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Abstract: A non-linear predictive generalised minimum variance control algorithm is introduced for the control of non-
linear discrete-time state-dependent multivariable systems. The process model includes two different types of subsystems
to provide a variety of means of modelling the system and inferential control of certain outputs is available. A state-
dependent output model is driven from an unstructured non-linear input subsystem which can include explicit transport-
delays. A multi-step predictive control cost function is to be minimised involving weighted error, and either absolute or
incremental control signal costing terms. Different patterns of a reduced number of future controls can be used to limit

the computational demands.

1 Introduction

The objective is to design an industrial controller for non-linear
and state-dependent, or linear parameter varying systems, which
has some of the advantages of the popular generalised predictive
control (GPC) algorithms. The control strategy builds upon previ-
ous results on non-linear generalised minimum variance (NGMYV)
control [1]. The assumption was made that the plant model could
be decomposed into a set of delay terms, a very general non-linear
subsystem that had to be stable and a linear subsystem. The plant
description used here will be assumed to be similar, however, the
output subsystem is assumed to be represented in state-dependent,
possibly unstable, form.

The multi-step predictive control cost function to be minimised
involves both weighted error and control costing terms, which can
be used with different error and control horizons. Two alternative
types of control signal input to the plant model are considered.
The first is the traditional control signal input and it is this signal
which is also penalised in the predictive control criterion. How-
ever, as is well known it is sometimes desirable to augment the
plant model with an integrator to provide a simple way of intro-
ducing integral action. In the augmented system, the new system
input is the change of control action or increment, and in this
case this is the signal which should be penalised in the crite-
rion. The results will apply to both cases and a parameter change
between B8 =0 and B =1 will provide the necessary switch.
The cost includes dynamic weightings on both error and control
signals.

There is a rich history of research on non-linear predictive con-
trol [2-7], but the development proposed is somewhat different,
since it is closer in spirit to that of a model based fixed-structure
controller for a time-varying system. Part of the plant model can
be represented by a very general non-linear operator and the plant
can also include a state-dependent (or linear parameter varying)
output subsystem model, rather than a LTI model, as in previous
work.

For equivalent linear systems, stability is ensured when the com-
bination of a control weighting function and an error weighted plant
model is strictly minimum phase. For nonlinear systems it is shown
that a related operator equation is required to have a stable inverse.
The dynamic cost-function weightings are chosen to satisty perfor-
mance and stability/robustness requirements and a simple method
is proposed for obtaining initial values for the weightings.
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2 Non-linear operator and state-dependent
system

The plant model can be non-linear, dynamic and may have a very
general structure. The output subsystem and disturbance model are
represented by a so-called state-dependent subsystem is shown in
Fig. 1. The plant involves two non-linear subsystems and the first
subsystem is of a very general non-linear operator form and written
as follows

W) (6) =z F W) (1)

The second subsystem is a state-dependent non-linear form, which
is similar to a time-varying linear system. It is assumed to be point-
wise stabilisable and detectable, and is represented by the operator
Wy written as follows

Wo uo) (1) = Wokz *uo) ()

2.1 Signal definitions

The output of the system to be controlled y(r) may be dif-
ferent to that measured, as shown in Fig. 1, and this output
includes deterministic d(¢) and stochastic y4(f)components of the
disturbances. The measured output yy (¢) also includes determinis-
tic dm(f) and stochastic ygm,(f) components of the disturbances.
The stochastic component is modelled by a disturbance model,
driven by zero mean white noise{¢o(#)}. The measurement noise
{vm(?)} is assumed to be zero-mean white noise with covariance
matrix Ry = RI > 0. There is no loss of generality in assum-
ing that {¢o(¢)} has an identity covariance matrix. The controlled
output must follow a reference r(¢#), which is assumed to be
known.

2.2 State-dependent subsystem models

The second or output subsystem is in a state-dependent/LPV form,
which includes the plant and the error weighting models (see [8]).
This is assumed to include a common k-steps transport delay, and
has the state-equation

xo(t + 1) = Ao (x, up, p)xo(t) + Bo(x, ug, p)uo(t — k)
+ Do (x, uo, p)So(t) + Go (x, ug, p)doq (1) (D
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Fig.1 Feedback control with inferred or controlled outputs

where the vector p is a vector of known variables like speed of
an engine, or altitude of an aircraft that change with operating
conditions. The controlled output and measured output (without
measurement noise)

y(@) = do(t) + Co(x, ug, p)xo(t) + Eo(x, ug, p)uo(t — k) 2)

Ym(@) = dom (t) + Com(x0, uo, P)x0(t) + Eom(x0, uo, p)uo(t — k)
(3)

where xo(¢f) € R™. This model can be a function of the states,
inputs and parameters (x(¢),uo(t — k),p(¢)). The deterministic
component of the input disturbance is dyq () and the disturbance on
the output to be controlled do(¢) = d(¢) + y4(¢) includes a known
deterministic component d(f) and a stochastic component yq(%).
The disturbance on the measured output dom (t) = dm (t) + Ydm (?),
where dpy, (¢) is the deterministic and ygpn, (¢) is the stochastic. The
plant includes a disturbance model on the output, driven by zero
mean white noise w(¢)

xqg(t + 1) = Agxq(®) + Daw(t), x4q(t) € R™

ya(t) = Caxq(t)

“4)
©)

and  ygm(£) = Camxq (1)

The signals of interest include the error on the output to be
controlled and the measured output

Error signal :

e()y=r@)—y@®)
Zm (&) = ym () + v ()

(6)
@)

Observations signal :

The signal to be controlled will involve the weighted tracking error
in the system

xp(t +1)= -Apxp(t) + Bp(r(t) —y(®),
ep(t) = Cpxp(t) + gp("(t) —y(®)

xp(t) € R™

®)
)

The traditional method of introducing integral action in predictive
controls is to augment the system input by adding an integrator
using the input subsystem

xi(t + 1) = Bx;(t) + Aup(t — k), x;(f) € R" (10)

uo(t — k) = Bxi(t) + Aug(t — k) = (1 — Bz~ Aug(t — k)
(11)

The A = (1 — Bz 1), for B =1 and the transfer (11) is an inte-
grator without additional delay, and if 8 =0, then uo(t — k) =
Aug(t — k). The results can therefore apply to systems using
control input or rate of change of control.

