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Chapter 16

Stabilization of multi-input networked
control systems over additive white
Gaussian noise channels

Wei Chen, Li Qiu and Guoxiang Gu

Abstract

In this paper, we study stabilization of multi-input networked control systems over
additive white Gaussian noise (AWGN) channels. Different from the single-input
case, which is available in the literature and boils down to a typical H, optimal
control problem, the multi-input case involves a judicious allocation of the total
capacity among the input channels in addition to the design of the feedback con-
troller. With this channel-controller codesign, we successfully show that a net-
worked multi-input system over AWGN channels can be stabilized by state
feedback under channel resource allocation, if and only if the total channel capacity
is greater than the topological entropy of the plant. A numerical example is given to
demonstrate our result.

16.1 Introduction

The networked control systems (NCSs) have received great attention recently. They
are feedback systems in which the plant and controller communicate through the
shared network. Such systems have many applications, including mobile sensor
networks [1], multiagent systems [2], aerial space technologies [3], etc. Many
papers on this topic have been published in technical journals and conferences. See
the special issues [4], [5], and the references therein.

One fundamental issue studied in the context of NCS is stabilization under
information constraints due to communication channels. These constraints take
various forms, such as quantization [6,7], packet drop [8], data rate constraint [9],
signal-to-noise ratio (SNR) [10] constraint, and so on. Numerous results for stabi-
lization of NCSs under information constraints are reported in the literature. For
single-input NCSs, logarithmic quantization of the control inputs was considered in
References 6 and 7 that show that the coarsest quantization density ensuring
closed-loop stabilizability is given in terms of the Mahler measure of the plant, that
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is, the absolute product of the unstable poles. The multiplicative stochastic input
channel has been studied in Reference 8 that states that the networked feedback
system can be mean-square stabilized by state feedback, if and only if the mean-
square capacity of the multiplicative channel exceeds the topological entropy of the
plant, that is, the logarithm of the Mahler measure. For multi-input NCSs, the
authors of Reference 11 model the information constraint in the input channels as
general sector uncertainties including the logarithmic quantization as a special case.
Their main contribution lies in introducing the channel resource allocation and
solving the networked stabilization problem. Specifically, they assume that the
allowable information constraint is determined by the total network resource
available to the channels that can be allocated by the controller designer. Thanks to
the additional design freedom gained by the channel resource allocation, an ana-
lytical solution has been obtained, which states that the largest overall uncertainty
bound rendering stabilization is given again in terms of the Mahler measure. In
Reference 12, the multi-input NCSs over multiplicative stochastic channels are
studied. With the help of channel resource allocation, its authors extend the stabi-
lizability condition in Reference 8 to the multi-input case. These results shed some
light on the significance and role of channel resource allocation in NCSs, entailing
the idea of channel-controller codesign, that is, the control designer should parti-
cipate in the channel design rather than passively taking the given channels. This
idea will bring us substantially more freedom and flexibility in designing NCSs and
is envisioned to be common practice in future engineering applications. Later, one
can see that our main result in this paper can be obtained by allocating the channel
resource judiciously.

Another line of work [10], that is most pertinent to our work in this paper,
models the information constraint for a single-input NCS as the SNR constraint in
an additive white Gaussian noise (AWGN) channel. The technique of H, optimal
control is used to design the stabilizing controller. A nice analytic solution is
obtained for the minimum channel capacity required to stabilize the NCS, which is
also given in terms of the topological entropy of the plant. The authors in Refer-
ences 13—15 have studied further the disturbance attenuation issue for NCS over an
AWGN channel. These papers show that the requirement for the channel capacity
greater than the topological entropy of the plant remains to be necessary for feed-
back stabilization, even if nonlinear time-varying communication and control laws
are used. One interesting observation from the literature is that the NCS stabiliza-
tion problem over an AWGN channel is closely related to some nonstandard H,
optimal control problem. This fact will be seen in this paper when we derive our
result later. For the multi-input NCSs over the AWGN channels, unfortunately, the
existing results remain to be quite incomplete. An investigation is carried out in
Reference 16, which assumes that the total transmission power is constrained and
can be distributed among different channels, leading to a necessary and sufficient
stabilization condition on the transmission power. Different from the result in
Reference 10 that is given directly in terms of the topological entropy of the plant,
the condition in Reference 16 involves unpleasant computation of the H, norm of a
transfer function.
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Motivated by these existing results, we study further stabilization of a multi-
input NCS over the AWGN channels in this paper. Instead of assuming the con-
strained total transmission power, we assume that the total capacity of the input
channels are constrained and can be allocated among different channels. By allo-
cating the channel resource, we successfully derive the minimum total capacity
required for stabilization given also by the topological entropy of the plant.

