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Subsystem Identification

for Nonlinear Model Updating

Harish J. Palanthandalam-Madapusi, Steven Gillijns,
Bart De Moor, and Dennis S. Bernstein

Abstract— We consider model updating by adding correction
terms to the model equations in the state space form. Two
classes of errors, namely model errors in the dynamics equation
and model errors in the output equation, are considered.
The model errors are assumed to arise from an unknown
nonlinear subsystem. First, the states of the true system are
estimated using unbiased minimum-variance filters. Next, the
state estimates are used to obtain least squares estimates of
the unmodeled terms. Finally, these least squares estimates are
used to identify the correction subsystem. We discuss model
updating for the case in which the unknown subsystem is either
a static nonlinear function or a dynamic nonlinear system. A
few illustrative examples are also provided.

I. INTRODUCTION

Both first principle (that is, analytical) models and empiri-
cal (that is, identified) models are approximate. The required
accuracy of a model is application dependent. In this paper,
we assume that an initial model in state space form is avail-
able and that the fidelity of the initial model is insufficient.
We update the initial model by adding correction terms to
the model equations. This technique is of particular interest
when the initial model is a large-scale analytical model or a
computer simulation, in which case it is convenient to add
correction terms rather than replace the initial model.

In [9] model updating is based on adding a small cor-
rection model (delta model) in parallel, cascade or feedback
with the initial model. However, such methods have several
limitations. Often the delta model is the same dynamic order
as the sum of orders of the initial model and the true system.
Such a high order correction can be expensive and inefficient,
especially when the true system and initial model are high
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order systems while the error is relatively low order. Another
disadvantage of this method is that the delta model is not
physically meaningful.

Alternatively, the approaches of [6] corrects a structural
dynamics model of a structure with truncated modes by ap-
pending an analytically derived correction model in parallel.
In [2] to preserve the structure of the structural model, the
parameters of the model are updated directly by using con-
nectivity constraints. Furthermore, in [5] a method is outlined
for modifying an existing controller based on knowledge of
deviations in the plant. However, the aim of [5] is not to
correct the model itself, but rather to correct the controller
such that it handles deviations in the plant.

In [1] model updating for state space models, which have
an additive error in the dynamics equation, is considered.
Specifically, systems of the form

Apxy + Hidy + Buyg + wg,
Crxr + Dyug + vg.

(1.1)
(1.2)

Thk41
Y =

are considered, where Ay, By, Ck, Dy, and H;, are known,
while dj is an unknown signal arising from an unknown
linear subsystem. This framework can be represented as
shown in Figure 1. Since the states xj, which are inputs to
the subsystem, are not measured, a filter is first designed to
estimate the states. For an arbitrary unknown signal dj, the
traditional Kalman filter state estimates are biased. Hence,
the filter developed in [3], which delivers unbiased estimates
of the states in spite of arbitrary unknown inputs, is used
to estimate the states of (I.1)-(I.2). Based on these state
estimates, the unknown signal dj is estimated and thus
the linear subsystem is identified. Both recursive and batch
model updating are considered.

u
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Fig. 1. Block diagram representation of model
error in dynamics equation

In the present paper, we extend the approach of [1], by
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letting the unknown subsystem be either a static nonlinear
function, or a nonlinear dynamical subsystem. Furthermore,
we consider additive model errors in the output equation.
This class of model errors can be represented in the state
space form as

Apxi + Buy, + wi,
Crxy + Hydy + Dyuy + g,

13)
1.4)

Tk+1 =
Y =

where Ay, By, Cr, Dy, and G are known, while dj
is an unknown signal arising from an unknown nonlinear
subsystem. Figure 2 shows a block diagram representation
of the model updating problem for model errors in the output
equation (I.3)-(I.4). Again, we let the subsystem be a static
nonlinear function or a nonlinear dynamical system.

To update the initial model, we first estimate the states
of the true system without knowledge of the signal dj. To
obtain unbiased estimates of the states, we use the unbiased
minimum-variance filter presented in [3] for (I.1)-(I.2), and
the unbiased minimum-variance filter for output correction
(output correction filter) derived in this paper for (1.3)-(1.4).
Once we obtain unbiased estimates of the states of the
true system, we then use these state estimates to obtain a
least squares estimate of the unknown signal dj. Finally,
the correction subsystem is identified using a basis function
expansion, or subspace identification methods [4,7, 8, 10].

Ty
> Initial Model >
1 —+
T Subsystem

- d

Fig. 2. Block diagram representation of model error in output
equation

In the current approach the identified subsystem is driven
by the estimates of the states of the true system, and hence
is physically meaningful. Additionally, this approach has
the advantage over the method in [9] that the order of the
correction subsystem is the same as the dynamic order of
the model error.

