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ABSTRACT. Identification of an unstable process has to be performed in closed-loop man-
ner. When the sensitivity of the closed-loop is very low, while the external test signal is
restricted to a small range, the numerical computation of the closed-loop identification
suffers from severe numerical problems in model structure identification and parameter
estimation. In this paper the cyclo-stationarity is applied to dealing with the poor nu-
merical conditions. The model structure is determined by both the mean squared error
and the cyclo-stationarity detection, and the parameter estimation is performed through
optimization of the criteria in both the time and subspace domains. The effectiveness is
tllustrated through the simulation example and the identification experiment.
Keywords: System identification, Output over-sampling, Cyclo-stationarity, Model
structure selection

1. Introduction. In many practical applications to deal with an unstable process, a
mathematical model is expected to be identified from the experimental data collected in
the closed-loop manner, where the unstable process is stabilized by a feedback controller.
When little priori information is available for performing identification, sometimes not
only the estimation of model parameters, but identification of model structure is required
to be performed under the environment with unknown noise terms. If the experimental
data are informative, the model structure is conventionally determined by using some
information criteria such as the final prediction-error (FPE), Akaike information criterion
(AIC), or the minimum description length (MDL), and then the model parameters are
estimated through optimizing a specified criterion by some algorithms in time domain, or
the spatial methods using the subspace properties [1].

The informativeness is a fundamental condition in system identification, where the pro-
cess input and output signals must have sufficient frequency excitations, and their power
is expected to suppress the affection of noise or disturbance. Nevertheless, in order to
stabilize the unstable process, the feedback controller usually makes the sensitivity to the
external signals be low in some frequency bands. Moreover, the closed-loop performance
sometimes requires that the unstable process works around the stationary points, so the
external test signals cannot be arbitrarily added into the closed-loop. As a result, the
experimental data collected from closed-loop may have less frequency components in some
frequency bands, and suffer severe ill-conditioned numerical problem. Another difficulty
is the correlation of experimental data with the noise terms. Since the input signal added
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to the process is generated by the feedback controller, both the input and output signals
are correlated with the noise in closed-loop, i.e., the parameter estimation is an error-
in-variables problem [2], which may cause large estimation bias unless the correlation of
both the input and output signals with the noise terms is removed or compensated. Ac-
cordingly, the conventional methods are performed under very poor numerical conditions,
and affected by the noise easily; thus, the identification performance of unstable process
characteristics in the conventional methods degrades largely.

On the other hand, the output over-sampling based identification approach has been
demonstrated to improve the performance of closed-loop identification where the input
signal is held by a zero-order holder, while the output signal is sampled several times
with the holding period of the input signal [3]. Consequently, the input and output
signals have cyclo-stationarity compared with the signals in the conventional methods.
It has been illustrated that the characteristics of cyclo-stationarity can be applied to
detecting the model information of the over-sampled stable or unstable processes under
poor numerical conditions, and to decreasing the affection of the noise term [4, 5], but
the approach to determining the model structure has not been explicit yet. In this paper,
an efficient cyclo-stationarity detection approach is presented, then, a novel information
criterion is developed to determine the model structure by applying cyclo-stationarity and
mean square of prediction error, and thus the model structure can be determined more
appropriately than the conventional methods. Moreover, the cyclo-stationary information
is introduced into the identification algorithm to mitigate the severe numerical problem,
so the proposed algorithm has high identification performance for the unstable process in
closed-loop experiment conditions.

The rest of the paper is organized as follows. In the next section, the main identifica-
tion problems of the unstable process in closed-loop are summarized. In Section 3, the
cyclo-stationary characteristics of the process input and output signals are analyzed, and
the estimation algorithm for the cyclo-stationarity is presented. Then the identification
algorithm for model structure determination and parameter estimation is illustrated in
Section 4, and some simulation examples and the identification experiment of a magnetic
levitation system are shown in Section 5. Finally, the conclusion and the future research
work are given in Section 6.
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FiGure 1. Illustration of output over-sampling in closed-loop identification

