WSEAS TRANSACTIONS on CIRCUITS and SYSTEMS

Nicolae Jula, Costin Cepisca, Lungu Mihai,
Ciprian Racuciu, Tudor Ursu, Dan Raducanu

Theoretical and Practical Aspects for Study and Optimization of the
Aircrafts’ Electro Energetic Systems

NICOLAE JULA
Military Technical Academy
81-83 G.Cosbuc Blv.,Sector 5 Bucharest
ROMANIA
nicolae.jula@gmail.com

LUNGU MIHAI

University of Craiova, Faculty of Electrotechnics

Blv. Decebal, No.107, Craiova, Dolj
ROMANIA
Lmal312@yahoo.com

TUDOR URSU
Military Technical Academy
81-83 G.Cosbuc Blv.,Sector 5 Bucharest
ROMANIA
ursutudor1952@yahoo.com

COSTIN CEPISCA
SC Elcos Proiect SRL
lancului 4, s.2, Bucharest
ROMANIA
costin@wing.ro

CIPRIAN RACUCIU
Military Technical Academy
81-83 G.Cosbuc Blv.,Sector 5 Bucharest
ROMANIA
ciprian.racuciu@gmail.com

DAN RADUCANU
Military Technical Academy
81-83 G.Coshuc Blv.,Sector 5 Bucharest
ROMANIA
dan.raducanu@gmail.com

Abstract: - The paper presents a concrete case of an actual aircraft electric power system analysis. Using the
Boolean logical structures we define a conceptual fault tree. The fault tree will express all the combination of
factors that can lead to system failure in the onboard electric system. The further on analysis rely on AND — OR
logic elements, and the goal is to improve the fault-tolerance behavior of the system. The examples and
numeric figures are for a c.c. electric power system of an operational aircraft.
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1 Introduction

Large-scale systems reliability analysis is based on
the quantification of the failure process at the
structural level. Thus, any system failure is a result
of a quantified sequence of states of the failure
process. The quantification level is chosen in
accordance with the desired goal and precision,
down even to the singular components. The more
detailed the quantification level gets, the more
accurate are the results [1], [2], [15].

The conceptual representation of an emergent failure
state is a series of primary events, interconnected
through a Boolean logical structure, which indicates
the possible combination of those elements having
the result of a system failure. The aircraft electric
system reliability determination, using the Boolean
algebra, consists in the calculus of the probability of
the “failure” event.

From the structural point of view, for the reliability
analysis, we will use the terms:

- Primary elements — components or blocks at the
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base level of the quantification;
- Primary failures — primary elements failures;
- Unwanted event — system failure state;
- Failure mode — the set of primary elements that
when simultaneously in failure mode, drives to a
system failure;
- Minimal failure mode — the smallest set of primary
components that when simultaneously in failure
mode, drive to a system failure;
- Hierarchic level — all elements that are structurally
equivalent and having equivalent positions in the
system failure representation.
The analysis method is based on binary logic [3],
[4], [5]. Thus, a system function is equivalent with a
binary function, which variables are the events (the
failures). This binary function:

Y =f(X,,X,,.. X,) (1)
is synthesized with logical elements AND/OR,
using the following symbols and states:

U (reunion) for the function OR;
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(N (intersection) for the function AND;
X, is 1 if the primary element is good and O

otherwise, and Y is 1 if the system is good and O
otherwise. Thus, the method representation is
depicted in Figure 1.

I FAILURE |

Boolean structure
hased on
ANDAOR circuits

00066

Fig.1. a) The general concept of the method based
on Boolean algebra
(1, 2,..., n are independent primary events);
b) the schematics of the logic function AND; c) the
schematics of the logic function OR

For the reliability function indicators calculus, in the
hypothesis of the failure intensity having an
exponential distribution, we use the relations:

R(t) = exp(— gxitj = exp(- At) (2)
R(t) =1-TT[L-exp(. )] ®3)

me:Azi%.
i=1

Relation (2) is used for the serial connection and the
relation (3) is used for the parallel connection of the
elements.

2 The Analysis Method Application

In the purpose of exemplifying the method for the
reliability indicators determination we will focus on
the c.c. electric power supply system of an aircraft.
Figure 2 depicts the electric power supply system
for the aircraft [10], [11], [12].

