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Abstract— For a proper operation of the shunt active power
filters, the current reference detection method must be ro-
bust. This means it must extract correctly the fundamental
frequency even if the grid has distorted and unbalanced
voltages at the point of common connection. The most used
reference current detection methods for shunt active power
filters are analyzed and compared in this article, theoreti-
cally and through simulations in MATLAB/Simulink. One
used criteria like settling time, transient performance, THD
of reference and compensated grid current, overshoot and
unbalance. Some practical aspects of hardware implementa-
tion and shunt active power filter design considerations are
also discussed. Measured data, acquired with a dedicated
data acquisition system provides the parameters required
for a non-ideal real system simulation, namely a static exci-
tation system of a power generator group. The simulated
system consists of a transformer which feeds a Silicon Con-
trolled Rectifier bridge. The Matlab/Simulink models allows
for testing of the reference current detection methods im-
plementation and improvement for dealing with problems
arising with distortion and unbalance of mains voltages.
Because the active power filter is a complex system, the ref-
erence current detection methods are studied with their
dependencies, for example the different strategy to deal with
voltage distortion and unbalance. The current controller
and hardware setup are preserved. The study contributes to
the existing comparisons in specialized literature by testing
their weaknesses in distorted and unbalanced PCC voltages
and may be useful in future hardware implementation.

I. INTRODUCTION

Proper power quality indices represent a condition for
normal operation of equipment. Deviations outside some
limits like the ones included in harmonic regulations or
guidelines such as IEEE 519-1992 and IEC 61000 may
result in thermal, reliability and economical effects with
negative impact [1].

The active power filters (APFs) improve the filtering
efficiency and solve some of the problems of classical
passive filters (passive solutions are not effective for ap-
plications in which the nonlinear load exhibits fast tran-
sients and their performance strongly depend on the
source impedance). For proper implementation of an APF,
a robust method for current reference detection must be
used. Some problems might arrive in calculation of refer-
ence current for the active filter, mainly due to distorted
and unbalanced voltages at the point of common connec-
tion (PCC), leading to poor performance [1]-[4].
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Dedicated simulation software like MATLAB/Simulink
with accurate equivalent models can provide a good in-
sight on the behavior of APF with different current control
strategies.

II. POWER QUALITY MEASUREMENTS FOR THE STATIC
EXCITATION SYSTEM WITHOUT COMPENSATION

The electric equivalent scheme for the simulated system
is depicted by Fig. 1 [1], where the energy source is a 330
MW, 24kV three-phase synchronous generator.

The excitation system of the synchronous generator is
supplied from the main terminals trough a 24/0.65 kV
step-down transformer by a three-phase silicon controlled
rectifier (SCR) bridge.

Monitoring system's own group current measuring
transformers (CMT) and voltage measuring transformers
(VMT) are connected between the excitation transformer
and SCR bridge. Waveforms recordings by data acquisi-
tion system are performed through these transformers [4].

The recordings were made for almost all power group
quantities, but are focused mainly on the excitation trans-
former’s secondary winding, because a strong distorting
regime is encountered. Waveforms corresponding to
three-phase line currents and phase voltages are depicted
by Fig. 2. Original processing software packages were
used for numerical processing, based on Fast Fourier
Transform (FFT).

One can notice in these waveforms distorted and unbal-

anced currents and voltages, the perfect system for our
current reference detection methods tests [1].
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Fig. 1. Electrical equivalent scheme of the analyzed system.
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Fig. 2. Phase voltages (top) and line currents (bottom) at excitation
transformer’s secondary winding.

The secondary winding inductance of the transformer
prevents the instantaneous transfer of current from one
phase to another, resulting in two deep notches in each of
the line voltages, the other four notches reflecting the ac-
tion of the thyristor on the other phases. Current distortion
cause is the nonlinearity of the TBR associated with the
inductivity of the generator excitation winding. The main
cause of voltage harmonics consists in line notches [1],[4].

The results yielded by FFT based decompositions of the
voltages and currents from Fig. 2 are gathered by Table 1.

