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Abstract This article presents a novel tracking control strategy for unknown linear systems perturbed by
odd-harmonic periodic disturbances that combine adaptive and repetitive control methods. The proposed
control strategy results in a robust adaptive odd-harmonic repetitive controller (RA-OHRC). Direct adaptive
control with a robust adaptation law is utilized to accurately track the desired trajectory, ensuring the
boundedness and convergence of the tracking error. An internal-model-based repetitive controller is added to
compensate for periodic disturbances with odd-harmonic components. The boundedness and the convergence
of the tracking error are verified through the Lyapunov-based stability analysis. The effectiveness of the
proposed RA-OHRC scheme can be demonstrated using the simulation studies involving a servomotor model,
which achieves accurate reference tracking, excellent disturbance rejection capability, and robustness against
uncertainties.
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1 Introduction

Periodic compensation against repetitive disturbances is a control task commonly found in many applica-
tions such as rotation machines [1,2], power inverters [3,4], marine vessels [5], wind-turbines [6], hydraulic
systems [7], and space stations [8]. A repetitive control (RC) method is a popular technique for periodic
reference tracking and/or disturbance rejection. In designing the RC system, one generally requires two
basic information: (1) a plant model and (2) a reference/disturbance model. A known disturbance model
is embedded as part of the resulting controller to generate RC signals to compensate for the disturbance
signals. Using the reference/disturbance model within a feedback control loop is referred to as an inter-
nal model principle [9]. Furthermore, the RC requires a plant model used to synthesize a compensator,
determines the stability of the resulting RC closed-loop system, and dictates how fast the disturbance
signals can be canceled.

A traditional RC is generally structured by a one-period delay 2z~ with positive feedback forming
an internal model of 2=~ /[1 — 2~ V]. Here, N represents an integer defined as the number of samples
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per disturbance period T,. This internal model gives a null tracking error for a disturbance signal
with frequencies of n/Ty,, where n = 1,2,...,N/2 [10]. In other words, this model can compensate
for a fundamental frequency, even- and odd-harmonic components up to the Nyquist frequency of the
disturbance signal. This is due to the internal model 2=~ /[1 — =] providing infinite gains at those
frequencies.

In many practical applications, reference and disturbance signals generally exhibit odd-harmonic fre-
quencies. Those applications can be found in power systems [11,12], magnetically-suspended rotor sys-
tems [13,14], field-modulated magnetometer systems [15], nano-positioning systems [16], and centrifugal
compressors [17]. Considering this, we can avoid using the traditional RC if we only intend to target the
odd-harmonic periodic disturbances. The traditional RC also introduces infinite gains at even harmonics,
which reduces system robustness and degrades the system performance [18]. Furthermore, the traditional
RC easily induces instability due to plant model uncertainties and slow transient responses due to the
one-cycle delay term.

To overcome the above limitations of the traditional RC, a new approach based on the odd-harmonic
repetitive control (OHRC) and the robust adaptive control (RAC) is considered. In this approach, the
OHRC employs a specific internal model representing the disturbance model at only the odd-harmonic
frequencies. Thus, instead of using the traditional RC, it is reasonable to use the OHRC to appropriately
cancel the odd-harmonic periodic disturbances. Moreover, the OHRC uses a half-cycle delay compared
to the traditional RC requiring a one-cycle delay to generate the control signal. Meanwhile, the RAC is
added to complement the OHRC to provide accurate reference tracking and strong robustness against
unknown plant dynamics and uncertainties. This is reasonable because the stability of the RC-type
controlled system is easily affected by the unmodeled dynamics and plant uncertainties.

Some related results using the adaptive/robust control and the learning-based control can be found
in [19-27]. In [19], an adaptive neural tracking controller with nonstrict-feedback form and prespecified
tracking accuracy was designed for a class of uncertain stochastic nonlinear systems. Wu et al. [20]
addressed the adaptive fuzzy tracking problem for a class of nonlinear pure-feedback systems with a
quantized input signal. A robust RC design based on output-feedback control for a class of linear time-
varying systems with structured uncertainties was developed in [21]. Kurniawan et al. [22] presented a
sliding mode-based RC for tracking control of the linear systems subject to the exogenous periodic dis-
turbances and plant parametric uncertainties. In [23], an adaptive repetitive scheme was developed using
a robust integral of the sign of error feedback control to handle the periodic and unmodeled disturbances
in an electro-hydraulic load simulator. Chen et al. [24] proposed an adaptive repetitive learning control
method for permanent magnet synchronous servomotor systems with bounded nonparametric uncertain-
ties. Ref. [25] designed a control strategy incorporating the repetitive learning method and the adaptive
technique for a mobile-wheeled inverted pendulum subject to periodic disturbances and parametric un-
certainties. An adaptive repetitive contouring controller to compensate both periodic and non-periodic
disturbances perturbing an industrial biaxial precision gantry was introduced in [26]. Further, in [27],
an adaptive RC scheme was discussed to eliminate distortions caused by the unknown periodic load
disturbances in the power inverter. Refs. [19,20] discussed the tracking control problem of uncertain
nonlinear systems without considering the periodic exogenous disturbances. Refs. [21-27] were concerned
with tracking and/or rejecting repetitive signals in the presence of nominal system models, although the
systems are also subject to different uncertainties.

