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Adaptive Repetitive Control of PWM
Inverters for Very Low THD AC-\oltage
Regulation with Unknown Loads

Ying-Yu Tzou, Member, IEEE,Shih-Liang JungStudent Member, IEEENd Hsin-Chung Yeh

Abstract—An adaptive repetitive control scheme is proposed augmented within the control loop of a control system, which
and applied to the control of a pulsewidth-modulated (PWM) s closed-loop regulated by a feedback controller, so that the
inverter used in a high-performance ac power supply. The pro- periodic errors can be eliminated. A number of repetitive
posed control scheme can adaptively eliminate periodic distor- . .
tions caused by unknown periodic load disturbances in an ac Fontr0|.SChem§S have been developed and applied to various
power supply. The proposed adaptive repetitive controller con- industrial applications [12]-[14]. Haneyoskt al. [15] and
sists of a voltage regulator using state feedback control, a repet- Nishida and Haneyoshi [16] have applied the repetitive control
itive controller with tuning parameters, and an adaptive con- technique to eliminate periodic distortions in a PWM inverter.
troller with a recursive least-squares estimator (LSE). This adap- |, hejr approaches, the repetitive controller was designed
tive repetitive controller designed for ac-voltage regulation has based on the exact model of the closed-loop-controlled system
been realized using a single-chip digital signal processor (DSP) ~¢ o
TMS320C14 from Texas Instruments. Experimental verification = With one-step prediction. Therefore, the performance and
has been carried out on a 2-kVA PWM inverter. Simulation and ~ stability of such a repetitive control system is highly dependent
experimental results show that the DSP-based adaptive repetitive ypon the robustness of the original feedback control system.
controller can achieve both good dynamic response and low total 14 rg|ax the stringent stability requirement of a repetitive
harmonic distortion (THD) under large-load disturbances and e o .
uncertainties. control system, a modified repetitive control scheme with
finite frequency mode elimination has been developed [17].
However, the convergence of such a system will deteri-
orate due to plant uncertainties. For time-varying systems
or systems with large plant uncertainties, adaptive repetitive

I. INTRODUCTION control schemes were developed to eliminate periodic errors
LOSED-LOOP-regulated pulsewidth-modulated (PWMBlS]’ [19]. AI_though these methods can track the changing
inverters have been widely applied in various typeglant dynamics, they 'have thg drawbapk that the number of

of ac power-conditioning systems, such as uninterruptibﬁ@‘rammers to be estimated is proportional to the frequency
power supply (UPS) systems, automatic voltage regulatdfodes selected to be cancelled. _ o
(AVR’s), and programmable ac sources (PAS'’s). One major'” this paper, we have developed a new adaptive repetitive
requirement of these applications is that the system is requif@!ro!l scheme that employs an auxiliary compensator to
to maintain a low-distortion waveform under transient optapilize the closed-loop system, and its parameters are tuned
periodic load disturbances. Some research has examined 2N @daptive tuning controller which recursively on line
closed-loop regulation of PWM inverters to achieve goolai_entlﬂes the plant dynamics. The ao_lz_;lptlve repetitive co_ntr_oller
dynamic response and most of them have focused on transi¥fik guarantee the closed-loop stability under plant variations
response improvement through instantaneous feedback cor@fdff: at the same time, eliminate periodical errors resulting
[1]-[7]. Although satisfactory results have been obtained f&°m &ll frequency modes below the closed-loop bandwidth.
transient load disturbances, periodic distortions in the output>€ction Il introduces the operational principle. The stability
waveform remain when the load disturbance is cyclic iterion and convergence qf the per|qd|c error of_a repetitive
nature. control system are also derived. Section Ill describes the pro-

Repetitive control theory [8]-[10] originating from the in-Posed adaptive repetitive control scheme in detail. Section IV
ternal model principle [11] provides a solution for eliminating!€Scribes the modeling and the DSP-based repetitive control of
periodic errors which occur in a dynamic system. A repetitiv@ PWM inverter for ac-voltage regulation. Section V illustrates

controller can be viewed as a periodic waveform genera simulation and experimental verification of the proposed
control scheme, and Section VI gives the conclusion.
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Fig. 1. Configurations of repetitive control systems. 14+ : Q? 1) ~ S(z*l)P(zfl)
— AR VA

commands without steady-state error in the presence v%ereE(z—l) andD(>—1) are» transforms of(k) andd(k).
unknown and unmeasurable disturbance inputs. In servomef,ﬂé corresponding frequency responses idomain is

