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Dear Editor,

In this letter, an output tracking control problem of uncertain
cyber-physical systems (CPSs) is considered in the perspective of
high-order fully actuated (HOFA) system theory, where a lumped
disturbance is used to denote the total uncertainties containing
parameters perturbations and external disturbances. A disturbance
observer-based HOFA predictive control (DOB-HOFAPC) is
adopted to achieve the desired tracking control performance and
compensate for the communication delays in the forward and back-
ward channels. The further discussion gives a criterion to analyze the
tracking performance and stability of closed-loop CPSs. An example
of long distance power transmission line is shown to verify the feasi-
bility of the proposed DOB-HOFAPC.

The study on CPSs has become an important research hotspot with
the progress of industrial Internet of Things. Because of complicated
and varied working site, the uncertainties are always here to damage
the control performances of CPSs. In the past, [1] gave an adaptive
fuzzy control to cope with the unmodeled dynamics of CPSs. Refer-
ence [2] also designed a novel adaptive fuzzy control to implement
the finite-time secure control for uncertain nonlinear CPSs under
deception attacks. Reference [3] proposed a fractional-order sliding-
mode control to overcome the model uncertainties and external dis-
turbances of tele-operated CPSs. Meanwhile, [4]-[6] also focused on
this research area.

HOFA system theory is firstly presented in [7], which involves the
modeling, analysis, design and application of control systems and has
obtained many theoretical and practical progresses. It focuses on the
control design instead of the analysis of state responses, such that a
simple way is given to simplify the complexities of design processes.
Among them, HOFAPC plays an important role in the control design
based on HOFA system theory and has obtained some results in the
analysis and control of CPSs (see [8], [9]). Following this idea, this
letter continues to develop a DOB-HOFAPC to implement the out-
put tracking of uncertain CPSs, where a technical difficulty is to
design the disturbance observer and predictive control in HOFA
forms and another is to maintain the tracking control performance
and stability by using this DOB-HOFAPC. Concretely, an HOFA
system model is applied to describe the CPSs, which is called the
HOFACPSs. Meanwhile, a lumped disturbance is used to indicate the
total uncertainties, and then an HOFA disturbance observer is
designed to estimate this lumped disturbance. Furthermore, an incre-
mental prediction model (IPM) is constructed in an HOFA form with
the help of Diophantine equation, so that multi-step output ahead pre-
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dictions can be developed to optimize the tracking control perfor-
mance and compensate for the communication delays in the forward
and backward channels. Finally, a simple criterion is proposed to
ensure the tracking performance and stability of closed-loop
HOFACPSs. Comparing to the existing work, a highlight is that both
disturbance observer and predictive control are directly designed in
HOFA forms without model reduction. However, the existing work
should convert the high-order system into a first-order one, and then
completes the related control design, so that the computational loads
and complexities can be obviously increased.

Notations: N, > K, are the output and control prediction horizons. g
is a time operator satisfied w(k +1i) = qiw(k), i€Z. A= l—q_l is a
difference operator. @(k + ik — j) is the i-th ahead prediction of w(k)
based on time k— j.

Problem statement: Consider a class of uncertain HOFACPSs as

n-1
xtk+n)=— Z(Al +8A)x(k+ 1)+ (B+6B)u(k) + d(k)
=0

(1a)

(k) = Cx(k) (1b)
where x(k) € R, u(k) € R%, y(k) € R™, d(k) € R" are the state, input,
output and external disturbance vectors, A; € R™" B RAXA,
C € R"™" are the related known coefficient matrices, 6A; and 6B are
the perturbations of A; and B. For HOFACPS (1), it is assumed that:
1) det(B) # 0; 2) The state vector is available; 3) d(k) is unknown but
is bounded in relation to time £.

Following [10], a lumped disturbance w(k) is applied to denote the
total uncertainties and is represented as w(k) = —Z;:OI 0Ax(k+ D+
0Bu(k) + d(k), such that HOFACPS (1a) can be rewritten as:

n—1

x(k+n) = —ZAZx(k+l)+Bu(k)+w(k). 2)
=0

Based on Remark 4 in [10], it is assumed that w(k) is slowly time-
varying, that is, Aw(k+ 1) = 0.

