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Abstract - This paper performs a frequency-domain
analysis of three different resonant current controllers
for active power filters. Respect to previous papers,
the novelty consists of a stability analysis of the closed
loop system using the Nyquist criterion. To perform
this analysis, the time delay introduced by the inverter
and the sampling due to the digital control are taken
into account in the current controller closed loop transfer
function. This procedure demonstrates the importance
and effectiveness of the delay compensation to maintain
the whole system stability. Experimental results are
presented for a 25 kVA shunt active power filter prototype
to confirm the theoretical analysis.
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I. INTRODUCTION

In the last decades, harmonic filtering has become an
important research topic as a consequence of the intensive
use of the non-linear electrical loads that degrade the power
quality in the distribution grids. Passive filters are a cheap
and simple solution to reduce the harmonic content injected
into the grid. However, the passive filters (also known as
harmonic trap filters) have some drawbacks that sometimes
limit their usage, such as resonance problems and poor
transient performance [1].

The Active Power Filter (APF) emerged as an efficient
solution for harmonic current compensation, featuring
capabilities of compensating load imbalance and reactive
power [1], [2]. The APF principle has been known by three
decades but its feasibility and application in industry were
limited by the development of fast switching devices [3].
Once this barrier was overcome, the research related to APFs
was focused on many issues regarding either new topologies
[31], [4]- [6] or control issues, such as the current reference
generation based on power theories [3], [7], [8].

In recent years, a special attention has been paid to current
controllers for APFs [9]- [24]. A performance comparison
of different digital current controllers has been presented in
[13], where the main criterions for performance evaluation
were the Total Harmonic Distortion (THD) of the mains line
current and the transient performance for fast load variations.
It has been shown that the dead-beat [11] and the PI controller
in synchronous reference frame [12], fail in obtaining zero
steady-state error. On the other side, the frequency selective
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current controllers exhibit better performance and can be
implemented with off-the-shelf DSP controllers [13].

The literature reports different frequency selective
controllers [14]- [24]. These methods can be applied
when the harmonic spectrum of the load current to be
compensated consists of harmonics having well-known orders
and sequences. For three-phase diode or thyristor front-end
rectifiers, these harmonics are of order h=F6n + 1 (for
n=1,2,...) of the fundamental frequency, as shown in Table
I. The signs “+” and “-” indicate the direct and inverse
sequences, respectively.

The most promising frequency selective controllers are
those based on resonant regulators [15]- [18], [22]- [24]. The
first frequency selective controller employed the so called
Sinusoidal Signal Integrator (SSI) introduced in [15]. The
SSI is a resonant element that obtains zero steady-state error
for sinusoidal input having a frequency equal to the SSI
resonance frequency. In [18], multiple SSIs have been used to
individually compensate for the harmonics of order h=F6n+1
(for n=1,2, ...) in stationary frame. In [22], the SSIs have
been implemented in Synchronous Reference Frame (SRF).
This approach halves the numbers of the required SSIs since
one SSI is able to compensate for simultaneously the positive
and negative sequences of the SSI resonant frequency. The
harmonics h=F6n + 1 (for n=1,2, ...) in stationary frame
become h=F6n (for n=1,2, ...) in synchronous frame (Table
I) and consequently can be compensated with one SSI tuned
on the 6n (for n=1,2, ...) harmonic. The latest approach
concerning the use of SSIs is found in [23], [24], where the
SSIs are also implemented in SRF but along with a decoupling
scheme.

The goal of this paper is to present a frequency-domain
analysis of resonant current controllers for shunt APFs. The
current control schemes considered in this analysis are the
following ones:

e Proportional and Sinusoidal Signal Integrators in
Synchronous Reference Frame (P-SSI-SRF) [22];

e Stationary frame controller with Proportional regulator
and Sinusoidal Signal Integrators (P-SSI) [18];

e PI controller with Resonant regulators (PI-RES) in
Synchronous Reference Frame [24];