2. Problem Statement. The diagram of the unstable process in closed-loop considered
in this paper is illustrated in Figure 1. The continuous time unstable process G.(s) with
unstable poles is regulated by a digital controller F/(27!), where 27! is a backward shift
operator. The control input u(m) is added to the process through a zero-order holder
with holding period T, i.e., the control input is a piece-wise signal with rate 1/7', and
correspondingly the process model can be described by a discrete-time model with respect
to the interval T'. Assume that the process output y.(t) is disturbed by a stochastic noise
ec(t), and then the input-output description of the process can be given by

y(m) =G (2" )u(m) + e(m), (1)

where y(m) and e(m) are the samples of output y.(¢) and the noise term e.(t) at instant
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mT, respectively. G (z_l) is the discrete-time transfer function of G.(s), and the backward
shift operator z=! corresponds to the interval 7T

If the reference signal r(m) is informative, the conventional indirect closed-loop iden-
tification algorithms construct two models first, one is r(m) ~ w(m) model, the other
one is 7(m) ~ y(m) model, and then the process model G(z7!) is extracted from these
two models [6]. When the informativeness of r(m) is not available for identification, the
direct method is the possible choice to identify the process model using the data of u(m)
and y(m), and thus it requires that u(m) and y(m) can sufficiently offer independent
excitations to guarantee the informativeness of experimental data. It might be achieved
by using high order controller or switching between different control laws to reduce the
linear dependence of u(m) and y(m) in the conventional direct methods. Nevertheless, the
simple controller such as proportional-integral-differential (PID) controller is widely used
in many process control systems, whereas the switching control laws may yield fluctuation
in the process output. An alternative approach to guaranteeing the informativeness is the
output over-sampling scheme, which is illustrated in Figure 1. The controller remains the
same as that in the usual operation, while the output y.(¢) is sampled at the rate P/T,
which is faster than the rate of input signal 1/7. Here P is an integer indicating the
over-sampling rate. Let the output sampling interval be indicated as A = T/ P, then the
over-sampled output is ya (k), whereas only the output signals at the instants m7T = mPA
are fed back into the controller. For the simplicity of notation, the process input at instants
kA is denoted as ua(k), and ua(mP) = ua(mP +1) =+ =ua((m+1)P — 1) = u(m).
The output over-sampling is easily implemented in the digital control systems [7].

It is demonstrated that both ua (k) and ya(k) have cyclo-stationarity with respect to
the interval A, which is quite different from the stationary properties in the conventional
methods. The cyclo-stationarity can provide independent information for closed-loop
identification, which will be shown in the next section.

3. Cyclo-Stationarity Property Analysis and Estimation. Assume that r(m) is
pseudo stationary stochastic signal, e (k) and e(m) are stationary signals, and then ua (k)
and ya (k) are cyclo-stationary signals whose correlation function R, ., (k, 7)

Raya (b, 7) = E{a1(k + 7)za(k)} (2)
where E{-} indicates the operation of expectation, satisfying that
Riyas(kyT) = Ray g (b + Po7) # Ryyag(k+1,7) # -+ # Ry (b + P —1,7), (3)

where x1(k) and x9(k) are ua(k) or ya(k). It is seen that the correlation function
Ry 2, (k, T) is a periodic function in k, quite different from the correlation functions of
stationary signals, i.e., Ry, 2, (K, 7) = Ry w(k +1,7) = Ryy oy (K +2,7) =

3.1. Definition of cyclo-stationary relation functions. Consider the periodic corre-
lation function R, 4, (k,7) with period P in k. Then its Fourier transform with respect
to k is defined as

Cwl7x2 (Oé, T = ]\]{.1_1;1(1)0 N Z Riﬂl,:ﬂg ]{j 7' _lak (4)

where 0 < a < 2. Following (4), the cyclo-stationary relation function satisfies
1 (m+1)P-1
—iopk o
ST 0 S )
0

k=mP
, others
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where o, € Ap, Ap = {a,lo, = p%,p = 0,1,...,P — 1}. Moreover, the Fourier
transform of (5) yields the cyclo-stationary spectral density function

N/2

Suy oz (@, w) = Z Coy .y (1, T)E 9T (6)

T=—N/2+1

It can be seen that if the cyclo-stationary spectral density function is estimated by
the definitions given above, the estimation will be time consuming since the correlation
functions Cy, 4, (k, 7) for both the possible k and 7 should be estimated. Correspondingly,
a fast estimation algorithm is desired in the practical applications.

