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A Novel Digital Control for Active Power Filter

E.H. Song and B.H. Kwon
Dept. of Electronical and Electrical Eng., POSTECH

ABSTRACT

A novel digital control algorithms are developed for an
active power filter (APF) using a pulse-width modulated
(PWM]) rectifier with current link. A main control algo-
rithm compensating both the reactive power and harmonic
currents with fast dynamic response is derivéd through a
vector approach. A space vector modulation technique is
developed for the PWM rectifier in order to generate the
desired current vector of the APF. The system generates no
acoustic noise and it is implemented with a minimal con-
trol hardware structure using the Intel 80196 single-chip
microcomputer. Experimental results show that the pro-

posed scheme gives good dynamic and static performance
for the APF system.

I. INTRODUCTION

Nowadays, two problems are seriously considered in
modern power electronic industry. One is a poor power fac-
tor due to the wide use of the inductive loads, motors ef al.
'The other is polution of the utility grid due to the harmonic
interference of the nonlinear loads (especially by power con-
verters such as rectifiers, inverlers and ‘cycloconvcttcrs).
This electro-magnetic interference (EMI), so called, has
frequently heen causing malfunctons of computer systems
in the near of electrical equipments, and its restrictions are
becomming more and more tigor"ous in the power electronic
systems. Thyristor converters are widely used in industrial
applications in these days and they can be considered as
a typical example causing the afore-mentioned problems.
Shunt passive filters have hitherto been used o solve the
problems in power system. Active power filters have bet-

ter harmonic compensation characteristics against both the

impedance variation of ac power lines and the frequency
variation of harmonic currents than conventional passive
filters. So far, a voltage source PWM converter has usually
used in the active power filters or in the VAR compensators
{1} and [6]. A current source APF has an inductor with a
constant dc current, whereas the voltage source APF has
a capacitor on the dc side with a constant dc voltage. Al-
though the voltage source type is better with regard to loss
and the filter capacity to eliminate the PWM carrier har-
monics, the current source type is better with regard to
dynamics of the compensating current as well as reliability
and protection 7).

Active power filters can be considered as rectifiers be-

_ cause its physical energy resource results from not dc side

but ac side. In general, three techniques are available to
control the current waveform of PWM rectifiers; there are
hysteresis, sinusoidal, and space vector PWM control. The
hysteresis PWM control is simple, but ils average switch-
ing frequency varies with the load condition so that the
switching pattern is uneven and random. The sum of the
three-phase current must be zero when neutral is not con-
nected. This means that the current flowing in any phase
depends on the state of the other two phases. Since the
hysteresis and sinusoidal PWM control are three phase in-
dependent control, sio account is taken of this relation of
phases in the current control algorithm. On the other hand,
in the space vector modulation technique, this relation of
phases is taken of account introducing the state space vec-
tor concept {8} and [9]. The major characteristics of the

space vector modulation technique are that the maximum

modulation index and the number of switching are 15 per-
cont larger and 30 percent less than the one obtained by
sinusoidal PWM, respectively, the synchronization of cas-
rier to signal wave is not needed, and on-line PWM control
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using a single-chip microcomputer is possible,

In this paper, a new approach to solve the afore-mentioned
two problems is presented as a control scheme for the APF
system. The control block of the APT consists of four parts,
namely, the sensing block, the main compensation block,
the control block for the dc link current, and PWM pulse
generation block. The system generates no acoustic noise
and it is implemented with a minimal control hardware
structure using the Intel 80196 single-chip microcomputer.
Experimental results show that the proposed scheme com-
pensates both the reactive power and harmonic cucrents

with extremely fast dynamic response.