In principle, this electric power supply system
equips (as the main electric power supply system) a
large number of military aircraft from the MiG
family (MiG-21, MiG-23, MiG-27, etc.). The
example refers only a c.c. electric power supply
system, but the method can be used also for the
alternative current, mixed and complex systems [7],
[8], [9], [13], [14]. In Figure 2:

1E - starter-generator [11], [12] — startup time of
several seconds (as starter), after a successful start
(three attempts permitted) it goes to a generator
regime, supplying a 28V c.c. voltage;
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4E — accumulator switch;
5E — inverse polarity protection diode;
13E - accumulator;
14E — accumulator to c.c. bar switch;
24E — generator to c.c. bar coupler / de-coupler;
47E — fuse;
27E - voltage regulator.
The emerging failure state schematics using
AND/OR elements is depicted in Figure 3. The
failure event is the loss of voltage at the 28V bar.
For the failure intensity A, of the components we
use the relation:

A =kh

= Ky (4)
where:

k — maintenance and way — of — use coefficient (for
aircraft components the coefficient varies between
120 and 160 [6]); A, - failure intensity — manu-
facturer specific data.

The data relative to the electric power supply system
are presented in Table 1.

In these conditions, the Boolean function associated
to the logic structure depicted in Figure 3 has the
following form:

Y :X7 mle :(Xiuxzuxsuxauxsuxe)ﬂ (5)
N(X, UX, UX,, UX,,)

To transform the logic expression into algebraic
form [3], [4], [10] we use the following relations:

X, NX,=X,-X,, X,UX, =X, +X,-X,X,,
UX, =1-110-X,)

Thus, we have:

Y=X,-X, =

=[1- (- X,)A-X,)A-X,)A- X,)A-X,)a-X,)]- (7)
[1_(1_)(3)(1_Xg)(l_xm)(l_ Xu)]
which is similar to

YoX, X, :[1-f!(1—xi)H1—i(1—xk)} ®)

Considering the failure intensity as exponential
distribution, the system failure probability:
F(t)={d—exp[-(h, +2, + R, + &, + A, +2, K]

fL—exp(=h, =2y =1y —lll)t]zl—exp[—ikit} - )

(6)

—exp [— 3 xkt] + exp{— ixpt .
k=1 p=1
p=7
Thus,
R(t)=1— F(t) = exp[—ixit +exp[— ikkt} _
i= | k=1

i (10)
—exp|— XA L

p=1

p=£7
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The mean time between failure (MTBF) is [12], [13] Thus, mean time between failure for the non
MTBF = [R(t)dt = 111 i 1 111 _ improved system may be approximated as follows

0 At YAt XAt MTBF = 1070 hours.
i=8 k=1 p=1
p#7
1
= +
(96+4+208+16)-10°° (11)
1
+ +
(1.92+9.6+22.4+6.4+44+16)-10°

1
+ .
(1.92+9.6+22.4+6.4+44+16+96+4+208+16)-10°
On results MTBF =1069,79.

—'—
=

47T E

+28V BAR

b e N
rFlalulk[a[BlGIL] £l [p
27 E

Fig.2. The electric power supply schematics for a c.c. main electric supply system aircraft (fragment)

Table 1

Symbol Description X [h’l] Number | k A, =nkh, [h’l] F=1-e™
4E Switch 0.12-10° 1 160 | A, =1.92-10"° F=1- i1t
5E Diode 0.6-10° 1 160 | 2, =9.6-10" F,=1-e 0™
13E Accumulator 1.4.10° 1 160 | 5, =22.4.10° F —1_eanr™
14E Coupler 04-10° 1 160 | 1, =6.4-10° F—1_eoo™
47E Fuse 2.75-10° 1 160 | %, =44-10"° F=1-e“o™
- Contacts 1 0.1-10° 1 160 | %, =16-10" F=1- o610
1E Starter- generator 6.10°° 1 160 | 2,=96-10° F o1 o
24E Coupler / De-coupler 0.25.10°° 1 160 | ,=4.10° F o1 o
27E Voltage regulator 13.10°° 1 160 | »,-208-10° F o1 e
- Contacts 1 0.1-10° 1 160 | 1, =16-10" F,—1- gr1s10°5t
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X4 X1
|
No voltage No voltage
from accumulator from generator
%
¥
X, X, Xy /X, |xs X Xg (X (x50 X%
4E sE | [BE|[14E]|47E C(‘l‘“- 1E ||24E]|27E C‘f,“"

Fig.3. The logic structure that drives to the system failure status.

