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ABSTRACT Regenerative testing systems of AC–AC industrial power converters (diode or thyristor rectifier
and inverter) at the end of the production line are common solutions to reduce the energy drawn from the
grid during the testing. However, they inherently introduce severe harmonic distortion, causing disturbances
for all local loads. Shunt-type active power filters (APFs) are widely adopted to mitigate these issues.
Since the APF is an add-on for the testing system in mass production facilities, it must be cost effective
and with high efficiency for not affecting the overall losses for the testing. Moreover, higher switching
frequencies are often used to reduce grid-interfacing filter size, further impacting APF efficiency. As the
industrial environments are highly disturbed, the APF operation must be extremely robust against these
disturbances. In light of the aforementioned issues, this article provides guidelines for the design of an
APF intended to operate in an industrial environment characterized by significant electrical disturbances.
In particular, the article demonstrates how the adoption of a dedicated discontinuous pulsewidth modulation
(DPWM) technique for APFs, namely APFGDPWM, allows minimizing the impact of the APF on power line
consumption and reducing the stress on the APF semiconductors and on the filters for grid interfacing. Unlike
other DPWM strategies in the literature designed for APFs, APFGDPWM proves to be robust against high
frequency disturbances circulating on the power lines. Moreover, a design procedure for the differential mode
(DM) LCL filter is proposed and used to build two distinct prototypes: an APF implementing space vector
pulsewidth modulation (SVPWM) and an APF using APF-GDPWM. Experimental tests are conducted on an
industrial prototype (TRL 9), 100 kVA two-level APF interfaced to the grid through the previously designed
DM LCL filters, while compensating for the distorted input current of a regenerative system testing 260 kVA
power converters.

INDEX TERMS Active power filters (APFs), discontinuous pulsewidth modulation (PWM), disturbed envi-
ronments, inverter losses,LCL filter design, power converters testing, power quality, PWM waveform quality,
regenerative systems.

I. INTRODUCTION
A. BACKGROUND AND CONTEXT: REGENERATIVE TESTING
SYSTEMS WITH ACTIVE POWER FILTERS (APFS)
With the rising complexity of electronic equipment, the
requirements for efficiency and reliability in power elec-
tronic systems and their manufacturing processes are be-
coming increasingly stringent. To meet these requirements,

manufacturers of power converters typically integrate regen-
erative testing systems into their production lines. These
systems allow the testing at the end of production line, thereby
reducing the probability of early failures while simultaneously
minimizing power consumption from the grid and, conse-
quently, the overall operating costs of the production facility
[1], [2].
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A possible regenerative approach is to test the power con-
verter with a target motor that is mechanically coupled with
a braking motor (acting as mechanical load emulator), using
a back-to-back configuration[3]. The power absorbed by the
braking motor is fed back into the grid only if it is powered by
a bidirectional power converter. However, if the power rating
of the converter under test (CUT) is high, this type of testing
becomes problematic. Indeed, the test bench, which includes
two motors and additional power electronic, results bulky and
expensive[1]. Moreover, a mechanical testing system poses
additional safety procedures and required maintenance, espe-
cially when the power and/or speed levels are high.

Due to the limitations of this approach, a more recent regen-
erative testing method, known as virtual load[2], or virtual
machine[4], was proposed to reduce the testing cost. With
this solution, the electrical machines in the regenerative sys-
tem are replaced by a single power electronic converter with
bidirectional power flow, consisting of two back-to-back volt-
age source inverters. The virtual load is flexibly controllable,
allowing the testing of the CUT under any operating condition
in terms of output current, voltage, and frequency.

An alternative regenerative solution, suitable when space
constraints are not critical, involves the use of a transformer
within the regenerative loop with an appropriate transforma-
tion ratio. This solution minimizes maintenance costs and
does not require the control of additional converters beyond
the CUT. However, it only allows testing the CUT at the fixed
grid voltage and frequency. This approach is well suited for
testing converters that operate in the field at nearly constant
operating points, such as applications in compressed air sys-
tems and vacuum pumps.

The CUT analyzed in this article is a power converter with
an uncontrolled AC/DC input stage (such as thyristor or diode
rectifier) and a DC/AC voltage source inverter at the output
stage. Regardless of the adopted regenerative configuration,
during testing the active power recirculates within the regen-
erative system. The current drawn from the grid is therefore
a small amount of active current to compensate for system
losses, plus the distorted current generated by the CUT grid
front-end rectifier. Typically, the distorted current is much
higher than the fundamental current drawn from the grid,
making the regenerative system a highly distorted nonlinear
load for the grid. Its distorted current component leads to an
overall increase of the current drawn from the grid with sub-
sequent overheating of the supplying line cables, increasing
risk of triggering of the line protection devices, and interfer-
ence with neighboring sensitive electronic components in the
production facility. Indeed, international standards[5] provide
harmonic distortion limitations to compensate for the negative
effects of distorted currents on power systems and, due to their
intrinsic characteristics, regenerative systems inherently fail to
comply with these requirements.

An effective solution to mitigate the issue of distorted
currents injected by the CUT and to comply with harmonic
distortion regulations consists in installing APFs on the supply
lines of the regenerative systems (see Fig.1). The APFs are

FIGURE 1. Principle scheme of a shunt-type APF compensating for the
distorted current injected by the passive front-end rectifier of the CUT
during its final functional test in the regenerative system.

power converters specifically designed to limit the low fre-
quency current harmonics injected into the grid by nonlinear
loads, such as diode or thyristor front-end rectifiers[6], [7],
[8]. As shown in Fig.1, a shunt-type APF[9], connected in
parallel to the regenerative system at the point of common
coupling (PCC), can inject nonsinusoidal currents to make
the overall grid current sinusoidal at unity power factor, thus
reducing the RMS current absorbed at the PCC and yielding
significant benefits for the sizing and efficiency of the power
line.

B. MOTIVATION: DESIGN OF ACTIVE POWER FILTERS
OPERATING IN DISTURBED ENVIRONMENTS
As an APF is essentially an inverter connected to the grid,
a company that manufactures industrial converters can eas-
ily develop a customized APF, using parts that are already
available for their products. Indeed, several hardware sections,
such as the power switches, their gate drivers, and the cooling
systems, can be directly reused from the inverters already
produced for the market. Therefore, the goal of the APF
design can focus on maximizing the use of existing hardware
to achieve the desired harmonic compensation performance
and the highest possible efficiency, while minimizing the
size and cost of the remaining hardware components to be
designed, such as the differential mode (DM)LCL filters re-
quired for the APF grid interfacing (see Fig.1).

While improving the power quality, the installation of the
APF inherently leads to an increase of the active power
absorption at the PCC due to the power converter losses.
Therefore, for APFs installed in production facilities running
in mass-production mode, maximizing efficiency is partic-
ularly crucial to reduce the operating costs. On the other
hand, the APF switching frequency is typically set as high
as possible, at the cost of efficiency reduction, to minimize
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the size and cost of the grid connection filters[10] and to
increase the converter control bandwidth, thus improving the
APF harmonic compensation capability[11].

The selection of the inverter pulsewidth modulation (PWM)
technique significantly affects converter losses and the stress
on grid-interfacing filters, thus influencing the overall APF de-
sign. Indeed, the use of discontinuous pulsewidth modulation
techniques (DPWMs) in two-level three-phase inverters[12]
is a well-known solution in the literature to reduce the switch-
ing losses, or alternatively increase the switching frequency up
to 50% without affecting the power converter thermal behav-
ior [13]. However, under the same operating conditions (i.e.,
switching frequency and modulation index), compared to con-
tinuous pulsewidth modulation methods (CPWMs), DPWMs
typically yield a higher switching frequency current ripple
component, which must be properly attenuated by oversizing
the DM grid-side filters[13].

Different DPWMs have been designed for standard applica-
tions, such as electrical drives[12], [13], [14], [15] or active
front-end (AFE) power converters[16], [17], [18], [19], where
the current low order harmonic content mainly consists of the
fundamental frequency. For all cases, an appropriate zero se-
quence voltage is injected to perform the desired DPWM[13].

