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Three-Level Inverter-Based Shunt Active Power Filter
in Three-Phase Three-Wire and Four-Wire Systems
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Abstract—This paper presents a direct current-space-vector
control of an active power filter (APF) based on a three-level
neutral-point-clamped (NPC) voltage-source inverter. The pro-
posed method indirectly generates the compensation current ref-
erence by using an equivalent conductance of the fundamental
component using APF’s dc-link voltage control. The proposed con-
trol can selectively choose harmonic current components by real-
time fast Fourier transform to generate the compensation current.
The compensation current is represented in a rotating coordinate
system with chosen switching states from a switching table imple-
mented in a field-programmable gate array. In addition, a three-
phase four-wire APF based on a three-level neutral-point-clamped
inverter is also presented. The proposed APF eliminates harmon-
ics in all three phases as well as the neutral current. A three-phase
three-wire NPC inverter system can be used as a three-phase four-
wire system since the split dc capacitors provide a neutral connec-
tion. To regulate and balance the split dc-capacitor voltages, a new
control method using a sign cubical hysteresis controller is pro-
posed. The characteristics of the APF system with an LCL-ripple
filter are investigated and compared with traditional current con-
trol strategies to evaluate the inherent advantages. The simulation
and experimental results validated the feasibility of the proposed
APF.

Index Terms—Direct current control (DCC), multilevel invert-
ers, neutral clamped, power factor correction, power filter, reactive
power compensation, shunt active filter, space vector, three-phase
four-wire system, voltage-source inverter (VSI).

I. INTRODUCTION

A LARGE portion of the total electrical energy produced in
the world supplies different types of nonlinear loads, such

as variable-frequency drives and electronic ballasts. These loads
are typically composed of odd harmonic currents, which are
multiples of the fundamental frequency. The harmonic currents
cannot contribute to active power and need to be eliminated
to enhance power quality [1]. Active power filters (APFs) are
designed for this purpose.

APFs in three-phase three-wire systems can be based on sev-
eral control methods [2]– [9]. Typically, current control is per-
formed either by pulsewidth modulation (PWM) [3], [4], [7]
or by direct current control [9], [10]. For detection of unde-
sired harmonic currents, closed-loop synchronous-frame regu-
lators [4], [7] or integrating oscillators [3] can be implemented.
However, these methods result in phase shifts, which reduce
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the filtering performance. A better approach is to use Fourier
transformation to determine individual harmonics that need to
be eliminated. The APF control proposed in this paper is based
on the Fourier transformation approach.

Most APFs use a standard two-level voltage-source inverter
(VSI) [6], [7]. However, for medium-voltage applications, three-
level VSIs have been proven to be more advantageous [3], [8],
[9]. A three-level neutral-point-clamped (NPC) inverter can be
employed in three-phase three-wire systems, as well as three-
phase four-wire systems [10], [11]. In a three-level NPC inverter,
the splitting dc-capacitor voltage has to be maintained as half of
the dc-link voltage.

The advantages of three-level VSIs include lower harmonic
distortion, lower switching frequency, and lower power loss.
APFs based on three-level inverters are generally more expen-
sive but can be compensated by using smaller filter inductors,
assuming the same switching frequency. However, the control
of a three-level inverter is more complicated than a two-level in-
verter because of the large number of inverter switching states.
Therefore, there is greater difficulty in synthesizing the volt-
age reference vector [12]. Typical current control strategy for
the space vector PWM (SVPWM) control is based on station-
ary αβ-coordinates [12]. In this paper, a new current control,
based on SV current control, is compared with the stationary
αβ-coordinates based control. The proposed SV current con-
troller (SVCC) [9] in the rotating coordinates uses five-level
hysteresis CC (HCC), with sector selection strategy providing
grid-voltage vector information, to decrease current ripple and
number of switching. Although HCC-based SVCC for a three-
level inverter has not been used for APF control, it is widely
used in two-level VSI for motor drives [13].

