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In this paper, we propose a minimum variance finite impulse response (FIR) filter with a
guaranteed H,, error bound. The proposed FIR filter is required in advance to make use
of only inputs and outputs on the recent finite time so that its impulse response has a finite
duration, or it has finite memory with respect to past data. From such requirement, a trans-
fer function from the external noises to the estimation error is first obtained, and then the
corresponding estimation error variance is minimized with respect to the filter gains while
keeping its H,, norm bounded. The constrained minimization problem is represented with
linear matrix inequalities (LMI) that can be efficiently solved using convex programming
techniques. It is shown through application to the current measuring circuitry in the mag-
netic levitation system that the proposed FIR filter is more robust against temporary uncer-
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tainties than an existing mixed H,/H,, IIR filter with a guaranteed H., error bound.

© 2014 Elsevier Ltd. All rights reserved.

1. Introduction

Estimation problems have been widely dealt with in
sciences and engineering areas. Specially, state estimation
has been considered as an important research issue for dy-
namic systems since full information on the state is not
available in most cases. For state estimation, two types of
filters, ie., finite impulse response (FIR) and infinite im-
pulse response (IIR) filters, have been researched for a long
time and their properties become generally known.

Recently, FIR filters for state estimation have received a
lot of attention due to its good inherent properties arising
in the FIR structure as its heavy computation burden is
alleviated by the fast computer technologies. Furthermore,
some trials have been made to extend the FIR filters even
to more complicated nonlinear and hybrid systems. It is
practically acknowledged and shown via simulations that
the FIR filters are more robust than IIR filters when applied
to systems with temporary modeling uncertainties and
round-off errors in computation. Since the FIR filters put
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much weight on the recent data and discard old data, they
are likely to avoid divergence and poor tracking. Addition-
ally, FIR filters are designed from finite dimensional opti-
mization, and hence multi criteria and any constraints
can be easily applied. Until now, such nice FIR filters have
employed a minimum variance criterion that is very trac-
table for mathematical analysis and has useful physical
meanings by providing the dimension of energy and putt-
ing much weights on large errors [1-9].

As another useful and commonly-used criterion, the H,,
criterion is often used for the worst case design, which is
roughly defined by a gain between the total energies of
the disturbances and the estimation errors [10-12]. In or-
der to optimize the performance on the average and dimin-
ish the effect of the worst case simultaneously, the H.
criterion has often been employed together with a mini-
mum variance criterion in designing IIR filters [13-16].
The authors proposed FIR filters for both the H,, and min-
imum variance criteria under the strong assumption that a
system matrix is nonsingular [17]. However, to the best of
the authors’ knowledge, there is no result on the minimum
variance FIR filters with a guaranteed H,, bound without
the nonsingularity condition of the system matrix.
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In this paper, an FIR filter for estimation of the state x;
at time k is obtained to be linear with inputs u;,. and out-
puts y,,. on the recent finite time [k — N,k — 1] so that its
impulse response has a finite duration and hence it can
be represented as

k-1 k-1
XM=Y Hewi+ Y Lo, (1)

i=k-N i=k—N

for some gains Hy_; and L,_;. Note that N is the order of the
filter, and H,_; and L;_; will be determined according to the
criterion. From a linear filter with the finite impulse re-
sponse as in (1), a transfer function from external noises
to the estimation error is first obtained, and then the cor-
responding estimation error variance is minimized with
respect to filter gains, Hy_; and L,_;, under the restriction
that the H,, error bound is less than a prescribed value.
This optimization problem is converted to a constrained
minimization one represented with linear matrix inequal-
ities (LMI) that can be efficiently solved using convex pro-
gramming techniques. Unlikely the existing result [17], the
nonsingularity condition of the system matrix is not re-
quired, which leads to more stable numerical computation
and more applications.

To demonstrate the validity, we apply the proposed FIR
filter to the current measuring circuitry in the magnetic
levitation system. It is shown that the proposed FIR filter
is more robust against temporary uncertainties than an
existing H,/H. IIR filter with a guaranteed H. error
bound.

