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A Novel Current-Tracking Method for Active Filters
Based on a Sinusoidal Internal Model

Shoji Fukuda Senior Member, IEEEand Takehito Yoda

Abstract—A new current control method based on the internal onant frequency into the current compensator. Thus, the gain
model principle in control theory is proposed. It introduces a of the open-loop transfer function of the control system goes
sinusoidal internal model into the control system. It does not use to infinity at the resonant frequency, which ensures that the

any coordinate transformations. The method can be used for teadv-stat . to st h . f
tracking an arbitrary number of harmonics: a dc component Steadyssiaie errors in response 10 Step changes ina reierence

or fundamental frequency component signal. It is applied to a Signal at that frequency reduce to zero. Furthermore, the pro-
single-phase pulsewidth modulation inverter and active filter. The posed method removes the effects of a dc and ac disturbance

validity is confirmed by simulation and experimental results. with the resonant frequency.
Index Terms—Active filter, current control, internal model prin- In this paper, the proposed method is applied to only a single-
ciple, pulsewidth modulation, pulsewidth modulation inverter. phase system because a single-phase system is the best example

to demonstrate the usefulness of the proposed method. How-
ever, the method is applicable to three-phase systems as well. In
this case, the synchronoisg and inversel—; coordinate trans-

ANY POWER electronic inverter applications, such agrmations, which are required when variables in a three-phase

active filters (AFs), require an output current which cagystem are treated in the rotating reference frame, are not nec-
be designed to have a specified output frequency spectrum. If ggary.

system is three phase, the rotating reference frame produced by

the synchronoud—q coordinate transformation qffers a useful Il. INTERNAL MODEL

solution because the synchronaiig; transformation converts o

a fundamental reference frequency signal into a dc signal [1]4 Internal Model Principle

conventional proportional and integral (Pl) compensator can beThe internal model principle implies that, in a feedback
applied to the variables in the rotating reference frame so assigstem, the output of a control object follows its reference input
achieve a zero steady-state error in response to step commawithout a steady-state error if the system satisfies the following
Then, variables in the rotating reference frame must be restota@ conditions [3].

in the stationary three-phase reference frame using the inversa) The closed system is asymptotically stable.

d—q transformation. Typical examples are seen in a current con-2) The open-loop transfer function of the system includes

trol system in ac drives [2]. a mathematical model which can generate the required
However, if the system is single phase, the synchromeys reference input.

coordinate transformation cannot be applied. Also, if a distur- Let us take a sinusoidal reference signal as an example and

bance in a thr_t:er—]phase rs],ystem is dc, Zt_eady-stateferrors_ A% that the steady-state error will be zero, if the internal

remain, even if the synchronodsg coordinate transformation 1, ye| principle is satisfied. Consider a simple feedback system,

and a Pl compensator are used. _ where the transfer functions of the compensator and the control
To solve the above problems, this paper proposes a new %tﬂ]'ect are(, (s) and G, (s), respectively. Le®R(s), E(s), and

tionary referenqe f.rame control method that is based on th? 5[3 s) denote the reference, error, and output signal, respectively.
ternal model principle [3] from control theory. The method INThen, the open-loop transfer functioiy(s) will be given by
troduces a sine transfer function [4], [5] with a specified res-

. INTRODUCTION

No(s
o _ Go(s) = Go(s)Gy(s) = o(s) (1)
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assuming, for simplicity of arguments, that the are distinct. 40
From condition 1), the poles of the closed systes, must sat-
isfy the following equation: 20
Re(p;) <0 fori=1,...,m. (4) 0 : :
— 201D 100 i 1000 10400
The error can also be expressed as 2} 20 §
. b b =
Bs)=—2—4.gtm A 72 g,
S — S—fm S—JwWo S+ Jwo
(3-2)
where the coefficientd; andb, are given by
b1, b2 = [(s F jwo) E(S)]s=sjws

Do(tjwo) A o (rad/sec)

= - — . 5
Do(:l:j(x)o) + No(:l:j(x)o) 2 ( ) 150
Since Gy(s) has polesjwy and —jwo from condition 2), the — ¢0s
denominator of7y(s) can be expressed as 00 e sin
Do(s) = (52 + wg) D{(s) (6) 50
it follows that éﬁ 0 ¢ :
[
Do(£jwo) =0 and No(£jwo) #0, or 2 solf 100 1000 1000
by = by =0. 7 =
L=1by @ % el
Thus, the last two terms in (3-2) disappear, guaranteeing the r
duction of the error to zero as time elapses. In a similar manne -150 +
it can be easily proved that the effects of an ac disturbance at tt 200

frequencyw, can be eliminated.
o (rad/sec)

B. Sinusoidal Internal Model
Bode diagram of two sine transfer functions, cosine funeign(s),

Consider the control system in which the reference inpgfd ii'ne FUNCHiONG 5o(s).

signal is sinusoidal. Based on the internal model principle, the
compensator with a sinusoidal transfer function is required.