The electric power distribution systems are inherently un-
balanced due to untransposed distribution lines and unbalanced
loads. Therefore, maintaining the distribution voltage within
certain limits of a perfectly balanced waveform is very difficult.
In addition, if the phases are unequally loaded, they produce un-
desired negative and zero-sequence currents. Under nonlinear
voltage and current, the harmonic current will generate power
losses. The negative sequence will cause excessive heating in
machines and generate low-frequency ripples in rectifiers. The
zero-sequence currents not only cause excessive power losses in
neutral lines, but also degrade the circuit protection. For the neu-
tral current (zero-sequence current) reduction, a zig–zag trans-
former is often employed, and the performance can be improved
by using a zero-blocking transformer [14]. Unfortunately, this
method has several disadvantages: 1) zero-sequence impedance
of the zig–zag transformer must be low, thus requiring spe-
cial design; 2) the effectiveness of the zig–zag transformer to
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Fig. 1. Three-level VSI-based APF in (a) three-phase three-wire systems, and (b) three-phase four-wire systems.

divert the third harmonic current is highly dependent on the
distribution system impedance, and in most cases, only 50% re-
duction can be guaranteed; 3) a lower zero-sequence impedance
increases the single-phase fault current level; therefore, fusing
and circuit breaker resizing may be necessary; and 4) due to
the reasons mentioned earlier, the passive zig–zag transformer
approach is larger in size and weight. A better solution to reduce
the neutral current is to utilize an APF in a four-wire system.
Since a three-level VSI is used as an APF for a three-phase four-
wire system, a strategy to balance the dc-link capacitor voltages
is necessary [15]. This paper presents a new control strategy to
balance the dc-link capacitor voltages by utilizing an opposite
sign of the middle point current based on a three-level HCC [11].

The main focus of this paper is to study the performance
of the SV current controls in a three-phase three-wire system
with an LCL filter. The two SV current controls, one based on
the stationary αβ- and the other on rotating xy-coordinates, are
compared in order to analyze the influence of the LCL filter on
the APF system in a three-phase three-wire system. In addition,
the APF system in a four-wire system with and without an LCL
filter is also analyzed.

II. COMPENSATOR CONTROL STRATEGY

A. Calculation of APF Reference Current

An APF is considered as a controlled current source. Fig. 1
shows the configuration of an NPC three-level VSI for the ap-
plication of an APF in three-phase three- and four-wire systems
with an LCL-ripple filter. As illustrated in Fig. 1, the APF is
connected in parallel with a nonlinear load to produce reactive
and harmonic currents opposed to those of the nonlinear loads
to cancel the harmonic currents.

It is assumed that the upper-leg and lower-leg capacitor volt-
ages are identical, which is Udc/2. In the proposed control
method, harmonics are decomposed by FFT. The FFT algorithm
core implemented in the proposed APF uses the Cooley–Tukey

algorithm [16] for digital computations. Nonsinusoidal period-
ical waves are analyzed to extract the fundamental component
from the harmonics. The resultant FFT computations yield the
amplitude and frequency of each harmonic component. Then,
each harmonic is multiplied by the compensation factor. There-
fore, only critical harmonics can be compensated and an APF
does not need to cover all harmonic power.

The synchronous-reference-frame-based method has been
widely used for most of the recent APFs. Synchronous fun-
damental xy-frame is derived from the SV transformation of
the abc-coordinates. The detection of the harmonics is based
on removing the dc-signal using a high-pass filter [7]. The
synchronous harmonic xy-frame is similar to the fundamen-
tal xy-frame in principle. One difference is that the harmonic
xy-coordinate frame rotates with a frequency the same as the
selected harmonic. Thus, in the harmonic xy-frame, only the
specific harmonic will be a dc-signal and all other frequencies
including the fundamental will be ac-components [7]. One of
the practical problems for this method is the implementation
of the filters because of the software complexity. Those two
methods require additional coordinate transformation from xy-
to abc-coordinates for the PWM strategy.

The basic structure of the compensation in a three-wire sys-
tem is based on the method described in [8]. The strategy based
on the αβ-coordinates avoids instability problem in the case
of regeneration. As illustrated in Fig. 2(a), the measured grid
voltages (�egrida b c

) and load currents (�iLOADa b c
) are inputs of

the FFT algorithm to extract only fundamental component (for
grid voltages) and to select undesired harmonic current (for
the load currents to provide flexibility to eliminate selected
harmonics). The fundamental component of the grid voltage
(�egrid(1)a b c

) is extracted by the FFT for the disturbance-free
identification/measurement. The fundamental grid voltages are
transformed to αβ-coordinates (�egrid(1)αβ ) and the position of
the grid-voltage vector is identified (γ) to be used for the sec-
tor selection. The dc-voltage controller output signal (�iaL α β

) is
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Fig. 2. Reference current calculation in (a) three-wire systems, and (b) four-wire systems.

added to the reference current in the αβ-coordinates (�iαβ ) to
generate the reference compensation current (�iCα β

), which is
the input of the current controller.

