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1 | INTRODUCTION

Observers have broad applications in power systems, such as transient stabilization and fault detection."? The fundamen-
tal knowledge for the design of state observers is the parameters of system dynamics. It is difficult to design an observer
when the parameters are unknown. An efficient way to obtain the dynamics is parameter estimation.>* Estimation pro-
cedures use input and output data to estimate system parameters, also called data-driven modeling methods. Several
methods have been proposed in the past decades. System identification methods such as prediction error, instrumental

ABBREVIATIONS: LTI, linear time-invariant; MIMO, multiple-input and multiple-output; OLS, ordinary least square; SLS, system-level
synthesis; SVR, support vector regression.
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variable, and subspace model identification methods are proposed to estimate the state-space model directly.>® Another
technique to estimate the system dynamics is the adaptive observer design, which provides estimation error bound and
shows promising results under the assumption that the system state matrix is in an observer canonical form.>!

With the development of artificial intelligence and machine learning techniques, artificial neural networks-based
modeling'?!3 and support vector machines-based modeling'*!> have been proposed. Recently, thanks to the abilities of
self-learning and adaptability, the adaptive dynamic programming-based methods based on reinforcement learning have
demonstrated the capability to find the optimal control policy and practically solve the Bellman equation.'6-'® These meth-
ods can obtain near-accurate estimation to some extent, in the sense of asymptotic convergence,>'® minimum risks.?%!
Also, some work obtained the estimation error bounds under strict assumptions, such as the state matrix is observable
canonical form and the number of samples for identification is infinite.>!! However, when the number of sample is finite
and state matrix is not an observable canonical form, the aforementioned studies cannot provide estimation error bounds.

More recently, it has been proposed to use finite samplings instead.??>* These methods are more practical since the
infinite samples are hard to obtain. They also do not rely on an observable canonical form. Recent works in the control
community discussed the nonasymptotic analysis and obtained a bound of bias for the dynamics estimation problem
under finite samples.?*3! Based on the ordinary least square (OLS) estimator, these works considered the Gaussian process
estimation of a linear time-invariant (LTI) system. The principal tool used in the nonasymptotic regression bound analysis
is concentration inequalities. The convergence rate of regression error is O(1/ \/ﬁ ), where N is the number of samples
(sample length) used for regression. A line of recent works has obtained similar results for both stable and unstable
systems by different data collection procedures. Based on these results, the robust controller design problem is further
considered, which explores the relationships among data, estimation error, and controller performance.??* Specifically,
they connected the sub-optimal control cost with the regression error based on the parameterization methods such as
system-level synthesis (SLS),?? and input-output parameterization.>>3* These works showed that it obtains tighter error
bounds and better control performance with more data used for OLS regression. These methods obtained error bounds
based on the sample length without considering the impact of the variance of the estimation error. An ideal estimator
should be unbiased and have low variance. Since a larger estimation variance would cause more uncertainty in regression
results, the variance greatly impacts stable observer design.

Moreover, machine learning methods such as neural networks* and support vector machines®® can provide biased
but low-variance regression results for a noisy system, Furthermore, they showed strong generalization abilities, and
stability.3” This characteristic makes machine learning methods popular in practice. The bias of the estimation fluctuates
moderately. The fluctuation of bias causes the shift of the error interval. Then, it is difficult to design a robust observer
when the error interval shifts. Besides, trading off the bias and variance provides flexible error bounds, which could benefit
the stable observer design.

Inspired by the previous studies, this article aims to formulate and analyze the sample complexity and observer design
based on the biased dynamics estimation and explore the impact of the biased results on the observer design. However,
designing a stable observer gain over an unknown system with biased estimators takes work. The challenges are: (1) since
there is uncertainty in biased estimation with the bias-variance trade-off, it is challenging to design a stable and robust
observer gain; (2) the relationship between the designed observer performance and the biased estimation is unknown;
(3) how to apply an estimation method with bias-variance trade-off to the observer design needs to be determined. To
deal with these challenges, we first formulate the uncertainty in estimation based on system input and output data. Then
we proposed a procedure to design a robust and stable observer based on the eigenvalue estimation of the observer state
matrix. After that, the observer performance defined by the mean square observation error is analyzed with the estimation
uncertainty based on SLS. Finally, the Support Vector Regression (SVR) technique is used for estimation. The estimation
error bounds with bias-variance trade-offs based on finite data samples are formulated using nonasymptotic analysis.
Moreover, we show that the estimator with bias-variance trade-off has higher scalability beyond the unbiased estimator
in observer design with finite samples.

The main contributions of this article are threefold:

« Anunknown linear system is estimated with a biased estimator (SVR) and the sample complexity bounds are obtained
with the bias-variance trade-off parameter y. The proposed estimator provides higher flexibility for stable observer
design.

« The robust observer gain is designed to guarantee stability based on the estimation error bounds. It is shown that the
adjustable estimation helps find a stable gain under noise and the proposed estimator is beneficial for designing a
robust observer for an unknown system.

85U8017 SUOWWOD aAIe.D 3|gedldde ay) Aq peusenob o sejoie YO ‘8sn JO S9N J0) AIq1T 8UIUQ A8]IA UO (SUONIPUCD-PUe-SWLBIW0D A8 |1 Afe.d1jBuluoy/:Sdny) SUORIPUOD pue swie 1 8y} 89S *[£202/0T/90] uo Akeiqiauliuo A Aisieaiun Buoicerr rybueys Aq £669°0UI1/Z00T 0T/I0P/L00"A8|IM AreIq Ul jUO//:ScNY WoI) pepeojumod ‘0 ‘6€ZT660T



DING ET AL.

TABLE 1 Symbolsand quantities.

