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Abstract—This paper proposes a new control scheme based
on a two-layer control structure to improve both the transient
and steady-state responses of a closed-loop regulated pulse-width-
modulated (PWM) inverter for high-quality sinusoidal ac voltage
regulation. The proposed two-layer controller consists of a track-
ing controller and a repetitive controller. Pole assignment with
state feedback has been employed in designing the tracking con-
troller for transient response improvement, and a repetitive con-
trol scheme was developed in synthesizing the repetitive controller
for steady-state response improvement. Design procedure is given
for synthesizing the repetitive controller for PWM inverters
to minimize periodic errors induced by rectifier-type nonlinear
loads. The proposed control scheme has been realized using a
single-chip digital signal processor (DSP) TMS320C14 from Texas
Instruments. A 2-kVA PWM inverter has been constructed to
verify the proposed control scheme. Total harmonic distortion
(THD) below 1.4% for a 60-Hz output voltage under a bridge-
rectifier RC load with a current crest factor of 3 has been
obtained. Simulation and experimental results show that the DSP-
based fully digital-controlled PWM inverter can achieve both
good dynamic response and low harmonics distortion.

I. INTRODUCTION

I N RECENT years, closed-loop regulated pulse-width-
modulated (PWM) inverters have enjoyed extensive

application in many types of ac power conditioning systems
such as uninterruptible power supply (UPS), automatic voltage
regulator (AVR), and programmable ac source (PACS). In
these applications, the PWM inverters must maintain a
sinusoidal output waveform under various types of loads,
and this is achievable only by employing feedback control
techniques.

Extensive research has focused on the closed-loop regu-
lation of PWM inverters employing various feedback con-
trol schemes to achieve excellent dynamic response and low
harmonic distortion [1]–[3]. However, most research was
concentrated on improving the transient response through
using instantaneous feedback control either by analog or
microprocessor-based digital control techniques. In the dead-
beat control approach [4], the control signal depends on a
precise PWM inverter load model, and the performance of the
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system is sensitive to parameter and load variations. Another
drawback of the deadbeat control scheme is that it requires a
larger actuating signal to achieve the deadbeat effect.

Sliding mode control (SMC) with feedforward nonlinear
compensation has been developed for the closed-loop regu-
lation of a PWM inverter [5]. Although the SMC-controlled
PWM inverter can achieve fast dynamic response and is insen-
sitive to parameter and load variations, locating a satisfactory
sliding surface is extremely difficult. Also, its performance
degrades under a limited sampling rate. Applying fuzzy control
[6] and optimal state feedback with pole assignment [7]
improves the system’s transient responses and its robustness
to load variations. Although satisfactory results have been
obtained for step-load disturbances, periodic distortions in the
output waveform still remain when a rectifier-type of load is
connected.

In most ac power conditioning systems, phase-controlled
nonlinear loads are major sources of waveform distortion. Due
to the periodic characteristics in voltage regulation, this type
of nonlinear load results in periodic distortion in its output
waveform. Repetitive control theory [8]–[9], which originates
from the internal model principle [10], provides a solution
to eliminate periodic errors in a nonlinear dynamic system.
A number of modified repetitive control schemes have been
developed for use in various industrial applications [11]–[14].
Repetitive control theory has also been applied to a PWM
inverter employed in UPS systems to generate high-quality
sinusoidal output voltage [15]. However, that investigation did
not address the synthesis of the repetitive controller, and it
has also been limited to fixed-frequency applications. In this
study, we present a new control strategy based on the repetitive
control theory to minimize the periodic distortion induced by
the rectifier-type loads of a programmable ac power source.

The rest of this paper is organized as follows. In Section
II, we introduce a DSP-controlled programmable ac power
source. The structure and operational principles of the two-
layer control strategy are then described. In Section III, the
discrete-time model of the PWM inverter with anLC filter
and a resistive load is derived. On the basis of the developed
sampled-data model using state feedback control technique, a
tracking controller with minimum step-tracking error is syn-
thesized. Section IV describes the proposed repetitive control
scheme. The design procedure, with a given design example,
is also illustrated therein. Section V describes the implemen-
tation of the two-layer controller using a single-chip DSP
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Fig. 1. Block diagram of the proposed DSP-controlled programmable ac power source.

TMS320C14 provided by Texas Instruments [16]. Simulation
and experimental results are also given in this section. Section
VI is the conclusion.

