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RELIABILITY MODELING BASED ON POWER TRANSFER EFFICIENCY
AND ITS APPLICATION TO AIRCRAFT ACTUATION SYSTEM

MODEL NIEZAWODNOSCI OPARTY NA WYDAJNOSCI PRZESYLU ENERGII

1 JEGO ZASTOSOWANIE DO OCENY LOTNICZEGO UKLADU HYDRAULIKI SILOWE)J

The power transfer systems (PTS) has special reliability properties, including multiple states and fault dependence. Consequently,
traditional binary-state reliability modeling methods cannot accurately evaluate the reliability of PTS. In order to resolve the
contradiction between terminal energy demand and power transfer capability of PTS, this paper proposes a novel multi-state reli-
ability model based on power transfer efficiency (PTE) for reliability evaluation of PTS. The multi-state model caused by perform-
ance degradation based on PTE is considered in this paper. In addition, the failure correlation in virtue of the system structure and
energy allocation mechanism is analyzed in the proposed model, and the corresponding reliability evaluation result is obtained un-
der different terminal energy requirements. The approach is verified on the example of a dual hydraulic actuation system (DHAS),
in which the stochastic model based on the generalized stochastic Petri nets (GSPNs) is established and combined with the power
transfer capability via universal generating function (UGF). Though changing flow rate to face the degradation rate of hydraulic
pump, the reliability assessment of DHAS based on the proposed reliability model is effective and accurate.

Keywords: reliability modeling, power transfer efficiency, multi-state performance, dual hydraulic actuation
system, generalized stochastic Petri nets, universal generating function.

Ulkdady przesylu energii (power transfer systems, PTS) charakteryzujg si¢ szczegolnymi wiasciwosciami niezawodnosciowymi,
w tym wielostanowosciq i zaleznosciq miedzy btedami. W zwiqzku z tym, tradycyjne metody modelowania niezawodnosci, ktore
sprawdzajq sie w przypadku systemow dwustanowych, nie pozwalajg na doktadng oceng niezawodnosci PTS. W przedstawionej
pracy zaproponowano nowatorski model niezawodnosci systemu wielostanowego, ktory do oceny niezawodnosci PTS wykorzys-
tuje dane o wydajnosci przesytu energii (PTE). Model ten wigze niezawodnosé zarowno z zapotrzebowaniem na energie koncowgq
Jjak i zdolnoscig przesytowg PTS. Rozwazano model wielostanowy opisujgcy proces degradacji komponentow systemu w opar-
ciu o PTE. W proponowanym modelu analizowano korelacje miedzy uszkodzeniami w swietle struktury systemu i mechanizmu
alokacji energii, a niezawodnos¢ oceniano dla réznych stopni zapotrzebowania na energie konicowq. Podejscie to zweryfikowano
na przyktadzie podwaojnego uktadu hydrauliki sitowej (DHAS), dla ktorego ustalono model stochastyczny oparty na uogolnionych
stochastycznych sieciach Petriego (GSPN), ktory lgczono ze zdolnoscig przesytowg za pomocq uniwersalnej funkcji tworzgcej
(UGF). Badania pompy hydraulicznej prowadzone dla roznych predkosci przeptywu i roznych szybkosci degradacji wykazaly, iz
ocena niezawodnosci DHAS na podstawie proponowanego modelu cechuje si¢ skutecznosciq i trafnosciq.

Stowa kluczowe: modelowanie niezawodnosci, wydajnosé przesyltu energii, dzialanie systemu wielostanowego,

podwajny uktad hydrauliki sitowej, uogolnione stochastyczne sieci Petriego, uniwersalna

funkcja tworzgca.

1. Introduction

The systems in engineering field, in terms of their basic functions,
can be divided into signal transfer system (STS), power transfer sys-
tem (PTS), and mass transfer system (MTS). An STS, e.g. a sensor net-
work, receives and transfers a series of analog/digital signals between
terminals [9]. A PTS, e.g. a power transmission network, transforms
and transmits energy between energy generators and consumers. An
MTS transports mass between terminals. Due to the similar transmis-
sion characteristics derived from conservation law, an MTS can also
be regarded as a special type of PTS [3, 7]. In this paper, only STS and
PTS are considered. The correct implementation of functions requires
that both STS and PTS have a complete transfer channel during the
process of signal and energy transmitting. The impacts of random in-
ternal and external stresses acting on STS and PTS result in stochastic

behaviors of transmission function. Hence, the concept of reliability
is adopted to describe STS and PTS’s capability to fulfill their trans-
mission function under stated conditions for a specific period of time
[24]. However, there are big differences between reliability charac-
teristics existing in STS and PTS. Firstly, an STS is a binary-state
system, which means that the signal transmission is either “correct”
or “incorrect”. Therefore, “correct” or “incorrect” becomes a criterion
to assess whether an STS fulfills its function or not. However, it is dif-
ficult to accurately assess a PTS’s transmission quality based on “cor-
rect” and “incorrect”, because the system exists obvious degradation
states, viz. multi-state properties during power transmission process
[5]. For example, the wear process of hydraulic pump results in multi-
ple pressure and flow output probabilities. Hence, whether a hydraulic
pump fulfills its function depends not only on its states, but also on
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the terminal’s energy requirements. Furthermore, an STS is generally
a weak fault-coupling system, which means that a failed component
in STS has small probability to influence other components, thus re-
sulting in the component and/or system loss of function. The situation
is completely different for a PTS, where a failed unit will change the
energy distribution which may result in overload on other units, and
ultimately these overloaded units will fail. For example, the hydraulic
unit’s sticking or jamming electro-hydrostatic actuator(EHA) on an
aircraft may reduce hydraulic component’s energy transmission ef-
ficiency, which will increase its forward motor’s load, causing portion
of the energy entering into the motor to be transformed to heat, which
increases the probability of the motor failure [33, 35].

As discussed above, the different characteristics between STS and
PTS raise challenges to assess and model the reliability uniformly.
The traditional reliability model and assessment is established and
conducted based on fault data with statistical theory [37]. This method
can provide the probability density function based on the historical
fault data and is suitable for STS’ reliability assessment. Due to the
lack of considering the fault behavior process, this reliability model
cannot accurately describe the fault coupling among the components
in PTS, and it also fails to assess the impact of multiple states on
terminal’s demands. In order to describe fault coupling relationship,
researchers have developed numerous fault correlation models, e.g.
copula models [14]. However, since these models describe the prob-
ability correlation among multiple faults based on data statistics, in
the case of insufficient statistical data these models cannot reflect the
probability characteristics of the faults. In order to build an accurate
model of component’s failure behavior in PTS, the physics of failure
(PoF) method [31] is a good alternative. The PoF methods have been
used quite successfully in modeling mechanical, civil, and aerospace
structures. Reliability models based on failure physics can effectively
capture failure processes, like fatigue, creep, wear, plastic deforma-
tion and instability. Peng et al. [22] applied PoF model to calculate the
reliability of a micro-motor and determined the optimal maintenance
strategy. Subsequently, it is found that the transfer of power along
PTS will also affect its performance.