2.3 Total augmented system

The state-space model, for the » x m multivariable system to be
controlled is now defined in augmented system form. Combin-
ing the plant, disturbance, integral and weighting equations, the

augmented state-vector becomes

0= o o S0l

To simplify notation write A; = A(x(¢), uo(t — k), p(t)) and sim-
ilarly for the time-varying matrices B;,C;, D; and &, with state
x(t) € R". The augmented system equations may be written as
follows

x(t + 1) = Ax(®) + B Aug(t — k) + Dy (t) + dg(t) (12)
y(t) =d@) 4+ Cx(t) + EAup(t — k) (13)
Ym (@) = dm(®) + C,"x(@) + & Aug(t — k) (14)
Zm(t) = vin(t) + dm (D) + C,"x (1) + £ Aug(t — k) (15)
ep(t) = dp(t) + Cprx(t) + Epr Aug(t — k) (16)

The augmented system has an input Aug(f) and the change
in actual control is denoted Au(t)(these are related as Aug(t) =
Wik (., ) Au(D)).

2.4 Definition of the augmented system matrices

The equations in Section 2.2 can be combined with a little manip-
ulation to obtain the augmented system matrices. That is the total
state-equation model may be written in terms of the augmented
system matrices, as follows

x(t+1) = Ax(@) + BiAug(t — k) + DE@) + dy(t) 17)
where the matrices in this equation are defined from the combined
model equations

xo(t+ 1) Ao 0 BBy 0 x0(2)
xq@t+1) _ 0 Ag 0 0 xq(t)
xit+D | 0 0 Bl 0 xi (1)
xXp(t+1) —BpCo —BpCa —BBpEy Ap | Lxp(®)
r By Dy O
0 0 Dg ||
o I P SR P [w(t)]
L—Bp&o 0 0
[Go O
0 0 doa (1)
1o o [(r(t) - d(r))] (15
L0 B,

The output to be controlled may be written in terms of augmented
system model in (13). That is

y(@) =d(t) + Coxo(t) + Caxq () + EoPxi(t) + Eo Aug(t — k)
=dt) + Cox(t) + E Aug(t — k) (19)

where C; = [Co Cqa &oB 0] and & = &
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Similarly from (3) and (5), the measured output may be written
in the augmented system as follows

Ym(t) = dm (D) + Cx(t) + E™ Aug(t — k) (20

where C" = [Com  Cim EomB 0] and £ = Eom.
Also from (2) and (9), the weighted tracking error to be
minimised may be written as

ep(t) = dp(t) + Cprx(t) + Epr Aug(t — k) 21)
where

dy(t) = Ey(r(t) — d(2))
Cor =[-&ECo —ECa —BEE0 Cp] and
o = —Ex0

The subscript ¢ on the state matrices here is used for the augmented
system and in a slight abuse of notation it also indicates that these
matrices are evaluated at time 7, so that the system matrix at 7 + 1
is written as Ay 1.

3 State-dependent future state and error models

A state-dependent model prediction equation is required and later
an estimator for the state-dependent models. The future values of
the states and outputs may be obtained by repeated use of (12)
assuming that the future values of the disturbance are known.
Introduce the notation

;;’Z = Apyic1Asvica ... Apgm for i >m, where
0 .

Aiym=1 for i=m 22)
All‘ = AH.[-]AH_[_Z . At for i> O, where

A?:] for i=0

Future states: Generalising this result obtain, for i > 1, the state,
at any future time #;, may be written as

Xt +1) = Alx(t) + Y A Bryj1 Aug(t +j — 1= k)

j=1
+ D1 +j— D) +dagt +i—1) (23)
where
dag(t+i—1) =Y A ldatt+j—1) (24)

j=1

These (23) and (24) are valid for i > 0 if the summation terms are
defined as null for ; = 0. Noting (16) the weighted error or output
signal ep(?) to be regulated at future times (for i > 0)

ep(t + i) = dy(t + i) + Cprix(t + 1) + Ep i Dug(t + i — k)

=dpa(t +1i)+ Cpt-s-iA;x(t)

1
+Cprai ) A Braj-1 Augt +j — 1 = k)
j=1 (25)

i
+Cprti YA Digjo1EG+j—1)
j=1

+ gthriAMO(t +i—k)
where d (1) = & (r(t) — d(¢)) and the deterministic signals

dpg(t +1) = dp(t + i) + Cpryidaa(t +i—1) (26)
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3.1 State estimates using state-dependent prediction
models

The i-steps prediction of the state for i > 0 and the output signals
may be defined, noting (23), as

i
R+ i) = AU + Y A B Aug(t +j — 1 — k)

j=1
+daa(t+i—1) 27

where A;j =Apict A2 ... Ay and dgg(t +i - 1) = Z;=1

Af;?dd(t +j— 1), and for i = 0 the dgq(t — 1) = 0. The predicted

output
P +ilt) =d(t+ i) + Copik(t +ilt) + EriAuo(t — k +1i) (28)
The weighted prediction error for i > 0

ep(t +ilt) = dp(t + 1) + Cpraik(t +ilt) + EprriAug(t — k +(i2)9)

The expression for the future predicted states and error signals may
be obtained by changing the prediction time in (27) t — ¢ + k.
Then, for i > 0

i
R+ k4l = AL RE+KD+ Y AL
j=1

X Bt+k+j—1Au0(t +j—D+dyqt+k+i—1)
(30)

Predicted weighted output error: Substituting in (29) and simpli-
fying, for i — i + k, and i > 0, obtain

ep(t+i+klt) =dpa(t + i+ k) + Erqiph Auo(t + 1)
+ Cp ik Ay R+ KD

i
+Coraink DAk Bkt Aug(t +j = 1)
- G31)
and
&p(t +il1) = dpa(t + i) + EpraiAug(t + i — k) + CpriiA 5111
i
+Cprti D A B Aug(t +j — 1 — k)
= 32)
The deterministic signals in this equation

dpg(t +i+ k) =dy(t +i+Fk)

1
+ Y Corpirk A hydat+k+j—1)  (33)
J=1

and for i = 0 the term dpq (¢ + k) = dp(t + k).