Here, we focused on the problem of reference tracking and disturbance compensation of unknown linear
systems perturbed by the periodic odd-harmonic disturbances. In particular, we developed a control
strategy utilizing robust adaptive odd-harmonic repetitive control (RA-OHRC) scheme. The RAC refers
to a model-reference adaptive control technique, applying a robust adaptation law to perform tracking
control of the linear systems with unknown plant models. The adaptation parameters are updated online
to produce a bounded control signal and ensure the convergence of the tracking error. Meanwhile, the
odd-harmonic repetitive control referred to as the OHRC is added to suppress the periodic disturbance
at its odd-harmonic components. Notably, the design of the OHRC does not require plant dynamics
anymore. This approach generally contrasts the design of feedback RC systems. Simulation results and
comparison studies are provided to highlight the effectiveness of the proposed control method. In order
to emphasize the novelty of this research, the main contributions are summarized as follows.

(1) A new control scheme combining the RAC and the OHRC methods is established. The OHRC
is employed to significantly suppress the odd-harmonic periodic disturbances. Furthermore, compared
to the traditional RC, the OHRC cancels the odd-harmonic periodic disturbances and provides a faster
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transient response due to the use of a half-cycle delay in the design. Meanwhile, the RAC is added to
provide accurate reference tracking and strong robustness against the unknown linear system. Moreover,
the RAC can handle the parameter uncertainties.

(2) Since the plant model is assumed to be unknown, the RC method we proposed here is referred to as
a model-free RC method. In contrast, the traditional RC method requires the plant model information
to synthesize the compensator and ensure the stability of the resulting RC-controlled system.

(3) To assess the stability of the resulting closed-loop system, we introduced the estimation error dy-
namics consisting of three different errors: the repetitive error, the parameter-a error, and the parameter-
B error. A Lyapunov function used in the stability analysis is then constructed based on those three errors.
Then, we showed that the boundedness of the system signals and the convergence of the tracking error
are guaranteed.

The remainder of this paper is organized as follows. In Section 2, the problem statement and some
assumptions are presented. Section 3 discusses a new control method combining the robust adaptive
and the odd-harmonic repetitive control schemes. A stability analysis involving the Lyapunov function is
established in Section 4. A numerical example is given in Section 5. Finally, Section 6 includes concluding
remarks.

2 Problem statement

In this paper, we consider a class of linear-time invariant (LTI) systems represented as follows:
y(k) = [P(2)] u(k) + w(k), (1)

where y(k), u(k), w(k) € R denote a plant output, a control input, and a periodic exogenous disturbance,
respectively, and P(z) is an unknown plant model. The unknown plant model P(z) is considered to have

the following expression:
B(z)
P(z)=k 2
(Z) P A(Z) ’ ( )

where k), is a plant gain, and B(z) and A(z) are plant numerator and denominator polynomials, respec-
tively, which are given by

B(z) = 27+ b1z7 4o £ by_12 + by, (3)
A(z) =22+ a12P  + -t ay_1z + ap. (4)
Here, the plant parameters kp,ai,...,ap,b1,...,b, are considered to be unknown, while the numerator

degree ¢ and the denominator degree p are known. Next, we also consider the reference LTI system given
as

yr(k) = Zﬁnr(k)a (5)

where r(k) is a reference input and y,. (k) is a reference output. Here, z~™ is an input delay with the length
of n. Note that z is referred to as the Z-transform variable and also as the forward-shifting operator,
e.g., zr(k) = r(k+1). In addition, 2~! represents a backward-shifting operator, e.g., z~!r(k) = r(k —1).
The input delay z~™ is particularly defined as a reference model M (z). That is,

M(z)=2z"". (6)