As a typical case of multi-state PTS, aircraft actuation system
has distinct component degradation process and multiple power
transfer states. Generally, aircraft actuation system with similar re-
dundancy consists of three cross-linking units, viz. three independent
hydraulic power sources, dissimilar redundant flight control comput-
ers and multiple redundant hydraulic actuators [26]. The effect of
redundancy on risk and reliability can be calculated by using fault
tree analysis (FTA) and reliability block diagram (RBD), but they
are not very suitable for dynamic systems [1]. The critical compo-
nents in aircraft power and actuation system are designed to be highly
reliable to ensure safety, since the internal degradation and external
events can cause extreme damage [29]. The Markov process method
is more feasible to model both internal technical failures and external
events dynamically [6]. Cross linking in three independent redundant
hydraulic actuation systems can increase the survive channel under
failures, then the reliability model based on failure monitoring and
failure handoff appears to evaluate the system reliability under mul-
tiple faults [34]. More reliable and safety technologies make the flight
control system more complex with dissimilar redundancy and multi
separate control surfaces, e.g. A380 and B787 [25], in which surfaces
are driven by both hydraulic power and electrical power. Accordingly,
the aircraft actuation system based on multiple power resources and
heterogeneous driving system becomes complicated cyber-physical
system, in which the power supply systems, control computers and
the actuators are different and complex fault tolerant strategies are
designed. Under these circumstances, even if there are multiple faults,
the performance of the actuation system can remain normal or slightly
degraded, which is a specific multi-state system (MSS). The research
on MSS began in the 1970s [8]. In recent years, multi-state systems

have been widely studied to describe multiple states of performance
or the degradation process of components and systems. Various ap-
proaches have been proposed to estimate the reliability of MSS [19],
including universal generating function (UGF) technique [11], sto-
chastic process approach [23], and Monte Carlo simulation technique
[30]. X. Li. et.al [15] even consider the multi-phased characteristics
in the multi-state reliability assessment of the spacecraft. The control
surface requires fast, accurate and smooth movement according to the
control command. A specific amount of power flow transmitted from
the input to the output measures the reliability considering flight per-
formance. The reliability evaluation based on stochastic-flow network
is first presented by Lee S H [12] and developed by Lin [17]. Lin
[16] presented multi-state reliability method where Markov process
was used to calculate the probability of states. If the state transfer
is considered by time interval, the Markov process can be described
as a Poisson process. Since Markovian method cannot characterize
stress induced failure, Malinowski [21] presented corresponding nu-
merical algorithm. Ushakov [27] presented UGF to solve the NP-hard
problem of multi-state methods by defining the universal generating
operator (UGO). Levitin [13] and Lisnianski [18] extended UGF to
z-transform and verified this method on the physical system.

Aiming at modeling the reliability characteristics of aircraft actua-
tion system, this paper presents a power flow-based reliability model,
in which the power can be adjusted by pilot command and the fault
reflected power loss. The multiple combination among power supply,
computer and actuator under fault needs multi-state method to model
its internal fault and fault transfer in the system. Multiple states in ac-
tuation system is reflected by the combinations of components’ power
transfer efficiency (PTE) which can be figured out by PoF analysis
[10]. As an intuitive and effective method to analyze the dynamic
processes of multi-elements degradation interior state, general sto-
chastic Petri nets (GSPNs) [32]are adopted in this paper to model the
functional states and degradation states of each component. In order
to avoid solving massive differential equations, this paper adopts the
UGF technique to calculate the system probability through algebraic
calculus on the probability of component [28]. Through discretizing
the continuous random variables and defining their probability distri-
butions, a UGO can be obtained, then the availability can be calcu-
lated based on the UGF model [13, 18]. So, the multi-state reliability
model via UGF is quite suitable for the case we studied.

The rest of this paper is presented as follows. In section 2, the
reliability model based on PTE is formulated and the corresponding
solution algorithm is introduced. With the UGF method, this paper
calculates the probability of inner state of PTS. In Section 3, the case
study of DHAS’ reliability, which is a redundant actuation system
composed of dual hydraulic source/hydraulic actuator and utilized in
large aircraft [4], is computed and analyzed. In Section 4, conclusions
are drawn.

2. Reliability assessment based on power transfer ef-
ficiency

Conventional reliability is defined as the probability that the com-

ponent can perform its required function under stated conditions for a

specified period of time [36]. Assuming that 7 is a random variable
representing the failure time of a component, then the reliability is
defined as the probability that the system will perform its expected
function under the specified conditions of a given environment over a

specified period of time ¢, namely:

RE=P(T>0)=[" f(t)dt (1)

where f(¢) is the failure probability density of the component, and
R®(¢) is the reliability of component at time ¢ . This reliability model
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is based on random failure mechanism under binary states, which is
suitable for the reliability assessment of STS.

Practically, the performance of dynamic system is strongly rela-
ted to its power supply and transmission that it is difficult to assess
the system with only by “correct” or “incorrect”. For example, the
hydraulic actuator of aircraft drives the control surface in a very wide
frequency band, but the leakage of valve and cylinder will consume
its power supply and degrade its performance. Therefore, whether a
PTS fulfills its function depends not only on the states of its compo-
nents, but also on the terminals’ energy demands. Assuming that ¥ is

the actual power supply provided for the PTS, and Wy, is the mini-
mum power requirement to guarantee its normal operation , then the
reliability of PTS can be described as:

RP = P(t|W > Wy,). 2

Eq. (2) implies that the system power supply is sufficient to con-
sumers’ requirements over the whole lifetime of the system. However,
any component of PTS will dissipate the power during the operating
process. It is difficult to keep enough power for the terminal output
after experiencing power losses from multiple components. For in-
stance, the aircraft actuation system could not drive the control surfa-
ce according to the corresponding demand because of the internal and
external leakage of system. In this situation, it is necessary to build the
reliability model based on power supply and power transfer. This kind
of reliability model can describe the failure process of PTS with the
time increasing and the power being consumed.

Example 1: For a specific aircraft aileron control (shown in Fig.
1), its dynamic design processes are shown as follows in order to meet
the actual requirements during each phase of flight profile. Suppose
the control signal of aileron actuator is x = x; -sinwt , in which x; is
the stroke of cylinder and ® is the frequency of actuator. According
to the rated requirement, the maximum motion speed of actuator is
Xmax = 0.0838m/s and the minimum output force ensuring the nor-
mal movement of surface is F=7500N , then the reliability of aileron
actuator can be described as:

RP(t)=P(t|W 2 F - i, ) = P(t| W > 628.5 W). 3)

max

where W is the actual power transferred by the actuation system to
drive the aileron and Wy, = F - X, = 628.5W is the minimal al-
lowed power that can drive the surface under normal operational con-
dition.
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Fig. 1. The movement of aircraft aileron control

2.1. Assumptions and the general model

The reliability model of a PTS is developed based on the follo-
wing assumptions:

* A PTS consists of n power transfer units (PTUs), in which the

input power, the output power and the dissipated power of the
PTU(j=12,---,n) obey the power conservation law.

e Let 7; be the PTE of the PTU ;(j=1,2,---,n)
with the operational time increasing.

. n; decreases

* The degradation of PTU; can be described as a multi-state
process with the occurrence and development of failure.

* The state of the PTU ;(j =1,2,---,n) is statistically independent
and the state duratlon obeys exponentlal distribution.

* ¢; is the maximum allowed power capability under normal

condition of the PTU It which is a constant.

As a fundamental physical component, the PTU and its perform-
ance determines PTS’ power transfer capability. In terms of power
transmission process, PTU ;(j=1,2,---,n) in PTS can be described
as is shown in Fig. 2.