There are two alternatives for the sine transfer function. One %, | pq yoeal 1 i
is the Laplace transform of a cosine function with a resonant - Source R+Ls

frequencywy, Gs1(s), and the other is that of a sine function
G s2(s). They are given by

GSl(S) =

s
24wl

wo
2+ wd’

GSQ(S) = (8) Fig. 2. Current control system using PIS compensator.

The Bode diagrams dfs;(s) andGs»(s) are compared in WhenGsa(s) is used for the sinusoidal internal model. One can
Fig. 1. It is observed thatis;(s) has a sufficient amount of observe that the system is highly underdamped and the error re-
phase margin, 90 but the phase margin 6fs2(s) is 0°. There- duces very slowly toward zero. This is because the phase margin
fore, if Gs2(s) were employed for the sinusoidal internal models insufficient. Therefore, it is important to note that the cosine
the feedback control system would probably be highly unddtsnction G's1(s) should be chosen for the sinusoidal internal
damped. This situation is examined by simulation studies. model.

Fig. 2 shows a simple current control system with a com- In this paperGs;(s) in (8) is called the sine transfer func-
pensator which consists of a proportional, integral, and transf@n. The gain of the sine transfer function is theoretically in-
function for a sine wave (PIS compensator). The current refdinite at the resonant angular frequency, namely, the gain of
encei* is a sinusoid with the amplitude of 5 A and the frequencipe open-loop transfer function goes to infinity at = wo.
of 50 Hz. The load consists ¢t = 10  andL = 50 mH con- Fig. 4 shows the block diagram of the sinusoidal internal model
nected in series. Responses when the resistBriséncreased Gsi(s), where the input and output ateandy, respectively,
stepwise from 1@ to 20€2 at 0.04 s are simulated. The gaingind the gain iss.
of the compensator atk;, = 40 V/A, and K; = K, = 4000
VI(A-s). Fig. 3(a) shows the current responses wiign(s) is C- PIS Compensator
used for the sinusoidal internal model. One can observe thaFig. 5 shows a current control system of a single-phase
the error rapidly reduces to zero. Fig. 3(b) shows the respongessewidth modulation (PWM) inverter in which the compen-
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PIS compensator
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error ‘
-6 - p : ; ’ p ’ : ’ . . . .
o 004 008 2J2 976 0-2  satisfies the second condition of the internal model principle for
a dc signal and a sinusoidal reference signal with the frequency
(b) wo-
Fig. 3. Comparison of current responses to a step change in load resistance,
R =10 Qto 20 2 at 0.04 s. (a) With cosine functiofi s, (s). (b) With sine IIl. AC CURRENT CONTROL OFPWM INVERTER
function G s2(s). )

A. Bode Diagram

. 1 In Fig. 5, the inverter load is a simplB-L circuit and its
u K i 5 y transfer function is
1
G.(s) = . 10
+ <X &)= R Ls (10)
wz Denoting that the transfer function of the PWM inverter is
“o —IXp 0 Ginv(s), one has the open-loop transfer function given by
Fig. 4. Block diagram of sinusoidal internal mod&} (s) based on cosine Go(s) = Ge(s)Ginv($)Gr(5)- 11)

function.