The remainder of this paper is organized as follows. Section 16.2 formulates
the NCS problem to be studied in this paper, and section 16.3 provides some pre-
liminary results on H, optimal control. The main result is stated and proved in
section 16.4. A numerical example is worked out in section 16.5 to illustrate our
main result. The paper is concluded in section 16.6. The notation of this paper is
more or less standard and will be made clear as we proceed.

16.2 Problem formulation

We consider a discrete-time system described by state-space equation
x(k + 1) = Ax(k) + Bu(k)

where u(k) € R™ and x(k) € R”. We will denote this system by [4|B] for simplicity.
Assume that [4|B] is stabilizable and the state variable x(k) is available for feedback
control. As shown in Figure 16.1, we are interested in stabilizing [4|B] by a con-
stant state feedback controller " over a communication network that is modeled as
m parallel AWGN input channels. Here, by parallel, we mean that each component
of the controller output is separately sent through an independent AWGN channel
to the actuator. One of these AWGN channels is depicted in Figure 16.2, where the
transmitted signal v; and the noise d; are zero mean Gaussian random processes
with variances 67 and o?, respectively. Different from the classical setup in LQG
control where the noise comes from outside with fixed power, the noise considered
here is generated internally from the transmission process. The noise power is

d
[ e W [4]B]

t x |

Figure 16.2 An additive Gaussian channel
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proportional to the transmission power with proportional coefficient given by the
SNR of the channel [17]:
52
SNR; = U—% (16.1)

We will come back to this point when we do the channel resource allocation to derive
the main result in section 16.4. The capacity of the channel in Figure 16.2 is given by

1

Then the total capacity of the communication network is as follows:
C=¢C+---+¢C,

Clearly, the larger capacity, or equivalently the larger SNR, implies that more
reliable information can be transmitted through the channel. Therefore, the capacity
¢; measures the information constraint of the ith channel and the total capacity €
measures the information constraint of the communication network.

Assume that all the signals in Figure 16.1 are wide sense stationary and the
closed-loop system has reached its steady state. According to our setup, the total
noise d is a vector white Gaussian noise with covariance

¥ =

2

Onz

The closed-loop transfer function from the noise d to the controller output v is the
complimentary sensitivity function

T(z) = F(zI — A —BF)"'B

Then the power spectrum density of v; is given by
{T(ejw)zzT(ejw)*}n

and the mean power of v; is

1 21 ) o
27 ), {T(e™)Z2T (/") } e

where {-};; stands for the ith diagonal element of the matrix. In view of (16.1), the
SNR of channel i is expressed as

1 2 ) o
SNR; = [ {T(e"")2’T(e/) };dw/o}
7T Jo
1 2 X X N
=5 (=T (/)2 T (™) 271} dw
7T Jo
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Consequently, the capacity of channel 7 is given by

2 27

1 1 [ A o
¢, =-log {1 + —/ TIT (/)22 T (/) Zldw}
0 ii
Finally, the total channel capacity is

C=C 4+ 18,
zllogﬁ ]+l/zﬂzlT(ejw)ZZT(ejw)*Zldw
2 il 27 0

Our objective is to find the smallest total channel capacity such that the NCS
over AWGN channels can be stabilized by a constant state feedback controller, that
is, to find

un

¢ (16.2)

inf
F:A+BF is stable

with given [4|B] and oy,..., 0, > 0. This is a difficult problem. However, by
judiciously allocating the channel resource, we are able to mitigate this difficulty
and derive the same nice analytic solution as in Reference 10 derived for the
single-input case. For this purpose, instead of imposing the information constraint
on the input channels specified a priori, we assume that the channel capacities €,
i=1,...,m,can be allocated with a given total capacity €. This assumption is quite
legitimate and can be utilized as an extra design freedom for the NCS. For example,
the total channel resource or budget for the m input communication channels is
often fixed. Allocating more resource to a certain channel will increase its relia-
bility. How to allocate the channel resource appropriately for control of NCS can be
considered as a case of channel-controller codesign. The controller designer should
simultaneously design the controller and channels to stabilize the closed-loop
feedback system. Applying this channel-controller codesign gives rise to the fol-
lowing minimization problem:

inf inf ¢ (16.3)
O1y...y0 >0 F:A+BF is stable

that is, the infimum of the total channel capacity required for networked stabili-
zation with channel resource allocation. At first sight, this problem looks even
harder than problem (16.2). However, surprisingly, it can be analytically solved, as
shown in the remainder of this paper.