In a three-phase four-wire system, due to the presence of
the neutral current, the reference current can be calculated, as
presented in [10] and [11].

The basic structure of compensation in a four-wire system is
shown in Fig. 2(b). The configuration of the controls for the APF
in a four-wire system is very similar to that of the three-level
VSI shown in Fig. 2(a) except a few components. The dc-voltage
controller output signal (�iaL ) is added to the reference current
of the four-wire system to generate the reference compensation
current (�icabcn ), which is the input of the current controller.

The PI controller for the dc-link voltage sets the amplitude
of the active current of the APF inverter to regulate the dc-link
voltage based on its reference value covering the inverter losses.
The amplitude is multiplied by a line-voltage function derived
from the line-voltage fundamental vector, which is obtained by
the FFT, thus yielding the instantaneous line-current reference.
Subtracting the measured load current, the reference value of
the APF current is obtained.

The dc-link capacitor will be charged or discharged by the
difference of the active load current and grid current, forcing
the PI controller to change its output correspondingly, until both
active currents are equal. In this way, the APF will compensate
all nonactive components of the load current (so-called real-time
mode) and regulate the dc-link voltage of the APF.

If cost of the system is of concern, then compensating only
load-current harmonics not including the fundamental reactive
current will be appropriate. In addition, as an extension of the
scheme in [17], the fundamental component of the load current
is identified by the FFT algorithm and subtracted from the actual
load current fed back (negative) to the summing point behind the
multiplier (switch is closed in this case). Then, the fundamental
component will not appear in the APF current reference any
more (selective mode). Similarly, additional harmonics can be
detected by the FFT algorithm and the compensation of these
components can be attenuated by an on-demand selective factor.

This is advantageous if these harmonics can be regarded as
uncritical, not exciting grid resonances. Then, the whole APF-
rated power can be applied to the compensation only for the most
disturbing or dangerous load current harmonics. The current
controller block can be implemented in the stationary abc-,
αβ-, or rotating xy-coordinate system with either a three-wire
or a four-wire system and will be explained in the following
section.

B. Current Control of the APF With a Three-Level VSI

The configuration of the current control of a three-level VSI-
based APF is shown in Fig. 3(a), which is based on a grid-voltage
rotating synchronous xy-coordinate. The proposed method on
the rotating xy-coordinates, which is synchronized with the grid
voltage, is based on a five-level hysteresis comparator. Five-
level hysteresis comparator allows the precise selection of 27
output-voltage space vectors for three-level VSI. It compares
the actual phase-current error in the rotating xy-coordinates with
tolerance bands around the reference current, which are defined
as dx and dy , as shown in Fig. 3(a), by means of a lookup ta-
ble implemented in the FPGA. To find the relationship between
the xy-current error components and the three-level inverter’s
output-voltage SC Uk represented in the αβ-plane, it is nec-
essary to detect the position of the rotating xy-coordinates in
relation with the αβ-plane, which is divided into 12 sectors, as
shown in [8]. This sector information is delivered to the switch-
ing table.

For the sector selection, only the fundamental component of
the grid voltage is extracted by FFT for stable and disturbance-
free identification.

The transformation angular position γ is calculated as

γ = arctan
(

uβ

uα

)
. (1)

The space-vector position angle γ of the grid voltage obtained
from (1) is transformed to a new signal, γn , by a lookup table
implemented in the FPGA. The digitized variables dx, dy and the
space-vector position angle of the grid voltage γn determine the
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Fig. 3. Control block diagrams for the three-level VSI-based APF based on (a) the rotating xy-coordinates, and (b) stationary αβ-coordinates.

Fig. 4. Derivation of the current error vectors.

addresses of the main lookup table, which is also implemented
in the FPGA [9].