‘I v,

in (out)
I’Vf ) w!
—— PTU,

Iif

Fig. 2. A generic model based on power

For PTU; , the input power W(m) entering PTU ; ; is transmitted
to its downstream PTUs with the amount of W(Out) , while portion of
power ¥, is dissipated in the forms of heat and v1brat10n ij repre-
sents the control signal of the unit according to the system require-

ment. Hence:

(in) _ p(out)
ij _Wiou +y; )

where n;= W}Om) / W}in) defines the PTE of PTU ;i

2.2. Stochastic power transmission model of PTU

Assuming that the initial power transmission capability ofa PTU ;
meets the PTS power requirements, the unit degrades with the opera-
tional time, as is shown in Fig. 3. The degradation process of PTU
is divided into four states, viz. normal operation, light degradation,

serious degradation and failure and the PTE #; can be described as
0 (1) () (3
n; =[P @0

} . As aresult, it is necessary to consider the
multi-state process in power transmision model of PTU.

n
FIE-U) Normal
q(_l): ----- Light degradation
i
,15_23 j Serious degradation
o
0 t

Fig. 3. Multi-state process of PTU;
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PTU(n;,A;,P;(#)) is defined as a stochastic power trans-

T
. 7O D (2 (3
mission model for PTU;, where 7 j—[n G sy }

denotes the PTE of PTU ;oat normal state, light degradation
state, serious degradation state and failed state, respectively.
_[ PO PO PO N PO ] i
Py1) _[P} 0.PD (1), PP (1), P! (t):| denotes the corresponding
probabilities related to PTU ; at each state and A defines a stochastic
process model relating PTU ;s degradation with failure development.
In terms of its PTE, PTU ; ’s operating states s; are divided into
four discrete intervals, s; {50,51,52,53 }, where different states de-
note that PTU ; has different power transmission capabilities, i.c.

0 0 i

W O ¢ _

gowy _ ) i = 8= )
J WP @ )
W g O

Example 2: A hydraulic pump’s PTE decreases as its components
experiencing wear and tear. Fig. 4 (a) illustrates the wear process of
slippers inside a hydraulic pump. According to the Archard’s model,
the abrasion loss of slippers can be described as follows:

e, q
W _ o W 6
o (6)

w

where ¢,, is the abrasion loss, d¢,, /dt is the wear rate, k,, is
constantly related to the surface condition and lubrication within the
friction pair, ¢,, is the load on the wear surface, and 4,, is the contact
area of the wear surface. The abrasion loss curve is illustrated in Fig.
4 (b). As the slippers wear over time, the volumetric efficiency (VE)
of the pump decreases, and it leads to the reduction of the effective
power of the output, as shown in Fig. 4 (c).

a) Normal slipper Mild wear  Serious wear  Failed

X

Abrasion{m)

o 500 1000 1500 2000 2500 3000
t(h)

08

=

0.4r

i
0.‘ “ — .
0 500 1000 1500 2000 2500 3000
i(h)
Fig. 4. Illustration of multi-state for hydraulic pump caused by wear, a) Wear
process of slipper in pump, b) Abrasion loss of slippers, ¢) VE of the

pump

According to Fig. 4 (b), during the time interval [0,500h), the
slippers’ abrasion is less than 0.8x10°m. The corresponding VE
of the pump is in the interval of [0.92, 0.95], and can be regarded
as a normal state of the hydraulic pump. During the time interval
[500h,1000h), the abrasion loss of slippers is in the interval of [
0.8x10°m,1.1x107>m ) and the VE of the pump is [0.9,0.92). This
state is defined as a light degradation state. As the pump continue to
be used, in the time interval [1000h,2000h) the slippers’ abrasion is
in the interval of [ 1.1x 10°m,1.5x10m ) and the corresponding VE
of the pump is [0.75, 0.9). Fig. 4 (¢), describes a serious degradation
state of the hydraulic pump. After 2000 hours, the slippers’ abrasion
becomes serious and the corresponding VE is less than 0.75, which
cannot meet the demand of the downstream PTUs. We define this
state as a failed state for the hydraulic pump.

In order to characterize the development of failure, GSPN model
is used to establish the internal state transition process of PTU ;. De-
fining A j as the state transition matrix, the probabilities of PTU IT

T
Pi(1)= [P}O) (t),Pj(l)(t),1"}2)0),]’;3 ) (t)} can be obtained by:

Pi(t+1)=A;P;(1) 7)

s; = {sy‘) |(Pj(k) (t),n}k)),k = 0,1,2,3} describes the power

transfer state of PTU ; at time 7. UGF method is applied to simplify
the calculation of the PTU state and its corresponding probability. For

PTU,, the PTE-based model, PTU(n;,4;,P;(t)) , can be written as:

()

o ! @ @)
PTUM,. A, Pj(0) = PO (1) + PO ()" + PP (1) + PP (1)

®)

2.3. Reliability model based on power transfer efficiency

For a PTS with n PTUs, as is shown in Fig. 5, the input power

WS(;:) is transmitted to terminal users in channels composed of indivi-

dual PTUs in the form of parallel or serial layout. The PTE of a PTS also

depends on multiple states that sg,)s = (Ps(;s) (t),ns(;)s),i =0,1,2,...,.4" -1

represents the i™ state of PTS at time t, which means that the PTS has
PTE n&} with the probability of 2% (¢).

sys

T e e e e e e P R e o e g e S 1

I 1. S I

| PTU. wlon |

i /)

! Yy (c; Y !
Wl’in] J ‘ (out) L [ : w,.-f::.uu
s 1 [PTU; W i PTU(n |1 s |

T (CI Cn |

: I . Tlpk Wi l i, !

1 i PTU, | * W |

: (Ci) :

| Tix PTS |

Fig. 5. Illustration of PTS structure

Given PTU’s PTE-based models, PTU(n;,4;,P;@?)),
j=12,...,n,the PTS’ model can be described as:

PTS(Tlsys > Psys (t)) = PTS(®(Th 512551y )7 g(})l (t)’ P2 (l)v Pn (t)))
€

where the structural functions ® and g describe mathematical rela-
tionships of PTE and corresponding probabilities of PTS and its com-
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ponents. The forms of ® and g are determined by layout structure
among PTUs. In engineering application, there are two typical con-
necting structures among PTUs, i.e. series layout and parallel layout.

2.3.1. PTE-base reliability model for series system

For a structure serialized by m PTUs, as shown in Fig. 6, the mo-
del of PTS can be described by Eq. (10).

r ———————————————————— I
' I
I 1 wl ] lf)z ]wm 1
(in)1 (out) (out) 1 wouw
S ) PTUy e PTU, lVE o o PTU |, )
1 (c1) (c2) ("m |
! I
! I 51 I iy I Im 1
| PTS |

Fig. 6. lllustration of a structure serialized by m PTUs

PTS(nxer > Pser (t)) = PTU(Th > Al > Pl (t)) ®..® PTU(nm > Am > Pm (t))

Z=1k=1

4 4 4 l_[ﬂn(”‘)
=222 [HHP(”‘)(O]

i1:li2:l imil J 1k=1

(10)
The i state in s{). —(Ps(elz (1), 17(')) is 50 e(sl,s2,-sm)
and its PTE can be calculated by:

oW =

Wz(out) _ VVl(Out) . TI;Z a1

W(out) _ W(out) nrlg‘

ser m—

The PTE for the serial system shown in Fig. 6 is

ns(’e), Ws(eorm) / Ws(e‘f) = 171([1) -ngz) -~-n,(,fm) and the corresponding pro-

bability is PY) (1) = P (0)e P2 (1) P (1) .

Example 3: Assume that two PTUs are serially connected. The
operator ® is defined to describe the serial operation and the i
state probability of the PTS and its corresponding PTE is given by Eq.

(12), with four states in each PTU.