Meanwhile, a generalized DPWM specifically designed for
APFs was presented in[20], which has the the key advantage
of theoretically ensuring the minimization of switching losses
in APF applications, but it proves to be particularly sensitive
to the noise on line currents[21]. Such noise can circulate
in a disturbed environment, as in the case study of this article.
i.e., a production plant of industrial inverters with regenerative
testing systems. The main drawback of the method in[20],
due to its sensitivity to noise, lies in unwanted APF switching
events in the fundamental period[21].

The limits of the method in[20] were overcome by the
solution from[21] through the introduction of a hysteresis
selector into the zero sequence computation algorithm. The
new generalized DPWM method for APFs proposed in[21],
named APF-GDPWM, is thus robust against line noise circu-
lating in disturbed environments, such as industrial plants.

C. NOVEL CONTRIBUTIONS OF THIS ARTICLE
The goal of this article is to extend the work from[21],
by proposing a design guideline for APFs operating in dis-
turbed environments by leveraging the advantages achievable
through the implementation of APF-GDPWM. The primary
objective of the design is maximizing converter efficiency
and minimizing both the physical footprint and operational
stresses on the grid interfacing filters, under the constraints
imposed by preselected hardware components, i.e., the power
semiconductors and the cooling system.

The main contributions of the presented article are as fol-
lows:

1) The conduction and switching losses for a two-level
three-phase APF are analytically computed in the case
of CPWMs and APF-GDPWM as a function of the total

harmonic distortion (THDi) of the load current. The
calculations are reported in the Appendix.

2) The PWM waveform quality of an APF implement-
ing space vector pulsewidth modulation (SVPWM) and
APF-GDPWM is investigated. The analysis is per-
formed in case of the APF compensating for distorted
line currents with different values of THDi. Further-
more, waveform quality indices related to the PWM
techniques are defined, which will be used in the design
stage of the DMLCL filter.

3) The authors propose an analytical straightforward de-
sign procedure for the DMLCL filter, only depending
on the load current base value and its THDi, the adopted
PWM technique and the switching frequency. The pre-
sented procedure limits the DMLCL filter size and cost,
while meeting the regulatory requirements of harmonic
distortion at the PCC[5].

4) Experimental tests are carried out to compare the perfor-
mance of APFs implementing APF-GDPWM, SVPWM
and the DPWM solution for APFs from[20], for differ-
ent operating conditions of the CUT in the regenerative
system, various APF switching frequencies, and by in-
terchanging the DMLCL filters designed through the
proposed procedure.

The designed APF can be classified as a TRL 9 technology,
since a number of prototypes are already used in a production
facility and operate continuously. They are installed in parallel
with regenerative systems used for the final functional testing
of 260 kVA industrial power converters for electric drives.

The rest of this article is organized as follows. The op-
eration of a two-level three-phase APF implementing APF-
GDPWM is investigated in SectionII . In Section III , the
power devices losses of the APF are evaluated according to
the THDi of the current drawn by the nonlinear load. The
effectiveness of the APF-GDPWM in improving the converter
efficiency is thus demonstrated. The PWM waveform quality
for an APF implementing the SVPWM and APF-GDPWM is
investigated in SectionIV. The description of the analytical
design procedure for the APF DM LCL filter is provided in
SectionV. The experimental results for an APF connected in
parallel to a production line with circulating high frequency
disturbances are reported in SectionVI . Finally, SectionVII
concludes this article.

II. IMPLEMENTATION OF APE MODULATION STRATEGY
The adopted modulation strategy for the APF described in this
work is the APF-GDPWM that was presented in detail in[21].
The computation of the zero sequence voltagev∗

cm through the
APF-GDPWM solution is outlined in the flowchart of Fig.2.
The inputs of the algorithm consist of the reference voltages
v∗

abc and currentsi∗abc. The reference voltagesv∗
abc are obtained

as output of the current control regulators, while the reference
currentsi∗abc are computed by removing the active current
component at the fundamental frequency from the line current
measurement (il in Fig. 1).
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FIGURE 2. Flowchart of the zero sequence voltage v∗
cm computation with

the proposed APF-GDPWM algorithm.

For simplicity, the operation of APF-GDPWM is briefly
summarized below, emphasizing the differences with respect
the original DPWM solution proposed for APF in[20] and the
conventional SVPWM[22], [23]. The differences are related
to the computation of the zero sequence voltagev∗

cm that is
added to the voltage references.

The computation ofv∗
cm with both the APF-GDPWM al-

gorithm and the method from[20] consists of first detecting
which phases are applying the maximum voltagevx and the
minimum voltagevy; then clamping the phasevx or vy, re-
spectively, to the positive (Vdc

2 ) or negative (−Vdc
2 ) DC-link

rail, depending on which of the two phases is operating with
the highest reference currenti∗ in term of absolute value.
The APF-GDPWM method differs from the dedicated DPWM
solution for APFs proposed in[20] for the implementation
of an additional hysteresis selector into thev∗

cm computation
algorithm (see Fig.2), which makes the technique robust
against high frequency noise that may propagate along the
power lines in disturbed environments, such as in a production
facility of industrial inverters. Such high frequencies current
disturbances may be due to the switching of other grid-tied
power converters in the surroundings, e.g., the CUTs in the

regenerative systems. The high frequencies current perturba-
tions, combined with a nonnegligible sensitivity of the line
current sensors, may affect the calculation of the current
referencesi∗abc and consequently thev∗

cm computation, thus
resulting in a repetitive change of the clamped phase. There-
fore, the main drawbacks of the method in[20], due to the
unwanted APF switching events in the fundamental period,
lie in the following:

1) Reduction of APF efficiency caused by the increased
number of switching transitions.

2) Worsening of the high frequency waveform quality of
the APF output current, leading to an increase in THDi

of the current drawn at the PCC.
3) Shift toward higher frequencies (above the kHz thresh-

old) in the common mode (CM) voltage harmonic
spectrum of the components associated with zero se-
quence voltage injection. The occurrence of CM voltage
harmonics at higher frequencies makes the system more
sensitive to CM current circulation, which can cause
grid current distortion, safety issues, increase of the sys-
tem losses, and electromagnetic interference with other
equipment connected to the grid[24], [25], [26].

As will be demonstrated by the experimental tests, the
implementation of the hysteresis selector in APF-GDPWM
avoids the occurrence of the negative effects described above.
A change of the clamped phase is executed only if the dif-
ference between the absolute values of current references for
phasesvx andvy (i.e., icm compin Fig. 2) exceeds a threshold
±�ith, which is tuned considering the current sensors sensi-
tivity and the disturbance amplitude.

The noise effect on the zero sequence voltage computation
is illustrated in Fig.3 with an example. A constant 4 kHz
disturbance with a 5% amplitude of the peak reference current
is injected into the power line while the APF compensates for
the 5th and 7th current harmonic orders provided by a nonlin-
ear load with THDi = 102%. The sampling frequency of the
power converter is 16 kHz. The zero sequence voltage and the
phase reference voltage are provided in the case of SVPWM
and APF-GDPWM with the hysteresis selector enabled and
disabled. Bypassing the hysteresis selector, the APF-GDPWM
algorithm would be equivalent to the generalized DPWM
technique for APFs proposed in[20]. The fundamental com-
ponent of the APF reference voltage is dominant, since the
APF must balance the grid voltage, that can be considered as
sinusoidal, while only a small amount of voltage is provided to
compensate for the higher current frequencies proportionally
to the line impedance.

The case study of Fig.3 demonstrates that the integration
of the hysteresis selector into the APF-GDPWM improves the
robustness of the algorithm to disturbances on the line cur-
rents, thus avoiding unnecessary changes of clamping phase
and a consequent injection of high frequency CM voltage
related to the zero sequence computation. The side effect is
completely eliminated by setting�ith to a comparable value
with the noise amplitude (e.g.,�ith = 0.05 p· u· in the exam-
ple shown in Fig.3).
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FIGURE 3. APF operation with the SVPWM and APF-GDPWM, with
hysteresis selector enabled (�ith = 0.05) and disabled (�ith = 0), in
presence of disturbances on the power lines. Currents and voltages are
normalized. From top to bottom: reference currents, zero sequence voltage
and phase a reference voltage.