The line current error �ic is influenced by the output voltage,
grid voltage, and derivative of the commanded current. If the
current error is zero (�ic =�icomp ), the desired output voltage
vector, �udo = sk · (Udc/2), will be defined as

�udo = L
d�ic
dt

+ �e. (2)

Otherwise, the desired output voltage vector �udo will be rep-
resented by the space vector �Un and the line-current error as
follows:

L
d�ie
dt

= �udo − �Un . (3)

Fig. 4 illustrates an example of proper switching vector se-
lection with the proposed method. The proposed control, which
is based on the xy-coordinates with the grid vector informa-
tion (sector 3 for this case), can select switching vectors among
U1 ∼ U8 . In this case, the length between �udo and a switch-
ing vector is proportional to the amount of the current varia-
tion. As an example, the length between U3 and udo is propor-
tional to d �ie3/dt as specified in Fig. 4. If the �ud0 is in sector 3,
the proposed control will select inverter-voltage space vectors

among U3 , U4 , and U7/U8 (U7 or U8). However, the conven-
tional methods, without the direct grid voltage information in
xy-coordinates, would select the voltage vector, Uk in Fig. 4.
In addition, the conventional methods, without utilizing the xy-
coordinates and lacking grid voltage information, can select
the voltage vectors, U2 , U3 , and U4 more frequently than xy-
coordinates control, as shown in Fig. 5(a). In both cases, d�iek/dt
will be much greater than that of the proposed method. On the
other hand, the proposed method utilizes the detected position of
the rotating coordinates to estimate the grid voltage vector based
on the 12 sectors. The selected switching vectors (Uk= (0.27) in
Fig. 4), with the proposed method, are presented in Fig. 5(b). In
this case, the switching vectors causing higher current variation,
such as U2 and U3 , are rarely selected. The simulation results
verified the examples of the current error shown in Fig. 4. As a
result, current control using the xy-coordinates (rotating coordi-
nates) has less current ripple, as shown in Fig. 5(b).

The proposed control integrates the gird-voltage vector to es-
timate the position of the vector. Based on the position, the con-
trol chooses the minimal value of the line-current error �ie . The
proposed control significantly reduces the number of switch-
ings compared with the control in the stationary coordinates
as it processes the information about the actual position of the
grid-voltage space vector.

The configuration of the controls for an APF on the stationary
αβ-coordinates is very similar to that of a three-level VSI shown
in Fig. 3(a), except a few components, as shown in Fig. 3(b).

The current control of an APF in a four-wire system is based
on the dual-current hysteresis control. The significant advan-
tages of this control are the simplicity and better dynamic re-
sponse. One disadvantage of the hysteresis control is that there
is no limit to the switching frequency, but additional circuitry
can be used to limit the maximum switching frequency.

Three-level hysteresis comparators with upper and lower
commutation bands are used. The band change can be obtained
by a simple logic when two slightly shifted bands are employed.
The decision of the commutation band change depends on the
phase voltage, eL , current reference, iref , and line inductance,
Lk . Since a three-level VSI is implemented as an APF instead
of a two-level VSI, a modification of the conventional three-
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Fig. 5. Switching vector selection example: (a) phase current (top) and space vectors (bottom) using the stationary coordinate control, (b) phase current (top),
space vectors (middle), and selected sector (grid-voltage position, bottom) using the proposed control.

Fig. 6. Control block diagram for the APF in four-wire system.

level hysteresis current controller is required due the neutral-
point potential control, as described in [11]. The structure of the
three-phase four-wire APF control system is shown in Fig. 6. A
traditional proportional–integral (PI) controller is used in order
to control the dc-link voltage. The PI controller for the dc-link
voltage sets the amplitude of the active current of the APF
inverter to regulate the dc-link voltage based on its reference
value. The amplitude is multiplied with the line-voltage funda-
mental component, which is obtained by the FFT, yielding the
instantaneous line-current reference. The dc-link neutral-point
voltage is controlled by adjusting the hysteresis band positions,
with respect to the initial situation. When zero voltage is applied
to any phase, the summation of the currents flowing through the

clamping diodes, id0 , produces the unbalanced charging of the
dc-link capacitors. In this case, a positive current of the id0
charges the dc-link capacitor C2 , and a negative current dis-
charges it. To control the dc-link neutral voltage, the durations
of the charging and discharging need to be regulated. Subtract-
ing the measured load current, the reference value of the APF’s
current is obtained. The current control is based on a three-level
hysteresis comparator, comparing the actual phase-current error
with tolerance bands around the reference current by means of a
lookup switching table implemented in the FPGA. The current
controller generates the insulated-gate bipolar transistor (IGBT)
firing pulses depending on the sign of dc-link current id0 and the
sign of the phase-current error so termed “sign cubical hysteresis

Authorized licensed use limited to: UNIVERSITY OF MICHIGAN - DEARBORN. Downloaded on June 19, 2009 at 15:04 from IEEE Xplore.  Restrictions apply.



