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Abstract — In uninterruptible power supplies (UPS) it is
desired low harmonic distortion in the output voltage. On
other side, AC Power Sources require high performance
controllers to generate sinusoidal, harmonic and arbitrary
waveforms. In this paper a Robust Model Reference Adaptive
Control law (RMRAC) with an Adaptive Repetitive
Controller (ARP) are applied to control the voltage output of
UPS and AC Power Sources. The RMRAC control law is
used to obtain robustness in the closed-loop system, while the
ARP controller is applied to compensate periodic
disturbances in the output voltage waveform. In addition, an
adaptive law is introduced to tune the gain of the repetitive
controller when no periodic disturbances are present.
Simulation and experimental results are shown to
demonstrate the RMRAC-ARP controller performance under
several operation conditions.

1. INTRODUCTION

The robust stability is an important feature of a
control strategy required for its applicability in practical
systems. Robustness properties of adaptive control
algorithms have been widely investigated in the last two
decades. Rohrs et al [1], Egardt [2], Riedle et a/ [3] and
others have demonstrated that unmodeled dynamics or
even bounded disturbances can lead most of adaptive
algorithms to instability. A number of modifications have
been proposed to solve this problem and improve the
robustness of these algorithms [4]. In the case of bounded
disturbances, the basic idea of most of these modifications
is to prevent the instability by eliminating the integral
action of the adaptive laws. This can be achieved using
dead-zone, o-modification, and similar techniques. On
other side, when unmodeled dynamics are present others
modifications like normalization and projection are
necessary to keep the parameters within a sphere. In
particular, robust model reference adaptive control
(RMRAC) is one of more attractive research topic due its
input-output approach and robustness to bounded
disturbances and unmodeled dynamics. However, the firsts
results were based on very restrictive assumptions. Several
authors have been investigating RMRAC to make these
assumptions less restrictive, and majors advances can be
found in works as Ioannou and Tsakalis [5], Lozano-Leal
et al [6], Narendra and Annaswamy [7], Kreisselmeier and
Anderson [8].

When unknown periodic disturbances are present in the
system output repetitive control strategies have been used
to minimize periodic tracking errors. In [9], Hara et al
introduces a repetitive control (RP) in which the controlled
variables follow periodic reference commands. A high
accuracy asymptotic tracking response is achieved by

implementing a model that generates the periodic signals
into the closed-loop system. On other hand, repetitive
control with robust model reference adaptive control have
been successfully applied to systems as UPS and AC
Power Sources, where usually the plant is time variant with
unknown dynamics and periodic disturbances [10, 11].
However, in the absence of these disturbances, the RP
controller becomes unnecessary. Furthermore, due to
integral action of the RP controller over past errors it is
desired to avoid its contribution in the control law when
are present non-periodic disturbances or transients.

This paper proposes a new robust model reference
adaptive control with adaptive repetitive control (ARP),
where the repetitive controller gain is tuned dynamically to
minimize or reject the repetitive control action when no
periodic disturbances are present. The adaptive repetitive
control is implemented using a gradient projection type
algorithm. In addition, the RMRAC scheme uses a least
squares algorithm with o-modification and normalization
[5]. A conservative upper bound for repetitive gain the can
be used to guarantee the controller stability without
significance performance loss. In order to verify the
control strategy performance, the RMRAC-ARP controller
is applied to an AC power source. Simulation and
experimental results were obtained under several operating
conditions, including non-linear loads, periodic and non-
periodic disturbances and unmodeled dynamics. A
microprocessor-based prototype is being used to
demonstrate the algorithm effectiveness in realistic
conditions.

In summary, the main contributions of this paper are the
inclusion of an adaptive algorithm for the repetitive gain
and the use of the resulting RMRAC-ARP scheme to
control a real-time application.