III. APF CONDUCTION AND SWITCHING LOSSES
The conduction and switching losses for two-level three-phase
PWM inverters for electrical drives have been exhaustively
investigated in[12] and[13]. However, the results are not a
priori extendable to an APF, where multiple harmonic cur-
rents are provided. The mean values of the conduction (Pc)
and switching (Psw) losses for a power device (switch or
freewheeling diode) of an APF are obtained by integrating
the instantaneous values over the fundamental period and the
results are reported, respectively, as follows:

Pc = Ron

2
· I2

cell,x,rms + Vth

2
· Icell,x,m (1)

Psw = Esw

Vdc,n · In
· fsw · Vdc · ksw · Icell,x,m (2)

where Ron and Vth are the power device on-resistance and
threshold voltage;Esw, Vdc,n, In are the reference (provided
by datasheet) total energy loss, DC-link voltage and output
current; fsw is the switching frequency;Vdc is the actual DC-
link voltage; Icell,x,rmas and Icell,x,m are the RMS and mean
currents in one of the two unidirectional switching cells into
which an inverter leg can be subdivided. Particularly,x = pos
or x = neg depending on whether the positive or negative
unidirectional switching cell is considered, respectively (see
Fig. 4). The full derivation of(1)–(2) is provided in the Ap-
pendix.

The ksw is the switching loss factor[13] and relates the
switching losses obtained with the APF-GDPWM and stan-
dard CPWMs, such as SVPWM

ksw = Psw,APF−GDPWM

Psw,CPWM
. (3)

Differently from electric drives applications[12], Pc

depends only on the current in the power devices. Indeed,
neither the power factor, that is null, nor the output voltage (or
the modulation index) affect the conduction losses. Instead,
the Psw formula remains unchanged. However, the relation-
ship betweenIcell,x,rms and Icell,x,m is not unique (as in case
of single harmonic control) and it is strictly dependent on the
type of nonlinear load to be compensated.

The form factor that relates the switching cell mean and
RMS current is defined as follows:

k f = Icell,x,m

Icell,x,rms
. (4)

Instead, the relationship between the APF RMS output
current Icell,rms and the RMS current in the unidirectional
switching cell Icell,x,rms does not depend on the load to be
compensated

Icell,rms =
√

2 · Icell,x,rms. (5)

Thus, Pc and Psw can be expressed as a function of the
APF operating currentIcell,rms, the nonlinear load type, which
affectsk f , and the selected modulation technique, that impacts
on ksw

Pc = Ron

4
· I2

cell,rms + Vth

2
√

2
· k f · Icell,rams (6)

Psaw = Esw√
2 · Vdc,n · In

· fsw · Vdc · ksw · k f · Icell,rms. (7)

A common case of three-phase nonlinear load connected to
the grid is the full-bridge diode front-end rectifier[27], [28].
The modeling of the current behaviour of a diode rectifier is
not unique, since the current distortion caused by the load
is influenced in both magnitude and shape by the type of
output filter[9], [27], [29] and the ratio between the inductive
and capacitive values of the installed output inductorL and
capacitorC (see Fig.5). Therefore, as a standardized case
study, an ideal diode rectifier is introduced, which is described
as follows:

iload(n, θ, τ ) =
∞∑

n=1

4
√

3

nπ
· sin

(
n · τ

2

)
· sin(n · θ ) · K (n)

(8)

K (n) =

⎧⎪⎨
⎪⎩

−1, n = 6k − 1

+1, n = 6k + 1 ,∀k ∈ N

0, otherwise

(9)

whereτ ∈ [0, π
3 ]. Nonlinear capacitive and inductive behav-

iors are obtained, respectively, forτ → 0 and τ → π
3 (see

Fig. 6).
The benefits of the APF-GDPWM on the switching losses

are thus analysed for an APF compensating for the 5th and 7th
current harmonics provided by(8). As shown in Fig.6, for the
same fundamental currentil,1 absorbed by the ideal rectifier,
the load current THDi and the resulting APF effort to compen-
sate for the distortion increase in case of a capacitive output
(i.e., asτ reduces). The relationship betweenk f andksw with
the input THDi of the ideal rectifier is shown in Fig.7. The
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FIGURE 4. Inverter leg of a two-level three-phase APF (a) is a bidirectional switching cell, which can be subdivided into two unidirectional cells. Each cell
consists of a power switch (e.g., IGBT or MOSFET) with the related freewheeling diode. The unidirectional cells conduct, respectively, positive icell,pos (b) and
negative icell,neg (c) currents. Instantaneously, the APF output current is icell = icell,pos + icell,neg.

FIGURE 5. Different examples of nonlinear loads. Diode front-end rectifier with capacitive (a) inductive–capacitive, (b) and inductive (c) output and
supplying a generic DC load.

FIGURE 6. Fifth and seventh harmonic compensation of a diode front-end rectifier. From top to bottom: ideal load current (il,id) and its fundamental
component (il,1), APF output current (iapf). The currents are normalized with respect to the peak of il,1. (a) Rectifier with capacitive output (τ = π

6 ) and
input THDi = 102%. (b) Rectifier with LC output (τ = π

4 ) and input THDi = 63%. (c) Rectifier with inductive output (τ = π
3 ) and input THDi = 31%. A real

rectifier input current il,re with the same THDi and RMS of il,id is also reported for (a) and (b).

form factork f is approximately constant (� 0.6) as the load
THDi varies, with a maximum value of 0.64 for THDi � 50%.
The maximum switching loss reduction of 50% (ksw = 0.5) is
obtained for capacitive loads (i.e., for high values of THDi).
Similarly, a considerable switching loss reduction (37%) is
obtained in case of inductive loads. Indeed,ksw is equal to
0.63 in case of a THDi = 31%.

The power devices losses computation are performed
according to(6) and(7) for the commercial CM450DX-24T1
IGBT module, to demonstrate the effectiveness of APF-
GDPWM in reducing the overall inverter losses. Both IGBT
and diode electrical characteristics are taken from the module

datasheet[30] and are reported in Table1 with the other sys-
tem data. As illustrated in Fig.8, Psw is the main contribution
for the IGBT losses [see Fig.8(a)]. Instead,Pc is dominant for
the diode [see Fig.8(b)]. Therefore, the use of APF-GDPWM
instead of a CPWM is more beneficial for the IGBT than for
the diode, with a total loss reduction of 28.2%–37.9% versus
16.8%–22.4% [see Fig.8(c)]. Since the IGBT losses have a
greater impact than those of the diode, the switching losses
minimization with APF-GDPWM results in a significant total
loss reduction for the switching cell and the entire inverter of
25.0%–33.5%, with better performance in the case of diode
rectifier with capacitive output.
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FIGURE 7. Form factor k f and the switching loss factor ksw of an APF
compensating for the 5th and 7th harmonic currents absorbed by an ideal
diode rectifier. k f and ksw are expressed as a function of the nonlinear
load THDi .

TABLE 1. CM450DX-24T1 DATA AND SYSTEM PARAMETERS FOR POWER LOSSES

COMPUTATION

The ability of APF-GDPWM to reduce switching losses
compared to CPWMs can be used either to improve the con-
verter’s efficiency or to increase its switching frequency, with
benefits on theLCL filter design[10], [31], [32], [33] and
increase in its harmonic compensation capability[11]. Indeed,
for equal losses,fsw can be increased according to the follow-
ing relation:

fsw,APF−GDPWM = fsw,CPWM

ksw
. (10)

IV. ANALYSIS OF APF OUTPUT CURRENT DISTORTION
The APF current ripple injected into the gridi f g,h is strictly
related to the flux rippleλh, obtainable by integrating the high
frequency component of the APF phase output voltagevh due
to the inverter switching:

λh =
∫ t

0
vh dt (11)

i f g,h = Leq · λh (12)

whereLeq is the equivalent output inductance, that varies with
the frequency and depends on theLCL filter and the grid
impedance.

The analysis ofλh instead ofi f g,h standardizes the discus-
sion, making it independent of the system electrical param-
eters. An indicator used in the literature to evaluate the flux
quality is the harmonic distortion factor (HDF)[23], that can

be defined as follows:

HDF = 9 · λ2
h,rms

λ2
b,rms

(13)

whereλh,rms is the RMS value of flux ripple;λh,b,rms is a base
value, that is defined as follows.