PTS(yer, Prey (1)) = PTUGH, A4y, A (1)) ® PTU(y, 4y, P> (1))
BP0 4 PO L OO L B O
U <0)(,)va”"§°’ £ B0 4 p0 O
+pC ()P(O)(t)z"' ! +PZ><r)P o z)(r)Pz)(r)~"' ! +P2>(r)P3>(r> U

+Pl]>(t)Pz (t)zm Uz +P](3)(I)P2(”(t)zm Uz +P](S (t)Pz(z (t)zm Uz +P](B (t)Pz(B (t)zm Uz

(12)

2.3.2. PTE-based reliability model for parallel system

Fig. 7 shows a parallel structure of a PTS, in which PTUs transfer
the input power to terminal customers. Assume that the input of j’h

m
PTU is ¢; nglanr) > ¢; where ¢ ; denotes the capacity of PTU;,
i=1
which indicates the ability to cope with the input power. The capacity
of each PTU determines the power allocation among components.
The parallel structure in a PTS” model can be described as:

T wl W;_(out)

T le Wz(out)

W(ml

(out)
par Wpur

PT Um m

|
|
|
|
W (out) 1
|
|
|
|

Fig. 7. lllustration of a parallel structure by m PTUs

PTS( pgrs Prar (1)) = PTUM,, A B(1) ©... 0 PTU(M,,, Ay, Py (1)

Cm(ll ) (i2)

set (im)

ZZW(,W
48 aifmoa Zci j=lk=1
=X Y2 | IA¥ 0 |2 =

ii=li=1 iy=1| \j=lk=I

Fe Oy

(13)

P par n par pa m
and its PTE can be obtained by:

The ith stateinPTS Sgt)zr _( (@) ( ) (i) ) is S(i)r e (Slil ,S? ’...Sim)

a9

Zci
i=1

Wl(in) () |

g ’Wi(out) _ T]I(il) ~VVl(in)

WA =<2 o -
> (14)
i=1

ngz) . Wz(m)

Ln o )

2

i=l1

W -

Then,
W’EZBI) =Wl(out) +W2(0ut) +"'Wr£zom) W(m)( (11) %) 71(12)_‘_ o Cm (zm))

par

Z" ZC ZCi
i=l i=1 i=1
The PTE of the i state for the parallel structure, as is shown in

) (out) 1 )
Flg 7, is T]SC)” = pg;) = m (Clnl(l »

wo S
i=1

the corresponding  probability can  be

P (0= B (@) B2 (0)-- B (1) |

o+t e,nim) and

calculated  as

Example 4: Two PTUs are connected by parallel structure. The
operator @ is defined to describe the parallel operation. The PTS’ i
state probability and its corresponding PTE can be obtained by:
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PTS(1,,,> P, (1) = PTU(n,, 4, P,(1)) © PTU(n,, A, P, (1))

(0), n(3)

an® sl ar® sl ar® s
ZB(O)(I)PZ(O)(I)Z a+ey +Pl(0)(t)PZ(l)(t)Z a+e +P1(0)(I)PZ(2)(2‘)Z a+e +P1(0)(t)PZ(3)(t)Z a+e
an +emni” ant” +eny” e +en? en” +emn”
FROWPO Wz T B ORY 0z T +RY0PY @0z T 4 ROOP )z (15)
Cl’h *Czﬂ;“) Cl’lw(Z)“'ZWQ) 51711'2‘*5271;2) Cl’lw(Z)+Cz77y)
FRIOPY @0z T 4 BYOR (z 0 +BYOPY @0z T 4 BP0z
fl"]”‘*“zngm qnlm%mgl) C\ﬂl(”*fz”(:u C\’h‘”*%”és)
+Pl(3)(t)Pz(O)(t)Z a+e + 131(3)(t)132(1)(t)2 e +Pl(3)(t)Pz(2)(t)Z at+e +Pl(3)(t)Pz(3)(t)Z a+e

The effective implementation of the function for the system de-
pends on whether the input energy can meet the energy requirements
of the drive system. Through the expression of the PTE-based model
mentioned above, the reliability that the system can meet the energy

demand W9 can be introduced as:

m .
RP (e 2w @) = 3 pQ o1 (n - W

@
> w 20)} (16)

L) @ 5

sys

where l(n(’) AR W(d)zo): .
0l W w0 <0

Fig. 8 shows the flow chat of the reliability assessment method
based on PTE. Firstly, the degradation analysis based on PTE model
with multiple states is carried out and the corresponding probability
of the states can be calculated by GSPN. Then, UGF is used to cal-
culate the probability of PTU states and the system with u-function.
Finally, the reliability assessment can be obtained based on the power

threshold boundary.
l

GSPN-based multi-state
reliability model

>

{

Degradation analysis
Based on PTE model

S

[
u-function of component ji

uy l:.:]_zf’__' ")
=]

Svstem structure function

u-function of system with n PTUs

Reliability index
R (1)

System reliability
assessment

Fig. 8. Flow chart of the reliability assessment of PTS based on PTE

3. Case study of dual hydraulic actuation system

3.1. System description
Dual hydraulic actuation system (DHAS) is a typical PTS which
drives the control surfaces of civil aircraft, shown in Fig. 9, in which

the hydraulic pump transfers the energy from engine through acces-
sory gearbox, servo valve controls the flow of cylinder according to
command and the cylinder drives the control surface with high pres-
sure oil. Components in DHAS can be regarded as PTUs with power
dissipation. In order to keep high reliability, DHAS adopts dual redun-
dant hydraulic power supply systems and actuations.

Invalid Isvalid Inuld

1
1
i er pomer
1
Othens Dbty ot e
Twvalid 1 s "t M"- T e & e BT et e
- | e A b e U ""L,
! EE_T T L
1
E - J_J LL« H Hydraglic pump ~ Servovalve | Hydraulic eylinder
1 1
L W --——=———=———w- Hy draulic prer
Engine Amemony Tnvalid Tnvalid l |. .M

gearbox € Baita  power

arzn, (RO er 5O 1 e aads

Hydraulic pump

Mechamlenl energy

Control
surface

Serve valve Hydraulic eylinder

Fig. 9. Structure diagram and power transmission of DHAS

Hydraulic pump transfers a portion of aircraft engine power to
high pressure hydraulic power supply, which drives the control sur-
face according to the DHAS control command. Whether the DHAS
can provide enough power to drive the control surface with very quick
response depends on components’ performance degradation and its
external destruction. According to Section 2.3, a PTE-based model for
DHAS can be built as is shown in Fig. 10.

#’m |p
PT'U,,, W[un(] PTU " wp(;\un PTU
(Ep1 (Cn ccl
Wiy
] Wpz ]‘P:rz IYP(-Z
(aut)
0, | [Pru,, | e [eru,
(€p2) (cu2)) (cv2)

bz

Fig. 10. PTE -based model of each PTU in DHAS

In Fig. 10, the output power of aircraft engine Ws;‘;” is firstly trans-
ferred into accessory gearbox PTU(ng, P (¢)) , then the output power
of accessory gearbox WG(OM) is inputted to DHAS channels. In DHAS
channel, the primary hydraulic pump PTU(npl ’Apl s Ppl (t)) and the
secondary hydraulic pump PTU(11P2 ’APz ,PP2 (1)) receive the power
and transfer the power into pressurized hydraulic oil. The servo valves
PTU(nVl ,AVl >PV1 (¢)) and PTU(nV2 ,AV2 s PV2 (¢)) receive control
signals from flight control computers and drive the corresponding hy-
draulic cylinder, PTU(nC1 ,AC1 e, (¢)) or PTU(T]C2 ,AC2 P, ®).

The dual hydraulic cylinders integrate to drive the control surface
py (out)

(Msur»> Pour (1)) - The output power Wy works as the speed and out-
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. d . ..
put force on control surfaces. Supposing that the Ws(ur) is the mini-

mum required power of control surface under normal performance,
the reliability of DHAS can be described as:

RBas(®) =Pt [ > D) )

For each channel of the DHAS, according to Eq. (10), the PTE-
based model can be written as:

DHAS, (T s, Porias, (0) = PTUGT, . Ap By (0) ® PTUMy, Ay Py, (1) © PTU(G,  Ag, B (1)
DHAS, (Mpnas, » Pouas, (1) = PTU(p, , 4p, . By, (1)) ® PTU(ny, , Ay, , Py, (1)) ® PTU(nc, , Ac, » P, (1))

(18)
Then, the PTE-based model for the whole DHAS can be written as:

DHAS(pas Pouas(t) = PTU(mg, P (1)) ®
(D HAS, (Mpas, » Ponas, (1) € DHAS) (pyas, - Ponas, (¢ ))) ® (e Pour (1))

(19)

Here the DHAS of Airbus380 is selected as a case study in real
flight profile. The worst scenario is considered, whereby a failure of
the control surface will result in the loss of the aircraft, and the de-
mand is that such event must have a probability of less than 1x 10”
per flight hour. The failure rates assumed for each type of component
are listed in Table 1 [2].

