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Single-phase Active Power Filter Based on

Rotating Reference Frame Method for Harmonics Compensation

Jin-Sun Kim' and Young-Seok Kim*

ABbstract — This paper presents a new control method of single-phase active power filter (APF) for
the compensation of harmonic current components in nonlinear loads. To facilitate the possibility of
complex calculation for harmonic current detection of the single phase, a single-phase system that has
two phases was constructed by including an imaginary second-phase giving time delay to the load
current. The imaginary phase, which lagged the load current T/4 (Here T is the fundamental cycle) is
used in the conventional method. But in this proposed method, the new signal as the second phase is
delayed by the filter. Because this control method is applied to a single—phase system, an instantaneous
calculation was developed by using the rotating reference frames synchronized to source-frequency
rather than by applying instantaneous reactive power theory that uses the conventional fixed reference
frames.

The control scheme of single-phase APF for the current source with R-L loads is applied to a
laboratory prototype to verify the proposed control method.

Keywords: harmonics, imaginary phase, instantaneous reactive power rotating reference frame,

single-phase APF

1. Introduction

To supply superior quality power to the electric traction
load and distributed groups of loads in intelligent building
etc., researchers have studied and developed the single-
phase active power filters [1], [2].

How to reduce the capacity of storage energy for the
compensation of harmonics is important in the control
schemes of active power filters. Therefore, Akagi’s
instantaneous reactive power compensation theory and
others have been applied in various control methods [3].
However, this theory cannot be applied for the single-phase
active power filter because the instantaneous power is
instantly fed from one phase to the other phases of the
power system [4].

Therefore, conventional detection approaches like the
notch filter and FFT have difficulty in achieving steady
state and dynamic characteristics simultaneously to meet
the need of real time harmonic detection and compensation
[5]-

To improve these drawbacks, this paper presents a new
approach for single-phase harmonic detection method,
from which the fundamental component of the load current
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can be derived by using the positive and negative
components of the current phasors in the rotating reference
frames.

2. Single-phase to Two-phase Transformation

The actual current i, . (wf) and the signal of

current i, ;- (wt) delayed by filtering with & are

expressed as follows:

ipge(@t) =1Ip, sin(wt-9) +
N . G
Z I e 2ny sn[( 20 — Dot —¢,, ;]

n=2

i 1pr(@D =11 pp; sint—-0—¢) +

* ) )
1 ppan s sin[@n—1)wt-0)—p,,_,]

n=2

Suppose i, . (wf) is the component of the & axis and

i, ;pr(@t) is the component of the f# axis in two-phase

co-ordinates as follows:
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1y =1p ge(@1), i =ip ppp(0t) 3)

From (3), we can obtain the orthogonal coordinate where

—_

L, Tepresents the instantaneous positive sequence

component of the current vector with angular velocity of @,

l,.o Tepresents the instantaneous negative sequence

component of the current vector with angular velocity of
— .

3. a-p TO d,;;—q,,; Reference Frame
The component of the fundamental current is obtained
by separation of the current phasor into ac and dc
components in the synchronously rotating frames, called
A pos =G pos a0d d,py —q,,, reference frame, which

rotate at the speed @ and — @, respectively, in Fig. 1.
Because the harmonic components except the fundamental
component of the current space phasor will become
alternative components in the d-q reference frame, they
will be cut off by the low-pass filter [6].

Then, the following equations are true only for the

fundamental component (i, ,ig5 ) of i, and i 5

involving the dc current in (3) after the coordinate
transformation.

To transform the ¢ - g reference frame into the
d pos — 4 pos Teference frame, which rotates at a certain

speed, (3) can be expressed in the following matrix form

Aﬂ

i1 pr (1)

Fig. 1. The relationship between the o - gand d-g
reference frames.

i pos sin wt —coswt} iy
{iqpos —[—cosa)t —sinowt | ig
SIN@F -, —COSWE g
2{—cosa)t-ia1—sina)t-iﬂ1

4)

The i,,, and i ,,

values and ac values), respectively, as

can be split into two parts (dc

I4pos = 1 gosSTNOI COSPSINOI — SINQCOSWL |

— 1, prcosmt[cos( + 0)sin(w?) — sing + &)coswt]
= %[IRe,cosgo + 1 prsin(p + 6)] (5)
- % [ z.;c080 — I ppysinfp + @) ]cos2mwt
- %[1 25100 + I, 5o cos(p + 0)]sin2et
= le pos T Zi pos

Where,

. 1 .
Lipos = E [IREICOS¢ +1 pp; sin(p+ 9)] (6)

— 1 .
Tapos = NP3 (13010080 =1 psin(p + ) feos 201

()
- % [£ o 8in@ + I, ppyc08(0 + 8) Jsin2eot

iy pos = I pesCOS®I[COSPSIN®E — SingCosw?]

