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Abstract: This article addresses the problem of time-delstymation in the specific
case of structures with combined feedback/feedforwardrobrin the case of closed
loop single-input/single-output systems, several meshuale been developed in order
to estimate the time-delay. In particular, this parametay e determined thanks to
a correlation analysis proposed by Zheng and Feng (199@®).plinpose of this work
is to generalize the latter approach to the case of feediemcbrward systems (with
two inputs: the control input and the measured disturbantes is motivated by an
application to a managed river reach in passive experirheoialitions.
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1. INTRODUCTION has been to generalize this method to structures with
combined feedback/feedforward control. This devel-
The time-delay of a system is a crucial parameter to oppment is motivated by an application: the estima-
know for many applications. So the time-delay esti- tion of a time-delay of a managed river reach in pas-
mation has aroused great interest. One can refer, forsive experimental conditions (Thomassiral., 2003;
instance, to survey papers such as De Scefzal. Thomassiret al, 2004; Thomassin, 2005).
(1988), Ferreira and Fernandes (1997) and Bjorklund __ . . ) ) .
(2003). In addition, an overview of some recent ad- Th|s_paper is orga}mze_d as follows. Section 2 reminds
vances and open problems about time-delay system§he time-delay estimation method developed by Zheng

may be found in (Richard, 2003). However, little at- 2nd Feng (1990). Then, in the following section, the
tention has been paid so far to the need for estima-1ver reach modelling is presented to show the partic-

tion of time-delay of systems with complex structure ular structure of the application and to highlight dif-

especially when the system operate under combinediculties in the identification of the process. Section 4
feedback/feedforward control. Indeed, in this case, 'S dévoted to the major contribution of this work, i.e

correlations between disturbances and inputs must bdt contains the generalization of the time-delay esti-
taken into account (Soderstrom, 1999). mation method (presented in section 2) to structures

with combined feedback/feedforward control. Finally,
Zheng and Feng (1990) developed a time-delay esti-simulation results are presented in section 5 in order
mation method based on correlation analysis allowing tg show the effectiveness of the method.
one to consider a closed-loop structure. So the idea



2. TIME-DELAY ESTIMATION BY Once the time-delay is estimated, the model parame-
CORRELATION ANALYSIS ters can be estimated by using the least square method
with the shifted inpufulk — d|} N !

The time-delay estimation from correlation analysis
was presented for the first time by Faure and Evans
(1969) in a deterministic case. Then, many time-delay
estimation methods using correlation functions was
developed (Carter, 1987). The first paper presenting
a method based on correlation functions allowing the
identification of a stochastic system with unknown {ulk]})
delay, and correlation between disturbances and input,

Nevertheless, the major contribution presented in

(Zheng and Feng, 1990) is the extension of the pre-
vious propriety to the case of correlation between

the input and the process noise, i.e. the extension to
the closed-loop case. In order to consider this prob-
lem, they assume that the cross-correlation between
b and{w[k]}n ;' verifies the following ex-

was Zheng and Feng (1990). pressmri
The authors consider the following model: Coull] #0, —m <1<0, (4)
1 i 1 coulll] =0, 1< —morl>0,
Alq )ylkl = ¢ “B(q " )ulk] + wlk], (1) _ _
wherem > 0 is the cross-correlation order between

where w andu. It means that the control at tiniedepends

Al =1-ag ' — ... —anq ", only on the disturbances at timésk — 1,...,k —

Blg) = bo+brg~ + ...+ bug ™ m. Then, if {u[k]};,' is a stationary uncorrelated

= coitbn, ,

random sequence Wlth zero mean and variaricand
with by # 0 and whereq~" is the shift operator.  {u,[k]}¥~! is a white noise, they show that the co-
The OfderSna and mp are known. The sequences efficientsa; can be estimated thanks to the following
{ulk] k o ' and {y[K] }k , denote the system |nput equations:

and observed noisy output. The seque{roﬁf )

represents noises and disturbances acting on the sys- cyyll] = Z aicyy[l — 1, ®)

tem (V is the data length). The parametker 0 is the =

unknown time-delay. It is assumed that the input has for 7 > ny + d + m, wherem can be estimated from

a sufficient persistent excitation order so as to respectequation (4) and can be bounded by a maximal value

identifiability conditions. All the zeros ofi(¢~') are  dmax. These equations are namgeneralised Yule-

outside the closed unit disc (the system is stable). Walker equationsThe demonstration can be found in
_ _ N1 the article (Zheng and Feng, 1990).