λb,rms = Vdc

8 · fsw
. (14)

The analytical computation ofλ2
h,rms/λ

2
b,rms for different

modulation techniques, including SVPWM and DPWM solu-
tions, is provided in[12] for two-level inverter applications
with single frequency output voltage, such as the electric
drives. The obtained results are also valid for APFs by assum-
ing as purely sinusoidal their low frequency output voltage.

The HDF for APF-GDPWM is computed as a function of
the modulation indexM through MATLAB scripts, consid-
ering an APF that compensates for the 5th and 7th current
harmonics drawn by the ideal diode rectifier described in(8).
The obtained results are shown in Fig.9 for different values
of nonlinear load THDi. The HDF curves for APF-GDPWM
lie between those of DPWM1 and DPWM3, which are, re-
spectively, the DPWM techniques with highest and lowest
harmonic distortion characteristics[12], [13], [20], [23]. Par-
ticularly, in the case of rectifier with inductive output (THDi

= 31%), the waveform matches that of DPWM3. The HDF for
APF-GDPWM rises accordingly with increasing THDi. Fig.9
shows that, at the same switching frequency, APF-GDPWM is
disadvantageous compared to SVPWM from the perspective
of harmonic distortion.

However, the HDF analysis can be performed in the case
of equal power losses. In this regard, the switching frequency
can be increased with APF-GDPWM according to(10). The
HDF under equal inverter efficiency HDFη is thus introduced

HDFη = k2
sw · HDF. (15)

As depicted in Fig.10, under equal inverter losses APF-
GDPWM has better distortion performance with respect to
SVPWM regardless of load THDi. This holds true especially
for M ∈ [0.8, 1], which are typical values of the modulation
index during APF steady-state operation, as they guarantee a
sufficient voltage margin to control the output current while
simultaneously limiting the required DC-link voltage[20].

The HDF is useful for evaluating the RMS value of current
(flux) ripple injected into the grid by the APF. However, it
does not provide any information on the peak value ofλh,
which is a critical parameter for the proper design of theLCL
filter inductors. Indeed, its knowledge is essential to prevent
their flux density saturation. Therefore, the peak to peak max-
imum value of flux ripple over a switching periodλh,pp max is
computed as a function ofM by means of MATLAB scripts,
as in[34], [35]. The results obtained both with SVPWM and
APF-GDPWM are reported in per unit in Fig.11

λh,pp max,pu = λh,pp max

λb,pp max
(16)

λb,pp max = Vdc

6 · fsw
(17)
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FIGURE 8. Power devices losses for CM450DX-24T1 IGBT module according to the input THDi of the ideal diode rectifier. The inverter is operating under
the conditions described in Table I. IGBT (a) and diode (b) conduction losses (Pc), switching losses with CPMWs (Psw,CPWM) and APF-GDPWM
(Psw,APF−GDPWM). (c) IGBT, diode and switching cell total loss reduction obtained with APF-GDPWM with respect to CPWMs. The loss reduction for the
switching cell also corresponds to the overall inverter loss reduction.

FIGURE 9. HDF under equal switching frequency (HDF) of an APF
compensating for the 5th and 7th current harmonics drawn by an ideal
diode rectifier (8).

whereλh,pp max,pu andλb,pp max are, respectively, the per unit
and base values.

Differently from HDF, λh,pp max,pu obtained with APF-
GDPWM is independent of the nonlinear load current THDi.
Moreover, the corresponding curve lies above that of SVPWM

for M < 0.95, while the curves coincide forM ∈
[
0.95, 2√

3

]
.

Similarly to HDF, a study ofλh,pp max,pucan be performed
also under equal inverter efficiency. For this purpose, the
equivalent indicatorλη

h,pp max,pu is introduced

λ
η

h,pp max,pu = ksw · λh,pp max,pu. (18)

As outlined in Fig.12, under equal inverter losses, APF-
GDPWM and SVPWM exhibit comparable results of peak to

FIGURE 10. HDF under equal inverter efficiency (HDFη) of an APF
compensating for the 5th and 7th current harmonics drawn by an ideal
diode rectifier (8).

peak maximum flux ripple for low values ofM. Instead, for
high M, particularly within the typical operating range (M ∈
[0.8, 1]), APF-GDPWM guarantees a lowerλ

η

h,pp max,pu.

V. LCL FILTER DESIGN
As demonstrated in literature, theLCL filter is the most
adopted topology for applications above several kilowatts
[10], [36]. Indeed, compared to a simpleL filter and for the
same installed inductance, theLCL offers up to three times
the attenuation capability at high frequencies[32], [33], [36],
thus resulting a more cost-effective and compact solution.
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FIGURE 11. Peak to peak maximum value of flux ripple under equal
switching frequency (λh,pp max,pu) of an APF compensating for the 5th and
7th current harmonics drawn by an ideal diode rectifier (8).

FIGURE 12. Peak to peak maximum value of flux ripple under equal
inverter efficiency (λη

h,pp max,pu) of an APF compensating for the 5th and 7th

current harmonics drawn by an ideal diode rectifier (8).

Due to the critical role of the input filter, several design
methodologies have been proposed in the literature for grid-
connected inverters[10], [31], [32], [33], [36] and specifically
for APFs [37], [38], [39], [40]. The criteria defined for in-
verters and rectifiers result too stringent when applied to
APFs, particularly regarding resonant frequency constraints
[39]. Indeed, the design procedures dedicated to APFs focus
particularly on the placement of the resonance frequency, aim-
ing to simultaneously achieve accurate low harmonic order

FIGURE 13. High frequency single-phase equivalent circuit of the LCL filter
interfacing the APF to the grid. The equivalent grid inductance Lg,eq and
the damping resistance R f are neglected and are thus shown in gray.

compensation by APF control and efficient suppression of
switching-induced ripple components. The methods in[37],
[39], [40] do not consider that APF switching ripple has to be
evaluated on the total current drawn by the system at the PCC
(ig in Fig. 1), which depends both on APF and nonlinear load
current absorption. Instead, the proposed design procedures
limit the ripple respect to the APF compensation current (i f g),
leading to a filter oversizing with a significant impact on
cost and volume. The method in[38] properly sizes the APF
LCL filter based on the line current at the PCC. However it
lacks detailed criteria for determining the specific values of
inductances and capacitance.

Motivated by the limits of the solutions in the literature,
this section proposes a straightforward step-by-step procedure
for designing theLCL filter of an APF. The outcomes of the
design procedure depend both on the following:

1) The APF nominal operating conditions, i.e., the adopted
PWM technique, the modulation indexM, the switching
frequncy fsw and the highest order harmonic that needs
to be compensatedh.

2) The nonlinear load characteristics, i.e., the rated power
Pl , the input current fundamental componentil,1 and
T HDi.

This section is structured as follows. First, preliminary
considerations on theLCL filter are carried out to obtain the
relations to be used in the design phase. Then, the proposed
procedure is outlined, describing in detail the computation of
the filter parameters, as well as the final validation checks, that
are performed to ensure at the same time good filtering per-
formance and the proper APF operation. Finally, two design
examples are provided for a two-level APF implementing,
in one case, SVPWM withfsw = 8 kHz and in the other,
APF-GDPWM with fsw = 16 kHz.

A. PRELIMINARY CONSIDERATIONS
The high frequency single-phase equivalent circuit of theLCL
filter interfacing the APF to the grid is shown in Fig.13. In
the preliminary design stages, the damping resistanceR f is
neglected. The grid equivalent inductanceLg,eq can be consid-
ered as an additive inductor in series with theLCL filter, that
enhances its high-frequency attenuation performance. How-
ever, it is generally not known a priori, since it depends on
the APF installation location. Moreover, it can widely change
during operating conditions[41]. Therefore, in order to adopt
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FIGURE 14. Qualitative representation in the logarithmic scale of the
magnitude of the admittances Yf (s) and Yf g(s) in case of negligible
damping resistance Rf . The resonance frequency ω0 and antiresonance
frequency ω f are reported in the graph with the attenuation characteristics
of the LCL filter.

a conservative approach,Lg,eq is neglected in the design pro-
cedure. The system transfer functions used for the filter design
are listed as follows.