Before proceeding, let us recall two notions that were introduced to dynamical
systems theory long time ago but only appeared in the control literature recently.
One is the Mahler measure [18] of an n X n matrix 4, denoted by M(A4), which is
simply the absolute value of the product of the unstable eigenvalues of A4, that is,
M(4) =117, max{l,|4;(4)|}. The second is the topological entropy [19] of 4,
denoted by 4(4), which is simply the logarithm of M(A), that is, h(4) =log M(A).
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16.3 Preliminary on H, optimal control

As discussed in the previous section, the NCS stabilization problem over AWGN
channels is closely related to some nonstandard H, optimal control problem. To
find the solution to (16.3), the following lemma on optimal complementary sensi-
tivity will be needed.

Lemma 16.1 Assume that [A|B)] is stabilizable. Then

1 1 2 o )
i Z _ Jjo Jjo —
F:A+B‘11£1if; stable 2 IOg det (1 T 271;/0 T(e ) T(e )dw> h(A) (164)

Furthermore, if A has no eigenvalues on the unit circle, then the unique optimal
controller F is given by

F=—BX(I+BBX)'4
where X is the unique stabilizing solution of Riccati equation
AX(I+BBX)'A=X (16.5)

Proof Consider the feedback system shown in Figure 16.3, where F is a state
feedback gain and dyd(k + 1) is an impulse with an arbitrary direction d, that sti-
mulates the system. So the initial state is given by xo = Bd.

Assume temporarily that 4 has no eigenvalues on the unit circle. Solving the
minimum energy control problem that is a special H, optimal control problem with
cost function J = ||v||5 , we get the minimum energy [20]

J* = xhXxg = d)B'XBdj (16.6)

where X is the stabilizing solution to Riccati equation (16.5). The optimal state
feedback gain is given by F = —B'X (I + BB'X)"'A. Since v(z) = T(2)d, we have

1 2

J:% | v(e’) v(e’)dw

—d) (i /0 : T(efw)*r(efw)dw) do (16.7)

27
dySCk + 1)
k
F —»(E—»V( ) (4]

t x(k) |

Figure 16.3 Minimum energy control
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Comparing (16.6) with (16.7) implies that the partially ordered set

2
{1/ T(e/*) T(e/*)dw : A+ BF is stable}
21 0

has an infimum that is given by

1 2

. o T Jjo *T jwd — B'XB
F:A+311£1£stable 27 0 (@ ) (e ) w

Without loss of generality, we can assume that
As 0

=5 ol

where A is stable and A4, is anti-stable. Then by the existence and uniqueness of
solution to (16.5), the solution satisfies

0 0
= x]

where X, is the stabilizing solution to

A X, (I + ByBLX,) "4, = X, (16.8)

Moreover, X, > 0 and has a closed form expression

-1
X, = (Z AukBuB;A;k>
k=1
Taking determinant on both sides of (16.8), we get

det(4' Xo(I + BuB.X,) " 4y)
= det(4/4,) det(X,) det (I + B,B.X,)""
= det(X,)

Since X, > 0, it follows that

det(I + B,B. X,) = det(4/4,) = M(4,)
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Therefore,

1 2 X " X
—log det (I +2 / T(e!”) T(ejw)dw>
0

inf
F: A+BF is stable 2

1
= Elog det(I + B'XB)
1
= Elog det(I + B, X,B,)

= %log det({ + ByB. X,)
= h(4u) = h(4)

If 4 has eigenvalues on the unit circle, let A(e) = (1 + €)4 with € > 0 such that
A(e) has the same number of eigenvalues inside the unit circle as 4 but no eigen-
values on the unit circle. Applying the above procedure and taking limit e — 0
shows that eigenvalues on the unit circle do not affect the infimum. ]

In our application, however, we are more interested in a performance index
with the order of T(e’) and T(e’”)" in (16.4) reversed. See the following lemma.

