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High-Performance Programmable AC Power
Source with Low Harmonic Distortion Using
DSP-Based Repetitive Control Technique

Ying-Yu Tzou,|IEEE MemberRong-Shyang Ou, Shih-Liang Jurgudent, IEEEand Meng-Yueh Changtudent, IEEE

Abstract—This paper proposes a new control scheme based system is sensitive to parameter and load variations. Another
on a two-layer control structure to improve both the transient drawback of the deadbeat control scheme is that it requires a
and steady-state responses of a closed-loop regulated pU|Se'W'dth1arger actuating signal to achieve the deadbeat effect.

modulated (PWM) inverter for high-quality sinusoidal ac voltage s . .
regulation. The proposed two-layer controller consists of a track- Sliding mode control (SMC) with feedforward nonlinear

ing controller and a repetitive controller. Pole assignment with Compensation has been developed for the closed-loop regu-
state feedback has been employed in designing the tracking con-lation of a PWM inverter [5]. Although the SMC-controlled

troller for transient response improvement, and a repetitive con-  PWM inverter can achieve fast dynamic response and is insen-
trol scheme was developed in synthesizing the repetitive controller sitive to parameter and load variations, locating a satisfactory

for steady-state response improvement. Design procedure is given lidi f . t v difficult. Al it f
for synthesizing the repetitive controller for PWM inverters sliding suriace Is extremely difficult. Also, Its periormance

to minimize periodic errors induced by rectifier-type nonlinear ~degrades under a limited sampling rate. Applying fuzzy control
loads. The proposed control scheme has been realized using g6] and optimal state feedback with pole assignment [7]
single-chip digital signal processor (DSP) TMS320C14 from Texas improves the system’s transient responses and its robustness
'vnesﬁ?y”?ﬁem;}oﬁoi'ekﬁoiw S'Exgg]eer bl’?)?albizrr]mcc?nr}ztrgigtg?ti(t)?1 to load variations. Although satisfactory results have been
(THD) below 1.4% for a 60-Hz output voltage under a bridge- obtained for step-lo_ad dlstu_rbances, perlo_d_lc distortions in fche
rectifier RC load with a current crest factor of 3 has been oOutput waveform still remain when a rectifier-type of load is
obtained. Simulation and experimental results show that the DSP- connected.
based fully digital-controlled PWM inverter can achieve both In most ac power conditioning systems, phase-controlled
good dynamic response and low harmonics distortion. nonlinear loads are major sources of waveform distortion. Due
to the periodic characteristics in voltage regulation, this type
[. INTRODUCTION of nonlinear load results in periodic distortion in its output

N RECENT vyears, closed-loop regulated pu|se_widtwyaveform: Repetitive contrql theory [8]-19]. V\_/hich origina'.ces

modulated (PWM) inverters have enjoyed extensiVEom the internal model principle [10], provides a solution
application in many types of ac power conditioning systent8 eliminate perloq!c errors in a nonlinear dynamic system.
such as uninterruptible power supply (UPS), automatic voIta%number of modnjed repetitive coptrol Sc.hemes have been
regulator (AVR), and programmable ac source (PACS). velqped for use in various industrial appllcat!ons [11]-{14].
these applications, the PWM inverters must maintain Repetitive control theory has also been applied to a PWM
sinusoidal output waveform under various types of loadélverter employed in UPS systems to generate high-quality
and this is achievable only by employing feedback contr§inusoidal output voltage_[15]. However,.t_hat investigation d|d_
techniques. not address the synthesis of the repetitive controller, and it

Extensive research has focused on the closed-loop re§@s also been limited to fixed-frequency applications. In this
lation of PWM inverters employing various feedback corstudy, we presenta new control strategy based on the repetitive
trol schemes to achieve excellent dynamic response and [6@ntrol theory to minimize the periodic distortion induced by
harmonic distortion [1]-[3]. However, most research wa€ rectifier-type loads of a programmable ac power source.
concentrated on improving the transient response through! Ne rest of this paper is organized as follows. In Section
using instantaneous feedback control either by analog 'br We introduce a DSP-controlled programmable ac power
microprocessor-based digital control techniques. In the de&@urce. The structure and operational principles of the two-
beat control approach [4], the control signal depends OnIa&yer control strategy are then described. In Section l1lI, the

precise PWM inverter load model, and the performance of téscrete-time model of the PWM inverter with arC filter
and a resistive load is derived. On the basis of the developed
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Fig. 1. Block diagram of the proposed DSP-controlled programmable ac power source.