The reference model M (z) other than 27", as long as its transfer function has a relative degree n, can
be used as the reference. For the sake of simplicity, we prefer a reference model (6) since the reference
output y,(k) is simply a delayed version of the reference input (k) by the delay length of n samples.
Moreover, we also define a tracking error e(k) as

e(k) =y, (k) —y(k) = r(k —n) —y(k). (7)

For the unknown linear system (1), we thus intend to construct the control input u(k) such that: (1) the
periodic disturbance w(k) is rejected; (2) the plant output y(k) precisely follows the reference output
yr(k); (3) the tracking error e(k) asymptotically converges to zero steady-state; and (4) the resulting
closed-loop system is stable and robust against plant uncertainties. To ensure that these objectives are
achievable, we necessarily define several assumptions as follows.
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Assumption 1. The exogenous disturbance w(k) is periodic with a known fundamental frequency f,,.
This gives a basis period of Ty, = f% In addition, it is possible that the disturbance w(k) contains
odd-harmonic frequencies.

Assumption 2. The unknown plant P(z) is stable and minimum phase. This implies that B(z) and
A(z) in (2) are stable polynomials. In addition, the polynomials B(z) and A(z) are co-prime.
Assumption 3. The plant parameters k,, a1, ...,ap,b1,..., by are unknown. However, the sign of k,,
the degrees p and ¢ of the polynomials A(z) and B(z) are assumed to be known, respectively. It also
assumed that |k,| < k) for some positive constant, k.

Assumption 4. The reference model M(z) is chosen such that n < p and n =p — q.

Remark 1. Note that Assumptions 1 and 4 are needed to design the OHRC, and Assumptions 2—4
are required to synthesize the RAC. Here, Assumption 1 is used to design the internal model part of
RC, while Assumption 4 is utilized to construct the compensator part. Assumptions 24 give detailed
specifications of the plant and reference model, which determine the dimension of the adaptive parameters
constructing the RAC law. In addition, Assumptions 2—4 have become standard assumptions in the design
of discrete-time model reference adaptive control [28,29].

3 Proposed method

In this section, we present a control strategy by combining the robust adaptive control and the odd-
harmonics repetitive control methods in order to generate the desirable control input u(k) for the linear
system (1). Thus, the proposed control strategy is referred to as the RA-OHRC, which results in the
control input u(k) expressed as

u(k) = ua(k) + ur(k), (8)

where u4 (k) and ur (k) are the control signals generated from the adaptive and repetitive control schemes,
respectively.

3.1 Robust adaptive control

We first design the adaptive control law u4(k), which is adopted from a model reference adaptive control
method presented in [29]. The control law w4 (k) is then given by
z z
wak) = T ) |22 Ly o ) (B ) 4oy Yy h) + ca (), )
A(z) A(z)
where {a1(k), az(k)} € RP~! and {as(k), as(k)} € R are adaptive parameters, A(z) is a stable polynomial
with a degree of p — 1, and p(z) is described as

0, if p<2,
z) = 10
) {[ZP_Q,...,Z,l]T,if p=2. (10)

Remark 2. Eq. (9) shows that the RAC law is divided into four parts with different adaptive parameters
(i.e., an(k)—aa(k)). In addition, four different input signals (i.e., the reference input r(k), the plant

output y(k), the filtered output %y(kz) and the filtered control signal igzg u(k)) are paired to construct

the control law w4 (k). This control law becomes the common form in the design of discrete-time model

reference adaptive control as shown in [28, 29].

Note that of (k), a3 (k), as(k), as(k) are respectively estimates of the true parameters oit, a3, o, o

at time k. To simplify (9), we then define a(k) and w(k) as follows:

alk) = [T (k) 03 (8) a3(k) oa(k)] k) € B, (1)
wik) = [Su(k) Ly(k) y(k) (k)] . (k) € B, (12)

such that
ua(k) = aT(k)w(k). (13)
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We also introduce an adaptive parameter S(k) € R used to construct an estimation error e(k) € R as
follows:

e(k) = e(k) + B(k)E(K), (14)
where e(k) is the tracking error as defined in (7) and (k) is given by
¢(k) = [a" (k)w(k —n) —a” (k—n)w(k —n)]. (15)

The adaptive parameters a(k) in (11) and (k) in (14) are updated using normalized gradient algorithm
with parameter projection as follows [29]:

sgn(ky)e(k)Tw(k —n)

ak+1)=alk)+

L elhE(k)

+ fa(k), (16)
Bk +1) = B(k) + fo(k). (17)