The excitation system’s distorting regime is significant,
with a maximum total harmonic distortion factor for volt-
age (THDV) equal to 19.6 %, and respectively for current
(THDI) equal to 29%.

The harmonic spectra of voltages and currents harmon-
ics are depicted in Fig. 3. Typical harmonics of order # =
6k + 1 are present. They are characteristic to 6-pulse recti-
fiers. Harmonics of order 2 and 3 reveal the unbalance [1].

The maximum distorting residue of currents is 443 A
and, consequently, for a full harmonic compensation, this
should be the RMS current value through the APF. If
power factor correction is also imposed, the current rating
of APF will rise [4].

Average RMS value of currents on the three phases is
1480 A, whilst that for phase voltages is 356 V, corre-
sponding to the rated generator operation.

TABLE L.
SIGNIFICANT PHASE VOLTAGES AND CURRENTS HARMONICS AT THE
EXCITATION TRANSFORMER’S SECONDARY WINDING

Har- Phase Voltages Currents

monic [% of fundamental] [% of fundamental]

order VA VB \¢ 1A 1B Ic
2 6.17 3.15 3.71 0.88 1.68 0.78
3 33 2.29 4.76 0.46 0.88 041
5 3.99 4.21 4.82 20.72 20.12 | 20.17
7 4.80 4.18 4.93 13.44 13.83 13.85
11 4.25 4.36 4.53 9.22 8.67 8.72
13 438 3.87 4.95 7.11 7.45 7.48
17 4.18 4.25 4.30 591 5.34 543
19 438 3.90 4.55 4.73 5.05 5.16
23 3.99 3.99 3.96 4.29 3.75 3.82
25 4.04 3.72 4.52 3.44 3.71 3.85
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Fig. 3. Phase voltages (top) and line currents (bottom) harmonic
spectra at excitation transformer’s secondary winding.

The distorting residue of voltages is 66 V. The com-
puted displacement power factor (DPF) is 0.73, corre-
sponding to a thyristor firing angle of 45°.

III. MATLAB/SIMULINLK MODEL

The MATLAB/Simulink model of the real system is
built using the SimPowerSystems library. Some of the
parameters are provided by measurements acquired with
the data acquisition system. The system’s general scheme
is given in Fig. 4.

The Simulink scheme comprises the equivalent syn-
chronous generator stator winding, the excitation trans-
former, the TBR with its control system and the shunt
APF [4]. The active filter contains the low-power switch-
ing ripple RC filter, the high-power IGBT inverter section
and the controller.

The APF controller receives as inputs the three-phase
load currents, APF currents and PCC voltages, the DC-
link capacitor voltage and the PWM/Compensation En-
able control signals used for initialization (Fig. 10).

Two methods of implementing selective harmonic
compensation (SHC) can be used. The 1™ one make the
Current Reference Generator (CRG) harmonic selective,
whilst the 2™ one makes the Current Controller (CC) se-
lective (in this case the whole harmonic spectrum is re-
ceived at the input, but only the desired harmonic orders
are regulated) [5]. The SHC technique can be used when
the harmonic spectrum of the load is known (harmonics of
order 7 = 6k + 1 are characteristic to 6-pulse rectifiers) so
only current harmonics which exceed a certain level (rec-
ommended by standards) are removed in order to de-rate
the filter inverter [1].

A. APF design considerations

The TBR input inductor is designed for a voltage drop
of 3% of the mains voltage at rated current in order to limit
the voltage notches and the high di/df load values [4], [8].

The passive RC switching ripple filter is necessary to
filter out the high frequency switching currents generated
by the APF inverter.

When choosing the switching frequency, the RC filter
switching ripple cutoff frequency must be taken into ac-
count [1], [6].
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Fig. 4. The MATLAB/Simulink general scheme of the system.