This paper is organized as follows. Sections 2, 3, 4 and 5
deal with model errors in the dynamics equation. In section
2, the problem is presented, while in section 3 the details
of the unbiased minimum-variance filter is described briefly.
Sections 4 and 5 discuss model updating methods using
the unbiased minimum-variance filter. Sections 6, 7 and 8
deal with model errors in the output equation. Section 6
describes the problem, section 7 presents the derivation of
the output correction filter, and section 8 discusses model
updating using the output correction filter. In section 9 a
nonlinear identification method using the model updating
technique is described. And finally in sections 10 and 11
illustrative examples are presented, while sections 12 and 13
are conclusions and appendix respectively.

II. DYNAMICS EQUATION SUBSYSTEM IDENTIFICATION
Consider the system

Apzy + Hpdy, + Biruy, + wg,
Crxr + Diug + v,

(IL1)
(IL.2)

Tr+1
Y =

where z, € R u, € R™, 4, € R and d;, € RP.
Throughout this paper we assume that measurements of the
inputs uy and outputs y; are available, while w; € R™ and
v € R! are unknown white noise sequences with known
covariances ) and Ry, respectively. We consider model
correction for (II.1)-(I1.2) when Ay, Bi, C, and D, are
known to within a similarity transformation, and signal d is
unknown. For now, H;, is assumed to be known, but the case
in which Hj is unknown is discussed later. Also, without
loss of generality, we assume rank(Hy) = p. The signal dj
is assumed to be an output of an unknown subsystem that
is driven by the system states x; and the model inputs uyg.
We focus on the case in which the unknown subsystem is
either a static nonlinear function or a nonlinear time-invariant
system.

The model updating technique consists of three key steps.
In the first step an unbiased minimum-variance filter is
designed based on the known initial model and assuming
no knowledge of dj, to obtain unbiased estimates &y of the
states xy. In the second step, using the estimates Zj, we
obtain a least-squares estimate dj, of the unknown signal
dy. In the final step, the correction subsystem, which has
inputs &y and wg and outputs cfk, is identified. When the
unknown subsystem is a static nonlinear function, a basis
function expansion of the estimated states % is used to
identify the correction subsystem. Subspace identification is
used to identify the correction subsystem when the unknown
subsystem is a nonlinear dynamic system. We first present
a brief description of the unbiased minimum-variance filter
[3] used in the first step.

III. UNBIASED MINIMUM-VARIANCE FILTER

Consider the system (I1.1)-(I.2) where Ay, By, Ck, Dy,
and Hj, are known, measurements of uj, and y;, are available,
while d, € RP is unknown. The filter derived in [3] is of the
form

Thg1)h+1 = Thtijk
(IL.1)
(I11.2)

+Lit1(Yet1 — Crr1Zrs1jk — Drr1Upsr),
Ty = ArZppe + Brug,

where L1 € R"*P. The error covariance matrix is defined
as

JAN
Pyyijir1 = Elewtrepiq), (I1L.3)

. N
where € is the expected value, and ej 1 =

is the estimation error.

Tl — Thy1|hs1

Proposition IIL.1. ([3]) Suppose L satisfies

(I — Lys1Chpr)Hy, = 0. (I11.4)
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Then the state estimates given by (III.1) are unbiased esti-
mates of the states of (II.1), and the error covariance matrix
satisfies

Pt = Lir1 R Ly
+(I = Lit1Chy1) Prgr (I = L1 Cryn) ™,
(I1L5)

where

AN
Preiije = ArPy AL + Q. (IIL6)

Furthermore, assuming that Ry, is positive definite, the
minimum-variance gain L satisfying (IIL.4) is

Lis1 = H Il + Frop By L (I — Vi IL),  (IIL7)
where Rk+1, Vit1, Fr+1 and Il are defined as
~ A
Rit1 = Crp1PeyanCryy + Riyr, (I11.8)
A
Vier = Cry1Hy, (I11.9)
A
Fes1 = PopapCrsts (I11.10)
A ~ _ ~_
I = (VkrgrleLVkH) 1Vk’1ji-1Rle1‘
(IIL.11)
Since Hj, has rank p, (IIL.4) implies
rank(Cr41Hy) =p (II1.12)

and thus [ > p. When [ = p, Ly is uniquely determined
by the constraint (II[.4). Furthermore, using (II1.7)-(ITI.11),
the covariance update equation (III.5) becomes

Pyt = Py — Fk+1R;Z_,1_1F1;F+1+
(Hi = Fer1 Ry Vi ) (Vi By Vi) ™
X (Hy — Fry1 R L Vi)™ (IIL.13)

IV. STATIC NONLINEAR CORRECTION

In this section, we consider the case in which the unknown
subsystem is a static nonlinear function, that is, d, = h(xy)
in (IL.1), where h: R® — RP. By treating the unknown
nonlinear function h(zj) as an unknown external input, we
use the unbiased minimum-variance filter (III.1)-(II1.2) with
the gain (III.7) to obtain unbiased estimates of the states of
the true system.