Lemma 16.2 Assume that [4|B)] is stabilizable. Then
1 [ i
£ Log det(1 T(e/*)T (e > h(4 16.
FA+B]£11sstable2 08 de < +2 /0 (e ) (6 ) d(l)) - h( ) ( 69)

Proof For an arbitrary F such that 4 + BF is stable, the matrix A’ + F'B’ is also
stable. This implies that the system [4’|F'] is stabilizable and, moreover, B’ is a
stabilizing state feedback gain. In this case, the complementary sensitivity function
of system [A'|F"] is T'(z) = B'(zI — A’ — F'B')"'F’. According to Lemma 16.1,

! |
ElOg det <[—|—%‘/0 T’(e_lw) T/(@]w)da)>

1 1 2 )
= Elog det (1+2n/0 T(e7*)T(e7") dw)

1 1 2 )
_ Jjo Jjo

2log det (l+_2n/0 T(e/)T(e!) dw)
> h(A)

Since the choice of stabilizing F is arbitrary, it follows that

1 1 2 )
£ | I T(e/® Jjo > h(A
FA+B}£11s stable 2 08 det( ton 27 /0 (e ) (e ) dw) o h( )

which concludes the proof. O

One can observe that when 7(e’”) is normal, that is, T(e’”) T(e’*)" = T(e’*)"
T(e’?) for all w € [0, 27), the left-hand side of (16.9) is the same as that of (16.4),
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and therefore the equality in (16.9) holds. It is natural to ask whether the equality
holds in general. At this moment, we are not sure about this. Nevertheless, our
guess is that the answer is negative.

In the single-input case, the left-hand sides of (16.4) and (16.9) are the same
and they are equivalent to a standard H, optimization problem.

Lemma 16.3 When m=1,

ITG)|l, = [M(4)* —1]"/?

inf
F:A+BF is stable

Proof The proof follows directly from Lemma 16.1. O]

16.4 Main result

The main result of this paper is presented in the following theorem.

Theorem 16.1.

inf inf ¢ =h(A)
01y 0 >0 F:A+BF is stable

Proof To simplify the proof, we assume that 4 has no eigenvalues on the unit
circle. This assumption can be removed following the same argument as in [10].
Without loss of generality, realization matrices (4, B, F) are assumed to have the
following decomposition:

4 0
A[OA

B— [g} F=[F, F]

with compatible partition, where 4 is stable and 4, is anti-stable. As in the single-
input case, F;=0 can be taken in minimizing the capacity [10], and thus

T(z) = Fo(zl — Ay — B,F,) "B,

can also be assumed in the proof. Consequently, we simply assume that 4 is anti-stable.

First, we prove that for a noise with given covariance £* and a stabilizing state
feedback gain F, the total channel capacity € > h(4). Denote B B = BY and
F=x" 1F then [A|B] is stablhzable and F is a stabilizing gain for this system. Let

T(z) = F(zI — A — BF)"'B. By Lemma 16.2, we have

1 1 2
_ - Jjw J >
2log det(l+2n/0 T(e/)T(e™) da)) > h(A)

which is equivalent to

1 1 2m ) o
—log det| [/ +—/ TIT(e)E T () T dw | > h(A)
2 2m 0
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Therefore,

1 n 1 [ -
¢=-1lo I+— T2 T (/) 27 d
5 gH{ +2n/0 (e (e/”) wii
1 2 X "
> —log det<l+ / T T ()2 T () z‘m)
2.777 0

where the first inequality follows directly from Hadamard’s inequality [21]: for any
m x m positive definite matrix O = [g;;], det(Q) < II"g;;.. The equality holds if
and only if Q is diagonal.

Without loss of generality, assume that [4|B] has the following Wonham
decomposition [22]:

Ay % o % by x - x
a= |t & cB= |

. . . * . . o, *

0 - 0 A, 0 -~ 0 by,

where each pair [4;|b;] is stabilizable with state dimension n;. Now we show that
for any € > 0, if the total capacity constraint is given by 4(4) + ¢, then one can find
an allocation of this constraint among the input channels in the form
{h(41)+%,... h(4n) + <} and simultaneously design a state feedback gain F
such that the closed-loop system is stable and each channel capacity satisfies the
constraint &; <h(4;) + <. The allocation of channel capacities is done indirectly
here by choosing the noise covariance matrix. Specifically, let

0 0
5 _ 0 .6
: .. 0
0 --- 0 o!

with 0 a small real number. Define

L, 0 .- 0

G_ |0 oh,

o - 0 o',
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Then

T(z) = F(z —4—BF)'B
= FS(zI —S7'4S — S7'BFS)"'s'B

where
A1 0(9) 0(0) by 0(9) 0(0)
sas= |0 A B S I
0(9) 0(9)
0 0 A4y 0 0 bn

and @ approaches to a finite constant as § — 0.