VODYAKHO AND MI: THREE-LEVEL INVERTER-BASED SHUNT APF IN THREE-PHASE THREE-WIRE AND FOUR-WIRE SYSTEMS 1355

controller” will be appropriate to be used for the implemented
control.

C. Design of the LCL-Ripple Filter

The compensation current of an APF usually contains high-
frequency components caused by switching actions, which can
disturb other EMI-sensitive loads on the common utility grid
[18]. Typically, only series inductors are used as a filter, which
interface the PWM-inverter and the power grid. In this case,
the size of the inductor for optimal switching frequency should
be chosen appropriately to reduce the current ripple (harmon-
ics) around the switching frequency [19]. As the inverter ripple
current with a hysteresis of 14 A is rather big in comparison
to the rated current of 32 A (rms), a second-order line-ripple
filter has been inserted between the APF filter and the grid,
with grid-side inductors of the same size as those of the filter
and capacitive-resistive branches between the lines (Fig. 1). The
LCL-filters give advantages in costs and dynamic performance
since smaller inductors can be used compared to L-filters in
order to achieve the necessary damping of the switching har-
monics. However, LCL-filter design is complex and needs to
consider many constraints, such as the current ripple through
inductors, total impedance of the filter, resonance phenomenon,
reactive power absorbed by filter capacitors, etc. In addition,
the LCL-filters may cause steady-state and transient distortion
in the output current due to resonances. This distortion can be
reduced but not solved in PWM converters if the main reso-
nance frequency is selected in a range where no harmonics of
the output current exist. With this filter, the switching frequency
of the converter has to be high enough to obtain sufficient har-
monic attenuation. In the existing controls, this approach can-
not be considered since the switching harmonic spectrum is not
clearly defined due to the variable switching frequency. This is
in contrast to PWM, where the resonance frequency can be cho-
sen easily with frequency lower than the definable lowest pulse
frequency, which is roughly twice the switching frequency in
the case of a three-level inverter. The LCL-filter design in case
of PWM will affect the size and cost as shown in Section III
compared to the existing controls.

To analyze the filtering characteristics in a three-phase three-
wire system, one single phase is considered, as shown in Fig. 7.
In this case, it should be noted that CY = 3 · Cfilt and RY =
1/3 · Rfilt , where Rfilt and Cfilt are parameters for each phase.
Resistor RY , shown in Fig. 7, is utilized to limit the ripple
current in order to protect capacitor CY .

The transfer function of the LCL-filter can be defined as

GuV S I→Ig r id =
Igrid(s)
UVSI(s)

= − 1
sL

·
1 + s

Q f i l t ·ω f i l t

1 + s
Q f i l t ·ω f i l t

+ s2

ω 2
f i l t

. (4)

The resonance frequency ωfilt and quality factor Qfilt are
given by

ωfilt = 2 · πffilt =
1√

3 · Cfilt · Lg r id ·L f i l t
L

(5)

Fig. 7. LCL-filter: single-phase case.

Qfilt =

√
Lfilt · Lgrid

(Lfilt + Lgrid) · Cfilt
·
√

3
Rfilt

(6)

where L is the line inductor (L = Lfilt + Lgrid = 2 · Lfilt),
Uvsi(s) is the inverter output voltage, and Igrid is the grid-side
current. Qfilt is not high (for the proposed control, Qfilt ≈ 1.4)
because of the filter size and costs. LCL-filter gets the max-
imum attenuation when the inverter-side inductance is equal
to the grid-side inductance, as shown in [20]. The frequency
responses of the L- and LCL-filters are shown in Fig. 8.