Next, we use the estimate 1, given by (II1.2) to obtain
a least squares estimate dy, of di = h(zg).

Proposition IV.1. Let 2y, be an unbiased estimate of the
states xy of (II.1). Then

di = H{ L1 (ki1 — Chrrdisak — Diprtungs), (IV.D)
is an unbiased estimate of dj.

Proof. See appendix.

Next, to approximate dr, by a static nonlinear subsystem,

we use a basis function expansion

S Njfi@) =dl, i=1,....p, (IV.2)
=1

where d{c is the j*"* component of dp,, 7 is the number of basis
functions, f;; : R” — R are the basis functions, and );; are
the coefficients of the basis function expansion obtained by
means of standard least squares.

Finally the initial model is updated using the static correc-
tion subsystem identified in (IV.2), so that the final corrected
model is

22:1 )‘ilfil (l'k-)

Tit1=Apzi + Hy + Brug,

Zle Aipfip(xk')
Iv.3)
av.a)

yr = Crop+ Dyuy,

where the A;;’s are calculated in (IV.2).

In the derivation of the filter, we have assumed that Hj
is known. When Hj is unknown, one choice of Hj that
satisfies (II.12) is Hy = [C,§+1](:71:p), where [C,§+1](:71:p)
denotes the first p columns of a right inverse of Cj 1.

V. DYNAMIC NONLINEAR CORRECTION

When dj, is an output of an unknown nonlinear subsystem,
we use subspace identification algorithms to identify the
correction subsystem. Consider again the system (II.1)-(IL.2),
where dj is generated from the time-invariant nonlinear
dynamical subsystem

Agzi + Bafi(or, ur) + wa,,
Caz + Ddfg(l‘k, uk) + vq, -

(V.1)
(V.2)

Zk+1 =
dy =

To apply the model updating technique, the first two steps of
the model updating procedure are again repeated to obtain
the estimates Iy, of the states xy and the estimates cik
of the unknown signal dj. In the third step, instead of
using a basis function expansion, we use a subspace-based
Hammerstein identification algorithm [4, 8] to identify the
correction subsystem. In the subsystem (V.1) and (V.2) the
inputs are the system states z; and the initial-model inputs
uy, and the outputs are dj. Thus to identify the correction
subsystem using subspace algorithm, the inputs are chosen to
be the estimates of the states Ty, and the known inputs ug,
while the outputs are chosen to be the estimates dy, obtained
from (IV.1).

Let Ad, Bd, C’d7 Dd7 fl and fg represent the estimates
of Ay, Ba, Cyq, Dg, f1 and f5 respectively, obtained from
subspace identification. Then the corrected model is

Tg+1 Ay, + Hydy, + Byuy, (V.3)
Zhr = Agzk + Bafi(zr, ), (V4)
di = Cai+ Dgfs(wp, ur), (V.5)
Y = Ckl'k + Dkuk- (V.6)
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VI. OUTPUT EQUATION SUBSYSTEM IDENTIFICATION

In this section we consider model errors in the output
equation, that is the unknown signal dj, appears in the output
equation. Consider the system
Apzy + Brug + wy,

Croy, + Grdy + Dyug + vy,

(VL1)
(V1.2)

Te4+1 =
Y =

where Ay, Bi, Cr, D and G} are known to within a
similarity transformation, while d; € RY is an unknown
signal arising from an unknown nonlinear subsystem. Again,
without loss of generality we assume rank(Gj) = ¢. For
this situation, since the unbiased minimum-variance filter
cannot be used, we derive an unbiased minimum-variance
filter for output correction (output correction filter) that
provides unbiased minimum-variance estimates of the system
states when there are arbitrary unknown terms in the output
equation.