For any given total capacity constraint #(4) + ¢, we can always find an allo-
cation of the total constraint in the form {h(4;) +<,...,h(d,) + £}. By Lemma
16.3, for each [4;|b;], we can design a stabilizing state feedback gain f; such
that ||Ti(z)|5= M (4:)* — 1, where Tiz2)=fizI — A; — bf) ‘b Now let

FS = diag{fi, f2,...,fu}, then

) 27

1 1 [ , o
¢ = ~log {1+—/ TIT (/)22 T () zldw}
0 ii
1 1 2 o
i o Jo Jo*
210g{1+2n/0 T(e’*)T(e’”) dw}

= Jlog(1 + [T)I3) + 0(d)
= %log M(4;)* + 0(9)

= h(4;) + 0(9)

ii

By choosing a sufficiently small 6 > 0, we can make the actual channel capacities
satisfy the constraints &; <h(4;) +<, i = 1,...,m. Apparently, the total capacity
satisfies € < h(A) +e. O
Remark 16.1. From the lines of the above proof, we can see that the channel
resource allocation is done indirectly here by choosing the noise power covariance
matrix. One may question the tenability of this with the argument that the noise
power cannot be allocated. This doubt actually originated from the conventional
setting in LOG control that the noise comes from outside with given power. How-
ever, recall that in our setup, the noise is generated internally from the transmis-
sion process with power proportional to the transmission power. Therefore,
although it looks on the surface that we are choosing the noise power, we are in
fact distributing the transmission power. With this being clarified, the aforemen-
tioned doubt will vanish away. So, for any given total capacity constraint greater



168  Developments in control theory towards glocal control

than the topological entropy of the plant, under channel resource allocation, we
can design a state feedback gain to stabilize the system such that each channel
satisfies its capacity constraint.

Finally, we solve the problem as formulated in (16.3) and obtain a necessary and
sufficient condition for stabilization of the multi-input NCS over AWGN channels
with the help of channel resource allocation. The minimum total channel capacity
required for stabilization is equal to the topological entropy of the plant that is the
same as that needed for the single-input case. Once again, we witness the benefits
brought by the channel-controller codesign. With the additional design freedom
gained by channel resource allocation, the closed-loop stabilization becomes easier.

16.5 An illustrative example

In this section, we provide an example to illustrate the result in section 16.4. For the
sake of numerical computation, we take the logarithm with base 2 in our example.
Consider an unstable system [4|B] with

2.0 0 10
A=10 4 0|, B=1|1 1
00 8 0 1

Clearly, it is stabilizable. However, it is easy to verify that [4|B;] is not stabilizable,
where B; denotes the ith column of B. This means that it is impossible to stabilize
the closed-loop system by using only one input channel. Both input channels have
to be used to accomplish stabilization. The topological entropy of the plant is

h(4) = log,2 + log,4 + log,8 = 6

We solve the minimal energy control problem for the following two single-
input systems:

B y ‘ }] and [8|1]

The optimal state feedback gains for the two inputs are given by

21 105 63
A= {R ‘ﬂ and fo=7g
respectively. Now let £ = [ (1) g] and design the state feedback gain to be
F=10 0 & (16.10)

8
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Table 16.1 Simulation results

8 ¢ ¢, ¢

107! 3.75 3 6.75

1072 3+13x1072 3 6+1.3x1072
1073 3+13x107* 3 6+13x107*
10~* 3+13x10°° 3 6+13x107°

Under the above state feedback controller, the numerical results on the channel
capacities for different 0 are summarized in Table 16.1.

We can see that as 0 — 0, the total capacity € — /(4). In other words, for any
e > 0, when the total channel capacity constraint is given by A(4) + €, we can
always simultaneously design a state feedback gain F and find an allocation of the
capacities among input channels to make the closed-loop system stable. To
demonstrate more clearly how the channel resource allocation is done, let the total
capacity constraint be specifically given by 6 +4 x 1072, Then we allocate this
constraint among the two input channels as {3 +2 x 1072 3 +2 x 107%}. Now we
choose 0=10"2 and use the state feedback gain (16.10). Under this channel-
controller codesign, the channel capacities €, =3 +13x107% < 34+2x 1072,
¢, =3 < 342x 1072 as shown in Table 16.1. The total capacity satisfies the
constraint € =64 1.3 x 1072 < h(4) + .

16.6 Conclusion

In this paper, we study stabilization of multi-input NCS over AWGN channels. Dif-
ferent from the single-input case, that is available in the literature and boils down to a
typical ‘H, optimal control problem, the multi-input case involves an allocation of the
total capacity among the input channels in addition to the design of the feedback con-
troller. With this channel-controller codesign, we successfully show that a multi-input
NCS over AWGN channels can be stabilized by state feedback control under channel
resource allocation, if and only if the total channel capacity is greater than the topolo-
gical entropy of the plant. A numerical example is given to demonstrate our result.
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