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This paper addresses linear quadratic Gaussian (LQG) control problems for multi-input multioutput (MIMO), linear time-invariant
(LTT) systems, where the sensors and controllers are geographically separated and connected via a digital communication channel
with limited data rates. An observer-based, quantized state feedback control scheme is employed in order to achieve the minimum
data rate for mean square stabilization of the unstable plant. An explicit expression is presented to state the tradeoff between the
LQ cost and the data rate. Sufficient conditions on the data rate for mean square stabilization are derived. An illustrative example
is given to demonstrate the effectiveness of the proposed scheme.

1. Introduction

In recent years, networked control systems have attracted
unprecedented attention of the control community in view of
their wide applications in many fields such as vehicle control
systems, large-scale printers, and aerospace applications. In
such systems, the sensors, actuators, and controllers are geo-
graphically separated and connected via digital wireless chan-
nels such as the Internet or bus lines. Using networked control
offers many advantages, such as increased system flexibility,
ease of installation and maintenance, and decreased wiring
and cost. However, the presence of digital communication
channels brings up many challenges. Communication con-
straints often make traditional control approaches inefficient
[1,2].

In particular, the problem of control under data-rate
limitations has been the focus of many researches. A high-
water mark in the study of quantized feedback using data rate
limited feedback channels is known as the data rate theorem
that states that the larger the magnitude of the unstable poles,
the larger the required data rate through the feedback loop
(3, 4].

There has been a lot of research on quantized feedback
control. It was shown in [5] that there exists a dynamic
adjustment of the quantizer sensitivity and a quantized state

feedback that stabilizes linear time-invariant systems without
disturbances. The problem of LQG control under communi-
cation constraints was addressed in [6]. There they looked at
stable systems and noiseless digital channels and introduced
the new coding scheme. Tatikonda at al. [7] examined the role
communication has on the classical LQG control problem
and designed the encoder, decoder, and controller to satisfy
some given control objective. Imer and Bagar [8] considered
optimal LQG control of a scalar system with limited control
actions. Schenato et al. [9] considered the problem of LQG
control over a packet-dropping network. Furthermore, Bom-
mannavar and Bagar [10] addressed optimal LQG control
of higher-order systems with limited control actions. It
was shown that the optimal control is a threshold policy.
Furthermore, in [11], the LQG control problem for stochastic
linear control systems was addressed. In particular, the
sequential rate distortion framework was presented and the
inherent tradeoffs between control and communication costs
was shown in [7]. The optimal LQ cost is decomposed
into two terms: a full knowledge cost and a sequential rate
distortion cost. However, the second term still depends on
the steady state estimation error covariance. Differently from
the existing ones, it is shown in our results that the steady
state estimation error depends on the disturbances, and a full
knowledge LQ cost is presented. Furthermore, Georges et al.
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[12] gave the design of a decentralized optimal batch LQ state
observer for state estimation of large-scale interconnected
systems, and Wang and Han [13] was concerned with mod-
elling and controller design for a discrete-time networked
control system with limited channels and data drift.

This paper considers a class of networked control prob-
lems which arises in the coordinated motion control of
autonomous and semiautonomous mobile agents, for exam-
ple, unmanned air vehicles (UAVs), unmanned ground vehi-
cles (UGVs), and unmanned underwater vehicles (UUVs).
The controller often lies in such unmanned vehicles, but some
sensors (such as automatic radar measuring equipment) are
on the ground and are connected with the controllers via
noisy, bandwidth-limited wireless communication channels.
However, as the data rate of the channel is reduced to the crit-
ical value, the plant states must always become unbounded.
Then, in engineering systems, it is of importance to present
a lower bound of the data rate above which there exists a
quantization, coding and control scheme to guarantee some
given control performances.

The aforementioned results considered the fully observed
systems. This paper considers a partially observed, linear
time-invariant system and employs an observer-based quan-
tized state feedback control scheme in order to achieve
the minimum data rate for mean square stabilization of
the unstable plant. Furthermore, LQG control problems are
further addressed under data-rate limitations. It is shown that
there exists the tradeoff between the LQ cost and the data rate.
Then, an explicit expression on the tradeoft is presented in our
results.