To decrease the computation load and the affection of noise term, the correlation func-
tions are calculated from the average periodograms of the experimental data.

3.2. Estimation algorithm of cyclo-stationary functions. Assume that the experi-
mental data of two cyclo-stationary signals x; (k) and xo(k) are recorded, where the cyclic
period is P. Let x,,(m) = x,(mP + p), where n = 1,2, p = 0,1,..., P — 1. Then, for
every m or p, Tn,(m) can be treated as stationary signal. Consequently, from the fast
Fourier transform (FFT) of z,,,(m), the correlation functions of the corresponding signals
are given by
RIMP) (7p) = E{z1p, (mpM + 7p) 32, (mpM)}
N

P1,p2

Q

1 - 1 m iw, m iw, * W T,
T D X (X (e ) e, (7)

I=—4+1

where M is the length of shift data block, IV is the FFT size which is an integer number
of power of 2. Following the definition of z,, ,(m), the following equation

RJ(DT,;;)(TP) = E{xl((mpM +7p)P +p1)$2(mPM—|-p2)}
= Rayao (MpM + pa, 7p P + p1 — p2) (8)

holds for z;(k) and x2(k). Define a correlation matrix ®5 as follows:

REHO0)  R%GO)  REHO) - RE 00 RED) RGQ)
RO RA©O)  RY©O) - RYQ) RO R

Rg)—1,P—1(O) R(()(,)I)D—l(l) R(1(,)1)3—1(1) REDI)—2,P—1(1) Rg)—l,P—l(l) R(()[,)J)D—1(2>
Rep(0)  RUO)  REYO) - RELL0) RGN R

Then, performing Fourier transform with respect to every column of ®5 yields the matrix
®. of cyclo-stationary correlation functions.

le’a:? (O’ O) Cﬂchxz (%7 O) Cachxz (2(N];1)7r7 O)
le’IQ (07 1> Cxl’xQ (%’ 1) Cz1,x2 <2(N];1)7r7 1)
T i v
e = Car g (O’ 2) C:vhévz (%7 2) Cac17ac2 (2(NN1) ) 2) (9)
L Cxl’””?(o’ 1) Car 2z (2]\7;7 _1> ) Cm,m (2(]\[];1)”7 1) i
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Correspondingly, performing Fourier transform with respect to every column of ®; leads
to the cyclo-stationary spectrum as

[ Ly N—-1)m T
8901,902 (07 0) Sgcl,gcQ (%, 0) ce Sﬂﬂl,rz <2( Nl) ,O)
Soc1,oc2 <07 Qﬁﬂ) vawcz (%r, %r) .. le,wz <2(NJ;1)TF’ %r)
b5 = Suy 2o (0, %) Sy o (%’r, %) e Saran (%r’ %r) (10)
| Sev (0, W) - (%r, w> o S (2(1\/];1)”7 2(NJ;1)7T) |

From the estimation of ®¢(«, 7) or ®s(,w), the cyclo-stationary components can be
detected by comparing the terms associated to the angles .

4. System Identification Algorithm. The approach to determining the model struc-
ture is investigated first.

4.1. Model structure identification. In some applications the model structure is re-
quired to be determined for identification. The information criterion for model structure
identification in the conventional methods generally uses the mean square error (MSE)
of the process model residue, where the signals are treated as stationary ones. However,
under the situation where the external test signals are restricted when stabilizing the un-
stable process in closed-loop, MSE has little explicit difference between the local minima,
and thus it is hard to determine the appropriate model structure.

In the output over-sampling scheme, the information on cyclo-stationarity is applied.