The cutoff frequency of the RC switching ripple filter is
computed as in (1):

1/2z RC) (1)

f RC cutoff =

The cutoff frequency should be greater than ten times
the fundamental frequency and lower than half the switch-
ing frequency and also less than the highest harmonic fre-
quency to be compensated [6]. The switching frequency
determines the RC filters rating hence these parameters
are closely related. Considering a switching frequency of
10 kHz, a cutoff frequency of 5 kHz was selected.

The current controller is implemented by a triangular
fixed carrier PWM technique. This is a constant switching
technique so the switching-ripple currents are defined
around multiple integers of the switching frequency.
Compared to variable switching techniques, the switching
losses are lower and the switching ripple filter operation
and cost are more efficient. The bandwidth is greatly in-
creased by using P-SSI current controllers (Proportional-
Sinusoidal Signal Integrator) with multiple SSIs in syn-
chronous reference frame [7]. Simple PI current control-
lers have a lower bandwidth, being better suited for track-
ing sinusoidal currents [8].

Because the APF needs to inject a current with a RMS
value of more than 400 A and high slopes corresponding
to high di/dt load current, the APF coupling inductance is
chosen as a compromise between voltage ripple and cur-
rent spikes. The larger the inductance the higher are the
current spikes and lower the voltage ripple.
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B.  APF initialization

The APF needs to be initialized in order to start cor-
rectly:

1) The DC-link capacitor is pre-charged to peak line
voltage (which is 915 V) using an 8 Q charging resistor
which is short-circuited by a breaker after 20 ms. This
way the high charging inrush currents are avoided (Fig. 5).
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Fig. 5. DC-link voltage regulator operation: active power loss (top),
PI regulator output (middle), DC-link capacitor measured voltage and
reference (bottom).
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2) The compensation is enabled after the capacitor is
charged (Fig. 5).

3) The DC-link voltage is increased. 915 V is not
enough as to control the currents that must be injected at
the PCC to avoid spikes in the compensated current (Fig.
5). As compensation is enabled, the capacitor is charged to
1150 V by a gradual rising voltage reference (multiplying
1150 to a linear coefficient k(7). This way a high-speed
transient response can be achieved choosing more aggres-
sive the voltage regulator proportional and integral terms.
When the thyristor firing angle changes fast from low to
high the capacitor voltage tends to rise over 1150 V so the
voltage regulator must be tuned as a compromise between
stability and voltage rise [1].

C. Future work

1) An S-function is a computer language description of a
Simulink block written in MATLAB®, C, C++, or Fortran.
The controller for the current simulations consists of
handwritten MATLAB Level-2 S-Functions blocks except-
ing the digital filters and integrators. A handwritten C
MEX S-function provides the most programming flexibil-
ity because the programmer has the freedom of implement-
ing his own libraries, and lower the computational burden
for the DSP. Otherwise, for complicated systems, Level-2
MATLAB S-functions and the Simulink digital filters and
integrators blocks code will work slower than C MEX S-
functions because they call out to the MATLAB interpreter
[9]. In order to fully validate the Simulink model, the APF
controller should be implemented in a DSP using a
dSPACE based solution and tested in a real-time setup.

2) Considering the high power rating of the APF in-
verter for the current application, a structure that consists
of multiple parallel inverters sharing the DC-link will be
adopted because it has several advantages [10]. The most
important one is that the harmonic current to be injected
can be divided between the inverters, lowering the power
rating proportional with the number of inverters. Another
advantage is the reduction of the current ripple if the in-
verters have the same switching frequency, and their car-
rier signals are phase shifted by 180°. This minimizes the
high frequency losses in the power line, the electromag-
netic interference (EMI) and the size of the switching rip-
ple filter.

IV. APF REFERENCE CURRENT DETECTION METHODS
COMPARISON

In the author's opinion the APF is a complex system
and the reference current detection methods need to be
studied with their dependencies (for example the different
system to deal with voltage distortion and unbalance or
DC-link voltage regulator implementation). The current
controller and hardware setup are preserved. The selected
methods are analyzed and compared with respect to their
performance under distorted and unbalanced PCC volt-
ages, These may be used to decide the future hardware
setup implementation. The study contributes to the exist-
ing comparisons in specialized literature by testing their
weaknesses in distorted and unbalanced PCC voltages.