Symbol Definition

A e R™" The state matrix

B R™™ The input matrix

C e R™" The output matrix

A e R The estimation of state matrix
BeRr™m The estimation of input matrix
AA € R™" [|A - A]|

AB € R™™ |IB— BI|

X € R The state at time k

Y eR”? The output at time k

u, € R™ The input at time k

Wi ~ N(O, 0—3\;1;1)
v ~ N(0,621,)

The process noise

The measurement noise

ey The observer error at time k

y>0 The parameter for bias-variance trade-off

L e R™" The designed observer gain

K e R™" The optimal observer gain

J The mean square observation error

Ty The end-time of each roll-out

N The number of roll-outs

M The upper bound of ||A|| and || B||

B(c,r) The interval of the estimation error, where c is the center, ¢ — r and ¢ + r are the bounds

« The optimality of the designed observer is analyzed. The mean squared observation error bounds are only related to
the upper bound of the estimation error. Moreover, a condition for choosing a suitable observation method is obtained
to determine whether it is worth designing an observer based on dynamics estimations.

The article is organized as follows: The considered problem setting and the observer design goal are shown in Section 2.
The nonasymptotic analysis and estimation error bounds based on SVR are given in Section 3. In Section 4, we propose a
stable observer gain design procedure based on estimation with a bias-variance trade-off for an unknown LTI system. The
performance of the designed observer of the unknown LTI system is formulated in Section 5. The numerical simulations
are conducted in Section 6, to verify the proposed theoretical results both in dynamics estimation and observer design.
Finally, conclusions and future research directions are given in Section 7.

Notation. We let bold symbols denote the vectors and matrices. I, is the n-dimension identity matrix. || - || is the
Euclidean norm. The 7, norm is defined by ||<I>||§_l2 2 > 2ol ]|2, where @ = ¥7° @,z7! is the frequency representation

of signals and || - || is the Frobenius norm. The H,, norm is defined by || ®||;,_ = SUp| =1 1P@)I- iRHm is the set of real
rational stable strictly proper transfer matrices. Notations <, <, > and > are element-wise inequality. E and V stand for

the expectation and covariance, respectively. Table 1 shows some important definitions used in this article. Moreover, we
refer to “estimator” for the estimation of the system dynamics and “observer” for the observation of the state.

2 | PROBLEMSETUP

We consider the multiple-input and multiple-output (MIMO) LTI system

Xii1 = Ax, + Buy + wy, (1a)

Vi = Cxp + vy, (1b)
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FIGURE 1 The overview of the proposed estimation and observer design synthesis.

The system is called “unknown system” for the state and input matrices are unknown. Specifically, the orders of the A
and B are known, C, D and the distributions of the process noise and the measurement noise are known. The elements
in the matrices A and B are unknown. Throughout this article, we make the following assumption.

Assumption 1. C is invertible, (A, C) is observable, (A, B) is stabilizable, and matrices are bounded by
1A|l, IB]| £ M with M > 0.

The matrix C is a square matrix in this study, that is, the number of states and outputs are equal. There are many power
systems can be modeled as the proposed model, such as synchronous machines and wind power plants.3 Assumption
1 defines the LTI system as controllable and observable, which is a standard condition for observer design. A similar
assumption is also used in the References 26 and 29. In practice, we often encounter designing an observer or Kalman
filter for an unknown dynamics system. Without the dynamics, the observations are hard to obtain. When C is full-rank
and known, one way to observe x; is using C™'y, instead of an observer. We will give a condition for choosing a better
method considering reducing the noise impact in Sections 3 and 5. The scheme of the proposed estimation and observer
design synthesis is shown in Figure 1. The proposed method can be used for designing a Kalman filter for an inertial
measurement unit without knowing the accurate system model.

2.1 | Estimation with bias-variance trade-off

This article introduces the biased estimations of A and B with a bias-variance trade-off, based on samplings of u; and
Y- The biased results are more flexible than the unbiased ones, which can be obtained by learning methods.>3¢ We
first define a trade-off parameter y > 0, which quantifies the biased estimation error. The estimation error is defined as
AA=A-Aand AB=B-B.

Definition 1 (bias-variance trade-off parameter). Given H4 >0 and Hg >0, y > 0 is defined as a
bias-variance trade-off parameter if y satisfies

1 ~
—|lYA; — AA;|| < Hy, 2
1+y”71 ill < Hgy (2)
1 ~
—||yB; — AB;|| < Hp, 3
1+y”71 ill < Hp 3)

where subscript i stands for the ith row of the matrix.

Note that the trade-off parameter does not always exist, it depends on the data-driven estimation method. For example,
when using the OLS to estimate the dynamics, the estimation result is an unbiased one, and y = 0, ||AA;|| < H4 and
[|AB;|| < Hp. The center of the error interval is zero. Then, conditions (2)-(3) do not hold. When y # 0, the center of the
error interval is not zero, which follows the definition of biased estimation. In application, the bias-variance trade-off
parameter y is first determined, then a specific estimation method is used for estimating A, B. The error bounds 4 and
Hp are obtained according to the specific estimation method. The key to guarantee the standing of (2)—(3) is quantifing
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suitable the error bounds. This article gives the error bounds when estimating the dynamics with biased estimation
method (SVR) in Section 5. To use an unbiased estimation method to obtain the error bound, we direct the reader to Ref-
erences 23,24,26-30. When estimating a system whose noise variance is large, a biased estimation will provide a smaller
error variance than an unbiased one.3%*® Detailed discussion about biased estimation will be given in Section 5. The term
ﬁ avoids the inequalities from being infinite when y — 0.

