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Abstract: This paper deals with a design problem of an adaptive predictive control for uncertain
multi-rate sampled systems. In the proposed method, an adaptive predictive control using a
simple adaptive output estimator, which has been previously proposed for single-rate sampled
system, will be expanded to a multi-rate sampled system. A robust and model-free design method
of feedforward compensators for designing the adaptive output estimator for predictive control
and for setting an input constraint, “almost strictly positive real (ASPR) constraint” for stable
control system will also be provided for the considered multi-rate systems. The effectiveness of
the proposed method will be confirmed through an experiments of two-tank process control.
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1. INTRODUCTION

Predictive control, including MPC and GPC, has been rec-
ognized as one of the advanced control scheme on practical
process control and it has been widely used in industry due
to its understandable underlying idea and powerful control
performance than standard PID controls (Clarke et al.,
1987; Garcia et al., 1989; Mayne et al., 2000; Maciejowski,
2002). However, in most practical cases, unfortunately,
it might be difficult to obtain an exact model of the
controlled system because of the existence of some kind
or another uncertainty in the practical systems. Since the
predictive control schemes require the accurate model of
the considered system, the performance of the obtained
predictive control system is significantly affected by the
accuracy of the given model. The adaptive controls have
attracted a great deal of interest as a method to solve the
problem on model uncertainties and adaptive type predic-
tive controls have been investigated as in Yoon and Clarke
(1994); Nicolao et al. (1996); Fukushima et al. (2007), in-
cluding an adaptive GPC with a recursive least squares pa-
rameter estimator(Yoon and Clarke, 1994), a constrained
receding horizon predictive control based adaptive predic-
tive regulator(Nicolao et al., 1996) and an adaptive model
predictive control based on a robust MPC method with the
comparison model(Fukushima et al., 2007). In those meth-
ods, however, in order to attain good parameter estimation
for uncertain systems, the structure and the order of the
controlled system had to be known. In many practical
cases, it is also difficult to obtain the information of the
structure and the order of the controlled system, and in the
case where the order of the system was relatively higher,
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the adaptive algorithm might become complex with a
large number of parameters to be estimated. With this in
mind, a novel adaptive predictive control using an adaptive
output predictor with a simple structure for uncertain
controlled systems has recently been proposed(Mizumoto
and Fujimoto, 2012). In this adaptive predictive control,
one can design an adaptive output estimator with a simple
structure provided that the system is minimum-phase and
has a relative degree of 1, and the stability can be guaran-
teed by considering a control input constraint based on the
virtual ASPR (almost strictly positive real) based output
feedback input. However, this method was only applicable
to single-rate sampled systems.

In digital control systems, a system with different output
sampling periods and input updating rate is recognized
as a multi-rate system and one can see such a multi-rate
system in many industries because hardware limitations
on sensoring and actuating result in different sampling
periods. It is valuable to expand the method to multi-rate
systems.

In this paper, we expand the method in Mizumoto and Fu-
jimoto (2012) to multi-rate sampled systems. By expand-
ing the adaptive output estimator provided in Mizumoto
et al. (2010c, 2011) to adaptive output predictor for multi-
rate systems, an adaptive predictive controller with the
adaptive output predictor will be proposed. Furthermore,
by setting an “almost strictly positive real (ASPR) input
constraint”, it will be shown that a stable adaptive predic-
tive control can be designed for multi-rate sampled systems
as well as single-rate sampled systems. The difficulty is to
realize a virtual fast-rate control system which satisfies the
given assumptions using the information from the multi-
rate system. We will also provide an approximated and
model-free design method of compensators which realize
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Fig. 1. Considered multi-rate system

the given assumptions on the virtual fast-rate system.
Finally, the efffectiveness of the proposed method will be
confirmed through numerical simulations.

2. PROBLEM STATEMENT

Consider a multi-rate system for which the input is up-
dated with a fast uniform updating period of T" and the
output is slowly sampled with a uniform sampling period
of nT.

For this multi-rate system, suppose that a virtual fast-rate
sampled system with a virtual output sampling period of
T can be represented as

x(k+1) = Ax(k) + bu(k) (1)
y(k) = 'z (k)
where (k) := x(kT) and y(k) := y(kT) denote the state
and virtual fast-rate output of the multi-rate system at a
time instant k7.