Yf (s) = i f (s)

vh(s)
= 1

sL f
·

s2 + ω2
f

s2 + ω2
0

(19)

Yf g(s) = i f g(s)

vh(s)
= 1

s(L f + L f g)
· ω2

0

s2 + ω2
0

(20)

ω2
f = 1

Cf L f g
(21)

ω2
0 = L f + L f g

Cf L f L f g
(22)

where the admittancesYf and Yf g, respectively, relate the
APF-side (i f ) and grid-side (i f g) currents with the ripple volt-
age (vh) and their qualitative trends are reported in Fig.14;
ω0 andω f are the system resonance and antiresonance fre-
quencies, respectively, which depend on the filter APF-side
inductanceL f , grid-side inductanceL f g, and capacitanceCf .

The procedure is expressed in per-unit to facilitate the de-
sign scalability. The base values are thus defined as follows:

Lb = Zb

ωb
(23)

Cb = 1

ωb · Zb
(24)

where ωb is the grid base frequency andZb is the base
impedance, which is obtained by dividing the square of the
grid rated voltage byPn.

B. DESIGN PROCEDURE
The grid is assumed to operate under nominal grid voltage and
frequency (i.e.,ωg = Vg = 1 p · u·), while the nonlinear load
is operating at full power (i.e.,Pl = 1 p · u·). The step-by-
step procedure consists of the following computations, to be
performed in the order here presented.

1) APF-Side Inductance L f : The parameter is chosen to
reduce the current stress on the semiconductor devices,
thus limiting the peak current in accordance with the
power switches nominal data. The maximum peak to

peak current ripplei f ,h,pp max is thus constrained as
follows:

i f ,h,pp max = kL f · Il,1 (25)

whereIl,1 is the load peak fundamental current,kL f is
an attenuation factor suggested to be in the range 20%–
30%.
Similarly to (12), i f ,h,ppmax depends both onL f and
λh,pp max, the latter being a function of the modulation
indexM and the PWM technique, as shown in Fig.11.
Therefore, the following per-unit expression for the in-
ductanceL f can be derived by combining(16), (17),
(23), and(25).

L f = 2π

3
· λh,pp max

ωsw · M · kL f

. (26)

2) Capacitance Cf : When the APF is connected to the grid
and it is not operating, the reactive power generated by
Cf (Qc) must not reduce the power factor measured at
the PCC beyond a certain limit. Therefore, the following
constraint is imposed:

Qc,max OFF= kCf ,OFF · Pl = kCf ,OFF (27)

where Qc,max OFF is the maximum admitted value of
Qc generated byCf , while APF is in idle state;kCf ,OFF

is a percentage index suggested in the range 3%–5%,
relatingQc,max OFFto Pl .
Instead, during its operation, the APF can perform feed-
forward compensation forQc. However, the required
power effort must be limited, since the larger amount
of the APF installed powerSap f has to be reserved
for line current compensation. Assuming the APF rated
currentIap f is equal to the load distorted currentIl,d =
Il,1 · THDi, a second constraint forQc is imposed

Qc,max ON = kCf ,ON · Sapf = kCf ,ON · THDi (28)

whereQc,max ON is the maximum admitted value ofQc

compensable in feedforward mode by the APF;kCf ,ON

is a percentage index suggested in the range %–5%,
relatingQc,max ON to Sapf.
SinceCf � Qc in per-unit, a formula for computingCf

is obtained by combining(27)–(28)

Cf = min
(

kCf ,OFF, kCf ,ON · THDi

)
. (29)

In practice,kCf ,OFF andkCf ,ON are equally set. Therefore,
the most limiting constraints between(27)and(28)only
depends on load input THDi.

3) Grid-Side Inductance L f g: OnceL f andCf are known,
L f g can be determined as in[10], by combining(19)–
(20)and imposing the desired current ripple attenuation
kL f g = |i f g(s)/i f (s)| at fsw. The following per-unit ex-
pression is thus derived:

L f g =

(
1 + 1

kL f g

)
· L f

L f · Cf · ω2
sw − 1

. (30)

The attenuation coefficientkL f g is suggested to be in
the range 10%–20% and the selected value depends on
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the implemented PWM technique. Indeed, as shown in
Fig. 9, different PWM solutions differs for HDF and
consequently for RMS current rippleI f g,h injected into
the grid. For the same impact on THDi at the PCC, a
PWM technique with a higher HDF requires a lower
kL f g. For instance, since HDF∝ I2

f g,h, the attenuation
factors of APF-GDPWM and SVPWM can be related
as follows:

kL f g,APF−GDPWM =

kL f g,SVPWM ·
√

HDFSVPWM

HDFAPF−GDPWM
. (31)

4) Damping Resistance R f : The insertion of a resistive
componentR f into theLCL filter is required to damp
the current oscillation at the resonance frequency, due to
the null value of the filter impedance atω0. An R f value
proportional to the capacitive reactance is typically se-
lected[32], [33], such as

R f = 1

3ω0Cf
. (32)

The mitigation of resonant fluctuations can be achieved
either by physically installing a resistor or by imple-
menting into the APF current control one of the active
damping algorithms proposed in the literature[38], [42],
[43], [44], thus emulating the desired resistive behavior
with a virtual resistance. In this latter case, the installa-
tion of a passive component is avoided, with the benefit
of significant overall filter losses reduction. However,
a passive damping solution is adopted herein to avoid
the APF current control from being involved in the filter
design, thus simplifying the discussion.

Once the values of the filter inductive (L f andL f g), capac-
itive (Cf ) and resistive (R f ) components have been defined,
the following constraints are verified to avoid resonant behav-
ior, ensure the desired low frequency current compensation
capability, minimize the impact on power line consumption,
and ensure the system compliance with regulatory limits on
harmonic distortion at PCC.

1) Resonance Frequency ω0: The upper limit defined for
ω0 in the literature[10], [31], [32], [33], [36], [37],
[38], [39], [40] is one-half ofωsw to avoid unwanted
amplification of switching harmonics

ω0 ≤ ωsw

2
. (33)

In the event that(33) is not satisfied,ω0 can be lowered
by increasingL f , Cf , or L f g, according to(22).

2) Antiresonance Frequency ω f : The APF harmonic com-
pensation capability can be compromised ifω f is so
low as to interact with the highest harmonic frequency
h · ωg the APF has to mitigate. Specifically, whenω f

is too close toh · ωg, the LCL filter output currenti f g

may experience magnitude amplification and phase de-
lay compared to the controlled input currenti f , resulting
in i f g deviating from the desired value required to com-
pensate for the distortion ofil . In order to avoid current

control limitation, the following constraint is proposed:

ω f ≥ 2h · ωg. (34)

When the constraint in(34) is violated,Cf or L f g have
to be reduced according to(21).

3) Damping Resistors Losses Pd : The LCL filter losses
must be limited to minimize the impact on overall power
line consumption. To this end,Pd must not exceed a
defined percentage amountkPd ,l of the load rated power
Pl . At the same time,Pd must not excessively affect the
design of the APF cooling system (i.e., heatsink and
fans). Therefore,Pd must also remain below a specified
percentagekPd ,apf of the APF nominal powerSapf. Based
on the considerations above, the following constraint is
imposed:

Pd ≤ min
(
kPd ,l , kPd ,apf · THDi

)
(35)

where Pd = 3R f Irc, with Irc the RMS current in the
capacitorCf .
A suggested value both forkPd ,l and kPd ,apf is 1%. In
the event that condition(35) is not met,R f has to be
reduced by increasing eitherω0 orCf according to(32).
Alternatively, Irc can be limited by increasingL f , thus
enhancing the high frequency current filtering provided
by the converter-side inductor.

4) Current Ripple I f g,h: The residual APF current ripple
injected at the PCC must not exessively impact the
THDi of the overall current drawn from the grid (ig in
Fig. 1). Indeed, the high frequency attenuation provided
by the LCL filter must ensure the system compliance
with harmonic distortion standards[5], which require
the strictest limit of THDi ≤ 5% in the case of weak
grids (short-circuit ratio SCR< 20). Since the APF
installation is not predetermined,I f g,h has to meet the
worst-case constraint with a 50% additional margin,
thus accounting partial low frequency current compen-
sation provided by the APF, unmodeled factors and
component tolerances

I f g,h ≤ 2.5%. (36)

In case constraint(36) is not satisfied,L f , Cf , or L f g

must be increased to improve the filter attenuation at
high frequencies.

