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Abstract — In this paper a repetitive controller with In this paper a repetitive controller based in
parameters tuneda priori by a robust controller is proposed,  auxiliary states is proposed, using control parameters tuned
for uninterruptible power supply applications. The proposed g priori by a modified least-squares algorithm, which has
control scheme can eliminate periodic distortions resulted by aap presented in [7] for uninterruptible power supply
unknown periodic load disturbances. The implemented PWM applications. The implementation of this algorithm is done

inverter system with sinusoidal reference employs a low cost using a low cost microcontroller. imposing the need of an
microcontroller. Most of low cost microcontrollers available g » Imp 9

in the market presents low processing speed. Due to this fact @lgorithm with few operations.

it is imperious to develop simple algorithms with few ~In Section Il the plant model of the system is
operations, so that its implementation is realizable. Principles described. The OSAP controller with a repetitive controller
and fundamentals, stability and special features of the control is described in Section Ill. Its performance is compared

scheme are discussed. Simulation and experimental results with the repetitive controller based in auxiliary states
are presented to verify the performance of the proposed presented and discussed in Section IV. Section V presents

approach under periodic load disturbances. simulation results with nonlinear loads and a discussion of
the results is performed. In the Section VI is presented
. INTRODUCTION experimental results obtained for linear and nonlinear loads

based in a microcontroller-controlled system.

Closed-loop regulated pulsewidth modulated
(PWM) inverters have been widely applied in various Il. DESCRIPTION OF THEPLANT MODEL
types of ac power conditioning systems, such as
uninterruptible power supply (UPS) systems. The output . . i .
voltage of the high-performance UPS system must be Fig. 1 shows the single-phase PWM inverter,

sinusoidal with low total harmonic distortion (THD) underWher.e the inverter, LC filter, and resistive !oad R are
considered as the plant of a closed-loop digital feedback

both transient or periodic load disturbances. The . . . ; ;
performance of the system is measured in terms System with a sinusoidal reference. The nonlinear (triac

transient response due to sudden changes at Ioaoéus resistor or rectifier plus RC filter) load causes a

: . e ; d)ériodic disturbance.
waveform distortion with linear and nonlinear loads, an .
efficiency,. The power switches are turned on and off once

Repetiive control theory [1] provides an during each sgmpling interval such that\/in- is a voltage
alternative to eliminate periodic error occurred in aPulse of magnitude y/ 0 (zero) or —¥ and widthAT.

dynamic system. The repetitive control improves accuracy The system transfer function of Fig. 1 is given by
of the transient and steady-state responses of a control

system when reference input signals and disturbances are y_ (9)= W
periodic, consisting of the harmonic components of a u_ _52+2<wn5+w§ '
common fundamental frequency. Several repetitive control

schemes have been developed and applied to various

industrial applications [2]-[4]. Haneyoshi et al. [5] hadwhere w, =1/JLC and ¢=1/(2RCw,), y=V, is the
applied the repetitive control technique to eliminatesystem output and =V,,is the system input.

periodic distortions that can appear in a PWM inverter. From (1) a difference equation can be obtained
However, the error in output voltage is increased by thﬁsing an appropriate sampling interval

repetitive control if the disturbance is hon-harmonic.

For eliminating this problem, Yeh and Tzou [6] _
presented a adaptive repetiive control scheme thdX FD=a1y(k) +azy(k=D+byu(k) +bu(k-D+v(k+D) )
employs an auxiliary compensator to stabilize the closed-
loop system even with variations in the plant. Griindling etherev is the measurement noise in output of the plant and
al. [7] presented a robust model reference adaptive(k) = (0,02).
controller including a repetitive control for UPS Also, (2) can be represented by,
applications, that can effectively eliminate periodic
waveform distortion resulting by unknown periodic
disturbances, and it is globally stable in the presence of
unmodeled dynamics.

1)

y(k+D)=¢" (K)+v(k+1) , 3)



which is denominated OSA®fe Sample Ahead Preview
l 5 ]e 5 controller.