Now define y; = y(nk), and denote virtual fast-rate
outputs with sampling period of T within the sampling
interval of yp) and yp,4q) by (see Fig. 1)

Y =y(nk+i) (i=0,1,---,n), (2)
Y[k](0) = Y[k
Ylk)(n) = Y[k+1] = Y[k+1)(0)- (3)

Note that the output yp(;) fori = 1,2,--- ,n—1 can not be
measured practically. Further, denoting the state and the
input at a time instant (nk +4)T" by ;) and up), we
have the following virtual fast-rate system representation
of the considered multi-rate sampled system:

Ti)+1) = AT + bup ) @)
Yikia) = € Plr]G)
The objective of this paper is to provide an adaptive out-
put predictor for the given multi-rate system and propose
an stable adaptive predictive control design method with
the adaptive output predictor.

3. BASIC DESIGN OF ADAPTIVE PREDICTIVE
CONTROL SYSTEM

3.1 Adaptive output estimator for a multi-rate system

Firstly, we consider an adaptive output estimator which
estimate unmeasured outputs Y@, ¢ = 1, ,n =1
within the output sampling interval based on the output
estimators proposed in Mizumoto et al. (2010c),Mizumoto
et al. (2011),Mizumoto and Fujimoto (2013).

Copyright © 2015 IFAC

We impose the following assumption on the virtual fast-
rate system (1) (or (4)).

Assumption 1. For the virtual fast-rate system (1) (or
(4)), there exists a known stable parallel feedforward
compensator (PFC):

Tse(k+1) = Agewse(k) + byeu(k)
yfe(k) = C?ewfe(k)
such that the resulting augmented system:
Toe(k+1) = Ageae(k) + boeu(k) (6)
yae(k) = cgemae(k) = y(k) + yfe(k)

eurth) = [ 20 [ Aue =[5 0] o =[]

T
Coe = [ cfe]
is minimum-phase and has relative degree of 1.

(5)

Under Assumption 1, there exists an appropriate nonsin-
gular transformation [yae(k), n,.(k)T]T = ®x4.(k) such
that the augmented virtual fast-rate system (6) can be
transformed into the following canonical form (Isidori,
1995):

yae(k + 1) = a;yae(k) + b;u(k) + Cz;n(k) (7)
Nae(k +1) = Ayn(k) + byyae (k)

The zero dynamics of the system (7) is stable from
Assumption 1, i.e. A4, is a stable matrix.

Using the expression defined in (2), the system’s output in
(7) can be represented by

Yaelk](0) = AyYaek—1](n—1) T UyUk—1](n-1)

e Mgy (8)
Yae[k—1](i) = GyYaelk—1)(i—1) T byUr_1)(i—1)
e g (9)

Furthermore, from (8) and (9), the sampled output Y,e[x](0)
can be expressed by using measured outputs and inputs as
n—1

) = buk—1)(n—1) + b)Y anitp—1)(n—1-i)

1=1

Yae[k] (0
+0 1 Yaelk—1)(0) + o s 1](0) (10)
with

)a +ct )bn,azozl
T _ T

_ *
yj — Gy(i-1 p(i-1
Cpo =

ok
Cnj = Ay(j-1)Cn + cn(J—l)A’? ’
J = 17 N

Taking the expressions in (9) and (10) in to account, the
output estimator is designed as follows:

Yaelk](0) = by[k] Up— 1]<n 1)

klEaz

Daelk](1) = @1 (k) Yaclk)(0) + DylkUik)(0)

Ulk—1](n—1—i) T Gn[k]Yae[k—1](0)

(11)
Yaelk] () = Q1[k)Yaelk](i—1) T Dy UK (i-1) >
(i=2,---,m—1)
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by neglecting the signal 7y, _1y(,—1) from the stable zero

dynamics. Where ;) and by are estimated values of
a,; and by respectively, and are estimated by the following
parameter adjusting law with a period of nT.

byk) = 53;,[1@71] — O VUlk—1](n—1)€ac[k](0) T Pb[k] (12)

Ai[g) = Oi[k—1] = OVaibyk—1]U[k—1](n—1—i)€ac[k] (0)
+pai[k] (7’:17 ,'I’L-l)
A [k] = Oln[k—1] — 0 YanYae[k—1](0) €aclk](0) TPan[k]  (14)

_ 1
’Yai77b>070-:1_'_70_70<0-

where py[x), Paijr) are parameter projections which are
given by

_ [0 ifb, <byy <y
Polk] TVbU[k—1)(n—1)€ae[k](0) otherwise
0 ifi;élorgygdl[k]gay

Ya1by[k—1]U[k—1](n—2)€ac[k] (0)
otherwise

Pailk] = (15)
_JO0 ifn#lora, <ap <ay
Panlk] = &9a1Yaef—1)(0) €aclri(0) Otherwise

with a,, a,, b, and l;y such that

=y

* - * 7
a, <a, <ay, b, <b, <b,

and €qe[k](0) = Yae[k](0) — Yae[k](0) 1S an estimate error which
can be generated using the available signals as follows
without causality problem:

€aclk](0) = {5by[k—11“[k—1]<n—1)
n—1

‘H;y[k:fl] Z Gl — 1)Uk —1](n—1—1)

i=1

+0an(k—1]Yae[k—1)(0) — yae[k](O)}

/ {1 + TV 1)1y
n—1

oy fe-1] D T Vaiby - 1n-1-4)
=1

+0YanYaelk—1)(0) }

Concerning the boundedness of the obtained output es-
timator, the following lemma is obtained (Mizumoto and
Fujimoto, 2013).

Lemma 1. Under Assumption 1, all the signals in the
designed output estimator are bounded with bounded
inputs and outputs.

3.2 Adaptive Output Predictor for a multi-rate system
Based on the proposed output estimator (11), we design

i-step adaptive output predictor, at a time instant knT,
as follows:

Copyright © 2015 IFAC

k) (1) = Q1K) Yaelk](0) + bylk) Uik)(0) = Yelkl(1)
Yk) (i) = G1(k)Yaelk](i—1) T Dylk)Ulk)(i—1) = Yfelk] (i)

= &g Yaetr (0) + by D UG- 1)

j=1

T ] T 1—J
—Cf AL @ e+ Y e AT Bl upk - 1)(16)
j=1

Therefore, 1-step to an-step future predicted output from
a time instant kn7T" can be obtained by

~ ~ N T
Y = [Im) - Iwian) |
= (Yael Glr) — AestT pelr)(0))
+ (b Ay = Best) upy (17)
with
[ a1 ULk)(0)
ag = | |, up = :
| ik ULk} (an—1)
i 1 0 0 czeAge
N a 1 Lo CfeA e
A[k] = 1k y Aest = .
: . .0 . .
Lafhy o a1 credfe
cibre 0 - 0
By | CreArebse '
: . : 0
L e AGr g -l Apebye clbye

3.8 Basic Design of Adaptive Predictive Control wvia
Adaptive Output Predictor

We consider designing a predictive control based on the
designed adaptive output predictor by minimizing the
following cost function over a finite prediction horizon.

an . 2 an
Jik) = Z (Tm16) = Ymim)” + Z Az‘—l“fw—l)
=1 =1
T
= (y[k] - ym[k]) (y[k] - ym[k])
+u[",;]Au[k] (18)

T
Yo = [Ymlkl(1) *** Ymlkl(an) ]
A= diag[)\o, A17 R ,Aan—l] ) )‘l >0

where y,x)(i) is a reference signal which the output is
required to track.

Taking the expression given in (17) into account, the op-
tlr.nz.ml (.:ontrol inputs uf‘kl = [uf‘k](o), T ufk](m{_l)] Wth.h
minimizes the cost function over the given prediction hori-
zon is given by
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Fig. 2. Augmented systems for adaptive output predictor

—1
Ul =~ {W[QW[M + A} Wik Tuik (19)

Wiy = by Apy — Best
Tufk] = Yalk)(0)Ak] — Aest® fe[k](0) ~ Ymik]

The actual control input is then given by using the optimal
inputs in first frame periods of output, i.e. [up@), =,

Ulk)(n—1)] = [“fk}(o)7 U “fk](nq)]-

In practice, it may be difficult to obtain the virtual fast-
rate system model from the available information about
the considered multi-rate sampled system. In the following,
we propose an model-free design scheme of a PFC using the
input/output data of the considered multi-rate sampled
system.

We suppose that one can obtain an input/output data

0 0 0 .. .0 _
set {'y[k](o), U0y Uik (1) ,u[k](nil)}. and define t'he a.up
proximated fast-rate output data within the sampling in-
terval by

0 0
Yk+110) ~ VM)

g?’ﬂ](i) = +yPk](0), i=0,---,n—1 (20)

with
—0 _ .0 -0 _ =0 _ .0
Yk10) = Yik1(0)> Yikl(n) = Yk+11(0) = Y[k+11(0)

Considering an augmented system with a PFC H(p) as
shown in Fig. 2, the approximated fast-rate augmented
system’s output is obtained by

Yaelk] (i, p) = g[ok](i) + Hi(p) [u?k](i)] (21)

The objective here is to find a parameter p such that
the approximated fast-rate augmented system’s output
Yae[k)(i, p) identical to the ideal model output yzl[k](i)
obtained by

Vo)) = Ga1(2) [ s (22)
That is, to find a parameter p which minimizes the
following performance function is the objective.

