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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 lossdsCL filter design, power converters testing, power quality, PWM waveform quality,
regenerative systems.

I. INTRODUCTION manufacturers of power converters typically integrate regen-
A. BACKGROUND AND CONTEXT: REGENERATIVE TESTING  erative testing systems into their production lines. These
SYSTEMS WITH ACTIVE POWER FILTERS (APFS) systems allow the testing at the end of production line, thereby

With the rising complexity of electronic equipment, theeducing the probability of early failures while simultaneously
requirements for efficiency and reliability in power elecminimizing power consumption from the grid and, conse-
tronic systems and their manufacturing processes are kgently, the overall operating costs of the production facility
coming increasingly stringent. To meet these requirement], [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 configuratidi8]. 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/l]. 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 lIog], 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
bldlrectlonal_ power flow, con_S|st|ng of tWO ba.Ck-tO-baCk VOIt-FIGURE 1. Principle scheme of a shunt-type APF compensating for the
age source inverters. The virtual load is flexibly controllabl@storted current injected by the passive front-end rectifier of the CUT
allowing the testing of the CUT under any operating conditioduring its final functional test in the regenerative system.
in terms of output current, voltage, and frequency.

An alternative regenerative solution, suitable when space ificall . limit the low f
constraints are not critical, involves the use of a transformBPWer converters specifically designed to limit the low fre-

within the regenerative loop with an appropriate transformgU€ency current harmonics injected into the grid by nonlinear
tion ratio. This solution minimizes maintenance costs agads: such as diode or thyristor front-end rectifiggs [7],
does not require the control of additional converters beyokd- AS Shown in Fig.1, a shunt-type APR9], connected in
the CUT. However, it only allows testing the CUT at the fixeff@rallél to the regenerative system at the point of common
grid voltage and frequency. This approach is well suited t§eupling (PCC), can inject nonsinusoidal currents to make

testing converters that operate in the field at nearly constd{}¢ overall grid current sinusoidal at unity power factor, thus
operating points, such as applications in compressed air s{feducing the RMS current absorbed at the PCC and yielding
tems and vacuum pumps. Significant benefits for the sizing and efficiency of the power

The CUT analyzed in this article is a power converter with"e:
an uncontrolled AC/DC input stage (such as thyristor or diode
rectifier) and a DC/AC voltage source inverter at the outp® MOTIVATION: DESIGN OF ACTIVE POWER FILTERS
stage. Regardless of the adopted regenerative configurati@RERATING IN DISTURBED ENVIRONMENTS
during testing the active power recirculates within the regeAs an APF is essentially an inverter connected to the grid,
erative system. The current drawn from the grid is therefoeecompany that manufactures industrial converters can eas-
a small amount of active current to compensate for systely develop a customized APF, using parts that are already
losses, plus the distorted current generated by the CUT gaidhilable for their products. Indeed, several hardware sections,
front-end rectifier. Typically, the distorted current is muclsuch as the power switches, their gate drivers, and the cooling
higher than the fundamental current drawn from the gridystems, can be directly reused from the inverters already
making the regenerative system a highly distorted nonlinearoduced for the market. Therefore, the goal of the APF
load for the grid. Its distorted current component leads to alesign can focus on maximizing the use of existing hardware
overall increase of the current drawn from the grid with sulte achieve the desired harmonic compensation performance
sequent overheating of the supplying line cables, increasiagd the highest possible efficiency, while minimizing the
risk of triggering of the line protection devices, and interfersize and cost of the remaining hardware components to be
ence with neighboring sensitive electronic components in tdesigned, such as the differential mode (DML filters re-
production facility. Indeed, international standalfiisprovide quired for the APF grid interfacing (see Fib).
harmonic distortion limitations to compensate for the negative While improving the power quality, the installation of the
effects of distorted currents on power systems and, due to th&®PF inherently leads to an increase of the active power
intrinsic characteristics, regenerative systems inherently failabdsorption at the PCC due to the power converter losses.
comply with these requirements. Therefore, for APFs installed in production facilities running

An effective solution to mitigate the issue of distortedh mass-production mode, maximizing efficiency is partic-
currents injected by the CUT and to comply with harmonialarly crucial to reduce the operating costs. On the other
distortion regulations consists in installing APFs on the supphand, the APF switching frequency is typically set as high
lines of the regenerative systems (see B)g.The APFs are as possible, at the cost of efficiency reduction, to minimize
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the size and cost of the grid connection filt¢t®] and to harmonic distortion (THE) of the load current. The
increase the converter control bandwidth, thus improving the  calculations are reported in the Appendix.
APF harmonic compensation capabilifyi]. 2) The PWM waveform quality of an APF implement-

The selection of the inverter pulsewidth modulation (PWM) ing space vector pulsewidth modulation (SVPWM) and
technique significantly affects converter losses and the stress APF-GDPWM is investigated. The analysis is per-
on grid-interfacing filters, thus influencing the overall APF de- formed in case of the APF compensating for distorted
sign. Indeed, the use of discontinuous pulsewidth modulation line currents with different values of THDFurther-
techniques (DPWMs) in two-level three-phase inver{ég§ more, waveform quality indices related to the PWM
is a well-known solution in the literature to reduce the switch-  techniques are defined, which will be used in the design
ing losses, or alternatively increase the switching frequency up  stage of the DMLCL filter.
to 50% without affecting the power converter thermal behav- 3) The authors propose an analytical straightforward de-
ior [13]. However, under the same operating conditions (i.e.,  sign procedure for the DNLCL filter, only depending
switching frequency and modulation index), compared to con-  on the load current base value and its TiHiDe adopted
tinuous pulsewidth modulation methods (CPWMs), DPWMs  PWM technique and the switching frequency. The pre-
typically yield a higher switching frequency current ripple sented procedure limits the DMCL filter size and cost,
component, which must be properly attenuated by oversizing  while meeting the regulatory requirements of harmonic

the DM grid-side filter413]. distortion at the PC(5].

Different DPWMs have been designed for standard applica-4) Experimental tests are carried out to compare the perfor-
tions, such as electrical drivgs2], [13], [14], [15] or active mance of APFs implementing APF-GDPWM, SVPWM
front-end (AFE) power convertef$6], [17], [18], [19], where and the DPWM solution for APFs froif20], for differ-