To further describe the robust adaptation schemes (16) and (17), some details are then provided as
follows:

2
rerR»%» r1r=r% 0<I'< @Igp, (18)
P
R2(k) €R, n2(k) = 1+wT(k — n)lw(k — n), (19)
Y e IR>Oa 0< 7 < 2) (20)
0, if 0 — g, € [af, of],
fai(k) €R, fai(k) =9 o — i = Ga;, if @ — go, > (21)
Oéé — O — Gay if o — Ja; < O‘éa
0) lfﬁ _gﬂ S [6l7ﬁu],
fa(k) €R,  fa(k) =< B =B —gp, if B—gs > B, (22)

B —B—gs, if B—gs<p,
KYlTw(k —
ga(k) € R?, ga(k)%,

_ 7775’“(72 <)’f>. (24)

(23)

gs(k) €R,  gs(k)

Note that f,(k) in (16) and fg(k) in (17) are projection functions of parameters a(k) and S(k) as
detailed in (21) and (22), respectively. Here, n,, (k) is a normalizing signal, and " and ~ are some chosen
adaptation gains. In addition, «; and g,, are the i-th components of vectors a(k) and g (k), respectively.
The variables o and ol represent the upper and lower bounds of «;(k). Similarly, 3 and 8! denote the
upper and lower bounds of 8(k). The true parameters a® and * are considered inside the bounds. That
is,

o € a"], B e s, B (25)
3.2 0Odd-harmonic repetitive control

We now present the odd-harmonic repetitive control law ug(k) expressed as follows:

= [ o ]

Internal model

where [%] corresponds to an RC internal model as in [18], C(z) is an RC compensator, €(k)/n2 (k)

is defined as a normalized estimation error and becomes an input signal to the RC, and N € Z is the
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Figure 1 (Color online) Magnitude responses of the internal models of OHRC and traditional RC with a fundamental frequency
of 1 Hz.

number of samples per disturbance period. It can be seen that the repetitive control law (26) uses the
normalized estimation error e(k)/n2 (k) as the input. This is to follow the adaptation algorithms (16)
and (17) that utilize the similar error. In this way, the stability analysis of the closed-loop system with
the proposed controller can be properly established. Here, N is an integer number given by

(27)

where T, is the fundamental disturbance period and 7T is a sampling period.

Remark 3. Supporting Assumption 1, the priori information about the disturbance period Ty, is re-
quired to compute the integer N, which can be seen in (27). This priori information is a standard
assumption used in the design of repetitive controller [11-17]. In case that the period information is
unknown, then the period identification can be performed beforehand using certain algorithms such as
in [30,31].

The internal model in (26) represents the disturbance models at the odd-harmonic frequencies only
such that f € [fw,3fw,dfw,...]. This is illustrated in Figure 1 showing the magnitude responses of the
OHRC and the traditional RC with a fundamental frequency of 1 Hz. Hence, it is obvious that only the
disturbances at odd harmonics are to be rejected. In the RC-controlled system, a compensator is com-
monly required to stabilize the resulting closed-loop system and also determines the rate of disturbance
rejection. The compensator C(z) is then formulated as

C(z) = k. M~(2), (28)

where k,. is an RC gain and M ~!(z) is an inverse of the reference model (6). We notice in (28) that when
designing the compensator C(z), the plant model P(z) written in (2), which is unknown, is not required.
This is in contrast to the general feedback RC which requires the plant model to be known to design
the corresponding compensator. Thus, as shown in (28), the compensator C(z) is instead obtained by
using the reference model M (z), which can freely be chosen as long as Assumption 4 is satisfied. We thus
consider that the RC design in (26) is a model-free repetitive controller.

Now, based on (9), (14), (15), (26), a closed-loop system can be formed and the corresponding controller
is referred to as the RA-OHRC. Such a controller consists of three main blocks, namely the RAC, the
OHRC, and the estimation error as depicted in Figure 2.
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Figure 2 (Color online) A closed-loop system with the proposed RA-OHRC.
4 Stability analysis

Having the closed-loop system as shown in Figure 2, we now present a stability analysis, which includes
plant-reference dynamics matching and estimation error dynamics, using the Lyapunov stability approach.