II. SysTeEM CONFIGURATION AND

COMPENSATION PRINCIPLE

Fig. 1 showa a system configuration of the active power
filter which was installed for compensating both the reac-
tive power and harmonic curtents generated by the 6-pulse
phase-controlled rectifier (PCR). The active power filter
system consists of a PWM rectifier with current link and
a gingle-chip microcomputer as its controlier. The filter
capacitance C are used to suppress switching ripples gen-
erated by the APF. The compensating current i, of the
APF with current link has more fast dynamics than that
of the APF with voltage link.
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Fig. 1. Fully software-controlled active power filter using one
single-chip microcomputer,

The control block in the sigle-chip microcomputer con-
sists of four parts, namely, the sensing block, the main
compensator block, the dc link current control block, and
PWM pulse generation block. The load current is decom-
posed to fundamental component and harmonic compo-
nent by the band-pass filter (BPF). In the sensing block,
the fecdback data such as source voltage, fundamental load
current, harmonic load current and dc link current [ are
read into the microcomputer through an 8-channel A/D
converter. Using Lhe well-known power invariant Lrans-
form, instantaneous three pha.sé quantities can uniquely
be represented by compdnents of real and iinaginary axes
in the fixed frame. The represented vectors rotates with
angular velocity wt in this frame. The main compensator
block produces signals for the PWM pulse generation block
and dominales directly the compensation characleristics of

the active power filier. The dircclion of source voltage is

"defined as an active axis and its orthogonal direction is a

reactive axis, Then, the poor power factor of the PCR can
be improved by canceling the reactive component of the
fundamental load current. The harmonic interference can
be removed by canceling harmonic components of load cur-
rent. Thus the main control algorithm of the active power
filter is derived. The control algorithm of the dc current
i derived from an active power flow in the energy storage
element L;. The command of the dc current is only recon-
structed from feedback signals to close of the loop around
the active power filter system. Since the compensationg
current of the APF is also obtained as a vector form, it is
desirable to implement this without transforming two axis
quantities to three phase quantities. In the PWM pulse

generation block, a space vector modulation technique is

developed to generate PWM signal.

I1I. ConrtroLLER DESIGN

The APF is to compensate the reactive and harmonic
components of Lthe load current so that the source current i
may only consist of an active component, thal is, in-phase
current with the source voliage. A schematic diagram of
the APF system is shown in Fig. 2 with functional descrip-

tions.
A. Main Compenasator

Tne main compensator is designed using the developed
concepts in the Section I. To compensate the harmonic

component of the load current, choose that

irh = ~iLA 8]
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Fig. 2. Schematic diagram of APF system.

To compensate the reactive component of the fundamental
foad current, choose that

Lym = I pmsin ding — Lo cos . (2)

This result is induced from the vector diagram in Fig. 3.
Then

14

Iy gmexp j(wt + x/2)

jSin ¢iL!IL]m eXPth - jcos d’ur Icm exijt'(s)

Using identities that

Ingmexpjwt = iggexpjdiry (4)
fcm expjwt = wCV.expjidy,, (5)
JjReactive jim . .
i ’ _ Active
¢vr wl
= - Re

Fig.3. Compensation principle of the fundamental load current
by APF.

fundamental phase current of the APF is obtained as

irg = joindisiryexpjdiny — j cos ¢, wCv, exp jdy. (6)

If the source inductanc L is neglizable, we can assume that
¢w = 0 (7)

iy = ¢ (8)

Substituting (7) and (8) into (6), the phase current of APF
is obtained as follows:

iy + i = Jsindiyirsexpiding

—j €08 g, wCv,expidy, —irn.  (9)
By the reference frame theory, balanced three phase data

can be converted to Lwo orthogonal compunems as

vV = v+ Ju,.

(10)

Applying similar relations to (9), the following equation is

derived

':v]:,- + ivhz _ - ain’ ¢I, "'% sin 2¢L iL]t
ir]y + irhv - % sin 2¢l/ ~ sin? ¢L il,!v

0 wC Ure _ I:l,;,, (‘ l)

wC 0 Ury iLAy
From this, the compensator of the load current, heart of
the APF, is built up in Fig. 4. The functions in this figure

can be fully implemented by the sigle-chip microcomputer,
the Intel 80196.

Fig. 4. Compensation of the reactive and the harmonic current
by APF.

B. Dc Link Current Controller

The de link current I of APF is to supply two power
components. One is lossless power that is charged in the in-

ductance L4 to generate desired phase current of the APF.
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The other is lossy power due $o the switching loss and the
resistive. Its phase current i, must be in-phase with the
source voltage in order to be active power. With this idea,

an inner dc link current control loop is presented in Fig. 5.