Table 1. Failure rates for each component

Component Mechanical Controller Power supply

22x10°/h | 8.6x10°/h | 54x107/h

Failure rate A

3.2. PTE-based reliability model of individual PTU in DHAS

In Fig. 10, the main components in DHAS include hydraulic
pump, servo valves and hydraulic cylinders. The PTE-based reliabili-
ty model of above PTU is built as follows.

3.2.1. Hydraulic pump

The structure of an aircraft axial piston pump is shown in Fig.
11. A conventional piston pump provides the pressurized oil through
the pistons reciprocating within their bores, in which the displaced
volume from the pump is controlled by the inclination angle of the

hanger. The failure behavior of the pump is a progressive failure pro-
cess caused by wear [2].

The power output of hydraulic pump, ngom) , 1s influenced by
two different random effects:
1) the input power comes from the engine accessory gearbox

wEw.

2) the efficiency of hydraulic pump, 7, :n(M)

P
711()M) denotes the mechanical efficiency and Th(;V) denotes the

nl(,v) wherein,

volumetric efficiency. Therefore:

W]gout) _ 771()]\/[)TI]()V) _Wéin) (20)
For the volumetric efficiency of the pump:
A
nf =1-2% e
rlPV

wherein, AQp is the internal leakage flow of pump and V' is theoreti-
cal displacement of pump.

The wear of the friction pairs in a hydraulic pump, e.g. , the wear
of the plunger—plunger cavity on rotor, will increase the clearance of

the friction pairs which enlarges the oil leakage AQp . 771(>V) ill then
decrease accordingly, as shown in Fig. 4.
The mechanical efficiency, nl()M) , is determined by the conditions
of mechanical-linkage system between the hydraulic pump and dri-
ving devices. This paper ignores the mechanical efficiency and only
discusses the impacts of the volumetric efficiency.

According to the value of r]l(,v)
four discrete cases, i.e.:

the states of pump are divided into

spo 1Y) €[0.92,1]
ntY €[0.9,0.92)

o = Sp1

b=
spy 15 €[0.75,0.9)
sp3 %) €[0,0.75)

(22)

When 1, >0.92, the pump operates very well, and sp is named
as the normal state of the hydraulic pump. With the development of
internal wear, the value of np decreases into the interval 0f[0.9,0.92).
In this case, the pump operates well despite the small amount of wear,
so sp; is named as the light degradation state. The value of 7p
decreases into the interval of [0.75,0.9) with continuous
accumulation of wear, the performance of hydraulic pump
degrades obviously, thus sp, is named as serious degradation
state. Once 1p <0.75, the pump will be regarded as failed.

P’uul

pump

Ouu.‘

= pump

| Median value of each interval is used as the indicator and we get

o

e = 0 0@ 1" =10.96,0.91,0.825,0.375]" .

In order to get the probabilities corresponding to
sp =[Spg»Sp1,5p2,5p3], a GSPN-based state transition model is
established as shown in Fig. 12.

According to the GSPN model, at time 0, pump starts from

pump

o)
Oy

»

Fig. 11. Operating principle and components of a piston hydraulic pump

the normally functioning state, #(PUMP.up)=1. After a period of
time 7p; , pump may directly fail with the probability P(p;3) .
which is described by a token being transmitted directly from
PUMP.up to PUMP.dn. Alternatively, the pump can degrades
through a gradual failure mode with probability P(fp;; ), and
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Ip foa [ tos f..

- a ” _ - L4, e,
O~ OO FOO+F——0O

templ ~ PUMPId  temp?  PUMPsd -
e P PUMP.dn

Fig. 12. The GSPN model of hydraulic pump performance degradation proc-
ess

then pump enters the light degradation state, i.e. #(PUMP.1d)=1. Here,
P(tP ,-3)+ P(tpil)zl . The transfer rate of the timed transition fp;
is Apy, so that P(fp;3)Ap; describes the failure rate of pump from
normal operating state to complete failure, and P(fp;; )Ap; describes
the failure rate of pump from normal operating state to light degrada-
tion state. As operational time increasing, pump may suffer additio-
nal performance degradation leading directly to complete failure, i.e.,
entering the down state (PUMP.dn), or firstly reaching to the serious
degradation state (PUMP.sd) and the token is correspondingly trans-
ferred with probability ofP(tPM ) Here, P (tPM )+ P (tP,-Z ) =1land
P(tpj1 )+ P(tp;3)=1. The tempi(i =1,2) represents temporary states
in the GSPN modeling of the hydraulic pump performance degrada-
tion process. Given the initial work condition, the steady state proba-
bilities of the pump states can be obtained by simulation. This part is
adapted from the original work proposed by authors previously [29].

GSPN-based model of hydraulic pump only describes its degra-
dation process. To obtain Pp(¢), the Markov process model which
equivalent to GSPN model is illustrated in Fig. 13.

P(tpg) Ap At

P(1p;p) py At Zp3

P[ Ipiy )’ipzm
P(rpi) Ap1d

Fig. 13. The mechanical degradation states of hydraulic pump

The corresponding relationship between states of GSPN model
and Markov model is illustrated in Table 2.

Table 2. The corresponding relationship between states of GSPN model
and Markov model

States in .
No. Markov Statiﬁ;ggspN Description
Model

1 ‘0’ #(PUMP.up)=1 The normally state of pump

2 qr #(PUMPId)=1 The light degradation state
of pump

3 o #(PUMPId)=1 The serious degradation state
of pump

4 3 #(PUMP.dn)=1 The failure state of pump

The state transition matrix of hydraulic pump, Ap , can be written
as:

= (P(tpi Yoy + Pltpiz)hpr ) 0 0 0] [, 0 0 0
4o Pltpy)hpy ~(Ppp)hpy + Pltpighhpy) 0 0 _|an ap 00
' 0 Pltpin)hpy A3 Of | 0 ap a3 0
Pltpiz)hpy Pltpig)hpy Ay O] |ag ap ay 0

(23)

The probabilities that the hydraulic pump stays in
sp =[$pg,Sp1»Sp2-Sp3] can be obtained according to Eq. (7) and the
derivation is shown below:

Pp(o)(t) =t
a
Pp(l)(f) — 21 (e i _ eﬂzzl)
@ —ay
Plgz) (= 143, ant 143, ant 143, oty

(a1 —axn)ay; —as3) (azy —ayy)(ay —as3) (a33 —ay1)(az3 —ap)

a ana, a»1az»Ha, a ana, anaz»Ha,
Pl§3)(t):{—i+ 2104y _ d13) 43}{A+ 2194 218343 ant
ay apay  apapasy | |4y ay(a—ay)  ay(a - ap)ay -az3)

1932043 o3

{ 42194 D1932043 } oty
ag3(as3 —ayp)(az3 — ayy)

aplayp —ay)  aylay —ay)ay —a33)

24)

The parameters of the hydraulic pump model of Fig. 13 are listed
in Table 3 [29].

Table 3. Parameters of Pump model

Parameter Value Parameter Value
P(tp;) 0.9 P(tp;2) 0.3
Ptp;3) 0.1 Pltpis) 0.7

Apy 5.4x107 / h Apa 6.0x107 / h
Ap3 6.8x107 / h

Then, the probabilities of the pump states can be obtained:

-5
P]§0) ) o 54x1071

o PISI)(t) _ 8 1x (e7544><1075t _ef6A0><1075t)
BO@) | 104167541071 _1g 9376041071 | 5 g5,~6.8x107
Pl§3)(t) 1219 516541071 | 56 33,6.0x107°1 _ 7 05 ~6.8x1071
(25)
The probability curves of the pump states are illustrated in Fig. 14.