3.2 Vector-matrix form of equations

The predicted errors or outputs may be computed for controls in a
future interval te[z,7 + N] for N > 1. These weighted error signals
may be collected in the following N + 1 vector form: (see (34) at
the bottom of the next page)

Future error and predicted error: With an obvious definition of
terms this equation may be written as

Eprikn = Dprsion + Corpk N Arpi N2 + K1)
+ CpikNBrsky + Ep i) AUy (35)



Define the time-varying matrix

Vo rakN = Cp ek NBrai N + EP ek N (36)

so that

Ep kv = Dprpkv + Cork v Arpk N3+ K1) + VPz+k,NAU,?N
(37

Similarly the weighted future errors may be written, including
Ef+k,N> a8

Ep kN = Dp kv + Cprak N AN Xt +5) + Vo iy AUy

+ Cp 14k N Drgie N BN (38)

Block matrices: Noting (34) the vectors and block matrices, for
the general case of N > 1, may be defined as

Cpiyk,N = diag{Cps1k, Copr 144> Cpraais - -+ » Cort N1k}

Eprrin = dag{Eprits Epra1aks - - » EpranN+k} (39)
M1
Al

t+k
AZ

Ak N = t+k |,

LAY

r0 0 0 07
Bk 0 e : 0

=| g . :
Bivkn = | AL, 1B Bitk+1 . e

rE®
Et+1)

o
=
Il

s

Le(t+N = 1)

ep(t+ k)
ept+1+4k)
en(t+2+k 0
ep( . ) , Ut,N:

Aug(t)
Aug(t+ 1)

> Aug(t +2
Eprikn = ol +2)

Lep(t+N +k) Aug(t + N)

dpa (7)
dpa(t +1)
dpa(t +2)

Dpsn

Ldpa(t +N)

The signal AU,ON denotes a block vector of future input signals.
Note that the block vector Dp ~n denotes a vector of future ref-
erence minus known disturbance signal components. The above
system matrices A,k v, Brrkn,> Ditk v are of course all functions
of future states and the assumption is made that the state depen-
dent signal x(¢) is calculable (if {&(#)} is null x(¢|f) = x(¢) can
be calculated from the model). From (36), the matrix Vp; iy n =
(Cp 14k NBik,N + Epi4k,n) can be assumed to be full-rank (deter-
mined by the weightings).

3.3  Predicted tracking error

Noting (38) the k-steps-ahead tracking error

: : 0 0
_Aivﬁfi 1 Bitk A?’Jiglgwkﬂ © Brpk+n-1 0]
r 0 0 . 0 Ep kN = Dp kv + Cpigk N Ak X+ 5) + Vo iy AULy
Dyis 0 + Cpi+k NDrtk N Ertk N (40)
DeskN = | Appa1Drk Diyit1 ’
. . The weighted inferred output is assumed to have the same dimen-
Nt oo 0 sion as the control signal and Vp,1;n used in (40) and defined
LA 1 P AL Dt Diyi+nN-1 | below, for N > 1, is square (see (41))
&p(t+ k) dpa(t + k) %HHI YN0
ép(t +1+4+k) dpd(l +k+1) Cpt+1+k~At+k gprrkJrlAuO(t +1)
ept+240) | _| dpat+k+2) | || ook Al | 5 4 k1 4 | EprikraBuot+2)
ey(t+N +k) dpy(t +k + N) Cpt-‘y—N-‘rkA;}Xk_ Ep kN Aup(t + N)
- - (34)
0 0 0 0 Auo (1)
Cpf+k+]8f+k 0 0 0 Auo(t + 1)
+1¢ t+k+2-Atl+k+1Bt+k Cpttk+2Brri+1 0 :
: 0 ol |Auo+N—=1)
N V— Aug(t + N
Corskin AN Bk Cpran AN 0Bk CorshsnBragen 0| L Au0l+N)
B 5pt 0 0 7
Copr+15; Eprtl 0
Ve = Cpr-&-zA}HBt Cpr+2B1+1 (41
: : Ept+N-1 0
LCorn ANT' B Corn AN Bis CpranBran—1  Eprsn ]

Voin =CoinBin+Epin
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Based on (35) and (38) the prediction error (Ep (kN =Ep kN —
Ep t1k,N)
Ep 4k v = Db ik + Corpk v Arpanx(t + K) + Vorpkn AUy
+Cp ik NDrak N ErraeN — (DpriknN
+ Cpik N Ak NE(E+ K18 + Vo kv AU

(42)
Thence, the inferred output estimation error
Ep i N = Cp ik N Ak NX (1 + K[D)
+ Cpr4k N Deke N BrieN 43)

where the state estimation error X(t + k|t) = x(t + k) — X(t + k|t)
is independent of the choice of control action. Also recall X(z +
k|t) and X(t + k|t) are the orthogonal and the expectation of the
product of the future values of the control action (assumed known
in deriving the prediction equation), and the zero-mean white noise
driving signals, is null. It follows that Ep t+k,N in (35) and the
prediction error Ep +k,N are orthogonal.

3.4 Time-varying Kalman estimator in predictor
corrector form

The state estimate X(7 + k|¢) may be obtained, k-steps ahead, from
a Kalman filter [9]. These are well known, but the result below
accommodates the delays on input channels and through terms [9].
The estimates can be computed using

(t+ 1) = A x(tt) + BiAug(t — k) + dy (1)
e+ U4+ D) =32+ 1UD + Krpp1 (zmE+ 1) — Zm (£ + 1]0)
where
Zn(t+ 1) =dn(t+ D) +CL X+ 1)+ E8  Aug(t + 1 = k)

The state estimate x(¢ + k|f) may be obtained, k-steps-ahead, in a
computationally efficient form from [9], where the number of states
in the filter is not increased by the number of the delay elements
k. From (27), the k-steps prediction is given as

3t + k) = A%t + T (e, 27D Auo(t) + dgg(t +k — 1) (44)

The finite pulse response model term

k
- k—j i—1—
Tz =) A B (45)
j=1
where the summation terms in (45) are assumed null for & =
0 so thl?t T0,27") =0, dga(t—1)=0 and dgg(t +k—1) =
Yo Al dat+j = 1.