the current low order harmonic content mainly consists of the  ent operating conditions of the CUT in the regenerative
fundamental frequency. For all cases, an appropriate zero se- system, various APF switching frequencies, and by in-
guence voltage is injected to perform the desired DPJA/B). terchanging the DMLCL filters designed through the
Meanwhile, a generalized DPWM specifically designed for proposed procedure.
APFs was presented [20], which has the the key advantage The designed APF can be classified as a TRL 9 technology,
of theoretically ensuring the minimization of switching lossesince a number of prototypes are already used in a production
in APF applications, but it proves to be particularly sensitiviacility and operate continuously. They are installed in parallel
to the noise on line curren{®1]. Such noise can circulate with regenerative systems used for the final functional testing
in a disturbed environment, as in the case study of this artict#.260 kVA industrial power converters for electric drives.
i.e., a production plant of industrial inverters with regenerative The rest of this article is organized as follows. The op-
testing systems. The main drawback of the methofR@j, eration of a two-level three-phase APF implementing APF-
due to its sensitivity to noise, lies in unwanted APF switchinGDPWM is investigated in Sectiofl. In Sectionlll, the
events in the fundamental perifeil]. power devices losses of the APF are evaluated according to
The limits of the method irj20] were overcome by the the THDO of the current drawn by the nonlinear load. The
solution from[21] through the introduction of a hysteresiseffectiveness of the APF-GDPWM in improving the converter
selector into the zero sequence computation algorithm. Téfficiency is thus demonstrated. The PWM waveform quality
new generalized DPWM method for APFs proposedPiti, for an APF implementing the SVPWM and APF-GDPWM is
named APF-GDPWWM, is thus robust against line noise circinvestigated in Sectioiv. The description of the analytical
lating in disturbed environments, such as industrial plants. 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
C. NOVEL CONTRIBUTIONS OF THIS ARTICLE disturbances are reported in Secth Finally, SectionVIl
The goal of this article is to extend the work frofl], concludes this article.
by proposing a design guideline for APFs operating in dis-
turbed environments by leveraging the advantages achievable
through the implementation of APF-GDPWM. The primaryl. IMPLEMENTATION OF APE MIODULATION STRATEGY
objective of the design is maximizing converter efficiencyhe adopted modulation strategy for the APF described in this
and minimizing both the physical footprint and operationabork is the APF-GDPWM that was presented in detajbit].
stresses on the grid interfacing filters, under the constraiftse computation of the zero sequence voltggethrough the
imposed by preselected hardware components, i.e., the powF-GDPWM solution is outlined in the flowchart of Fig.

semiconductors and the cooling system. The inputs of the algorithm consist of the reference voltages
The main contributions of the presented article are as falf, . and currents;, .. The reference voltageg, . are obtained
lows: as output of the current control regulators, while the reference

1) The conduction and switching losses for a two-levelurrentsiy;, = are computed by removing the active current
three-phase APF are analytically computed in the casemponent at the fundamental frequency from the line current
of CPWMs and APF-GDPWM as a function of the totameasuremeni,(in Fig. 1).
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Ve e regenerative systems. The high frequencies current perturba-
tions, combined with a nonnegligible sensitivity of the line
Detect Phase x and y: current sensors, may affect the calculation of the current
v, =max (v*,, v%,, V") i, = phasex ref. current references}, . and consequently theg,, computation, thus
v, =min (v, V%, V") i, = phasey ref. current resulting in a repetitive change of the clamped phase. There-
v fore, the main drawbacks of the method[R0], due to the
(Commpriss unwanted APF switching events in the fundamental period,
. g . Equivalent current for .. .
Tem comp = 1 = 1] Common mode computation lie in the following:
1 1) Reduction of APF efficiency caused by the increased
Hiysteresis Selector: number of switching transitions.
. 2) Worsening of the high frequency waveform quality of
; _ iy the APF output current, leading to an increase in THD
M i of the current drawn at the PCC.
i, |0 +diy, 3) Shift toward higher frequencies (above the kHz thresh-
4iy, = current threshold Getamp = clamping flag old) in the common mode (CM) voltage harmonic
spectrum of the components associated with zero se-
guence voltage injection. The occurrence of CM voltage
YES NO . i .
harmonics at higher frequencies makes the system more
0 sensitive to CM current circulation, which can cause
grid current distortion, safety issues, increase of the sys-
Clamp v, to Clamp v, to tem losses, and electromagnetic interference with other
Positive Rail Negative Rail equipment connected to the gf#4], [25], [26].
View= Vael2 - v, Vien=Vael2 - v, 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.
Inject Zero Sequence Voltage: A change of the clamped phase is executed only if the dif-
V*abc—@—>V*abcApp. ference between the absolute values of current references for
GDPWM phasesy anduy (i.e.,icm compin Fig. 2) exceeds a threshold
J* +Ai, Which is tuned considering the current sensors sensi-

tivity and the disturbance amplitude.
FIGURE 2. Flowchart of the zero sequence voltage v%,, computation with The noise effect on the zero sequence voItage ComPUtation
the proposed APF-GDPWM algorithm. 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
For simplicity, the operation of APF-GDPWM s brieflythe 5th and 7th current harmonic orders provided by a nonlin-
summarized below, emphasizing the differences with respegetr load with THD = 102%. The sampling frequency of the
the original DPWM solution proposed for APF[i20] and the power converter is 16 kHz. The zero sequence voltage and the
conventional SVPWM22], [23]. The differences are relatedphase reference voltage are provided in the case of SVPWM
to the computation of the zero sequence voltaggthat is and APF-GDPWM with the hysteresis selector enabled and
added to the voltage references. disabled. Bypassing the hysteresis selector, the APF-GDPWM
The computation obg,,, with both the APF-GDPWM al- algorithm would be equivalent to the generalized DPWM
gorithm and the method frof20] consists of first detecting technique for APFs proposed 20]. The fundamental com-
which phases are applying the maximum voltageand the ponent of the APF reference voltage is dominant, since the
minimum voltagevy; then clamping the phas& or vy, re-  APF must balance the grid voltage, that can be considered as
spectively, to the positive\—/g—c) or negative (—\%) DC-link  sinusoidal, while only a small amount of voltage is provided to
rail, depending on which of the two phases is operating witbmpensate for the higher current frequencies proportionally
the highest reference curreiit in term of absolute value. to the line impedance.
The APF-GDPWM method differs from the dedicated DPWM The case study of Fig8 demonstrates that the integration
solution for APFs proposed if20] for the implementation of the hysteresis selector into the APF-GDPWM improves the
of an additional hysteresis selector into tifg, computation robustness of the algorithm to disturbances on the line cur-
algorithm (see Fig2), which makes the technique robustents, thus avoiding unnecessary changes of clamping phase
against high frequency noise that may propagate along #wed a consequent injection of high frequency CM voltage
power lines in disturbed environments, such as in a productitglated to the zero sequence computation. The side effect is
facility of industrial inverters. Such high frequencies currertompletely eliminated by settingiy, to a comparable value
disturbances may be due to the switching of other grid-tiedth the noise amplitude (e.gAiy, = 0.05 p- u- in the exam-
power converters in the surroundings, e.g., the CUTs in thé& shown in Fig3).
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Differently from electric drives applicationg12], P
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 P, formula remains unchanged. However, the relation-
ship betweerlg| x.rms @nd lcei 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:

kf _ Icell.x,m . (4)
Icell,x,rms

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

IceII,rms = “/E ' Icell,x,rms- (5)

Thus, P; and Psy, can be expressed as a function of the

FIGURE 3. APF operation with the SYPWM and APF-GDPWM, with APF operating curreritei,ms, the nonlinear load type, which

hysteresis selector enabled (Aig, = 0.05) and disabled (Aig, = 0), in affectsks, and the selected modulation technique, thatimpacts
presence of disturbances on the power lines. Currents and voltages are onkgw
normalized. From top to bottom: reference currents, zero sequence voltage Ron ) Vin
and phase a reference voltage. Po=— 1 4+ —— ks -1 (6)
cell,rm f - Icell,rams
4 22
Esw