The Bode diagram of#y(s) is shown in Fig. 6, wheré?,,, (s)

) ) _ _is assumed unity. The gains and parameters are given in Sec-
sator consists of a proportional, integral and transfer functigg, |;-B.

for a sine wave, i.e., the PIS compensator. The transfer functiony s gpserved that the gain exhibits almost an infinite value at
of the PIS compensator is the resonant frequenay, (=2 f,). This situation holds even if
K; K.s Ginv(s) is not unity becausé&l.(s) goes to infinity atv = wo.
Ge(s) = Kp+— + Tz (9) Thefrequency band aroung has a high gain. Then, the steady-
0 state error differs only slightly from zero if a small difference

wherewy denotes the resonant frequency of the sine transfeztween the reference and resonant frequency exists.
function and should coincide with the frequency of the sinu- Fig. 7 shows a phase margin versus g&in characteristic
soidal reference input. It is noted that the second term of (8) Go(s) underGiy,,(s) = 1. A higher K, tends to construct
constructs an internal model for a dc reference input. Thus, @)more robust control system, but results in a smaller phase
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IV. SINGLE-PHASE AF

48
46 A. Control System Design
Fig. 10 shows the single-phase AF and its control system used
— 44 for the experiment. A diode rectifier, which is the load, generates
é" 42 harmonic components in the load currépt The AF takes an
= inverted form of the load current harmonics, and sums them with
& 40 the load current. The source current therefore contains only a
g 38 fundamental component.
§ Let the load current including a dc component be
£ 36 B
34 i, = Ig+ mesin(mwlt—d)m), m=135, ...
32 m=1
e (12)
305 2000 4000 6000 8000 10000
K, wherem takes on only odd integers. If all harmonic components
are to be compensated for, the current reference of the AF should
be
Fig. 7. Phase margin versus gdin characteristic.
LE I_ll Sin(wlt—¢1) —iL. (13)

margin. Practically, a very higlk'; was not necessary as th

. . L2 eIf, for example, up to thexth harmonic components are to be
following experimental results indicated. P P b

compensated for, the current reference of the AF will be

n
1 . _
B. Experimental Results ic =—Io Z L sin(mewnt — dum). (14)
m=3
An experiment of current control using a single-phase PW¥hen, the transfer functions of the overall compensator should
inverter was carried out in order to confirm the basic perfobe given by
mance of the sinusoidal internal model. Fig. 5 shows the cur-

n

rent control system. Two cases were investigated for comparison Gel(s) = K, + K; Z K,ms
purposes: one was with a PI compensator and the other was with r =57+ (mwy)?
a PIS compensator. Since a dc component was not required in m=1,325...,n. (15)

the reference current, the integral action was omitted at first. The

gains wereK, = 0.3, K; = 0.0, K, = 150, andwy = 3007  The sinusoidal transfer function for the fundamental compo-
for the PIS compensator, arid, = 0.3 and K; = 0.0 for the nentis introduced in (15) to suppress the effects of the ac mains
Pl compensator. The dc input voltage of the PWM inverter wasltage with the frequency; which acts as a disturbance. It is
150 V. The load parameters wele= 6.0 2 andL = 80 mH. also useful to compensate for the reactive component with the
The amplitude and frequency of the reference output currentfahdamental frequency; .

the inverter werd™ = 1 A and fo = 50 Hz, respectively. The  Fig. 10 also shows the control system of the single-phase AF.
unipolar PWM method [7] was used for the inverter control. There are two control performance criteria.

Waveforms at steady state when the Pl and PIS compensatol) DC voltageVy. should coincide with its referendé;..
were used are compared in Fig. 8(a)—(c). Fig. 8(a) shows that2) Compensation currefg should follow its reference.
a steady-state error exists when only the proportional (P) com-  as closely as possible.
pensator was used. Fig. 8(b) shows that almost no steady-stafEhere are two control loops, the dc voltage control loop with
error exists when the proportional and sine (PS) compensa&d?Pl compensator and the output current control loop with a PIS
was used, but a very small dc component can be observed intbenpensator.
error. Fig. 8(c) shows the waveforms when an integral action of The Pl compensator is used to accomplish the first criterion.
K, = 60was included (with the PIS compensator). Since the ifi-generates the amplitude of the current referefgefor the
tegral compensator constructs the internal model for a dc sigridl. control. The current,. is, then, multiplied by a sinusoidal
the dc component disappeared in the error. signal with unit amplitudes, which is synchronized and in
Responses to step changes are shown in Fig. 9(a) and (b). pltase with the ac terminal voltage and becomes an ac cur-
9(a) shows responses when the resistance was reduced stepwisireference signal for tHe,. control,¢,-cont. The sum ofig.
from R = 12Qto6 2 at 0.0425 s while keepinf® = 1 A. Fig. andi,-..n cONstitutes the reference signal for the PIS compen-
9(b) shows responses when the reference current was increasedr.
stepwise fromi* = 1 Ato 2 A at 0.0452 s while keeping = The PIS compensator is used to accomplish the second cri-
6.0 Q. Itis observed that, in both cases, the error reduced to zéeoon. It processes the current error and makes the voltage ref-
in a stable fashion within a half cycle of the output frequencyerence signal for the PWM converter which forces the actual
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Fig. 8. Comparison of load current and steady-state error. (a) With P compensator. (b) With PS compensator. (c) With PIS compensator.