Compared with previous works found in literature [13], [23]-
[25] it will be clearly shown how the transfer functions of
each current control have been obtained. In addition, an
analysis based on closed-loop frequency response will show
the system behavior for each current control, addressing some
intrinsic characteristics in terms of magnitude and phase for
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TABLE 1
Current Harmonics for Three-Phase Rectifiers

Harmonic in («, 3) Harmonic order in (d,q)
stationary reference Sequence synchronous reference frame
frame rotating at fundamental frequency
+1 (fundamental) positive DC
5 negative -6
+7 positive +6
-6n+1 negative -6n
6n+1 positive +6n

high-order frequencies. This approach is quite different from
those used in previous works [23], [25] due to the fact that the
computation time delay is taken into account for the analysis.
This leads to quite different results. In fact, the computation
time delay must be taken into account due to the fact that
this is the cause of the system instability as will be shown in
this paper. Finally, the limits in terms of stability for each
current control will be determined using the Nyquist stability
criterion for the first time for these class of controllers. All the
theoretical analysis will be confirmed by experimental results
provided for a 25 kVA APF prototype compensating up to the
49" harmonic of a non-linear load.

II. FREQUENCY RESPONSE ANALYSIS

The frequency selective current controllers analyzed in this
paper were originally implemented in different referential
frames: the P-SSI controller was implemented in stationary
frame while the P-SSI-SRF and the PI-RES were implemented
in the fundamental or dq frame. However, all the controllers
should be analyzed in the same referential frame to have a fair
comparison.

The harmonic frame representation is useful to understand
the principle of the current regulators. In fact, the use of
multiple rotating frames (reference frames rotating with a
angular speed of (F6n + 1)w, for n=1,2,..., where w, is the
fundamental frequency) makes possible the transformation of
each harmonic to be compensated in a dc signal. Therefore,
the harmonic compensation can be performed using a simple
Proportional-Integral (PI) controller for each harmonic of
interest.

Although the harmonic reference is convenient to explain
the current controllers principle, the frequency response
analysis should be performed in another referential frame. For
this reason, all current controllers analyzed in this paper will
be first represented in harmonic frame and then transformed
in the fundamental referential frame where the frequency-
domain analysis will be performed.

A. P-SSI-SRF Controller

A generic PI controller that regulates the current of an RL
load in harmonic frame is shown in Figure 1. The converter is
considered here as an unity gain. The transfer function of this
current controller is:

kin
S

Hp(s) = kph + M

where h=F6n + 1 (for n=1,2...) is the harmonic reference
frame needed to transform each harmonic of interest in a
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Fig. 1. Proportional-Integral (PI) current control in harmonic
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Fig. 2. Frequency response of P-SSI-SRF control loop in
fundamental frame. Parameters: k,,=0.2, k;n=kpnR/L, L=350p:H,
R=22m\).

dc quantity. The signs “+” and “-” indicate the direct and
inverse sequences, respectively. In this situation, the PI
control shown in (1) is able to achieve zero steady-state
error. Since a rotational transformation in time domain is
equivalent with a frequency shift in frequency domain, (1) can
be transformed from the harmonic frame to fundamental frame
using a frequency shift of —jw,(h—1), where h=F6n+1 (for
n=1,2...):

kphS + k;p + jkph(:lz6n)we
s+ j(£6n)w,

Hpr_(s) = n=12. ()

The superposition of a positive sequence PI controller
Hp;, and a negative sequence PI controller Hp; results in
the transfer function of P-SSI-SRF controller in fundamental
frame:

2]€Z S
Hlg(s) = 2kpn + 5 b =1,2.. (3

+ (6nw,)?
where the superscript “1” indicates the fundamental reference
frame. The RL plant transfer function in fundamental frame
is:

1

= 4
Ls+ R+ jw.L @)

Gplant (S)

The closed-loop transfer function using the P-SSI-SRF current
control has been determined from (3) and (4) for n=1,2, 3,4
and the frequency response is shown in Figure 2. The
parameters used in this frequency response analysis are
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derived from the experimental setup shown in a later section.
The magnitude gains and phases at the frequencies of interest
(i.e. at the resonant frequencies) have the desired values,
1 and O respectively, but in the vicinity of these points,
there are magnitude peaks higher than unity with phase
variations. However, this characteristic does not affect the
system stability, as demonstrated in the next sections.