"t‘l

Fig. 5. Dec current controller of the APF.

C. Dc Current Reference Generalion

The dc current reference of the inner loop, I, can
be contained in the total system loop. The desired phase
current of the APF, i,, depends on the load and is given by
(9). The dc current of the APF, ], should be adjusted 8o as
to supply the phase current. Moreover, it should keep up
mote than the maximum value of the desired phase current
to guarantee stable operation of the APT aystem. Thus,
an absolute value of the desired phase current is considered

as lollows:

= |jsindirsipsexpjdis — j 03 ¢ wCv, exp jdy, ~ iral

IA

IA

Fsin girsiling] + wCleon by fiv,| + fipal.

From this inequalities and the approximations (7) and (8),

the dc current reference of the outer loop, I*, is given by

I" = isin ¢f,"i,,!' + wC(v,l + ﬁ],;.l. (13)

The marginal I* is added to fill up the switching and the
resistive losses, but the heavier margin brings about the
mote swiching loss. With these discussions, the dc current
reference is generated in Fig. 6. In this figure, the (max.
det.) detects maximal absolute values by checking when
the y component is approximately zero. A Pl controller
with slower dynamics Lhan inner loop is included to form
an outer regulation loop.

lj sin d’";]iLI expj'tif:}l + b <08 ¢y, wCv, exp jévr' + l;’-h'

(12)

Vex vl = Wl

v, |
Vry — when Wyl =0

max. det.

Fig. 6. Dc current reference generation of the APF.

V. PWM ScueME oF THE ACTIVE POWER

FiLter

The desired ac current of the APF, i,, has been ob-
tained in Section 111 and it can be implemented through
various PWM techniques. Aactive power filters be consid-
ered rectifier systems because its physical energy resource
results from not dc side but ac source side. The main cir-

cuit of the PWM rectifier with current link is shown in Fig.
1.

A. State Space Veclors

A dc current link rectifier/inverter system has an in-
ductor on the dc side and capacitors on the phase side of

the bridge. Its two constraints are as follows:

e There must always exist a current path for the dc

current.

o There must be no short circuit between ac phase.

These constraints can be mathematically represented by

& +d5 + d;

+

1 (14)

i
—

dy+dg +dy (15)

where the swilching function dj is

d, =1 when switch n is on

dy =0 when switch n is off.

The rectifier with dc current link can produce only six eur-
rent space vectors I,.g in the range space and three zero
current vectors Ir.g in the null apace. The quantized cur-

rent space vectors are given as follows:
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2.

%
L. = Texp{7(2n —1)=},
7 xp{i(2n —1)¢)
for n=1,2.,6 (16)
I, = 0, for n=1,8, 9. (17)

These space veclors are called as state space vectors of
the current which are shown in Table I and in Fig. 7.
The desired current space vector i, can bé expressed by
combining the state space vectors in (16) and (17) with
appropriate weighting funclions.

Table I:  Switch combinations of the PWM
rectifier with current link

Range space Null space

L I I L k L I, Is Ip

Sy 1 0 6 0 0 1 1 6 0
S 1.1 0 0 0 ¢ 6 0 1
S 0 1 1 0 0 ¢ 0 1 0
S o 0 1 1 0 O 1 9 0
S 0 0 0 1 1 © 00 1
Ss 0 0 0 0 1 1 0 1t 0
ia I 0o -1 -t 0 1 6 0 0
i o I 1 o -1 -1 0 0 0
. I -1 0 I I ¢ 00 0

—- Re

Fig. 7. State space vectors.