currentic to follow its referencey. + i,-con: as closely as pos-  Fig. 11(a) shows waveforms of the load currgntthe source
sible. Gating signals for the converter power devices are aturrentis, and the compensation curreiat of the AF when
tained using the unipolar PWM method [6], which is the conBnly the Pl compensator was used. Also, it shows the frequency
parison-based method between a single triangular carrier wapectrum of the lower order harmonic componentg<ofOne

and two reference voltage signals with an opposite phase eaah observe that the compensation was not good enough and the

other. total harmonic distortion (THD) value af was 7.13%, while
) the THD value ofi;, was 27.0%.
B. Experimental Results Fig. 11(b) shows waveforms of the load curréntthe source

A small-capacity single-phase AF system was built and egurrentis, and the compensation curréatwhen the PIS com-
periments were carried out using it. The PIS compensator Rgnsator was used. Also it shows the spectrum of the lower order
the AF consisted of the sinusoidal transfer functions for the 15grmonic components ak. One can observe that the lower
3rd.. .19th harmonic components (all odd integers up to 19)rder harmonic componentsip were well suppressed and they
which were implemented using a digital signal processor (DS®&nost disappeared in thig waveform. The THD value ofs
TMS320C32. A proportional action was included in the PI®/as drastically reduced to as low as 1.74%. It is clear that the
compensator to improve the dynamic responses, but the integiaiplication of the sinusoidal internal model to an AF control
action was omitted because a dc component was not requireg@yatem is very useful.
the reference.

The parameters and gains used are shown in Table I. Thése
gain values were selected so that the open-loop transfer functiotn conventional AFs, only a P compensator is used in the cur-
of the AF had a sufficient amount of phase margin. The resonaatt control system. The proportional gdif, should be high to
frequency wasy, = wi, constant. The method proposed in [7bbtain a small steady-state current error. Howevek jfwere
was used for calculating the harmonic and reactive componesty high, the carrier frequency component in the load current
of the load current. would be amplified and appear in the output resulting in unde-

Comparison With Conventional Current Control
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Fig. 10. Single-phase AF and its control system.
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However, it should be noted that the compensator transfer

|
|
+
i
|
|
|
'
1

-2 . ' . ’ ' . . function for a sine wave (S compensator) is inherently sensitive
to frequency variations. If the frequency to be filtered varies in
0.02 0.04 0.06 0.08 0.1 . . .
time [sec] a wide range like harmonic currents generated by a cyclocon-

verter, the corresponding resonant frequency of the S compen-

o 9. Trans i PIS i (@ Step load sator,wg, must be adjusted to track the varying harmonic fre-
ig. 9. ransient responses witl compensdtor,= 60. (a) Step loa f P . T

changeR — 12 (2106 €2 at 0.0425 s. (b) Step reference chanfe— 1 A to quency. Also, if a large frequgncy dey|at_|on occurs in the utility,

2 A at 0.0452 s. some current error may remain. In this situatiopmust be reg-

. ) _ ulated to track the utility frequency using a phase-locked loop
sirable performance of AF. Thus, a very high gain cannot bg |y

designed foi,,; as a result, some current error always remains
in the output. The effect of a disturbance remains in the output
as well.

However, if a PIS compensator having the resonant frequencyl his paper has proposed a novel current control method suit-
wo is used, the following advantages can be found Compar@a|e for tracking an arbitrary number of harmonics: a dc com-
with a conventional P or Pl compensator. ponent or fundamental frequency component signal. The idea

1) A high proportional gaitk,, is not necessary because thds based on the i_nternal model principle from control th_eory.
gain of the closed loop is infinitely high at the wanted neé method requires an S compensator that can result in zero
frequenciesw = wy andw = 0. Hence, the carrier fre- steady-state current-tracking error for sine wave set points.