B. P-SSI Controller

The P-SSI controller compensates for the harmonics of
order h=F6n + 1 (for n=1, 2...) (as the P-SSI-SRF controller
does), but is also able to compensate for the inverse sequences
of these harmonics (with order h=—(F6n + 1), for n=1,2...).
This feature can be useful to compensate for unbalanced
loads. So, two set of harmonics are considered for this
analysis: h;=F6n + 1 (for n=1, 2...) and its inverse sequence
ho=—(F6n + 1) (for n=1,2...).

We consider the same PI controller in harmonic frame of
Figure 1 with h=h;=F6n + 1 (for n=1, 2...). By performing
a frequency shift of —jw.(h — 1) in (1) to transform from
harmonic frame to fundamental frame, it results:

kphs + kin + jkph(iﬁn)we
s+ j(E£6n)w,

Hpp (s) = n=12. (5
Note that (2) and (5) are identical. Now, considering the PI
controller in harmonic frame with h=ho=—(F6n + 1) (for
n=1,2...) and performing a frequency shift of —jw.(h — 1)
in (1), it results:

kphs + kin + jkph(:FGn + 2)’[05
s+ j(F6n + 2)w,

n=1,2..
(6)

The superposition of Hp; and Hp yields the transfer
function of a P-SSI controller referred to the fundamental (dg)
frame:

H11312 (s) =

Hgg;(s) = H11311(5) + H11312 (s) @)

The closed-loop transfer function using the P-SSI current
control has been determined from (4) and (7) for n=1,2, 3,4
and the closed-loop frequency response is shown in Figure 3.
It can be seen that the frequency responses of P-SSI and P-
SSI-SRF are almost identical at the frequencies of interest.

As can be noted from Figure 3, the frequency response
presents more resonant peaks compared with the P-SSI-SRF
since the P-SSI is able to compensate for both sequences of a
specified harmonic, i.e. (F5,F7,...,F6n + 1). For this reason,
the P-SSI controller is able to compensate for an imbalanced
non-linear load [18]. In addition, transforming (7) to the
stationary frame yields:

2kih8

Hsr(s) = 2on+ 3 )2

®)

where h=(F6n + 1) for (n=1,2...) and the superscript “0”
means stationary frame. This expression is exactly the current
regulator proposed in [18].

C. PI-RES Controller
The PI-RES controller is also derived from a PI controller
in harmonic frame but considering a decoupling scheme, as
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Fig. 3. Frequency response of P-SSI in fundamental frame.
Parameters: kpp=0.2, kin=kpn R/ L, L=350uH, R=22m.
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Fig. 4. PI current control with a decoupling scheme in harmonic
frame h.

shown in Figure 4 [26]. Following this scheme, the controller
transfer function is:

ki + jhwk
HJ};[ :kph+ ih J elvph

©)
where h = F6n + 1 (for n=1, 2...). If (9) is transformed from
harmonic frame to fundamental frame using a frequency shift
of —jwe(h — 1), it results:

kpns + kin £ jkpnwe

HY, = =1,2... 10
Pl Sij(Gn)we n ) ( )

The superposition of a positive PI controller H}_,I+ and

a negative sequence PI controller H}; , determines the
following transfer function in the fundamental frame:

2k:phs2 + 2kins + 25kppwes

T (Gnw)? n=1,2. (1)

1
Hgsr =

It can be noted that this transfer function presents a coupling
term between the d and g axes. However, the PI-RES
controller transfer function proposed in [24] is slightly

[73LL)

different from (11) since it does not contain the “;j” term:

Qkph82 + 2k;ps

Hig, =
SST 52 + (6nw,)?

n=12. (12)

In fact, it is well known that the plant in fundamental frame has
a coupling term equal to jw.L. So, in order to eliminate this
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Fig. 5. PI current control with a modified decoupling scheme in

harmonic frame /.