II. TWO-LAYER CONTROL SCHEME

A PACS is required to provide adjustable sinusoidal output
voltage with low waveform distortion under various loading
conditions. Therefore, the design specifications of PACS sys-
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 3
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 required
to output a waveform with a THD below 3.0%. Additionally,
its output frequency can be increased to 500 Hz. Moreover,
a PACS system should generate adjustable and prescribed
output voltage waveforms. Therefore, to satisfy these stringent
requirements, the closed-loop regulation of a PACS system
needs more advanced control techniques.

Fig. 1 illustrates the block diagram of a proposed hier-
archical DSP-controlled PWM inverter for a PACS system.
The PACS consists of an ac/dc converter and a dc/ac con-
verter. Each converter is controlled by a single-chip DSP
(TMS320C14) from Texas Instruments. A single-chip micro-
controller (80196KC) serves as the host controller. The host
controller performs functions such as man-machine interface,
system monitoring, and task coordination. It also has a serial
interface to the DSP controller. Utility power is first rectified
by a full-bridge rectifier and then boosted through a switching
dc–dc converter with power factor control and dc voltage
regulation. A full-bridge PWM inverter is employed for the
dc–ac conversion. A higher switching frequency is usually
desirable to minimize the size of the output filter, and this, in
turn, results in a faster dynamic response for output regulation.
However, the switching frequency is also constrained by the
switching losses of the power devices. Selecting a proper

Fig. 2. Basic servo plantPB . Proposed two-layer controller for ac voltage
regulation.

switching frequency therefore becomes a compromise between
these considerations. In the designed PACS system, both the
booster and the PWM inverter are switched at 45 kHz. Owing
to the limited space in this paper, only the digital control of
the PWM inverter is addressed.

In the PWM inverter subsystem, the inductor current and
output voltage are sensed as feedback variables, the reference
is read from a programmable RAM, and the DSP computes
the required pulsewidths for the PWM inverter so that its
output voltage will track a programmed reference waveform at
each sampling. Fig. 2 depicts the proposed two-layer control
scheme for the closed-loop regulation of the PWM inverter.
Two controllers are included in the control loops: a tracking
controller and a repetitive controller . The function of
the tracking controller is to improve the transient response,
while the repetitive controller serves to eliminate the periodic
errors resulting from periodic disturbances. Essentially, these
two controllers are coupled and influence each other. However,
the appropriate tuning of the convergent rate of the repetitive
controller minimizes the coupling effect. In the proposed
design procedure, these controllers are designed on the basis of
the same nominal plant model. Any control method that guar-
antees the stability of the closed-loop-controlled plant within
the specified operating bound is applicable for synthesizing the
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(a)

(b)

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
least squares error fitting of specified time response is adopted
in the design of the tracking controller, and a design proce-
dure is developed for synthesizing the repetitive controller to
guarantee asymptotic stability for periodic disturbances.

III. T RACKING CONTROLLER DESIGN

A. Modeling the PWM DC/AC Converter

Fig. 3(a) illustrates the equivalent circuit of the PWM in-
verter with anLC output filter and an unknown load. Fig. 3(b)
is a block diagram representing a PWM inverter system. The
output voltage and the inductor current are selected as
state feedback variables, and the load currentis treated
as an external disturbance. In designing a digital-controlled
PWM switching converter, two switching frequencies require
careful selection, i.e., the PWM switching frequency of the
power converter and the sampling frequency of the digital
controller. When the sampling frequency is increased, current
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)
converters. The cutoff frequencies of these feedback sensing
filters may no longer be much larger than the sampling
frequency. Therefore, the filter dynamics must be included

in the plant dynamics. The dynamic equation of the PWM
inverter filter-load with state feedback sensing filters can be
expressed as

(1)

where

(2)

(3)

(4)

(5)

(6)
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Fig. 4. Digital tracking controller: feedforward with state feedback control.

(a)

(b)

Fig. 5. Generation of periodic signal in (a) continuous-time domain and (b) discrete-time domain: unit time delay with periodTd.