However, systems incorporating LCL-filters are of second or-
der, and there exists a peak amplitude response at the resonant
frequency of the LCL-filter. This requires more careful design of
the LCL-filter parameters and current control strategy to main-
tain system stability since the filters tend to oscillate with the
filter resonance frequency.

The most popular method is to insert a damping resistor in the
capacitor shunt branch of the LCL-filter, as shown in Fig. 1. The
frequency response of the LCL-filter with a damping resistor is
shown in Fig. 9. As shown in Fig. 9, the damped filter has more
attenuation on the resonant frequency, but has less attenuation
in the high-frequency region than that of the nondamped filter.
In addition, this approach causes considerable power losses.

Fig. 10 shows hysteresis current through the LCL-filter resis-
tor. From Fig. 10, the power losses can be calculated as

PL = 3 · Rfilt · (Ifilt)
2 = 3 · 3.4 · (6.157)2 = 387W. (7)

Another approach is to actively damp the resonance by con-
trol algorithms without increased power losses. The approaches
presented in the literature differ in signals used for the con-
trol, number of sensors, control complexity, and performance.
In [20], an additional feedback of the filter capacitor current
is used for damping the resonance to enhance the control
performance.

From an industrial point of view, it is desirable to have a
minimum number of sensors. Therefore, these approaches are
not further considered in this paper since the simulation and
experimental results show good performance for the proposed
filter, and the cost of the inverter system will not be increased.

An effect of the active damping control loop is the reduction
of the harmonic currents that are present in the LCL-filter reso-
nance range. However, the reduction of these harmonic currents
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Fig. 8. Transfer functions of an L-filter and an LCL-filter with two different filter capacitances. (a) L-filter, (b) LCL filter.

Fig. 9. Transfer functions of an LCL-filter with damping resistor and with two
different filter capacitances.

Fig. 10. Current through resistor Rfi lt .

causes an increase in the low-order harmonics that are present
in the capacitor current, and consequently, results in a reduc-
tion in the quality of the output current waveforms. This effect
occurs because not only the resonance frequencies are used in

the active damping controller, but also all the other harmonics
in the capacitor current are included in the active and reactive
power references [20].

In addition, an LCL-filter is considered and designed for a
three-phase four-wire system. The proposed four-wire system
LCL-filter has a star connection, as shown in Fig. 1(b). In this
case, it should be noted that Cy = Cfilt , Ry = Rfilt , and the
other filtering characteristics remain the same.

The inherent advantages and drawbacks of the designed LCL-
filter with different control algorithms are presented and dis-
cussed in Section III.

III. SIMULATION RESULTS

Simulation is performed to evaluate and compare the two
direct current-space-vector control (DCSVC) control methods
in a three-wire system with the same current hysteresis band of
± 7 A.

The major parameters of the APF system are as follows:
dc-link voltage is 700 V, dc-link capacitor size is 4.4 mF, in-
ductor (Lfilt) size is 150 µH, inductor (Lgrid ) size is 150 µH,
LCL-filter capacitor (Cfilt) is 10 µF, LCL-filter damping resis-
tor Rfilt = 3.4 Ω, and inverter power rating is 30 kVA. Fig. 11
shows the simulated APF system currents with the three-level
VSI in a three-wire system based on the control in stationary
αβ-coordinates and rotating xy-coordinates.

Fig. 12 shows simulation results of the load current of a
thyristor bridge with a very large smoothing inductance.

To compare the two controls, a simulation is conducted re-
garding the total harmonic distortion (THD) and the number
of switching times (WdcΣ ) during two cycles with the same
hysteresis band. The result is illustrated in Tables I and II, re-
spectively, for the three-level VSI in a three-wire system.

It should be noted that the DCSVC control with an LCL-
filter caused the switching frequency to increase, as shown in
Table II, and as result, a higher power loss and a higher inverter
temperature, as shown in Section IV.

In addition, the DCSVC method on rotating xy-coordinates is
compared with a conventional PWM-based control for perfor-
mance monitoring. The conventional PWM modulator uses two
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Fig. 11. Simulation results with the three-level VSI (A) based on the control in the stationary αβ-coordinates, and (B) based on the rotating xy-coordinates,
where (a) load current, (b) compensation current, (c) grid current without ripple filter, and (d) grid current with ripple filter.