This paper is organized as follows. In Section 2, a mini-
mum variance FIR filter with an H,, error bound is repre-
sented with LMIs. In Section 3, a real application to the
current measuring circuitry is given. Finally, the conclu-
sions are presented in Section 4.

2. A minimum variance FIR filter with an H.. error
bound

Consider a linear discrete-time state space model:

Xke1 = Axy + Buy + Gwy,

_ (2)
Yk = X + Dwy,

where x, € ®R" is the state, u; € %' is the input, y, € R? is
the output, and wy € RP is a vector disturbance containing
both process noises and measurement noises, respectively.
The pair (A, C) is observable. wy is assumed to have unit
variance. When the H,, error bound is computed, wy is con-
sidered as a deterministic disturbance, which belongs to I,
space. The following system with independent noise
sources

X1 = AXi + Bug + Gwy,

3
yk:ka-i—ka, ( )

can be transformed as follows:

w,
Xewt = AXe + Bt + G 01{?/:},

W
Ve =Cx¢+ [0 D]{ ’}.
Uk

which leads to the model (2). We can say that the model
(2) is not limited.
The FIR filter (1) can be written as follows:

X = HYy 1 + LU, (5)
where H,L,Y,_,, and U,_; are given by

H%[Hy Hy, --- Hi],

LE[Ly Lyva - L,

Ut £ [Uy Wener 0 Uiy ]T

Y1 2 Vin Yina - Yia ]T

and the order of the filter, N is assumed to be greater than
or equal to the system order n. Why we need this assump-
tion, N > n, will be explained later on. By using the follow-
ing definitions:

rc
N CA
CNé . )
cA”*
r 0 0 0 0 O
CB 0 0 0
By2 | CAB B - 0 0],
LCA2B cAV3B ... (B 0O
r o 0 0 0 0
G 0 0 0
Gy2 | CAG G - 0 0f
LCAN%G €AV 3G .- ¢G 0
5Né dlag{DvD,vD}v
N
L,2[A"'B AV?B ... B,
Lgé[AN—IG AN2G ... G],
Wit £ [Wi_y Wiy, Wi, }T’

the recent measurements, i.e., Y, 1, over [k — N, k] and the
current state, i.e., X, can be represented by

X = A"y + LyUp 1 + LWy g, (6)

Yi1 = Cnxin + ByUi 1 + (Gy + D)Wy 1. (7)
Replacing Y,_; in (5) with (7) and arranging terms yield
X = HENXk—N + (HEN + LUk + H(EN + BN)Wk—l- (8)

The H, error bound of a filter is given as

AT N

Doin(Xi = Xi) (X — X;)
sup 3 T )
w; 2w Wi

)

for nonzero disturbance belonging to I, space. Further-
more, the estimation error, X; — x;, of a H., filter should
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approach zero asymptotically for zero disturbance, i.e.,
w; = 0. Since we are concerned with a guaranteed finite
H., error bound, we make x, in (6) equal to X, in (8) for zero
disturbance, W,_; = 0. Otherwise, the H,, error bound goes
to infinity. A guaranteed finite H,, error bound requires the
following conditions:

HCy=A", L=1L,—HBy. (10)
Finally, we rewrite the FIR filter in (5) as
= HY; 1 + (Ly — HBy)Uj_;. (11)

It is noted that once H is obtained, L is automatically com-
puted from (10).

From (6), (7), and (11), the estimation error, e, = X — X,
can be represented as follows:
€k = )Ack — Xk,

=HY, 1+ (Ly — HBy)Ui 1 — A%y — LUy 4

- Lng—1 )

= [H(Gn + Dy) — L]Wj 1,

(12)

where the last equality comes from the conditions (10).
W) in (12) can be written as

Wi = AW _1 + Buwy, (13)
where A, and B, are given by
orI15 0o ---0 0
00 I 0
Av=1: : . . g| Bu=10 (14)
o0 --- 0 I :
00 -- 00 I

Putting (12) and (13) together, we have a transfer function
T(z) from the disturbances w; to the estimation errors ey,

T(z) = [H(Gy + D) — Lg)(zl — Ay) 'B,. (15)

From now on, we will obtain H in (15) so that T(z) is
optimized according to the minimum variance criterion
with a prescribed H,, error bound. First, the estimation er-
ror variance is represented in terms of H and the corre-
sponding LMI is obtained for making it possible to make
tractable numerical computation with another constraints.