The rest of the paper is organized as follows. In Section 2,
the problem formulation is presented. Section 3 deals with
LQG control problems under data-rate limitations. The
results of numerical simulation are presented in Section 4.
Conclusions are stated in Section 5.

2. Problem Formulation

Consider the following discrete linear time-invariant system
in Figure 1. The system dynamics is given by

X (k+1) = AX (k) + BU (k) + FW (k),

(1)
Y (k) = CX (k),

where X(k) € R" denotes the plant state, U(k) € R™ denotes
the control input, Y (k) € R? denotes the observation output,
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and W(k) € R? denotes the disturbance, respectively. The
initial position X(0) and W (k) are mutually independent,
Gaussian random variables with zero mean, satisfying

E[IX (0)]* < ¢ < 00,
)
E[W (k)|* < ¢y < 00.

A, B, C, and F are known constant matrices with appropriate
dimensions. Without loss of generality, assume that the
pair (A, B) is a controllable pair, and the pair (A,C) is an
observable pair.

In the MIMO case, it seems logical to try to implement a
quantized output feedback control law of the form

U (k) = Kq (Y (k)), (€)

where g(-) denotes a quantizer and K denotes the feedback
gain. However, it is difficult to find a bit-allocation algorithm
which can regulate the transmission of information about
each y;(k) (i = 1,2,..., p) since y;(k) and yj(k) (i # j) often
are mutually correlated. Namely, it leads to the larger data rate
for stabilization. Thus, this paper implements an observer-
based quantized state feedback control law of the form

X, (k+1) = AX, (k) + BU (k) + L(Y (k) - CX, (k)),

- (4)
U(k) = KX, (k),

where L denotes the observer gain and X, (k) denotes the
estimate of X, (k) at the decoder. Here, define

D (k) == X (k) - X, (k). (5)
Then, it follows from (4) that
X, (k+1) = AX, (k) + BU (k) + LCD (k). (6)
By summing (1) and (6), obtain that
D(k+1)=(A-LC)D (k) + FW (k). )

Here, assume that there exists an observer gain L such that all
eigenvalues of A — LC lie inside the unit circle. Then, it holds
that

2
i .

T-1
lim sup — ' 1_1A_LICPP
1m sup Z E [D (k) QD (k)] < 1-— ||A _ LC“

1
T — oo Tk=0

In the literature, many works were concerned with
networked control over dropout channels, or the channels
with time delays, and presented many important results.
Differently from the existing results, this paper considers
the case where the sensors and the controller are connected
via errorless digital communication channels without time
delays and focuses on the tradeoff between the LQ cost and
the data rate of the channel. Furthermore, assume that the
channel is memoryless. Then, the encoder and the decoder
have access to the control actions. Considering this case
avoids extraneous complexity. It makes our conclusions most
transparent.
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This paper considers the MIMO system (1) under data-
rate limitations, and presents a quantization, coding, and
control scheme to stabilize the system (1) in the mean square
sense

1T—1
limsup— ¥ E X (k)|* < oo. )
T—oo I k=0

Furthermore, LQG control problems are also further dis-
cussed under data-rate limitations, and the role that com-
munication has on the classical LQG control problem is
explicitly examined. The main task here is to present an
explicit expression on the tradeoff between the LQ cost and
the data rate.

3. LQG Control for MIMO Systems under
Data-Rate Limitations

This section considers the partially-observed, unstable linear
time-invariant plant, discusses the LQG control problem
under data-rate limitations, derives the sufficient condition
on the data rate for stabilization, and presents the relationship
between the control performance and the data rate.

In order to achieve the minimum data rate for stabi-
lization, the existing bit-allocation scheme needs to find
a real transformation matrix which can diagonalize the
system matrix, such that it can regulate the transmission
of information on the basis of the eigenvalues. In many
applications, however, there exists no transformation matrix
that can diagonalize any system matrix. Furthermore, putting
the system matrix into Jordan canonical form often requires
a complex transformation matrix. To solve the problem, a
bit-allocation scheme on the basis of the singular values
of system matrix and an adaptive differential quantization-
coding scheme are employed in this paper.