Therefore, for a hydraulic pump, the stochastic power transmis-
sion model, PTU(np, Ap, Pp(t)) » can be written as:

(0) (1) ) (3)
PTU(np, Ap, Po () = B ()2 +RV ()2 +BP (1) +B (1)

B -5 B -5 B -5
= 54x1071 0.96 (e 541071 _ ,~6.0x10 t)ZO.‘)l

+8.1x

+ {10.41(5'4*1075’ _18.23¢-6:0x1071 7.826—6.8><10751:|ZO.825

s s s
+[1_19’51675.4“0 {42633 60X10751 _ 7 g5 6810 z}zo.ns

(26)
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The PTE of servo valve can be formulated as:

== T T T T T T T T
i — | W(out)
09 T P ny = V(in)
08 T R Wy
orr __%__H___""'--——h__ ] wlow _ p =P -C. -Cp-K -i 1 P P
- T v =00 =P -CpCy K, iy *( sys — L)
Sosf R P
§0 5r T W\(Im) = ngout) = Psys . sts
04+ N
03r (27)
02
o1l in which, P, and Qj are the load pressure and load
& e 1 : i : 1 r flow rate, respectively, which are directly related to the
1000 2000 3000 4000 5000 6000 7000 BOODO 9000 10000

t(h)

Fig. 14. The probability curves of the pump states

3.2.2. Servovalve

The servo valve is the control component in DHAS, which receives
the command from the actuator control electronics (ACE) through the
aviation bus. The power output of the servo valve is influenced by the
command signal i. from the ACE (externally) and mechanical deg-
radation (internally). The schematic representation of the servo valve
shown in Fig. 15 indicates the information flow and hydraulic power
which together determine the power output of the servo valve.

| by +

- - Torque

m motor
P —

1y = |
|
spool
Q\ R\fout} A B
r// I e
| J

I L

Hydraulic cylinder

Fig.15. Control current and power output of the servo valve

The servo valve consists of four main parts connected in series:
electrical-mechanical conversion, mechanical-hydraulic conversion,
hydraulic amplifier and feedback device. The failure of a single sub-
assembly will lead to the failure of the entire servo valve. Each part’s
degradation/failure/repair behavior contributes to the mechanical
states of the servo valve.

actual load. Fysand Qg are the output pressure and
output flow rate of the hydraulic pump. C,.C,, K,
are discharge coefficient of a servo valve, a gradient of
valve orifice and amplification coefficient of servo va-
lve respectively, p is density of hydraulic oil, which can
be assumed to be a constant during operation, i is the

controlled signal by actuator control electronics.
Given load pressure P , the PTE of servo valve 1y is determi-
ned by both control current states and mechanical states of the servo
valve, i.e. 1y =n$") 'n\(,M), where n\(}"’)

ciency and n&,M)

indicates the control effi-

indicates the mechanical efficiency.
The attenuation is inevitable in the process of control current of iy,

transmission, whichinfluencestheoutputflowrateofservovalve. Tosim-

lif lysis. nV) Zpiv @ piv(D) Liv(2) ivOT _ T
plify analysis, ny, [y 7ony Yy oy T =11.0,0.8,0.3,0]
is used to characterize the actual effects of different attenuation
rates of control current acting on the efficiency of servo valve, and
PV =[Py @ piv® piv@ pivCONT _10.864,0.118,0.016,0.002]"
is given to denote the corresponding probabilities that control current
has different attenuation rates. Therefore, the sub-PTE model of servo
valve which is linked with control current part, PTU(ng\’),P\(,’V)) ,
can be written as:

. . ) V() . NI v . iv(3)
PTU(T]{;V),P\(/ZV)) — P\’]V (O)va +P\I/V (l)zn\/ +P\1/V(2)va +P\’]V(3)va

=0.864z" +0.1182%% +0.0162° + 0.0022°
(28)

Similar to hydraulic pump, wear between spool and sleeves in servo

valve will reduce the output flow rate, and then reduce the mechanical

efficiency ng,M) . According to the actual value of ng,M) the mechanical

states of the servo valve are divided into four discrete cases, i.e.:
svo @ €[0.5,0.667]
@ €10.35,0.5)
sva @ €[0.2,0.35)
@ [0,0.2)

29

Sv3

For a servo valve, the maximum mechanical efficiency can be
0.667 in the engineering field. When n{M €[0.5,0.667], the servo
valve operates very well, and sy is named as the normal state. With
the increase of internal wear, the value of n&,M) decreases into the in-
terval 0of [0.35,0.5). In this case, the servo valve operates well despite
the small amount of wear, so sy is named as the light degradation

state. The value of n{,M) enters into the interval of [0.2,0.35) with
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PTU(y, Ay, Py (1) = PTUY V), Py @ PTU (nM), 4y, PM (1))

iy (0, M©) +PlV(O)PM(l)(l‘) rlv( )WV(

lV (O)PM(O) (t) Ny Ny

. v (1), M(0)
1) pM(0
+P\I,V( )PV ( )(I)ZUV My

o (2) MO iv(2), M(0)
+ P\I/V( )PV ( )(t)znv Ny

. iy (3),_M(0
+P\Z,V(3)P\1>A(O)(t)znv My

continuous accumulation of inner wear, the performance of servo valve
degrades obviously, thus sy, is named as serious degradation state.

Once n(M) < 0.2, the servo valve will be regarded as failed. Median

value of each interval is utilized as the indicator of 71( ) , and we get
=[O O py® n&“ﬂ ~[0.5835 0425 0275 0.1]".

Given the reliability parameters of servo valve as listed in Table 4,
the probabilities that the servo valve stays in s{,M) can be obtained
with the similar GSPN model and Markov model of hydraulic pump
shown in Fig. 13.

Table 4. Parameters of servo valve model

Parameter Value Parameter Value
P(ty;1) 0.9 P(ty;p) 0.5
Pty3) 0.1 Ptyy,) 0.5

Iy 8.6x107 / h Iva 9.0x107 / h
vz 9.8x107 / h

According to GSPN model, the state transition matrix of servo
valve, , can be written as:

~8.6x107° 0 0 0
7.74%x107°  -9.0x107° 0 0

v = P . (30)
0 45%x10°  —9.8x107 0
9x10°  45x10°  9.8x10° 0

Then, the probabilities of mechanical states of the servo valve
are obtained as:

Then, the probabilities P\(,M) (t) of mechanical states of the servo

valve are obtained as:

-5
P\l/vl(o)(l‘) e*&éxlo t
s .
P(M) _ P\I/\/l(l)(t) _ 19.35X(978'6X10 t_e*‘).OxlO ;)
VOS] T 8605 oS o
RIO@ || 72.56e 8107 108,846 011071 1 36,28¢7084107

M(3 . ~ ~
R/ S0 1-92.91¢-86x10 3y +128.19¢79:0:10 St 3628098410 5y

@31

Therefore, the sub-PTE model of servo valve relating with me-
chanical states part, PTU(n(M) AV,P\(,M)(I)) , can be written as:

. v (1),_M(1)

+ P\’/V (I)PVM(I)(f)ZnV Ny
. iv(2)_M(1)

+ p\’/v (Z)P\I/Vl(l)(t)znv y

) : iy (3) M(1)
+ P\l/V (3)P\I>A(1)(I)va Ny

+Plv (O)PM(Z) 1)z v v )Wv( +P’V (O)PM(S)(Z‘) Tlv v © M(3)
; v (), M(2) v () MG)
+p\l]v(l)P\T/Vl(2)(t)ZUv Ny lv(l)PM(S)(t) ny Vny (33)
Py pMO) ) N (z)nM(z PY@pMO) (1) ,,IV<2> M@3)
+ PO pY@) () w Oy, PYORMO) () niy M)

PTUMM, POV (1)) = pHO " MY v we

:6—8.6><10 tZO,5835 +19.35x (6—8.6><10 St _ e—9A0><10 t)ZO.425

+ [72_566-8.6x10‘5t B 108.848—9.0x10_5t + 36_288—9.8%0'51}20.275
—5 -5 —5
+[1792‘91678.&10 {128,109 00K1075 _ 36 70,9810 t:|20.1

(32)

The complete PTE model of servo valve can be written as Equa-
tion (33) [above].

