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Abstract　Based on a covent ional Ex tended Kalm an Filter ( EKF) , a sub-opt imal

fading factor EKF is proposed in this paper, which can be used for the joint est im ation

of states and param eters of nonlinear t ime-varying sto chast ic sy stems. It is used for

health m onitoring in such a complex system as liquid r ocket eng ine. Numerical sim ula-

tion result show s the propo sed estim ator has bet ter pr opert ies such as conver gence, r eal

t ime, and dynamic t racking ability etc. . In addit ion, some problem s connected with the

joint est im ation and the applicability fo r r eal plants ar e also discussed.

Key words　liquid propellant rocket eng ine, fault diagnosis, fault isolat ion, state es-

tim ation, parameter est imat ion, nonlinear dynam ic system

1　Introduction

　　Fo r f light of manned vehicles, Fault Detection and Diagnosis ( FDD) of propulsion

sy stem plays an important role in the safety and reliability of vehicles. In recent y ears,

the health m onitor ing of Liquid Propel lant Rocket Engine ( LRE) has been paid m uch at-

tent ion. M any kinds of FDD methods have been used in LRE m onitor ing sy stem to im-

prove the safety and reliability of propulsion system, which include such approaches as

FDD based on signal processing
[ 1]

, FDD based on analy tical models
[ 2] , [ 3]

, and FDD based

on art ificial intellig ent
[ 4]
etc . . Some achievem ents have also been obtained in pr act ical ap-

plicat ion. But , in fact , fo r such a complex sy stem as liquid propulsion system , fault isola-

tion and ident ification are st ill rather dif ficult tasks. Ef fect iv e iso lation and ident if ication

methods are lacking, especially for nonlinear t ime-varying stochast ic sy stems.
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Fo r FDD of l iquid r ocket propulsion system , we think the methods based on analy ti-

cal models including state est imat ion methods
[ 3]

and parameter estim at ion methods
[ 4]

are

w orth our w hile, despite there are some problems and tr oubles in applicat ion. Regarding

fault isolat ion and ident ificat ion fo r nonlinear systems, the parameter est imat ion m ethods

seem to be superior to state estim at ion methods
[ 4]

. If the parameters of nonlinear sy s-

tems can be accurately est imated on-line, it is very possible to adopt stat ist ical m ethods

to isolate faults.

In this paper, the joint est im ation o f states and par am eters fo r nonlinear sto chast ic

sy stems is consider ed, w hich m aybe provide some valuable ideas for FDD of nonlinear

sy stems or real complex plants. To im prove the robustness of the conventional Ex tended

Kalman Filter ( EKF) on the mismatch of parameters of system m odels, in the sect ion on

theory and approach, a kind of suboptim al fading facto r EKF is developed. Based on it ,

the joint est im ation approach is proposed. To verify the ef fect iveness of such an est ima-

to r, in nex t sect ion, the proposed approach is applied to the health monito ring of liquid

rocket engine w ith tur bopump feed system . Num er ical sim ulat ion result is g iven. F inal-

ly, som e related problem s are discussed, and som e ideas fo r fur ther study ar e also pr e-

sented.

2　Theory and approach

2. 1　Suboptimal fading-f actor EKF

Consider the discr ete-tim e nonlinear dynam ic system

x ( k + 1) = f ( k , u( k) , x ( k) ) + # ( k) w ( k )

y ( k + 1) = h( k + 1, x ( k + 1) ) + e ( k + 1)
( 1)

w here x ( k) represents an n dimensional state vector , x ∈R
n , the input u∈R

q , the out-

put y ∈R
m, f : Rn×R

q →R
m , and h: Rn→R

m are nonl inear funct ions of the state, which

are at least once dif ferentiable. w ( k) and e( k) ar e Gaussian white noise w ith stat ist ics:

E {w ( k) } = E { e( k ) } = 0

E {w ( k) eT ( k) } = 0

E {w ( k) w
T
( j ) } = Q1Dk, j

E { e( k) e
T
( j ) } = Q 2Dk, j

( 2)

w here E{ õ} denotes the m athemat ical expectat ion, Dk, j is kr onecker funct ion, and Q 1 , Q2

are positive defined m atr ices. Also, the init ial state v ector, x ( 0) , is assum ed to be a

Gaussian random vector w ith mean x 0 and covariance P ( 0) , so that

E{ [ x ( 0) - x 0 ] [ x ( 0) - x 0]
T
} = P ( 0) ( 3)

x ( 0) is also assumed to be uncorrelated w ith w ( k ) and e( k ) .