VII. UNBIASED MINIMUM-VARIANCE FILTER FOR
OUTPUT CORRECTION

Consider again the system (VI.1)-(VL.2), where =z €
R v € R y € R' and d € R?. We consider a filter
of the form

Tpy1k+1 = Trrifk
+Lgr1(Urt1 — Crr1@hg1jk — Diy1ung),

(VIL1)
Ty = ArTpe + Brug. (VIL2)
The state estimation error is
€k = Tht1 = Thi1|h+1s (VIL3)
and the error covariance matrix is defined as
Preitjps1 = € [entieiq] - (VIL4)
The filter is unbiased if and only if
E[Trr1 — Trg1pt1] = 0, (VILS)
or
E[Arer + wi — Lip11(Crp1Arer + Crprwy
+vgt+1 + Gr1di+1)] = 0. (VIL6)
Condition (VII.6) hold for all signal dj, only if
Lyp11Gry1 =0, (VILT)

which implies [ > q.
Lemma VII.1. If (VIL.7) is satisfied, the error covariance
Py1k+1 is given by
Pitijetr = Lepr Res1 Ly — Fro1 Ly

—Li41Ck+1Pry1e + Prg1jrs (VIL8)

where Pp i1k, Rk-‘,—l and Fy1 are defined as

AN
Pipape = ArPupdy + Qu, (VIL9)
~ AN
Rit1 = Cri1PeyieCryy + Rigr,  (VIL10)
AN
Fry1 = PopCiyq. (VIL11)

Proof. See appendix.

Next, we define the cost function J as the trace of the
error covariance matrix

J(Lg+1) =

= UPy1jkt1-

wler+1ex41)
(VIL.12)
Proposition VII.1. The gain Ly4; in the filter (VIL.1),

which minimizes the cost function (VII.12) and satisfies the
constraint (VIL.7), is given by

L1 = [Fk+1 — Frp1 Ry G
x (GE+1R,§+11G1<+1)*1GE+1} Ryl (VIL13)

Proof. The cost function J can be written as

J(Li+1) Py 1(k41

tr[Lk+1Rk+1LE+1 - Fk+1L;£+1

~Li41Ck 41 Pegrj + Prgrji)-
(VIL.14)
Thus the optimization problem is to minimize the cost func-

tion (VII.14) subject to the constraint (VIL7). If A, € R"*4
is the matrix of lagrange multipliers, the Lagrangian is then

A
L(Lis1) = J(Lpg1) + 20 L1 Grpa Af 4 ).
(VIL.15)
Differentiating with respect to Ly, and setting it to zero,
we get
2R 1 LE 1 — 2Cks1 P + 2Gia ALy, =0,
(VIL.16)
while differentiating with respect to A1 and setting it to

zero yields the constraint (VIL.7). Combining (VIL.16) and
(VIL7) in matrix form we get

{ Riy1 Grya } { L%—&-l ] _ { Crt1 Py ] .
Giyr O Ap 0

(VIL17)

For a unique solution to exist we need left hand side matrix
to be full rank. Further, assuming R}, to be positive definite,
we can write (VIL.16) as

LE—&-I = RIZJL(OkHPkH\k - Gk—s-lAEH)-

Using (VIL.18) in (VIL7), we get the following expression
for the matrix of Lagrange multipliers

(VIL18)

Apyr = Fk-&-lR/;l_le-&-l (GEHR,;leH)

Substituting the above expression for Ay back in (VII.18),

(VIL19)

3059



the optimal solution for Ly is
p—1
Ligy1 = [Fkﬂ = Fp1 Ry G

X (G Rty Gk+1)_1GE+1} Rty (VIL.20)
O
Furthermore, using the expression (VII.13), the covariance

update equation (VIL.8) becomes

Priijk+1 = Pogae — Fk+1R;i1[I — Gt
(G’ISJrlRI;JlleJrl)_1G’I£+1RI:J11]F19T+1
(VIL.21)

VIII. MODEL UPDATING USING OUTPUT CORRECTION
FILTER

Now, the output correction filter derived in the previous
section is directly applicable for model updating for the
system (VIL.1) and (VL.2). In the first step, again the states
of the system (VI.1) and (VI.2) are estimated using the
output correction filter (VIL.1)-(VIL.2) and (VIL.13). Once
the estimates &, of the states x) are obtained, these state
estimates are used to estimate the unknown signal dj as

dy = Gl(ys — Cpig — Druy).  (VIILD)

It is straightforward to check that the above estimate dy, is an
unbiased estimate of dj, by taking the expected value of the
both sides. And finally, the correction subsystem is identified
using a basis function expansion or subspace identification.
The final corrected model for the case in which the correction
subsystem is a nonlinear dynamical system is

Tpr1 = Apzi + Brug, (VIIL2)
Zhi1 = Az + Bafi(wp,ug),  (VIIL3)
di = C.zi+ Dafalar, ug), (VIIL4)
yr = Cypxr+ Dyup + Grdy.  (VIIL5)

IX. NONLINEAR IDENTIFICATION

When no initial model is available, we perform linear
subspace identification to obtain an initial model. Further
based on this initial model, we design a unbiased minimum-
variance filter or a output correction filter by assuming a
suitable H}, or G, respectively. And the rest of the procedure
to estimate dj and then identify a correction subsystem
remains the same. Although this procedure is not supported
by theoretically rigorous results, numerical examples suggest
that this technique can be effective. The class of systems that
can be potentially identified by this method include systems
with nonlinearities in states, and thus can be useful.