2.2 | Observer design

After estimating system dynamics, the observer gain L is designed. The observer that designed based on estimation results
A and B is shown as

X1 = A% + Buy + L(y, — Cxy). 4)
Then, the observer error e, = X; — X can be written as
€1 = (A — LC)ey — AAX, — ABuy — wy + Ly, (5)

where L € R™? is the observer gain, which is also used in the Kalman filter and linear quadratic Gaussian control design.
X, € R" is the state given by the observer.

Apparently, L needs to be designed so that A — LC is stable. When A is known, it is easy to design a suitable L and
make the spectrum radius p(A — LC) < 1 and the observer be stable. Moreover, a well-designed L can filter the noise in
(5). By referring to Reference 22, we use the mean square observation error J to measure the observer performance,

T
. 1
J= Tlgg(;;o||ek+1u2>. (6)

The value of J depends on the dynamics estimation results and designed observer gain. The two-step procedure, esti-
mation and observer application, give the end-to-end performance analysis based on unbiased estimation,??** which
shows that the cost depends on the N data sampled. When N — oo, ||AA|| - 0 and ||AB|| — 0, and optimal L can be
designed to make the cost is 0.1

However, when the biased dynamics estimation based on finite data is used for L design, the uncertainty in determin-
ing p(A — LC) needs to be considered. Moreover, the impact of the biased estimation on the observer performance needs
to be investigated since the trade-off parameter y brings scalability to estimation.

3 | SVRESTIMATION ERROR BOUND ANALYSIS

In this section, we use the SVR method to estimate the system (1) and obtain the biased estimations. Moreover, the
parameter y is used in SVR to trade off the bias and variance.

3.1 | Data collection

Since we do not assume that the system (1) is open-loop stable, the output variable y might blow up during the data
collection process. Inspired by previous study on OLS regression,?*?+26-30 we use multi-roll-out procedure to collect u
and y,. The essence of this procedure is to use collected data in a finite time horizon. The system with x, = 0 is excited
by Gaussian input u; ~ N'(0, 62I,,,). The data set is then recorded as

{(y.u)) :1<i<N,0<k<To}, @)

where i is the index for each roll-out, and Ty is the end time of the roll-out. The total number of data points is NT,. Gaussian
input satisfies the sufficient persistency of excitation condition for linear systems.*> A similar roll-out procedure is used
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in References 23,24,27 to deal with unstable single-input single-output, and MIMO systems. Besides multiple roll-out
procedures, single roll-out procedures are used to identify open-loop stable systems.26-28-30

Remark 1. x, can follow a Gaussian distribution with finite variance, which does not influence the regression
procedure and regression error analysis.?*

3.2 | SVR procedure

After data collection, an SVR-based estimator is used to estimate the system dynamics. Input and output data are put into
tuples for each roll-out,

f@) =y yi. ... ¥y ] e RPN, (8a)
2
= yllc—l yk—l R yg 1 (n+m)><N (Sb)
17 27 >N
U, W, L)

and the noises w and v are represented as
be=[w,_ +v,—Av,_, ..., w) +v-Ay | 9)
Combine all the data as

Dy = [f(2); z; bi] € RO, (10

When k = Ty, the final data is used to estimate system dynamics, and such a procedure is called final-data estimation.?>?’

The number of rounds in the final data collection is N, and all data is recorded. To efficiently use the data collected in the

collection procedure, data from k = 1 to k = T are all used for estimation, as {D;, D, ... , Dy, } € REWXTo=DN This
procedure is referred to as all-data estimation.

Unlike OLS, which can estimate the coefficients of a matrix at one time, ordinary SVR can only regress one row of a

matrix. To ease the notation, we consider the estimation based on Dr, in the following subsection. Then, regression of
(1a) for each row of [C™'A, C™'B] is shown as

fi@) = [CA, C'B] zi + by, (11)

where subscript i stands for the ith row of the matrix, that is, fi(z) € R™V, [C™'4, C‘lB]i € RXt+m b, . € RN, For
clear expression, we denote [C™'A, C™'B] as [A, B].

N
Aol Pl 2, g2
[;mnzz == [A, B]i” + Z;(gf +£72), (12a)
st. fi@) - |A, B] 2 - £ <o, (12b)
~fi@)+[A Bl g - & <o, (12¢)
&.¢& >0, (12d)

where z’ € R+mX1 ig the jth column of zy, fl(z’ ) €R, &' and £ are slack variables to separate b’ > 0 and b’ <0.yis
the parameter Although the estimation results cannot be 1dent1cal to the actual value due to the n01se the estlmatlon goal
in this article is to get a bounded deviation-based finite sample. The estimations of A and B are given based on solving
the dual problem of (12) by introducing non-nagetive dual parameter a € RV*! as

[C'A, CB), = a7, (13)
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where A and B are the estimations of A and B, respectively. We refer readers to Reference 43 for the details about obtaining
(13). The augmented SVR is formulated to estimate A and B,

arg min ) L;. (14)
min 2,

Note that the parameter y can be used to trade off bias and variance of the estimation.3® When y — 0, the second term
of (12a) dominates the minimization, and the estimation results tend to be the same as the unbiased results of OLS. The
variance of the estimation decreases as parameter y increases. These methods attempt to decrease the regression variance
and improve the model’s robustness by sacrificing the unbiasedness property. However, OLS seeks to obtain an unbiased
estimation and overlooks the variance, which could lead to poor performance (i.e., large variance) in regression. Thus,
compared to OLS, we can use SVR with a tunable parameter y to control the trade-off between bias and variance and
improve the estimation performance.

3.3 | Sample complexity of the SVR estimation

We first show the distribution of SVR estimation for an LTI Gaussian system. Define the matrices Gy and Fy as
Gy = [A*'B A*°B ... B,

Fc=[A"1 A2 1.