4.1 Dynamics matching

First, we consider that there are solutions or true parameters a* = [af", a3", o, )T which satisfy a

matching condition in terms of a transfer function as follows:

* B(z
ajlkp AEZ§

* * ky,B(z % B(z =z"" (29)
1 - a1TM(2)ﬁ —asTp(z) /\(z)fg(g) a3 [kpﬁ]
The true parameter o is chosen as
L 1
such that the matching condition (29) can be expressed as
(03T h(=) = A(2)] A(2) + [kpasT () + kpaiA(2) + 2" A(2)] B(z) = 0. (31)

Since B(z) and A(z) are co-prime according to Assumption 2, there is a polynomial S(z) satisfying
[k:pogT,u(z) + kpazA(z) + 2"A(z)] = —=S(2)A(2), (32)
[ai"u(2) = A(z)] = S(2)B(2). (33)
Multiplying (32) with y(k), we then obtain
S(2) [A(2)y(R)] + kpas ™ u(2)y(k) + kpa3A(2)y(k) = —2"A()y (k). (34)
Substituting (2) into (1), we can straightforwardly rewrite the LTT system (1) as
A(2)y(k) = kpB(z)u(k) + A(z)w(k). (35)
Thus, using (35), we can recast (34) as

kpS(2) B(2)u(k) + S(2) A(z)w(k) + kpas " u(2)y(k) + kpasA(2)y(k) = —2"A(2)y(k), (36)
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which can be rearranged after substituting (33) into (36) to yield
kp [03 T (2)u(k) + o5 u(2)y(k) + a3A(2)y (k)] + S(2)A(2)w(k) = kpA(2)u(k) = 2" M=)y (k). (37)
Dividing (37) by kpA(z), we then obtain

o 1(2) o1 (2) . S(2)A(2) _ z"
01Tmu(k) + Oészy(k) + azy(k) + Ww(k) =u(k) — —y(k), (38)

which is referred to as a matching equation used to derive the estimation error dynamics.
4.2 Estimation error dynamics

To obtain the estimation error dynamics of the closed-loop system shown in Figure 2, we first need to
derive the tracking error dynamics. This is begun with applying the control law (8) to matching (38) to
yield

S(2)A(z) "

i A5 ulh) + 05 5y ) + k) = wa(h) + un(h) - Z 5

LG 222"

Using (9) and (12), and adding both sides of (39) with ajwa4(k), we have

3
) +un(h) - Z5E ) - Ty, (40)
which can be simplified to yield
(k) = Ty(k) = =) = o) + un(h) — ZH D u(h) (a1)
By defining the adaptive parameter error as
a(k) = alk) — a”, (42)
then Eq. (41) can be rewritten as
(k) = Ty(k) = ~a)o (k) + unl) - Z 5T ulh) (13)

Using (5), (26), and (30), and multiplying (43) with k,z~", we obtain

_ZN/2 € z zZ
() = 9(0) =~y ) + by | 5o | o — o S ) (4
Let ¢(z) and wy (k) be
o) =+ 22 (45)
wa(k) = B(=)uulk). (46)

Thus, by using (7), (45) and (46), Eq. (44) can be rewritten as

—2N/2 €
e(k) == kpz""a(k)w(k) + kpky [1 n zN/2] nQ(](cli) — we (k). (47)
Let v(k) be
—2N/2 e(k
v(k) = kyp [1 JrZN/Q] ng(g)’ (48)



Kurniawan E, et al. Sci China Inf Sci  December 2022 Vol. 65 222202:9

where £, is given by
krp = krkp. (49)
Then Eq. (47) can be expressed as
e(k) = —kpa(k)w(k —n) + v(k) — wy (k). (50)

Eq. (50) is interpreted as the tracking error dynamics of the LTI system (1) regulated by the control law
(8). Finally, the estimation error dynamics is obtained by substituting (50) into (14) such that

e(k) = wy(k) = v(k) = B*a(k)w(k —n) — B(R)E(K), (51)

where S* and B(k) are respectively given by
B* = ky, (52)
B(k) = B(k) - B (53)

Remark 4. The term wg(k) in (51) is a bounded and periodic error signal to be cancelled. This
property is determined based on (32), (45), and (46). Using (32), Eq. (45) can then be rewritten as

o(z) = kpz”azT% +kpz "o + 1 (54)

Given that \(z) is chosen as a stable polynomial, and a3 and o} are bounded true parameters, then
¢(z) is a stable transfer function. Since w(k) is periodic and ¢(z) is stable, then wy (k) as formulated in
(46) is bounded and its periodicity is preserved. However, the amplitude and phase of wg (k) may differ
from w(k).

Remark 5. The term v(k) in (51) can be considered a repetitive control signal generated from (26) to
compensate the periodic signal wg (k).