X. EXAMPLE: MODEL UPDATING FOR VAN DER POL
OSCILLATOR

We consider a discrete-time model of the Van der Pol
oscillator with an external driver

{ T1 k+1 } _ 21,k + TsT2,k
T2 k41 zo k4 Ts[(1 — 23 )2k — o1,k +ur] |
X1

where T, is the sampling interval. We assume that the
linear part of the dynamics is known perfectly, that is,
the initial model is the linear part of the equations while
dp = Tsxi T2,k Measurements of the state xo are available,
thus the output matrix is Cj, = [ 0 1 } . Since the nonlinear
term ap[pears only in the equation of the second state we take

0
Hy, = 1

we use the unbiased minimum-variance filter to estimate the
states of the system. Figure 3 shows a plot of the actual states,
the states of the initial model, and the estimates of the states
from the unbiased minimum-variance filter. It is seen from
the plot that the state estimates from the unbiased minimum-
variance filter based on the initial model approximates the
actual states closely. Once the estimates of the states are
obtained we then obtain a least squares estimate dy, of the
unknown signal dj by using (IV.1). Then we use a basis
function expansion of the state estimates to approximate dr,
by a nonlinear function of the states as shown in Figure 4.
As seen from Figure 5 the corrected model output closely
approximates the actual output. And finally, Figure 6 shows
the corrected-model output for an independent set of inputs.
The corrected-model output shows the correct limit-cycle
type behavior.

. The rank condition (III.12) is satisfied, hence

XI. CONCLUSIONS

In this paper, we discussed model updating by adding cor-
rection terms to the model equations. Two classes of errors
namely model errors in the dynamics equation and model
errors in the output equation were discussed. First, the states
of the true system were estimated using unbiased minimum-
variance filters. Next, the state estimates were used to obtain
least squares estimates of the unmodeled terms. Finally, these
least squares estimates were used to identify the correction
subsystem. The case in which unknown subsystem was either
a static nonlinear function or a dynamic nonlinear system was
discussed. Finally a nonlinear identification method based
on the model updating technique was discussed. A few
illustrative examples were also provided.

XII. APPENDIX

Proof of Proposition IV.1 : Since % is an unbiased
estimate of x;, the state estimation error ¢y, satisfies

S[ek] =0. (XHl)
Since [ > p, we can define dk as
d, = Hf Lit1 (k1 — Crs1ppa — Digawer1), (XIL2)

where { denotes the Moore-Penrose generalized inverse.
Next, we use (III.1) and (XII.2) to get

dy, = Hli(i'k+1\k+1 = Tpy1ik)
H) (241 + enyr — ApZx — Brug)
Hy (41 — Agrr — Brug + epr1 — Ager)
(

p
- k
= H; Hidy, + wy, + €kt+1 — Akek). (XII.3)
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Further, taking expected value on both sides of (XII.3), yields

eldy] = 8[H£(dek +wy, + epr1 — Arer)],

(XIL4)

Finally, using (XII.1) and the fact that wy, is zero-mean, we

get

[1]
[2]

[3]
[4]

[5]

[6]
[7]

[8]

[10]

Elde] = H]HLE[dx] = E[dy). (XIL5)
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Unfitered state
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i

Fig. 3. Model Updating for Van der Pol Oscillator Example. Plot
showing the states of the true system, the states of the initial model
and the estimates of the states from the unbiased minimum-variance

Actual unmodeled term|
Fit of unmodeled term

Fig. 4. Model Updating for Van der Pol Oscillator Example. Plot
showing the actual unmodeled term dj, and it’s approximation by

a basis function expansion.

Actual output
Corrected model outpul
Iniial model output

Fig. 5. Model Updating for Van der Pol Oscillator Example. Plot
showing the output of the true system, the output of the initial

model and the corrected-model output.

T T
Corrected model output for new inputs|

filter.

Fig. 6. Model Updating for Van der Pol Oscillator Example.
Corrected-model output for an independent set of inputs. The
output shows the correct limit cycle type response.
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