11l. APF CONDUCTION AND SWITCHING LOSSES

The conduction and switching losses for two-level three-phase
PWM inverters for electrical drives have been exhaustively A common case of three-phase nonlinear load connected to
investigated i12] and[13]. However, the results are not athe grid is the full-bridge diode front-end rectifig7], [28].
priori extendable to an APF, where multiple harmonic cuifhe modeling of the current behaviour of a diode rectifier is
rents are provided. The mean values of the conductg) ( not unique, since the current distortion caused by the load
and switching Bsy) losses for a power device (switch oris influenced in both magnitude and shape by the type of
freewheeling diode) of an APF are obtained by integratimgutput filter[9], [27], [29] and the ratio between the inductive
the instantaneous values over the fundamental period and &nel capacitive values of the installed output indudtcand

Ssaw — m ' fsw'Vdc' ksw' kf . |cell,rms- (7)

results are reported, respectively, as follows: capacitorC (see Fig.5). Therefore, as a standardized case

Ron 5 Vin study, an ideal diode rectifier is introduced, which is described

Pe = o cell,x,rms T > lcell,x,m (1)  asfollows:
E . > 4\/§ . T .
Pav = — . fou - Vige - Kew - leellxm @)  load(n. 6, 7) = > — osm(n- 5) -sin(n-6) - K(n)
de,n * In o n=1

where Ry, and Vy, are the power device on-resistance and (8)
threshold voltageEsw, Vicn, In are the reference (provided
by datasheet) total energy loss, DC-link voltage and output -1, n=6k-1
current; fgy is the switching frequencyjy. is the actual DC- KN)={+1 n=6k+1 ,VkeN 9)
link voltage; lcell,x,rmas @nd lceix,m are the RMS and mean 0. otherwise

currents in one of the two unidirectional switching cells into h 0. 71 Nonli i d inductive beh
which an inverter leg can be subdivided. Particulatly; pos wherez € [0, 5. Nonlinear capacitive and inductive behav-

. . _ /§
or x = neg depending on whether the positive or negatijg_rs are obtained, respectively, for— 0 andz — 3 (see

A o . . . .6).
unidirectional switching cell is considered, respectively (s 9 . o
Fig. 4). The full derivation of(1)(2) is provided in the Ap- The benefits of the APF-GDPWM on the switching losses

pendix are thus analysed for an APF compensating for the 5th and 7th

The kg is the switching loss factofl3] and relates the current harmonics prowd_ed (§§). As shown in '.:'96’ for ”_‘?
switching losses obtained with the APF-GDPWM and staﬁaame fundamental curreify absorped by the ideal recifier,
dard CPWMSs, such as SVPWM the load currept TH.Dar!d the reSL_JItlng APF effort to compen-

sate for the distortion increase in case of a capacitive output
_ Pswapr-cpPwim (3) (i.e., ast reduces). The relationship betweenandksy with

SW — .
Psw.cpwm the input THD of the ideal rectifier is shown in Fig.. 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 MosreT) with the related freewheeling diode. The unidirectional cells conduct, respectively, positive i, pos (b) and
negative iy neg (€) currents. Instantaneously, the APF output current is icei = icell,pos + icell, neg-

L L
. Diode = . Diode = . Diode [~ =
3 l_l, Rectifier g 3 l_L Rectifier g 3 ﬂ Rectifier g
o= C= - o= C - = -
PCC ig g PCC zg 11 PCC Zg 2

(a) (b) (©)

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 (i, ;) and its fundamental
component (i), APF output current (i ). The currents are normalized with respect to the peak of i, ;. (a) Rectifier with capacitive output (r = Z) and
input THD; = 102%. (b) Rectifier with LC output ( = Z) and input THD; = 63%. (c) Rectifier with inductive output (- = Z) and input THD; = 31%. A real
rectifier input current i ;. with the same THD; and RMS of i i is also reported for (a) and (b).

form factorks is approximately constant{0.6) as the load datasheef30] and are reported in Tablewith the other sys-
THD; varies, with a maximum value of 0.64 for THB: 50%. tem data. As illustrated in Fi@, Psy is the main contribution
The maximum switching loss reduction of 50%( = 0.5) is  for the IGBT losses [see Fig(a)]. Instead P is dominant for
obtained for capacitive loads (i.e., for high values of TTHD the diode [see Fig(b)]. Therefore, the use of APF-GDPWM
Similarly, a considerable switching loss reduction (37%) isstead of a CPWM is more beneficial for the IGBT than for
obtained in case of inductive loads. Inde&gl, is equal to the diode, with a total loss reduction of 28.2%—37.9% versus
0.63 in case of a THP= 31%. 16.8%—22.4% [see Fig(c)]. Since the IGBT losses have a

The power devices losses computation are performgteater impact than those of the diode, the switching losses
according tq6) and(7) for the commercial CM450DX-24T1 minimization with APF-GDPWM results in a significant total
IGBT module, to demonstrate the effectiveness of APHRess reduction for the switching cell and the entire inverter of
GDPWM in reducing the overall inverter losses. Both IGBR5.0%—-33.5%, with better performance in the case of diode
and diode electrical characteristics are taken from the moduéetifier with capacitive output.
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be defined as follows:
2

A

h,

HDF =9. ™= (13)
b,rms

whereip s is the RMS value of flux ripplein prms is & base

value, that is defined as follows.

Ve
A = —. 14
b,rms 8. fsw ( )
The analytical computation of? /A2 for different

modulation techniques, including SYPWM and DPWM solu-

tions, is provided inf12] for two-level inverter applications
FIGURE 7. Form factor k; and the switching loss factor ks, of an APF Wl_th Smgle freq_uency output VOItage’ _SUCh as the electric
compensating for the 5t and 7t harmonic currents absorbed by an ideal drives. The obtained results are also valid for APFs by assum-

diode rectifier. k; and ks, are expressed as a function of the nonlinear ing as purely sinusoidal their low frequency output voltage.
load THD;. The HDF for APF-GDPWM is computed as a function of
the modulation indexM through MATLAB scripts, consid-
TABLE 1. CM450DX-24T1 DATA AND SYSTEM PARAMETERS FOR POWER LOSSES ering an APF that compensates for the 5th and 7th current
CoMPUTATION harmonics drawn by the ideal diode rectifier describeB)n
The obtained results are shown in Fggfor different values
IGBT Module Data® System Parameters of nonlinear load THR The HDF curves for APF-GDPWM

lie between those of DPWM1 and DPWMS3, which are, re-
Rongger ~ 3.0m Rongiode  2.7mQ  Lyptrms 150 Ams  spectively, the DPWM techniques with highest and lowest
VihIGBT 0.84V Vi diode 0.75V Vg 750V harmonic distortion characteristi§k2], [13], [20], [23]. Par-
Ewioer  98.5mJ  Egudiode  23.0mJ  foy 8 kHz ticularly, in the case of rectifier with inductive output (THD
= 31%), the waveform matches that of DPWMS3. The HDF for

Vden 600V Iy 450 A X X o ) .
APF-GDPWNM rises accordingly with increasing THFBig. 9

@ Data for junction temperature T, ; = 150 °C and gate- shows that, at the same switching frequency, APF-GDPWM is

emitter voltage Vo = 15 V disadvantageous compared to SVPWM from the perspective

of harmonic distortion.
N o However, the HDF analysis can be performed in the case
The ability of APF-GDPWM to reduce switching lossesy equal power losses. In this regard, the switching frequency
compared to CPWMs can be used either to improve the ¢y, pe increased with APF-GDPWM according(16). The

verter's efficiency or to increase its switching frequency, Withipr ynder equal inverter efficiency HDRs thus introduced
benefits on thd CL filter design[10], [31], [32], [33] and HDE" — ksz HDF (15)
=K, .

increase in its harmonic compensation capakjlity]. Indeed,

for equal lossesfsy can be increased according to the follow- AS depicted in Fig10, under equal inverter losses APF-
ing relation: GDPWM has better distortion performance with respect to

SVPWM regardless of load THDThis holds true especially
for M € [0.8, 1], which are typical values of the modulation
Ksw 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 volta§#0].