Based on the famous Ex tended Kalman Filter
[ 5]

, a kind o f subopt imal fading-factor

EKF is developed, and is g iven w ith the form of recursive algo rithms as follow s:

x
d( k + 1ûk + 1) = x

d( k + 1ûk) + K ( k + 1)C( k + 1) ( 4)

x
d( k + 1ûk) = f ( k , u( k) , xd( kûk) ) ( 5)
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K ( k + 1) = P ( k + 1) H T ( k + 1, xd( k + 1ûk) ) V - 1( k + 1) ( 6)

P( k + 1ûk ) = K( k + 1) F( k , u( k ) , xd( kûk ) ) P ( kûk ) FT ( k, u( k ) , xd( kûk ) ) + # ( k ) Q1( k) #T ( k) ( 7)

P ( k + 1ûk + 1) = [ I - K ( k + 1) H ( k + 1, xd( k + 1ûk) ) P ( k + 1ûk ) ( 8)

w here

V ( k + 1) = H ( k + 1, x
d
( k + 1ûk) ) P ( k + 1ûk) H

T
( k + 1, x

d
( k + 1ûk) ) + Q 2( k + 1)

( 9)

C( k + 1) = y ( k + 1) - h( k + 1, xd( k + 1ûk ) ) ( 10)

F( k, u( k ) , xd( kûk) ) =
5f ( k, u( k) , x ( k) )

5x x( k) = x
d
(kûk)

( 11)

H ( k + 1, xd( k + 1ûk) ) =
5h( k + 1, x ( k + 1) )

5x x ( k+ 1) = x
d
( k+ 1ûk)

( 12)

The subopt imal fading-factor, K( k + 1 ) , can be gained by the fo llow ing calculat ion w ith

K ( 1) = 1:

K( k + 1) =
K0 , K0 E 1

1, K0 < 1
　　k = 1, 2,⋯ ( 13)

w here

K0 = trace[ N ( k + 1) ] / t race[ M ( k + 1) ] ( 14)

N ( k + 1) = V 0( k + 1) - H ( k + 1, x
d
( k + 1ûk) ) # ( k) Q1( k ) # T ( k) H T ( k + 1, x

d
( k + 1ûk) ) - Q 2( k + 1)

( 15)
M ( k + 1) = H ( k + 1, xd( k + 1ûk ) ) F ( k , u( k ) , xd( kûk) ) P ( kûk) FT ( k , u( k ) , xd( kûk ) ) H T ( k + 1,

xd( k + 1ûk) ) ( 16)

In the equat ion ( 15) ,

V 0 ( k + 1) = 1
k∑

k+ 1

j= 1

C( j ) CT( j ) =

H ( 1, xd( 1û0) ) P ( 1û0) H T( 1, xd( 1û0) )　　　k = 0

V 0( 1) + C( 2) CT
( 2)　　　　　　　　　　k = 1

k - 1
k

[ V 0( k ) +
1

k - 1
C( k + 1)CT( k + 1)　k E 2

( 17)

2. 2　The Joint estimation of state and parameter

Consider nonlinear t im e-var ying stochast ic sy stem

x ( k + 1) = f ( k , u( k ) , H( k) , x ( k) ) + # ( k) w ( k)

H( k + 1) = g ( k, H( k) ) + w 1 ( k)

y ( k + 1) = h( k + 1, H( k + 1) , x ( k + 1) ) + e( k + 1)

( 18)

w here Hdenotes l dim ensional t im e-var ying parameter v ector, g denotes l dim ensional

nonl inear function, w 1 ( k) is assumed to be an independent , zer o-mean, Gaussian w hite

noise pro cess w ith covariance Qg . The other char acter ist ics o f system are the same as

above section.

Now , to be able to acquire the estimat ion o f state x and parameter H, make aug-

ment ing as follows:

x a( k + 1) =
x ( k + 1)

H( k + 1)
( 19)

f a ( k, u( k ) , x a( k ) ) =
f ( k , u( k) , H( k) , x ( k)

g( k , H( k) )
( 20)

16



ha ( k + 1) , x a( k + 1) ) = h( k + 1, H( k + 1) , x ( k + 1) ) ( 21)

w a( k) =
#( k ) w ( k)

w 1( k)
( 22)

ea( k + 1) = e( k + 1) ( 23)

Thus, the system ( 18) is equivalent to

x a( k + 1) = f a( k, u( k ) , x a( k ) ) + w a( k )

y ( k + 1) = ha ( k + 1, x a ( k + 1) ) + ea ( k + 1)
( 24)

Clearly, the equat ions ( 24) have the sam e mode as the g iven equat ion ( 1) . T her efore,

the jo int estim at ion o f state x and par am eter Hcan be obtained by the subopt imal fading-

factor EKF.

In some cases, perhaps the joint est imat ion of all par am eter Hand state x can not be

obtained. The r eason is that al l parameter s and states are not all ident if iable. In applica-

tion, this problem can be solved by experiment , that is, with the consistency of ident ifica-

tion as decision criterion, to add gr adually the am ount of parameter ident if ied to gether

w ith state x at the same t ime.

Usually , g( k, H( k ) ) is unknow n. In this case, it is feasible to assume g ( k, H( k) ) =

H( k) in f ir st appro ximat ion. So , based on the equat ions ( 24) , the joint estim at ion of the

state and parameter fo r the sy stem ( 18) can st ill be obtained by the subopt imal fading-

factor EKF.

3　Application

　　Considering the health monitoring fo r liquid rocket engine w ith turbopump feed sy s-

tem
[ 3] , w e apply the proposed estimator to the jo int est im ation of the state and par ameter

of liquid rocket eng ine system , so as to be able to tr ack changes in a few selected param-

eters of the eng ine, w hich might be affected by the fault occurred.