TMS320C14 provided by Texas Instruments [16]. Simulation Repetitive
and experimental results are also given in this section. Section Controller
VI is the conclusion. — G,
Il. TwO-LAYER CONTROL SCHEME  Tracking P
Controlier
A PACS is required to provide adjustable sinusoidal output PWM Inverter

A,

conditions. Therefore, the design specifications of PACS sys- t e alnd oo :
tems are much more stringent than those of VAR or UPS
systems. A typical specification for a UPS system for voltage ‘
regulation is that its total harmonic distortion (THD) for a 60- ,
Hz line output at a rated load with a current crest factor of r'%ghéﬂoﬁas'c servo planf’. Proposed two-layer controller for ac voltage
should be below 5.0%. The crest factor is defined as the ratio
of peak to the rms value of a periodic waveform. With the
same loading condition, a PACS system is usually requiré®itching frequency therefore becomes a compromise between
to output a waveform with a THD below 3.0%. Additionally,these considerations. In the designed PACS system, both the
its output frequency can be increased to 500 Hz. Moreové&goster and the PWM inverter are switched at 45 kHz. Owing
a PACS system should generate adjustable and prescribedhe limited space in this paper, only the digital control of
output voltage waveforms. Therefore, to satisfy these stringdhe¢ PWM inverter is addressed.
requirements, the closed-loop regulation of a PACS systemln the PWM inverter subsystem, the inductor current and
needs more advanced control techniques. output voltage are sensed as feedback variables, the reference
Fig. 1 illustrates the block diagram of a proposed hiets read from a programmable RAM, and the DSP computes
archical DSP-controlled PWM inverter for a PACS systentihe required pulsewidths for the PWM inverter so that its
The PACS consists of an ac/dc converter and a dc/ac comtput voltage will track a programmed reference waveform at
verter. Each converter is controlled by a single-chip DS®ach sampling. Fig. 2 depicts the proposed two-layer control
(TMS320C14) from Texas Instruments. A single-chip microscheme for the closed-loop regulation of the PWM inverter.
controller (80196KC) serves as the host controller. The hoBwo controllers are included in the control loops: a tracking
controller performs functions such as man-machine interfag@ntroller G; and a repetitive controllet,. The function of
system monitoring, and task coordination. It also has a serile tracking controller is to improve the transient response,
interface to the DSP controller. Utility power is first rectifiedvhile the repetitive controller serves to eliminate the periodic
by a full-bridge rectifier and then boosted through a switchirgyrors resulting from periodic disturbances. Essentially, these
dc—dc converter with power factor control and dc voltagevo controllers are coupled and influence each other. However,
regulation. A full-bridge PWM inverter is employed for thethe appropriate tuning of the convergent rate of the repetitive
dc—-ac conversion. A higher switching frequency is usuallyontroller minimizes the coupling effect. In the proposed
desirable to minimize the size of the output filter, and this, idesign procedure, these controllers are designed on the basis of
turn, results in a faster dynamic response for output regulatidthe same nominal plant model. Any control method that guar-
However, the switching frequency is also constrained by tlamtees the stability of the closed-loop-controlled plant within
switching losses of the power devices. Selecting a prope specified operating bound is applicable for synthesizing the

+
+ + !
voltage with low waveform distortion under various loading ™ 'T *O—* G, with : * Y
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Fig. 3. (a) Equivalent circuit of the PWM inverter with output filter and load and (b) its block diagram representation.

tracking controller. In this paper, partial state feedback with the the plant dynamics. The dynamic equation of the PWM
least squares error fitting of specified time response is adopiederter filter-load with state feedback sensing filters can be
in the design of the tracking controller, and a design procexpressed as

dure is developed for synthesizing the repetitive controller to

guarantee asymptotic stability for periodic disturbances. Etx(t) = Ax(t) + Bu(t), y(t)=cx(t)+du(t) (1)
[ll. TRACKING CONTROLLER DESIGN where