C. DESIGN EXAMPLES
The procedure previously illustrated is used for the design of
theLCL filter for a two-level APF, respectively, in the case of
implementation of SVPWM withfsw = 8 kHz (Filter 1) and
APF-GDPWM with fsw = 16 kHz (Filter 2). The system base
values, the operating characteristics of both the APF and the
nonlinear load, as well as the indices used for the design of the
LCL filters are reported in Table2. Once the modulation index
is defined (i.e.,M= 0.9), the values of HDF andλh,pp max,pu
to use during the design stage can be obtained respectively
from Figs. 9 and 11, according to the selected modulation
technique.
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TABLE 2. SYSTEM MAIN DATA AND COEFFICIENTS FOR THE LCL FILTER DESIGN

TABLE 3. LCL FILTER DESIGN RESULTS

The computed parameters (i.e.,L f , Cf , L f g, andR f ) of both
Filter 1 and 2 are reported in Table3, where fsw, the adopted
modulation technique and the related PWM waveform quality
indices HDF andλh,pp max are also specified for each filter.
Moreover, Table3 presents the corresponding values ofω0,
ω f , Pd , and I f g,h, which satisfy their respective constraints
(33)–(36).

While ω f andω0 are computed from(21) to (22), Pd and
I f g,h are evaluated by implementing a simple and straight-
forward model of the system in MATLAB environment. The
behaviors obtained in simulation ofirc (from which Pd is
calculated),i f ,h andi f g,h are reported in Fig.15.

The procedure design led to the prototyping ofL f andL f g

with a toroidal-core in powder-type magnetic material and
wound with Litz wire. The same technology was used for the
realization of the inductors in both Filter 1 and 2. The views
of realizedL f andL f g inductors are reported in Figs.16 and
17, respectively.

Since the requested capacitance valueCf and the current
irc are expected to be similar for Filter 1 and 2, the same
PCB-mounted film capacitors were used to realize the capac-
itor branch for both prototypes. A picture of the capacitive
element is presented in Fig.18.

The designedLCL filters have been assembled, and for
both, the real admittance curveYf (s) has been measured using
a IM3536 Hioki LCR meter. The comparison between the
expected and the experimentally measured admittances are
provided in Fig.19. While slightly differing in resonance and
anti-resonance frequencies, as well as in resonance damping
due to component tolerances, the real curves closely match
the ideal ones forω ≤ hωg andω ≥ ωsw, thus guaranteeing
the desired filters behavior within the control frequency range
and the required high frequency attenuation capability.

Both filters designed with the proposed procedure were
employed during the experimental testing phase to compare
the performance of APF-GDPWM with SVPWM.

VI. EXPERIMENTAL RESULTS
The case study for the nonlinear load used for experimental
tests is a regenerative system employed for the final functional
testing of the CUT at the end of the production line, as shown
in Fig. 20. The active power recirculates in the regenerative
system through a line transformer. The CUT is a 260 kVA
power converter for electrical drives consisting of a diode
three-phase rectifier with outputLC filter in the AC/DC stage
[see Fig.5(b)] and a two-level three-phase IGBT inverter in
the DC/AC stage. The THDi of the current absorbed by the
diode rectifier during the full-power operation is 34.3%.

A two-level APF is connected in parallel to the regenerative
system (see Fig.20) to compensate for the current harmonics
produced by the CUT grid rectifier. The adopted APF control
method is the one proposed in[29] and depicted in Fig.21.
A 50 Hz proportional resonant regulator (P-RES) operating in
stationary (α, β) reference frame is implemented to perform
the fundamental current control and the d bus voltage regula-
tion. Instead, RESs operating in synchronous (d, q) reference
frame and rotating at the grid frequency are tuned at the
harmonic orders 6k, with k = 1, 2. . .. Each RES compensates
for the 6k − 1 and 6k + 1 harmonics of negative and posi-
tive sequence, collapsing on the 6k harmonic in synchronous
(d, q) reference frame. The controller computational effort to
reach the desired harmonic compensation is thus minimized.
The APF is tuned to compensate for the current distortion up
to the 25th harmonic, while the DC bus voltage is regulated to
achieveM � 0.9 during APF operation. The P-RES and RESs
gains are reported in Table4.

The APF-GDPWM algorithm and SVPWM have been im-
plemented on the APF, which can be alternatively interfaced
to the grid through theLCL Filter 1 or 2 (as designed in
SectionV), according to which modulation technique is used.
A HBM Genesis data recorder is connected between theLCL
filter and the grid to evaluate the overall power converter
losses, consisting in both the inverter andLCL filter losses
(see Fig.20).
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FIGURE 15. Simulation results: current ripple in the APF-side inductor L f (i f ,h) and grid-side inductor L f ,g (i f g,h) and capacitor current (irc) obtained
respectively with LCL Filter 1, SVPWM, fsw = 8 kHz (a) and LCL Filter 2, APF-GDPWM, fsw = 16 kHz (b).

FIGURE 16. View of the APF-side inductor L f of Filter 1 (a) and 2 (b). The
inductors are encapsulated in thermally conductive resin. The volume and
weight of each inductor are respectively 2.39l and 9.6 kg for Filter 1 and
1.30l and 5.8 kg for Filter 2.

FIGURE 17. View of the APF-side inductor L f g of Filter 1 (a) and 2 (b). The
inductors are encapsulated in thermally conductive resin. The volume and
weight of each inductor are, respectively, 1.59l and 6.5 kg for Filter 1 and
0.74l and 2.6 kg for Filter 2.

TABLE 4. APF CURRENT CONTROL PARAMETERS

FIGURE 18. View of the capacitor board used both in Filter 1 and 2.

FIGURE 19. Expected (i.e., ideal) and measured (i.e., real) curves of Y f for
LCL Filter 1 and 2. The ideal curves are obtained from (19).

The nonlinear load, APF and power system main data are
the same of Table2, while the system setup is shown in
Fig. 22.

The full-power steady-state operation of the system is il-
lustrated in Fig.23, when the APF is connected to the PCC
through theLCL Filter 2 and is using APF-GDPWM at
fsw = 16 kHz. Without the installation of the APF, the current
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FIGURE 20. Scheme of the shunt-type APF in parallel to a regenerative
system used for the final functional tests of industrial inverters.

FIGURE 21. Block diagram of the implemented APF current control. θg is
the PCC voltage vector position.

drawn from the grid would beig = il = 170.0 Arms. Instead,
with the compensation performed by the APF,ig drastically
reduces to 32.8 Arms (-80.7%). The current reinjected at the
PCC by the CUT (iout) leads in phase the CUT absorbed
current at the fundamental frequency (iin,1). This phase shift
is indicative of a reactive current injected by the regenerative
system atωg, which is compensated by the APF, along with
the distorted current, to makeig at unity power factor. As
can be observed in Fig.23, iout exhibits a high frequency
current ripple due to the switching of the CUT (fsw,CUT =
4 kHz). This high frequency component propagates towards

FIGURE 22. System setup: APF cabinet with measuring equipment (top)
and assembled DM LCL filter (bottom).

FIGURE 23. Full-power operation of the regenerative system with
connected in parallel the APF. From top to bottom: phase PCC voltage
vpcc,ph, CUT input current iin and its fundamental component iin,1, CUT
output current iout, current absorbed by the regenerative system il , current
injected by the APF at the PCC i f g, grid current ig.
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FIGURE 24. Compensation capability of the APF, while the regenerative
system is full-power operating. The currents il and ig are shown in the
frequency domain. A 4 kHz disturbance can be observed on il and, more
attenuated, on ig.

the PCC and is measurable onil by the APF controller. As
theoretically explained in SectionII (see Fig.3) and as will be
also shown with the experimental tests, this noise can affect
the computation of the zero sequence voltage in the case of an
APF implementing APF-GDPWM. The APF compensation
capability and the circulation of 4 kHz current noise on the
power line are further demonstrated in Fig.24, which shows
il andig in the frequency domain.