— I ppsinwt[cos(p + 0)sinwt — sin(p + &)coswt]
1 .
= 5[1 RresSIN — 11 ppc08(9 + 6)] (8)
- %[I 2e/C080 — I pr5I0(g + 0)]sin2wt

+ %[IRelsin(p + 1, ppicos(p + 0)]cos2wt

= lq pos + lq pos

G
aG

3

f
)

Fig. 2. Detecting algorithms of harmonics.
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where,

- 1 .
Iy pos = E[IReI sing +1,pr; cos(p+ 6?)] )

~ 1 .
lapos = ) [I Re1€0SQ — I prysin(p + 9)]0052“” (10)

1 .
+ 5 [1 o sin00 + 1pr1C08(@ + (9)]cos2cot

Be sure that the symbols used in your equation have
been defined before the equation appears or immediately
following.

It is strongly encouraged that the authors use SI units
only.

4. ¢-p TO d Reference Frame

neg qneg

If the difference between actual phase and fictitious
phase is not 90° exactly, interference between other
components of the axes may occur [7]. The frequency
components produced by heterodyne signal mixing will be
twice as many as the fundamental component. These
harmonic components will not be extracted by low-pass
filters which implement the function to extract only dc
quantities with low cut-off frequency.

To separate the components of heterodyne signal mixing

from fundamental load current in o — B to dpos ~ G pos

reference frame, the synchronous o — g to Drog — Uneg

reference frame is provided. In this case the unit vector is
gencrated by — o as shown in Fig. 1 and the components of

heterodyne signal mixing are transformed into dc quantities.

The dc quantities can be extracted by low-pass filters. The

extracted dc quantities in dneg reference frame

“Yreg
are subtracted from dc quantities of positive sequence
controller output and inverse transformed fundamental
component of load current as revealed in Fig. 2.

To transform the - reference frame into

thed  — reference frame, which rotates at the
neg neg

speed — @, (3) can be expressed in the following matrix

form
—cos(—wt) || i,
—sin(-wt) || iy

[— sinet - i, —cosa)t-iﬂl}

L neg [ sin(—wt)
i

o neg —cos(—wt)

(1D

—COSWE -l +Sinwt - i,

The i;,, and i 4 neg Can be divided into two parts (dc

values and ac values), respectively, as
igneg = —1p. SN[ cOS@sinmt — singcosw?]
— I, preoswt[cos(gp + @)sinwt —sin(p + f)coswi]

== 39050 = Lype sy + ) (12)
+ %[1 Re1€080 + I ppySin{g + 8)]cos2wt
+ %[IRdsingo — I ppc08(p + 6)]sin2wt

= ;dneg + Zineg

where,
i_a'neg :_%[IReI 008 ¢ — 1 pp; sin( g + 0)] a3)

> 1 .
linegs = 2 [IRe1COS¢ =1 ppsin(p+6)] cos2eot (14)

+ % [1,,sinp+ 1, cos(p + 0)] sin2wt

Iyneg = —1 poCOSOI[COSPSINWI — SinECOSWI]

+ I, psinwt[cos(p + @)sinwt — sin(p + 8)coswt]
1 .
= 5[1 resSINP + 1 pp c08(0 +0)] (15)
- %[1 21€0SQ + I, o, SIN(@ + 6)]sin2 0t

+ %[lmsingp = I, pp,c08(p + 0)]cos2wt

= lq pos + lq pos

where,

1 .
i = 3[IR51 sing + 1;pp; cos( @ + 6’)] (16)

q neg

L egs = —%[I,Mcosqo + 1 ppySin( @ + 6)] sin2 et

(17
+ —;—[IRe,sin(p — 1, ppc08(0p + 0)]cos2 wt

5. The Decision of Reference

To obtain the fundamental component of load current,
two synchronously rotating reference frames were
constructed, and the process to obtain the dc component of
d-axis and g-axis in the d-q reference frame was obtained.

Using (6) and (13), the dc component of the d-axis can
be expressed as

la = idpos “Llineg =IReI cos¢ (18)
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Fig. 3. Configuration for single-phase parallel active
power filter.

Using (9) and (16), the dc component of g-axis can be
expressed as

Ly =1y pos Yigneg =1pe SINQ (19)

However, the real load current I; g, 18 valid in the

actual compensation, and the fundamental component of
the load current is the component of the ¢ -axis, which
corresponds to the dc component of the current phasor in
the d-q reference frame.

Therefore, the reverse-transformation of co-ordinates is
needed and expressed by the following matrix forms

Iy sinat —cosar|” |1,
.= : . (20)
Ly —COswt —smwt

~.

where,

iy = sinwt -i; —coswr -, @1

= Ip,;C08¢ - sinwt — I, ,Sing - coswt

Finally, the current compensation reference can be
obtained by subtracting the fundamental component from
the load currents as

l.ref :iL,Re - laf (22)

6. Experimental Results

Before the experiment, simulation was carried out with
the simulation package (PSIM) and under the condition of
the system parameters of Table 1. Fig. 4 shows the source
current, reference current, compensation current, and
supply voltage before and after compensation. The result of
this simulation indicated that the source current THD was
improved from 18.4% to 3.1%. This result satisfies the
regulations of IEEE std. 519.