([z]) -
Uj-1

)

U1 0 O'iIm
where 67 = 6;GiG, + (o}, + o7 ) FiF| + o F1Fy, . Notice that the noise will propagate throughout the system with
time, and the accumulation is directly reflected by convolution, which is represented by G and Fi. By Assumption 1, we
have ||A|| < M and ||B|| < M, thus V(Buy) < mMo;I, and 6} < (nM*"07 o + M*T0=>(oy, + o) + M*Too)I, when k = To.
Then, the regression procedure can be considered into two parts: i) regressing A with the residual terms Bur, and wr, +
vr,+1 — Avr,, which can be treated as the noise together. Since V(Buy) < mMo2I, and V(wr, +vr 41 — Avr) < (62 +
(M + 1)o)I,,, the covariance of the noise when regressing A is equal or less than o3I, = (mMo;; + oy, + (M + 1)op)I,. ii)

regressing B with the residual terms AyT0 and wr, +vr 41 — Avr,, which can be treated as the noise together. Since 0'2T0 <

Then,f< [ﬁi:i] > and [-::k—l] follow

(nM*To~1 62 + M*To~262)I, and V(wy, + vr, 41 — Avy,) < (65 + (M + 1)o7)I,, the covariance of the noise when regressing
Bis equal or less than 621, = (nM*To~ o}, + (M?T72 + D)oy, + (M + Do),

Lemma 1. For a linear system with independent Gaussian noise (1a), the expectation and variance of A;
estimated by SVR with L, loss (14) are

E(A) = mAi, (15a)
V) < — (O30, Y, )+ ML) (15b)
and the expectation and the variance of B;
E(B;) = ﬁBi’ (16a)
V(B;) < : i » (aﬁ(uTo_lu;O_l)—l +yM2IL,), (16b)
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Proof. Please see Appendix A.1. u

Note that aj(yTo_ly;o_l)‘l is the estimation variance based on OLS. Thus SVR has a O(1/(1 + y)) minor estimation
error variance under more considerable variance noise (see Appendix A.1). Thus, SVR can provide more stable results
than OLS when estimating a system with large noise. Since there is a linear relationship between OLS-based estimation
and SVR-based one, the estimation results of SVR follow a normal distribution. Moreover, when only the upper bound
of the process and measurement noise variances are known, the upper bound of af‘ and aé can be deduced with the
procedure mentioned above.

The distribution of A; and B; cannot be used to quantify the error bound with a certain value. Then, Theorem 1 is
given to quantify the estimation error bound.

Theorem 1. Given a constant 6 € (0, 1). If all-data in N roll-outs from beginning to T is used for estimation
based on SVR in (14), then we have the bounds with probability at least 1 — § as,

1, - 04 + nyM? 2(04 + nyM?2)log(1/8)
— |lyA; - AAj|| < 4/ 22 At nyM?) log1/6) a7)
1+y (1 +7y)No 1 +7y)No

1 - 0 + myM? 2(0g + myM?)log(1/6)
L B ABy|| < | B rmME 208 % myMP) log/3) (18)
1+y 1+ 7)No 1 +7y)No

4n(mMo2+o2+(M+1)c?2) and O = 4m(nM?"07 62 +(M?1072+1)62 +(M+1)0?2)
N(MZTo-1 624 M?T0-2(62 +62)+M2T0 62) B= No? :

where No = (To — 1N, 04 =

Proof. Please see Appendix A.2. u

Theorem 1 formulates the relationship between the estimation and the estimation error. Different from the sample
complexity of the OLS-based estimator, which directly gives the bound of the estimation error, Theorem 1 shows the
bound of ||yA; — AA,|| for the bias-variance trade-off in the estimation. Since A; can be obtained when the training sample
and sample length are given, the uncertainty of estimation error is quantified in Theorem 1. Theorem 1 also states that
the sample-complexities of AA; and AB; behavior as O(1/ \/ﬁ), which is consistent with the previous studies based on
OLS estimation.?3?+262 Further, the parameter y can change the bound of estimation error under fixed sample length
N. The essence lies in the bias-variance trade-off based on the parameter y in SVR.

Based on the estimation bound given in Theorem 1, H4 and Hp are given with probability at least 1 — 6 as,

H, = 04 + nyM? 2(04 + nyM?) log(l/é)’ (192)
(1 +y)No (1 +y)No
0 + myM? 2(0g + myM?)log(1/6)
Hp = ) 19b
’ \/(1+7)N0 +\/ L+ 1)No (190

This shows that the error bound H,4 and Hp can be decreased by increasing y when regressing the system (1) with large
noise (64 > nM?, 05 > mM?). Otherwise, when the noise variance is small (64 < nM?,0z < mM?), it is better to use a
small parameter y.

4 | RESULTS ON STABLE GAIN DESIGN

In this section, we introduce the design of the stable observer gain based on biased estimation. The interval of the esti-
mation error needs to be determined to quantify the uncertainty bound. The interval of the estimation error is defined as
B(c,r) = [c — r,c+ r], where c is the center, ¢ — r and ¢ + r are the bounds.
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Lemma 2. Suppose the estimation defined in Definition 1 is given, then the estimation error of the elements of
A and B are in the intervals as

AA;j € B(yAiJ, Va+ y)HA), (20a)

AB;; € B(yBi aas+ y)HB>, (20b)

Proof. Please see Appendix A.3. [

Lemma 2 further illustrates that y can change the interval of error. The bias-variance trade-off lies in the different
variation rates of the center and the radius in (20). More importantly, y can change the bound of the error interval, which
provides scaleability in the uncertainty analysis. Take the estimation of A as an example. The interval of A is obtained by
the estimation procedure as

Ay e B((l + A VA + y)HA>. 21)

When analyzing the stability of A, the spectral radius needs to be examined. The biased estimation in (21) provides a
way to adjust the asymmetric interval of A;; by tuning y. Bounds of ||AA|| and ||AB|| can be obtained by the following
lemma.