(7)

(8)

If the PWM inverter switching frequency is much higher
than the natural frequency of the outputLC filter, only the
inverter average output needs consideration, and here, it
is assumed to be . In the given design example,
the PWM switching frequency is set at 45 kHz, and the natural
resonant frequency of theLC filter is about 3.57 kHz. The
discrete-time model of the PWM inverter filter-load dynamics
can be derived from its continuous counterpart and can be
expressed as

(9)

where

(10)

and is the sampling period. The can be calculated by an
iterative power series

(11)

which has better numerical properties than the direct series of
powers. A discussion of the selection of and a technique
for computing for a comparatively large is found in [17].
In practical applications, a selection of is suitable for
most situations.

B. Design of the Tracking Controller

In the author’s previous work [7], state feedback with
feedforward control is employed to regulate the PWM inverter
for sinusoidal waveform synthesis. Fig. 4 illustrates its detail
by a block diagram. The state feedback and feedforward gains
can be determined by fitting a specified step response with the
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]

(12)

the dynamic equation of the basic servo plant can be expressed
as

(13)
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(a)

(b)

Fig. 6. (a) Block diagram of the proposed repetitve control system and (b) the simplified block diagram.

and the output can be expressed as

(14)

where is the reference-to-output transfer function and
represents the output impedance.

IV. REPETITIVE CONTROLLER DESIGN

The basic concept ofrepetitive control theoryoriginates
from the internal model principle[10]. This principle states
that controlled output tracks a set of reference inputs without
steady-state error if the model that generates these references
is included in the stable closed-loop system. For example,
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
function, i.e., , should be included in its loop transfer
function. Similarly, if the system is required to have a zero
steady-state error to a sinusoidal input, then the model of
the sinusoidal function i.e., , where is the
oscillating frequency, should be included in its stable loop
transfer function. In practical applications, a periodic input or
disturbance may consist of many high-order harmonics. With
the limited system bandwidth, completely eliminating these
periodic errors within a control system is practically impossi-
ble. This constraint becomes an important consideration factor
in synthesizing the repetitive controller to minimize low-order
harmonic distortion.

TABLE I
PARAMETERS OF THEPWM INVERTER SYSTEM

In implementing a repetitive control system, a periodic
actuating signal to eliminate the periodic errors that resulted
from periodic reference or disturbance must be generated. As
Fig. 5 demonstrates, such a signal can be generated either by
analog or digital techniques with a specified initial condition.
However, in practice, storing an arbitrary waveform in analog
form is extremely difficult. In contrast, a periodic signal gen-
erator can be more easily achieved by a software-based digital
control technique. If a periodic signal can be synthesized into
a feedback system and a compensator designed to achieve
asymptotic stability, then it is possible to track a periodic
command or reject a periodic disturbance with the same period.
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(a)

(b)

Fig. 7. The frequency response of C(z�1); P (z�1); and
C(z�1)PB(z�1): (a) magnitude and (b) local phase around 800 rad/s.

The proposed repetitive control scheme is illustrated in
Fig. 6(a), where is thecompensatorfor the repetitive
control loop, is the basic servo plant that has already
been closed-loop-regulated by a tracking controller,
represents the model from the disturbance to the output, and

is a band-limit filter. A predelay filter, , is added
at the beginning of the repetitive control path, where
represents the required number of delays. The predelay filter
compensates for the corresponding phase delay of the basic
servo plant at a specified output frequency. Apostdelay filter,

, is added at the end of the repetitive control path, where
represents the required number of delays andis a tuning

gain. The postdelay filter compensates for the corresponding
phase delay resulting from the basic servo plant and the loop
compensator .

The compensator is used to stabilize the repetitive
control loop. Its particular function is to attenuate possible
resonant peaks resulting from the basic servo plant. The band-
limit filter within the period delay loop relieves the
stringent requirement of the repetitive controller to eliminate
periodic error completely. The low-pass characteristics of

allow the repetitive controller to place more weight
on minimizing the low-order harmonics of the periodic er-
ror. In the period delay loop, represents the number of
samples within a period of the repetitive controller, is

(a)

(b)

Fig. 8. (a) The defined current disturbance and (b) error-convergence of the
repetive control system at various parameter settings.

the sampling period of the repetitive controller, and
is equal to the period of a periodic reference or distur-
bance.

In the proposed control scheme, the repetitive controller
functions as an auxiliary controller that modifies the reference
command by adding a periodic compensation signal. For a
periodic reference or disturbance, the period delay loop will
attenuate its effect on the nominal control loop. The purpose
of including a postdelay filter in the repetitive control path
is that the controller will not react until the effect of the
disturbance appears on the plant output. When a long delay
occurs within the repetitive control loop, it will significantly
deteriorate the loop dynamics [18]. If the synthesized peri-
odic correcting signal is required to lead several sampling
intervals in the next repetitive cycle, should be smaller
than .

