairing the switch in (0,t]

e expected number of visits by the repairman for repairing of the non-identical units in (0,t]
The expected total cost per unit time in steady state is
C =lim,,,(C(t)/t) =limg,,(s%C(s))
=KAo - K;P - K3Bg - K4Rg - K5V - KgHo
Where
Kj;: revenue per unit up-time,
K;: cost per unit time for which the system is under switch repair,
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Kj;: cost per unit time for which the system is under repair due to tides producing tidal energy when units automatically

stop,

Kj: cost per unit time for which the system is under repair due to gravitational attractions,
Ks: cost per visit by the repairman for which switch repair,
KG: cost per visit by the repairman for units repair.

CONCLUSION

After studying the system, we have analyzed graphically that when the failure rate due to tides producing tidal energy,
failure rate due to gravitational attractions increases, the MTSF and steady state availability decreases and the cost
function decreased as the failure increases.
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