Notice that there must exist a real orthogonal matrix H €
R™" that diagonalizes

A'A = H'A’H, (10)

where we define A := diag[o,,...,0,]. Clearly, o; is the
ith singular value of A (i = 1,2,...,n). Here, define the
prediction value of X, (k) by

X, (k)= (A+BK)X,(k-1). (1)
Furthermore, define
X, (k) := HX, (k),
X, (k) :== HX, (k),
. (12)
X, (k) :== HX, (k),
Z (k) =X, (k) - X, (k).

Since the encoder and the decoder have access to the
previous control actions, update their estimator, and obtain
the same prediction value, only Z(k) needs to be quantized,

encoded, and transmitted to the decoder. Let Z(k) and V (k)

denote the quantization value and quantization error of Z(k),
respectively. Then, it follows that

Z(k)=Z (k) +V (k). (13)
Thus, the estimate of X (k) is given by
X, (k) =H'(X, (k) + Z (K)). (14)

Similar to that in [5], the quantization scheme is pre-
sented. Let Z(t) = [z, (t) z,(t) zn(t)]'. Given a
positive integer M; and a nonnegative real number A;(¢) (i =
1,...,n), define the quantizer g : R — Z with sensitivity
A;(t) and saturation value M, by the formula

q(z; (1))
(M if 2, (£) > (Mi + %)Ai(t)
M if z, (t)§—<Mi+%>Ai(t) (15)
=1lz® 1| . 1
{Ai(t)Jer’ 1f—<Mi+5>Ai(t)<zi(t),
zi(t)s<Mi+%)Ai(t),
where we define |z| := max{k € Z = k < z,z € RL

The indexes M" and M~ will be employed if the quantizer
saturates. The scheme to be used here is based on the
hypothesis that it is possible to change the sensitivity (but
not the saturation value) of the quantizer on the basis
of available quantized measurements. The quantizer may
counteract disturbances by switching repeatedly between
“zooming out” and “zooming in”
First, a lemma from [14] is presented.

Lemmal. Letz € Rdenote a Gaussian source and Z denote an
estimate of z. Define R(D) as the data rate distortion function
between Z and z. The distortion constraint is defined as D € R".
Let h denote the sampling period. Given D > E(z — Z)?, there
must exist a quantization and coding scheme if the information
rate R of the channel satisfies

2
o (@) (bits/sample),  (16)

] ]
R> SR(D) > ~log, &
> pR(D) = Jlog,—h

where one defines %(z) == E(z - Ez)*.
Proof. The proof is given by [14]. O

In networked control systems with large communication
bandwidth, communication and control are often viewed as
independent functions in order to simplify the analysis and
design of the overall system. However, in many applications,
data-rate limitations can introduce large quantization errors
and affect control performances significantly. Thus, this
paper is concerned with the relationship between the control
performance and the data rate.

Here, the LQ cost is quantified by

T-1
J, = limsup= ¥ E[X' (k) QX (K)], (17)
T-oo T3



where Q € R™" is symmetric positive definite. Here, this
paper is concerned with how small the plant state can be made
ask — 0. Then, the following result holds.

Theorem 2. Consider the system (1). Assume that all eigenval-
ues of A+ BK and A — LC lie inside the unit circle. Then, the
system (1) is stabilizable in the mean square sense (9) if the data
rate of the channel satisfies the following condition:

R>R,;, = ZIOg2 |o;| (bits/sample) (18)

i€E

with 8 := {i € {1,2,...,n} : |o;| > 1}. If one further assumes
that the magnitudes of all the singular values of system matrix
A are larger than 1, the system (1) is stabilizable in the mean
square sense (9) if the data rate of the channel satisfies the
following condition:

R > Ry, = log, |A| (bits/sample) . (19)

Furthermore, the LQ cost ], is obtained by

J; = lim supT ZE [X (k) QX (k)]

T — oo

1
< 2
1-]A-LC]

1

(1 — 1A /45) (1- 1A+ BK|?)