= |
(aa]
.
| ': e
i | rlalulkHlBlGlL] Elc [p
Lo ! 27E
Fig.4. Electric power supply system including the back-up subsystem (fragment)
Table 2
Symbol Description Ao [h’l] Number K A, =nki, [h*1] F—l-e"
60E Coupler 0.4-10° 1 160 A =64-10° | F =10
61E Switch 0.12-10° 1 160 A =192:10" | F —g_gter™
- Contacts 3 0.1-10° 4 160 A, =64-10" | F =g_gou™
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3 Electric Power Supply Reliability
Optimization
We can improve the electric power supply system
reliability using a redundant (reserve) subsystem.
The proposed improved electric power supply
system, including the back-up subsystem (dotted
lines) is depicted in Figure 4. Further on we will
analyze the improved electric power supply system
reliability, using the same method. This analysis also
allows a determination of a relation between the
system reliability and the system weight. Such a
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relation is necessary to emphasize the variation of
the system reliability with the total weight of system

components.

Through a compared analysis of different reliability
improving variants, imposing as minimum condition
the component weight, we can obtain an optimal
solution. The logic structure that drives to the system
failure status (for the improved system schematics)
is depicted in Figure 5.

Table 2 presents the values of the failure intensity
for the supplementary components from the back-up
system, in the exponential distribution hypothesis.

FAILURE
¥
me—] ‘llil? X|;
Mo vaoltage from No vaoltage from
accumulator generator
Xz
X
A

; 3 Xy X}_| N 3— /X, |X_-'. Xy Xy I-_Y*J—P;Hl A
Contller e f{eo | [ar || 52 |13 £ff1a ef|47 2|5 |1 & ||pa £][27 £ Cont

Fig.5. The logic structure that drives to the system failure status (improved system).

The Boolean function in this case is:
Y= (Xlﬁ N X7)m Xy, = (X13 U X U Xls)n
N(X,UX,UX,UX, UX,UX,)N
m(xs U Xg U XlO U Xu)'

Transforming in algebraic form, we have:

Y =[1- (1 X,)A- X,)A- X))

- @-X)E- X))@= X)A- X)L X,)@- X,)} (13)

J-a-x,)a-x)a-x,)a-x,)]

(12)

15 6 11

i e ]9

i=13 k=1 p=8
From (14) we can determine the system failure
probability F(t):
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F(t) = {1— eXD(— ikitﬂ : {1— exp(— é}”ktﬂ .
. [1— exp(— :zlsxptﬂ =1- exp(_ iizlmj -

ixktj - exp(— s xptj + exp[— St

=1 i=1
i=7

o - J -

+exp — ixit —exp —ikit +
::%‘8,9,10,11,12 {7

+ exp{— fj kitj.

i#12
F(t) and R(t) are complementary functions, thus,
for the electric power supply system reliability R(t)
we will have the following relation:
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R(t) = exp(— iiz;m) + exp(— ki

kkt)+

[N

+ exp(— ikpt) - exp[— i At|-
p=8 i=1

i=7

—exp| — ikit +exp —ikit - (16)
::%,8‘9‘10,11,12 :i17
i#12
15
—exp! —_ZMJ.
12
For the MTBF, we will have [10]:
MTBF = [R@t)dt = ———+———+— 2 _
0 Ao DA, A,
i=13 k=1 p=8
1 1 1 1 17
T - 15 BT T 15 =6926. ( )
Xh XA XN XA
i resi0iiz i )

i#12

Thus, using the back-up subsystem, we increased the

system reliability. The reservation efficiency [2], [6]
we have:

_ (MTBF), 6926 _

"= (MTBF), ~ 1070 -

6.5, (18)

4 Influence of k Coefficient on MTBF
Taking into account the system failure probability’s
expressions - F(t) and reliability R(t) for schemes

from fig.2 and fig.4 one makes the Matlab program
presented in Appendix. Using this program one
obtains time evolutions of variables F and R.

Damage probability of the system for different values of k
T T T
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Fig.6. System failure probability for
different values of k (initial system)

Coefficient k from equation (4) has the starting
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value k =160. For this value one calculated MTBF
both for initial system (fig.2) and improved system
(fig.4). Matlab program makes a complex analysis of
the influence of coefficient k on system failure
probability, system’s reliability and MTBF.

In fig.6 and fig.7 time characteristics F(t) and R(t),
for different values of coefficient k, are presented:
k=120 (blue), k=130 (red), k=140 (black),
k =150 (magenta) and k =160 (green).
As can be seen, the increase of k
proportional with function F(t) and

proportional with reliability R(t).

is direct
inverse

Fiability of the system for different values of k

=}
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=
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=
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=
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o
o
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w
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Fig.7. System’s reliability for
different values of k (initial system)

1450

Mean Time Between Failure (MTBF) for different values of k

1400
1350
1300
1250

1200

Mean Time Between Failure (MTBF)

1150

1100

- i i ; ; i i ;
120 125 130 135 140 145 150 155 160
Constant k

Fig.8. MTBF for different values
of k (initial system)

Mean time between failure (MTBF) of the system is
bigger for small values of coefficient k. There is an
inverse proportionality relationship between the two
variables (fig.8). The obtained values both for initial
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system and improved system are presented in Table
3. One also makes the same analysis of the improved
system (fig.4). The conclusions are the same. The
graphic characteristics are the ones from fig. 9-11.

