Electrical Power Quality and Utilisation, Journal Vol. XI, No. 1, 2005

SINGLE-PHASE POWER ACTIVE FILTER USING
INSTANTANEOUS REACTIVE POWER THEORY
—THEORETICAL AND PRACTICAL APPROACH

Juraj ALTUS Y, Jan MICHALIK Y, Branislav DOBRUCKY ", L.H. VIET ?
1) University of Zilina, Slovak Republic; 2) Technical University Dresden, Germany

Summary: Thepaper dealswith thenew method of analysis, synthesisand experimentation of ~ Key words:
sngle-phasepower activefilters. By usnganew particular transformationtheory, theordinary — Power active filter
single-phase system can betransfor med into an equivalent two-axesorthogonal one. Thenew  P-g power theory
original thought isbased on theideathat or dinary single-phasequantity can becomplemented  Orthogonal transformation
by fictitious second phase sothat both of them will createan orthogonal system, asisusual in  Single-phase system
three-phasesystems, in spiteof [1]. Application of theabovetheory makesit possibletouse  Fictitous-virtual quantity
complex methodsof analysisastheinstantaneousr eactive power method, which havenot been

usablefor single-phasesystemssofar. Both, theactiveand reactive power scan bedeter mined

by thisway. Practical application of themethod isoutlined for the case of referencecurrent

determination for single-phasepower activefilter. Thepaper showssomeexamplesof thesimu-

lation verification results, which proved a high accuracy and extremely fast response of the

single-phase activefilter with control, based on theintroduced method. The effectivenessof

proposed control algorithm isalso demonstrated by experimental results, which werecarried

out on thesingle—phaseactive paralld filter, power rate of 25k VA and controlled by 32 —bit

floating point digital signal processor TM S320C31.

1. USING ORTHOGONAL TRANSFORMATION x*(6) =K [x(¢) + exp(j/2).x(£)] 5)
FOR SINGLE PHASE POWER ACTIVE FILTER

where K is multiplicative constant (equal to 1 for single-pha-

This method was first time described by authors in [3].  se system) and:

Now, we revise just the basic of that theory. So, let’s have a _ _

single-phase system defined as: Y =x(t) and  xp=x{7) (6a,0)

) Note, that now, the Fourier analysis of investigated quan-

Hn=uU 1), i(1)=1 -
u(®) cos(@; i) =1 cos(@i - ¢) tity is possible to do in 1/4 of time period as seen in Figure 1.

After complementing by fictitious imaginary phase defi-
ned as:

u(t)= U, sin(w?); i(f)=1I;sin(wt — ) 2)

we obtain an orthogonal co-ordinate system with:

ug=u(t) and ug=uyr) 3) T/4

Generally, the fictitious phase can be created by shifting

the ordinary single-phase quantity to the right with phase +Re
shift equal to —/2. It follows out from the 4-side symmetry of >
vector quantity trajectory in Gauss plain [2], see Figure 1. 1'2

The following equation must be valid for quantity with
4-side symmetry:

x*(1) = x*(t — T/4) exp(j/2) (4) . 4 /t
and also:

x(f)=—x(t—T2) and x()=x(t—T/4)  (4a)

Finally, the general transform equation can be introduced
for single—phase system: Fig. 1. Trajectory of output voltage of single-phase current inverter in
complex Gauss plain
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Assume now, for simplicity, harmonic waveforms of pha-
se-voltage and rectagonal phase-current, Fig. 2a,b,c:

ugp(®)=Ucos(w?t)  up(t)=Usin(wf)  (7a,b)

2. USING OF INSTANTANEOUS REACTIVE
POWER METHOD FOR COMPENSATING
AND FILTERING HIGH ORDER HARMONICS

Using time-sub-optimal analysis in transformed orthogo-
nal co-ordinates for 4-side symmetry an average value of
active power P 4j of an original (real) phase:

T/4

Pav =Pugav /2= (21 T) | [ugdy+ugis [t (®)
0

Average values of active power of fictitious phase P, )
and reactive powers of both original O 4; and fictitious O,
phases can be determined by similar way.

Utilisation of the instantaneous reactive power method
used in [1] for three-phase systems, and above theory is
allowed its use for single-phase systems as well, thus:

Pop = Uyly +Uglg
(9 ab)
qOCﬁ = Llaia _uﬁlﬁ

where ps and g, are the instantaneous active and reactive
powers of both phases in orthogonal coordinates, respective-
ly. For harmonic waveforms they are equal to constants, and
the power factor is possible to determine by phase shifting:

¢ =arctg (Gup/ Pap) (10)

It’s important that p,g, g, and ¢ are in this harmonic
case determined instantaneously, what is the essential con-
tribution of the introduced method.

As an example the instantaneous p,g, g4 components of
the power are depicted in Figure 3.

Time-waveforms of instantaneous p- and g-components
of the power are shown in Fig. 4a, 4b, respectively.

3. CREATING OF VIRTUAL p—4q MODEL
OF SINGLE-PHASE PAF

The arrangement of real- and fictitious imaginary phases
of single-phase system is depicted in Figure 5, where imagi-
nary phase is shifted by 90 degrees el. Note that both phases
are completely separated, however they are synchronised
by signal SYNC, see Fig. Such arrangement implies that zero
component of any quantity of x, (e.g. u, ig) is a priori zero.
It is also clear that active and reactive power component of
real phase is a one half of total active and reactive power of
the system, following Eq. (8).