><<\/ 'Al ||Q“2 (A+BK)A~ LCF" +||Q1/2LCF||

X

+2<j 1AF ||F' (LC)' (A + BK)' QAlLCF“>
4§

2 ||F' (LC)' (A-LC) Q(A + BK) LCF"
+
(1-1A+BK|*) (1- A+ BK) (A-LO)|)

2 ||F’ (A-LC) QLCF||

’ ”Ql/zF”z - ||(A +BK)' (A - LC)"
(20)
Proof. Notice that
X (k) = X, (k) + D (k). (1)
Then, it holds that
E[X' (k) QX (k)] = E[X, (k) QX, (k)]
+E[D' (k) QD (k)] (22)
+2E[X, (k) QD (k)] .
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Furthermore, notice that
X, (k)=X,(k)+H' Z (k). (23)

Then, it follows that

E[X], (k) QX, (k)]
_E [(X k) +H'Z(®) Q(X (k) +H'Z (k))] o8
= E[X] (k) QX, (k)] + E[Z (k) HQH'Z (k)]
+2E[X, (k) HQH'Z (k)] .
Thus, it follows that
E[X' (k) QX (k)]
= E[X, (k) QX, (k)| + E[Z' (k) HQH'Z (k)]
+2E[X, (k) HQH'Z (k)| + E[D' (k) QD (k)] )
+2E[X, (k)QD (k)| .
Namely, it holds that
lim sup ZE [ X' (k) QX (k)]
= h;rlsipT ZE [X] (k) QX, (k)]
+ thls;pT ZE [Z' (k) HQH'Z (k)]
- (26)
+2lim supz; ;)E [X, (k) HQH'Z (k)]

+ lim sup— ZE[D (k) QD ( k)]

T— o0

+ 2lim sup— ZE [X (k) QD (k)]

T — oo
Clearly, it needs to compute all the terms in the equation
above.
It follows from (4) and (6) that
X, (k+1)
= AX, (k) + BKX, (k) + LCD (k)
= A(X, (k) - X, (k) + (A + BK) X, (k) + LCD (k)

= AH'V (k) + X, (k + 1) + LCD (k) .
27)
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Namely, it holds that
Z (k+1) = HAH'V (k) + HLCD (k). (28)

Notice that V(k) and D(k) are mutually independent random
variables. Let X denote a vector. Then, define

Ty = E[XX']. (29)
Then, it follows that
E[Z' (k+1)HQH'Z (k + 1)]
.60
= tr (HQH'A’Sy ) + E[| Q"2 LCD (k)|
Since Z(k) is unknown for the decoder, it will be quantized,
encoded, and transmitted via a digital communication chan-

nel with limited data rates. If there exists a quantization,
coding scheme such that the following condition holds,

Elz} ()] >olE[v; (k)] (i=12...,m), ()
which is equivalent to
CE|z ()] =clE[vi ()] (=12...n (32
with e € (0,1), it holds that
EE[Z' (k) HQH'Z (k)| = tr (HQH'A’Zy ). (33)

Substitute the equality above into (30), and obtain

E[Z' (k+1)HQH'Z (k + 1)]

(34)
= B [Z' () HQH'Z (k)] + E|Q"*LCD(®K)|
It means that
lim sup — ZE [Z' (k) HQH'Z (k)]
T— o0
— 1171:11 sup— ZE "QUZLCD k)“ (35)
|@1cF|’

(1-)(1-1a-L1cpP) ™"

Clearly, the condition (31) must hold if the number of bits
needed to the quantization value is large enough. Let D;(k)
denote the expected distortion constraint corresponding to
z;(k) at time k. Thus, set

2
& pl,2 A
D, (k) = GizE[zi (k)], when |0, > 1 36)

0, when |o;| < 1.

Then, it follows from Lemmal that the data rate of the
channel is given by

E[z (0]

“328

cB

E[z} (k)]
Z 8 (e/o?) E[2} (0)]

(37)

Z |— (bits/sample),

where we define & := {i € {1,2,...,n} : |o;] > 1}. A lower
bound on the data rate which ensures the condition (31) holds
is given by

Ry =  log, |o;] (bits/sample) . (38)

i€g

If we assume that the magnitudes of all the singular values
of system matrix A are larger than 1, the data rate of the
channel is given by

= 10g2|_f‘}1| (bits/sample) (39)
€
and the lower bound on the data rate is given by

Rin = log, |A| (bits/sample) . (40)

It may be also obtained that

_ J 1Al (41)
2R

Furthermore, it follows from (6) that
X, (k+1) = AX, (k) + BKX, (k) + LCD (k)

BKH'V (k) + LCD (k) .
(42)

= (A+BK) X, (k) -

By summing the equality above and (7), it follows that
E[X)(k+1)QD (k+1)]
=E[X)(k)(A+BK) QA-LO)D (k)]  (43)

E[D' (k) (A-LC)' QLCD (k)] .