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.gf
which is a critical parameter for the proper design of Ltk
t o ) . 4
A = / o dt (11) flltqr |nductor§. Indeed, .ItS knowledge is essential to prevent

0 their flux density saturation. Therefore, the peak to peak max-
i L, (12) imum value of flux ripple over a switching peridgl pp max iS
fgh = =eq"7h computed as a function ®fl by means of MATLAB scripts,
whereLeq is the equivalent output inductance, that varies withs in[34], [35]. The results obtained both with SVPWM and
the frequency and depends on th€lL filter and the grid APF-GDPWM are reported in per unit in Figyl

fsw,cPwM
fsw,APF—GDPWM = ——. (10)

IV. ANALYSIS OF APF OUTPUT CURRENT DISTORTION

The APF current ripple injected into the grigly, is strictly
related to the flux rippley, obtainable by integrating the high
frequency component of the APF phase output voltgggue
to the inverter switching:

impedance. _ _ _ _ Ah, pp max
The analysis ohy, instead ofiry, standardizes the discus- Ah, pp maxpu = . (16)

sion, making it independent of the system electrical param- b.pp max
eters. An indicator used in the literature to evaluate the flux )  Vie 17
b, pp max = m ( )

quality is the harmonic distortion factor (HDE)3], that can
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FIGURE 8. Power devices losses for CM450DX-24T1 IGBT module according to the input THD; of the ideal diode rectifier. The inverter is operating under
the conditions described in Table I. IGBT (a) and diode (b) conduction losses (P.), switching losses with CPMWs (Psw,cpwm) and APF-GDPWM
(Psw,apr—cppwm)- () 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 FIGURE 10. HDF under equal inverter efficiency (HDF”) of an APF
compensating for the 5 and 7*" current harmonics drawn by an ideal compensating for the 5% and 7t current harmonics drawn by an ideal
diode rectifier (8). diode rectifier (8).

wherein pp maxpu @NdAp pp max are, respectively, the per unit

and base values. peak maximum flux ripple for low values ®f. Instead, for

Differently from HDF, An ppmaxpu_obtained with APF- high M, particularly within the typical operating rangs! (e
GDPWM is independent of the nonlinear load current THD|o g, 1]), APF-GDPWM guarantees a lowi op maxpur

Moreover, the corresponding curve lies above that of SVPWM
for M < 0.95, while the curves coincide f € [0.95, % )

Similarly to HDF, a study of.p pp max,pucan be performed V. LCL FILTER DESIGN _ _
also under equal inverter efficiency. For this purpose, tif$ demonstrated in literature, theCL filter is the most

equivalentindicatokﬁ maxpu IS introduced adopted topology for applications above several kilowatts
. PP maxp [10], [36]. Indeed, compared to a simplefilter and for the
)‘h,pp maxpu — Ksw * Ah, pp maxpu- (18)  same installed inductance, th€L offers up to three times

As outlined in Fig.12, under equal inverter losses, APFthe attenuation capability at high frequendigg], [33], [36],
GDPWM and SVPWM exhibit comparable results of peak tthus resulting a more cost-effective and compact solution.
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FIGURE 13. High freq y single-phase equivalent circuit of the LCL filter
interfacing the APF to the grid. The equivalent grid inductance Lyeq and
the damping resistance R; are neglected and are thus shown in gray.

compensation by APF control and efficient suppression of
switching-induced ripple components. The method§3ir,
[39], [40] do not consider that APF switching ripple has to be
evaluated on the total current drawn by the system at the PCC
(igin 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 currée (
leading to a filter oversizing with a significant impact on
FIGURE 11. Peak to peak maximum value of flux ripple under equal cost and volume. The method B8] properly sizes the APF
switching frequency (A1, ppmaxpu) Of an APF compensating for the 5" and | C|_ filter based on the line current at the PCC. However it
7t current harmonics drawn by an ideal diode rectifier (8). . - . .
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 the_CL 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 ind&k, the switching
frequncy fsy and the highest order harmonic that needs
to be compensated

2) The nonlinear load characteristics, i.e., the rated power
R, the input current fundamental componeént and
THD;.

This section is structured as follows. First, preliminary
considerations on theCL 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,

FIGURE 12. Peak k maxi ue of flux rivole und | in one case, SVPWM withfsy, = 8 kHz and in the other,
12. Peak to peak maximum value of flux ripple under equa ) - _
inverter efficiency (A; , max,pu) Of an APF compensating for the 5th and 7th APF-GDPWM with fsy, = 16 kHz.

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

A. PRELIMINARY CONSIDERATIONS

Due to the critical role of the input filter, several desighe high frequency single-phase equivalent circuit of.iGe
methodologies have been proposed in the literature for griilter interfacing the APF to the grid is shown in Fi§j3. In
connected invertefd 0], [31], [32], [33], [36] and specifically the preliminary design stages, the damping resistéjces
for APFs[37], [38], [39], [40]. The criteria defined for in- neglected. The grid equivalent inductariggq can be consid-
verters and rectifiers result too stringent when applied &ed as an additive inductor in series with tt@L filter, that
APFs, particularly regarding resonant frequency constrairgehances its high-frequency attenuation performance. How-
[39]. Indeed, the design procedures dedicated to APFs foawr, it is generally not known a priori, since it depends on
particularly on the placement of the resonance frequency, aithe APF installation location. Moreover, it can widely change
ing to simultaneously achieve accurate low harmonic ordéuring operating conditiongl1]. Therefore, in order to adopt
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FIGURE 14. Qualitative representation in the logarithmic scale of the
magnitude of the admittances Y; (s) and Y;4(s) in case of negligible
damping resistance R;. The resonance frequency o and antiresonance
frequency w; are reported in the graph with the attenuation characteristics
of the LCL filter.

a conservative approachgeq is neglected in the design pro- 2)

cedure. The system transfer functions used for the filter design
are listed as follows.

Yf(s)=%=s%f§%‘;§ (19)
Yigle) = IJ:((:)) ~ s(Ly —::-Lfg) & iéw?) 20
=i 1)
wh = ;%tjz’ (22)

where the admittance¥; and Yig, respectively, relate the
APF-side () and grid-sideifg) currents with the ripple volt-
age () and their qualitative trends are reported in Fig,
wp andws are the system resonance and antiresonance fre-
guencies, respectively, which depend on the filter APF-side
inductancel ¢, grid-side inductanckg, and capacitandgs.