4  GPC for state-dependent systems

A Dbrief derivation of a GPC controller is provided below for a
state-dependent system with input uo(z). This is the first step in
the solution of the NPGMYV control solution derived subsequently.
The GPC performance index

N
J=E{> eplt+j+0)Tept+j+k)
j=0
N,
+ Y M (Aug(t + )T Aug(t + )t (46)
j=0

where E{.|¢t} denotes the conditional expectation, conditioned on
measurements up to time ¢ and A; denotes a scalar control signal
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weighting factor. In this definition, note that the error minimised
is k-steps ahead of the control signal, since ug(¢) affects the error
ep(t + k) after k-steps. By suitable definition of the augmented
system, the cost can include dynamic error, input and state-costing
terms. The future optimal control signal is to be calculated for
the interval t € [¢,¢ + N, ], which depends on the number of steps
(N, + 1) in the control signal costing term in (46). If the states
are not available for feedback then the Kalman estimator must
be introduced. Also recall from (43) the weighted tracking error
Epiyin = EPH_k,N + Ep 4k n. The multi-step cost function

J = EUY = E{BL onEr sy + AUS AR AU I} @7)
Assuming the Kalman filter is introduced, from (47)

J = E{(EP t+k,N EPt+k,N)T(EPt+k,N + EPH—k,N)
+ AU AR, AUy |1} (48)

Here the cost-function weightings on inputs Aug(¢) at future times
are written as A,zv = diag{)h(z),)u%, . ,A,ZV }. The terms in the cost

index can then be simplified, noting Ep,Jrk,N is orthogonal to the
estimation error Ep ;44 N

J=E}, +ijEP,+k,N + AUSY AY AUy +J0 (49)

where Jo = £ {Eg

ik NEPH_k’N“} is independent of control action.

4.1  Connection matrix and control profile

Instead of a single control horizon number N, a control profile can
be defined of the form

row{P,} = [lengths of intervals in samples number of repetitions]

For example, letting P, = [13;22; 31] represents three different ini-
tial controls for each sample, then two samples with the same
control used, but this is repeated again, and finally three samples
with the same control used. This enables a control trajectory to
be defined where initially the control changes every sample instant
and then it only changes every two sample instants and finally it
remains fixed for three sample intervals. Based on a control profile,
it is easy to specify the transformation matrix 7}, relating the con-
trol moves to be optimised (say vector V) to the full control vector
(U), that is U = T, x V. For the above example, the connection
matrix can be defined

M o0 0 0 0 07
01 0 0 0 O
00 1 0 0 O
00 0 1 0 O
00 0 1 0 O
=19 000 1 o| 2d
00 0 0 1 0
00 0 0 0 1
00 0 0 0 1
10 0 0 0 0 1]

_ u(0) _
u(t+1)
u(t+2)
u(t+3)

ut+4) =u(t+3)

U=TLV= u(t+5)
u(t+6) =u(t+5)

u(t+17)
ut+8) =ut+17)

Lu(t+9) =u(t+7) ]




V]
V2
v3
V4
Vs
V6

SO O~ L OO OOO
—_—_——_0 oo oo oo

SO DO oo —O
SO oo oOoOoO—~, OO
SO~ —~,OOO

|
coococococococo~

In the case of the incremental control formulation, the connection
matrix

Thy = and

SO OoO—ROoOOoOOO O
SO~ O OO OoOO

SO oo O~
SO oo oo ~,O
SO oo oo —~,OO
SO Do OoO O —ROOO

Au(t) 7
Au(t +1)
Au(t+2)
Au(t +3)

Au(t+4) =0
Au(t +5)
Au(t+6)=0
Au(t+7)
Au(t+8) =0
Au(t +9) = 0 |

AU = TayAV =

Avy
Avy
Avs
Avy
Avs
Avg

SO OO OO O
SO OO OoOOoOoOO

SO oo oo oo o —~O
SO oo oo oo —~,OO
SO OO OO, OO O

|
coococococooco~

Clearly, this represents a situation with N, = 3 + 2 + 1 = 6 control
moves and involves a total of N =3 x 142 x 241 x 3 sample
points. There are four control moves that have not been calculated
in this example, representing a substantial computational saving.
For simplicity, the same symbol will be used to represent the
connection matrix for the control and incremental control cases
(Ty), but when using it should be recalled that different definitions
will be needed. The control horizon may be less than the error
horizon and we may define the future control changes AU? "N as

AUPy =T, AUy, .
4.2 State dependent GPC solution
To compute the vector of future weighted error signals note
Vo rtk N AUy = Versin Tu AU, (50)
Then, from (37) and (50)
Eprikn = Dprsion + Co ok N Arpi N2+ K11 + VPt-ﬁ-k,NAUz?N

= Dp kN + Vo rak Tu AUy, (51)

where  Dpyik v = Dprik v + Cprk N AriinE(t + k|f).  Noting
(36) and substituting from (35) for the vector of state estimates

J = Dp sy + Ve rakn Tu AU )T Dp iy

+ Vpipan Tu AU ) + AU A AU, +Jo

T
= Dby nDpivkn + AUN T, VPH—k NDP kN

+ D}y w VPN Tu AUy, + AURY Xy, AUy, +Jo
(52)
where Xy N, = TuTVgH_k wVPirkNTy + Alzvu. From a perturba-
tion and gradient calculation [9], noting that the Jy term is
independent of the control action, the vector of GPC future optimal
control signals

0 1 TyT = 1 T
AUy, = =X Tu Ve e Dp ooy = =X 0y Ti Ve
X (Dp ik + Cpipk N Ak NE( + k|D)) (53)
where
Aup(?) dpa (1)

Aug(t+1) dpa(t+ 1)

AUt?NU _ | Auo+2) and Dp,y = dpa (t +2)

Aug(t + Ny) dpa (1 + N)

The GPC optimal control signal at time ¢ is defined from this vector
based on the receding horizon principle [10] and is taken as the
first element in the vector of future control increments AUtOM .