In synthesizing a repetitive control system, a compromise
between control actions for periodic and a periodic reference
or disturbance must be made. Carefully selecting the controller
parameters is a compromise between the convergent rate
and relative stability of the repetitive control system. Some
related parameters of the constructed PWM inverter system
are given in Table I. As presented in the following, a practical
design example demonstrates the effectiveness of the design
procedure.
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Fig. 9. Output impedance of the repetitive-controlled PWM inverter under
a 60-Hz periodic disturbance.

A. Basic Servo Plant

In considering the filter dynamics, the PWM inverter is
closed-loop regulated by means of a partial state feedback
control scheme. The control parameters are determined by a
parameter plane optimization technique with a stable region
constraint [7], and and are the
design results of the given example [19]. The closed-loop
reference-to-output transfer function of the basic servo plant is

(15)

and the closed-loop output impedance is

(16)

B. Compensator

The compensator for the repetitive control loop is designated
as a low-pass filter whose function is to attenuate the resonant
peak of below unit so that the tuning of can be
normalized to unit. With respect to the frequency response
featured in Fig. 6(a), the magnitude of can be
kept equal to or less than unit if the loop compensator
is adequately designed. In the given design example, a second-
order low-pass filter was synthesized as the compensator

(17)

This low-pass filter has a damping ratio of 1.6, and its
magnitude decays to 0.3125 at a frequency of 1.910 rad/s.
The discrete form of this filter, usingbilinear transformation
[20] at a sampling frequency of 15 kHz, is

(18)

(a)

(b)

Fig. 10. (a) Simulation and (b) experimental current and voltage waveforms
of the basic servo plant under large-load variation.

C. Phase-Delay Compensation

Fig. 7 illustrates the frequency responses of ,
, and . The postdelay filter com-

pensates for the phase delay resulting from .
This phase delay is a function of the output frequency of the
programmable ac power source. The following are defined:

(19)

(20)

where and denote the phase delay at a
specified output frequency of the frequency response of

and , respectively. The bracket
“[ ]” denotes the round functionthat rounds its element to
the nearest integer. In (19) and (20), 360/represent an
“approximate phase lag per sample” of the corresponding
plant when there are samples in one period for the repetitive
control. Fig. 7(b) displays the corresponding phase responses
of , and , from 200 rad/s
(32 Hz) to 1200 rad/s (191 Hz). For an output frequency
range from 60 to 150 Hz, Fig. 7(b) indicates that the predelay
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(a)

(b)

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.

number can be approximated by one. Similarly, Fig. 7(b)
illustrates the phase responses from which it can be observed
that works well during the entire frequency
spectrum.

D. Band-Limit Filter and Postdelay Filter

Synthesizing the band-limit filter and the postdelay filter
depends on sufficient conditions of stability and the error-
convergence rate [19]. Steady-state analysis shows that if
the band-limit filter is unit, no steady-state error
occurs. Unfortunately, the Nyquist criterion reveals that it is
not possible to establish a stable system when .
With this constraint, the choice lies in setting either
a little smaller than unit, for example 0.95, or in adding a
low-pass filter to decrease the magnitude of
at a higher frequency and keeping equal to unit at a
lower frequency.

In determining the postdelay filter gain and the band-limit
filter , 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 approximate
such a periodic disturbance, and its corresponding output
voltage responses can then be calculated at various control
parameters.

(a)

(b)

Fig. 12. Output voltage and current waveforms under 60-Hz rectifier load
whenQ(z�1) = 0:95: (a) simulation and (b) experimental.

To investigate the effect of the band-limit filter and postde-
lay filter gain on the error convergence,

(21)

serves as a low-pass filter for and is compared with
different settings of and . Fig. 8(b) illustrates the
error convergence curves at various settings of band-limit
filter and postdelay gain. These curves were recorded from
their maximal error at the peak of the waveform. Fig. 8(b)
exemplifies the compromise between the convergent rate and
stability by choosing and for the given
design example. Fig. 9 displays the output impedance of the
PWM inverter using a repetitive control technique subjected
to a 60-Hz periodic disturbance. According to that figure, the
output impedance has been to a minimum value at integral
multiples of 60 Hz.