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

L= 2 (23)
(O]
1
Cp = 24
b= 7 (24)

where wy is the grid base frequency ard, is the base
impedance, which is obtained by dividing the square of the
grid rated voltage b,.

3)

B. DESIGN PROCEDURE

The grid is assumed to operate under nominal grid voltage and
frequency (i.e.wg = Vg =1 p- u-), while the nonlinear load

is operating at full power (i.,eR} = 1 p - u-). The step-by-
step procedure consists of the following computations, to be
performed in the order here presented.

1) APF-Sde Inductance L¢: 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
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peak current ripple h ppmax IS thus constrained as
follows:

if,h,p|c>max= ka ' II,l (25)
wherel, 1 is the load peak fundamental currekt, is
an attenuation factor suggested to be in the range 20%—
30%.
Similarly to (12), if n ppmax depends both ot and
Ah,ppmax, the latter being a function of the modulation
indexM and the PWM technique, as shown in Fid.
Therefore, the following per-unit expression for the in-
ductancelLs can be derived by combiningl6), (17),
(23), and(25).

_271

L = )hh,pp max

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

Qc,max OFF— ka,o,:p : H = kayoFF (27)
where Q¢ max ore is the maximum admitted value of
Qc generated b, while APF is in idle stateke; o
is a percentage index suggested in the range 3%-5%,
relatingQc, max orrto A.

Instead, during its operation, the APF can perform feed-
forward compensation fo@;. However, the required
power effort must be limited, since the larger amount
of the APF installed powe6B,,¢ has to be reserved
for line current compensation. Assuming the APF rated
currentlaps is equal to the load distorted currdng =

|1 - THD;, a second constraint f@). is imposed

Qc,max ON= kcf,ON : Sapf = ka_ON - THD; (28)
whereQc max on is the maximum admitted value f;
compensable in feedforward mode by the ARE;
is a percentage index suggested in the range %—5%,
relatingQc, max on t0 Sapr-

SinceC; =~ Q¢ in per-unit, a formula for computinG¢
is obtained by combinin{27)-(28)

C; = min (kcf_OFF, Ky on -THDi>. (29)

In practice ke, o andke; o, are equally set. Therefore,
the most limiting constraints betweé2i7) and(28) only
depends on load input THD

Grid-Sde Inductance L4: Oncel¢ andCy are known,
Ltg can be determined as [0], by combining(19)-
(20)and imposing the desired current ripple attenuation
kiey = li1g(s)/it(s)] at fsw. The following per-unit ex-
pression is thus derived:

1
<1+ m) a:
L¢ _

9T L Cr ol -1
The attenuation coefficierlt , is suggested to be in
the range 10%-20% and the selected value depends on

(26)

(30)
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4)

the implemented PWM technique. Indeed, as shown in
Fig. 9, different PWM solutions differs for HDF and
consequently for RMS current rippleg p injected into
the grid. For the same impact on TH#at the PCC, a
PWM technique with a higher HDF requires a lower
ki;,- For instance, since HD& |7, ,, the attenuation
factors of APF-GDPWM and SVPWM can be related
as follows:

kagAPF—GDPWM =

k. . HDFsvpwwm
foSVPWM\ HDFapF—GDPWM

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

(31)

1
3woCs
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 literat[88], [42],

Rt =

(32)

[43], [44], thus emulating the desired resistive behavior 4)

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 andL 1), capac-
itive (Cs) and resistive Rf) 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)

2)

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

wy < —.

: (33)

3)

control limitation, the following constraint is proposed:
(34)

When the constraint i(34) is violated,Cs or Ltg have

to be reduced according {81).

Damping Resistors Losses Py: The LCL filter losses
must be limited to minimize the impact on overall power
line consumption. To this endy must not exceed a
defined percentage amoug | of the load rated power

A . At the same timePy must not excessively affect the
design of the APF cooling system (i.e., heatsink and
fans). Thereforel’y must also remain below a specified
percentag&p, aprof the APF nominal powes,pr. Based

on the considerations above, the following constraint is
imposed:

wt > 2h - wg.

Py < min (kp, 1, ke, apf - THD;) (35)

where Py = 3R¢l,¢, with I;c the RMS current in the
capacitoiCs.

A suggested value both fde, | andkp, apf is 1%. In
the event that conditiof35) is not met,R¢ has to be
reduced by increasing eithep or Cs according tq32).
Alternatively, I;c can be limited by increasings, thus
enhancing the high frequency current filtering provided
by the converter-side inductor.

Current Ripple I1gn: The residual APF current ripple
injected at the PCC must not exessively impact the
THD; of the overall current drawn from the grid,(n
Fig. 1). Indeed, the high frequency attenuation provided
by the LCL filter must ensure the system compliance
with harmonic distortion standards], which require
the strictest limit of THD < 5% in the case of weak
grids (short-circuit ratio SCR< 20). Since the APF
installation is not predeterminetkg, 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

ligh < 2.5%. (36)

In case constraint36) is not satisfied[ ¢, Cs, or Ltgq
must be increased to improve the filter attenuation at
high frequencies.

C. DESIGN EXAMPLES

In the event tha¢33) is not satisfiedwg can be lowered The procedure previously illustrated is used for the design of
by increasind_¢, Ct, or Ltg, according tq22). the LCL filter for a two-level APF, respectively, in the case of
Antiresonance Frequency ws: The APF harmonic com- implementation of SVPWM withfs,, = 8 kHz (Filter 1) and
pensation capability can be compromisedvif is so APF-GDPWM with fsy, = 16 kHz (Filter 2). The system base
low as to interact with the highest harmonic frequencyalues, the operating characteristics of both the APF and the
h-wg the APF has to mitigate. Specifically, whenn  nonlinear load, as well as the indices used for the design of the
is too close tdh - wg, the LCL filter output currentisg  LCL filters are reported in Tab Once the modulation index
may experience magnitude amplification and phase ds-defined (i.e.M= 0.9), the values of HDF ankkh pp maxpu

lay compared to the controlled input curréptresulting to use during the design stage can be obtained respectively
in ity deviating from the desired value required to comfrom Figs. 9 and 11, according to the selected modulation
pensate for the distortion @f. In order to avoid current technique.
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TABLE 2. SYSTEM MAIN DATA AND COEFFICIENTS FOR THE LCL FILTER DESIGN

Since the requested capacitance valiyeand 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-