3.2.3. Hydraulic cylinder

Fig. 16 shows the inner structure of a hydraulic cylinder in which
the leakage due to the friction and wear is the main failure behavior.
Since the wear and tear between the piston and cylinder are progres-
sive, the multiple degradation states based on a GSPN model can used
to establish the reliability model.

High ~T— ™ Low °
pressure pressure
- _chamber chamber, .
[ .
Leakage Leakage Leakage
— w
Y
T i l ’7 [ ]
A
Pn(l P'w_ln T[H!
c c
AP = Pl _ ples)
c ‘o c

Fig. 16. Working principle of hydraulic cylinder

The output power of hydraulic cylinder is:

WO <V =ne B Qe WY 34

where 1¢ is volumetric efficiency of hydraulic cylinder.

The value of n¢ is determined by wear status of the hydraulic
cylinder. According to the actual value of nc, the states of the cylin-
der are divided into four discrete cases mentioned above, i.e.:

sco N €[0.95,1]

scy “) €[0.85,0.95)
Sca (2> €[0.75,0.85)
Sc3 ng €[0,0.75)

(35)
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Table 5. Parameters of the hydraulic cylinder model

Parameter Value Parameter Value
Plicn) 0.8 P(tcip) 0.6
Plic3) 0.2 Plicia) 0.4

Aci 2.2x10/h A 3.6x10°/h
Acs 6.7x10° /h

Median value of each interval is used as the indicator of n¢, and
we can get e = [ng» nd @ (ﬂ =[0.975 09 08 0.375]".

Given the reliability parameters of hydraulic cylinder as listed in
Table 5, the probabilities that the hydraulic cylinder stays in s¢ can
be obtained with the similar GSPN model and Markov model same to
hydraulic pump shown in Fig. 13.

According to GSPN model, the state transition matrix of hydrau-
lic pump A can be written as:

-22x107 0 0 0
-6 -6
.- 1.76x10°  —3.6x10 0 0 (36)
0 2.16x107° -6.7x107° 0
4.4%x1077 0 6.7x10° 0

Then, the steady probabilities P (f) of hydraulic cylinder are

listed as:
©) -2.2x107%
VW) |
2o 2O 1.26X(672.2><10761 _6—346><1076t)
¢ BOW| | 0.60022107% _ g g7,-36x10° () 57,-67x107
PC(3)(t) 1— 2.86e’2'2X1076t 4 2.13973.6><1076t B 0.27676.7><1076t

(37
Therefore, for a hydraulic cylinder, the stochastic power transmis-

sion model, PTU(n¢, Ac, Pc(t)) , can be written as:

(0) (1) 2) 3)
PTU(c, Ac, Pe()) = BV (10)2"C +PD (0)2"¢ +P2 (1)2"¢” +PD (1)2"C

—6 —6
26—2.2x10 IZO.975 +1'26X(672.2x10 t

+ [060{22“076’ _0.87¢-36x107 0.27e76A7x10’6z}zoA8

—6
631071 09

—6 -6 —6
+|:1_2.86e—2.2><10 140 13- 36K10° _ () 57,-67x10 t:|z()‘375

(38)

3.2.4. Control surface

Control surface is one of the terminal customers, so the output
power of DHAS is used to drive the control surface to implement the
aircraft flight control. To simplify the PTE-based model, we defined
the mechanical efficiency of the control surface as g, =0.95. Its me-
chanical failure rate Ay, =2.2x 107® /h is selected from Table 1, then

I -6
we can get the reliability of control surface as p (1) = >>10
therefore:

6
PTU(yyp Py ) = o 32X10° 095 (39)

3.2.5. Engine accessory gearbox

The aircraft engine provides initial power input for aircraft power
supply and actuation system through engine accessory gearbox. The
mechanical energy is provided by the engine accessory gearbox. Sim-
ilar with the control surface, it is supposed that the mechanical effi-
ciency of the accessory gearbox is g = 0.853 , and the reliability of

-6
accessory gearbox is Fg(¢) = e 39107 then the PTE-based model
of engine accessory gearbox is obtained as:

—6
PTU(T’G,PG) — e*3.0><10 t. 20853 (40)

3.3. PTE-based reliability model of DHAS

The PTE-based model for single hydraulic actuation system
(HAS) is given by:

HAS(Mias, - Puns, (t))=(np1 Apl Poy(0) ® (1, Ay, Py (0) @ (1, . Ac, P, (1)
(), (k)

_ Z Z Z P(l)(t)P(/)(t)P(k)(t) znP "V nc

i=0 j=0k=0
HAS(1yas, » Paas, (0) = (ﬂp2 ,APZ P, (0) @ (1, Ay, , Py, (1) ® (1, , Ac, e, (1))
() (k)

_ z z z P(l)(t)P(/)(l)P(k)(t) Z"P 77\/ e

i=0 j=0k=0
(41)

The complete PTE-based model of DHAS is composed of dual
HASs, engine accessory gearbox and control surface, thus:

DHAS (Torsas, Posas () = (16 P (1)) © (HAS (s, Paas, () ® HAS(igas, Bss, () @ (e, Pa (1)

(L))
. . Tas; *iasy
y THASy ~1 (HAS, HAS.
U O LT M YA Ol A U

)® (gurs Foue (1)

(i) ()
» ) , Mas; THAS,
=22x1071_0.853 MHAS) I HASy ~! p(HAS)) (HAS,
_ 220 ®(Z,’:o 1 Z,’:o 27 A (I}Pj ’)(t)z 2

224107
)@ 20 095

(42)
Given the power input of DHAS, Wéggs =66.5kW ,
DHAS(W]S%IXS:PDHAS (#)) can be expressed as:

)
“Iml sy

220013672 g 5o aS TSy T p(HAS)) ) p(HAS))
DHAS(WI(JOI—:‘;I\)S’PDHAS(“)):e77X10 1_23677®(ZH0A5 ZJHS& 3( 1)()‘91( I

)@e»z.leo*ﬁf 9
(43)

According to Eq. (43), we can get combination items of
WS P A (6) i =0,1,2,...npyag —1 - Then the PTE-based re-
liability model of DHAS can be written as:

R (1] 29 = Y (Bl 1 (W~ 2 0)) - 44)

i=1

where W9 is actual control surface driving power demand.
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From Eq. (43) and Eq. (44), we can calculate the reliability of
DHAS with the constant demand of W@ &[0,20] (kW) as shown in

Fig. 17.

- PTE basod Relabilty of DHAS with Wa=2kw | 0.8
- - PTE-based Reliablity of DHAS with Wa=3kw 07
on - PTE-based Reisbity of DHAS with WesSkw ;
& 0.6
il z
2 on §05
]
x0.4
0 0.3
0.2
b | 0.1
o
e : - - = = - w o o 5
] 000 00 000 A0 5000 000 To00 BIOD 000 10000

R}

(a) PTE-based Reliability of DHAS
Fig. 17. PTE-based Reliability curves of DHAS

The power transfer process of a component is different from fault

10 15 20

Wiiow In Fig. 19, the reliability of DHAS exits

(b) Reliability of DHAS under changeable
demand, t=100 h

3.3.2. Reliability analysis of DHAS with the change of hydraulic
pump’s flow rate

Hydraulic pump is the key component of power supply system of
DHAS. The pump maintains the constant pres-
sure while changes the flow rate accordingly to
meet the mission demand. The flow rate supply
of akind of hydraulic pump, during different fli-
ght stages, is listed in Table 7.