Anyway, the fictitious imaginary phase cannot be built in
fact, it’s not necessary, because it can be created by softwa-
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Fig. 2 a, b) Time—waveforms of real- and imaginary phase voltages
and currents; c¢) active- and reactive components of phase current

re, using by memorizing of the sampled data of the real pha-
se. Memorizing of data is necessary in any case for compu-
ting of average integrate values of the power.

Using p-q-r power theory introduced by Kim and Akagi
et al. [8], [13] allows to present the power situation in rota-
tion frame, Figure 6.

The denotes in this figure mean:

Uy = U2 +U3 (10)
and
6 = tan! (ug/u,) (10a)

Due to zero value of u, i the r-axis will be identical one to
0-axis and u,p voltage will be the same as u,g. Then the
following transform relations will be valid:
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Fig. 3. Time-dependence of instantaneous Pap> 4ap components of
the power for non-harmonic load
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Fig. 5. Arrangement of real- and fictitious imaginary phases of single-

phase system
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1,5
s B where:
v | ™ q. .
N S M L lup = Pup [Uap (@
f»”' ' W
249/5;0 whereas:
Pop = Uyly +Ugig =P (b)
Finally we can state:
Fig. 4 a, b) Time-waveforms of instantaneous p- and g-components of Up = Yop (13a)
the power
ip =lop (b)
u, U, ug 0 (lu, Ugp Ug =U, =ig =i, =0 (c)
1
u, |=—| 0 O 0O [lug|=| O
q Uy B (1D .
Uy 0O O Uy 0 p=upyl, (d)
and similarly: Reference current determination
: : From (9a,b) can be obtain
| p 1 Ua u ﬁ IO( | Oéﬁ
iy |[=— 0 O I 0 .
i 0 0 ugllo] [O L= (14)
Ig Upg |Up U Qav +0-
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Fig. 7. Configuration of experimental system

Now, it depends on what we would like to compensate or
to filter, respectively:
a) Case of compensation of whole reactive- and distortion
powers. Then it is necessary to compensate Q 4, — com-
ponent as well as to filter g _- and p_- components

IRer =]/u§ﬁ [ua(p_PAV)_uﬁ (Qav +q~)] (15)

b) Case of compensation of fundamental harmonic reac tive
power only, that means to compensate Q 5yy — componets

iRer = ]/uéﬁ (_uﬁQAV ) = —(Uﬁ /Uéﬁ ) Qav

c) Case of filtration of distortion power only, i.e. ¢. —and
p..— components of reactive power

(16)

irer =1/l (Ua p~—UﬁQ~) a7

4. EXPERIMENTATION AND CARRIED-OUT
RESULTS

The proposed control strategy was implemented into 32 —
bit floating point digital signal processor TMS 320C31. The
configuration of the used experimental system is shown in
Figure 7.

The output current of the active power filter is controlled
by a hysteresis comparator and with the maximum switching
frequency of 15 kHz.

The time waveforms of load current, compensating cur-
rent of power active filter and source current are depicted in
the Figure 7.

==

Diode bridge rectifier with RL load on the DC side as anon
— linear load was used. Power rate of the used inverter is 25
kVA, inductance L of output filter is 1.2 mH, and the capacity
of condenser on the DC side is 10000 uF.

Those have been carried out on experimental test —rig at
laboratory in the University of Zilina.

These results agree with theoretical assumptions.

5. USING HALF-BRIDGE CONNECTION
OF POWER ACTIVE FILTER

The current of the load, which needs (considering its non-
linear nature) to be supplied by reactive and distortion po-
wers will be composed from the fundamental harmonic com-
ponent with unity power factor against the network supply
voltage and harmonic components, to compensate the po-
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Fig. 8. Experimental results of single — phase power active filter with
hardware hysteresis comparator
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Fig. 9. Basic schemes of power active filtering for AC traction power supply
wer factor and to filter the harmonic components and it is the ACKNOWLEDGMENTS

best to do it just in the point of their origin. Active filter can
do this event in case of abrupt changing of the load. Ina AC
traction power supply of 25 kV/50 Hz the power active filter
can both compensate fundamental harmonics and filter high
order harmonic components [5].

Note, the power active filter works in half-bridge connec-
tion, which has been mostly used.

The simulation experiments of power active filter in half—
bridge connection will be given in poster session, due to
short connection (see Fig. 6), instead of a full bridge space of
summary.

6. CONCLUSION

In this paper, the authors have proposed a new method to
treat the single-phase system as the three-phase system. The
virtual equivalent three-phase system is constituted of an
ordinary single phase itself and a fictitious phase, which is
created by shifting the ordinary single phase with a phase of
p/2. Thereby, the way to deal with harmonics compensating
and filtering for the single phase system can be carried out
fast and accurately by applying the methods investigated
extensively and used successfully for three-phase system.
Especially, the pg-theory proposed by Akagi et al.[1], which
has proved itself very robust even in case of the system
voltage at the point of common coupling (PCC) is distorted
and/or unbalanced, now can be applied for the single phase
system. By simulation and experimental results the validity
of the proposed theory is verified and shown a very good
performance.

The authors wish to thank to the ‘Slovak — German Com-
mission’ for funding DAAD bilateral scientific project No. 3/
2003 “Control Systems of 1- and 3-Phase Active Power Fil-
ters”, in the frame of which this contribution was created.
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