V. CONCLUSION

quency components cannot be amplified. The PIS compensator constructs a very robust current control
2) The effects of a dc and ac disturbance with the resonaystem. However, the S compensator is inherently sensitive to a
frequency can be removed. difference between the reference and resonant frequency. If de-

3) The PIS compensator provides a very robust AF conttdlions in the mains frequency are large in AF applications, a
system. It guarantees that the steady-state current eff&{- can be used for regulating the resonant frequency in accor-
does not exist even if the parameters, excluding the frd@nce with the variations in the mains frequency.
quency to be filtered, vary as far as the variation is within 'f @ PIS compensator is employed in a control system, the

the limit with which the closed loop is kept stable. following occur.

4) By combining plural S compensators having resonant fre- * The transfer function of the open loop exhibits a large
guenciesvyy , wo2,wos, - - . , ONly the specified harmonic phase change around the resonant frequency where the
components at the frequencieg , woz, wos, - - - , can be gain is large.
filtered just like a combination of plural passik€ filters * The phase margin of the open loop decreases with an in-
tuned at the respective frequencies. crease in the S compensator gain.

5) The PIS compensator is also useful for three-phase sy$e above two points may suggest stability problems in the con-
tems. The above-mentioned advantages also hold in threel systems if the PIS compensator is used. However, it was
phase AFs. easy to select gain values that provide a sufficient phase margin
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TABLE |
PARAMETERS AND CONTROL GAINS OF ACTIVE FILTER.

AC mains voltage E 100 V | PI compensator:
frequency AN 50 Hz proportional gain K, 0.3
integral gain K, 0.0
carrier frequency pA 10 kHz | S compensator gains:
sampling frequency b A 10 kHz =1,3,......,19 K, 150
load resistance Riua 6.4 Q| CR filter R 55Q
inductance Lios 80.0 mH Cr 4.0 uF
AC reactor: R, 0.4 Q | DC voltage control:
L, 5.0mH reference voltage V. 150V
proportional gain K, 0.00005
integral gain K, 0.0001
load side reactor L 5.0 mH | DC capacitor C, 1000 pF

1 fHO= T.1293 L N
] L i frh= 1. 7556
] A ]
FAY |
1 r LY L . _.-"::‘
= # b # "‘\._
A " 1 - ",
5 i T - i i
) —— HERMOMILC L1ST ———— a 1] 1 o 4, 000K
g oRo R —— ==, ¢ i [l o] R
1 16240 11 =2.0840 ¥ 7D oD
2 TA7 . S8m ¥ 12 ZIF3.Tim A | |18, T&Tm 11 182, 4d4m A
3 4.73Tl " 13 1.33E5 A £ 193.8dm X 12 135.83m 4
4 294 48 " 14 J13.86m * 2 1.38055 . 13 d421.B9m =«
5 1,8i22 ¥ 15 1.90808 ¥ 4 114,05 £ {2 182 .4d4m ¥
B 203, EBfm ¥ 15 X33, T0m ¥ S 295.06m £ 15 1493, Bdm X
To2.4lr o 17 1.2346 4 5 135.B3n 15 108G ¥
g 3Bl lam £ 18 S554.989m & T & DSm £ 1Y Jo.gom £
9 1.88028 19 1 A g [ld.05m & 18 193.B4m £
10 183.55m ¥ 2 2 # g 135 83m ¥ 19 547.32m #
10 2835, dSm ¥ 0 2590.B5n K
() (b)

Fig. 11. Comparison of current waveforms. Upper: load curienmiddle: source currerits; lower: AF output current.. 5 A/div and 5 ms/div, and frequency
spectrum of source curref. (a) With PI compensator. (b) With PIS compensator.

and excellent control performance. The authors have not expeSeveral applications of the proposed method using the PIS
rienced any stability problems in their experiment. compensator have been presented and verified by simulation
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and experimental results using a single-phase PWM inverter andl7] J. Doval, A. Nogueiras, C. M. Penalver, and A. Lago, “Shunt active

AF.

It is confirmed using a PWM inverter that the steady-state
error for a sinusoidal current reference has been zero. A set of
sine transfer functions that results in almost the perfect tracking
of harmonic components has been verified using an AF appli-
cation.

It is obvious that the proposed method is applicable to thre
phase systems, too. An optimal gain design for the PIS comp
sator will be a future research project.

The addition of a damping term to the S compensator m.
be useful for further improving both the stability and robust
ness against the mains frequency deviations without selectin
higher S compensator gain. This is also a future research project.

tive filters.
Dr. Fukuda is a member of the Institute of Electrical Engineers of Japan.
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