First, the authors show that if the sequenfeB:}, _, Once the coefficients; are estimated, it is possible to

and{w[k]}szz)l are not correlated, an{h[k]}kj\;l is calculate the following expression:
a Moving Average (MA) process of order:

) u u 1 Cyu |l — ) B 6
ulk] = F(g~Y)r[k], @) Pyall] = epul Z @icyull 1] 6)
where: which is theoretically equal to:
N—-1. . . . .
e {r[k]},_, isaindependentidentically-distributed b .
(i.i.d.) random sequence; their probability distri- pyull] = Z bicuu[l — i + coull], )
bution is a zero-mean Gaussian distribution with =0 o . N
variances?; and, consequently, satisfies the following conditions:
e F(q1) denotes the following polynomial: pyull] = 0, [ < —m,
F(g ') =fot fig '+t faga ™, pyull] = coull], —m <1<0,
with fo # 0andf,, # 0, pyull] =0, 0<1<d, (8)
. . wll] =10 d<i< d,
then the cross-correlation between the input and the pyull] = bi—ao; np +
output satisfies the following equations: pyull] =0, I>mny+d.

The time-delay/ can also be obtained by detecting the

{Cy“ [} =0, forl<d—mny (3) first positive lag which verifieg, ,[1] # 0.

2

eyuld =ns] =bofofn,o” 7 0. Let us reconsider the assumption that the input
Consequently, the time-delaycan be estimated from ([} V=1 js a uncorrelated random sequence. If we
the estimates of the cross-correlation function be“’vee”assume thafw[k ]} 1 is a white noise and that the
the output and the input,,,,, and the autocorrelation o correlation function between and « verifies
order of the inputfi ;. This estimation is obtained by
the determination of the lag from which the cross- =~ o o o _
correlation function is higher than a threshold. It is This assumption is rather restrictive. Indeed, it is notckld if

also possible to use an algorithm which detects athe input is not a white noise. In this case, there will be a#f we
p 9 as possiblecyy[l] # 0 for —m < I < no, wheren, > 0is

Qhange in the. mean SUCh. as tbetS.UI.\/I (cumula- the autocorrelation order af. Nevertheless, the extension to this
tive sum algorithm (Basseville and Nikiforov, 1993). assumption is easy to developed.




equation (4), i.e. that[k] depends ofw(k],w[k —
1],...,w[k — m]}, thenu[k] depends odulk], u[k —
1], ..., u[k — m]} and the assumption about the non-

correlation of {u[k]}; ' is false. Moreover, in the

case of closed-loop structure, this assumption is not

realistic: the control at time: depends at least on
that at timek — 1. At best, one can assume that the
autocorrelation function af is finite, of ordem s > 0:

Cuu[l] 7& 01
cunll] =0,

|l| SNy,
< —nyf orl > ng.

)

Then, by a similar demonstration, by always suppos-

ing that{w(k]} ' is a white noise and that the cross-
correlation function between andu verifies the rela-
tion (4), we show the following property:

eyylll = aicyy [l —l, (10)
=1

forl > ny+d+max{m, p—d}. These equations make

it possible to estimate the coefficieats which allow

one to estimate the statistig,, [/] always defined by

equation (6), which now verifies the conditions:

pyulll =0, 1< —m,

pyulll #0, —m <1 <0,

pyulll =0, 0<il<d—ny, (11)
pyulll] #0  d—ny <I<npy+d+ny,
pyulll =0, 1>np+d+ny.

This statistic allows to estimate the ldg- ny (under
the conditiond — ny > 0) or ny + d + ny. So the
delayd can be estimated (i is nota priori known,

it is possible to estimate it from the autocorrelation
function ofu).