4.3 Equivalent cost-optimisation problem

The above is equivalent to a special cost-minimisation control
problem which is needed to motivate the NPGMV problem.
Let Xy N, = TuTVrTH_k wVpriknTu + A,zvu, that enters (53), be
factorised as

T Ty,T 2
Viwk N YirkN, = XerkN, = Ty Vp i NV kN Tu + Ay, (54)

Then, by completing the squares in (52) the cost becomes

NYk,)

-T Ty,T 7 0
X ( 1k N, Tu VP ik NDP kN + yt+k,Nl,AUz,zv”>

nT —1
J = (DPt+k,NVPI+kaNT"szrk,Nu + AU,

(55)
+ DI a-v, Y-} v

Pi+kN Pi+k N Tudy i N, Yisk N, Tu VP i4kN)
x Dp iy + o

By comparison with (55), the cost function may be written as

J =W B+ o) (56)

where the ‘squared’ term in (55)

2,0 _ T 0
Yivkn, = f+kN T, VPt+k NDPH-kN + VirkN, AUy,

=V o i VE i Dp ik
+ Cp ik N Ak NEE + KID) + Vi, AUy . (57)

The cost terms that are independent of the control action Jyo(¢) =
Jo + J1(¢t) where

Ji(t) = DE,+kN<1 —Verain TV w,
X t+k N, TTVPt+k NDp N (58)

The optimal control is found by setting the first term to zero, that
is \Ifo+ kN, = = 0. This gives the same optimal control as (53). It fol-
lows that'the GPC optimal controller i 1s the same as the controller
to minimise the norm of the signal $o defined in (57). The

t+kN,°
vector of optimal future controls
AUY =X TIVE D —x b vl
Ny = =N, Tu Ve ik wPPetkN = =X v, Pr+kN
X (Dp kN + Cropi N A NE( + K1) (59)
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4.4 Modified cost-function generating GPC controller

The above discussion motivates the definition of a new multi-step
minimum variance cost problem that is similar to the minimisation
problem (56) but where the link to NGMV design can be estab-
lished. The signal to be minimised in the GMV problem involves a

weighted sum of error and input signals [11]. The vector of future
values, for a multi-step criterion

i N = Pen,Ep ik + Foy AUy (60)

where the cost-function weightings Pcy,; = T V Ptk N and
FO Ny = . These are based on the GPC weightings in (47) and

are Justlﬁed later in Theorem 1 below. Now define a minimum-
variance multi-step cost function, using a vector of signals

J=EU} = E(@] ) yPranlt) 1)
Predicting forward k-steps

kN = PeNEpirin + Foy AU, (62)

Now consider the signal @,y  and substitute for Ep;ijny =
Epiyk N + EpitiN

oy = PN Ep sy + Epraky) + Foy AUy
= (PCN,zEPerk,N + FgN,,AUfN) + PenEpiikn (63)
This may be written as
Oy = Dipan + Prian (64)

where the predicted signal <i>,+k’N = (PCN,tEPH-k,N +F8N1A
UBM) and the prediction error &)Hk,}vu = PCN,tEka,N. "l:he per-
formgnce index (61) may therefore be simplified, recalling Ep ;x n
and Ep,y4 v are orthogonal, as follows

J(t) = EUp} = E{®] v Prsan |t} = E{(®rpan

+ &>I+k,N)T(&>t+k,N + q~>t+k,N)|t}

T A - (65)
= &Ly Prrin + E(Ly y Prarnt)
=& N Prrin +N0)

where J10) = E{®f .y i |ty = EEp g Pl Pov

EPH_k ~|t}. The prediction <1>H_k y may be simplified as follows

iy =PeniEpiiin + Foy AU,
= PNy (Dp sy + VorranTu AU ) + Foy AU

By substituting from (54) (noting PCNJVP,Jrk,NTu—I—FgN (=
Xtk NDs

D1y = PN iDp sk + Xipkn, AU, (66)

Recall the weightings are assumed to be chosen so that X,y v,
is non-singular. From a similar argument to that in the previous
section the predictive control sets the first squared term in (65) to
zero ®,x y = 0 and this expression is the same as the vector of
future GPC controls.

Theorem 1: Equivalent minimum variance cost problem: consider
the minimisation of the GPC cost index (46) for the system and
assumptions introduced in Section 2, where the non-linear subsys-
tem Wik = [ and the vector of optimal GPC controls is given by
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(53). Assume that the cost index is redefined to have a multi-step
minimum variance form (61)

J() = E{® [ yPrsanlt),  where
D kN, = PcNtEp vk, N +F8N,1AU;(,)Nu (67)

Let the cost-function weightings be defined relative to the original
GPC cost index as

Peng =T Vi, oy and Foy, =A%, .
The vector of future optimal controls that minimise (67) as follows

0 1
AUt,Nu Xr+k N, T VPt+k N

X (Dp kN + Cp iy N Arpr NE( + K1) (68)

where Xji N, = T VP +h, N VPN Ty + A . This optimal con-
trol (68) is 1dentlcal to the vector of GPC controls

Solution: The proof follows by collecting the results above.

5 Non-linear predictive GMV optimal control

The aim of the non-linear control design approach is to ensure cer-
tain input—output maps are finite-gain my stable and the cost index
is minimised. Recall that the input to the system is the control
signal u(#), as shown in Fig. 1, rather than the input to the state-
dependent subsystem ug(#). The cost function for the non-linear
control problem must therefore include an additional control cost-
ing term, although the costing on the intermediate signal uo(#) can
be retained. If the smallest delay in each output of the plant is
of k-steps the control signal ¢ affects the output k-steps later. For
NGMYV, the signal costing(F.Au)(t) = (]-"ckz_kAu)(t). Typically,
this weighting on the non-linear subsystem input will be a linear
dynamic operator [12], assumed to be full rank and invertible. In
analogy with the GPC problem a multi-step cost index may be
defined that is an extension of (61)

Jp —E{¢t+kN t+kN"} (69)

Thus, consider a signal whose variance is to be minimised, involv-
ing a weighted sum of error, input and control signals [11, 13]

D) v = PeniEp iy + Foy, AU, + Fern, AUsy,  (70)

The non-linear function F¢ y, AUy, will normally be defined to
have a simple block diagonal form

(Fern, AUsn,) = diag{(Fer Au) (@), (Fek Aw)(t + 1), ...,
(Fer Au)(t + Ny)} 71)

Note the vector of changes at the input of the state-dependent
subsystem

AUy = Wikn, AU, (72)

This is, the output of the non-linear input-subsystem Wy v, , which
also has a block diagonal matrix form

Wik, N, AU n,) = diag{Wy, Wiy, . ..