The estimation error variance is given by

Elefed = ytr( [ TE@TEmaw) — L IT@L, (16

It is well known that ||T(z)||, is given by

IT@I, = \/tr([H G+ D) — LJPIH(Gy + D) — L] ).
(17)
where P is the controllability Grammian computed from

P= ZAl B.BL(AL),

or from A,PA" —P+B,B" =0 [18]. We can easily see
through simple algebraic calculation that P = I.
By introducing a matrix variable W such that

W > [H(Gn + D) — Lg][H(Gy + Dy) — L], (18)

we have only to minimize tr(W) for optimizing the mini-
mum variance criterion since tr(W) > ||T(z)||2. By the Schur

complement, the inequality (18) is equivalent to

w H(Gn + Dy) — Lg
- -7 > 0. (19)
(Gv+Dy) H - L} I

Since a filter gain matrix H in (19) satisfies HCy = A", it is
parameterized by

~r~ =1~
H=FM +A"(CLCy) CF, (20)

where M" is composed of the bases of the null space of CT,
and F is a new matrix variable containing the independent
variables. It is noted that C[,Cy is guaranteed to be nonsin-
gular since (A,C) is observable and N is assumed to be
greater than or equal to n.

Finally, the minimum variance criterion for minimizing
Elele,] can be represented by

mintr(W)subject to
Fw

=T (21)
Wy >0,
*x

where Zy is defined by
~~ —1~ ~ ~
En & (M +A"(CRCx)  CR)(Gn + D) — L. (22)

Through long and tedious calculation, we can show that
the optimal H and cost for the minimum variance criterion
can be represented in a closed-form from a constrained
optimization problem, which is stated in the following
theorem.

Theorem 1. The optimal H for the minimum variance
criterion is given in a closed-form as

H=AY(Cl Ay Cy) ChAy + Ly(Gy + D) Ayl
— Cu(CRAy Cr) Cly]
where Ay is defined by

~ ~ o~ ~ T
Ay 2 (Gy 4 Dy)(Gy + Dy)

and the corresponding minimum error variance is

~ ~ T
tr(HANH" — 2Lg(Gy + Dy) H' + LgLy).

It is noted that the result of Theorem 1 is more general
than that of [19] since the correlation between system and
measurement noises are allowed in this paper.

If we are interested in the minimum variance criterion
only, we can use the result in Theorem 1. However, an
LMI representation in (21) is more convenient for imposing
another constraint such as an H,, error bound. We have
only to add another LMI for an H,, error bound. Next, we
will impose the H, error bound using the well-known
bounded real lemma.

For the system transfer function G(z) = C(zI — A) “'B, it
is well known from the bounded real lemma that, given
y > 0, the following two conditions are equivalent:
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(M 6@l < -
(2) There exists an X > 0 such that
-X XA XB 0
AX -x o0 (T
B'X 0 —l 0
0 C 0 —yI

From the following correspondences,

A—A,

B — Bu7

_ ~ o~ 1~ ~ ~

C — (M +A"(C{Cw)  CR)(Gn + Dw) — Ly,

we obtain the following LMI for imposing the H., error

bound:
-X XA, XB, 0
* X 0 En
* *x -y I 0
*  x  x =y

<0, (23)

where Ey is defined in (22).

Putting all pieces together, we can formulate the mini-
mum variance FIR filter with a guaranteed H.-norm
bound. The final result is summarized in the following
theorem.