anism system design, tleternal model principlegproposed by
Francis and Wonham [11] plays an important role. The internal H(jw) = H(z"Y)|._pur. )
model principle states that the controlled output tracks a set of ) o

reference inputs without steady-state error if thedelwhich ¢ d(k) is a periodic disturbance with period @f, then the

generates these references is included in the stable closeSyrier series representation @) can be expressed as
loop system. The internal model principle therefore reveals

that high-accuracy, asymptotic, and tracking properties for N-1 ' )
periodic exogenous inputs can be achieved by locating the (k) =) cpe??n/N (3)
model, which generates a set of periodic signals, within the n=0

control loop. Repetitive control is a control scheme in which denotes the Fouri Hicients. | ial it
the frequency modes of the periodic error to be eliminated & Qefc"_ ;:‘no 25}3 e_l oprletr E?e Ictents. nb? special case, |
included in the stable control loops. Repetitive control can b (#7%) =1 and P(x7") is stable, we can obtain
easily realized using a microprocessor-based digital controllﬁf{ .

. . . ] =0 at =2 N =0,---,N—-1. (4
With the advance of high-performance microprocessors a d(‘]w)| v n /N, " T ()

g'glf{al l&gngllpr?r::essorts (ID|SP’s), $hqre frequleqcr:]y TOd?bS.I.C?His reveals that these frequency modes of the periodic error
€ included In the controf foops. This reveals the teasl IItIlfave been eliminated by the repetitive controller, and perfect

of implementation of ultraprecision servomechanism SySteW?acking can thus be achieved under such a condition. How-

. In ta drgpet';nve C(t)ntlr(l)l sygtem(,j dat' repte t|tt|;]/e control[[gr : ver, perfect tracking imposes a stringent stability requirement
inserted in the control loop In addition 1o he conventiongy, y,q synthesis ofS(z~1). In practice, we can relax this

tracking gqntroller. There are various control conflgurqnonsf? quirement by choosing)(z~1), a low-pass filter, or a
the repetitive control systems. Fig. 1 shows two basic control " ciont less than unity such that
structures of the repetitive control system. Fig. 1(a) shows a

cascaded-type repetitive controller, in which it is cascaded B (ju)| < p(jw) at w=2nr/N n=0--. N—1
an outer loop controller. Fig. 1(b) provides a feedforward path ‘ ’ T c
to the repetitive controller. The major purpose of the tracking )

controller is to improve the system transient response so thaH p o .
it is insensitive to external disturbances, while the repetitiv‘% erey(jw) speqﬂgs thg attenuation factor of each frequency
controller is designed to reduce periodic errors caused w)de of the periodic disturbance.
periodic references or disturbances.
Fig. 2 shows the block diagram of the proposed repetitie Stability Analysis
control system, whereP(»~!) represents the closed-loop From Fig. 2, we can find
transfer function of the plant which is closed-loop regulated
by a tracking controllerS(z~!) andQ(z~*) are the auxiliary E(zH =Rz -Y(=1 (6)
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Fig. 3. Block diagram representation of the error convergence.

and
Fig. 4. The proposed adaptive repetitive control scheme.

Y(z71) = P(z_l){R(z_l) +E(zh)

_N
ZA

Eliminating Y (»—*) from (6) and (7), we can get

S(zl)}. (7) where g is a constant between zero and unity ands a
realization time constant.

E(z 1) =E( 12 M=) - Pz HS(="Y) IIl. ADAPTIVE REPETITIVE CONTROL SYSTEM
+(1-PETH) - QETHZNRETY. (8) Fig. 4 shows the proposed adaptive repetitive control
Fig. 3 shows the block diagram representation of (8), and \Weheme. In addition to the conventional repetitive controller,
can observe that if an adaptive parameter tuner is included in the control
loop to adjust the control parameters 8f~—!) according
Q(z7") = P(z71)S(z7 )ozerwr <1, forallw (9) to the identified plant dynamics. LeP(k,z 1) be the
transfer function of a second-order time-varying system and

and P(»~1) is stable and then(k) is bounded which implies
represented by

that the system is stable.
The design of5(z~1) andQ(>~1) is a compromise between

the relative stability and the convergence rate of the periodic Pk, 2 1) = 272 (12)

error. For simplicity, if we choos&)(»~!) to be a constant " 14+ ai(k)z=t + ax(k)z—2

less than and close to unity, we can arbitrarily choose an

S(=~") with very small gain to satisfy the stability criterionwhere the parameters (k) anda,(k) are left to be identified.