Remark 6. The estimation error (51) comprises three different errors, namely the repetitive error ¢, (k),
the parameter-a error €,(k), and the parameter-53 error eg(k), which are respectively given by

er(k) = wy (k) — v(k), (55)
€a(k) = =B a(k)w(k —n), (56)
ep(k) = —BR)E(R). (57)
Hence, Eq. (51) can be recast as
e(k) = (k) + ea(k) + €a(k). (58)

Next, we prove the stability of the closed-loop system using a Lyapunov function derived from the
estimation error (58).

4.3 Convergence analysis

It follows from the discussion above that a convergence condition of the LTI system (1) with the control
law (8) is provided as follows.

Theorem 1. Consider the closed-loop system consisting of the unknown LTI system (1) with the
periodic disturbance w(k) under Assumptions 1-4, the adaptive controller designed using (9) with the
adaptation law (16) and (17), and the repetitive controller given by (26). Then, there exists a positive
constant o such that the resulting closed-loop system is stable in the sense that the estimation error e(k)
is bounded and decays to the zero steady state. This condition also implies that the tracking error e(k)
is a bounded decaying signal.

Proof.  Let us choose this candidate of Lyapunov function:

V(ers €as€p) = Viler(k)) + Va(ea(k)) + Va(es(K)), (59)
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where
k+N/2—1
Vi(e (k) =k Y el(h), (60)
h=Fk
Va(ea(k)) = |B*|a@" ()T~ &(k), (61)
Va(ea(k)) ="' B (k). (62)

To obtain the time difference of the quadratic function Vi(e-(k)), we need to apply the properties of
wy (k) and v(k) as follows:

we(k+ N/2) = —wy(k), (63)
wj(k+ N/2) = wj(k), (64)

e(k)

o(k) vl + N/2) = —hep 5

(65)

The property (63) holds for any discrete-time periodic signal with a fundamental period of T, = NT [18].
The properties (64) and (65) straightforwardly follow from (63) and (48), respectively. Now, we can have
the time difference of the quadratic function Vi (e, (k)) given by

Vier(k +1)) = Vi(er (k)

k+N/2 k+N/2—1
=k,.,3{ S oém- Y e3<h>}

h=k+1 h=Ek

[
= i [o(k) + vk + N/2)){ [o(k) + vl + N/2)] + 26, (k) }
__ k) [, ek
IR

— %2) [kw negf]i) . Qer(k)} . (66)

Next, we intend to obtain the time differences of Vs (e, (k)) and Vs(eg(k)), respectively. For this purpose,
we first need to consider the following equations:

+ 2er(k)}

alk+ 1)~ a(k) = alk+ 1) — a(k) = B 1)

Fe(R)ER)
T + fa(k). (68)

Based on (16) and (67), we can have the time difference of Va(en(k)) given by

%(ea(k+1))*‘/v2(€a( ))
= |B*@" (k+ DI 'a(k +1) — |8%|a” (k)T a(k)
=gt @t (k+1)—a" (k)] ak+ 1)+ |8 T " [@"(k+1) — a” (k)] (k)

w'(k —n)le(k) «| pT w(k —n)e(k) -1 -1g
e AU R PR AU RE

+ fa(k), (67)

Blk+1) = (k) = Bk +1) = B(k) =

_ g @k = n)Tw(k — n)e* (k) o wh(k—n)a(k)e(k) oo erip ot
_lﬁ | néj(k) +2|6 | ’ﬂ,i(k’) +|B |fa (k)r .fa(k)

+2|6%| 2 ()T~ ga (k) +2|6% | £ (K)T ™ é(k)
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<2IB* | fr ()T [fa(k) + galk) + (k)] + |6*|°"T(k — n)lw(k — n)e*(k)

ng (k)
Wk = n)a(k)e(k)
| s (69)
Similarly, we use (17) and (68) to obtain the time difference of V3(eg(k)). That is,
Va(ep(k +1)) — Vs(es(k))
=77 Bk + 1) =B (k)
=771 Bk +1) = BR)| (k+1) 497 [Blk+1) = Bk)| A(k)
= [SRE) o] [y g+ 2500
— o 30+ 2 s Ba(h) + 20 s W) + 7S () p SR
) _ 2(k)e k
<277 o) [Fo(h) + g(k) + B(B)] +7° Elg)(k)( )8l 3%((,{7) ") (70)

The time increment of V' (e, (k), eo(k), €g(k)) is obtained by summing up (66), (69), and (70) such that