Theorem 2. Given y_ > 0, assume that the following LMI
problem is feasible:

min  tr(W) subject to
W.SX>0F

_ o

W Ey >0,

B

-X XA, XBy 0
* X 0 Ey -0
* x -y I 0 '

L X % *x =yl

Then the gain matrix of the minimum variance FIR filter with
guaranteed H,.-norm bound, y_, is given by

~e~ 1~
H=FM+A"(CLCy) Chk,

where M" is composed of the bases of the null space of Z‘L.

The minimum variance FIR filter obtained from Theo-
rem 2 allows us to design the optimal FIR filters with re-
spect to the error variance while guaranteeing a
prescribed performance level in the H,, sense. For the fea-
sibility of LMIs, y_ should satisfy y_. > 77, where y:_is the
optimal H,.-norm of the FIR filter of the form (1). The value
7%, can be obtained from the LMI (23).

It is noted that as the order of the filter, N, increases, the
performance becomes better. However, the computation
load increases with the order of the filter. There is an inev-
itable trade-off between the performance and the compu-
tation load. It would be desirable to choose the minimum
N insofar as the required performance can be achieved in
terms of H, and H, criteria.

In the next section, we give a numerical example to
illustrate the usefulness of the proposed FIR filter.

3. Numerical example

To illustrate the performance of the proposed FIR filter, a
magnetic levitation system in Fig. 1 is taken as a numerical
example. The main purpose of this system is to levitate an
object in the air using an electromagnet. By changing the
voltage input appropriately and hence inducing the current
flowing in the coil, the magnetic force is generated from the
electromagnet such that the object can float in the air.

Driving circuits of electromagnets are usually imple-
mented using an H-bridge circuit in Fig. 2. To protect compo-
nents inside, drivers usually have over-current protection
circuits. One of commonly used methods is to use a shunt
resistor to measure the magnitude of current. Since the driver
circuitis subject to transistor switching noises, we need a filter
to estimate the magnitude of the current. Here, it is shown that
the proposed FIR filter is useful for estimating the current.

To begin with, let us represent the magnetic levitation
system with the state space model (2). The current passing
through the inductor and the resistor associated with the
electromagnet is obtained from the following differential
equation:

. di

iR+Ry)+L-=V, (24)
dt

where i is the current, V is the voltage input, L is the induc-

tance of the electromagnet, R is the resistance of the elec-

tromagnet, and R; is the resistance of the shunt resistor.

Discretizing the differential Eq. (24) yields

. R+R . A
i1 = <1* * SA>II<+*VI<7

L L

where 4 is the sampling time. Since the inductance of the
electromagnet is affected by the characteristics of the lev-
itated object, we reflect it in the form of uncertainties and
noises, and hence obtain the following model:

. R+ R |
Ik = <1 - —; 4+ 5k>lk +ka +0.01wyy,

where J; and wy ~ 47(0,1) are the parameter uncertain-
ties and the process noises, respectively. The current

i

Electronmagnet

Electromagnet Driver

< —»f

Levitated
Object

v

Fig. 1. A magnetic levitation system.
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ADC

GND

Fig. 2. An electromagnet driver with current measuring circuitry (ADC:
analog-to-digital converter).

flowing through the electromagnet is measured indirectly
by measuring the voltage drop across the shunt resistor.
From Kirchhoff’s law, it follows that we have wz; = Rii,
where v; is the voltage drop across the shunt resistor. Since
this voltage drop is measured by an analog-to-digital
converter (ADC), it is reasonable to consider conversion
latency. We reflect this latency as one-step delay, which
leads to vsy,1 = Rsi. If the conversion latency of an ADC
is greater than one step size, we can increase two or more
step delay. For example, the measurement equation
Ysi.2 = Rik can be used instead of y, .y = Ryik.

Finally, the overall model is represented in the form of
(2) as follows:

Vs k+1 _ 0 Rs Us k
] =lo om0« [Eveo

0 0 Wik
* [0.01 0] {WZJ’

= O

V=1 0][”1.?} +[0 0.01]{‘””‘},

Wak

where y, is the voltage measurement obtained through the
ADC and wy, ~ 47(0,1) is the external noise. Physical
values of electric components and the sampling time
are chosen as follows: L =0.1[H],R=4[Q],R; = 0.05 [Q],
4 =0.002.