Different tests are performed to evaluate the performance
of the APF-GDPWM in comparison with SVPWM and the
generalized DPWM technique for APFs presented in[20] as
follows:

1) Tests 1–2: The performance of the APF using the APF-
GDPWM technique and connected to the grid through
theLCL Filter 2 is evaluated both in the case of bypass
and proper tuning of the hysteresis selector, i.e.,�ith =
30 A, approximately twice the amplitude of the circulat-
ing high frequency current disturbance shown in Fig.24,
thus also accounting for possible measurement noise.
The disabling of the hysteresis selector is equivalent to
using the method presented in[20]. Tests are performed
with the system operating at full-power (Test 1) and at
reduced power (1/10 of full power, Test 2).

2) Test 3: The APF current ripple injected into the grid
i f g,h and the overall APF efficiency are analyzed in the
case of three different configurations: implementation
of SVPWM with fsw = 8 kHz and grid connection
through LCL Filter 1 (Case 1), implementation of
APF-GDPWM with fsw = 16 kHz and grid-interfacing
throughLCL Filter 1 (Case 2) or LCL Filter 2 (Case 3).

A. TESTS 1–2: IMPACT OF APF-GDPWM
The steady-state operation of the APF connected to the
grid through the designedLCL filter 2 and implementing
APF-GDPWM at fsw = 16 kHz is illustrated in Figs.25 and
27, respectively, in the case of CUT operating at full-power
(PCUT = 260 kW) in Test 1 and one-tenth-power (PCUT

= 28 kW) in Test 2, to demonstrate the effectiveness of
the hysteresis selector. By reducingPCUT, the behaviour of
the CUT diode rectifier becomes more capacitive, resulting
in a higher THDi for the absorbed currentiin, which is,
respectively, 34.3% in Test 1 and 106.7% in Test 2. In
addition, the current reduces in magnitude and the current
sensors sensitivity worsens, with a significant impact on the
zero sequence voltage computation in the case of hysteresis
selector disabled (i.e., null�ith). Indeed, when the hysteresis
selector is bypassed, the unwanted repetitive changes of the
clamped phase occur many times in a fundamental period,
especially at low power in Test 2. Instead, the side effect is
completely eliminated by setting�ith = 30 A for all system
operating conditions, with the zero sequence modulation
index mc = v∗

cm
Vdc/2 and the phase modulation indexm = v∗

Vdc/2
both exhibiting a trend without repetitive abrupt variations
at the switching frequency. The main beneficial effect of
implementing the hysteresis selector is the reduction ofi f g,h,
thus limiting the impact of the APF high frequency ripple
on the THDi of the overall current absorbed at the PCC. In
particular, thei f g,h RMS value is reduced by 12.7% in Test 1
and significantly by 41.5% in Test 2.

The benefits of the hysteresis selection on the CM voltage
are highlighted in Fig.26for Test 1 and Fig.28for Test 2. The
harmonic spectrum is divided into following three ranges.

1) Low frequency: it consists of the frequency components
with f ≤ 1 kHz, which are associated with the zero
sequence voltage injection;

2) Mid frequency: it corresponds to the frequency range
f ∈ (1,12] kHz, an intermediate region of the harmonic
spectrum, that normally has low harmonic content, since
it is little affected by zero sequence injection and lies
below the switching frequency (fsw = 16 kHz).

3) High frequency: it contains all the harmonics related to
the inverter switching, corresponding tof > 12 kHz.

While the implementation of the hysteresis selector does
not impact on the overall CM RMS voltageVcm, or the high
frequency CM RMS voltageVcm,h f , it influences the harmonic
distribution in the low and mid frequency ranges. In partic-
ular, without the hysteresis selector, the low frequency RMS
content (Vcm,l f ) decreases, as part of the harmonics associated
with the zero sequence injection shift into the mid frequency
range. The enabling of the hysteresis selector confines these
harmonics to the low frequency range, thus making the sys-
tem less prone to the circulation of CM currents. The mid
frequency CM RMS voltageVcm,m f is thus reduced by 38.3
% in Test 1 and 72.9 % in Test 2.

The results of Tests 1–2 are summarized in Table5, where
all the relevant data for comparison are reported in absolute
and relative values.

B. TEST 3: APF-GDPWM AND SVPWM COMPARISON
The power measurements and the APF high frequency current
distortion analysis have been performed for the APF operating
under three different configurations, while the regenerative
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FIGURE 25. Test 1: system steady-state operation while the CUT is providing full-power (PCUT = 260 kW). The APF is implementing APF-GDPWM with fsw

= 16 kHz in the case of hysteresis selector disabled (a) and enabled with �ith = 30 A (b). From top to bottom: CUT input current iin and its fundamental
component iin,1, CUT output current iout, current absorbed by the regenerative system il , current injected by the APF at the PCC i f g, residual APF current
ripple injected at the PCC i f g,h, zero sequence modulation index mc and phase modulation index m.

FIGURE 26. Test 1: system steady-state operation while the CUT is providing full-power (PCUT =260 kW). CM voltage vcm harmonic spectrum in the low
frequency (a) mid frequency, (b) and high frequency (c) ranges.
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FIGURE 27. Test 2: system steady-state operation while the CUT is providing one-tenth-power (PCUT =28 kW). The APF is implementing APF-GDPWM with
fsw = 16 kHz in the case of hysteresis selector disabled (a) and enabled with �ith = 30 A (b). From top to bottom: CUT input current iin and its
fundamental component iin,1, CUT output current iout, current absorbed by the regenerative system il , current injected by the APF at the PCC i f g, residual
APF current ripple injected at the PCC i f g,h, zero sequence modulation index mc and phase modulation index m.

FIGURE 28. Test 2: system steady-state operation while the CUT is providing one-tenth-power (PCUT = 28 kW). CM voltage vcm harmonic spectrum in the
low frequency (a) mid frequency, (b) and high frequency (c) ranges.
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TABLE 5. EXPERIMENTAL RESULTS OF TESTS 1–2

TABLE 6. EXPERIMENTAL RESULTS OF TEST 3

system is full-power operating (PCUT = 260 kW). In Case
1, the APF uses the SVPWM withfsw = 8 kHz and it is
connected to the grid through theLCL Filter 1. InCase 2, the
LCL Filter 1 is installed and the APF-GDPWM withfsw = 16
kHz is implemented. Instead, InCase 3 APF-GDPWM with
fsw = 16 kHz is used, while the APF is grid-interfaced with
theLCL Filter 2. The APF steady-state operation for the three
test conditions is illustrated in Fig.29, while the obtained
results are reported in Table6.

By comparingCase 1 and Case 2, it emerges that APF-
GDPWM allows the doubling of switching frequency from 8
to 16 kHz, without increasing the total losses. Indeed, without
modifying the existing hardware (i.e., power switches and
LCL filter), the measured losses for the converter operating
at fsw = 8 kHz using SVPWM (0.94% ofPCUT) are slightly
higher than the losses obtained with the converter operating
at fsw = 16 kHz with APF-GDPWM (0.83% ofPCUT). An
overall converter loss reduction is obtained although the re-
generative system is an inductive nonlinear load (THDi =
34.3%) and the switching losses reduction is less effective in

this case, as demonstrated in SectionIII . Notably, the appli-
cation of APF-GDPWM reduces also the capacitor current
irc and consequently the estimated damping resistor losses
Pd are 0.22% in case of SVPWM atfsw = 8 kHz, while it
is reduced to 0.10% with APF-GDPWM atfsw = 16 kHz.
The filter losses were not considered in the theoretical discus-
sion and their reduction further validates the effectiveness of
APF-GDPWM. Nevertheless, the doubling of the switching
frequency inCase 2 allows the reduction of the current ripple
i f g,h injected into the grid by the APF (from 1.63% to 1.33%
of iin,1).

Finally, the comparison betweenCase 1 andCase 3 high-
lights that the implementation of APF-GDPWM with the
doubling of the switching frequency allows for a more com-
pact filter design, with reduced inductance, volume, and
weight, while preserving similar results in terms of current
ripple i f g,h, overall power converter lossesPloss and damping
resistor lossesPd .