Vier(k+1),ea(k+1),ep(k+1)) — Ve (k), ea(k), ep(k))

e(k) e(k) wh(k —n)Tw(k —n)e* (k)
S 20 {k’“png(k) er(k )} 181 nd (k)
oW (E—n)a(k)e(k) = & (k)e*(k) 5 (k)6 3(k)e (k)
T e T Tam T 2w
+ 28| fo (K)T 7" [fa(k) + ga(k) + a(k)] + 29 f5(k) fﬁ(k)JFgB(k)JFB(k)] (71)
Based on (51), (55), and (21)—(24), then

ﬂ* Tk = n)a(k) + £(k)B(k) = en(k) — e(k), (72)
( ) [fa(k) + ga(k ) a(k)] <0, (73)
(k) [ £3(k) + ga(k) + B(R)] <0 (74)

hold. Moreover, using (72)—(74), Eq. (71) can be further expanded into

Vier(k+1),ea(k+1),eg(k+1)) — V(er(k), ea(k), es(k))
o e(k) {kz e(k) —26,«(/6)] N |6*|w (k —n)Tw(k —n)e*(k)

S w2 ez 0
o U IBD) | 0 ety
S s = 260 0] + S 26,0 — 26t
w1 R )
<20 [ 2w P S )
<0y [P T e )
< o o) (75)
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where o is given by

Krp
n (k)

From (75), it can be concluded that for any o > 0, the estimation error e(k) is a bounded decaying signal
(i.e, €(k) € L? N L*>°), which implies that the parameter errors €, (k), eg(k) and the repetitive error €, (k)
are bounded and decaying. This also implies that the parameters (a(k), S(k)) converge to the true values
(a*, 5*) and the periodic disturbance w(k) is cancelled. Based on (14), it is also shown that the tracking
error e(k) is bounded and asymptotically converges to the zero steady state. This completes the proof.

i wh(k —n)Tw(k —n) B (k)
o) v (76)

oc=2—

5 A numerical example

5.1 Simulation configurations

We now present an example of designing RA-OHRC for a discrete-time LTI system involving the servo-
motor used in [32]. The discrete-time LTI system is modeled as

0.1877z + 0.1038

y(k) = 5507475 1 0.2062 ) T k), (77)

where y(k) is an output angle position (rad), w(k) is an input voltage (V), and w(k) is an output
disturbance (rad). The associated sampling time for the LTI system (77) is T' = 0.05 s. Moreover, the
plant model of the LTT system shown in (77) can then be expressed as

Pl2) = k20

_ 78
P24 a1z +as (78)

where k, = 0.1877, a; = —0.9747, as = 0.2662, and by = 0.5530. It is assumed that only the degree p of
the plant is known, while the true plant parameters k,, a1, as, b; are unknown. From (78), we thus have
p = 2, which leads to the selection of a(k)’s dimension as follows:

a(k) = [al(kz) az(k) as(k) a4(k)r, a e R (79)

The reference input r(k) is a periodic signal with the period of 1 s. Also, the disturbance signal w(k)
is periodic with the fundamental frequency of 1 Hz and is modeled as

2
w(k) = 0.1 sin (27(2j + 1)) (80)
j=0

The reference and disturbance signals: r(k) and w(k) are illustrated in Figures 3(a) and (b), respec-
tively. Now, we can determine the reference model M (z), the parameters u(z) and A(z), and the initial
adaptive parameters a(0) as

M(z) =z uiz)=1, Az) =2, «a0)= {o 00 O}T. (81)
In addition, the adaptation gains (T',v) and the («, 8) bounds are chosen as
I = diag{1.5 1.5 1.5 1.5}, ~ =15,
[a), "] = [(=4,4), (=4,4), (=4,4), (=4, 4)], [8',8"] =10, 5]. (82)
The adaptive controller u (k) of the form (9) can then be constructed as
ua(k) = ar(k)u(k — 1) + az(k)y(k — 1) + as(k)y(k) + as(k)r(k). (83)
To design the repetitive controller, we first determine the integer N yielded as

Ty 1
T 0.05 0 (84)
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Figure 3 (Color online) (a) Reference r(k); (b) disturbance w(k).
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Figure 4 (Color online) Control signal u(k).