Remark 1 If {w[k]}; ' is nota white noise, it is also
possible to develop a similar theory by assuming that :

<
cooll] #0, I < no, (12)
Cowll] =0, 1< —ny,o0rl>n,,
i.e. {w[k]}1-,' is a MA process of ordet,,:
wlk] = Qg elk], (13)

W|th Q(q_l) = Wy —+ wlq_l + -+ wan—nw’ and
where{e[k]}1 " is a white noise)

In conclusion, it is possible to estimate the time-
delay of a single-input/single-output structure from
this method even if the input/output data are corre-
lated. In section 4, we will show that it is possible to
generalize the principle of this method to the case of

a structure having two inputs and an output correlated

by a combined feedback/feedforward control.

3. THE RIVER REACH PROCESS

The application which led us to the generalization of

Operato

UQ; [k]

Barrage

Barrage

0

—
Fig. 1. A managed river reach

Table 1. Main process variables.

Reference  Description
uQ,;,uqQ, Inflow and outflow rate control
Qi, Qo Real inflow and outflow rate
hr Downstream water level
hy Water level reference
L Length of the reach

downstream barrages. The downstream léygk]| is

the controlled variable. The control variable is the out-
flow rate references, [k]. The inflow rate reference
ugq, [k] is considered as a known disturbance. Note that
the inflow and outflow rates are not measured. Table 1
gives the main variables of the process.

The problem is to estimate the time-delay between
the downstream water level and the inflow rate. This
delay depends on the distance between two barrages
(typically, several kilometers) and the flow speed. The
measurements have been made in passive experimen-
tal conditions, i.e. in a normal functioning of the pro-
cess. In this mode, the difficulty is that the outflow rate
referenceuq, [k] is given by a human operator (man-
ual control mode) who adjusts the outflow rate refer-
ence in order to control the water level (output) and
rejects the disturbances due the inflow rate variations.
Of course, this is a feedforward compensation because
the operator is able to anticipate level variations. The
process has already been modelled in (Thomasisin
al., 2003; Thomassin, 2005). The block diagram of the
managed river reach is summarized in figure 2. The
two control variablesyq, andug, are correlated, and
uq, is correlated with the noise output.

If we consider the closed-loop structure, we can show
that the time-delay of the rational transfer between
ug, [k] andhy,[k] is not equal tal. So the direct appli-
cation of Zeng and Feng method is not possible. Con-
sequently, we propose an adaptation of this method in
order to estimate the time-delay in the next section.

4. TIME DELAY ESTIMATION OF A
FEEDBACK/FEEDFORWARD STRUCTURE

the latter method is a managed river reach producing
hydroelectric power. As depicted in figure 1, the pro- The model output is governed by the following rela-
cess is composed of a river portion with upstream andtion:



Operator Aug, [K] Barrages and Reach

Aug, [k] Bi(g71)

Kq,

Ahy[k] =0 K % Auq, [K] Ba(g™Y)
4:% * Ag™h)

Fig. 2. Block diagram of a managed river reach.

Alg " ylk] = Bi(¢")g~ s [k]

+ Ba(q " uslk] + wlk], (14) Py ll] & eyua[l] - ; Qi Cyyuy [1 — 1]

Np2

where - Z 82i0u2u1 [l - i]a (19)
AlgHY=1—aigt = ... —an,q ™, =0
_ _ L which is theoretically equal to:

Bi(g7") =bio+bi1g .4 bin,g ™, bio £ 0, s yed

Ba(q™") =bao +bo1q” ' + ... + oy, g 2 Pyus (1] = Z b1iCuyuy [l —d — 1] + couy [1],  (20)
=0

The sequences [k]} o, {us[k]}h -y and{w[k]} np

are stationary and ergodic. The ordegsn;; andngs = Z b1iCuyu [l — d — i), (22)

are known. Moreover, the following assumptions are i=0

assumed to be checked: N-1 N-1
o because{u;[k]},_, and {w[k]},_, are uncorre-
o Ay {wlk] }k__o is a white noise of variancg’ ; lated. So this statistic checks the following relations:
. N-1 N-1
. IAz.d{ul[k]}k:O and {w[k]},_, are uncorre- {pyul[l] £0, d—ny <I<d+ns+m,
ated;
' _ Wl =0, I<d—nsorl>d+ns~+np.
e Ag: {ul[k]}szol is @ MA process of ordet : Puusl] / / b(122)
ui[k] = F(qg 1 )r1[k], (15) Finally, the time-delayl can be estimate by detecting
) . . . the lagd — ny from which p,,,, [I] becomes non-null.
with F(g™) = fo+ fig™" + ...+ o, if the ordern; is not known, it can be estimate from