Damage probability of the system for different values of k
07 T T T T T T T

=
)

=
n

=
=

e
w

Darnage probabllity of the system

2
i

=

0 i i i i i i i
0 1000 2000 3000 4000 5000 6000 7000 8000
Time [hours]

Fig.9. System failure probability for
different values of k (improved system)
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Fig.10. System’s reliability for
different values of k (improved system)

Comparative analysis of the two systems’ reliability
for different values of k is made in fig.12 (for initial
system one uses the blue color and red color for the
improved system)
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Mean Time Between Failure (MTBF) for different values of k
9500 T T T T

9000
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8000

7500

Mean Time Between Failure (MTBF)

7000

6500 i i i i i
120 125 130 135 140 145 150 155 160
Constant k

Fig.11. MTBF for different values
of k (improved system)
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Fig.12. Comparative analysis of the two systems’
reliability for different values of k

For the five values of coefficient k, the improved
system using a redundant (reserve) subsystem is
characterized by superior values of MTBF in rapport
with the values corresponding to the initial system
(fig.13). In fig.13 the evolution of MTBF for the
initial system is represented with dashed line, while
the evolution of MTBF for the improved system is
represented with continuous line.

Table 3

MTBF for different k k=120 k =130 k =140 k =150 k =160
Initial system (fig.3)

1426.4 hours | 1316.7 hours | 1222.6 hours | 1141.1 hours | 1069.8 hours
Improved system (fig.4)

9.2354 hours | 8.5250 hours | 7.9160 hours | 7.3883 hours | 6.9265 hours

_ (MTBF),

r= (MTBF), 6.4746 6.4745 6.4747 6.4747 6.4746
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Mean Time Between Failure before and after optimizing
10000 T T T T T

9000

8000

7000

6000

Mean Time Between Failure (MTBF)

Fig.13. Evolutions of MTBF for the two systems

Thus, vy = ct. indifferent of k's values.

5 Appendix

close all;

clear all;

% BEFORE OPTIMIZING

t=1:8000; %Time [hours]

landa0=[0.12 0.6 1.4 0.4 2.75 0.1*10 6 0.25 13

0.1*10]/1000000;

SUM=0;

for i=1:length(landa0)

SUM=SUM-+landa0(i);

end

k=[120 130 140 150 160];

for i=1:length(k)

landai(i,:)=landa0*k(i);

S(i)=SUM*k(i);

end

for i=1:length(k)

F(i,:-)=1-exp(-(landai(i,7)+landai(i,8)+landai(i,9)+
+landai(i,10))*t)-exp(-(landai(i,1)+landai(i,2)+
+landai(i,3)+landai(i,4)+landai(i,5)+landai(i,6)) *t)+
+exp(-S(i)*t);

R(i,:))=1-F(i,);

MTBF1(i)=1/(landai(i,7)+landai(i,8)+landai(i,9)+

+landai(i,10))+1/(landai(i,1)+landai(i,2)+landai(i,3)+

+landai(i,4)+landai(i,5)+landai(i,6))-1/S(i);

end

plot(t,F(1,:),'0"); grid;

xlabel (‘'Time [hours]);

ylabel ('Damage probability of the system');

hold on;

plot(t,F(2,),'r");hold on;

plot(t,F(3,:),’k");hold on;

plot(t,F(4,:),'m");hold on;