Choosing the RC gain k, as 0.75, we can have the compensator model C(z) as
C(z) =0.75z. (85)

Now, the repetitive controller ur(k) of the form (26) can be designed as

up(k) = [—0.75%;10] n‘;jg) (86)

Note that e(k) and n? (k) are calculated using (14) and (19), respectively. Finally, the proposed RA-
OHRC can be synthesized from (83) and (86), which is given by

u(k) = ua(k) + ugr(k). (87)

5.2 Results and discussion

Simulation results of the LTI system (77) with the controller (87) are presented in Figures 4-8. Particu-
larly, it is shown in Figures 4-7 that despite the presence of the unknown plant model and the external
periodic disturbance, the control signal u(k), the tracking error e(k), the estimation error e(k), and the
adaptive parameters (a(k), 5(k)) are all bounded. It can be seen from Figure 5 that the tracking er-
ror e(k) defined as the difference between the reference output y,(k) and the plant output y(k) moves
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Figure 5 (Color online) Tracking error e(k).
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Figure 6 (Color online) Error signals. (a) Estimation error e(k); (b) repetitive error €,(k); (c) parameter-a error eq(k);
(d) parameter-3 error eg(k).
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Figure 7 (Color online) Adaptive parameters a(k) and B(k).

toward zero steady-state. Similarly, the estimation error (k) in Figure 6(a) is also a decaying signal,
which implies the convergence of the repetitive error e,(k) (55), the parameter-a error (56), and the
parameter-3 error (57). The convergences of €,(k), €, (k), and eg(k) respectively are then confirmed in
Figures 6(b)—(d). Moreover, Figure 8 illustrates the plant output y(k) demonstrating the tracking capa-
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Figure 8 (Color online) Plant output y(k) and reference output y, (k).
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Figure 9 (Color online) Adaptive parameters a(k) and B(k) of RAC.

bility of the proposed controller. It is noticeable that the plant output y(k) precisely follows the reference
output y, (k) after completing the transient period. The transient period is required by the controller
to adjust the adaptive parameters to cope with the unknown plant model and to generate the periodic
signal for disturbance compensation. These results clearly indicate that both the reference tracking and
the disturbance rejection can be achieved simultaneously.

Comparison is made to the RAC as a standalone controller. The RAC can be obtained by setting the
RC gain k, in (85) as 0. It can be seen in Figure 9 that the adaptive parameters do not converge to the
true values. In addition, the time history of these parameters shows certain periodical patterns instead
of the constant values. Note that the boundedness of the RAC are ensured by the adaptation laws (16)
and (17). This result confirms that the adaptation parameters are greatly affected by the existence of
the periodic disturbance w(k).

The tracking error of the RAC is shown in Figure 10. The RAC results in a periodical bounded tracking
error with no sign of convergence to the zero steady-state. This is also confirmed from the tracking output
indicated in Figure 11, where the output y(k) is unable to accurately follow the reference y, (k). This
means that the periodic disturbance w(k) remains uncancelled.
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Figure 10 (Color online) Tracking error e(k) of RAC.
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Figure 12 (Color online) Adaptive parameters a(k) and B(k) of the controlled-system with 10% plant variation.

We also examine the tracking performance of RA-OHRC when the LTI system (77) is subject to plant
uncertainties. Let the 10% plant parameters variation be present at time ¢ > 30 s. This gives a new plant
model as

0.2065z + 0.1142
22 —1.07222 + 0.2928°

PA(z) = (88)

This plant variation moves the system poles positions from p; = 0.487+0.169j and ps = 0.487 —0.169j to
the locations at p1ao = 0.536+0.073j and poa = 0.536 —0.073j. The new poles p1a and poa are still inside
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Figure 13 (Color online) Tracking error e(k) of the controlled-system with 10% plant variation.

the unit circle which makes Assumption 2 remain valid. From Figure 12, we notice that the adaptive
parameters at time t = 30 s are adjusted to the new solution. As indicated in Figure 13, this adjustment
process introduces a new transition period resulting in a small transient error to the tracking error e(k)
before the e(k) converges again to the zero steady-state. By observing behaviors shown in Figures 12 and
13, it can be concluded that the proposed algorithm is also robust against plant parameter uncertainties.

We thus infer from all the above results that a proper integration between the adaptive and the
repetitive control schemes is required to handle the unknown and uncertain plant model, and to improve
the tracking performance in the presence of the periodic exogenous disturbance.

6 Conclusion

We proposed a robust adaptive odd-harmonic repetitive controller for the unknown linear systems per-
turbed by the odd-harmonic periodic disturbances. The proposed controller design method employs
direct adaptive control with the robust adaptation law to handle the unknown plant model and OHRC to
eliminate the periodic exogenous disturbance. The stability analysis demonstrated that the proposed con-
troller ensures the boundedness of the system signals and the convergence of the tracking error. Finally,
the simulation results showed the effectiveness and high performance of the proposed design method.
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