Applying the numerical procedure for hy-
draulic pump presented in Section 3.2.1, the
DHAS reliability curve can be obtained shown
in Fig. 19 with the changes of flow rate.

Rellabiliy of DHAS

a trough in the middle of power requirement
and corresponding flow rate, which means
that DHAS cannot drive the control surface
according to the control command even when

1 T r T r
mode transmission process, which will pose a different impact on [ —— Reliability of DHAS |
DHAS. In addition, the variable demand is another key factor that -\f
reflects the performance of DHAS. From Fig. 17 (b), it can be conc- 0.995
luded that the reliability of DHAS decreases as the demand of the
control surface increases. 0.99[ 1
3.3.1. Reliability analysis of DHAS under variable power demands >
= 0985 1
Since the power requirements of aileron actuation system are dif- 8
ferent in different stage of flight profiles, the power consumption at g
different flight stage is also various. Table 6 shows the power require- 0.98r I
ment at conventional flight profile of an aircraft, which includes tax-
ing, taking off, climbing, cruising, descending and landing. 0975k
Table 6 shows the different power demand of each flight profile,
in which power means the power requirement at different flight stages 1
and proportion indicates the proportion of power at different stages 0.97 o 20 20 60 80 100
to the power of whole flight profile. It shows that the more power the Proportion(%)
demand needs in the flight profile, the better the maneuverability is. ) o ) ) )
We established the PTE-based reliability model at different stages for Fig. 18. Reliability of aileron driven by DHAS under flight profile, total
DHAS and calculated its reliability shown in Fig. 18. t=100h
. . ) . DHAS can provide partial power. With the power
Table 6. Power consumption under 6 flight profile and duration of an aileron [20] approaches the power requirement, the reliability
Phase Taxing Taking off | Climbing | Cruising | Descending | Landing increases and keeps at a high level for a long time.
In such condition, aircraft can operate in satis-
P k . 1.71 1.31 1.2 2. ’
ower (kW) 0-98 7 3 5 35 fied performance under enough power supply. In
Proportion 0.03 0.02 0.04 0.85 0.02 addition, the reliability of DHAS keeps at a high

Fig. 18 shows that the reliability diversification is sensitive to the
large power requirement profiles such as taking off, descending and
landing, so the power-based reliability of DHAS needs to be seriously
considered in such operational condition. However, the power-based
reliability has little change in some small power demand such as cru-
ise and taxiing.

Table 7. The flow rate of pump in different flight stage [20]

level when the hydraulic pump changes its flow
rate to meet the power supply needs according to
the flight command. If we observe a two-dimen-
sional view of the three-dimensional reliability curve, we can see that
the different variation tendency with the change of pump flow rate or
the change of power requirement. The ideal situation is the reliabili-
ty keeping high with appropriate power requirement and appropriate
power supply. We can get the optimal value with the reliability as a

. Pitch Roll Yaw Take off Stop S - Emergency
Flight stage check check check start taking off Take off  Climbing Cruise decline
Flow rate 6.33 117 947 12.27 21.84 445 445 455 7.04
(gpm)
. . . . Turbu- Go Spoiler un- Landing . Stop .
Flight stage Air collision  Decline lence around foldinhg brake Landing run landing Slide
Flow rate 7.21 455 7.9 10.45 19.74 6.65 21.94 455 6.15
(gpm)
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Fig. 19. Reliability of DHAS with the changing flow rate of pump under
changing demand

objective function, the power requirement and pump flow rate
supply as a restriction. It also indicates that the PTE-based re-
liability model of DHAS can provide integrated evaluation on
DHAS task completion effectively considering reliability and
power changes.

3.3.3. Reliability analysis of DHAS with different hydraulic
pump degradation rates

Reliability

In order to analyze the influence of hydraulic pump de-
gradation to DHAS reliability in the GSPN model, we chan-
ge the degrading failure rate Ap; and calculate the reliability
of DHAS under different power requirements in ¢#=100h as
shown in Fig. 20.

Fig. 20 gives the sensitivity analysis of PTE-based reliabili-
ty of DHAS to degradation rate of hydraulic pump. Fig. 20. (a)
indicates that the reliability of DHAS is less than 0.01% under
terminal power demand of 1 kW while the degradation rate of
pump changes from 0.1x10*/h to 5x10™/h. Fig. 20 (b) shows
the variation of the PTE-based reliability of DHAS reaches 5.5% with
terminal power demand ranging from 1 kW to 5 kW while the degra-
dation rate changes from 0.1x107 /h to 5x107/h. Fig. 20 (c)
expresses the variation of the PTE-based reliability of DHAS reaches
18% under terminal power demand as 20 kW. So PTE-based reliabili-
ty is sensitive to the terminal power requirements.

3.3.4. Comparison between PTE-based reliability and traditional
reliability of DHAS

In order to verify the effectiveness of the proposed reliability ana-
lysis, we compare the PTE-based reliability model proposed in this
paper with the traditional reliability model based on RBD for DHAS.
The reliability curve under proposed method and the RBD with the
parameters of Table 1 is shown in Fig. 21.

In Fig. 21, the blue line means the reliability based on RBD, the
yellow line indicates the reliability under 2 kW power requirement,
the red line is the reliability under 3 kW power demand and the purple
line expresses the reliability under 5 kW power demand. It is appa-
rently that the traditional reliability of DHAS is higher than PTE-ba-
sed reliability if we don’t consider the power requirement. However,
DHAS is the fast response system that needs enough power supply
to implement large maneuvering flight, so it is necessary to consider
the dynamic performance related to the power supply. From the re-
liability curve of different power requirements in Fig. 21, it indicates
that the PTE-reliability is closely related to the power demands. When
the response time is not very high, the power demand is small and
the PTE-based reliability decreases gradually. When the DHAS ne-

0.9

e
=3
T

o
o
T

o
o
T

0.4

Traditional Reliability of DHAS |
PTE-based Reliability of DHAS with Wd=2kw
PTE-based Reliakility of DHAS with Wd=3kw
PTE-based Reliabilty of DHAS with Wd=5kw

Fig. 21. Reliability comparison between PTE-based model and BRD model

eds fast maneuvering, PTE-based reliability drops quickly. Hence, the
PTE-based reliability is the appropriate reliability model to evaluate
its reliability under satisfied dynamic performance.

4. Conclusion

This paper proposes a PTE-based reliability model considering
the PTE and degradation process of component and system. In PTE-
based reliability model, the power requirement, power capacity and
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Fig. 20. Reliability comparison of DHAS with changing physical degradation rate of pump
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PTE are randomized to describe its reliability. Due to the inherernt
degradation of PTS, this paper presents a stochastic power transimis-
sion model under multiple degradation states, utlizing the GSPN and
UGF to calculate the power-based reliability with specific power re-
quirement. DHAS is taken as a case to show how to carry out the
PTE-reliability evaluation for dynamic performance related system.
Based on the PTE-relability model of hydraulic pump, servo valve,
hydraulic cylinder and control surface, this paper establishes the
PTE-reliability model of DHAS and gives the comparsion between
the trdational reliability model and the proposed method. The results

indicate that the PTE-based reliability model is more suitable for the
system requiring dynamic perfromace under enough power supply.
PTE-based reliability model can characterize the essential reliability
characteristics of DHAS accurately under multiple power demands
and performance requirments.
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