and where{r; [k] }itol is a uncorrelated random  the autocorrelation function dfus [%]} ;"

sequence with zero mean and variange

e A4: the cross-correlation betweefuw (k] Nt 5. SIMULATION EXAMPLE

N-1 F=0
and{us[k]},_, is finite: The aim of this section is to illustrate the previous
theory with a numerical exampfe.
{cm [(]#£0, —m<I1<0,

16 ' i :
ol =0 1< —morl>o0; (16) Let us consider the following model:

N_1 ylk] — 1,5 y[k — 1] + 0,7 y[k — 2]

e Aj: the cross-correlation betwegn, [k] o0 =wuplk — 14] + 0,5 uy [k — 15]
et {uQ[k]}kN:Bl is finite: +ualk] — 0,2 ug[k — 1] + wlk]. (23)
1] 40 <l< The inputu; is described as:
Cuug y TP1xUX P2,
{cum[l]=0 < prorl>p &0 ur[k] = 1,2 7[k] + 4,3 r[k — 1] + 0,5 r[k — 2]

+0,2rk—3]+ 1,57k —4] +0,3r[k — 5]
+0,87k—6]+1,1rk—7)+0,47k — 8]
+2,3rk—9], (24)
MNa Np2 . . . .
e T = aicoll — i) + boicu,ull —i], (18 wherer|[k] is a pseudorandom binary signal of magni-
wll] ; wlt =1 ; zicuy(! — i), (18) tude 1. The autocorrelation order; = 9, is assumed
to be known. The disturbance[k] is a zero-mean

for I > max{ny — d,p2} + d + np. They allow to  white noise with variance 1. The time-delaylis= 14.
estimate the coefficients andbs;.

Thenitis shown (see Appendix A) that the generalized
Yule-Walker equations are written:

Thelse. estimates permit also to estimate the following 2 This example is is close to one of those in (Zheng and Feng,
statistic: 1990).



Its range is limited byl = 20. The sample size is
N =8000. At last, the second input is obtained by:

60

ua[k] = wa[k]+wlk]+1,3wlk—1]-0,22w[k—2]
—0,832w[k — 3] — 0,269 w[k — 4]. (25)

We have intentionally chosen a second order model 20
for the river reach, and not an integrator as indicated |

in figure 2, so as to demonstrate the applicability of 0 2 13 14 15 16 17 18 19 20
our approach in a more general case. d

40

in %

Figure 3 displays the estimate pf,, for one run. It
can be seen that— n; = 5 andd + ny + ny = 24,
i.e.d = 14. This confirms the result obtained in equa- ~ ® NO knowledge about the controllers is needed;
tion (22). The time-delay and parameter estimates for ¢ Other parameters of the model may be jointly
one run are presented in table 2. We observe that the ~ €sStimated with the time-delay.
estimates of the coefficients andb,; are acceptable.  Thjs development has been motivated by an appli-
However, we noted that the method does not alwayscation: the estimation of a time-delay of a managed
lead to good results concerning the estimation of the jyer reach in passive experimental conditions. The
coefficientsh,;. So this point has to be studied further. negretical development has been confirmed with a
simulation example. As a future work, it would be
% ' ' ' ' ' interesting to study the robustness of the proposed
30t ‘ 1 approach in the model coefficients identification. Fi-
nally, the development of a recursive version of the
algorithm will be considered.

Fig. 4. Estimates of for 100 Monte Carlo runs.