Lemma 3. Suppose (20) holds true, then ||AA|| < €4 and ||AB|| < ep, where €4 and eg are

~ 2
(gl + Va0 ) (222)

M:
.M=

Il
_
~.
1l
—

= \;

~ 2
(7Bl + VA + 7)) (22b)

M:

J

m
€ =
&=

After estimation and obtaining the error interval, the observer gain L needs to be designed to guarantee the stability
of the observer. Specifically, the goal is to determine L, so that A — LC is stable. However, only the interval of A can be
obtained by the estimation procedure as (21). Then A — LC is in the interval as

Il
-

Ay~ (LC)iy € B((1 + Ay - (LC)iy, A+ s ), 23)

where {LC};; is the i, jth element in LC. Then, the design of stable observer gain is equivalent to finding a suitable L,
such that the spectral radius of the matrix A — LC is smaller than 1. Determining the robustness of a given observer gain
(or controller) under uncertainty is widely studied. Several methods are developed to infer the range of uncertainty for
the robust controller.***® However, designing a robust observer gain (controller) is still a hard problem.*” A conservative
design for a stable observer gain is given in Theorem 2, where L guarantees that A — LC is stable for all combinations in
(23).

Theorem 2. Given the range of A in (23), if the observer is stable (i.e., the observer error is bounded), then the
observer gain L satisfies

l1A;; — {LC}ll < 1, (24a)
j=n )
DI+ DALl + VA + 1)Ha} <1 - ||Ay — {LC})l. (24b)
i#j=1
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Proof. Please see Appendix A.4. [

Theorem 2 gives necessary conditions for obtaining a stable observer gain L, which are valid for a general form of
matrix A — LC. The observer gain can be easily designed when the uncertain system is with weakly-coupled states, that
is, the norm of the diagonal element is much larger than that of the other element.

Remark 2. Equation (24a) shows that a smaller range of interval of (21) leads to finding L more easily. The
range of interval /(1 + y)H depends on y and H,. When y — 0, the estimation tends to be unbiased with
a larger variance, which leads to larger H,4. Similarly, the sum term needs to be small to satisfy the inequal-
ity in (24b). Note that the error bound is asymmetric. The center of the error bound is away from 0 as y
increases, leading to the sum term decreasing. Therefore, the trade-off in bias-variance enables selecting a
suitable parameter to obtain a minimum 4/(1 + y)H,4, which benefits designing a stable observer gain for an
unknown system.

5 | RESULTS ON OBSERVER PERFORMANCE ANALYSIS

The observer performance is analyzed based on the observer gain designed in Section 4. First, suppose there exists an
optimal observer gain K, which is obtained by solving the Ricatti equation of the observer*® and J = 0 in (6). When the
system dynamics is known, the observer error e(z) in (5) is given with z-transfer into frequency domain according to (5)
in the Reference 22 as

@I-A+LC)'Kv—(zI-A+LC)'Lv. (25)
Notice that only the measurement noise v displays in (25) since the observer gain K has already balanced the pro-

cess noise w and measurement noise v. Define the noise e(z) responses to Kv and v by ®,, 2 (zI—A +LC)~! and
®, £ (zI — A + LC)"'L, respectively. Then, the observer error e(z) is given as

e=(d,K— D), (26)

L is parameterized as ®,,'®,, where the closed-loop responses ®,, and ®, are in the set of real rational stable strictly
proper transfer matrices iRHm' When the observer is internally stable, the mean squared error is

J=|(®K - (Dv)ﬁv”Hza (27)

where || - ||, is the H, norm. When L = K, the error-free observer is achieved, and J = 0. The observer error e(z) is given
as

e=o,AAD,Bu + ®,AAD, KV + ©,ABu + (®,,K — D, )v, (28)

where ®,, 2 (zI-A+LC)™!,®, 2 (zZI - A+ LC)"'L, ®, £ (zI — A)~! and (zI — A) is inevitable. Then, the mean squared
error of the state for the observer with uncertainty is given in Lemma 4.

Lemma 4. The stable observer of system (1) has a mean squared observation error J as

J= ; (29)

H,

. .| K i DK . B
[@ @v]l I] o, + ®,[AA AL][ . ]av +&,[AA AB][ . ]au

where AL = K — L is the difference between designed observer gain and optimal gain.

The input u and noise v both influence the observer error as shown in (5). When L is designed based on Theorem 2,
the upper bound of the mean squared observation error is given in the following Theorem.
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Theorem 3. Given dynamics estimation satisfies | AA|| < ea, ||AB|| < eg and ||AL|| < €. The upper bound J,
of the mean squared error J is

N - - o B N o K
T <h(K) = || 80K — ®y],, 00 + V2 || D), [ . ] ou+ V26 | Dy, [ . ] o, (30)
H,, H

where e, = max {ey4, eg} and €, = max {ey4, 1 }.
Proof. Please see Appendix A.5. [

The term ¢; is bounded since A and A are bounded. When directly using C'y, to observer x;, the observer perfor-
mance is J, = |C!||o,. Although K cannot be obtained directly, it satisfies the conditions in Theorem 2. Therefore, an
alternative solution for the bound of J can be obtained as

J <J, = max J;(K)
K

s.t. K follows (25). (31)

Then, the following corollary is given to choose a better observation method.

Corollary 1. Given the performance upper bound J, of (31) and J, = ||C™ |6y, the mean squared observation
error of using observer design method is smaller than that of using direct observation method when J, < J,,.