Specifically, theLCL Filter 2, compared toLCL Filter 1,
features a total inductance reduced by 53% (137 vs. 65µ H),
a single-phaseL f inductor with 46% less volume (2.39 vs.
1.30l) and 40% less weight (9.6 vs. 5.8 kg), a single-phase
L f g inductor with 54% less volume (1.59 vs. 0.74l) and 60%
less weight (6.5 vs. 2.6 kg). Meanwhile, the obtained values
of i f g,h andPd respects the constraints imposed in(35) and
(36) both in Case 1 (i f g,h = 1.63% andPd = 0.22%) and
Case 3 (i f g,h = 1.86% andPd = 0.16%). Instead, the overall
APF power lossesPlossaccount for approximately 1% ofPCUT
(0.94 % inCase 1 and 1.07 % inCase 3), ensuring a minimal
impact of the APF on the overall power line consumption.

VII. CONCLUSION
This work proposes a design methodology of APFs operat-
ing in industrial disturbed environments, such as regenerative
converter testing systems at the end of production lines. Start-
ing from the selection of main hardware components, the
proposed design methodology includes the proper selection
of modulation strategy (APF-GDPWM), the computation of
APF losses, the analysis of APF output current distortion and
the design of the APF output DMLCL filter. To simplify the
theoretical treatment, the analyses were performed assuming
an APF compensating for the current distortion caused by
an ideal nonlinear load. However, the results also apply to
real cases, such as an APF compensating the distorted current
drawn by a diode rectifier.

The experimental validation has been carried out on a TRL
9 industrial two-level IGBT APF compensating a regenerative
testing system of 400 V, 260 kVA industrial AC–AC power
converters. The experimental tests, performed in a real dis-
turbed industrial environment, demonstrate the effectiveness
of integrating a hysteresis selector within the APFGDPWM
scheme, in contrast to the approach described in[20], which
omits this functionality. Indeed, APF-GDPWM, compared to
the solution in[20], reduces the current ripple injected into the
grid and the applied high frequency CM voltage components
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FIGURE 29. Test 3: APF steady state operation in case of SVPWM at fsw = 8 kHz and installation of LCL Filter 1 (a) APF-GDPWM at fsw = 16 kHz and
installation of LCL Filter 1, (b) and APF-GDPWM at fsw = 16 kHz and installation of LCL Filter 2. The CUT is providing full-power (PCUT =260 kW). From top
to bottom: phase PCC voltage vpcc,ph, phase modulation index m, CUT input current iin and its fundamental component iin,1, CUT output current iout, current
absorbed by the regenerative system il , inverter-side APF current i f , current injected by the APF at the PCC i f g, high frequency current ripple i f ,h and i f g,h,
capacitor current irc.

associated with the zero sequence voltage, thus limiting the
risk of circulating CM currents.

Nevertheless, the results of the tests have shown that,
compared to SVPWM, the APF-GDPWM provides a bet-
ter exploitation of the existing hardware (i.e., inverter and
DM LCL filter) by doubling the switching frequency from
8 to 16 kHz, with the benefit of current ripple (−18%) and
power losses (−12%) reduction. Moreover, the control band-
width may be increased, thus resulting in a better dynamic
performance and higher harmonic orders compensation. Al-
ternatively, implementing APF-GDPWM in combination with
a doubled switching frequency enables the use of a reduced
size and lower cost DMLCL filter, achieving a 46% reduc-
tion in volume and 40% in weight for the converter-side
inductor L f , and a 54% reduction in volume and 60% in
weight for the grid-side inductorL f g, while maintaining the

same APF compensation performance and efficiency as with
SVPWM.

Therefore, a two-level APF using APF-GDPWM can match
the performance of more expensive hardware solutions, in-
cluding three-level inverters implementing standard SVPWM,
while offering significant cost advantages.

VII. APPENDIX
This section presents the computation of both conduction and
switching losses for the power devices of a two-level three-
phase APF.

B. CONDUCTION LOSSES
The mean value of conduction losses for a generic power
switch (e.g., IGBT,MOSFET, etc.) over a switching period can
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be expressed as follows[12]:

pc = (Ron · icell,x + Vth) · icell,x · d (37)

whereicell,x is the current flowing through the positive (x =
pos) or negative (x = neg) unidirectional switching cell that
includes the power switch (see Fig.4); d is the duty cycle.

The currenticell,x is assumed constant during a switching
period. Instead, the termd is defined as follows:

d = v∗ + v∗
cm

Vdc
+ 1

2
(38)

wherev∗ is the leg reference voltage, while the zero sequence
voltagev∗

cm depends on the adopted PWM strategy.
The mean value of the conduction losses over a fundamen-

tal period is thus obtained by combining(37) and (38) and
performing the following integration:

Pc = 1

2π

∫ 2π

0
pc dθ = A + B + C (39)

A = 1

2π

∫ 2π

0

Ron · i2cell,x · v∗

Vdc
+ Vth · icell,x · v∗

Vdc
dθ (40)

B = 1

2π

∫ 2π

0

Ron · i2cell,x · v∗
cm

Vdc
+ Vth · icell,x · v∗

cm

Vdc
dθ (41)

C = 1

2π

∫ 2π

0

Ron · i2cell,x

2
+ Vth · icell,x

2
dθ. (42)

Term A (40) depends on the relationship betweenicell,x
andv∗. It is a contribution related to the provision of active
power (Papf) by the converter. An APF injects only reactive
(Qapf) and deformed (Dapf) powers to counteract the nonlinear
load current distortion, while drawing a small amount ofPapf
to compensate for the converter losses. Therefore, termA is
negligible for an APF.

TermB (41) is related to the interaction betweenicell,x and
v∗

cm. As demonstrated in[12] for the case, where the output
current consists only of the fundamental frequency, the zero
sequence voltage does not influence the conduction losses,
even in the case of multiharmonic injection. The value ofB
is thus null.

As a result,(39) depends only on termC (42), that can be
detailed as follows:

C = Ron

2
· 1

2π

∫ 2π

0
i2cell,x dθ + Vth

2
· 1

2π

∫ 2π

0
icell,x dθ

Pc = C = Ron

2
· I2

cell,x,rms + Vth

2
· Icell,x,m. (43)

C. SWITCHING LOSSES
By assuming a linear dependency of the switching energy loss
on the switched current[12], the mean value of switching
losses for a generic power switch over a switching period can
be expressed as follows:

psw = Esw

Vdc,n · In
· fsw · Vdc · icell,x,sw (44)

whereicell,x,sw is the unidirectional cell switched current.

As proposed in[12], [13], [45], under the assumption of
constant junction temperature,Esw can be assumed approxi-
mately linear dependent onVdc andicell,x,sw. This assumption
is supported by the application manuals provided by power
modules manufacturers[46]. Moreover, the hypothesis of a
linear dependence ofEsw on Vdc is experimentally validated
in [47], while the linear relationship betweenEsw andicell,x,sw
is confirmed by the experimental curves typically reported in
the datasheets of power switches modules, e.g., in[30].

The currenticell,x,sw is null when the inverter leg is clamped
to the positive or negative DC rail, otherwise it equalsicell [13]

icell,x,sw =
{

0, d = 0 ∨ d = 1

icell,x 0 < d < 1
. (45)

In the case of using a CPWM,icell,x,sw = icell,x at all times.
The mean value of the switching losses obtained with standard
CPWMs over a fundamental period is given by the following:

Psw,CPWM = 1

2π

∫ 2π

0
psw,CPWM dθ

Psw,CPWM = Esw

Vdc,n · In
· fsw · Vdc · 1

2π

∫ 2π

0
icell,x dθ

Psw,CPWM = Esw

Vdc,n · In
· fsw · Vdc · Icell,x,m. (46)

By definition, the switching loss factor relates the switch-
ing losses obtained with a specific PWM technique, such as
APF-GDPWM, and standard CPWMs(3). A generalized for-
mulation of the switching losses for any modulation technique
is thus obtained by combining(3) with (46)

Psw = Esw

Vdc,n · In
· fsw · Vdc · ksw · Icell,x,m. (47)

The calculation ofPc andPsw has been carried out for the
power switch. However, identical results to those in(43) and
(47)would be obtained in the analysis of power losses for the
freewheeling diode.
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