V. SIMULATION AND EXPERIMENTAL RESULTS

A single-chip DSP TMS320C14 provided by Texas Instru-
ments was used to implement the proposed digital controller
for PACS voltage regulation. This DSP has many good fea-
tures, thereby allowing a sophisticated control algorithm to be
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(a)

(b)

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

implemented for power converting systems. They include a
200-ns instruction cycle, a 16-b parallel multiplier, multiple
independent programmable timers, and some on-chip RAM
and ROM [16]. However, it does not possess any on-chip
A/D or D/A converters. The hardware circuit of the proposed
DSP-based digital controller consists of a 16-b TMS320C14
single-chip DSP, a six-channel multiplexed 12-b A/D con-
verter, a 4K-word external program memory, and an RS232
computer interface. The TMS320C14 also comprises some on-
chip peripherals necessary for industrial control. These include
four 16-b timers, two general-purpose timers, a watchdog
timer, a baud-rate generator, a 16-b programmable I/O, a
serial port, and an event manager with a six-channel PWM
output. The event manager consists of a six-output-compare
subsystem and a four-input-capture subsystem. The PWM
output waveform can be adjusted from 8 b of resolution at
100 kHz to 14 b at 1.6 kHz.

The constructed DSP-based fully digital-controlled 2-kVA
PWM inverter operates at a switching frequency of 45 kHz
and a sampling frequency of 15 kHz. Some key parameters of
the constructed system are listed in Table I. Synthesizing the
repetitive controller and simulation of the PACS was achieved
by the software packages MATLAB and SIMULINK.

(a)

(b)

Fig. 14. 60-Hz output voltage and current waveform operating from no load
to resistive load when the band-limit filter is (a) a constantQ(z�1) = 0:95
and (b) a low-pass filterQ(z�1) = QL(z

�1).

Fig. 10 shows the simulation and experimental results of
the output voltage and the current waveforms of the digital-
controlled PWM inverter without the repetitive controller with
a step-load change from no load to a 300-W resistive load.
The modeling of the digital-controlled PWM inverter can be
verified from the close similarity of the experimental and
simulation results, as shown in Fig. 10. The settling time of
the digital-controlled PWM inverter for a step disturbance is
about 560 s. Fig. 11(a) summarizes the experimental results
when the inverter’s output was connected to a 60-Hz rated
bridge rectifier RC load with a current crest factor of 3.
Fig. 11(b) illustrates that its corresponding voltage harmonic
spectrum and its THD is 28 dB (5%). Under the same
testing conditions, Fig. 12 summarizes the simulation and
experimental results when the repetitive control scheme is
applied. This figure indicates that the output voltage waveform
can still maintain a sinusoidal output under a rectifierRC
load. Fig. 13 illustrates the harmonics spectrum of the output
voltage waveform under a resistive load and a rectifier load.
The THD is 40 dB (1.0%) for a resistive load and37
dB (1.4%) for a rectifier load. These results prove that the
designed repetitive controller can effectively eliminate integer
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(a)

(b)

Fig. 15. The convergence of output voltage error under repetitive control:
(a)Q(z�1) = 0:95 and� = 0:5 and (b)Q(z�1) = QL(z

�1) and� = 0:7.

harmonic disturbances within its system bandwidth, even at
different loads.

Fig. 14 illustrates the transient responses when the band-
limit filter is set at different values. The output was connected
to a phase-controlled resistive load. The band-limit filter,
displayed in Fig. 14(a), is just a scaler and is set at 0.95; the
settling time is 380 s, 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 540s and
the maximum voltage distortion is 23 V.

Fig. 15 shows the convergence of the PWM inverter output
voltage error induced by a bridge-rectifierRC load under
repetitive control at different settings of the band-limit filter.
These periodic errors can be reduced from 12.5 to 25% of its
original value within 120–180 ms. While faster convergence
results in a larger steady-state error, slower convergence
expectedly results in a smaller steady-state error. Experimental
results reveal that designing the band-limit filter calls for a
compromise between the rate of error convergence and steady-
state error.