Thus, it follows that

T-1
lim sup% Y E[X, (k) QD (k)]

T—oo * j=o

|F' (A- L) QLCE|
<
(1-]@+BK) (A-LO)|) (1- 1A - LCI?

)¢w-

(44)

Using the same techniques in the proof above, it can be shown
that

T-1
lim supl Y E[X, (k) (A +BK)' QLCD (k)]

T — o0 k=0

|F' (LO)' (A - LC)' Q(A + BK) LCF| y
(1-[a+Br) (A-LO)|) (1-1A-Lcl?) ™"

(45)
It follows from (31) that
¢ [H (A +BK)' QAH']“ 0, E [z} (0]
’ (46)
=[H (A+BK)'QAH']iiE[vi2 ®)],

where [1;; denotes an element of a matrix (i, j = 1,2,...,n).

This implies that
&E[Z' (k)H (A+BK) QAT H'Z (k)]
(47)

= E[V' (k)H (A + BK)' QAH'V (k)] .
Furthermore, it follows from (28) that

E[Z'(k+1)H(A+BK) QA" H'Z (k + 1)]
=E[V'(k)H (A + BK)' QAH'V (k)]
+E[D' (k) (LC)' H (A + BK)' QA" H'LCD (k)] .
(48)

Substitute (47) into the equality above, and obtain

E[Z'(k+1)H(A+BK) QA" H'Z (k + 1)]
=&E[Z' (k)H(A+BK)' QA" H'Z (k)]

+E[D' (k) (LC)' H (A + BK)' QA" H'LCD (k)] .
(49)
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Then, get
lim suplTilE [Z' (k)H (A +BK) QA H'Z (k)
T-o TS
(50)
||F’ (LC)' (A + BK)' QA—ILCF||
<
(1-¢)(1-A-LCIP)
Thus, it holds that
1 T-1
limsup— " E [V’ (k) H (A + BK)' QAH'V (k)]
T—oo * j=p
(51)

& ||F' (LC)' (A + BK)' QA’ILCF"
(1-&)(1-A-LCI?)

Using the same techniques in the proof above, it can be shown
that

T-1
lim sup% Y E[V' (k) H(A+BK) Q(A+BK)H'V (k)]
k=0

T— 00

&[Q"2(a + BK)A™ LCE|’
(1-&)(1-)A-LCI?)

(52)
Furthermore, notice that
X, (k)=H(A+BK)(X,(k-1)-H'V (k- 1)),
(53)
Z (k) = HAH'V (k- 1) + HLCD (k - 1).
Then, it follows that
E[X, (k) HQH'Z (k)|
=E[(X,(k-1)- H') (A+BK) Q
x (AH'V (k= 1)+ LCD (k- 1)) | (54)

= E[X, (k-1)(A+ BK)' QLCD (k- 1)]

—E[V'(k-1)H(A+BK) QAH'V (k- 1)].

Substitute (45) and (51) into the previous equality, and obtain
1=
limsup— Y E[X, (k) HQH'Z (k)|
T-w Ti5
& |F' (LC)' (A + BK)' QA LCF|
(1-¢?)(1-14-LC?)

||F’ (LC) (A-LC) Q(A + BK) LCF"

(1-]ca+BK) (A-LO)) (1114~ LC||2)¢W'
(55)
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Furthermore, notice that

X, (k)= (A+BK)X, (k-1)
(56)
=(A+BK) (X, (k-1)-H'V(k-1)).

Then, it holds that

lim sup— ZE[X (k) QX (k)]

T—o00 k 0

T—
= lim supT ZE [X) (k—1)(A+BK)

T — oo

x Q(A+BK)X,(k-1)]

T—
+hmsupTZE [V (k—1)H (A + BK)

T — o0 k=0 (57)

x Q(A+BK)H'V (k- 1)]

< |A+BK|? hmsup ZE[X (k) QX, (k)]

1T 1
+limsup— Y E [V’ (k) H (A + BK)'
T — oo k=0

x Q(A+BK)H'V (k)].