Let the residue of the process model be denoted as ea <k, 9A>

H ) 1 A1 _BA(q_l)u
a (k6a) = (Am a2 o A<k>)7 (11)

where Ha (¢7') is the estimated noise model, An (¢71) contains all the unstable poles
of the estimated model Ga (¢7') = Ba(q7') /Aa(¢7") Fa (¢7"), and O, is the model

parameter vector. Following the definition of ea (k;, 0 A), if there is less cyclo-stationary

components in € (k,éA), the estimated process model is near to the true one, while

the estimated noise model can approximate the noise term if the residue has small mean
square errors.
Then, the model orders are determined by

2n
arg min (log (N%Z) +log Mg + |logmi| + |10g7]2|> ) (12)

Na,Np,Nf, M

where ¢2 is the variance of ea(k, 8A), Mg is the maximum of S., ., (a,,w), 7 indicates
the magnitude ratio of S;, ., (o, w) at @ = o, vs @ # v, whereas 7, indicates distribution
difference of the spectrum. They are given by

1 P-1 N/2 s 1 Pl
P_1 pz:% l:f%2+1 | EALEA (Oépa Wl)‘ 1 pZ::l CoVv (SSA,sA (Oép, wl))

" N2 ;= SNCE)
% > Yo |Scaen(0p,wi)l P COV<S«SA,5A(%,M)>

p¢Ap l=—N/2+1

where P is the number of non-cyclo-stationary angles.
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4.2. Model parameter estimation. In order to apply the information of cyclo-station-
arity, define the correlation matrix R ¢<k’ 7)

R (k1) =E{.(k+7)¢" (k)}. (14)
Then, it is cyclo-stationary, i.e., its Fourier transform with respect to k given by

1 M-l /P-1
Co plonT) =7 > (Ze‘“’o‘Rgbygb(mP +p, 7)> (15)

m=0 \p=0

has non-zero values for o € Ap, while it is 0 for o ¢ Ap, where

yalk) ea(k+7)
k— SA(k—{—T—l)
—uA(k: _n1> i €A(k’ +.7' —ng) |

where n; is larger than the process model order, ns is larger than ny + ny + max(n, +
ng,n), T = —P,...,nyg — max(n, + nyg,ny). Then, the column rank of C¢ d)(ap,r) is

ny + max(n, + nys,ng), and the orthogonal vectors of C(ﬁe’(p(aﬂ') are the coefficients of
Aa(g Y FA(g ) XA(¢gY) and Ba(qg 1) Xa(g™!), where Xa(g™1) is a common polynomial
[4, 8]. Then, arranging the orthogonal vectors of (Cge,¢(o‘p”)c¢e,¢(% T)) yields such
a matrix €2 that [4, 9]

; . T 1
¢, = arg min [ 1 6, ] Q { 0. ] . (17)
0c,

Then the criterion function for the parameter estimation is as follows:
J(&Q::h%?A>+Ah<QM>, (18)

1 1 1

5\ 1 ) . 1 T )

i (0) = o ek (o) =3[0 0t Ja[ ;]

where \ is a coefficient to accommodate the value of Jg (éGA> with Jr <9A>. Since
Js (ég A) is composed of the normalized €2, A can be chosen by the mean eigenvalues of

the Hessian matrices which will be given in (21). Let the initial value of 8 be 920). In
the (I + 1)th iteration, the parameter vector can be estimated by

dJT(9A> ng(éG )
dOa A <$AA

01" =6 —pH_!

€ess

where p (0 < p < 1) is the step-size of the Gauss-Newton algorithm, and the Hessian

matrix is given by
; . H
e(k,OA) da(k,0A>

N dO A

N-1(
1
Hess = Hess,T + AHess,S = N ;0 + )\QOGA' (21)

The first term in (21) is calculated from the data in the time domain similarly as the
conventional methods, whereas the second term is the one associated with the subspace
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information of the cyclo-stationarity. The definite matrix 99G corresponding to Oc A in Q2
A

can improve the numerical condition of the Hessian matrix in the numerical optimization.