Fig. 16(a) illustrates the output voltage and current wave-
forms at 150 Hz under the defined rectifierRC load. The har-

(a)

(b)

Fig. 16. (a) Output waveforms under 150-Hz rectifier load and (b) the
corresponding power spectrum with THD= �36 dB (1.6%).

monic spectrum of the output voltage is shown in Fig. 16(b).
The THD of the output voltage is 36 dB (1.6%), which
is much smaller than what can be achieved by conventional
control techniques. These experimental results confirm that the
proposed repetitive control scheme effectively improves the
steady-state performance of an ac voltage regulator and, at the
same time, maintains its transient dynamics.

VI. CONCLUSION

In this paper, we have presented a two-layer control strategy
to improve both the transient and steady-state responses of a
closed-loop regulated PWM inverter for sinusoidal ac voltage
generation. The two-layer controller consists of a servo con-
troller and a repetitive controller. The servo controller serves
to improve the load disturbance rejection capability and is
designed by using an optimal state-feedback control technique.
The repetitive controller serves to eliminate the periodic error
induced by a nonlinear load and is synthesized based on the
repetitive control theory. These two controllers are designed
separately to achieve excellent dynamic response and low
harmonic distortion for a high-quality ac power source when
operating at 110 V, 15 A, and 60 Hz. The output voltage error
for a step-rated load change can be reduced to 5% within
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0.3 ms. A total harmonic distortion (THD) below 1.4% of a
rated rectifierRC load at a current crest factor of 3 is feasible.
Experimental results show the proposed repetitive control
scheme can effectively eliminate the periodic errors induced by
a bridge-rectifierRC load. Although the given design example
is based on a nominal bridge-rectifierRC 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 modern
control techniques, high-performance DSP can significantly
improve the control quality of a power converting system.

ACKNOWLEDGMENT

The authors acknowledge the assistance provided by H.-C.
Yeh and S.-S. Hwang in the implementation of the hardware
and experimental testing. The valuable comments made by the
reviewers are also acknowledged.

REFERENCES

[1] A. Kawamura and R. G. Hoft, “Instantaneous feedback controlled PWM
inverter with adaptive hysteresis,”IEEE Trans. Ind. Applicat.,vol. 20,
pp. 769–775, July/Aug. 1984.

[2] H. I. Cha, S. S. Kim, M. G. Kang, and Y. H. Chung, “Real-time digital
control of PWM inverter with PI compensator for uninterruptible power
supply,” in IEEE IECON Conf. Rec.,1990, pp. 1124–1128.

[3] A. Kawamura and T. Yokoyama, “Comparison of five different ap-
proaches for real time digital feedback control of PWM inverter,” in
IEEE IAS Annu. Meet. Conf. Rec.,1990, pp. 1005–1011.

[4] C. Hua and R. G. Hoft, “High performance deadbeat controlled PWM
inverter using a current source compensator for nonlinear loads,” in
IEEE PESC Conf. Rec.,1992, pp. 443–450.

[5] S. L. Jung and Y. Y. Tzou, “Discrete feedforward sliding mode control
of a PWM inverter for sinusoidal output waveform synthesis,” inIEEE
PESC Conf. Rec.,1994, pp. 552–559.

[6] Y. Y. Tzou, L. H. Ho, and R. S. Ou, “Fuzzy control of a closed-loop
regulated PWM inverter under large load variations,” inIEEE IECON
Conf. Rec.,1993, pp. 267–272.

[7] S. L. Jung, L. H. Ho, H. C. Yeh, and Y. Y. Tzou, “DSP-based digital
control of a PWM inverter for sinusoidal wave synthesis by optimal state
feedback approach,” inIEEE PESC Conf. Rec.,1994, pp. 546–551.

[8] S. Hara, Y. Yamamoto, T. Omata, and M. Nakano, “Repetitive control
system: A new type servo system for periodic exogenous signals,”IEEE
Trans. Automat. Contr.,vol. 33. no. 7, pp. 659–666, 1988.

[9] M. Tomizuka, T. C. Tsao, and K. K. Chew, “Discrete-time domain
analysis and synthesis of repetitive controller,” inAmer. Contr. Conf.
Rec.,1988, pp. 860–866.

[10] B. A. Francis and W. M. Wonham, “The internal model principle for
linear multivariable regulators,”Appl. Math. Opt.,vol. 2, no. 2, pp.
170–194, 1975.

[11] T. Inoue and M. Nakano, “High accuracy control of a proton synchrotron
magnet power supply,” inIFAC Conf. Rec.,1981, pp. 216–221.