The control structure of uncertain HOFACPSs is shown in Fig. 1,
where 7, and 7, indicate the upper bounds of random communica-
tion delays in the forward and backward channels. From [9], 7, and
75y are the positive integral multiples of sampling period, and
T=T4+Ts.

1 Control | _Af(f _*fu\_k: T;)Iz T Avlk) = Ab(klk - 7 Actuator ‘”.s(k) Local com-
! predictor ! ! \ " D pensation
I / \ ul g W(kik—1) &
[ | ' - -
! ! Uncertain | X(k) | Disturbance
[ >
) ! : :Network: HOFACPS observer
o . / x(k) ¥
Rt N S U G N [P

Fig. 1. Tracking control of uncertain HOFACPSs via DOB-HOFAPC.
For HOFACPS (2), a DOB-HOFAPC is proposed as

n—1
u(k) = B~ (us(k) + (), us(k)= )" Keyx(k+D—iklk=1)  (3)
=0
where uy(k) € R* is a local feedback with disturbance compensation
and K. € R™ indicates the related feedback gain, W(klk — 1) is the
estimation of w(k) generated by HOFA disturbance observer,
v(k) e R" is a tracking control part designed by HOFA predictive
control. By applying (3), a closed-loop HOFACPS is achieved as
n—1
xtk+n)=— Z Apex(k+ 1) +v(k) + ey (k) @)
=0
with A;. = A;— K, and e, (k) = w(k) —Ww(klk—1). For tracking con-
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trol performance, a cost function J(k) is given as
J(R) =19 (k+ 74+ Ryl —75) = ROk + 74 + Ryl

+HIAV(k+ 74+ 8yl =75)l[5, 5)
with
Yk + 74 +Rylk—175)
Yk+1,+8)lk—75) = :
Yk+14+ 1k—75)
AV(k+714+ N, k—T5)
AV(k+1,+ Rk —75) =
Ak +T14lk—T5)
rtk+7,+ Ny)
Rk+7,+N)) =
rtk+tq,+1)

where $(k+ ulk—15) and Ab(k+ulk—75) denote the u-th ahead pre-
dictions of y(k) and tracking control increment Av(k) based on time
k—7s, r(k) represents the reference input, and Wy, W, are two posi-
tive definite weighting matrices. In (5), the first part focuses on the
tracking control performance and the second part is concerned with
the changing rate and amplitude of tracking control increment.

Problem 1: For HOFACPS (2), this research is to present a predic-
tive tracking control (3) by minimizing (5), such that the tracking
performance and stability of closed-loop HOFACPS (4) can be
achieved, that is, the following conditions are held.

1) [[r(k)|| < oo, |ly(k)|| < 00, where r(k) is a known reference;

2) limy o lly() — r(R)]] = 0.

Main results: 1) Design of HOFA disturbance observer: By apply-
ing the time operator g, system (2) is equivalently transformed as

x(k+ 1) = =Ap(q~")x(k) + Bolg™ ulk) + Do(q wk) — (6)
with ﬂo(q—l) = 27:_01 Alql+1_”, Bo(q_l) — Bql—n’ Do(q_l) — ql—n' To
estimate the w(k), a disturbance observer is presented as

&k + 1K) = W(klk = 1) + Kao(q)(Ao(q~)x(k) = B, (g~ uk))

~ Ko@) Do(g™ )Gkl — 1) + Kyo(q)x(k))

Wklk — 1) = 2(klk — 1) + Ko (q) x(k) (7N
where Kyo(q) = ;‘;0] Kdo,lql, Ko € R™" is an observer gain. Then,
Theorem 1 is provided to obtain the disturbance observer (7).