This paper is organized as follows: In Section II the
PWM inverter system is presented. The plant model and
control objective is given in Section III. The RMRAC-
ARP controller structure is shown in section IV, while in
Section V the RMRAC and ARP adaptation algorithms are
presented. Simulation and experimental results of the
RMRAC-ARP controller application to UPS and AC
power sources are shown in Section VI. Section VII
concludes this paper.

II. PWM INVERTER SYSTEM
An UPS or an AC Power Source is composed basically
by a conventional single-phase full-bridge PWM inverter
as shown in Fig.1, where the inverter is the actuator, while
the LC filter and resistive load R are considered as the

plant of the system.
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Fig. 1: PWM inverter system

The state space equations of the plant are
x=Ax+Bu,

|:VC:| |: O 1 j| |:Vci| |: O :|
.| = 2 ot 2 Vin»
Ve -0, —20,0, ] [V, @p
where x=[v, v.]', 0, =1/JLC, ¢, =(/CR)L/C .
The power switches are turned on and off once during
each interval T, such that V;, is a voltage pulse of
magnitude (E, 0, -E) and width AT centered in the interval
T. A sampled-data equation of the system at
timet,,, = (k+1)~T is

2.1)
or

2.2)

_oar (T+AT))2 ATT)
x(tp) =e T x(t,) + j(HT)/z e BEdu

From (2.3) a difference equation can be obtained as
V() +ay(t) +ar y(t ) = bu(t,) + byu(ty_;)
where y(t;) = [1/ E O]~ x(t,) is the normalized output
voltage and u(#;)A AT(¢;) /T is the normalized input

2.3)

(2.4)

voltage.

III. PLANT MODEL AND CONTROL OBIJECTIVE

Consider the following representation for a single input
single output (SISO) system:

y=G@u=[Gy@)[l+pnA,@]+pA,@k, (3.1
and
_ Zy(2)
GO(Z)_kp RO(Z) s (32)

where G(z)is the process transfer function, G,(z)is the
transfer function of the modeled part of G(z), nA,(z)
and pA, (z) are additive and multiplicative unmodeled
Zy(z)and R, (z)are
polynomials with degree m and n, respectively.

dynamics, respectively. monic

The following assumptions are made concerning the
modeled part of the plant:
S1- Z,(z)is a Hurwitz monic polynomial of degree
m(<n-1).
S2 - R,(z)is a monic polynomial of degree n.
S3 - The sign of k, and the values of m and n are known.
Without loss of generality, it can be assumed &, > 0.

In AC power sources several unmodeled dynamics
appear, as parasitic capacitances, inductances and
resistances, dead-times and switching dynamics.
Moreover, the system output is frequently connected to
several kinds of loads as reactive loads and nonlinear
loads. Regarding the unmodeled part of the plant, it is
assumed that:

S4 - A, (z)1is a strictly proper stable transfer function.

S5 - A,,(z)1is a stable transfer function..

S6 - An upper bound (1 > py> 0) on the stability margin (p
> 0), for which the poles of A, (z/p) and A,,(z/p)) are
stable is known.

Let y,, be the output of the reference model described
as

K r 3.3
D2 (3-3)

where D, (z)1is a Hurwitz polynomial of degree n'=n-m

I =Wy (2) r=

and e r(¢)is a uniformly bounded reference input. The
control objective is design an adaptive controller so that for
some u* >0 and any p € [0, u*)the resulting closed-loop
plant is stable and the plant output y tracks the reference
model output y, as closely as possible for all possible
perturbations A, (z) and A, (z)that satisfy S4 - S6. The

structure of robust model reference adaptive control with
repetitive adaptive controller that attends the control
objective is presented in next section.