The studied harmonic detection methods are imple-
mented in the time-domain and frequency-domain respec-
tively [1].
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A.  Time-domain methods

The time-domain methods offer increased speed and
fewer calculations compared to the frequency-domain
methods because they don't use memory buffers, only a
few low-pass or band-pass digital filters [11].

The instantaneous reactive power theory (IRP) deter-
mines the harmonic content by extracting the instantane-
ous oscillating powers (Fig. 10 a, e). First, the three-phase
voltages and currents coordinates are transformed to af
using the Clarke transform [2], [12]:

1 1 1
2 2 2
Uy 222 u, 2)
2 1 1
u, =4z 1 —= = ||
3 2 2
u u
’ o BB
2 2

Then, the instantaneous powers are c_omputed using the
o coordinates of phase voltages and currents [2]:

{p(z)} _ {u 0 () Hz (r)}
g |, =, ] |3,

Each of the two instantaneous powers contains a con-
stant term related to the fundamental content and an oscil-
lating term related to harmonics content [2]:

r®O=p+pt)

q)=q+q(1)

In order to obtain the oscillating instantancous power
components p and ¢, two Butterworth Sth-order digital

low-pass filters with 100 Hz cutoff frequency are used and
then the oscillating powers are subtracted from the total
powers (p and ¢) [12]. This method is insensible to the
phase shift introduced by the high pass filters.

With the oscillating powers extracted, the APF com-
pensation currents are computed with (5) [12]:

(€)

4)

vy (1)

@] 1 v .{—ﬁ(t)+p,,,_w(t)} (5)
iy ] v, (v (O] V(0 v, ()

—q()~k-q(t)

If power factor’s correction is desired the operation in-
volves the division of the constant instantaneous reactive
power g by multiplying with a factor & in order to achieve

the target power factor.
A small amount of real power p, . must be continu-

ously drawn from the supply in order to compensate for
switching and ohmic losses in the PWM IGBT converter.
Otherwise, this energy would be supplied by the DC-link
capacitor, which would discharge.

The 100 Hz cutoff frequency of Butterworth filters is
chosen such as to prevent interferences with power oscil-
lations due to the fast firing angle variation. Also the low-
est orders harmonics to compensate (3" due to unbalance
and 5™) had to be considered [1],[4], [12].

The definition of IRP theory shows that for distorted
and unbalanced voltages it is impossible to obtain sinusoi-
dal source currents and respectively draw a constant in-
stantaneous active power [2],[12]. Figure 6 depicts an
example of some distorted reference currents obtained
when the phase voltages are used directly in (3), without
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detector and it's operation under distorted and unbalanced PCC voltages.

filtering [4]. The input voltages are distorted but balanced.
If in addition they were unbalanced too, the results are
expected to be worst.

The problem caused by the voltage distortion and un-
balance can be solved using a fundamental positive se-
quence detector. This paper proposes the one in [13],
which uses four SSI-s (detailed in the dedicated section).

The Simulink scheme of the detector is depicted in Fig. 7.
The four transfer functions are equivalent with four SSI-s.
The k; factor is chosen low as to obtain a good accuracy
and also because voltages have very slow variations.

For system where the a-axis signal always lags the -
axis signal by 90 degrees (negative sequence system) the
signs for the cross-coupling terms must be exchanged.
This scheme does not use trigonometric functions (filter
coefficients are computed in advance) and in consequence

32

w1

lalpha_filt

(a)

77777777 (b)

Amplitude

Time (seconds)

Bode Diagram of SSl-s with different ki coefficients

Magnitude (dB)

Phase (deg)

Frequency (Hz)
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it allows reducing computational resources [13].