Substitute (52) into the inequality above, and obtain that

lim sup— ZE[X (k)QX (k)]

T — o0
T_
< |A + BK|)? 11;11 sup— ZE[X (k) QX, (k)] (58)

&[Q" (A + BK) A LCF|
(1-¢2)(1-1A-LCI)

W

By summing (8), (26), (35), (41), (44), (55), and (58), obtain
that

I = hmsupT ZE [X (k) QX (k)]

T— o0

1
< 2
1-[|A-LC|

1

(1= fiap /a7) (1~ 14+ B

x <<j|i—f |Q"2 (A + BK) A LCF|

2 ||F’ (LC)' (A-LC)' Q(A + BK) LCF“
N
(1-1A+BKJ*) (1- (A + BK)' (A-LO)|)

# | Ef

JAP 1 / I~ -1
+2 —,||F (LC)' (A + BK)' QA LCF||
4R

+ | reH|’

2|F' (A - LC) QLCF|
e |a+BK) (A -LO)|

(59)

Now, further consider the case with Q = I, where I
denotes an identity matrix. Then, the equality above may
reduce to

T_
lim sup ZE 1X (k)|

T — 0o k=0

1
< 2
1-JA-LC|

1

(1 ~ W) (1-14+BK|?)

X

x <\j 'Z‘—f A+ BK)A™LCE|] + ILCFI?

n |14|2 ! ! ! -1
+2{|*= |F' (LC)' (A + BK)' A™'LCF||
4R



2 "F' (LC)' (A-LC)' (A + BK) LCF||
N
(1-14+BK|*) (1-|(A+BK) (A-LO)|)

2|F' (A - LC)' LCF|
1- (A +BK) (A-LC)| '

2
+|IFlI” +

(60)

It means that the system (1) is stabilizable in the mean square
sense (9) if the data rate R satisfies the following condition:

R > R, = log, |A| (bits/sample). (61)
O]

Remark 3. (i) It is shown in Theorem 2 that the system (1) is
still stabilizable in the mean square sense (9) by employing a
bit-allocation scheme on the basis of not the eigenvalues but
the singular values of the system matrix. Furthermore, under
the special condition, our result may reduce to the existing
one in [1] and is not more conservative.

(ii) No assumption that there exists a real transformation
matrix such that system matrix can be transformed to a
diagonal matrix or a Jordan canonical form is made in this
paper. Thus, the bit-allocation scheme presented here does
work for more general systems.

Now, consider the classical LQG control problem for
MIMO linear time-invariant systems with data-rate limita-
tions and discuss the effect of the data rate on the achievable
control performance. Namely, for a given data rate, the
problem here is how to design the quantization, coding,
and control scheme to achieve the optimal LQ cost. The
performance objective to be considered here is the average
infinite horizon quadratic cost:

T— o0

T-1
J, = limsup= Y E[X () QX (k) +U' (R)SU K], (62
k=0

where Q € R”"and § € R™" are symmetric positive definite
and (A, Q"?) is observable.

Theorem 4. Consider the system (1). Assume that all eigenval-
ues of A + BK and A — LC lie inside the unit circle, and the
magnitudes of all the singular values of system matrix A are
larger than 1. The data rate of the channel satisfies the following
inequality:

R> R, =log, |A| (bits/sample). (63)

Then, the certainty equivalent control law of the form U(t) =
K)?o(t) where

K=-(B'PB+S) BPA (64)
and P satisfies the Riccati equation

p=A' (P - PB(B'PB+S) B’P) A+Q (65

Mathematical Problems in Engineering

is optimal. The corresponding optimal LQ cost ], is given by
T-1

Jo = limsup=- Y E[X' (09 QX (k) + U' (R)SU ()]
k=0

T — o0

1
< 2
1-JA-LC|

J141°
22R/n _ ! |A|2

x (||Q1/2LCF||2 + [P aLcH| + ||P1/2LCF||2)

+ ||P”2LCF||2 + ||Q1/2F||2 by

(66)
Proof. Notice that
X, (k+1)=X,(k+1)-H'V (k+1). (67)
Substitute (6) into the equality above, and obtain that
X, (k+1) = AX, (k) + BU (k)
+LCD (k) - H'V (k + 1)
(68)