5. Numerical Simulation Examples.

5.1. Cyclo-stationarity estimation. Two signals z;(k) and xo(k)

z1(k) = {x0(0) + w1(0), 20(0) + wi(1),...,20(0) + w1 (P — 1),
zo(1) + wi(P),zo(1) + wi(P+1),...,20(1) + w1 (2P — 1),

$0(2)—|—w1(2p)’x0(2)—|—w1(2p—|—1),,“}7 (22)
zo(k) = (1 —1.25¢7" + 0.375¢ %) z1 (k) + wo(k) (23)
are considered in the numerical simulations, where xo(m), m = 0,1, ..., are the samples

of a pseudo stationary signal with zero mean and variance o2, while w; (k) and wy (k) are
the stationary noise with zero mean, variance o2 . 03]2, respectively. Here P is chosen as
3, and 02, =02, = 0.5. It is clear that both (k) and z5(k) are cyclo-stationary signals.

The estimated cyclo-stationary spectrum is shown in Figure 2, where the spectral com-
ponents arise only at the angles o, = 0, 27/3 and 47/3. The index 7, = 9.1986 shows
that the cyclo-stationary components can be detected from the spectrum easily.

400

300+

200+

] i
.

FIGURE 2. Estimated cyclo-stationary spectrum S, 4, (o, w)

5.2. Identification experiment of magnetic levitation. In the identification exper-
iment, the magnetic levitation is stabilized by a digital PID controller with the control
interval T' = 0.0024s. Correspondingly, the process can be approximated by a discrete-
time transfer function model with respect to the interval T, whose nominal theoretical
poles are 1.0886, 0.9682, 0.9202 [10]. There are several poles of the closed-loop close to
the unit circle, and the sensitivity to the external exciting signals is very low in the high
frequency band, whereas the reference is a constant which does offer little information
for identification, hence the numerical conditions are very poor for identification, and
many conventional methods fail to work. The noise is assumed as a stationary stochastic
process, which is caused by the measurement noise, the disturbance of the ball’s rotation,
and the air floating, etc. The structure of noise model is unknown and required to be
identified from the experimental data.

The experimental data are collected for 100 seconds in one identification experiment.
The sampling rate P is chosen as P = 2. The spectral components contained in the sam-
pled data concentrate in a narrow frequency band; therefore, the model structure and the
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parameters are hard to be identified by the conventional methods under the extremely
ill-conditioned numerical conditions. The identification experiments are performed inde-
pendently for 15 times using the experimental data sampled with interval A = T'/2. In
every experiment, the model structure determination of the noise model and estimation of
model parameters are executed. The estimated poles of the transfer function are plotted
in Figure 3(a). It is shown that by detecting the cyclo-stationarity of prediction errors, the
selected model structure can describe the dominant characteristics of both the unstable
magnetic levitation process and noise process; by introducing the cyclo-stationary infor-
mation into the numerical optimization of parameter estimation, the number condition of
H . is improved. Consequently, the proposed algorithm can estimate the unstable poles
from the experimental data under severe numerical conditions in closed-loop manner.

1 1L
05 T 0.5
g g
= =
S 0 B @ 0 - _féH-Hl- + -‘_'*I-
< < *
: ) ¥
0.5 o 0.5
0 0.5 1 0 0.5 1
Real Real
(a) Proposed algorithm (b) General PEM

FIGURE 3. Estimated poles in 15 experiments [10]

As a comparison, the results obtained by the conventional method such as PEM method
under the same experiment conditions are also illustrated in Figure 3(b). It is seen that
the conventional methods fail to detect the model structure and unstable dynamics from
the ill-conditioned experiment data just by considering the mean square error, and the
noise model structure does not appropriately describe the main characteristics of the
noise process. As a result, the performance of numerical computation is so poor that the
numerical optimization is influenced by the noise largely and converges to local minima,
and as a result the estimated poles are scattered inside the unit circle.

6. Conclusions. The algorithm of model structure identification and parameter estima-
tion is investigated in this paper for the unstable process in closed-loop. It is illustrated
that the cyclo-stationarity can be detected by an efficient algorithm using fast Fourier
transform. Under the severe numerical conditions where the sensitivity of the closed-loop
is very low to the external signals, while the test signal is unavailable, the proposed algo-
rithm applies the information of cyclo-stationarity to determining the model structure and
parameter estimation, and therefore, it improves the identification performance greatly.
The effectiveness of the algorithm has been illustrated by the numerical simulation and
identification experiment. The performance improvement of numerical optimization and
the model error evaluation will be investigated in the future work.
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