Corollary 1 shows that when J, < J,, itis better to design an observer for x; observation based on the proposed method,
since (31) gives an upper bound of the mean squared observation error using observer design method. It also indicates
that the key for accurate observation is that the bounds of || AA|| and ||AB|| are small. The parameter y influences the
bounds and further influences the performance. Moreover, H,4 and Hp also influence the performance, which will be
discussed after we give a specific regression method in Section 3.

Note that the performance J can be improved by choosing an optimal L. The combination of the last two terms in (30)
is upper bounded by

o o\B O K
V2er| @)y, [ . ] ou+ [ . ] o p- (32)
H, H,

where ¢, = max{ej,e;}. An alternating simplified formulation is introduced by using a robust SLS optimization
technique:

Tope= min F[@y], + 80K~ @]
st || ®wll,, <C.
&)W(ZI_A) - (i)v =1,

&,.®, € LRI, (33)
Ve
oy +

oo

affine constraints are used to parameterize the observer following the procedures in SLS.?>32 Further inspired by their
work, we choose C as C > 2(1 + ||K]|)||zI — A + K]|3;, and the estimation error satisfies 4 ||I — A + K], < 1/2. Then, the
optimal observation performance J,, fulfills

where C is a regulation parameter to bound ||d~>w||H2, F = \/56'1,2{ ‘

av} is constant. The
H

duB duK
Jopt < €129 V2C l ;‘ ] ou + l ‘I‘ ] ov ¢+ 2l — A+ Kl 00 p- (34)
H, H

©
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This result shows that the performance of the optimal observer based on dynamics estimation has a positive correlation
with e ;. The influence of y to J,p; can be discussed by comparing e4 and e;. When €4 < ez, Jop; is bounded and related
to e;. When y increases, €4 increases and e4 > €, then J,,, ~ O(y). Note that the increase of y does not necessarily lead
to e4 > €. However, a small y leads to small ¢4 when H 4 is fixed, and the performance of the optimal observer does not
depend on estimation error bound.

By introducing (19) into (24), it can be determined whether the observer is needed to be given a finite sample. More-
over, a smaller y benefits designing a stable observer according to (19) and Theorem 2. The complexity of J,,; follows
O/ \/@) and shows that the decrease of y and the increase of the number of samples helps with obtaining a better
observer performance. It is worth mentioning that (15)-(19) need the values of A and B, which are calculated based on
the estimation method. Thus, we cannot obtain H, and Hp before the dynamics estimation method returns the result.
After obtaining H4 and Hp, we can design the observer and determine whether the bound of the observer’s performance
satisfies the requirement. However, decreasing the parameter makes the estimation method sensitive to the noise in the
data and the estimation result fluctuates with the increase of the sample number, as shown and discussed in Section 6.
Therefore, we recommend readers select the parameter from a large one to a small one with a search-based method.

6 | NUMERICAL SIMULATIONS

In this section, several numerical simulations are conducted to illustrate the estimation and error bound based on the pro-
posed method and the optimality of the designed observer for an unknown LTI system. We mainly focus on the influence
of parameter y. The simulations are used for showing that

« The biased estimator can provide smaller variance results than an unbiased one when the system is with large-variance
noise.

« The proposed error bound is valid for the SVR with different y and noise variance.

« Larger y benefits designing an observer whose performance is stable under a different number of samples, since the
estimation error variance is smaller.

We consider an open-loop stable LTI system with state and input matrices

09 001 0 1
A=1001 09 001|.B=|15]| (35)
0 001 09 2

We also consider an open-loop unstable system, adapted from References 23, as follows

1.01 0.01 0 1
A=(001 1.01 001 B=|15| (36)
0 001 1.01 2

In our experiments, we use stochastic input with ¢, = 1, testing the method’s performance under different model noises
with o, = 0.1, 6y, = 1 and oy, = 10. For the multi-rollout setup, the rollout length is set to Ty = 11, and we vary the number
of rollouts from 10 to 450. Empirically, y is often chosen to range in (1073,107!) for the estimator. Besides, due to the
truncation error in computation, unsuitable y would lead to one of the terms in (12a) equals 0 and cause the solution to
fail. We select y = 0.005,y = 0.01, y = 0.05, and y = 0.1. LIBSVM is modified*’ with quadratic loss function. For the error
bound calculation, we select the matrices bound M = 1.1 and possibility coefficient § = 0.01.

6.1 | Estimation for systems with varying process noise

First, the estimator (12) with y = 0.05 is used to estimate the open-loop stable system (35) and open-loop unstable system
(36). The sample length used for estimation is set from 100 to 4500 to show the variation of error based on different sample
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WILEY——2
TABLE 2 RMSEsofestimations based on the OLS method and the proposed method with varying process noises for different systems.
oy = 0.1 oyw=1 oy =10
OLS Ours OLS Ours OLS Ours
Open-loop stable system (35) A 0.0261 0.0265 0.0328 0.0354 0.0541 0.0484
B 0.0029 0.0038 0.0211 0.0315 0.4278 0.2695
Open-loop unstable system (36) A 0.0225 0.0236 0.0166 0.0165 0.0171 0.0168
B 0.0019 0.0036 0.0374 0.0359 0.3774 0.2506
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FIGURE 2 Estimation based on the proposed method for systems with varying process noise.

numbers. OLS is used to estimate the dynamics based on the same data for a fair comparison. Root mean square error
(RMSE) is used to measure the estimation error of A, B. Table 2 shows the statistical results of 45 repeated estimations.
The RMSE of the estimation of the proposed method is smaller than that of OLS when the process noise becomes larger,
which is consistent with the theoretical analysis. This illustrates that SVR is more suitable for dynamics estimation with
large-variance noise since the lower variance of the error provides less volatile results. The behavior of the proposed
estimator with varying process noise is shown in Figure 2. The differences in estimation error on different process noises
are small, which shows that the variance of process noise has little effect on the proposed estimator. The error bounds
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FIGURE 3 Estimation based on the proposed method with varying parameter.

given in (20) are effective. The error intervals tend to be smaller when introducing more samples to the estimation process.
Furthermore, the variance of process noise has little effect on error bounds, which shows the robustness of the proposed
estimator (12) and validates the error bound analysis (20).