Fig. 12. Simulation results with the three-level VSI based on the control of the rotating xy-coordinates with different load: (a) load current, (b) compensation
current, (c) grid current without ripple filter, and (d) grid current with ripple filter.

TABLE I
CURRENT HARMONIC SPECTRA DEPENDING ON LCL-FILTER PARAMETERS (RELATIVE TO FUNDAMENTAL)
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TABLE II
NUMBER OF SWITCHING DEPENDING ON LCL-FILTER PARAMETERS

Fig. 13. Three-level PWM strategy. (a) reference signal and triangular carriers, and (b) PWM pulse.

TABLE III
RIPPLE FILTER-SIZE COMPARISON

symmetrical triangle carriers (double-edge PWM, modulation
depth M = 0.8), which have opposite phases (one positive and
one negative, offset by ± 0.5) as shown in Fig. 13. Each phase
reference voltage is compared with each of the triangle carriers.
The frequency of the carriers is the switching frequency, and
their amplitude is related to the dc-link voltage [9].

For the comparison, control parameters for both methods are
adjusted to have almost same THD results. At those conditions,
which generate almost same THDs, the total number of switch-
ing for both methods is compared in [9]. However, since the
proposed method’s switching frequency is not fixed like the
PWM-based controller, the performance with a line-ripple filter
should be evaluated with regard to filter size and THD results. In
this paper, the comparison regarding the filter size is presented
and shown in Table III.

Since the resonance frequency of the PWM control can be
chosen easily with lower frequency than the definable lowest
pulse frequency, the size of the LCL-filter in case of PWM
control is bigger (Lfiltpwm = 1.4 · LfiltDCSVC ), as shown in
Table III.

Fig. 14 illustrates the nonlinear load current, compensation
current, and grid current using the proposed control strategy on
a three-phase four-wire APF. Fig. 15 depicts the neutral load
(a), compensation (b), and grid (c) currents.

As shown in Fig. 14, the varying switching frequency in
case of the three-level hysteresis current control in a four-wire
system complicates the LCL-filter design and decreases the per-
formance of the designed LCL-filter.

Based on the simulation results, the optimal filter size is se-
lected regarding the costs, switching frequency, and THD, as
shown in Table IV. The experimental results are presented in
Section IV.

IV. EXPERIMENTAL RESULTS

To validate the performance of the proposed method, a
prototype test bed has been built for the 400-V, three-phase
utility. Table IV shows the experimental parameters in absolute
and per unit values for the three-wire and four-wire systems. For
the proposed control, a control board is designed and built. The
control board includes voltage and current acquisition circuit
and an FPGA. The grid and dc link voltages are measured
by VS750B (ABB) transducers and the nonlinear load and
inverter currents are measured by ES300C (ABB) transducers.
The control board also includes two A/D converters for load
current acquisition (LTC-1851, 8-channel, 10 bit, 1.25 MSPS),
and for high-frequency inverter current sampling (AD-9201,
2-channel, 10 bit, 20 MSPS). For isolation/protection, fiber
optic transmitter (HFBR-1521) and receiver (HFBR-2521) are
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Fig. 14. Simulation results: (a) load current, (b) compensation current without ripple filter, (c) compensation current with ripple filter, and (d) grid current without
ripple filter.

Fig. 15. Simulation results: (a) neutral load current. (b) Neutral compensation current without ripple filter. (c) Neutral compensation current with ripple filter,
and (c) Neutral grid current without ripple filter.

TABLE IV
EXPERIMENTAL PARAMETERS

used between the control board and the IGBT inverter. The
proposed control method is fully implemented in the Xilinx
FPGA VIRTEX-II utilizing the Xilinx’s integrated software
environment (ISE). The FFT algorithm and the coordinate
transforms are implemented using the coordinate rotation
digital computer (CORDIC) FPGA algorithm [16].

The three-level inverter used in the APF system is designed
with IGBT power module (BSM200GB120, Siemens). The
measured inverter mean switching frequency is 7.2 kHz. It
should be, however, noted that due the proposed control (closed-
loop, hysteresis comparators), the switching frequency is not a
constant value.
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Fig. 16. Experimental results.
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Fig. 16. (Continued) Experimental results.