plot(t,F(5,:),'9);
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title(Damage probability of the system for different
values of k')
h=figure;
plot(t,R(1,:),'0");qrid;
xlabel('Time [hours]?);
ylabel('Fiability of the system’);
hold on;plot(t,R(2,:),'r";
hold on;plot(t,R(3,:),'k);
hold on;plot(t,R(4,:),'m";
hold on;plot(t,R(5,:),'9";
title('Fiability of the system for different values of k')
% AFTER OPTIMIZING
landaOp=[0.12 0.6 1.4 0.4 2.75 0.1*10 6 0.25 13
0.1*10 0.4 0.12 0.1*4]/1000000;
SUMp=0;
for i=1:length(landaOp)
SUMp=SUMp-+landa0p(i);
end
kp=k;
for i=1:length(kp)
landaip(i,:)=landaOp*kp(i);
Sp(i)=SUMp*kp(i);
end
for i=1:length(kp)
Fp(i,:)=1-exp(-(landaip(i,11)+landaip(i,12)+
+andaip(i,13))*t)-exp(-landaip(i,1)+landaip(i,2)+
+andaip(i,3)+landaip(i,4)+landaip(i,5)+
+andaip(i,6))*t)-exp(-(landaip(i,7)+landaip(i,8)+
+andaip(i,9)+landaip(i,10))*t)+exp(-S(i)*t)+
+exp(-(Sp(i)-landaip(i,7)-landaip(i,8)-andaip(i,9)-
-andaip(i,10))*t)--exp(-Sp(i)*t)+exp(-andaip(i,7)+
+andaip(i,8)+landaip(i,9)+landaip(i,10)+
+andaip(i,11)++landaip(i,12)+landaip(i,13))*t);
Rp(i,))=1-Fp(i.:);
MTBF2(i)=1/(landaip(i,11)+landaip(i,12)+
+andaip(i,13))+1/(landaip(i,1)+landaip(i,2)+
+landaip(i,3)+landaip(i,4)+landaip(i,5)+
+andaip(i,6))+1/(landaip(i,7)+landaip(i,8)+
+landaip(i,9)+landaip(i,10))-1/S(i)-1/(Sp(i)-
-landaip(i,7)-landaip(i,8)-landaip(i,9)-
-landaip(i,10))-1/Sp(i)- 1/(landaip(i,7)+
+landaip(i,8)+landaip(i,9)++landaip(i,10)+
+landaip(i,11)+landaip(i,12)+landaip(i,13));
end
h=figure;
plot(t,Fp(1,:),'0");grid;
xlabel('Time [hours]?);
ylabel('Damage probability of the system’);
hold on; plot(t,Fp(2,:),'r;
hold on;plot(t,Fp(3,:),’k’);
hold on;plot(t,Fp(4,:),)m";
hold on;plot(t,Fp(5,:),'9);
title('Damage probability of the system for different
values of k')
h=figure;
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plot(t,Rp(1,:),'b");grid;

xlabel('Time [hours]);

ylabel('Fiability of the system’);

hold on; plot(t,Rp(2,:),'r);

hold on;plot(t,Rp(3,:),'k);

hold on;plot(t,Rp(4,:),'m’);

hold on;plot(t,Rp(5,:),'d");

title('Fiability of the system for different values of k')
h=figure;

plot(k, MTBF2);grid;

xlabel('Constant k");

ylabel('Mean Time Between Failure (MTBF)");
title(Mean Time Between Failure (MTBF) for
different values of k");

hold on;

plot(k, MTBF2,"*r";

% COMPARATIVE GRAPHICS (BEFORE AND
AFTER OPTIMIZING)
h=figure;

subplot(2,2,1);
plot(t,R(2,:),'b",t,Rp(2,:),'r";grid,;
xlabel('Time [hours]');
ylabel('Fiability");
title('Fiability of the system
optimizing (k=130)";
subplot(2,2,2);
plot(t,R(3,:),'0",t,Rp(3,:),'r');grid;
xlabel('Time [hours]’);
ylabel('Fiability");
title('Fiability of the system
optimizing (k=140)";
subplot(2,2,3);
plot(t,R(4,),'b",t,Rp(4,:),'r";grid;
xlabel('Time [hours]');
ylabel('Fiability");
title('Fiability of the system
optimizing (k=150)";
subplot(2,2,4);
plot(t,R(5,:),'b",t,Rp(5,:),'r;grid,;
xlabel('Time [hours]');
ylabel('Fiability");
title('Fiability of the system before
optimizing (k=160)";

h=figure

plot(k, MTBFL1,*r',kp,MTBF2,'or");grid;
xlabel('Constant k");

ylabel('Mean Time Between Failure (MTBF)");
title('Mean Time Between Failure before and after
optimizing’);

hold on; plot(k, MTBFL1,--b',kp, MTBF2,'b");

before and after

before and after

before and after

and after

6 Conclusions
From the analyzed example, we can conclude that
this method can be used in the onboard electric
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power supply reliability determination. The MTBF
influencing parameters in the main system points
(power supply bars and distribution panels) can be
determined and analyzed.

Through the failure related logic function analysis
we can determine the circuits that can improve the
system reliability. In the concrete case, through the
introduction of the components 60E, 61E and
corresponding contacts, we obtained a substantial
increase of the reliability (approximately 6 times
higher) for the 28V c.c. power supply bar.

One also made a complex analysis of the influence
of coefficient k on system failure probability,
system’s reliability and MTBF. One can also noticed
that the increase of k is direct proportional with
function F(t) and inverse proportional with relia-

bility R(t).
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