Base Non-Linear  Active Power LCL Filter ! A <
Values Load Filter Design Factors itor branph for both p_rotc_;types. A picture of the capacitive
element is presented in Fi@}8.
Sy 260kVA P 1.0pu Sy 033pu ki, The designed_CL filters have been assembled, and for
Vo 400 Vems Iy 1.0pu M 0.9 ke o both, the real admittance cur¥g(s) has been measured using
oy 3l4rds  THD; 33 % 25 Kepon a IM3536 Hioki LCR meter. The comparison between the
Z, 0620 kLY expgcted_anq the expenm.entally. mgasqred admittances are
feSvPWM provided in Fig.19. While slightly differing in resonance and
Ly 1.96 mH KL g apr-corw anti-resonance frequencies, as well as in resonance damping
Cp 5.17 mF ke, due to component tolerances, the real curves closely match
Kpy ot the ideal ones fotw < hwg andw > wsw, thus guaranteeing
the desired filters behavior within the control frequency range
TABLE 3. LCL FIlTeR DESIGN ResuLrs and the r.equired hﬁgh frquency attenuation capability.
’ Both filters designed with the proposed procedure were
employed during the experimental testing phase to compare
Parameter  Filter 1 Filter 2 Constraint the performance of APF-GDPWM with SVPWM.
Modulation ~ SVPWM  APF-GDPWM VL EXPERIMENTAL RESULTS
fow [kHz] 8 16 The case study for the nonlinear load used for experimental
A ppmax [pul 0.78 0.88 tests is a regenerative system employed for the final functional
HDF [-] 0.26 0.45 testing of the CUT at the end of the production line, as shown
in Fig. 20. The active power recirculates in the regenerative
Ly [pH] 89 S0 system through a line transformer. The CUT is a 260 kVA
Cr [uF] 68 68 power converter for electrical drives consisting of a diode
Ltg [nH] 48 15 three-phase rectifier with outpl€ filter in the AC/DC stage
Ry [m2] 225 136 [see Fig.5(b)] and a two-level three-phase IGBT inverter in
the DC/AC stage. The THDof the current absorbed by the
@0 [rad/s] 21745 < 25133 diode rectifier during the full-power operation is 34.3%.
- 36007 < 50266 A two-level APF is connected in parallel to the regenerative
oo [radss] 17552 31694 > 15708 system (see FigR0) to compen;a}te for the current harmonics
produced by the CUT grid rectifier. The adopted APF control
Py [%] 0.21 0.15 <033 method is the one proposed [[29] and depicted in Fig21.
A 50 Hz proportional resonant regulator (P-RES) operating in
I (%] 1.00 1.54 <25

The computed parameters (i.ks, Ct, Lg, andRy) of both

stationary &, B) reference frame is implemented to perform
the fundamental current control and the d bus voltage regula-
tion. Instead, RESs operating in synchronadisgj reference
frame and rotating at the grid frequency are tuned at the

Filter 1 and 2 are reported in TabBewherefsy, the adopted harmonic ordersi§ withk = 1, 2. ... Each RES compensates
modulation technique and the related PWM waveform qualifgr the & — 1 and & + 1 harmonics of negative and posi-

indices HDF andin pp max @re also specified for each filter.tive sequence, collapsing on thi Barmonic in synchronous
Moreover, Table3 presents the corresponding valueswaf (d, q) reference frame. The controller computational effort to
wf, Py, andlgp, Which satisfy their respective constraintseach the desired harmonic compensation is thus minimized.
(33)36). The APF is tuned to compensate for the current distortion up
While ws andwg are computed fronf21) to (22), Py and  to the 24" harmonic, while the DC bus voltage is regulated to
ltgh are evaluated by implementing a simple and straighdchieveM ~ 0.9 during APF operation. The P-RES and RESs
forward model of the system in MATLAB environment. Thegains are reported in Table
behaviors obtained in simulation @f; (from which Py is The APF-GDPWM algorithm and SVPWM have been im-
calculated)j n anditgp, are reported in Figl5. plemented on the APF, which can be alternatively interfaced
The procedure design led to the prototypind efandL¢y to the grid through theé.CL Filter 1 or 2 (as designed in
with a toroidal-core in powder-type magnetic material an8ectionV), according to which modulation technique is used.
wound with Litz wire. The same technology was used for th& HBM Genesis data recorder is connected between @ie
realization of the inductors in both Filter 1 and 2. The viewSlter and the grid to evaluate the overall power converter
of realizedL andL ¢4 inductors are reported in Fig6 and losses, consisting in both the inverter an@L filter losses
17, respectively. (see Fig20).
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FIGURE 15. Simulation results: current ripple in the APF-side inductor L; (i1,n) and grid-side inductor L; 4 (i14n) and capacitor current (i,c) obtained
respectively with LCL Filter 1, SVPWM, f,, = 8 kHz (a) and LCL Filter 2, APF-GDPWM, fg, = 16 kHz (b).

FIGURE 16. View of the APF-side inductor L of Filter 1 (a) and 2 (b). The
inductors are encapsulated in thermally conductive resin. The volume and
weight of each inductor are respectively 2.391 and 9.6 kg for Filter 1 and
1.301 and 5.8 kg for Filter 2.

FIGURE 17. View of the APF-side inductor L ¢ of Filter 1 (a) and 2 (b). The
inductors are encapsulated in thermally conductive resin. The volume and
weight of each inductor are, respectively, 1.591 and 6.5 kg for Filter 1 and
0.74l and 2.6 kg for Filter 2.

TABLE 4. APF CURRENT CONTROL PARAMETERS

P-RES & RESs
kp 0.7% ki 500 = ke 350 o=
ki 140 32 kig 1125 ky 7

228

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 ; 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 Tabl@, while the system setup is shown in
Fig. 22

The full-power steady-state operation of the system is il-
lustrated in Fig23, 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 22. System setup: APF cabinet with measuring equipment (top)
and assembled DM LCL filter (bottom).

FIGURE 21. Block diagram of the implemented APF current control. 6, is
the PCC voltage vector position.

drawn from the grid would bg = i} = 170.0 Ans. Instead,

with the compensation performed by the AR§-drastically

reduces to 32.8 /ns (-80.7%). The current reinjected at the

PCC by the CUT igy) leads in phase the CUT absorbed

current at the fundamental frequendy, (). This phase shift

is indicative of a reactive current injected by the regenerative

system atwg, which is compensated by the APF, along with

the distorted current, to malq'@ at unity power factor. As FIGURE 23. Full-power operation of the regenerative system with

; ; ; ihi ; connected in parallel the APF. From top to bottom: phase PCC voltage
can be observed in FIg3, lout exhibits a hlgh frequency vpec,phr CUT input current i;, and its fundamental component i;, ;, CUT

current ripple due to the SWitChing of the CUTS\(/,CUT = output current iy, current absorbed by the regenerative system i, current
4 kHz). This high frequency component propagates towarijected by the APF at the PCC i, grid current ig.
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= 28 kW) in Test 2, to demonstrate the effectiveness of
the hysteresis selector. By reduciRgyr, the behaviour of
the CUT diode rectifier becomes more capacitive, resulting
in a higher THD for the absorbed current,, 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., nulliy,). 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 settingiy, = 30 A for all system
operating conditions, with the zero sequence modulation

FIGURE 24. Compensation capability of the APF, while the regenerative indexme = chcmz and the phase modulation index= \#*/2

system is full-power operating. The currents i| and i, are shown in the both exhibiting a trend without repetitive abrupt variations

;’;:‘:::g d"’z:‘?;_'"'”k"’ disturbance can be observed on i) and, more at the switching frequency. The main beneficial effect of
implementing the hysteresis selector is the reduction £f,

) ) thus limiting the impact of the APF high frequency ripple
the PCC and is measurable grby the APF controller. As gp the THD of the overall current absorbed at the PCC. In

theoretically explained in Sectidh(see Fig3) and as willbe particular, the tgh RMS value is reduced by 12.7% in Test 1
also shown with the experimental tests, this noise can affeglq significantly by 41.5% in Test 2.