A. Modeling the PWM DC/AC Converter x(t)=lir v n vl () 2

Fig. 3(a) illustrates the equivalent circuit of the PWM in- y(t) = vo(t) (3)

verter with anLC output filter and an unknown load. Fig. 3(b)  u(t) = [vi o]* (¢) 4)

is a block diagram representing a PWM inverter system. The
output voltagev, and the inductor current; are selected as T rLtrce
state feedback variables, and the load currgnts treated L

1

c

1

S

as an external disturbance. In designing a digital-controlled
PWM switching converter, two switching frequencies require (5)
careful selection, i.e., the PWM switching frequency of the 1

power converter and the sampling frequency of the digital R.C, TR Cy
controller. When the sampling frequency is increased, current ro 1 1
and voltage ripples resulting from the switching of the power
converter become more prominent, and this will deteriorate

the control performance. Therefore, low-pass filters must be

added between the sensing signals and analog-to-digital (A/D) A%
converters. The cutoff frequencies of these feedback sensing B — L
filters may no longer be much larger than the sampling 1
frequency. Therefore, the filter dynamics must be included - L

(6)
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Fig. 4. Digital tracking controller: feedforward with state feedback control.
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Fig. 5. Generation of periodic signal in (a) continuous-time domain and (b) discrete-time domain: unit time delay with/period

c=[r. 1 0 0 (7) which has better numerical properties than the direct series of
d=1[0 -rc] (8) Powers. A discussion of the selection &f and a technique
for computingV for a comparatively larg&” is found in [17].

If the PWM inverter switching frequency is much highefn practical applications, a selection 8f = 10 is suitable for
than the natural frequency of the outplu€ filter, only the most situations.

inverter average outpt,(t) needs consideration, and here, it

is assumed to be,(t) = 7,(t). In the given design example,g  pesign of the Tracking Controller
the PWM switching frequency is set at 45 kHz, and the natural

resonant frequency of theC filter is about 3.57 kHz. The

discrete-time model of the PWM inverter filter-load dynamic
can be derived from its continuous counterpart and can

expressed as

n the author’'s previous work [7], state feedback with

edforward control is employed to regulate the PWM inverter
Ejé sinusoidal waveform synthesis. Fig. 4 illustrates its detail

y a block diagram. The state feedback and feedforward gains
can be determined by fitting a specified step response with the
x[k + 1] = Gx[k] + Hu[k], y[k] = cx[k] +dulk] (9) least squares errors employing the steepest descent method.
The control parameters in Fig. 4 can be transformed to a
feedback gain matrix defined as [7]

k=[0 0 ki k] (12)

where
G=cAT =T+ ATV
H=UyTB
AT A?77? [ i i
gy L A X L. (10) f:se dynamic equation of the basic servo plant can be expressed

and7 is the sampling perlod. Thé& can be calculated by an k koVre f[K]
iterative power series xk+1]={G-H x[k] +H 0

AT AT AT AT 0
‘“”7(”?( 'N_1<”W))'”) 1) *H[io[/ﬂﬂ )
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Fig. 6. (a) Block diagram of the proposed repetitve control system and (b) the simplified block diagram.

and the output can be expressed as TABLE |
PARAMETERS OF THEPWM INVERTER SYSTEM
—1 —1 -1 —1
z = |Pg(z —H(z u(z 14
y( ) [ B( ) ( )] ( ) ( ) tem Symbol Nominal value Unit
wherePg(z71) is the reference-to-output transfer function and Sampling rate ks 15k Hz
H(z71) represents the output impedance. Filter inductor L 0.6 mH
Filter capacitor C 33 uF
Inductor ESR 0.5 Q
IV. REPETITIVE CONTROLLER DESIGN uetor &
. » o Capacitor ESR re 1.0 Q
The be_lsm concept ofepeu_tlve controll theprypngmates Nominal load R 20 o
from the internal model principle[10]. This principle states DC link voltage v 300 v
that controlled output tracks a set of reference inputs without “
Output voltage Vo 110 Vims)

steady-state error if the model that generates these references
is included in the stable closed-loop system. For example,__Switching frequency Jow 45k Hz