of (9). However, the periodic error may still be large. To There are a number of well-known parameter estimation

satisfy both requirements (5) and (9), we can cha@ée™) techniques that have been successfully applied to the iden-

to be a constant less than and close to unity &6¢*) to tification problem [20]. The recursive least-squares estimator

be a dlgltal filter with phase-lead characteristics. An Optlmﬂl_SE) has the advantages of being unbiased, fast Convergent,

choice of S(>7') in terms of large relative stability andand can be applicable to a wide range of applications in which

fast convergence rate can be achieved wliga)P(z~") other statistical estimation theories may be difficult to apply

possesses a nearly zero-phase-shift characteristic [19]. Thig]. In the application of an adaptive control system, the

can be accomplished by choosisif~*) as the inverse of mostimportant factor to be considered is whether the designed

P(»') and augmented with a realizable low-pass filter witBontrol law can be realized with an acceptable sampling rate.

appropriate cutoff frequency. The recursive LSE (RLSE) parameter identification algorithm

used in this paper is

C. Convergence Analysis

The |Q(z71) — S(2~1)P(2~1)| in the stability criterion of .

N — Ok Pk —2)¢p(k — 1)
(9) can also be viewed as a performance index for the conver- Ok) = 6(k—1) +

a+¢(k—1)P(k—2)¢(k — 1)

gence of periodic error. A smallé@(»~1) — S(z~H)P(x71)| ) e —2) Y bk — 1
results in a faster error convergence. The convergence index (W) = ek = 2) = ¢k = 1) 6(k - 1))
is defined as (13)
h= Q1) = P(z")S(zY)|ew. (10)  Plk—1)=~ |Plk—2)
[a%

If h =0, the periodic error concerned can be eliminated after

one cycle. However, such a condition requires a perfect match _ Pk =2)¢(k — D)p(k — 1) P(k - 2)

of the plant modelP(z~!), and this is obviously unrealistic. a+¢(k— 1) Pk —2)¢(k — 1)
To avoid such situation, we define (14)
—1 A _ — 4

sT+1 P(z71) pk—1)=[—y(k—1) —y(k—2)] (16)
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Fig. 5. Parameter identification of a PWM inverter connected with a bridge—-redifiedoad: (a) output voltage and current waveforms, (b) estimated
parameter using the RLSE, (c) estimated parameter using the modified RLSE, and (d) estimated parameters of the averaging model using modified RLSE.

Discrete Repetitive Controller

ve(k)+ + vt
—

a,(n) —*O—>| g0z

Fig. 6. Discrete adaptive repetitive controller.

whereé(o) is the initial guess of the parameters to be idemparameters. Fig. 5(c) shows the estimated parameters of (12)
tified, P(k) is a positive definite measure of the estimationsing the modified RLSE.

error, and its elements tend to decrease as the identificatiofrig. 5(d) shows the estimated parameters of the averaging
reaches its steady state. The scalas a forgetting factor to model using the modified RLSE method. The estimated param-
weigh new data more heavily than old data. Whee 1, all  €ters of the averaging model are derived using the following

data are weighed equally. FOK o < 1, more weight is placed &lgorithms:

on recent data than on past data. A smattewill result in

fast convergence, but the identified parameters will be more _ 1 X,

sensitive to measurement noise. a(n) = N - ay (k +nN) 17
The PWM inverter used in an ac-voltage regulator is fre- ;1

quently connected to a brld_ge _rectlfleRC_Ioad with its @o(n) = — ap(k +nN) (18)

output waveforms as shown in Fig. 5(a). Fig. 5(b) shows the N

estimated parameters of (12) using RLSE, in which we can

see that rapid convergence with large oscillation has occurigflere N is the number of samples during one-half period
whenever the rectifier switches change their state. One wegfythe output waveform. The auxiliary compensaffz—!)