= [Widn®",...,

WA U,

Wik Au)(t + N)T1T
(73)



5.1 NPGMV control solution

Note the state estimation error is independent of the choice of con-
trol action. Also recall that the optimal x(¢ + k|¢) and X(¢ + k|¢)
are the orthogonal and the expectation of the product of the future
values of the control action (assumed known in deriving the pre-
diction equation), and the zero-mean white noise driving signals,
is null. It follows that £p +kn and the prediction error Ep (+kN
are orthogonal. The solution of the NPGMV control problem fol-
lows from similar steps to those in Section 3 3. Observe from
(62) that ®; 4N = Py, iEprin + Foy AU, and @7

0
<I>t-}—kN

- t+kN =
+ <I>?+k’N. It follows from (70) that the predicted signal

Yy = P + (Feen, AULN,)

= PeNaEp iy + Fon  AULy, + (Fan, AUry,)  (74)

and the estimation error
%0 5 7 T+,T 7
(Derk,N = <I>t-&-k,N = PCN,tEPt+k,N = Tu thJrk,NEPt-&-k,N (75)

The future predicted values of the signal CiDg_ij involve the esti-

mated vector of weighted errors PCN’tEpH_k’N, which are orthog-
onal to PCN,tEpH_k,N. The estimation error is zero-mean and the
expected value of the product with any known signal is null. The
multi-step cost index may therefore be written as

J() = &Y,y Yy +J1(0) (76)
The condition for optimality &9 +xy = 0 now becomes

PeNEp iy + Foy AUy, + Fon, AU N, =0 (77)

5.2 NPGMYV optimal control

The vector of future optimal control signals, to minimise (76),
follows from the condition for optimality in (77)

PCN,tEPH-k,N + A;z\/“WlkmAUt,Nu + Fern, AUy, =0

) (78)
AULN, = (Fekn, + A, Wikw) ™ (—PevEp i)

An alternative solution of (77), gives

AYWien, AULN,)
(79)
Further simplification by noting the condition for optimality

ci)?+k,N =0 may be written, from (51), (54), (72) and (74) as

PCN);E]JH_]C)N + FgN,tAU,(’)M + (Fek,N,AU; n,) = 0, and becomes

1 T4,T 7
AUN, = F g n, T Ve ik NEP kN —

Pen Dp iy + (Xsk Ny Wik N, + Fekn,) AUy, =0 (80)

where Dp iy = Dp iy + Cp kN Ak nE(t + k|£). The vector
of future optimal control becomes

-1
AUN, = (Xipx N, W1k N, + FekN,)
X (=PcnDp kN — CopiX(t + k1)) (81)

where from Pcy,; = T V P kN and Cy, is defined as

Copr = PN CpipinArskn = TV ik NOP ek N Aty (82)

An alternative useful solution follows from (80) as

AUN, = fJC,IM (—PCN,tDP N — Xt+k,Nl,Wlk,Nl,AUt,N,,>
—1 N
= Fily, (= PovaDpioin = Coiitt + kIt

- Xt+k,NuW1k,N,,AUt,Nu> :

The control law is to be implemented using a receding hori-
zon philosophy. Let Cro = [[,0,...,0] and Co; = [0 IN] so that
the current and future controls are Au(t) = [/,0,...,0]AU;y and
AU{N = CorAUy .

Theorem 2: NPGMYV state-dependent optimal control: consider the
linear components of the plant, disturbance and output weighting
models put in augmented state equation form (12), with input from
the non-linear finite gain stable plant dynamics WWj;. Assume that
the multi-step predictive controls cost function to be minimised,
involves a sum of future cost terms, and is defined in vector form
as

Jp = E{@), )4 w1} (83)

Where the signa.l QD? hoN .depends upon future error, input and non-
linear control signal costing terms

)y v = Pen.Ep sy + Foy, AUNy + Forn, AU, (84)

Assume the error and input cost-function weightings are introduced
as in the GPC problem (46) and these are used to define the block
matrix cost weightings Pcy; = T V P kN and FCN ;= A . Also
assume that the control signal cost weighfing is non- [inear and is of
the form (F.Au)(t) = (FerAu)(t — k), where Fy is the full rank
and invertible operator. Then the NPGMV optimal control law to
minimise the variance (83) is given as

Un = F oy (PN D iy — CoR(t + kID)
= Xerk N Wik, N, AULN,) (85)

where X x N, = T VPt+kNVPt+k,N T, + Azzvu and Cy; = TuT
Vg k. ~Cp ik, NAsrk n. The current control can be computed.using
the receding horizon principle from the first component in the

vector of future optimal controls.

Solution: The proof of the optimal control was given before
the Theorem. The assumption to ensure closed-loop stability is
explained in the stability analysis that follows below.

Remarks: The expressions for the NPGMV control (81) and (85)
lead to alternative structures for implementation, but the second as
shown in Fig. 2, is more suitable for 1mplementat10n Inspectlon
of the cost term (84) when the input costing FCN is null gives
CDO AN = = PcnEp it N + FernUrnv and the limiting case of the
NPGM V' controller is related to an NGMV controller [12].

6 Stability of the closed loop

For linear GMV designs stability is ensured when the combination
of a control weighting and an error weighted plant model transfer
is strictly minimum phase. For the non-linear predictive control a
non-linear operator

U+ Fy kN (Co 1P 144 Bivk Cro + Xipu NI Wik, N,)

must have a stable inverse (shown below). It will be assumed that
the stochastic external inputs are null and the only inputs are those
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Fig.2 Implementation form of NPGMYV state-dependent controller structure

due to the deterministic signals. The state
x(t) = (I =z AT 2 Buuo(t — k) + da (1)
= &, (Buuo(t — k) + da (1))
x(t+ k) = Qp g (Beguo(t) + da(t + k)

(86)
(87)

where &, = (I —z~ ' A,)"1z7!. The predicted state %(¢ + k|r) =
x(t+k) = Oy f (Bigguo(t) + dg(t + k)) and from (85)

Un = fc}}Nu (—=PcnDp kN — Cop iR (t + k1)
— Xk N, Wik, N, AULN,)

- (88)
=Ful ( = PenyDpiykN — Cpr Poqida(t + k)

—C 1 Ppi Brritto (1) — XN, Wlk,N“AUt,Nu)

Assuming the control costing is a linear model the condition for
optimality (88)

(Fern, + Co1 @ik Bk CroWik, v, + Xepk N Wik, ) AULN,
= — (PcnDpi+i N + Cop i Priida(t + k)

The input non-linear subsystem can be assumed finite gain m)
stable and Wi n, AUy, may be written as Wy n, AUrp,) =
[k AW (DT, ..., Wik Au)(t + N,)TIT. The vector of future
optimal controls becomes

-1

AU, = (1 + -7:67(,11\," (Co 1 P14 BiiCro + Xigan,) Wlk,m)
X Foly (—PcniDp iy — Cor®riida(t + k)  (89)
The NL subsystem future outputs follows as Wiy, v, AU; v, and the

future plant outputs Wi n, U n. It follows a necessary condition
for stability is that the operator that follows is finite gain stable