SHC can be used by implementing an algorithm like in
[14], where the voltages in (5) are synthesized harmonic
voltages with angular frequency k w;, where k is the har-
monic order. The amplitude and phase of these harmonic
voltages has no influence on the results. The phase of the
PCC fundamental positive sequence voltage vector must be
detected using a phase-locked loop (PLL) algorithm in or-
der to compute the harmonic voltages. This SHC method
uses two digital filters per harmonic and trigonometric func-
tions, increasing the computational burden for the DSP.

The rotating (synchronous) d-g reference frame method
aligned with the PCC voltage vector is similar to IRP the-
ory, but the harmonic content is extracted from the i; and
i, oscillating components computed with (6) (the funda-
mental active and reactive components of the load current
and the active component to keep the dc-link capacitor
charged are dc quantities) [7], [8] (Fig. 10 b, d). The same
Butterworth filters with 100 Hz cutoff frequency are used.

i, | |cos(d) —sin(0) | i, 6)
i - sin(d) cos(0) || i,
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This method receives as inputs the load measured cur-
rents in the stationary o/ reference frame, the output of the
DC-link regulator i, as well as the position of the PCC
voltage vector # computed by means of a voltage filter
scheme consisting of an SSI and a phase-locked loop
(PLL) algorithm, as in [7]. This provides a smooth and
accurate position of the PCC voltage vector for the APF
control scheme even under distorted and unbalanced PCC
voltages (Fig. 9). The PLL is locked in less than 15 ms.

If power factor compensation is desired, the fundamen-
tal reactive reference component i, (constant term) must
be divided.

SHC is achievable by rotating the d-¢ frame with the
angular speed of the selected harmonic frequency. Thus,
in the harmonic's d-¢ frame the respective harmonic is a
dc signal and all other frequencies, including the funda-
mental, are ac components [11].

The reference current detection method which uses sta-
tionary frame generalized integrators is based on the sinu-
soidal signal integrator (SSI), which tracks the load cur-
rent's sinusoidal reference (with zero steady-state error)
and is tuned on the fundamental frequency (Fig. 10 ¢, f).

This method doesn't use the PCC voltages, but in the
general control scheme those are needed by the DC-link
voltage regulator. For this, a small active current in phase
with the PCC voltages must be drawn, according to (7).

iaﬁ/osx _ 1 Vo _vﬂ p
lﬁ _loss Vi + V; vﬂ V(x 0
where p is the active power loss and the output of the PI

voltage regulator. The SSI is able to operate with both
positive sequence and negative sequence signals.
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Fig. 9. The scheme of the PLL (a) and his operation under distorted
and unbalanced PCC voltages (b).
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In the continuous-time domain, the transfer function of
a P-SSl is given by [7], [8]:

2-k s
Hy g (s)=k,+——

8

s’ +a’ ®
where £, is the proportional gain, k; is the integral gain and
o is the resonant angular frequency (set for the 50 Hz fun-
damental frequency). Two SSI-s are used, one for i, and
the other for is. The filter transfer function is equivalent to
the block diagram in Fig. 8. The corresponding state-space
model for code implementation is described in [7].

From the step response and Bode plot of the SSI for dif-
ferent values of £; (Fig. 8) one can observe that when £;
becomes smaller, the settling time gets bigger but the filter
becomes more selective, so k; must be chosen as a com-
promise between THD and fast response to thyristor firing
angle change [1].

An improved version of the scheme in Fig. 8 would be
like that from Fig. 7 which uses four SSI-s. This last one is
more insensitive to unbalance and distortion as it can be
seen from the simulation results, but it doubles the proc-
essing time of the DSP.

If SHC is desired, we need two SSI-s for every selected
harmonic (one SSI for i, and the other for iy).