? For the case in which the load is linear, the use of

L an OSAP controller (8) is sufficient to minimize the output

+ * error of the plant. This scheme does not minimize the
inherent errors of the measurements and the errors of the

R generation of the PWM signaVy) at the input of the

- filter. Otherwise, for a nonlinear load varying periodically

in the time, a repetitive controller is added to OSAP

= 54 controller, as shown in Fig.3. This procedure minimizes

the periodic disturbances due to load cyclic variation. In

Fig. 1 — PWM inverter system. the same form that in [5], the equation of the repetitive

controller (RP controller) is given by

where @' (k) =[y(k) y(k-1) u(k) u(k-1)] and .
0" =[a, a, b, b,]. uRp(k):cle(k+1—n)+czZe(k+1—i.n), 9)
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IIl. OSAP CONTROLLER WITHREPETITIVE where e(k) = r(k) - y(k ), ¢, andc, are the gains of the

. repetitive controller andh is the number of samples in a

Fig. 2 Consider the closed-loop control system show Inberiod of output voltage. The control laa(k) is given by
It is desired to obtain a control law such that the _
output error is minimized and that satisfies the following Up (K) = Uggap(K) +Ugp(K) - (10)
guadratic performance inddx —,
30+ = Ef(y(k +1) -r(k +D)?], @ R;I;
) ) Controller
whereE denotes mathematical expectation. e
From (3) and (4) is obtained, o oaap  |Poskry e b
M
I(k+1) = E[(@" (K)O-r (k+1))2+. . . ) T
o+ 207 (K)-r(k+D)v(k+D) +v2(k +1)]. Fig 3 — Block diagram of the control system with OSAP-RP.
As, for hypothesis E[v(k+1)]=0 and IV. REPETITIVE CONTROLLER BASED IN AUXILIARY

STATES
E[(v(k+D)?]=02, then
A. Structure of the Controller
J(k+D=E[(pT (k)0-r(k+1)2]+02. (6) _
Consider a single-input single-output plant as

eoresented in Fig. 4. The inpuiand the output are used to

generate aN-1 dimensional auxiliary vectors, whekeis

the order of the system to be controlled. Such that

Therefore, the minimal value of the performanc
index is obtained when

@' (K)-r(k+1) =0. (7) w, (k+1) =Few, (k) +a.y(k)

w, (k+1)=Faw, (k) +qu(k) ' (11)

From (7), the control law that minimizes (4) is

given by where F is a stable matrix arfel @) is a controllable pair.
(k4D ( Such as it is defined in [8]F(q) is the state space
r(k+1)-a,y(k)-a, y(k=1)—-b,u(k -1 izati i
Uoeap(K)= 1Y(k)-a, y(k-1)-b,u(k-1) L ® realization ofa(z)/A(2) , i.e.,
by
z
(ZI—F)'lq:%. (12)
k) | OSAP Conteoller | wl) ik
N (Minimum Vatiance) ’ G ‘ _ _ _ . .
The polynomialA(z )is chosen as being monic, Hurwitz

T of degreeN-1 and its poles must be matched with the
dynamics of the model reference as well as with the
dynamics of the known part (nominal model) of the plant.

Fig 2 — Block diagram of control system with OSAP.
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Fig. 4 — Block diagram of control system with the controller based in N +3 P u
auxiliary states. _’ I or L +=K_) E s Plamt v
The control law is given by r
u(k) :Q_Tw(k) +Cor(k) , (13) Fig. 5 — Block diagram of the proposed control system.

where the z-transform of the output ereas E(z) R(z)is

such as in [7], whered T :[6_’1 0 0_3] s a (N-1) the transformed reference input, and

dimensional control parameter vector. It is turegriori
by a robust controller of the type RMRAC, using a
modified least-squares adaptation algorithm. And

w'=[w;, w, vy]is a vector containing the auxiliary

H"(2)=1-z(c,+c, —¢,z")G" (2) . (20)

_ Assuming that (17) is stable, then the stability of
statesw, and w, and the outpul, andc, is a scalar the system is determined by the repetitive control. From

feedforward parameter. (19), a sufficient condition [5] for the stability is
In Fig. 5, a repetitive controller is added to the
controller based in auxiliary states to minimize the periodic ||-| * (jw)|s1, (21)

disturbances due to periodic load variations. The control
law up is given by wherewis the angular frequency of the reference input.