—1
Hivkn, = (1 + Flv (Cor®isaBikCro + Xigw,) Wlk,M,)

Measured output or observations signal

6.1 Sufficient condition for stability and robustness

If the output subsystem was linear time-invariant and not subject
to uncertainty, a similar stability argument to that in [14] could
be used to argue from (89) that no cancellation of unstable modes
could occur if the controller is implemented in its minimal form.
The robustness of the solution may be considered and a sufficient
condition for stability in the presence of uncertainty can be obtained
by first noting the solution can be related to the well-known Smith
Predictor structure. To establish this equivalence consider the more
usual problem, where system outputs controlled are the same as
those measured and where absolute control is coasted. The algebra
is similar to the non-state-dependent problems considered in [13].
The controller, which should not be implemented in this form, is
shown in Fig. 3. The T¢; (z™1) term in this solution is obtained by
writing the Kalman filter loop in terms of the operator equations
that follows

2l = T HE® = d®) + Tra@ Duot = k)

Estimator :
The transfer operators here
T = - 27" = Ke Gy ) A) T Ko
T2 = — 27" = K Cry1) A )™
X ((1 — Ke—1C)B—yz7 ! — ’Cftflgt)

Unbiased estimates property: Observe that for the Kalman filter to
be unbiased

TPz HYB +E) + T = &, 1B,

The parallel paths are shown in Fig. 3, from control input are useful
if the plant has an additive uncertainty of the form W = W + AW.
The diagram is shown in Fig. 3 may then be redrawn as shown in
Fig. 4.

For the sufficient condition for optimality note that the operator

(90) Hi+k n, actually represents the internal feedback loop as shown in
NL Plant Naoise V
Dyn " e e 1 ; vy z
— 2, e, — W ——
: L] Qutput
{'.,.r"ﬂ‘ "frl Disturbance
i A, T CiPri B Cp Uy
iKr:fmrm predictor v

Compensator

Observations z

Fig.3 Non-linear Smith predictor implied by NPGMV compensator structure
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Fig.4 Feedback loop when additive uncertainty included

Fig. 5. Thus the operator S| representing the path between ¢ and
u includes this stable subsystem and the Kalman filter subsystem.
The operator S; and uncertainty model S, = AW can both there-
fore be assumed stable. The small gain theorem [15], can now be
invoked to provide a sufficient condition for stability. Recall this
can be used to establish input—output stability conditions for a feed-
back system. It provides a sufficient condition for finite gain £,
stability of the closed-loop system. If two input—output stable sys-
tems S1 and S are connected as shown in a feedback loop, then the
closed loop is input—output stable if the loop gain ||S1] - [|S2]| < 1,
where the norm used is any induced norm. To deal with unstable
signals, the space £, (see [16]) is used, where the upper limit of
the norm summation is finite. The sufficient condition for stability
requires ||S1]| < 1/[|AW)|| so the gain of the inner feedback loop
term should be sufficiently small when the uncertainty is large.

6.2 Cost weightings and relationship to stability

Say there exists a proportional-integral-derivative (PID) controller
that will stabilise the non-linear system, without transport delay,
then a set of cost weightings can be defined to guarantee the
existence of this inverse and hence ensure the stability of the
closed loop. A stabilising control law can be found from cost-
function weightings derived below. Assume A2 — 0, then from

(54) XN, = TdVp ik N Ve iy Tu, and from (89)
AUiN, — (1 +'7:kN (C¢t¢t+k6t+kclo

-1
TuVp e Ve rakN Tu) Wlk,Nu>
< Foly (—PeniDp iy — Cpr®rpxdalt + k)

In the case of a single-step cost with a through term the matrix
Vp kN = Ervk N can be assumed square and non-singular. In the

- _ _ 7TyT _ T _
case N =0, Vpyy =& and Peyy =T, VPH_k’N = VPH_k’N =

(c/-T

btk Cor = ET . Coivr. Hence

pt+kP

-1
u(t) — (1 + .7: 5pt+k (Cp[+k¢t+k8[+kC[0 + 5pt+k) Wlk’)

x Fo! Ep ik (=Dpirk N — CorakPrrrdalt + k)
Also assume the dynamic weighting is on the plant outputs y,(¢) =

Po(z71)y(0) then E ik + Cp ok PrikBrok = PcWor,

-1
chWOkW1k> fck 5pt+k

— Cp 14k Poyida (t + k)) o1

u) > (1+ 768,

x (=Dp 14k, N

The term (/ + ]—'klé' t+kP° WorWik) may be interpreted as the
return-difference operator for a non-linear system with delay-free
plant Wy = Wy W). Thus, if the plant has a controller Kpip
that stablllses this model, the ratio of weightings can be chosen

as ka gpt+k = Kpp.

10

An extension of this idea is when a set of controllers say K; zh
fori=1,...,n; stabilise the system then a set of weightings can
be deﬁned to satisfy (fck er t+kP°)i = K;. The best robust cost
weightings can then be chosen using a technique like Monte Carlo
simulation covering a range of uncertainty [17].

7 NPGMV special simple form

In some cases, the non-linear system can be represented by the
state-dependent model only and the black-box model W), can be
set equal to the identity Wi, =1 (so that Wiy y = Iy). In this
case, uo () = u(t) and the control weighting involves a combination
of the constant A%, and dynamic F; v weighting terms. From (80)

PNt (Dp i1k v + Cp ke v Asrk NX(E + K(D))
+ (Xgion, + Fekn,) AULN, =0 92)

The vector of future controls

1 .
(—=PcN Dy kv — Coox(t + k|1))
93)

PCN,t = TuT

AUN = (Xqan, + Fern,)

Ty,T 2
where Xyin, =T, VPt+kNVPH‘kNT“+ANJ’

T
Vp (+k,N and C¢t T Vp t+k, NCP t+k, NAH-k N-

71 Special weighting case

Assume the dynamic control weighting F; (z™1) is linear, or alter-
natively, has a non-linear decomposition 1nto a non-dynamic or
constant term F and an operator term _7-" (z_l), including at
least a unit-delay Fx zh= ]-'c“k + F Cbk (z‘l) In this case, further
simplifications arise and there is no algebraic loop. Note the block
version of these functions involves the decomposition of Fy v,
into terms FJ kN, and F kN (z71). Hence the algorithms may
be simplified by substituting Fo v, (z71) = Foen, T Ck’N“( z7h.
From (92)