IV - RMRAC-ARP CONTROL STRUCTURE

The plant input # and the plant output y are used to

generate a (2n—1) dimensional auxiliary vector

o’ =[ lT,sz,yJ as follows

o =@I-F)'qu, 0,=(:I-F)"qy (41

where F is a stable matrix and (F,q) is a controllable
pair.
Considering the plant input u, the plant output y, and

the auxiliary states vector, described in (4.1), the plant
input u for the RMRAC with ARP controller can be
calculated as

u=0"w+cyr+ugp (4.2)

where 97 = [01T .0 ,03] isa (2n—1) dimensional control
parameter vector and ¢, is a feedforward gain. The
repetitive control law upp is given by

ugp () = =Crp (L) Spp (1) (4.3)
where cpp(f,) 1is the adaptive gain of the repetitive
controller and

Sep (i) = el(tk+sa—na)+GRPZel(tk+sa—na)' (4.4)
i=2
In (4.4), ¢ =y—y, is the tracking error, between the

plant output and reference model output, n, is the number
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of samples per period of the reference,s, is a shifting

parameter, 0 << zp <1€ R, and n, 2 floor(k/n,).

Lemma IV.I: In absence of modeling errors and
disturbances, the tracking error and the repetitive control
law converge to zero asymptotically in steady state.

Proof: When no modeling errors and no disturbances
are present, the proof that the RMRAC controller leads the
tracking error to zero asymptotically is presented in [12]
and will be omitted here. Since the tracking error
converges to zero asymptotically, or ¢, - 0 when t — o,

the value of Sy, in (4.4) and upp in (4.3) also go to zero
(Sgp > 0 and ugp — 0 when t —> ).

Lemma IV.2: Combining (3.1)-(3.3) and (4.1)—(4.4) the
tracking error e, can be expressed as

e =WZ—;;(Z)(¢Tw“o”“kp)‘Wm(Z)”””’ (4.5)
ﬂ:A(Z)us

where ¢:0—0*is the parameter adaptation error,

67 = [01* r.e;" ,0;] is the desired controller parameters
and A(z) is a strictly proper transfer function.
Proof: From (4.1) and (4.2) it follows that
¢l o+ col Hupp = (1 - (z)—f2 (Z)G(z))u

where

(4.6)

L&) =07 (z1-F)q,

f(2)=03+05" (z1-F) ' q.

Due to the controllability of the modeled part of the
plant, from (4.6) the system output can be expressed as

4.7

y= Wm*(Z) [¢T w+Col’+uRp]+/u’7’ ﬂ:A(Z)M (48)

Co
where
w,(z)
A =222, (1= )+
0 . (4.9
W, (z (
+ P oy A, 2)48,0)
Co
Since c; is unknown, it can be estimated as

(p* = l/c; =k, /km . Regarding that ¢, = y—y,, and from
(3.3) and (4.8) the tracking error can be expressed as
a=y-y,=¢¥Y+un (4.10)
where
Y =W, (2)p" @+ W, (2)cor + W, (2)ugp —coW,,(2)r (4.11)
From (4.10) and defining { =W,,(z) w, the augmented
error can be obtained

& =¢ +g0*[6T(;—Wm(z)GTO)—Wm(z)cor

(4.12)
W g+ (| 08T o
Considering ¢, =¢, — co* and p=p—¢" the
augmented error can be rewritten as
f=e+p &= ¢ {+pCy, v @S . (413)

where

§=0"C W, (200" =W, (2)cor =W, (2)upp + oV, -

V. PARAMETER ADAPTATION ALGORITHMS

A. RMRAC Controller

There are a number of well-known parameter estimation
techniques, which have been successfully applied to the
identification problems. In the RMRAC scheme is
considered the following modified least-squares adaptation
algorithm:
0(t1) = (I —t,oP(t; ))e(tk )_ 155 (1 P )0 )

m(t;)

(5.1)

P(t,) = (1+1,A07)P(t;)

o [POGIET @R | 2 PP | (52)
m(t,) R?

where P = P” is such that
0<PO)<AR’T , u’ <k,ji’, (5.3)
In (5.1) and (5.2) the normalization signal m(¢;) is
given by
m(ty) =1+ a[m@)f
mlt) = (= ,80)m(t) +,8, (wieo) + el +1). (5,
m(t0)>§—:), 0,21,
where «;, 8,, 6,, A, u and R? are positive constants
and &, satisfies 8, +8, <min[py,q,], g, € R* is such
that the poles of W, (z/q,)and the eigenvalues of