Theorem 1: HOFA disturbance observer (7) is held if &leg(q_l) is
a Schur polynomial matrix, where Ao (g~") = I = Ko () Dolg™ ).
Proof: From (4), e, (k) = w(k)—w(klk—1) so that e,,(k+1) = w(k+
1) —w(k + 1]k), then the error system is derived that
ew(k+1) = wik) = 2k + 1k) = Kgox(k + 1)
= w(k) = W(klk — 1) = Kgo (Ao x(k) — Bou(k))
+ Ko Do Glklk — 1) + Kyox(k))
= Ko (= Ao x(k) + Bou(k) + Dow(k))

= (I = KaoDo)ew(k) = Ayoey (k).
Because ﬂwo(q‘l) is a Schur polynomial matrix, e, (k) —» 0 with
k — oo. Hence, disturbance observer (7) is held. |
2) Design of HOFA predictive control: With the help of g operator,
closed-loop system (4) is rewritten as

Ae(g™Hx(k) = Dolg~ Wik =1+ DG Hew (k) ®)
with A (g™ =1+ 3] Areq™ and D(g™") = g7 'Dy(g™"). From
[11], a Diophantine equation is given as I = E,A; A +q +F,, where
Eu (g1 and ﬂ(q’l) represent two polynomial matrices in relation to
the prediction horizon x and polynomial coefficient matrix ‘?Il,c(q‘1 ),
and they are expressed as 8ﬂ(q_' )=euotey g+ + eup-1 g ®b,
ﬂ(q‘l) = fu0 +f#’1q_1 +-+ fung™". Then, multiplying &,Aq" at
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(8) obtains that
Eu A Ax(k+ 1) = Ey Do Av(k +u— 1) + ¢ &, DAe,, (k).

Based on the idea in [11], taking the above into Diophantine equa-
tion establishes an IPM in an HOFA form as

x(k + ) = Fux(k) + LyAey (k) + GuAv(k +u—1) )
where L(¢™") = ¢"€u(q”)D(g") and G = Eu(g™)Do(g ™). Con-
sidering the communication delays in the forward and backward
channels, IPM (9) is rewritten as

Xk—7g+ulk—15) = Fuxtk—75) + LyAey(k—T4)
+GuAV(k =T+ p—1k—1y)
withpy=1,2,...,7+8,. Frompu=1+71tou=Ny+7,
X414+ 1k—75) = Freextk—75) + L1t Aey(k—T5)
+ G+ Ak + T4l —TS)

Xk+14+ N}|k —Tg) = 7:?<).+‘rx(k -7+ LN,H'Aew(k —Ty)

+ G ANk + T, + Ry = 1k —Ty)
based on (1b), output prediction is constructed as J(k+ 74+ ulk—
Tg) = CR(k+ 74 +ulk—75) with p=1,2,...,8,. For p=N,+1, R+
2,8y, Wk+Ta+ulk—15) =Wk+71,+NJk—75) so that Ad(k+
T4+ Nylk—75) = 0, hence output predictions are compactly written as

Vk+74+8ylk—75) = Pyx(k—75) + PaAe,y(k—75)

+ P3AV(k+ 14+ Nolk—T75) (10)
with
[ CFx 4t CLyg +r
Py = : » Po= :
L C?1+T C-£1+T
COx,+r 0 0
CG14+8,+1 0 0
P3 =
0 CGx 1o
: . 0
0 0 CGiir |

In order to solve the optimal HOFA predictive control increment, let

aJk) _ : . :
TRV N = 0, taking (10) into the above yields that

P;Wl (Plx(k—Ts) + PyAey(k—15) + P3AV(k+14 + Nolk —75)

—R(k+71,+ Ny)) +WoAV(k+7,+ Rk —75) =0

so that AV(k+74+Rylk—75) = M Myx(k—15)+ M M3Ae, (k=) +
M MyR(k+7,+8)) with My =PTW\P3+Ws, My=-PiW P,
M3 =—PYW1 Py, My=PLW,. For the network node, the optimal
HOFA predictive control increment is set as AD(k + 74lk—75) = HAV
(k+71,+N,Jk—15) with H=[0 --- 0 [I]. For the actuator node, it is
generated by Av(k) = Ab(klk — 1), which is completely formulated as