Fig. 17. Harmonic spectrum comparison: (a) harmonic spectrum of the grid current for the proposed control [Fig. 16 (e) and (g), THD , f =2 kHz = 4.4%];
(b) harmonic spectrum of the grid current for the controller in the αβ-coordinates [Fig. 16 (f) and (h), THD , f =2 kHz = 6.9%].

Fig. 18. Experimental results. (a) Load currents (top) neutral, (bottom) phase a; (b) compensation currents without LCL-filter (top) neutral, bottom: phase a;
(c) compensation currents with LCL-filter (top) neutral, (bottom) phase a.

The load was emulated by a three-phase ac-thyristor con-
troller with a small inductive load, producing similar current
waveforms as the three-phase diode rectifier with capacitive
smoothing, found very often in industrial drives, but without
drawing active power from the grid.

Fig. 16 shows selected experimental results. Fig. 16(a) shows
the line-to-line voltage of the three-level inverter with the control
in xy-coordinates. Fig. 16(b) shows the compensation current in
the case where only the harmonic components of the load cur-
rent are to be compensated. The transient performance of the
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proposed control is shown in Fig. 16(c) and (d), by turning ON

and OFF the load. The grid current is regulated after an identifica-
tion period of 20 ms as a sinusoidal waveform. The grid-current
waveforms are shown with control in the xy-coordinates, as
shown in Fig. 16(e) with ripple filter and Fig. 16(g) without
ripple filter. The VSI is directly connected to the grid, and the
grid impedance being very small, can be neglected. The grid-
current waveforms, using control in the αβ-coordinates, with
ripple filter and without ripple filter, are shown in Fig. 16(f) and
(h) for comparison purpose. Fig. 16(i) shows the well-regulated
upper and lower dc-link capacitor voltages. Fig. 16(j) shows the
APF current waveforms to compensate both fundamental and
harmonic components of the load current (total compensation,
real-time mode) with a ripple filter.

Fig. 17 illustrates the comparison of the harmonic content
spectrum between the two different control methods. The THD
of the inverter output current based on the rotated xy-coordinates
is lower than that of the control method in the αβ-coordinates.
The FFT waveforms are obtained by Tektronix WaveStar soft-
ware based on one-period (Fig. 16) samples. For a better visual-
ization, y axis is limited at 2A. It should be noted that DCSVC
control gained the low-order harmonics in case of LCL-filter
usage, as shown in Fig. 17. However, the control in the xy-
coordinates has a better performance and keeps the spectrum
in an acceptable level with and without an LCL-filter. Another
disadvantage of the DCSVC control is the increase of the in-
verter switching frequency in case of LCL-filter usage. The
measured inverter temperature with an LCL-filter is about 30%
higher than the temperature without an LCL-filter. One of the
solutions for this problem could be a higher inductance for the
LCL-filter.

The compensation of currents in a four-wire system
with and without LCL-filter is shown in Fig. 18. It can
be seen from Fig. 18(b) that the neutral current is reg-
ulated to zero, based on the proposed control. It should
be noted that hysteresis controller in a four-wire system
decreases the performance of an LCL-filter, as shown in
Fig. 18(c).

V. CONCLUSION

In this paper, two DCSVC methods are proposed as a shunt
APF based on a three-level voltage-source inverter. Two coordi-
nate systems are studied with one in the xy-coordinates rotating
synchronously with the fundamental grid-voltage space vec-
tor, and the other in the stationary αβ-coordinates. The perfor-
mance of the inverter system with an LCL-filter is analyzed. The
DCSVC in the xy-coordinates significantly reduces the number
of switching with the same current ripple (hysteresis band), com-
pared with a DCSVC in the αβ-coordinates. The APF is able to
compensate balanced and unbalanced nonlinear load currents of
a four-wire system with the neutral wire connected to the capac-
itor midpoint. The neutral current of the three-phase four-wire
system is regulated and the dc-link neutral-point voltage is bal-
anced under the sign cubical hysteresis controller. The proposed
shunt APF can compensate on demand the harmonic currents
as well as the reactive currents (full compensation of reactive

currents). It adapts itself within one fundamental period to com-
pensate for unexpected variations in the load current, and correct
the power factor to near unity in the case of full compensation.

Experiments have been conducted on a 30-kVA test bench
with an IGBT-based three-level inverter. The simulation and
experimental results validated the performance of the proposed
APF control.
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