coupling term, the scheme of Figure 4 must be used (exactly
as done in [26]) and the transfer function of the current control
must be (11). For this reason, (12) does not obtain full
decoupling in fundamental frame since it corresponds to the
scheme of Figure 5. To prove that, we consider the transfer
function of a PI current controller as shown in Figure 5:

kin -l—](h — 1)wekph
S

HE () = Epn + (13)

where h = F6n+1 (for n=1, 2...). If (13) is transformed from
harmonic frame to fundamental frame using a frequency shift

of —jwe(h — 1), it results:
kpns + kin
Hy, =227 0 p=12. 14
Pl¢ S:I:](Gn)we n ’ ( )

The PI-RES transfer function in fundamental frame H{g; is
the superposition of H} 1, and H L, as follows:

2/€ph82 + 2k;ns
s2 4 (6nw,)?

Hig; = n=12.. (15)
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Fig. 6. Frequency response of PI-RES control loop in fundamental
frame using (15). Parameters: k;p=kpnR/L, L=350pH, R=22mS,
kpr=0.4 and 0.2.

The closed-loop transfer function using the PI-RES current
control has been determined from (4) and (15) for n=1, 2, 3, 4.
The closed-loop frequency response is shown in Figure 6 for
two values of k,,. It can be seen in both cases that the
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Fig. 7. Frequency response of PI-RES control loop in fundamental
frame using (11). Parameters: kpp=0.2,k;p=kpnR/L, L=350uH,
R=22m\).

magnitude gains and phases at the frequencies of interest (i.e.
at the resonant frequencies) have the desired values, 1 and
0 respectively. There are no peaks magnitudes higher than
unity and no significant phases variations in the vicinity of
the harmonic frequencies of interest (h==F6n, for n=1,2...).
However, there is an anomalous magnitude resonant peak at
-50Hz (which depends on the &, value) for the d-axis and
another one at +50Hz for the g-axis (not shown here). There
is also an anomalous phase variation caused by the term in “j”
neglected in (15). This causes an asymmetry in the closed-
loop frequency response of the PI-RES current controller.

The resonant peaks at 350 Hz may have a negative
influence if the current sampling is not perfect and introduces
some DC offset. In this case, a second order harmonic
is injected by the current control. That will be seen in
fundamental frame as a 50 Hz component, which is exactly
the frequency of anomalous peak magnitude for g-axis. On
the other hand, if the current controller is implemented with
(11), the frequency response becomes symmetrical and there
is no anomalous peak as shown in Figure 7. Another option
should the implementation of the closed-loop of Figure 4 in
stationary frame. In this case, the transfer function of current
controller becomes % with h=T6n + 1 (n=1,2..)),
and the frequency response is also symmetrical, but doing this,
the advantage of use one SSI controller to compensate for
simultaneously two harmonics is lost.

D. Frequency Response Analysis Considering a Time Delay
For discrete systems where the sampling frequency is equal
with the switching frequency, a mean delay of 7=1.5T; (where
T, is the sampling time) is introduced in the current control
loop [27]. For this reason, the computation time delay is
taken into account for a frequency response analysis as shown
in Figure 8. The current controller transfer function Hg;
contains one of equations (3), (7) and (15) (all of them in
fundamental frame). The closed-loop frequency response for
the P-SSI-SRF controller is shown in Figure 9. The time
delay introduced in the control loop causes an abrupt phase
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Fig. 8. Representation of a general current control scheme with a
time delay.
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Fig. 9. Frequency response of P-SSI-SRF control loop in
fundamental frame.

shift for high order harmonic frequencies (starting from the
17*" harmonic) which can lead to system instability if the
compensation of these harmonics is required. In addition, the
magnitude peak at the 17" harmonic increases three times
in relation to the same peak shown in Figure 2. On the
other hand, when the time delay compensation is added to
the control loop, the frequency response (also shown in Figure
9) becomes approximately equal to the case shown in Figure
2. The implementation of the time delay compensation is
described in detail in [13], [22].

The same analysis has been performed for the P-SSI
controller. This controller has presented a similar frequency
response behavior when time delay is introduced, as shown in
Figure 10. The increased phase-shift and magnitude peaks are
also presented in the frequency response analysis. Therefore,
the P-SSI and P-SSI-SRF present the same frequency
response characteristics at the frequencies of interest h=F-6n
(n=1,2..).