(PN D iy +Corlt + K1) + (s, + oy, ) AU,

Fhn @ HAUN, =0

Thence for a linear control costing

-1
AUy, = <Xt+k,Nu + ffkw) (=PcnyDp kN

— Cor R+ KD = Flyy GTHAU,)  (94)

where Cy; = T VPt+k NCPirk NArrky and Pony = T VPt+kN
Similar results can be obtained when Wik (t) can be decomposed
as W) (t) = Go u(t) + G1 (u(t)). This algorithm is the simplest
NPGMYV solution is shown in Fig. 5.
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8 Multivariable control of a two-link robotic
manipulator

One of the application areas for non-linear predictive control is
in industrial robotics, where the reference trajectory for the robot
manipulator is defined in advance (welding or paint spraying
robots). Consider, for example a planar manipulator with two rigid
links. The objective is to control the vector of joint angular posi-
tions ¢ with the vector of torques t applied at the manipulator
joints, so that they follow a desired reference trajectory g,. This
problem was analysed in [18], and it was shown that a multi-loop
proportional—derivative (PD) controller could be used to control
the links to desired fixed positions.

System model: The dynamics of the system are highly non-linear
and may be described by the following continuous-time coupled
differential equations

Hy Hyo |G| [ ~hiy+di —hG+@) | [q] L |e
Hy Hp||4, hq, dr 92 &

= |2)

Controller Structure

{KE:H.N’" + ‘};:,:\'" )_I

Au(t —k)

This equation may be written in the following more concise
differential equation matrix form

H(@)g+Clq.9)q+8(q) =1 95)

The H(g) is termed the inertia matrix, C(q,§¢)g is a vector of
centripetal and Coriolis torques, and g(g) is a vector of torque
components due to gravity. The parameters d; and d represent
the system damping due to friction (in the ‘ideal’ nominal case
d; = dy = 0). Assume the manipulator is operating in the horizon-
tal plane, so that g(¢) = 0. The components of the matrix H are
defined as

Hi1 = aj + 2a3cosqa + 2a4sinqa,

Hi» = Hy =ay+azcosqy +asgsingy, Hy =a.

The parameters & = azsingy —ascosgy and a; =11 + mllgl +
L+ mzlczz + mzl%, ap =151+ mzlgz, a3 = malilep cosd, and aq4 =
my 1 I sin .. The following numerical values of parameters were
used for the simulation trials m; =1, [} =0.12, [} =1, I, = 0.5,
my =2, I =025, [, = 0.6 and 8, = 30° (see [18]). The above

|, Controlled
_________________________________ v oulput
{ Plant
1Ny ‘U an
1 w - -
(1-5z7") "

>
+
T Y

| Disturbances  Vm

Measurements or observations signal

Fig.5 Simplifiecd NPGMV controller structure for predicted state feedback
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Table 1 Variances for PD and NPGMV unconstrained and constrained
controllers

RMS RMS St. dev. St. dev.

error (q1) error (qz) (1) (12)
PD 12.20 4.21 240.45 146.90
NPGMV unconstrained 8.10 6.90 517.48 313.59
NPGMYV constrained 12.75 1.27 206.23 243.84

system has the state-dependent equation form. This is clear by
rewriting the previous equations, where the invertability of the
matrix H is a physical property of the system, as

w=[l] =10 —itoca) 3]+ L)
M=) T o —H ' @c@]a] T [H @

y=4=[0 -H '(9)C@] [g} +H ()7

8.1 Two-link robot arm state-dependent solution

It was noted above that the two-link robot arm equations are in fact
in a natural state-dependent form. In this case, the input subsystem
can be replaced by the identity and all the non-linear model can
be absorbed in the state-dependent output subsystem. The control
costing term is linear in this case and hence the solution is given by
(94) and the controller can be implemented as shown in Fig. 5. The
performance of the unconstrained NPGMV controller is shown in
Fig. 6 for a changing reference and stochastic disturbance inputs.
The interaction is clearly evident leading to large torque changes.
The results for a well-tuned PID controller (actually PD terms) are
also shown in Fig. 6. Note that the PID controller did not include
any rate limits on plant inputs, as in the original publication, but the
predictive control solutions both included such limits (in the con-
strained case taken account of directly). The PID becomes unstable
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with such limits and the predictive control results are therefore
impressive.

To reduce the amplitude of control signals the constrained
solution can be applied, which means applying a quadratic-
programming solution to minimise (83), using the same matrices
involved in (94). The area where the largest changes arise is illus-
trated in the expanded time-scale is shown in Fig. 7. Implementing
the constrained solution using quadratic programming is relatively
simple in this NPGMV case. It is not, of course, very meaningful
to compare the actual values of the dynamically weighted NPGMV
cost function. This only serves as a mathematical means to obtain
desired system properties and by definition the optimal NPGMV
controller will always provide the lowest cost for the NPGMV cost
function. Table 1 of variances below has therefore been computed
for the individual plant inputs and outputs, to enable a comparison
of the different controls. Clearly a dynamically weighted predic-
tive controller does not minimise the variances of these signals (this
would require a minimum variance controller). The cost function is
simply a mechanism for controller design, like frequency response
shaping of the sensitivities. This is also a multivariable problem,
and it is not therefore simply variances that are important. Clearly
cost weighting gains can easily be modified to change the impor-
tance of limiting particular inputs and outputs. Since the plant rate
limits were only applied to the predictive controls the results are
good as mentioned.

9 Concluding remarks

The NPGMV control design problem for a state-dependent system
involves a multi-step predictive control cost-function and future
set-point information. The tracking results are more general than for
NGMYV designs because of the ability to distinguish between signals
that are to be penalised and those which are measured. The use of
either incremental control or control costing terms over a control
horizon and control profile determined by the connection matrix,
adds to the generality of the results. The simplified control structure
has been shown to be particularly valuable for real applications,
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and avoids any algebraic-loop problem. The NPGMV control has
the property that if the system is linear then the controller reduces
to the GPC for state-dependent systems. The NPGMV controller
offers greater flexibility compared with the NGMV and NGPCAQ?2
controllers, at the expense of some additional complexity in the
implementation [19, 20].
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