Av(k) = HM{ ' Max(k— 1)+ HM[' M3 Ae,(k—1)

+ HM' MyR(k+Ry)
where R(k +8y) = [T (k+8y) rT(k+ )T
3) Closed-loop system analysis: Based on [9], let r(-)=r, and
denote A, = &le_cl Dy, Ay = ﬂzcli), then system (8) is converted as
Ax(k+ 1) = AAvK) + Aghey(k+ 1)
by taking (11) and error system into the above, it is derived that

(1)



ZHANG AND LIU: DISTURBANCE OBSERVER-BASED PREDICTIVE TRACKING CONTROL OF UNCERTAIN HOFA CPSS

Ax(k+1) = Ac1x(k— 1) + A Ay (k—7)
+ A 3Rk +Ry) +Ac aAey (k)
=Ax(k) + A 1 Ax(k—T)
+ AcpAwoNer(k—7— 1)+ Ae 4 Ao ey (k— 1)

where A = AHM[' My, Acp=AHM' M3, Ac3=AHM;!
My, Acq=AgAy, and Ay, = 1—A,,. Further, denote AX(k)=

[AxT (k) AXT (k—7)]T andAE,, (k- 1) = [Ael (k- 1) Ael (k—
7= D17, the above system is drawn as
AX(k+1) AX (k) O Dp
= (I) 5 (I) = 12
[ AE, (k) [ AE, (k= 1) ] [ ®y D ] 12

with @11 =[70 -+ 0 A1l @12 =[Acauo 0 - 0 AcpAuo),
CI)Q] =[ ] and (1322 Z[ ﬂwa

i Oriixii
rizing the above derives the Theorem 2.

Theorem 2: The stability and tracking performance of closed-loop
HOFACPS (4) can be realized if and only if the asymptotic stability
of system (12) can be guaranteed.

Ilustrative example: An example of long distance power trans-
mission line is provided here, whose equivalent circuit is a typical
RLC one (as shown in Fig. 2). By means of Kirchhoff law, a uncer-
tain second-order fully actuated model for RLC circuit is presented
as

I Oriixin O

Orrixii

. Summa-
O(r+yxri

LCi+RCi+x+8(k) = u (13)

with x=ue V, =% vi, =Ll v u=u, V, L=05 H,
C=0.01F, R=159Q, 6(k) =-500sin(0.005k) V. The communica-
tion delays are set as 7, = 5 and 74 = 6. By using x = w, sys-
tem (13) can be transformed into a discrete-time expression in the
form of (2) as

x(k+2)+ (3T = 2)x(k + 1)+ (1= 3T +200T?)x(k)

= 2007 2u(k) +w(k) (14)
where w(k) =200726(k) and T is a sampling period. Choose
T =0.01s. For system (14), an HOFA disturbance observer is
designed in the form of (7) with Kyo(q) = 0.0199 +1.02¢, then a
DOB-HOFAPC is proposed in the form of (3) with K. =-0.69,
K1 =-0.87, 8, =5,N, =3, W =1, W, = 30/, the simulation results
are shown in Fig. 3. It implies that DOB-HOFAPC can realize the
accurate estimation of lumped disturbance and the desired tracking
control performance, which fully demonstrates the feasibility of the
proposed DOB-HOFAPC.

Fig. 2. RLC circuit.

Conclusions: This letter has investigated the output tracking prob-
lem of HOFACPSs with lumped disturbances. A DOB-HOFAPC has
been proposed to implement the desired tracking control perfor-
mance. The simulated results of long distance transmission line have
been shown to illustrate the feasibility of the proposed DOB-
HOFAPC. The future work will further develop the DOB-HOFAPC
for tracking control of uncertain CPSs against fast time-varying
lumped disturbances.
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Fig. 3. The simulated results of long distance power transmission line via
DOB-HOFAPC.
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