For the PI-RES controller, the time delay produces an
increasing of the magnitude peaks, as shown in Figure 11.
In addition, an abrupt phase shift can be seen starting at the
29" harmonic that can lead the system to instability if the
compensation of this harmonic is required. When the delay
compensation is introduced in the control loop, the frequency
response becomes approximately equal to the case shown in
Figure 6.
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III. NYQUIST STABILITY ANALYSIS

In former section, the frequency response analysis has
shown some possible instability limits for the current controls
due to the high phase shift for high order harmonics when the
time delay is considered in the closed-loop model.

In this section, a stability criterion is used to investigate the
behavior of the closed-loop transfer function of the scheme of
Figure 8 in terms of absolute stability. The Nyquist criterion
has been chosen due to the fact that it is more appropriate than
root-locus for high-order systems [28]. Thus, the stability of
the closed-loop current controls of Figure 8 is investigated by
examining encirclements of the point (—1, 70) by the open-
loop polar plots [28].

The first analysis attempts to identify the stability limit
of the current controls without delay compensation. The
Nyquist plots for the P-SSI-SRF current control considering
the first 2 harmonic pairs (5t",7t" and 11%",13*") without
delay compensation is shown in Figure 12. It is possible to
see that the point (—1, j0) is not enclosed by the polar plot
resulting in a stable system. Going further, introducing the
third harmonic pair (17t",19"), the system becomes unstable
because there is an encirclement of (—1,70) as shown in
Figure 13. On the other hand, when the delay compensation
is used (Figure 14), the point (—1, j0) is not enclosed by the
polar plot and the system is stable.

The Nyquist plots for the P-SSI control have shown the
same stability limits of the P-SSI-SRF control (as suggested
by the frequency response analysis) and for this reason, they
are not shown here.

The Nyquist diagrams for the PI-RES control without
delay compensation is shown in Figure 15 for the first four
harmonic pairs ((5*7,7t"), (11t,13t"), (17t",19*") and (237¢,
25'")). The system is stable because the point (—1,50) is
not enclosed by the polar plots. However, going beyond
this limit, the system becomes unstable as shown in the
Nyquist plots of Figure 16. The control loop becomes stable
for these harmonics pairs only if the delay compensation is
used, as shown in Figure 17. All the results obtained using
the Nyquist criterion are in agreement with the frequency
response analysis performed in the previous section, which
means that the harmonic compensation limit without delay
compensation for the P-SSI and P-SSI-SRF control is the
13" harmonic frequency. This limit is increased to the 25"
harmonic when PI-RES control is used. When the delay
compensation is implemented, all current controls are stable
and their performance are very similar [13].

IV. EXPERIMENTAL RESULTS

A 25-kVA shunt APF prototype has been built, using an
Insulated Gate Bipolar Transistor (IGBT) three-phase inverter
with a switching frequency of 10 kHz. The current controllers
considered in this paper have been included in a digital control
scheme for an APF, with 10kHz of sampling frequency. The
APF compensates a 55 kW non-linear load consisting of a
diode front-end rectifier having an inductive load, as shown in
Figure 18. The DC-link reference voltage of the IGBT inverter
has been set at 730 V. The inverter interface inductance, L,
and the input load inductance, L, are equal to 250 pH.
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Fig. 12. From left to right: Nyquist diagram for P-SSI-SRF control
without delay compensation considering the first 2 harmonic pairs
and its zoom view around the critical point (-1, jO). The control is
stable.
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Fig. 13. From left to right: Nyquist diagram for P-SSI-SRF control
without delay compensation considering the first 3 harmonic pairs
and its zoom view around the critical point (-1, jO). The control is
unstable.
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Fig. 14. From left to right: Nyquist diagram for P-SSI-SRF control
with delay compensation considering the first 3 harmonic pairs and
its zoom view around the critical point (-1, jO). The control is stable.