F +q,I are stable and ¢, is a positive constant. p, >0
is defined in S6 and o in (4.1) is given by

0 i o<,
9 =190 QI6’||/M0—1) if Mo<|6|<2M, (5.5)
0y if le|| > 2m,

where M, >H0*“ and o, >2m>/R* € R* are design

parameters. This recursive least-squares (RLS) technique
has the advantages of fast convergence.

Lemma V.I: The parameter adaptation algorithm in
(5.1)-(5.5) and (4.13) subject to assumptions S1-S6 has the

following properties: a) V=¢'P'¢<V and b)

6" < K, A AR?T .
Proof: The proof of this lemma, which guarantees the

identifier robustness, follows the lines of the proof of the
lemma 4.2 in [6] and it will be omitted here.

B. ARP Controller

In the design of a parameter adaptation algorithm for the
repetitive controller gain should be considered that the
adaptation needs to be slow compared with other plant
dynamics. Moreover, the algorithm should prevent
elevated values on the repetitive gain cpp when the
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tracking error is high. Then, the following gradient
projection type algorithm has been developed for
adaptation of cpp:

o) i o) S cpp
CRP(tk)_{ERP i 0(t) > Cp (5.6)
with
U(tk)=(1_ARPts)CRP(tk—l)+tsaRPSSa(tk)a (5.7

where cpp is a design parameter defined a priori for a

specified stability margin and Agzp, oz € R’ are
positive constants. In (5.7), Sg,(#;) is given as
ng 3
Ssa (1) = 2 [Srr (1) (5.8)

i=1
VI. SIMULATION AND EXPERIMENTAL RESULTS

A.  Simulation Results

The system specifications used in obtaining simulation
and experimental results are given in Table I.
TABLE I - PWM inverter parameters

Filter inductance L=12mH

Filter capacitance C=75uF

DC input voltage E =200V

Reference voltage Vietr=110V 1, (155V)
Load R =240

Sampling time t; = (1/6000)s

In order to demonstrate the new ARP parameter
adaptation algorithm, a transient from linear load to non-
linear load is considered. Fig. 2 and Fig. 3 show the
RMRAC parameters (#) and the ARP gain (cpp),

respectively. It can be noted that in absence of periodic
disturbances, the repetitive gain approaches asymptotically
to zero. Moreover, in Fig. 4 presents a transient due to a
reference change from sinusoidal to harmonic, where it is
seen the good tracking capability of proposed approach. In
Fig. 5 is shown the response of the repetitive controller
with RMRAC controller for non-periodic disturbances.
The dotted line shows the output voltage when the
repetitive controller gain is constant, while the solid line is
the output voltage when the repetitive adaptive controller
is used. It is seen that in this case the ARP action improves

the system performance.
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Fig. 2: RMRAC parameters adaptation.
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Fig. 4: Sinusoidal and harmonic waveform generation.

Tois 102 1022 Toza 1026 1025 105 1032
Time (s)
Fig. 5: Output voltage with a non-periodic disturbance: without
adaptation (dotted line) and with adaptation (solid line)
in the repetitive controller.

B. Experimental Results

A single-phase PWM inverter prototype has been built in
the laboratory to verify the performance and demonstrate the
feasibility of the proposed RMRAC-ARP control scheme.
Results were obtained using a microcomputer platform with
6 kHz sampling rate.