the computation of the zero sequence voltage in the case of afrhe henefits of the hysteresis selection on the CM voltage
APF implementing APF-GDPWM. The APF compensatioe highlighted in Fig26 for Test 1 and Fig28for Test 2. The
capability and the circulation of 4 kHz current noise on thgagrmonic spectrum is divided into following three ranges.
power line are further demonstrated in Figk which shows 1) | ow frequency: it consists of the frequency components

iy andig in the frequency domain. with f < 1 kHz, which are associated with the zero
Different tests are performed to evaluate the performance  sequence voltage injection;

generalized DPWM technique for APFs presente{2j as f € (1,12] kHz, an intermediate region of the harmonic
follows: _ spectrum, that normally has low harmonic content, since
1) Tests 1-2: The performance of the APF using the APF- ¢ is |ittle affected by zero sequence injection and lies

GDPWM technique and connected to the grid through  pelow the switching frequencyfdy = 16 kHz).
the LCL Filter 2 is evaluated both in the case of bypass 3) High frequency: it contains all the harmonics related to
and proper tuning of the hysteresis selector, iy, = the inverter switching, corresponding to> 12 kHz.
30 A, approximately twice the amplitude of the circulat- \while the implementation of the hysteresis selector does
ing high frequency current disturbance shownin Bd. not impact on the overall CM RMS voltagé, or the high
thus also accounting for possible measurement noig$gaquency CM RMS voltag¥.m pr, it influences the harmonic
The disabling of the hysteresis selector is equivalent {gstribution in the low and mid frequency ranges. In partic-
using the method presented[20]. Tests are performed y|ar, without the hysteresis selector, the low frequency RMS
with the system operating at full-power (Test 1) and &ontent Y, 1) decreases, as part of the harmonics associated
reduced power (1/10 of full power, Test 2). with the zero sequence injection shift into the mid frequency
2) Test 3: The APF current ripple injected into the gridrange. The enabling of the hysteresis selector confines these
itgh and the overall APF efficiency are analyzed in thgarmonics to the low frequency range, thus making the sys-
case of three different configurations: implementatiogm |ess prone to the circulation of CM currents. The mid
of SVPWM with fsy = 8 kHz and grid connection frequency CM RMS voltag¥em ms is thus reduced by 38.3
through LCL Filter 1 (Case 1), implementation of o4 in Test 1 and 72.9 % in Test 2.
APF-GDPWM with fsy = 16 kHz and grid-interfacing  The results of Tests 1-2 are summarized in T&blehere
throughL CL Filter 1 (Case 2) or LCL Filter 2 (Case 3). 3| the relevant data for comparison are reported in absolute

and relative values.
A. TESTS 1-2: IMPACT OF APF-GDPWM

The steady-state operation of the APF connected to the

grid through the designedCL filter 2 and implementing B. TEST 3: APF-GDPWM AND SVPWM COMPARISON
APF-GDPWM atfsy = 16 kHz is illustrated in Figs25and The power measurements and the APF high frequency current
27, respectively, in the case of CUT operating at full-powettistortion analysis have been performed for the APF operating
(Pcut = 260 kW) in Test 1 and one-tenth-powelPc(;v 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 (Pcyr = 260 kW). The APF is implementing APF-GDPWM with f,,
= 16 kHz in the case of hysteresis selector disabled (a) and enabled with Aiy, = 30 A (b). From top to bottom: CUT input current i;, and its fundamental
component i, ;, CUT output current iout, current absorbed by the regenerative system ij, current injected by the APF at the PCC i, residual APF current
ripple injected at the PCC ¢, zero sequence modulation index m; and phase modulation index m.

FIGURE 26. Test 1: system steady-state operation while the CUT is providing full-power (Pcyr =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 (Pcyr =28 kW). The APF is implementing APF-GDPWM with
fsw = 16 kHz in the case of hysteresis selector disabled (a) and enabled with Aiy, = 30 A (b). From top to bottom: CUT input current i;, and its
fundamental component i;, ;, CUT output current iy, current absorbed by the regenerative system i, current injected by the APF at the PCC i, residual

APF current ripple injected at the PCC i ,, zero sequence modulation index m; and phase modulation index m.

FIGURE 28. Test 2: system steady-state operation while the CUT is providing one-tenth-power (Pcyr = 28 kW). CM voltage v harmonic spectrum in the
low frequency (a) mid frequency, (b) and high frequency (c) ranges.

232 VOLUME 7, 2026



TABLE 5.

EXPERIMENTAL RESULTS OF TESTS 1-2

this case, as demonstrated in Sectibn Notably, the appli-
cation of APF-GDPWM reduces also the capacitor current
irc and consequently the estimated damping resistor losses

Test| Notes | Quantity | Aig=0A  Aig=30A : or
Py are 0.22% in case of SVPWM dt,, = 8 kHz, while it
1 Peyr = | Iggn 79 Ams 69 Ams -127 % s reduced to 0.10% with APF-GDPWM dt,, = 16 kHz.
260 kW | Vemir 1379 Vims 1407 Vs +2.0 %  The filter losses were not considered in the theoretical discus-
THD; = | Vemmt 493 Vims 304 Vims -383 % Sion and their reduction further validates the effectiveness of
343 % Vemnt 1934 Ve 1926 Vie  -04 % fAPF-GDP\_/:/\(I\:/I. NZeVTlrthele;s, tr:je dpubli?ghof the swtihiIng
requency inCase 2 allows the reduction of the current ripple
Vem 2426 Vims 2405 Vemy 09 % itgh injected into the grid by the APF (from 1.63% to 1.33%
2 Pour = | Itgn 94 Ams 55 Ams 415 % Ofijp1).
28 kW Vemir 563 Vime 845 Vi 4501 % Finally, the comparison betweé®ase 1 and Case 3 high-
THD; = | Venms | 894 Vems 242 Vime 729 % Ilghts.that the |mplementat|on of APF-GDPWM with the
’ doubling of the switching frequency allows for a more com-
106.7 % | Vemns 2219 Vims 2277 Vims 426 % ! i X .
i pact filter design, with reduced inductance, volume, and
Vem 2458 Vims - 242.2 Vs =15 % \yejght, while preserving similar results in terms of current
rippleitgn, overall power converter loss€ss and damping
resistor losseBy.
TABLE 6. EXPERIMENTAL RESULTS OF TEST 3 Specifically, theLCL Filter 2, compared td.CL Filter 1,
features a total inductance reduced by 53% (137 v B,
Quantity Unit Case 1 Case 2 Case 3 a single-phasd ¢ inductor with 46% less volume (2.39 vs.
1.30l) and 40% less weight (9.6 vs. 5.8 kg), a single-phase
LCL Filter 1 1 2 L g inductor with 54% less volume (1.59 vs. 0.74l) and 60%
Modulation SVPWM APF- APF- less weight (6.5 vs. 2.6 kg). Meanwhile, the obtained values
GDPWM  GDPWM of itgn and Py respects the constraints imposed(@b) and
fow kHz 8 16 16 (36) both inCase 1 (ifgh = 1.63% andPy = 0.22%) and
Case 3 (ifgh = 1.86% andPy = 0.16%). Instead, the overall
Lrgh % 1.63 1.33 1-86 APF power losseBjpssaccount for approximately 1% &yt
Py* % 0.22 0.10 0.16 (0.94 % inCase 1 and 1.07 % irCase 3), ensuring a minimal
Prose % 0.94 0.83 107 impact of the APF on the overall power line consumption.