[12] K. K. Chew and M. Tomizuka, “Steady-state and stochastic performance
of a modified discrete-time prototype repetitive controller,”ASME J.
Dynamic Syst. Measurement Cont.,vol. 112, no. 1, pp. 35–41, 1990.

[13] N. Sadegh, “Synthesis and stability analysis of repetitive controllers,”
in Amer. Cont. Conf. Rec.,1991, pp. 2634–2639.

[14] K. K. Chew and M. Tomizuka, “Digital control of repetitive errors in
disk-drive systems,”IEEE Contr. Syst. Mag.,vol. 10, no. 1, pp. 16–20,
1990.

[15] T. Haneyoshi, A. Kawamura, and R. G. Hoft, “Waveform compensation
of PWM inverter with cyclic fluctuating loads,” inIEEE IAS Annu.
Meet. Conf. Rec.,1986, pp. 744–751.

[16] TMS320C1x User’s Guide,Texas Instruments, Houston, TX, July 1991.
[17] C. Kallstrom, “Computing EXP(A) and EXP(As)ds,” Lund Instit.

Technol., Div. Automatic Control, Rep. 7309, Mar. 1973.
[18] M. Tomizuka and D. E. Rosenthal, “On the optimal digital state vector

feedback controller with integral and preview actions,”Trans. ASME,
vol. 101, pp. 172–178, June 1979.

[19] R. S. Ou, “Design and implementation of a DSP-based programmable
AC power source with low harmonic distortion using repetitive control
theory,” Master’s thesis, Instit. Control Eng., Nat. Chiao Tung Univ.,
Hsinchu, Taiwan, R.O.C., June 1994.

[20] G. F. Franklin, J. D. Powell, and M. L. Workman,Digital Control of
Dynamic Systems.Reading, MA: Addison-Wesley, 1990.

Ying-Yu Tzou (S’81–M’88) was born in Taiwan,
R.O.C., on February 13, 1956. He received the B.S.
and M.S. degrees in control engineering from the
National Chiao Tung University, Hsinchu, Taiwan,
and the Ph.D. degree in electrical engineering from
the Institute of Electronics Engineering, National
Chiao Tung University, in 1978, 1983, and 1987,
respectively.

From 1980 to 1981, he was with the Electronic
Research and Service Organization (ERSO) of In-
dustry Technology Research Institute (ITRI) as a

Design Engineer in the Control System Department. From 1983 to 1986, he
was with Microtek Automation, Inc. as a Project Manager for the development
of a computer numerical controller (CNC) for machine tools. He is currently
an Associate Professor of the Department of Control Engineering, National
Chiao Tung University, and also serves as an industrial consultant for many
local power electronics and automation companies. From 1992 to 1994, he
was the Director of the Institute of Control Engineering. His special interests
are sensorless ac drives, intelligent UPS, FPGA-based control IC’s for motor
drives, and DSP applications in power electronics and motion control.

Rong-Shyang Ou was born in Keelung, Taiwan,
R.O.C., in 1969. He received the B.S. and M.S. de-
grees, both in control engineering, from the National
Chiao Tung University, Hsinchu, Taiwan, in 1992
and 1994, respectively.

His research interests include deadbeat control,
fuzzy control, repetitive control, and the application
of microprocessor-based controllers on the ac power
conditioning systems.

Mr. Ou is an Honorary Member of the Phi Tau
Phi Scholastic Honor Society.

Shih-Liang Jung (S’93) was born in Hsinchu, Tai-
wan, R.O.C., on September 15, 1969. He received
the B.S. and Ph.D. degrees in control engineering
from the Department of Control Engineering, Na-
tional Chiao Tung University, Hsinchu, in 1991 and
1996, respectively.

His research interests include variable structure
systems, DSP-based digital control techniques, and
the control of power electronics systems.

Meng-Yueh Chang (S’94) was born in Nantou,
Taiwan, R.O.C., in 1968. He received the B.S. de-
gree from National Cheng Kung University, Tainan,
Taiwan, in 1991. He is currently working toward
the Ph.D. degree in control engineering at National
Chiao Tung University, Hsinchu, Taiwan.

His research interests are in the areas of power
electronics, applied digital control and estimation,
and self-tuning systems. His recent research is re-
lated to high power-factor reversible rectifiers, un-
interruptible power supply systems, PACS, and dy-
namic load simulator.