Based on the nonlinear models given in reference [ 3] , taking on-line measur able pa-

rameters including combust ion cham ber pressure ( p c ) , tur bopump shaft speed ( n ) , en-

gine ox idizer m ass f low rate ( m 0 ) , and eng ine fuel mass flow rate ( mf ) as the engine

sy stem outputs and pressures at inlet of fuel and oxidizer pump ( p ipf and p ip o ) as the in-

puts, and taking the est im ated param eter Roc as a sim ulat ion exam ple, w hich is not ob-

tained by measuring, the nonlinear dynam ic models ar e denoted by the follow ing set o f

cont inuous-t ime equat ions

xa( t ) = f ( t , u( t ) , H( t ) , x ( t )

Ha( t) = g( t, Roc( t) )

y ( t ) = h( t , H( t) , x ( t) )

( 25)

The discrete-t im e nonlinear sto chast ic system m odels are g iv en by

x ( k + 1) = f ( k , u( k ) , H( k) , x ( k) ) + # ( k) w ( k)

H( k + 1) = g ( k, Roc( k) ) + w 1 ( k)

y ( k + 1) = h( k + 1, H( k + 1) , x ( k + 1) ) + e( k + 1)

( 26)
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　　In simulat ion, t ime stepsize $S= 1ms , and Q1 , Q2 are taken as a constant diagonal

matrix . Process noise in est im ato r is taken as three dimensional vector. Let g( k , Roc( k) )

= R oc( k) . Qg is also taken as a constant by experiment . T he measurements y ar e obtained

fr om the simulat ion o f t ransient per for mance under fault condit ions based on the full or-

der nonlinear dynam ic m odels of l iquid rocket engine, in w hich the measurem ents ob-

tained include measur ing no ise but not pr ocess noise. If necessary , see reference [ 5] for

further details. T hus, it is clear that x∈R
11, u∈R

2, H∈R
1 , y∈R

4 , nonlinear funct ions

f : R
11
× R

2
→ R

11
, and h: R

11
→ R

4
.

Fig. 1　T he joint es tim at ion result of

comb ust ion chamber pres sure

Fig. 2　Th e joint est imat ion resu lt of

tu rbopump sh af t s peed

Fig. 3　T he joint es tim at ion result of

engine oxidizer mas s f low rate

Fig. 4　Th e joint est imat ion resu lt of

engin e fu el mass f low rate

The results of the joint est imat ion are show n in Fig . 1～Fig. 5 w hen fault has oc-

curred at time k = 40 due to engine ox idizer main valve failure ( that is, R oc has

changed) . It is very clear that the state and parameter can be obtained the consistent es-

tim ation by the subopt im al fading-factor EKF. In the simulat ion, such a result can not

be obtained by the convent ional EKF.
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Fig . 5　T he est imat ion result of th e parameter R∝

( at k = 40 , failure occurs at th e oxidizer main valve)

4　Conclusions

This paper proposes a kind o f subopt imal fading-factor EKF, w hich can be used in

the jo int estim at ion o f states and parameters for a class of nonlinear sto chast ic systems.

Numerical sim ulat ion result gained in applicat ion to LRE sy stem shows this est imator

has the ability of rapidly t racking the t ime-varying state and parameter. In the paper, the

algo rithm has been g iven w ith the discrete recursiv e form ulat ions, thus it is easy realized

and has st rong real-t ime operating ability . Som e theoretical pr oblems such as the identi-

fiabil ity of the studied system , the stability of the suboptim al fading-facto r EKF etc.

need further study .

Fo r such a complex sy stem as liquid ro cket propulsion sy stem , the estimat ions o f

fault isolat ion and fault ex tent are st ill ver y diff icult . So far, it seems to be shor t of ef-

fect ive methods. In the paper, apply ing the est imator proposed to the health monitoring

of LRE is only preliminar y. Besides the problems m ent ioned above, the o thers such as

LRE models, computat ional cost , est im ated parameter s select ing etc. s till need much ef-

fo rt . But w e believe that the joint est imat ion of states and param eters at least pro vides

some valuable ideas for the health monitoring of liquid rocket propulsion sy stem. Also,

w e think that the joint est imat ion appr oach together w ith know ledge eng ineering tech-

niques and/ or evident ial r easoning m ethods
[ 4] , [ 6]

may be more promising fo r fault diagno-

sis of real plants.
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状态—参数联合估计方法及其在液体火箭发动机

健康监控中的应用

吴建军　张育林　陈启智

(国防科技大学航天技术系　长沙　410073)

　　摘　要　基于传统的扩展卡尔曼滤波器 ( EKF ) , 本文提出了一种带次优渐消因子的

EKF 用于非线性时变随机动态系统状态与参数的联合估计。应用于液体火箭发动机健康监

控算法的仿真研究表明, 本文所提出的联合估计器具有较好的收敛性、实时性和动态跟踪能

力。此外, 文中还讨论了联合估计器应用于实际系统的有关问题。

关键词　液体推进剂火箭发动机, 故障诊断, 故障隔离, 状态估计, 参数估计, 非线性

动态系统
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