= AX, (k) + BU (k) + LCD (k)

+AH'V (k) -H'V (k+1).
Furthermore, notice that
X (k)=X,(k)+D(k)=X,(k)+H'V (k) + D). (69)

Then, Tatikonda et al. [7] addressed the classical LQG control
problem under data-rate limitations and considered the same
case. The optimal LQ cost decomposed into two terms: a
full knowledge cost and a sequential rate distortion cost.
However, the second term still depends on the steady state
estimation error covariance. This paper further discusses the
LQG control problem and presents a full knowledge cost. As
stated in [7], the optimal steady state control law is a linear
gain of the form U (k) = K)?o(k) where

K=-(B'PB+S) BPA (70)
and P satisfies the Riccati equation:

p=A'(P-PB(B'PB+ s)" BP)A+Q ()
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The optimal cost is given by

T_

J, = lim sup ZE[X (k) QX (k) + U’ (k) SU (k)]
T-o T3
T—
= lim sup— ZE[X (H)QX, (1) +U' (1) SU (#)]
T — 0o Tk 0
+h;n_)s(1)10pTZE[ )HQH/V(k)]

+ lim supT ZE [D (k)QD (k)]

T— oo k=0
T—
IITPLSBOPT;;) tr | HA'PAH %)]
=
+ IIY{ILSOLLPT];) tr [HPH V(%;l)]
=
+ 11;11 soli)pT Z tr | (LC) PLCDZ(];)]

(72)

+ lim sup— ZE[V (k) HQH V(k)]

T— o0

+lim sup ZE[D (k) QD (k)]
T—oo TS
1S
=limsup= Y E[V' (k) HA'PAH'V (k)|
T-o T (5
1S
+limsup— Y E [V’ (k+ 1) HPH'V (k + 1)]
T-o T (5

Tl
+lim supTZE[D (k) (LC)' PLCD (k)|

T— o0 k=0

+lim P ZE [V' (k) HQH'V (k)|

T — 00
+ h]I"ILSoliPT kZOE [D (k)QD (k)]

Then, it needs to compute all the terms in the equation above.
It follows from (31) that

¢ [HQH'], ,0;”E [} ()] = [HQH'] , E[v] (k)] (73)
Then, it holds that
&E [z’ kH(A") QaA'H'Z (k)]
(74)
= E[V' (k) HQH'V (k)] .

9
Furthermore, it follows from (30) that
[HQH'],,0;°E [2] (k+ 1)]
= [HQH'] E[v} (0] + [(1O) QLC], E [d] (k)] .
(75)
Then, it holds that
E [z’ (k+ DH(A™) QA H'Z (k+ 1)]
(76)

- E[V' () HQH'V (k)] + E|Q"*LCD®)| .
Substitute (74) into the equality above, and obtain that
E [z’ (k+ ) H(A™) QA H'Z (k + 1)]
=E[Z (0 H (A Qa'H'z K] @)
+E|Q"Lcp ) -
This implies that

Tl

hmsupTZE[ k)H(

"QAT'H'Z (k
T— o0 k=0 ) ( )]
< | 1ep tf 78)

o> LeF|f
(1-&)(1-]A-LCIP)

Thus, it holds that

lim sup— ZE[V (k) HQH'V (k)]

T — oo k 0

(79)
o scr]

(1-e)(1-ja-1cP)"”

Using the same techniques in the proof above, it can be

shown that

limsup— » E V' (k) HA'PAH'V (k)
7 Z | ]

T — 0o

&P aLce|’
(1-e)(1-1a-1cP)"”

(80)
T—

lim sup E|V'(k+1)HPH'V (k+1)
TZ | ]