* Py is not directly measured, but estimated by considering the damping

resistance Ry and the capacitor current ir., while neglecting the skin

effect.

system is full-power operatingPfyt = 260 kW). In Case
1, the APF uses the SVPWM witlis,, = 8 kHz and it is
connected to the grid through th€L Filter 1. In Case 2, the
LCL Filter 1 is installed and the APF-GDPWM witly,, = 16
kHz is implemented. Instead, l@ase 3 APF-GDPWM with

VIl. 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 DMCL filter. To simplify the

fsw = 16 kHz is used, while the APF is grid-interfaced wititheoretical treatment, the analyses were performed assuming
theLCL Filter 2. The APF steady-state operation for the threen APF compensating for the current distortion caused by
test conditions is illustrated in Fid29, while the obtained an ideal nonlinear load. However, the results also apply to
results are reported in Tabée real cases, such as an APF compensating the distorted current
By comparingCase 1 and Case 2, it emerges that APF- drawn by a diode rectifier.
GDPWM allows the doubling of switching frequency from 8 The experimental validation has been carried out on a TRL
to 16 kHz, without increasing the total losses. Indeed, witho@tindustrial two-level IGBT APF compensating a regenerative
modifying the existing hardware (i.e., power switches an@sting system of 400 V, 260 kVA industrial AC-AC power
LCL filter), the measured losses for the converter operatiegnverters. The experimental tests, performed in a real dis-
at fsyy = 8 kHz using SVPWM (0.94% oPcyT) are slightly turbed industrial environment, demonstrate the effectiveness
higher than the losses obtained with the converter operatiofyintegrating a hysteresis selector within the APFGDPWM
at fgy = 16 kHz with APF-GDPWM (0.83% oPcyTt). An  scheme, in contrast to the approach describg@0f which
overall converter loss reduction is obtained although the remits this functionality. Indeed, APF-GDPWM, compared to
generative system is an inductive nonlinear load (THD the solution if20], reduces the current ripple injected into the
34.3%) and the switching losses reduction is less effectivegnid 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 f,, = 8 kHz and installation of LCL Filter 1 (a) APF-GDPWM at f, = 16 kHz and
installation of LCL Filter 1, (b) and APF-GDPWM at f,, = 16 kHz and installation of LCL Filter 2. The CUT is providing full-power (Pcyr =260 kW). From top
to bottom: phase PCC voltage vpcc, i, phase modulation index m, CUT input current i, and its fundamental component ij, 1, CUT output current ioy, current
absorbed by the regenerative system i, inverter-side APF current i1, current injected by the APF at the PCC i, high frequency current ripple i; , and ifg,
capacitor current i..

associated with the zero sequence voltage, thus limiting te@me APF compensation performance and efficiency as with
risk of circulating CM currents. SVPWM.

Nevertheless, the results of the tests have shown thatTherefore, a two-level APF using APF-GDPWM can match
compared to SVPWM, the APF-GDPWM provides a bethe performance of more expensive hardware solutions, in-
ter exploitation of the existing hardware (i.e., inverter anduding three-level inverters implementing standard SVPWM,
DM LCL filter) by doubling the switching frequency fromwhile offering significant cost advantages.

8 to 16 kHz, with the benefit of current ripple-18%) and
power losses{12%) reduction. Moreover, the control bands;

idth be i d th lting i better d VIl. APPENDIX
wi may be Increased, thus resuiting in a beter dynam,;; ¢qction presents the computation of both conduction and
performance and higher harmonic orders compensation.

. . . . e  ‘switching losses for the power devices of a two-level three-
ternatively, implementing APF-GDPWM in combination with hase A?DF P

a doubled switching frequency enables the use of a reduce

size and lower cost DMLCL filter, achieving a 46% reduc-

tion in volume and 40% in weight for the converter-sid®. CONDUCTION LOSSES

inductor L, and a 54% reduction in volume and 60% infThe mean value of conduction losses for a generic power
weight for the grid-side inductdkrg, while maintaining the switch (e.g., IGBTMOSFET, etc.) over a switching period can
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be expressed as follovj$2]: As proposed if12], [13], [45], under the assumption of
_ p Vo) i 37y constant junction temperaturs, can be assumed approxi-
_ _pc (Ron Ice"’x+_ th) - Tcellx N (37) mately linear dependent &fy; andicel,x.sw- This assumption
whereiceyx is the current flowing through the positive £ is supported by the application manuals provided by power
pos) or negativex = neg) unidirectional switching cell that modules manufacture{g6]. Moreover, the hypothesis of a

includes the power switch (see F®); d is the duty cycle.  Jinear dependence s, on Vyc is experimentally validated
The currenticey x is assumed constant during a switchingn [47], while the linear relationship betwe&g,, andicei x.sw
period. Instead, the ternhis defined as follows: is confirmed by the experimental curves typically reported in
vty 1 the datasheets of power switches modules, e.¢30h
d= V—dc D) (38) The currentce x sw iS null when the inverter leg is clamped

. . to the positive or negative DC rail, otherwise it equiglg[13
wherev* is the leg reference voltage, while the zero sequence P 9 quads [13]

voltagev?,, depends on the adopted PWM strategy. i _ 0 d=0vd=1 (45)
The mean value of the conduction losses over a fundamen- R [T 0O<d<1

tal period is thus obtained by combinirfd7) and (38) and In the case of using a CPWNhe|x.sw = icellx at all times.

performing the following integration: The mean value of the switching losses obtained with standard
1 (% CPWNWMs over a fundamental period is given by the following:
PC:Z/ pcdd =A+B+C (39) 1 o
0

Psw.cpwm = 27 o Psw,cpwm df

2 Li2 .v* H
1 Ron Icelx v I Vih - el x - V¥ d

= — 0 (40) o
2 0 Vdc Vdc I:)sw,CPWM = VE% . fsw'Vdc' %/ icell,x do
_ i 27 Ron - igell,x ' Ugm 4 Vin - iceII,x : Uém do (41) ch,n " 0
21 Jo Ve Ve Psw.cpwm = Vv SWI « fsw- Ve lcell x.m- (46)
21 Ry - 12 Vi - | don'n .
_ 1 N cellx | Vih-leellx g, (42) By definition, the switching loss factor relates the switch-
21 Jo 2 2 ing losses obtained with a specific PWM technique, such as

Term A (40) depends on the relationship betweign x APF-GDPWM, and standard CPWNS3). A generalized for-
andv*. It is a contribution related to the provision of activenulation of the switching losses for any modulation technique
power (Papf) by the converter. An APF injects only reactives thus obtained by combinin@) with (46)

(Qapr) and deformed,p) powers to counteract the nonlinear Esw

load current distortion, while drawing a small amoun®gf Pow = Vaen - In fow - Ve - Ksw - leellxm- (47)

to compensate for the converter losses. Therefore, #eisn  The calculation o, and Py, has been carried out for the

negligible for an APF. power switch. However, identical results to thosg€48) and

TermB (41)s related to the interaction betweggix and  (47)would be obtained in the analysis of power losses for the
vem- As demonstrated ifl2] for the case, where the outputfreewheeling diode.
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