The mains inductance is about 100uH. The control system
has been implemented using dSPACE DS1103 development
board. Besides the current control block, the APF control
scheme of Figure 18 consists of a reference generator, a Phase
Locked Loop (PLL) scheme to detect the position of the PCC
voltage vector and an outer voltage loop to regulate the DC
link voltage.

It has been demonstrated in the previous sections that the
frequency-domain analysis for P-SSI and P-SSI-SRF present
the same behavior at frequencies of interest. In addition,
the equivalency of both controllers in terms of steady-state
and transient performance has also been reported in [13].
Therefore, this section will be concentrated in the analysis of
the P-SSI-SRF and the PI-RES controllers.

The first experiment compares the performance of current
controllers in terms of maximum harmonics to be mitigated

299



150

2

r ; ; ;
: = Negative freq.
" 150

Positive freq,

100

05
2 2
3 \ 3
2 2
§ of-- - § o
s ; s
E | E
: -05
50| 7
I
| -1
i
-100F “
) -1.51
| <
|
-150 . ‘ : ‘ -2
-50 0 50 100 150 200 -4
Real axis Real axis
Fig. 15. From left to right: Nyquist diagram for PI-RES control

without delay compensation considering the first 4 harmonic pairs
and its zoom view around the critical point (-1, jO). The control is
stable.

0.7

= Negative freq.

Positive freq

0.351

Imaginary axis
t
L
Imaginary axis
o

-0.351

-100

-150
-50

. . .
50 100 150 200
Real axis

Real axis

Fig. 16. From left to right: Nyquist diagram for PI-RES control
without delay compensation considering the first 5 harmonic pairs
and its zoom view around the critical point (-1, jO). The control is
unstable.

without delay compensation. The inductive load current
waveform and its harmonic spectrum are shown in Figure
19. For the P-SSI-SRF controller, the first four harmonics,
h=F6n + 1 (for n =1,2) are completely compensated without
any stability problems. However, as soon as the 17¢" and
19" harmonics are programmed to be compensated, their
amplitudes start increasing and the system becomes unstable
(Figure 20). As consequence, APF prototype goes into
protection mode due to overcurrent. This is in complete
agreement with the frequency response of Figure 9 (which
shows a high phase shift at these frequencies) and the Nyquist
plot of Figure 13. The same test has been performed
for the PI-RES controller and demonstrated that is possible
to compensate up to the 25" harmonic without any delay
compensation as shown by the frequency response of Figure
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Fig. 17. From left to right: Nyquist diagram for PI-RES control
with delay compensation considering the first 5 harmonic pairs and
its zoom view around the critical point (-1, jO). The control is stable.
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Fig. 18. Active Power Filter general scheme: Power plant and control
scheme.

11 and the Nyquist plot of Figure 15. However, when the 29"
and 315 harmonics are programmed to be compensated, their
amplitudes start increasing and the system becomes unstable
(Figure 21), tripping the APF overcurrent protection. This
experiment confirms the result found in the Nyquist plot of
Figure 16.

When the delay compensation is used in the P-SSI-SRF and
PI-RES controllers, the control-loop becomes stable and able
to compensate for the desired harmonics confirming the results
of Nyquist plots of Figure 14 and 17. There is no significant
performance difference between the current controllers if the
delay compensation is implemented correctly. For example,
considering the compensation up to 25" harmonic, the P-SSI-
SRF controller needs delay compensation for the 17t 197,
2374 and 25" harmonics while PI-RES controller is stable.
In this case, the THD of the mains current for the P-SSI-
SRF and PI-RES controllers is 2.57% and 2.59% respectively.
The steady-state waveforms for the P-SSI-SRF and PI-RES
controllers are shown in Figures 22 and 23. Considering the
compensation up to 37" harmonic, the P-SSI-SRF controller
needs delay compensation starting from the 17t harmonic
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TABLE IT
P-SSI-SRF control

up to 377"
2.27%
starting at 17°7

Compensated harmonics up to 25t
THD 2.57%

Delay compensation starting at 17t

TABLE III
PI-RES control

up to 37t
2.17%
starting at 20%h

Compensated harmonics up to 25th
THD 2.59%

Delay compensation

not used

up to the 37" while the PI-RES controller needs a delay
compensation starting at 29*" harmonic up to the 37", In
this scenario, the P-SSI-SRF and PI-RES controllers present
a THD of 2.27% and 2.17% respectively. Both tests are
summarized in Tables II and III. It can be concluded that when
the delay compensation is used, the steady state performance
of P-SSI-SRF and PI-RES are almost identical.