T — o0

&P LcH’
(1-&)(1-1a-rcpP)"™




10
Furthermore, it follows from (7) that
T 1
1 E[D' (k+1)(LC) PLCD (k + 1
lisngz [D' (k+1)(LC) (k+1)]
1% (81)
< ||A - LC|* lim sup— ZE[D (k) (LC)' PLCD (k)]
T — o0 k=0
+[PY2LCE| ¢y
Then, it holds that
lim sup— ZE[D (k) (LC)' PLCD (k)]
T— o0
(82)
||P1/2LCF||
1 - |A - LC|?
Substitute (8), (41), (79), (80), and (82), and obtain that
T 1
J, = limsup LY E[X (k) QX (k) + U' (k) SU (k)]
T — oo k=0
1
< 2
1-]A-LC|
(1A
X
22R/n _ 3 |A|2

x (||Q1/2LCF“2 + ||P1/2ALCF||2 + ||P1/2LCF|'2>

+pice] + [ Ff

(83)
O

Remark 5. (i) This section presents an explicit expression on
the tradeoff between the LQ cost and the data rate. Namely,
for the given data rate, it is possible to compute the achievable
performance, and for the given LQ cost, it is also possible
to compute the minimum data rate needed to achieve the
control performance.

(ii) It also states in Theorem 4 that the larger data rate
may lead to the better control performance. However, the
control performance cannot become better when the data rate
islarge enough. For the case with R — 00, the corresponding
optimal LQ cost J, is given by

: 1
Jm < s (1Paor @
(84)
4. Numerical Example

This paper investigates a class of networked control prob-
lems which arises in the coordinated motion control of
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FIGURE 2: First, let the data rate R = 200 (bits/s), which is smaller
than the lower bound on the data rate given by Theorem 4. A
quantization, coding, control scheme on the basis of such data rate
is implemented. The corresponding simulation is given in Figure 2.
It is shown that the system is unstable. The system state responses
with R = 200 (bits/s).

autonomous and semiautonomous mobile agents, for exam-
ple, unmanned air vehicles (UAVs), unmanned ground vehi-
cles (UGVs), and unmanned underwater vehicles (UUVs),
and addresses the LQG control under data-rate limitations.
To illustrate the effectiveness of the schemes presented in this
paper, this section presents a practical example, where three
of the states of an unmanned air vehicle evolve in discrete-
time according to

2.3153 2.4614 0.2125
0.3421 3.3312 0.3443
0.7328 0.2127 2.4575

X(k+1) = X (k)

[1.1342 23412
+| 11545 2.7612
0.2344 7.1251

U (k)
(85)

[5.6542
+ [ 1.3432
| 0.7823

W(k),

3.7834 1.8392 2.8934

Y(k) = 116723 1.8024 3.7824

X (k).

Here, let the initial position X(0) = [5000 —5000 1000]'
and ¢, = 50. The control performance will be examined in
four cases.

Secondly, let the data rate R = 400 (bits/s), which is larger
than the lower bound on the data rate given by Theorem 4.
A quantization, coding, control scheme on the basis of such
data rate is implemented to stabilize the unstable plant.
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FIGURE 4: The system state responses with R = 800 (bits/s).

The simulation is given in Figure 3. It is shown that the system
is stabilizable, and the optimal LQ cost is given by J, =
2386.23. However, it is impossible to achieve the given control
objective when the data rate is too small.

Then, the data rate is enlarged in order to achieve the
given control objective. Let the data rate R = 800 (bits/s). The
corresponding simulation is given in Figure 4. The optimal
LQ cost is given by J, = 352.51. It states that the larger data
rate leads to better control performance.

Finally, let the data rate R = 1600 (bits/s), which is
far larger than the lower bound on the data rate given by
Theorem 4. The quantization, coding, control scheme on

1
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FIGURE 5: The system state responses with R = 1600 (bits/s).

the basis of such data rate is implemented to stabilize the
unstable plant. The corresponding simulation is given in
Figure 5. The optimal LQ cost is given by J, = 351.76. It
states that it is difficult to improve the control performance
by further enlarging the data rate.

5. Conclusion

This paper addressed the LQG control problem for MIMO
discrete-time linear systems over digital communication
channels with limited data rates. The data-rate limitations
often lead to the poor control performance. A key issue is
how to design the quantization, coding, and control scheme
to achieve the minimum data rate for stabilization and some
control performances. A bit-allocation scheme on the basis
of the singular values of the system matrix was presented. It
was shown in our results that there exists the inherent tradeoff
between the LQ cost and the data rate. The simulation results
have illustrated such tradeoff. The study of LQG control
for nonlinear system under data-rate limitations will be our
future work.
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