to avoid this phenomenon is that when the load transition @$ the repetitive controller is adjusted by using the estimated
detected, a set of nominal parameters are used to set the Rlp8Eameters ofi; (n). @»(n) as shown in Fig. 6.
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IV. M ODELING AND CONTROL OF PWM INVERTER SYSTEM y(t) = Cx(t) (24)
The hardware configuration of the proposed DSP-basg@ere
digital-controlled PWM inverter system is shown in Fig. 7, in o) = [in(®) volt) i) v2(t)]' (25)
which the combination of H-bridge PWM invertek( filter, B 26
and rectifier-typeRRC load is considered as the plant. y(t) = vo(t) (26)
w(t) = v;(t) (27)
A. Plant Modeling and (28), given at the bottom of the page, as well as
The capacitor voltage. and the inductor current;, are B=[1/L 0 0 0] (29)
chosen as the state variables and the system dynamic equat(ijq{as
can be derived as Rr R
i C= < 0 0. 30
b= Br v (19) R+rc R+rc (30)
C(R+7r.) C(R+r.) . . . .
q The corresponding discrete-time model can be derived as
an
x(k +1) = Gpz(k) + Hpu(k) (31)
s rLrCe + R(TL + 7’0) :
L= L(R+7¢) 'L y(k) = Cx(k) (32)
R 1 G, =t (33)
- <—L(R n @)UC AL (20) H,= A" (AT - DB (34)
Since there are switching ripples in the capacitor voltage w(k) = [in(k) vo(k) unk) va(k) (35)
and inductor current, they are sensed through low-pass filters. u(k) = vi(k) (36)
Considering the dynamics of these filters, we can get whereT is the sampling period.
. 1 1 21)
V= —1U — ——V
LT RiGE T R B. State Feedback Control
.1 1 22) Considering the state feedback control block diagram in
V2= RyCh ve = Ry, v Fig. 8. The control law can be derived as
From (19) to (22), the state equation and output equation of w(k) = kovrer(k) — k1v1 (k) — kowa(k) (37)

the plant can be expressed as . .
P P wherewv,¢(k) is a table of the reference command stored in

2(t) = Az () + Bu(t) (23) the memory of the DSP. The state feedback gdins k1,
_TLTC + R(TL + 7’0) _ R ]
L(R —+ 7’0) L(RO+ 7’0)
R ! 0 0
A= C(Rii— re) C(R+rc) . (28)
0 — 0
R,Cy R Cy
Rre R 0 _ 1
L RQCQ(R + 7’0) RQCQ(R + 7’0) RQCQ i
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TABLE 1 dB
PARAMETERS OF THE PWM INVERTER SYSTEM 20 T ]
- . Pi)
Ttem Symbol | Nominal Unit 0 ““%‘-?—\\\\j j j
value 4 \ :
lren \>
Sampling Rate bA 15k Hz .20 A
Filter Inductor L 0.6 mH : : \
Filter Capacitor C 33 n 102 103 rad/sec 104 105
Inductor ESR r, 0.5 Q degree
Cap. serial resistor 7. 1.0 Q ° : B P(ZAI)
Nominal load 40 Q : ]—':(Z_l) : \ S
DC link voltage v, 300 Volts -200 — O
Output voltage v, 110 Volts (rms) \
Switching frequency Jow 45k Hz -400
102 10%  rad/sec 10* 10°
(@)
andk, can be determined by the method proposed in authors’ )
previous research [22]. Combining (31), (32), and (37), we ' ' i ! ! ! "
can obtain the state-space equation of the digital-controlled 150 AQ(z™")=Q(z")-05P,(z)P ' (z™")
system as ‘ ’
1t
z(k+1) = Gex(k) + H vper (k) (38)
u(k) = Ca(k) (39) o5t
where g o}
G.=G,-H,K (40) -0.5}
Hc = kOHp (41)
-1t
and
-1.5)
K=[0 0 ki k) (42)
2 i 1 1 1 1 1 1
The discrete-time transfer function from reference command 2 15 -1 ©5 0 05 1 15 2
to output voltage is real
vo(k) -1 -1 ©
v (k) = C(ZI - Gc) H, = Pn(Z ) (43) Fig. 9. (a) Frequency responses of the state feedback-controlled PWM
ref

inverter systemP, (') and the approximate modél,(z~1). (b) Nyquist

—1y ; ; plot of Q(z~') — 0.5P, (2~ ")P.(2~"), which shows stability of the
It should be noted that the plant modB),(=~+) is derived repetitive control system whefi(=-1) = 1/Pa(=1).

based on a nominal operating point, and in practical condi-

tion it will encounter large model uncertainties due to load

variations. regulation. A single-chip DSP TMS320C14 from Texas In-

struments has been adopted to realize the proposed adaptive

repetitive controller. The sampling frequency of the digital
Table | lists some of the key parameters of the Pwigontrolleris 15 kHz and there are 250 samples in each cycle of

inverter system used for 60-Hz 110-V (RMS) ac-voltagthe sinusoidal output. The tuning rate of the adaptive parameter

C. Design Example
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cycles Fig. 11. (a) The 60-Hz-output waveforms for rectify load and current crest
factor three with only state feedback control. (b) Output waveform when the
(b) adaptive repetitive control is applied.