6.2 | Estimation with varying parameter of the proposed estimator

Then, the estimations of the proposed method with varying sample lengths and parameter y are conducted. The behavior
of the proposed estimator is shown in Figure 3. The proposed estimator works well on both open-loop stable and unsta-
ble systems. The error upper bounds of estimation significantly change with parameter y. This is due to the bias-variance
trade-off in the proposed method. It cannot be unbiased while holding low variance at the same time. Moreover, as pre-
sented in the detail of the lower bound in Figure 3B, the variation of the estimation is large when parameter y is small.
When 7 is small, the estimator seeks a smaller biased result, the upper bound is dragged to the x-axis, and the variance
increases. The variation of y also changes the interval between the upper and lower bound. When seeking a small interval
of the error bound, it can be done with smaller y. From the point of stable observer design, we want to have dynamics esti-
mations that do not influence the stability’s determination. In Figure 3A, A is determined to be stable after N = 1800 for
the error bound guarantees ||A|| < 1 as(21). Reducing the estimation error interval can be done by introducing more sam-
ples into the previous OLS-based estimation methods, whereas the proposed estimator provides two ways (i.e., turning y
and adding samples) to change the interval.
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FIGURE 4 Deviation between observer cost bound and cost with different estimation parameter y on the open-looped stable system.
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FIGURE 5 Ratios of observer costs with different estimation parameter y, where r := (J, — J*)/J*, J, denotes the cost with different
estimation parameter y, J* is the benchmark cost with y = 0.1.
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6.3 | Simulations on observer gain design and observer performance analysis

Based on the estimation results with different y, the stable observer gain is designed based on Theorem 2. The stable gains
are designed based on estimation with sample length from 100 to 4500. We use the same gain if (24) holds.

Then, observers are constructed to verify the proposed cost bound and observer performance based on estimations
with different y. We run 1000 Monte Carlo simulations for different sample lengths N. The mean cost J and cost bound
Jp for the observer of the open-loop stable system at each sample length are calculated. The latter is obtained according
to Theorem 3 with €; = e, for €p is maximum among the candidates when N < 4500. The deviation AJ = J, —J at each
sample length is shown in Figure 4. Deviations are above 0, which means the cost bound is valid with different y. Further-
more, costs with different y are compared in the open-loop stable and unstable systems. In Figure 5, we show the ratios
of observer costs with different y. Ratio r := (J, —J*)/J*, where J, denotes the cost with different estimation parame-
ter y, J* is the benchmark cost with y = 0.1. The reason for choosing y = 0.1 as the benchmark is that it leads to a good
trade-off between bias and variance, resulting in a smaller variance of the cost. This makes it suitable for showing the
fluctuations of the different costs and evaluating the performance of the observer under different parameter choices. The
proposed observer design procedure provides stable observations for both open-loop stable and unstable systems. It is also
clear that the cost variance is much larger when y is smaller. This corresponds to the high-variation estimation when y is
small. Thus, we recommend using a relatively large y to have a stable estimation result for a stable observer performance.
Certainty-Equivalent (CE) Kalman filters with OLS estimations are also designed to show the performance.?? The cost
ratio (Jcg — J*)/J* is shown in Figure 5. The performance fluctuation of the CE-Kalman filter is moderate compared with
those of the proposed method. The cost is also moderate, which indicates that the biased estimation method can achieve
more flexibility than OLS methods since there is a parameter to trade off the bias and the variance in the SVR.

In conclusion, the simulations demonstrate that the parameter y of the proposed estimator influences the estimation
results and observer performance, and a suitable y benefits the observer design and stable performance. Empirical speak-
ing, a small y helps with determining a small estimation bound. A large y helps with providing a stable estimation result
and stable observer performance.

7 | CONCLUSION

This article mainly focused on SVR-based observer design and analysis for unknown linear systems. We showed the
detailed system dynamics estimation procedure, including data collection and the estimator’s formulation. Furthermore,
we analyzed and formulated the sample complexity bounds for the estimation error of the proposed method as O(1/ \/ﬁ )
with an adjustable parameter y, which provides another way to change the estimation error interval besides introducing
more samples. We also proposed an observer gain design procedure to guarantee stability based on the dynamics estima-
tion results and the error bound. The procedure reveals that y helps find a stable gain set by adjusting the estimation error
interval. We further analyze the end-to-end sample complexity for the sub-optimal observer for an unknown system. We
formulated a mean square observation error bound for estimation and observer design, connecting the estimation error
and observer performance. Finally, numerical simulations verify the proposed methods. Simulations also illustrated that
the parameter y of the proposed method influences the estimation results and observer performance, and a suitable y
benefits the observer design and stable performance.

Future directions for research include investigating the influence of the parameter y on performance variance in
estimation and observer (controller) performance. It may be possible to connect the variation with the parameter over a
high probability and investigate optimal parameter selection.
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APPENDIX A. PROOFS

A.1 Proof of Lemmal

First, we give the relationship between SVR and OLS regression results. For clear expression, we use different notations

in this section. The standard linear relationship is given asy = a’"x + b, where b ~ N'(0, oI). More specifically, the linear

operator a in our problem is A. We use a here for a general illustration. The estimation of a is constructed based ony and x.
To ease the notation, we use w and v to represent the results of SVR and OLS in this proof, respectively. Note that (12)

is the formulation of SVR when it is without magnitude term. The following relationship can be obtained by analysing

%} = 0 according to Reference 40.