Abreast with this simulation, experimental results are
presented to validate the proposed scheme. In Fig. 3, the
single-phase parallel active power filter, which is
connected in parallel with the non-linear loads, are
represented, and Table 2 shows the system parameters of
the active power filter system. The input voltage of the

load Vs is 110V, 60Hz, and the source inductance is
0.1mH.

[-RF3 (e) [-BEY oAs 2142

TIMg (2]

Fig. 4. The simulation results of (a) source current, (b)

reference current, (c) compensation current, (d)

source current after compensation, and (e) supply
voltage.

Table 1. System parameters of single-phase active
power under simulation

Supply voltage (VS) , Frequency 110V, 60Hz
Source inductor (LS) 0.1 mH
Load inductor 15 mH
Load resistance 12.8Q
Inverter de-link capacitor (Cdc) 4700 wF
LCfilter inductor (Ls) 1.8 mH
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Table 2. System parameters of single-phase active
power under experimentation

Supply voltage (VS) , Frequency 110V, 60Hz
Source inductor ( Ls) 0.1 mH
Load inductor 35mH
Load resistance 15Q
Inverter de-link capacitor (Cdc) 2350 wF
LC-filter inductor (L) 1.8 mH

The converter with the RL load is used as the harmonic
current source, and the values of load are resistance
R=15Q and L=35Mh. The inverter dc-link capacitor
C,.1s 2350uF.

As the controller, M67 DSP board is used in the
experiments. The M67 DSP board communicates with the
PC via the PCI slot and emulator. The load current and the
inverter dc-link voltage are transformed into the inner
value of £10 V by the sensing circuits which consist of PT
and CT. These transformed load current and inverter dc-
link voltage are transformed into 16-bit digital values,
which are input to the DSP. These input values are used to
calculate the current compensation reference, which is
transformed into an analog reference signal by the digital-
to-analog converter. Next, the gate signal is generated by
comparing the analog reference signal and the actual
current signal.

This generated gate signal drives the voltage source
inverter with the protection circuit through the dead-time
circuit and the gate driver, which consists of the IGBT
drive IC. The switching frequency is 20 kHz.

50 vidiv],
5 Afdivy

5 Vidiv |

10 ms/div

Fig. 5. Source voltage and load current waveforms and
their waveforms by the low pass filtering current
before compensation.

Fig. 5 shows the experimental- waveforms before
compensation. The source voltages and currents were
distorted by the harmonic current source, and the power
factor is about 0.941 lagging. The fictitious current

waveform 7, ;- (@f), whose phase was delayed by the

low pass filter, is shown.

Fig. 6 indicates the source current and source voltage
spectra before and after compensation. The source current
THD was changed from 19.1% to 4.1% and source
voltage THD was changed from 3.8% to 2.1%
respectively. From these waveforms, the harmonics
components were eliminated by APF.

Fig. 7 shows the experimental waveforms after
compensation by the active power filter. Fig. 7-(a) and Fig.
7-(b) display the positive and negative sequence
components of the current phasors in the d-q reference
frame, respectively. These waveforms indicate the
procedure to obtain the fundamental component of the load
current in relation with (5), (6), (8), (9), (12), (13), (15) and
(16). Fig. 7-(c) shows that the reference can be derived by
subtracting the fundamental components from the load
current signal.

These experiment results are presented in Fig. 7-(d), and
the source voltage and current waveforms with a power
factor of about 0.942 lagging was improved.
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(© (d

Fig. 6. Load current and source voltage spectra before
and after compensation

(a) Load current i, spectra before compensation
(b) Supply voltage y, spectra before compensation

(¢) Load current I, spectra after compensation
(d) Supply voltage y, spectra after compensation
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(c) Signals of the load, the fundamental component, and
the reference.
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(d) Waveforms of the source voltage, the source current,
the compensation current, and the reference.

Fig. 7. Experimental waveforms after compensation by
active power filter

Fig. 8 displays the loci of the current vector in the a-f
coordinate. In this figure, the harmonic compensation
effect is represented by the ellipse. The compensated
waveform should give a neat circle, but the compensated
source current THD is about 4%, so the waveform of Fig.
7-(a) is not a perfect ellipse.
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(b) After compensation
Fig. 8. Loci of current vector in a-f co-ordinates.
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(a) Waveforms of supply voltage, source current, and
compensation current when APF is started.
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(b) Waveforms of supply voltage, source c{“;rr:ent and
compensation current when the load is changed as
(20Q=>100=>200).

Fig. 9. Waveforms during transient states
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Fig. 9 indicates the transient waveforms when the active power
filter was started and the load was changed (20€2=> 102 =>
20 €) ). These results indicate that harmonics were

instantaneously compensated even though the load was strongly
varying with time.

7. Conclusion

A control scheme of a single-phase active power filter based on
rotating reference frame method to compensate harmonics was
proposed in this paper. This method can perform the
instantaneous calculation (what calculation?) without the delay of
phase 774. Especially, under transient states, the proposed control
method can calculate the current compensation reference
accurately. The THD of the source current was reduced from 19%
to 4%, which satisfies the regulations of IEEE std. 519. These
experimental results verified the effectiveness of the control
algorithm.
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