Regarding the harmonic compensation limit, both
controllers were able to compensate up to the 49*" harmonic.
Beyond this frequency, the digital control fails due to the
small number of samples in a period (less than four samples
for the sampling frequency of 10kHz). The Fourier analysis
for these cases are shown in Figures 24, 25 and 26 with
another scale.

It must be emphasized here that in a real implementation
with an industrial DSP controller, the maximum number of
harmonics that can be compensated is limited more or less at
the 25" harmonic for both P-SSI-SRF and PI-RES, while the
P-SSI controller will have less compensation capability due to
the higher number of required SSI regulators. However, the
P-SSI is able to compensate for imbalanced non-linear loads
[18], while the P-SSI-SRF can deal with imbalanced loads
only for the fundamental frequency [22]. On the contrary,
the PI-RES cannot deal with imbalanced loads even for the
fundamental frequency since it uses a PI controller in the
fundamental frame.

Another important issue regarding this family of current
controllers comes from the fact that all of them are sensitive
to frequency variations. However, the major consequences
of this problem are mainly presented in the controlling of
harmonic currents of higher order as for example the 24"
harmonics (in fundamental frame). In this case, a variation
of 0.25 Hz in the fundamental frequency means a deviation
of 6 Hz for the 24" harmonic frequency. So, the SSI tuned
in the 24" harmonic will deal with this frequency variation.
In principle, it is possible to tune the SSI frequencies using
a simple PLL scheme. Another alternative is to implement
the current controllers in harmonic frame where there is no
need to determine the resonant frequencies. In this case
the controllers are represented by simple PI’s controllers
with multiple rotational transformations whose angles are
computed by a PLL.
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Fig. 19. Inductive load current waveform (phase A) and its Fourier
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Fig. 20. Fourier analysis of mains current for P-SSI-SRF control
with no delay compensation.

V. CONCLUSIONS

This paper performs a frequency-domain analysis of three
different resonant current controllers for active power filters.
These controllers can also be used for other grid-connected
converters, such as active rectifiers and inverters for distributed
power generation.

With respect to previous papers, the novelty consists of a
stability analysis of the closed loop system using the Nyquist
criterion. To perform this analysis, the time delay introduced
by the inverter and the digital sampling were taken into
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Fig. 21. Fourier analysis of mains current for PI-RES control with
no delay compensation.
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2 leCroy

Fig. 22. Steady-state operation compensating up to 25" harmonic
for P-SSI-SRF controller. Trace 1: ¢s, (A). Trace 2: irq (A).

) lecroy

Fig. 23. Steady-state operation compensating up to 25" harmonic
for PI-RES controller. Trace 1: igq (A). Trace 2: ipq (A).

account in the current controller closed loop transfer function.
Doing so, the performed frequency-domain analysis have
shown that the PI-RES control is able to compensate up to
the 25" harmonic frequency without any delay compensation
method. Unlike the PI-RES control, the P-SSI and P-SSI-
SRF compensate up to the 13" harmonic frequency. On the
other hand, when the delay compensation is used, all current
controllers are stable and able to compensate for the desired
harmonics up to the 49t harmonic.

All the resonant current controllers have been implemented
for a 25 kVA APF prototype using the dSPACE DS1103 board
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Fig. 24. Inductive load current waveform (phase A) and its Fourier
analysis.
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Fig. 25. Fourier analysis for the P-SSI-SRF compensating up to 49"
harmonic.
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Fig. 26. Fourier analysis for the PI-RES compensating up to 49"
harmonic.

to demonstrate the stability limits and the effectiveness of the
delay compensation. In industrial applications, the number of
compensated harmonics is often limited by the DSP controller
computation capability as shown in [13].
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