N n—1

2
Jp)=> > (ﬂae[kw, p) yZl[k](z’))
k

=0 =0

(23)

Practical design of the PFC is provided as follows. Firstly
define the ideal PFC output by

* ok -0
Yselk)(i) = Yal[k](s) — YK () (24)
Suppose that the ideal PFC H{ (z) is given as the following
compensator of order m.

_ Np(2) bizmt b

Hi(z) = = 25
1(?) Di(z)  afzm+afzml 44 alk, (25)
THus the ideal PFC output yjcan be expressed by
* N;I(S) 0
YFelk] (i) = m[u[k](i)] (26)

Then, by introducing a stable filter:

Copyright © 2015 IFAC

1
F(z) = 27
(2) e (27)
of order m to the PFC given in (26), we have
. Dy(z) = FQ) [ . (%) T o
Ysewi) ¥ () [ny[k](i)} ) [“[k](z‘)]
(28)

and thus y;ie[k](i) can be expressed by

Ytk (i) = SF((;) [y;;e[k’}(i)] + ]\;fé? {u?k](i)} :P*Tz[k](i)
(5*(2) = F(2) — Dg(2)) (29)
where,
pr=[sg 81 - sy b - U, (2 = fi—a))
2™ 21
Z[K)(i) = {F@) Wrewol oy Wramal -
1 sl 1 r

* 0
F(2) [yfe[k](i)] W[u[k](iﬂ e W[u[k](i)]
Taking this expression into consideration, denote a PFC
output for any parameter p as
T
Yrelkl(i, p) = P Z[k)(3) (30)
and consider minimizing the following performance func-

tion.
N n—1

2
Jrp)=>Y" (PTz[k](i) - y?e[k]m)

k=0 i=0

(31)

The parameter p which minimizing the performance func-

tion (31) can be obtained by
p=(2"2)" 7277, (32)

with Z = [z(0)0) 2p0)0) zNjm-n]” and Y7, =

Wreoio) ey * Yemnin-n)-

With the designed PFC H;(z, p), since the augmented

system Gg1(z) can be expressed by

Gal(z) = G(Z) + Hl(za p)
=G(2) + H{(z) + (H1(z, p) — H{(2))
=G (2)(1 4 Aq(2)) (33)
where
Do(2) = Gir ' (2) (Hi(z, p) — Hi(2))
Thus we have the following Lemma concernig the robust-
ness of the obtained PFC.

Lemma 2. The resulting augmented system G,1(z) =
G(z)+ Hi(z, p) with the PFC H;(z, p) is minimum-phase
and has relative degree of 1 provided that

(1) G%i(2) is minimum-phase and has relative degree of
(2) A2(z) € RHy and ||A2(2)]00 < 1.

Proof) The results can be easily confirmed through the
same argument on Theorem 1 in Mizumoto et al. (2010a).
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4. STABLE ADAPTIVE PREDICTIVE CONTROL
SYSTEM DESIGN

4.1 Adaptive Predictive Control with Constraints based on
System’s ASPR-ness

One may control the system stably with the designed ideal
control input urk], however, one can not guarantee the
stability of the obtained adaptive predictive control system
by direct use of u?‘k] as mentioned in Mizumoto and Fu-

jimoto (2012). We consider the following input constraint
associated with ASPR property of the system on the ideal
input uf‘k] in order to guarantee the boundedness of all the
signals in the control system under Assumptions 2 and 3.
The proposed constraint has the same structure of the one
proposed in Mizumoto and Fujimoto (2012), but for the
multi-rate systems, the estimated output is utilized for the
constraint.

Assumption 2. For system (1), there exists a stable PFC:

CCf(k' + 1) = Af.’Bf(k) + bfu(k:)

34
ys(k) = chap(k) + dyu(k) 39

such that the resulting augmented system:
xo(k+1) = Agz, (k) + bou(k) (35)

ya(k) = clay (k) + dyu(k)
with z, (k) = [z(k), z;(k)]" and

o A0 o b T CT o
o3 )  [f

is ASPR (or strongly ASPR Mizumoto et al. (2007),Mizu-
moto et al. (2010b)). That is, the augmented system (35)
is minimum-phase and has relative degree of 0 with d, > 0.