B. Waiting Funclions and Switching Funetion

The desired space veclor i, is weighted in Lhe seclor
n=1 as follows: '

N
iy =

wels + w1y + wyly (18)

where g and wy denote the weigling functions of the two
adjacent state space vectors Ty and 1y, respectively. The
zero state space vector I; has been selected in sector n=1

because S, is the common factor of slate space vectors Iy

and I;. This weghting of the state space vectors is also
called as a space vector modulation and it is shown in Fig.
8. The state space vectors Ig, I and Iy can be represented

with respect to the fixed real and imaginary coordinates in

the seclor n=1 as

2 LA
I = -\751((:03-6—131"-5) (19)
2« x ., K
I, = 7_-51((,036 +]sm6) (20)
Iy = 0 (21)
1, (8,8,
jlm :
iy
wil,
(5,8 Re
(8,80

Fig. 8. Space vector modulation (sector n=1).

Substituting (19) and (21) to (18), the weighting functions
wg and 1, are derived as [ollows:

wy =

1, .
.2—1-(1": - \/51,,) (22)

wm =

1. .
Sy ire + V3in,). (23)

Then, the weighting funclion of the zero state space vector
is

wy = 1 — weg — wy. (24)
C. Switching Function

In the frequency range much Jower than the switching
frequency, the swilching functions can be represented as

d = 2

T for n=1,2,.+,86

(25)

where T;, is Lthe swilching period and T, i3 on time of the in-
dexed switch. The weighting functions are transformed Lo
switching functions using two constraints of the dc current
link rectifier and (22) - (24). An illustrative time chart is
shown in Fig. 9, considering the example in Fig. 8. In the
sector n=1, it should be noted that the Sy remains on stale
for all time. Thus, the 8, is selected as one of the upper leg

switches . The constraints make the others to be selected in
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state space vector I 1, I,
awitching combination 8,/8, $1/S; | S8./S,

Fig. 9. Time chart of the switching functions (sector n=1).

the lower leg. In the border of the sector n=1, the switches
S and 53 of the lower leg are seclected for the weighting
functions wg and 1w, respectively. The conducling time of
these switches should be distributed in the switching pe-
riod with no intersection because of the constraints. The
remaining switch of the lower leg should be tl;e comple-
ment of 3. Thus, Sy is selected for the weighting functions
wy related with the zero stale space vector. From the se-
lected switches, the transformations to switching functions

are completed in the sector n=1 as follows:

dg = wg = El_i(i" - V3i,,) (26)

1. ,
dy=w; = 57(1': + \/5!“)

d4=‘!l)1=1—dg—d7.

This concept can be directly applied for all sectors. Ta-
ble 11 shows switching functions of the six switches in all
seclors. It is very complex to implement these switching
functions using the conventional sinusoidal PWM control
technique. lowever, it will be an useful tool when.-the
desired phase current of the rectifier, i,, is given by two

orthogonal components.
C. Seclor Finder

Considering implementation problem, the switching func-
tions of the Table II should be posi‘tive.. Thie requires an
algorithm, sector finder, in which the line current of the
PWM rectifier uniquely fall down to one sector except on
10 that
the algorithm is developed by considering the sign and the

boundaries of the sectors. It is shown in Fig.

magnitude of the desired phase current i,.

end

Fig. 10. Sector finding algorithm.

Table II:  Switching functions of the six
switches

n=} =2 n=3 n=4 n=>5 n=6
d; 1 frs 0 1 —dy—ds 0 ez
d -'..+;{56,. 1 -'..+;{5-'.. 0.  l—dy—de 0
da 0 SleadfSing 1 ZirstSiey 0 1—dy—dy
dy {1 ~dg~d, 0 — iz 1 —fee 0
ds 0 L=dy—dy 0 Sira=Siry 1 zieg=yfSiny
de ‘,,-’\/5-'.. 0 N —dy—d, 0 ‘..—;1/5"'. . 1
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IV. ConcLusions

In this paper, an aclive power filter with a minimal con-
trol hardware structure is presented. A main algorithm is
derived through a vector approach compensating both Lbe
reactive power and the harmonic currents effectively. When
the desired phase current is given by a veclot form, a space
vector modulation technique is developed for a PWM rec-
tifier with current link . The control algorithm of the dc
current is derived from the flow of real power in the energy
slorage element. The command of the dc link current is
only generated from feedback signals to close of the loop

around the active power filier system. All of the conirol

functions can be implemented with a single-chip microcom-

puter, the Intel 80196.
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