Fig. 6 and Fig. 7 present the results of the proposed
controller when generating sinusoidal waveforms, which
are usually required in UPS systems. Fig. 6 shows the
output voltage and load current with a 110Vyyg sinusoidal
reference under linear load (resistive). The Total Harmonic
Distortion (THD) of the output voltage is low, 2.1%. To
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verify the dynamic response of the proposed controller under
nonlinear loads, a single-phase full-bridge rectifier with a
capacitive filter (Cy= 330uF) and a resistive load (R = 24Q))
has been used. Fig. 7 presents the system response to this
nonlinear load with 110 Vgiys at 60 Hz sinusoidal
reference. It can be seen the output voltage has good
quality, presenting THD = 3.5%, even under this high non-
linear load. The RMRAC controller associated with the
adaptive repetitive controller assures a good transient
response and a small tracking error in the output voltage.

Finally, to verify the performance of the AC power
source in generation of waveforms with harmonics, the
following reference is synthesized: r(t) = 140 (sin 1207t +
0.2 sin 240mt + 0.2 sin 600nt). Fig. 8 shows the output
voltage and the load current to a linear load of 24Q) for this
reference. Fig. 9 presents the spectral analysis of the output
voltage shown in Fig. 8. Fig. 10 shows the system response
with the same load and to the following reference: r(t) =
140 (sin 1207t + 0.2 sin 300xt + 0.2 sin 720mt). Fig. 11
presents the spectral analysis of the output voltage shown
in Fig. 10. The good controller scheme performance it is
shown in Fig. 12, where the same harmonic reference and
the non-linear load are used. As can be seen by the spectral
analysis in Fig. 13, the tracking capability of the proposed
controller assure to follows harmonic reference even in
presence of non-linear loads.

Ve !

Fig. 6 (.)ﬁtput. lefagé Vc(SOV/dlv) and io.a.d. cufréﬁf Io (.1.0.A/.div). for
linear load with sinusoidal reference

Fig. 8: Output voltage Ve (50V/div) and load current lo (10A/div) for
linear load with the 2™ and 5™ harmonics in the reference
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Fig. 9: Spectral analysis of the output voltage Vc to linear load with
the presence of the 2™ and 5™ harmonics in the reference
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Fig. 10: Output voltage V¢ (50V/div) and load current o (10A/div) for a
linear load with the 3" and 6™ harmonics in the reference
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Fig. 7: Output voltage Vc (100V/div), load current lo (10A/div) and
filter input voltage Vin (100V/div) to non-linear
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Fig. 12: Output voltage Ve (50V/div) and load current lo (10A/div) for
non-linear load with the 3™ and 6™ harmonics in the reference
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Fig. 13: Spectral analysis of the output voltage Vc to a nonlinear load
with the presence of the 3" and 6™ harmonics in the reference

The RMRAC parameters have been tuned off-line for
implementation of the proposed scheme in a DSP320F241
with 6 kHz switching frequency. Fig. 14 shows the output
voltage under linear load and for the following reference:
r(t) = 155 (0.6 sin 1207t + 0.2 sin 6007t + 0.2 sin 840mt).

Fig. 14: Output voltage (50V/div) to harmonic waveform including
5" and 7" harmonics for a linear load.

VII. CONCLUSIONS

The main contributions of this paper are the inclusion of
an adaptive algorithm for the repetitive gain and the use of
the resulting RMRAC-ARP scheme to control UPS and
AC Power Sources. This paper proposes a new robust
model reference adaptive control with adaptive repetitive
control (ARP), where the repetitive controller gain is tuned
dynamically to minimize or reject the repetitive control
action when no periodic disturbances are present. The
adaptive repetitive control is implemented using a gradient
projection type algorithm. In order to verify the control
strategy performance, the RMRAC-ARP controller is
applied to an AC power source. Simulation and
experimental results were obtained under several operating
conditions, including non-linear loads, periodic and non-
periodic disturbances and unmodeled dynamics. Moreover,
this scheme can be designed for a reduced-order plant,
without a priori knowledge of the exact plant model of the
PWM inverter system. The proposed system is particularly
attractive for high power systems, where low switching
frequencies are required. A  microprocessor-based
prototype is being used to demonstrate the algorithm
effectiveness in realistic conditions.
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