Assumption 3. The minimum value of the output feedback
gain 0, min, such that the resulting closed-loop system is
SPR, is known.

Remark 1. Under this Assumption 2, there exists a static
output feedback gain 8, min such that for all output feed-
back u(k) = —0,yq(k)+v(k) with 8, > 0, i, the resulting
closed-loop system is SPR (Mizumoto et al., 2007, 2010b).

Under Assumptions 2 and 3, with the output feedback:

Uk(s) = —Bp minYa[k)(i) T Vk](5)

= —0p minYa[k)(5) + Vk(s) (36)
. 0. .
~ T p min
Yak(i) = Cq Talk](i)s Opmin = —— ———,
(@) [k](3)> Yp 1+ dobymin
- 1
Vk(i) = 37 532 Vk(
@ 1+ daep min @
the resulting closed-loop system:
Tafk)(i+1) = Aac®alk](i) T bacTlk)() (37)

T ~
Yalkl(i) = Cac®Talk](i) T dacVlk](i)
is SPR. Where

Aac = Aa - 91) minbacg1 s bac = ba
1

=7 1  Ca> dac = da
1+da0pminc

cac

Copyright © 2015 IFAC

u(t)
| Pump |

Fig. 3. Outline installation drawing of the two-tank system

Then, adaptive predictive control with ASPR constraints
is designed as follows (Mizumoto and Fujimoto, 2012):

(38)

[ bam) if €| >0
YimE) = { Vo)) i [ema| <6

min {%[k](i)’ w[k](i)}
i Uy sy < min Py G0 Vi)

i sy 2 Max Y0 Pk
Ufyy(;) otherwise

Umazx lf urk](z) 2 Umazx

(40)

_*umaz lf urk](z) S —Umax
Uy Ootherwise

VBiK ) =

= _0pmaxéak'(i)7 Ek(l) = _apminéak(i)

2 2 o T
= Yak(i) — Ymk(i) » Yak(i) = Yk)i) T 5 TFK]()

~ _ Y[k (4)
where Umay is a maximumyalue of the input for an input
saturation constraint and 0, max is any upper bound of the
gain such as Opmin < Opmax < 1/d,. YAk () Tepresents
ASPR feedback constraints on the designed predictive
control.

Then, we have the following theorem concerning the
boundedness of all the signals in the proposed adaptive
predictive control system.

Theorem 1. Under Assumptions 1 to 3, designing the
adaptive predictive controller as in (38) with (19) and
adaptive predictor (16) with parameter adjusting laws
(12), (13) and (14), all the signals in the obtained control
system are bounded.

Proof: The proof can be done by following the results in
Mizumoto and Fujimoto (2012, 2013).

5. VALIDATION THROUGH EXPERIMENTS

The effectiveness of the proposed method is confirmed
through experiments of the two-tank system (See Fig. 3).

The step response of the controlled system is shown in
Fig. 4, and we suppose that the system is unknown but
the input and output data of the step response given in
Fig. 4 is available.
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Fig. 5. Simulation result: preosposed adaptive predictive

controller with model-free PFCs for multirate system
withn =5

Using the given input/output data, we designed PFCs for
output predictor and ASPR realization by setting ideal
augmented systems as

0.4
w(z) = =099 for output predictor (41)
. 2036z —1.5
ro(z) == ~—0.99 for ASPRness (42)
The obtained PFCs are as follows:
0.37342% — 0.7275z + 0.3535
H = — 43
1) = F sz 2t —oora )
2.0362% — 5.2242% +4.4112 — 1.223
Hy(s) = (44)

23 —2.81422% 4 2.6362 + 0.8211

The design parameters in the adaptive predictive con-
troller were set as follows:

a=2, Yg =1075 ~ = x107°
0=10"", 6 =3, Umax =7
A =1, Opin = 0.3929, oy = 0.4912
Figure 5 shows the simulation results by proposed method

with model-free designed PFCs for a multirate system with
n = 5. Pretty good control performance was shown.

6. CONCLUSIONS

In this paper, we proposed an adaptive predictive control
scheme for multi-rate sampled systems. By designing adap-
tive output predictor for multi-rate systems based on the
first order representation of the system, a simple adaptive
predictive controller with the adaptive output predictor

Copyright © 2015 IFAC

was designed so as to minimize the given cost function.
Furthermore, by setting an “almost strictly positive real
(ASPR) input constraint”, it was shown that a stable
adaptive predictive control can be designed for multi-rate
sampled systems.
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