We designed an FIR filter using Theorem 2 with the
horizon size and an H,, error bound set to 8 and 1.05 y:,
respectively, where 7 = 0.1169. The resultant FIR filter
turned out to  have IT(z)|l, = 0.00651 and
IT(2)|l, = 0.12272, while the conventional mixed H,/H,
IR filter has ||T(z)|, =0.02449 and ||T(2)|. = 0.10627.
The IIR filter is better than the proposed FIR filter with re-
spect to norm values. However, FIR filters have their own
features such as the robustness against temporary param-
eter variation, compared to IIR filters. To illustrate the ro-
bust performance for unexpected changes or
uncertainties, we assume that the system is subject to tem-
porary parameter variation represented by

5 — {0.17 100 < k < 140
710, otherwise

We apply the constant voltage input, u = 5. Current esti-
mation errors due to the proposed FIR filters in Theorem 2
and the conventional mixed H,/H., IIR filters [13] are com-
pared in Fig. 3. We can see that the estimation error of the
proposed FIR filter is smaller than that of the IIR filter on
the interval where temporary parameter variation exists.
Moreover, it is shown that the estimation error of the pro-
posed FIR filter converges more rapidly than that of the IIR
filter when temporary parameter variation disappears. So,
the proposed FIR filter can be said to be more robust than
IIR filters when applied to systems with temporary model-
ing errors. Such robust performance improvement comes
from the finite memory structure, or the FIR structure. It
is also observed from the simulation results that FIR filters
have some degraded performance in normal and transient
situations. Practically, robustness comes before degraded
nominal performance.

Estimation errors in x,

0 50 100 150 200 250
step

Fig. 3. Current estimation errors: comparison between IIR filters (dotted)
and FIR filters (solid).

Estimation errors in Xy
0.15 : : : :

0.1

005 |

-0.05

0 50 100 150 200 250
step

Fig. 4. Current estimation errors from constant disturbances applied to
the system: comparison between IIR filters (dotted) and FIR filters (solid).
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To illustrate the performance against deterministic dis-
turbances, we apply constant disturbances w; , = wy; = 1.
Actually, this performance is highly related to the H,, error
bound. Fig. 4 compares the current estimation errors of a
conventional mixed H,/H., IIR filter and the proposed FIR
filter. The figure shows that the proposed FIR filter has
the estimation error as small as that of the IIR filter, which
implies that the proposed FIR filter is as insensitive to con-
stant disturbance as the IIR filter. The transient response of
the proposed FIR filter looks a little poor, which comes
from the fact that FIR filters work N times after the initial
time O. If an existing IIR filter is adopted in the beginning
when FIR filters do not work well, we can avoid such a
temporary performance degradation.

To be summarized, we can say that the proposed FIR fil-
ter achieves the more robustness against model uncertain-
ties without any sacrifice of the capability with respect to
disturbance rejection.

4. Conclusions

In this paper, a minimum variance FIR filter with a guar-
anteed H.. error bound is proposed without any artificial
condition and it is applied to the current measuring circu-
ity. Since the optimization problem related to the design of
the proposed FIR filter is represented in terms of linear ma-
trix inequalities (LMI), it can be efficiently solved using
convex programming techniques. We suggested a circuit
system as a good application of the proposed filters to
show that FIR structure gives a good robust performance
against model uncertainties and a prescribed H, error
bound can reduce the effect of the deterministic distur-
bance on the performance. This application would be a
good research topic for improving the current measuring
circuitry.

Since the proposed FIR filter has practical features in
consideration of both the worst case performance and
the average one through the H,. error bound and the min-
imum variance criterion, we believe that many applica-
tions in circuits and systems are waiting to be applied. As
a future work, it would be meaningful to extend the result
of this paper to time varying systems and find more
applications.
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