if a closed-loop control system is required to have a zero

steady-state error to a step input, then the model of the step ) N o
function, i.e.,1/s, should be included in its loop transfer N implementing a repetitive control system, a periodic
function. Similarly, if the system is required to have a zergCtuating signal to eliminate the periodic errors that resulted
steady-state error to a sinusoidal input, then the model fsem periodic reference or disturbance must be generated. As
the sinusoidal function i.ew?/s* + w2, wherew, is the Fig. 5 demonstrates, such a signal can be generated either by
oscillating frequency, should be included in its stable loognalog or digital techniques with a specified initial condition.
transfer function. In practical applications, a periodic input dlowever, in practice, storing an arbitrary waveform in analog
disturbance may consist of many high-order harmonics. Witarm is extremely difficult. In contrast, a periodic signal gen-
the limited system bandwidth, completely eliminating thesgrator can be more easily achieved by a software-based digital
periodic errors within a control system is practically impossiontrol technique. If a periodic signal can be synthesized into
ble. This constraint becomes an important consideration factorfeedback system and a compensator designed to achieve
in synthesizing the repetitive controller to minimize low-ordeasymptotic stability, then it is possible to track a periodic
harmonic distortion. command or reject a periodic disturbance with the same period.
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Fig. 7. The frequency response of C(z7!), P(z~!), and Fig. 8. (a) The defined current disturbance and (b) error-convergence of the
C(z~1)Pg(>~1): (@) magnitude and (b) local phase around 800 rad/s. repetive control system at various parameter settings.

The proposed repetitive control scheme is illustrated the sampling period of the repetitive controller, akdl’
Fig. 6(a), whereC'(»~1) is thecompensatofor the repetitive is equal to the period of a periodic reference or distur-
control loop,P(»~1) is the basic servo plant that has alreadgance.
been closed-loop-regulated by a tracking controligfz 1) In the proposed control scheme, the repetitive controller
represents the model from the disturbance to the output, gndctions as an auxiliary controller that modifies the reference
Q(z~1) is aband-limit filter. A predelay filter,>=", is added command by adding a periodic compensation signal. For a
at the beginning of the repetitive control path, wheke periodic reference or disturbance, the period delay loop will
represents the required number of delays. The predelay filtdtenuate its effect on the nominal control loop. The purpose
compensates for the corresponding phase delay of the badidncluding a postdelay filter in the repetitive control path
servo plant at a specified output frequencyp@stdelay filter is that the controller will not react until the effect of the
az~M,is added at the end of the repetitive control path, whedisturbance appears on the plant output. When a long delay
M represents the required number of delays and a tuning occurs within the repetitive control loop, it will significantly
gain. The postdelay filter compensates for the correspondideteriorate the loop dynamics [18]. If the synthesized peri-
phase delay resulting from the basic servo plant and the loogic correcting signal is required to lead several sampling
compensatoiC(z1). intervals in the next repetitive cycléy/ should be smaller

The compensato€(z~1) is used to stabilize the repetitivethan K.
control loop. Its particular function is to attenuate possible In synthesizing a repetitive control system, a compromise
resonant peaks resulting from the basic servo plant. The babdtween control actions for periodic and a periodic reference
limit filter Q(2~!) within the period delay loop relieves theor disturbance must be made. Carefully selecting the controller
stringent requirement of the repetitive controller to eliminatgarameters is a compromise between the convergent rate
periodic error completely. The low-pass characteristics ahd relative stability of the repetitive control system. Some
Q(z71) allow the repetitive controller to place more weightelated parameters of the constructed PWM inverter system
on minimizing the low-order harmonics of the periodic erare given in Table I. As presented in the following, a practical
ror. In the period delay loopK represents the number ofdesign example demonstrates the effectiveness of the design
samples within a period of the repetitive controlldr, is procedure.
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B(277) (b)

r.,—1 4 -2 _ -3 —4
= 0.80452™" +0.5069% 0.104427" + 0.0043~ Fig. 10. (a) Simulation and (b) experimental current and voltage waveforms
1—-0.4289271 +0.77412=2 — 0.13442—3 + 0.00442—*  of the basic servo plant under large-load variation.