25t 1

20 B

Pyuy

Appendix A. PROOF OF EQUATIONS (18)

1.9 WT WT To 1 Multiplying equation (14) byy[k — I] and taking the

%0 & mathematical expectation of the two equality terms
s ‘ ‘ ‘ leads to:
0 .5 10 15 20, 25 30
d—ny lagl  d—ns+nn b

cyyll] = Z aicyyll — 1] + Z biiCuyy[l —d —1]
Fig. 3. Estimate op,,,, for one run. i=1 i=0

np2

Table 2. Parameter estimates for one run. + ) baicuyll — i+ cuyll]. (A1)
Parameter  True value Estimate =0
d 14 14 The aim is to show that:
a 1,5 1,4415 s
as —0,7 —0,65826 _ o _
bio 1 0,98871 Z bricuryll —d =] + cuyll] = 0, (A-2)
bi1 0,5 0, 45709 =0
b2o 1 1,2537 forl > max{ns—d,p2} +d+ np1.
bo1 -0,2 —0,1362 {ny = d.p>}

From equation (14), the outpytk|:
The histogram of the time-delay estimates resulting

from 100 Monte Carlo runs and obtained with the y[k] = Bl(q_l)q_dul[k] + B2(q_l)u2[k]

cusuMm algorithm is shown on figure 4. It may be A(g™1) A(g™1)
seen that 80% of the estimates correspond to the true T 1 W] (A.3)
time-delay. Concerning the 10% of detections made at Ag™1) ’ '

d = 19, they can be reduced by a better tuning of the

) can be rewritten in the infinite series form (sum of
cusum design parameters.

discrete convolutions):

6. CONCLUSION ylk] = Y alilalk —d = i)+ Y golilualk — i
. . L . i=0 i=0
In this paper, a time-delay estimation method in oo
the specific case of structures with combined feed- 4 Zh[i]w[k — 1. (A.4)
back/feedforward control is presented. It is based on i=0

a correlation method developed by Zheng and Feng
(1990) in the case of closed-loop structure. Its advan- ¢ Consider the tern}_ """ by;c,, [l — d — i] of equa-
tages can be summarized as follows: tion (A.2). From equation (A.4), we obtain:



l] = Z g1 [i]cul u1 [l-i—d-i—l]—l—z g2 [i]cul U2 [l+2]

+ ) Alileuwll + ).

=0

Cury[

(A.5)

As {u [K] };V:_Ol is a MA process of ordet s, then:

Cuquy 7é Oa |l| < ng, (A6)
Cuus =0, < —ngorl>ny,
and so we have:
> gililewul+d+i #0, 1<ng—d,
1=0
> gilileum I +d+i =0, 1>ns—d.
1=0

Moreover, since the cross-correlation function be-
tween {ul[k]}]k\;l and {ug[k]}i\;f is finite (equa-
tion (17)), we get:

292[i]cu1u2[1 +i #0, 1<ps,
=0

292[i]0u1u2[l +i =0, I>p..
i=0

(A7)

N-1

o0 and

At least, as we have assumed tHat, [k]
{W[k]}::ol are uncorrelated, we obtain:

Z hlieuw,wll + ] =
i=0

Using this three results and equation (A.5) gives:
curyll] =0, (A.9)
Consequently, we have:

0, Vi (A.8)

forl > max{n; — d, p2}.

Np1

> bricuyy [l — d — 1]
1=0

forl > ny +d + max{ny — d,p2}.

=0, (A.10)

4 Next consider the term,,,[{] in (A.2). Using equa-
tion (A.4), we get :

oyl = g1lilcwu, [[+d+i1+ Y galilcwu, [1+1]

i=0 =0
+ ) hlilewwll +]. (A11)
=0
As {ul[k]}]kv:_ol and {w[l~c]}]kV:_01 are uncorrelated,
then:
> gililcow [l +d+i] =0, V. (A.12)
=0
Moreover, from (16) we obtain:
Zgg iJewu, [+ #£0, 1<0,
(A.13)
Zgg o, [l + 1] = [ >0.

Atlast, as{w[k]} 2, is a white noise, then:

Zh Jewoll +1] #0, 1<0,

(A.14)
Z hli]cpw(l + 9] [ >0.
Consequently, we get:
cwyll] =0, fori>o0. (A.15)

Finally, it follows from (A.10) and (A.15) that the
result (A.2) holds, and so the generalized Yule-Walker
equations are completely proved.
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