Fig. 10. (a) Simulation results of the error convergence using the proposed

adaptive repetitive control scheme. (b) Time responses of the estimat; 1 o .
parameters of the approximate average model. ﬁ",i(z ) can be observed. To assure enough stability margin,

the scalar is chosen as 0.5 and the auxiliary fil@(~>—1) is
i ) , set as a constant gain of 0.95. The Nyquist plot)g—!) —
tuner is 120 Hz, and it adjusts the control parameters of t?%(z—l)Pa(z—l) is shown in Fig. 9(b), and it can be observed

repetitive controller in every half cycle. _ that it is within the stability boundary. This guarantees the
The state feedback gaik; and k, are determined to stability of the repetitive control system.

minimize the output voltage distortion due to transient load
disturbance and the feedforward gdip is a scaling factor V. SIMULATION AND EXPERIMENTAL VERIFICATION
to let the system have a unity gain at 60 Hz. With the given Fig. 10 shows the simulation results of a DSP-controlled
parameters as shown in Tablek, = —0.9 andky; = —0.45  pwM inverter using the proposed adaptive repetitive control
are selected as_the §tate-feedback gains and the correspong@p,gme for ac-voltage regulation. Fig. 10(a) shows a three-
feedforward gaink, is 0.56. The nominal transfer functiongimension plot of the output voltage of the PWM inverter
Pn(2 1) of the digital state-feedback-controlled PWM invertegonnected to bridge—rectifier load. The output waveforms
1S in successive cycles after the adaptive repetitive controller
Pz 1 applied are demonstrated in the same plot for_convenience.. Tr_le
0.53102 1 4 0.36552 2 — 0.04852 3 4+ 0.0003>* p_ropoged control scheme does help to eliminate the. penqdlc
= 10518271 10478972 — 0.12735—3 — 0.00155—2" distortion and thg output ac voltage becomes more sinusoidal
(44) afte_r compensation. Fig. 10(b) shows the time responses of the
estimated parameters of the second-order approximate, average
The recursive LSE method has been used to identify theodel.
transfer function of the closed-loop-controlled PWM inverter The experimental verification of the proposed adaptive
based on a second-order model of (12). The identified plabepetitive control scheme is carried out on a 2-kVA PWM

model P,(z 1) is inverter connected to a rectifigRC' load with current crest
D factor of three. Fig. 11(a) shows the experimental results of
P.(z71) = z (45) the output voltage and current of the PWM inverter using

1-0.31427" 4 0.2062 2 only the digital state feedback control. Fig. 11(b) shows the
The frequency responses g(>~1) and P,(»~*) are shown results under the same loading condition with the adaptive
in Fig. 9(a), and close resemblance betwer(>—') and repetitive controller included. Fig. 12 shows the error of the
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output ac voltage of the PWM inverter during the convergents] A. Kawamura and T. Yokoyama, “Comparison of five different ap-
process as the repetitive control is applied. The proposed proaches for real time digital feedback control of PWM inverter,” in

control scheme does help to reduce the periodic error caus

by cyclic disturbances. It can be observed that it takes about 12
cycles for the settling of the periodic error. For a 60-Hz output 5
it corresponds to 0.2 s to suppress the periodic disturbanéé
caused by a step-changed rectiffief load.

(6]

VI. CONCLUSION

. " . [71
An adaptive repetitive control scheme is proposed and
successfully applied to the closed-loop regulation of a PW

inverter used in a high-performance ac power supply. Simula-

8]

tion and experimental results show that the proposed control
scheme can effectively eliminate periodic waveform distortior®!

resulting from unknown cyclic disturbance. The repetitivgi g

controller helps to reduce the peak actuating force under

cyclically changed load condition due to the adoption

the a priori information about the period of the disturbance.
With the same dc-link voltage, the periodic error can be

suppressed more easily than cases without repetitive coft?!

pensation. As compared to conventional repetitive control
methods, the proposed adaptive repetitive control schefd@l
can not only achieve a faster convergence rate, but a

guarantees stability robustness under large-load variations. The

total harmonic distortion (THD) for the rectifid®C load with 5
current crest factor of three can be reduced from 8% to 1%
within 0.2 s after the proposed adaptive repetitive controller is
applied. An important merit of the proposed adaptive repetiti\ﬁé‘ﬂ
control scheme is that it can be designed and implementgd,
independently without knowing the exact model of the PWM
inverter system. This shows the feasibility for inserting apg
adaptive repetitive control module into an analog-controlled
PWM inverter to improve the quality of the output ac voltage,

(1]

(2]

[19]
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