B.  Frequency-domain methods

The frequency-domain methods are mainly Fourier
based and uses memory buffers to store a number of sam-
ples N contained in a fundamental period [15]. The dis-
crete Fourier transform (DFT) is a transformation for dis-
crete signals which converts the time domain signal to the
frequency domain spectrum, giving the amplitude 7, and
phase ¢, of the selected harmonic [11], in this case the
fundamental:

_ N 2r-n) & . (27-n)
I_;x(n).cos( N j_j.;x(n)-sln( N j)
I =real(I)+ j-imag(I);

1, :\/real2 (7)+imag2 (7);

i)

©

@ = arctan{ o (1)

In (9), I is the complex Fourier vector of the funda-
mental current and # is the sample number. For a sampling
frequency of 10 kHz, the number of samples NV is 200.

The output reference current based on the discrete Fou-
rier transform takes the advantage of being a pure sinu-
soid. Its THD value is very low, being limited only by the
number of samples used for computations.

In this paper the recursive discrete Fourier transform
(RDFT) is implemented, which uses the same principle as
the DFT but calculated on a sliding window which shifts
with every sample time (Fig. 10 ¢, g).

In the sliding process, the new sample x(n) is saved on
the first position, and the last sample x(7-(N-1)) is cleared.
Then, all samples are multiplied by ™™™~ corresponding
to the first signal component (for 50 Hz) [15]. The DFT
analysis can be performed with every new achieved sam-
ple but for fast varying loads the results are more likely to
be imprecise due to the sliding window lag. Other draw-
backs are large memory requirements to store the
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achieved samples and large computation power required
for the DSP [11]. Two windows are required, one for a
component and the other for f but if reactive power com-
pensation is desired also, other two sliding FFT windows
for computing the voltage phases are necessary. SHC
needs two sliding windows per harmonic, which means
two memory buffers, significantly increasing the computa-
tional burden for the DSP. However, the needed memory
buffer size decreases with the increase of the frequency
(harmonic order) because the corresponding period is
smaller.

The Simulink schemes of the controllers for time do-
main and frequency domain reference current detection
methods are depicted in Fig. 10.

For the Simulink comparison one used criteria like set-
tling time, transient performance on thyristor firing angle
change (which is directly proportional with the settling
time), THD of reference and compensated grid current,
overshoot, unbalance and DSP computational burden. The
step response is depicted in Fig. 11 and the comparison
results are centralized in Table II.
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and internal schemes: (d) d-g reference frame; () IRP theory; (f) SSI and SSI+; (g) RDFT.
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Fig. 11. Step response of the tested reference current detection methods: (a) load current; (b) IRP theory; (c) d-q reference frame; (d) SSI; (e) SSI+;
(f) RDFT.
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TABLE II.
COMPARISON OF APF REFERENCE CURRENT DETECTION METHODS UNDER DISTORTED AND UNBALANCED PCC VOLTAGES
. o Transient .
Method Settling THD I,y | THD Igia | THD Vpce | Overshoot [Unbalance erform- DSP bur- | Requirements for unbal-
time [ms] [%] [%] [%] [%] [A] P ance den anced and distorted Vpcc
IRP theory 12.5 1.28 3.21 7.25 12 42 high low SSI+ voltage filter

d-q SRF 12.5 0.95 3.22 7.23 11 24 high low SSI voltage filter for PLL

ss1® 16.5 5.95 55 7.4 0 15 medium low none, but the currents

unbalance is inherited

SSI+° 16.5 2.67 3.16 7.29 0 10 medium | 40UPle than none
simple SSI
RDFT 20 0.9 3.25 737 0 18 low high none, but the currents
unbalance is inherited

# Computed as difference between the lowest and the highest peak value of the three-phase currents, lower is better;

V. CONCLUSIONS

Some differences between the most common APF ref-
erence current detection methods under distorted and un-
balanced PCC voltages were analyzed and tested in the
Simulink enviroment, revealing their performance in non
ideal real conditions (the static excitation system of a syn-
chronous generator).

The author's choice for implementation is the d-q refer-
ence frame method because of the low THD reference
current, good ability to deal with voltage unbalance, fast
response time, high transient performance at thyristor fir-
ing angle change and relative low computational burden
for the DSP. Also, the voltage phase vector can be used as
well as an input to the P-SSI current controller with multi-
ple SSI-s in synchronous reference frame.
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