(15)

and the closed-loop output impedance is C. Phase-Delay Compensation

H(zY Fig. 7 illustrates the frequency responses '6‘(/:«—1),
14 11.452-1 — 14.5322 4+ 1.532=3 + 0.0212—* Pg(z71), and C(z71)Pg(z~1). The postdelay filter com-

= = — — — . pensates for the phase delay resulting fr6itx—1)Pg(271).
— 1 2 _ 3 4
1 - 0428927 +0.77412 0.134427" + 0.0044z This phase delay is a function of the output frequency of the

(16) programmable ac power source. The following are defined:

B. Compensator U

The compensator for the repetitive control loop is designated M=K - # (29)
as a low-pass filter whose function is to attenuate the resonant e
peak of Pg(2~1) below unit so that the tuning of can be
normalized to unit. With respect to the frequency response PHpant
featured in Fig. 6(a), the magnitude@fz—*)Py(z~') can be N=l—35 (20)
kept equal to or less than unit if the loop compensétr—1) K

is adequately designed. In the given design example, a second-

order low-pass filter was synthesized as the compensator WNere PHaciay and PHpien: denote the phase delay at a
specified output frequency of the frequency response of

Cls) = (1.9-10%) . @7 CGHPs(z7') and Pp(z7t), respectively. The bracket
s24+2-(1.6)(1.9-10%)s + (1.9 - 10%)2 “[ ]” denotes theround functionthat rounds its element to

This low-pass filter has a damping ratio of 1.6, and it{'® nearest integer. In (19) and (20), 3&0tepresent an

magnitude decays to 0.3125 at a frequency of -118%rad/s. aPProximate phase lag per sample” of the corresponding
The discrete form of this filter, usingilinear transformation Plantwhen there ar& samples in one period for the repetitive
[20] at a sampling frequency of 15 kHz, is control. Fig. 7(b) displays the corresponding phase responses
of C(z71), Pg(271), and C(>71)Pg(z1), from 200 rad/s
Oty = 0.117+0.2342~" +0-11775—2' (18) (32 H2) to 1200 rad/s (191 Hz). For an output frequency
1—0.34942—1 — 0.1832~2 range from 60 to 150 Hz, Fig. 7(b) indicates that the predelay
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Fig. 11. (a) The 60-Hz output waveforms of the basic servo plant under ()
rectifier load at a current crest factor of 3 and (b) its corresponding power
spectrum. Fig. 12. Output voltage and current waveforms under 60-Hz rectifier load

whenQ(z~1) = 0.95: (a) simulation and (b) experimental.
numberN can be approximated by one. Similarly, Fig. 7(b)

illustrates the phase responses from which it can be observed
that M = K — 3 works well during the entire frequency To investigate the effect of the band-limit filter and postde-

spectrum. lay filter gain on the error convergence,
_ 0.4z +04
D. Band-Limit Filter and Postdelay Filter Quiz") = —_02 (21)

Synthesizing the band-limit filter and the postdelay filter 5 ' -1 . :
depends on sufficient conditions of stability and the errog_erves as a low-pass filter f@(-~) and is compared with

. ifferent settings ofQ(»~!) and . Fig. 8(b) illustrates the
convergence ra_te [19]._Sl,te<'_:1dy-st_ate analysis shows thater'?or convergence curves at various settings of band-limit
the band-limit filter Q(z~1) is unit, no steady-state error

. . .. filter and postdelay gain. These curves were recorded from
occurs. Unfortunately, the Nyquist criterion reveals that it % eir maximal error at the peak of the waveform. Fig. 8(b)
nqt po§S|bIe o es tablish a ;tablg system .WW. ) __11 exemplifies the compromise between the convergent rate and
With this constraint, the choice lies in setting eiti@fz—+) stability by choosing)(>—1) — 0.95 anda = 0.5 for the given
a little smaller than unit, for example 0.95, or in adding . oA ’ -
low-pass fiter to decrease the magnitude:—)z—K+ aeggn example. Fig. 9 displays the output impedance of the

at a hiaher freauency and keei ~1Y equal to unit at a PWM inverter using a repetitive control technique subjected
g N y piag="") eq to a 60-Hz periodic disturbance. According to that figure, the
lower frequency.