This conclusion is also given in Reference 40 by geometrical decomposition of SVR and OLS. Then, the expectation of w
is given as

1 1 1
Ew,) =E ) = Ew) = —a,.
(wi) <1+yvl> 1+7y ) 1+ya‘
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Note that OLS is an unbiased estimator when the system with Gaussian excitation. Thus, E(v) equals the actual value.
The covariance of w is given as

Vawy) = ﬁ(wm +ya?).

Recall the covariance of OLS estimation is

V) =o(xx")™L.

For ||A|| £ M in Assumption. 1, thus, ||a|| < M in the linear relationship and we have

V(w) <

1 Ty-1 2
XX + yM“I).
1+J’(6( ) yM°I)

Lemma 1 stands. It also reveals that the SVR provides a biased estimation, whereas the estimation covariance is smaller
than that of OLS when V(v;) > a;.

A.2 Proof of Theorem 1

According to (1.1) of Reference 50, when X follows a normal distribution with mean u and covariance matrix %, then
the sample mean y is also normal with mean y and covariance matrix (1/N)X, and therefore, for any 0 < 6 < 1, with
probability at least 1 — 6

_ Tr(X) \/Z/Imaxlog(l/é)
[ HllS\/ N T N ,

where Amax denotes the largest eigenvalue of . According to the distribution of estimation A given by (15), the
nonasymptotic bound of estimation error is given as

lA; — EA)||
Tr [ag(yTo_ly}O_l)—l] + nyM? Z{Tr [o-i(yTo_ly;O_l)‘l] + nyM? } log(1/5)
< +
B (1 +7y)No (I +y)No
2
< 04 + nyM> N 2(04 + nyM )log(l/é), (AD)
(1 +7)No 1+ 7N,

where 64 = n(mMo2 + 62, + (M + l)af)ll(yTO_ly; _1)‘1 | and Ny = (Tp — 1)N. According to Corollary 5.35 of Reference 51
and Lemma 2.3 of Reference 23, the nonasymptotic bound of ||(yT0_1y; _1)‘1 || is given as

@7, 9wl )7 < ) (A2)
oY1 T nM2To-162 + M2To=2(62 + 62) + M2Tog2’
where v is a quantity that follows a standard Gaussian distribution and with probability at least 1 — 6,
w5 < : <= (A3)
VN +y/n+/2log(1/s) /N
Combine (A2) and (A3), it gets
o an(mMo? + 62 + (M + 1)c2) (A4)

< .
N(nM?To-162 + M2To~2(62 + 62) + M2Toc2)

4n(mMo‘£+o’é+(M+1)o§)
N(nM?2T0-1624+M?10=2(62 +62)+M?T052)

Note that A; — E(A;) = L A; — ——AA;, and ||A; — E(A;)|| = = ||yA; — AA;||. Theorem 1 holds for A estimation.
1+y 1+y 1+y

Similarly, the nonasymptotic bound of estimation error of B; is

The upper bound is used in (Al) as 6, = , which does not influence the inequality of (A1).
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1B, — E®By < 05 + myM? N 2(05 + myM?)log(1/6) (A5)
l Y @+ )N (1+7)No ’

where Ny = (Ty — 1)N, 05 = m(nM?To~ 162 + (M?T0~2 + 1)62 + (M + l)cff)ll(uTO_lu;o_l)‘1 || which has the upper bound as

o — am(nM*1o~ 162 + (M?*T0~2 + 1)62 + (M + 1)0?)

A6
B No? (A6)
A.3 Proof of Lemma 2
For each element in A; and AA,, it has ||yA;; — AA;j|| < |lyA; — AA;||. For each elements in A, it has
~ ~2
AAiZJ. —2yA;jAA;j — (1+y)Ha + 7*Aj; <0, (A7)

Since the coefficient of AAiZJ is 1, the parabola has a minimum point and opens upward. The limit points of AA; j are
obtained by solving (A7) as

Py £ I\4r2 AL - 4GA% ~ (L + ) Ho) = vAy £ O+ DH (A8)
Then,
AAij € B(rAy, A+ Iy ).
The interval of AB;; can be obtained based the similar manipulations of that of AA;;.

A.4 Proof of Theorem 2
The main idea of designing a stable observer gain is to keep the eigenvalue less than 1. Here we adapt a conservative
Gershgorin circle theorem for a general form of matrix A — LC.

The center of the disc of each row is ||A;; — {LC};;||, which is in a unit circle. The largest radius of the discis [|(1 + y)
A; j — {LC}ijll + 4/(1 + y)H 4. The condition is obvious when the disc is in the unit circle.

A.5 Proof of Theorem 3
According to Lemma 4, it has

O K - o4K o 4B
T=|[®w D] [|ot ®uldd ALL oy +®u[AA AB] K. (A9)
- "
Inspired by Lemma 2 of Reference 22 and Proposition 3.5 of Reference 23, the inequality is
O K - 4B - O4K
T< | [®w D o|| + || PwlAA AB] ou| +|PulAA AL] oy
-1, I " I "
- - o 4B - o4K
< || ®uK — Dy]||;, 00 + | PulAA ABI||,, ; ou + || PwlaA AL, ; . (A10)
HOQ HOO
Since ||AA|| < ea, ||AB|| < €, ||AL|| € €1, €1 = max {e4, €} and €, = max {ey, ;. }, it has
- N ~ 4B - O4K
T < || ®uK = ®l|],, 00+ V2| D, l . ] ou+ V26 || @), [ ; ] o (A11)
M, M

©
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