Up (K)=u(k)+ugp(K) . (14) V. SMULATION RESULTS

B. Stability Analysis Table | lists the fundamental parameters of the

single-phase PWM inverter system and reference model.
After z-transforming of (1) and (13), the system

transfer function presented in the Fig. 4 becomes TABLE | — PARAMETERS OFPWM INVERTER AND REFERENCE MODEL
Filter inductance L=5,43mH
[1-6,6(2)(z-F)q-8,(z-F) 'q-8:G(2) [y=G(2)r , (15) Filter capacitance C = 81pF
DC input voltage E = 40V
or Reference voltage Aée= 30V, f=60Hz
Load resistance R =250
y=G" (2, (16) Sampling time T = (1/2040) s
where In Fig. 6 is presented the response of the
OSAP-RP controller for a rated resistive load with phase
. G(2) commutafced at angle 72°. _
G (»= (17) Fig. 7 shows the adaptation of the controller’s

1-6,G(2)(z-F) " q-8,(z-F) "a-0;G(2) parameters for a resistive load and a rated resistive load

with phase commutated at angle 72°, using a modified
andG(z)is the z-transform of the plant transfer function. least-squares adaptation algorithm. The parameters were
Therefore, a necessary and sufficient condition for
that the closed-loop system shown in Fig. 4 is stable, is that
the closed-loop characteristic polynomial, given by

ao |

P.(2)=[1-6,G(2)(z-F)"q-6,(z-F)"q-6,6(2)] , (18)

Valtags(v)
o

has all its poles inside the unit circle.

With the inclusion of the repetitive control, the
system transfer function which is shown in Fig. 5, after z-
transforming of (1) and (14), is given by

an |

E(z) _(1-G"(2))@-z™") I S I S S R a I

R 1 _nH > (19) Time(ms)
@ —Z 2 Fig. 6 — Output voltag¥c and filter input voltag&/y of theOSAP-RP.




. VI. EXPERIMENTAL RESULTS
1

A prototype of the PWM inverter has been built in
laboratory to verify the performance of the repetitive
controller based in auxiliary states with parameters taned
priori. This preliminary results are taken to validate the
proposed discrete controller applied to UPS. The

23

E stimate P aram eters

simplified diagram of the inverter and rectifier load is
shown in Fig. 9. The component values of the inverter and

o b load are given in Table II.

ooy 100 200 300 400 500 500 700 TABLE Il — PARAMETERS OFPWM INVERTER AND LOAD.
Filter inductance L=5,43 mH

.. @ Filter capacitance C =81pF

' . 9 DC input voltage E = 40V

o[ Reference voltage Aée= 30V, f=60Hz

Load resistance R =25Q
Load capacitance C_ = 330pF
T K Sampling interval T = (1/2040) s

Estimate Param eters

The controller has been implemented using an 8
bits microcontroller PIC17C756 of Microchip Technology

0.5}

o [ A Inc.. It has an embedded 10 bits A/D converter and a PWM
signal generator. These features reduces significantly the
circuitry required to control the PWM inverter without
(b) penalizing the cost.
Fig. 7 — Estimate parameter using the RMRAC controller. (a) resistive T

load. (b) resistive load with phase commutated a angle 72°.

adapted through a robust model reference adaptive { [ A M
controller, using the following discrete reference model . '
0.241295%+0.222265 -

W(2) = . (22) ] —

z¢-1.321439.20.784999 ; T S

Taking into account that the controller’s ) Fig. 9 — PWM inverter system.

parameters does not change significantly, as it can be seen )
in Fig. 7, it becomes possible to fix the parametepsiori. Fig. 10 shows the waveform of the output voltage
Therefore, as results, a reduced computation effort ¥éc for a resistive load of 28. Fig. 11 shows the output
required in the implementation. voltageVc and input current of the rectifier and Fig. 12
Fig. 8 shows the response of the repetitiveshows the output voltagé: and the input filter voltag¥,
controller based in auxiliary states with parameters tanedwaveform with a load (B, C., R). By Fig. 12 can be seen

priori, for a rated resistive load with phase commutated & high drop of the input source voltage, allowing to
angle 72°. observe its influence into response. In Fig. 13 is shown the

FFT of the output voltage for a rectifier-RC load, where
THD = 5.8 %.

Yoltagei(v)
o

-an b

a 2 4 L] 2 10 12 14 16

Tim e(ms)

g. 8 - Output voltag®, and filter input voltag®/y of therepetitive
controller based in auxiliary states. Time scale 2 ms/div.
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significantly. This procedure becomes possible the
implementation of the algorithm in a low cost
microcontroller, at low and medium switching frequencies.
Even with the limitations imposed by this component, as
the processing speed and the operation with integer
numbers, this control algorithm presents a good response
performance using the microcontroller PIC17C756. As
verified by preliminary obtained results, even in the
presence of the cyclic non linear loads.
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