In determining the postdelay filter gain and the band-limﬂl"tp.Ut impedance has been to a minimum value at integral
multiples of 60 Hz.

filter Q(»~1), a measured output current waveform with the
current crest factor of 3, which Fig. 8(a) indicates, was con-

sidered as an exogenous periodic disturbance. Without losing
generality, a triangular shape was employed to approximateA single-chip DSP TMS320C14 provided by Texas Instru-

such a periodic disturbance, and its corresponding outpuéents was used to implement the proposed digital controller
voltage responses can then be calculated at various confool PACS voltage regulation. This DSP has many good fea-
parameters. tures, thereby allowing a sophisticated control algorithm to be

V. SIMULATION AND EXPERIMENTAL RESULTS



TZOU et al.: HIGH-PERFORMANCE AC POWER SOURCE USING DSP-BASED REPETITIVE CONTROL TECHNIQUE

723

dB Volt
207 T - - ) 2°°r' S Ty e r""""’*’*vn
i ! | ! :
0 50| Voltage /,ml‘r«\;\ R 1i7.5
| / '
20 H ' : / ! |
1000 - - - - - A \ - 150
40 \ | S e N
50LN. ... . e/ N S X
-60 i ,f/ i ‘\M\“\:\ .
0 E\r i - warw-wVW’ \\‘{“""‘“ 0 Amp
| ¥,
80 L | : r/’,"/ Current \\_
-sokﬁ,\w sl - - o425
-100 1 \ ‘ Nt /,f N
! 00 -~ — N~ - ——— L |-5.0
-120 1} T \ | /r-/ ' ' !
140 asol Nl S rs
: ‘ ; . | 10
-160 Wy —% 167" 15 — 20
Time (msec)
(@)
dB Vot
20~ - | 2007 ‘ 10
o - s Voltage i |
S | ‘ o vemge
.20,‘; A | i g : ; : ’PNJJ ’
: : : 100 | SO [ 5
40 i \ L S i /y\,;
| I i i 25
-60 ‘, | TR 1o t '
‘i I I I i H
-80.! R ‘ ! - i Y” 0 Amp
| ; !
-100;-[1@ - e Sl W iiad
-120L1“1 . ey aml o N pem e m oo \M 5
WMWW% L ‘ |
EPURLY 7 f J NJ R pee - C sl N ] 75
Lo J il Al f]» ;
-160] L F E % bl . 10
0 % T3 S8k ok > 2
Time (msec)
Hz
b
(b) (b)

Eég 14. 60-Hz output voltage and current waveform operating from no load
1o resistive load when the band-limit filter is (a) a const@ft—') = 0.95
and (b) a low-pass filte€)(z—1) = Q. (z71).

Fig. 13. Power spectrum when the repetitive control system is under the
resistive load and (b) rectifier load.

implemented for power converting systems. They include a
200-ns instruction cycle, a 16-b parallel multiplier, multiple Fig. 10 shows the simulation and experimental results of
independent programmable timers, and some on-chip RAlMe output voltage and the current waveforms of the digital-
and ROM [16]. However, it does not possess any on-chgontrolled PWM inverter without the repetitive controller with
A/D or D/A converters. The hardware circuit of the proposed step-load change from no load to a 300-W resistive load.
DSP-based digital controller consists of a 16-b TMS320CI¢the modeling of the digital-controlled PWM inverter can be
single-chip DSP, a six-channel multiplexed 12-b A/D corverified from the close similarity of the experimental and
verter, a 4K-word external program memory, and an RS23fnulation results, as shown in Fig. 10. The settling time of
computer interface. The TMS320C14 also comprises some ¢ime digital-controlled PWM inverter for a step disturbance is
chip peripherals necessary for industrial control. These includbout 560us. Fig. 11(a) summarizes the experimental results
four 16-b timers, two general-purpose timers, a watchdeghen the inverter's output was connected to a 60-Hz rated
timer, a baud-rate generator, a 16-b programmable I/O,bedge rectifier RC load with a current crest factor of 3.
serial port, and an event manager with a six-channel PWRg. 11(b) illustrates that its corresponding voltage harmonic
output. The event manager consists of a six-output-compaectrum and its THD is-28 dB (5%). Under the same
subsystem and a four-input-capture subsystem. The PW&aating conditions, Fig. 12 summarizes the simulation and
output waveform can be adjusted from 8 b of resolution aperimental results when the repetitive control scheme is
100 kHz to 14 b at 1.6 kHz. applied. This figure indicates that the output voltage waveform
The constructed DSP-based fully digital-controlled 2-kV&an still maintain a sinusoidal output under a rectifieC
PWM inverter operates at a switching frequency of 45 kHpad. Fig. 13 illustrates the harmonics spectrum of the output
and a sampling frequency of 15 kHz. Some key parametersvoitage waveform under a resistive load and a rectifier load.
the constructed system are listed in Table |. Synthesizing thbe THD is —40 dB (1.0%) for a resistive load and37
repetitive controller and simulation of the PACS was achievetB (1.4%) for a rectifier load. These results prove that the
by the software packages MATLAB and SIMULINK. designed repetitive controller can effectively eliminate integer
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Fig. 15. The convergence of output voltage error under repetitive control:

@Q(z71) =0.95 anda = 0.5 and (0)Q(z 1) = Qr(=~ ') anda = 0.7.

monic spectrum of the output voltage is shown in Fig. 16(b).
'gtge THD of the output voltage is-36 dB (1.6%), which

is much smaller than what can be achieved by conventional

Fig. 14 illustrates the transient responses when the bargg_ntrol techniques. These experimental results confirm that the

limit filter is set at different values. The output was connectéﬂmposed repetitive control scheme effectively improves the
to a phase-controlled resistive load. The band-limit fifgr Steady-state performance of an ac voltage regulator and, at the

displayed in Fig. 14(a), is just a scaler and is set at 0.95; tRame time, maintains its transient dynamics.
settling time is 380us, and the maximum voltage distortion
is 6 V. Fig. 14(b) illustrates the band-limit filter that is set as
the defined low-pass filter (21); the settling time is 540and In this paper, we have presented a two-layer control strategy
the maximum voltage distortion is 23 V. to improve both the transient and steady-state responses of a
Fig. 15 shows the convergence of the PWM inverter outpalosed-loop regulated PWM inverter for sinusoidal ac voltage
voltage error induced by a bridge-rectifi®C load under generation. The two-layer controller consists of a servo con-
repetitive control at different settings of the band-limit filtertroller and a repetitive controller. The servo controller serves
These periodic errors can be reduced from 12.5 to 25% of its improve the load disturbance rejection capability and is
original value within 120-180 ms. While faster convergenagesigned by using an optimal state-feedback control technique.
results in a larger steady-state error, slower convergentiee repetitive controller serves to eliminate the periodic error
expectedly results in a smaller steady-state error. Experimeriteluced by a nonlinear load and is synthesized based on the
results reveal that designing the band-limit filter calls for eepetitive control theory. These two controllers are designed
compromise between the rate of error convergence and steagbparately to achieve excellent dynamic response and low
state error. harmonic distortion for a high-quality ac power source when
Fig. 16(a) illustrates the output voltage and current waveperating at 110 V, 15 A, and 60 Hz. The output voltage error
forms at 150 Hz under the defined rectifR€ load. The har- for a step-rated load change can be reduced to 5% within

harmonic disturbances within its system bandwidth, even
different loads.

VI. CONCLUSION
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0.3 ms. A total harmonic distortion (THD) below 1.4% of g19] R. S. Ou, “Design and implementation of a DSP-based programmable
rated rectifielRC load at a current crest factor of 3 is feasible. AC power source with low harmonic distortion using repetitive control

theory,” Master’s thesis, Instit. Control Eng., Nat. Chiao Tung Univ.,

Experimental results show the proposed repetitive control qinchu Taiwan. R.O.C.. June 1994,
scheme can effectively eliminate the periodic errors induced ] G. F. Franklin, J. D. Powell, and M. L. Workmamjgital Control of

a bridge-rectifieRCload. Although the given design example

is based on a nominal bridge-rectifi®&C load, using the
proposed repetitive control scheme imposes no constraint on
the connected load. The proposed control scheme with the
DSP-realization technique reveals that by applying mode
control techniques, high-performance DSP can significan
improve the control quality of a power converting system.

Dynamic Systems.Reading, MA: Addison-Wesley, 1990.
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