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Abstract— The problems associated with active power oscilla-
tions (APOs) in grid-connected converters are well-known. Imbal-
ances in the grid usually produce double-frequency oscillations
in the dc-link voltage and current which could reduce the useful
life of solar panels, batteries, and capacitors connected to this
point. Moreover, as reported in the literature, double-frequency
reactive power oscillations (RPOs) also produce adverse effects
in distribution systems, and it is desirable to eliminate or
mitigate them. When a four-leg power converter is connected
to an unbalanced grid, the zero-sequence current provides
extra degrees of freedom to compensate or even eliminate the
power oscillations at the converter dc-link side. In this paper,
a new methodology to regulate these double-frequency power
components is proposed. It is based on a closed-loop vector
control approach, where the active power oscillations (APOs)
at converter side are transformed into a synchronous frame
rotating at twice the grid frequency and regulated using the
zero-sequence current. To avoid overcurrent produced by the
circulation of positive-, negative-, and zero-sequence components
a current limiter is also proposed in this paper. Experimental
results obtained with a 4-kW four-leg power converter prototype
are presented and discussed in this paper.

Index Terms—DC-AC converters, distribution system, power
control, symmetrical components.

I. INTRODUCTION
N the past few years, the integration of energy resources
into distributed systems (DSs) and microgrids (MGs) has
emerged as a critical issue driven by environmental motiva-
tions and economic incentives [1]. A typical MG could be
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composed of a cluster of loads, distributed generators, and
energy storage systems connected to the main ac power system
at the distribution level [2], [3]. Low-voltage MGs and DSs
are typically unbalanced electrical networks [4], [S] consid-
ering the untransposed structure of their distribution lines,
the integration of distributed resources (DRs), and the presence
of both single- and two-phase loads. Typical electrical network
structures for low-voltage DSs are: 1) three-phase three-wire
(3P3W) and 2) three-phase four-wire (3P4W) systems.

In 3P4W systems, a path for circulation of zero-sequence
current is required to interface distributed generation units.
This fourth wire can be provided by a bulky delta-star
transformer (where the neutral point of secondary is used)
which have usually very low power to weight and power
to volume ratios, or by a split-capacitor power converter
(using the midpoint of the dc-link). However, these methods
usually reduce the utilization of the dc-link voltage or produce
high-ripple in the dc-link capacitors [6]. Moreover, when
power transformers are used, there is reduced controllability
of the zero-sequence signals applied to the grid/load. There-
fore, the four-leg power converters are probably the best
solution to provide this fourth wire, providing full utilization
of the dc-link voltage, and control over the zero-sequence
components [7]. Note that the four-leg voltage source convert-
ers (VSCs) converters can be utilized in many applications. For
instance, for collaborative power-sharing control of the active
and reactive powers of the loads connected to a MG [8]-[10];
fault ride through control [10]; fault current limitation [9];
active power filtering [11]; interfacing of energy storage sys-
tems to the MG [12]. In case galvanic isolation is required,
a star/star transformer could be used to provide isolation
maintaining the control of the zero-sequence component.

Because of the inherent network imbalances in four-leg
MGs, APOs and RPOs may flow between loads and power
converters. In the case of VSCs, APO may lead to large
fluctuations of the dc-link voltage and current. This oscillation
phenomenon could cause problems such as over-voltage, out-
put distortion, or even instability [13]. Moreover, in wind and
solar energy conversion systems, fuel cells and batteries [12],
large ripple currents and ripple voltages could considerably
reduce the efficiency, lifetime, and long-term reliability of
dc-link capacitors, PVs and energy storage systems [14]-[17].
Furthermore, RPO can produce a current operating rise,
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contribute to increase the power losses, and negatively impact
the point of common coupling (PCC) voltage [18], [19].

For the reasons mentioned above, it is attractive and advan-
tageous to suppress the APO and RPO. However, this selection
is not straightforward and depends on practical requirements.
In 3P3W power converters, it is not possible to regulate
both without introducing harmonic distortion in the out-
put currents [20], [21]. Several methods have been proposed
to enhance the performance of three-leg power converters
under unbalance grid voltages, looking to either balance the
three-phase ac currents or to minimize the APO-RPO, depend-
ing on the control objectives desired [20]-[25].

In this context, the degrees of freedom provided by the
three-leg power converter are not always sufficient to com-
pensate power oscillations and more degrees of freedom are
required to improve the operation of grid-connected VSCs
under unbalanced ac source conditions. These additional
degrees of freedom can be provided by the amplitude and
angular phases of the zero-sequence current in the addi-
tional path introduced by the fourth wire of the four-leg
VSC [13], [26]. In [13], this current is computed to eliminate
APO and RPO at the PCC while the dc components of
the active/reactive powers are tracking the provided reference
values. However, the algorithm proposed in [13] assumes that
the phase of the zero-sequence voltage is in phase with the grid
voltage of phase a and this is certainly an oversimplification
which is valid in some operating points only. Therefore,
it is not a generalized solution which can be applied to
any grid-operating condition. Moreover, the control systems
discussed previously are open-loop algorithms that do not
have the same performance than that obtained with closed-loop
systems and the control aims in [13] are not the eliminations
of the APO at the converter side, where the dc-link capacitors
are located.

In this paper, a new control system for four-leg convert-
ers in MG applications is discussed. A closed-loop control
strategy that directly regulates the power oscillations is imple-
mented, and the extra degrees of freedom provided by the
zero-sequence signals are used. The contributions of this paper
can be summarized as follows.

1) This paper presents a closed-loop control strategy for
canceling/mitigating the APO at the converter side and,
thus, in the dc-link electrical variables. The control
system utilizes the two additional degrees of freedom
provided by the fourth leg of the power converter and
in some operating points could cancel both the APO in
the converter side as well as the RPO at the grid side.

2) A vector representation of the APO is presented in this
paper. This modeling allows the use of vector control
techniques to eliminate/mitigate the power oscillations.
Therefore, simple controllers implemented in the syn-
chronous rotating frame can be used to regulate with
zero steady-state tracking error the double-frequency
oscillations in the dc-link electrical variables using cur-
rents of positive-, negative-, and zero-sequence.

3) A simple algorithm to avoid overcurrent in the converter
legs is proposed. The control system also allows select-
ing if only part of the APO and/or RPO is compensated.
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Fig. 1. Grid-connected four-leg two-level VSC converter.

The rest of this paper is organized as follows. In Section II,
the modeling of the four-leg VSC and grid system is discussed.
In Section III, the proposed control strategies are introduced
and extensively analyzed. In Section IV, the experimental
results obtained with a 4-kW prototype are presented. Finally,
an appraisal of the proposed methodology is discussed in the
conclusions.

II. MODELING OF VSC-GRID SYSTEMS
A. Fundamental Relations

To formulate the control strategy, the instantaneous electri-
cal variables of the grid and the converter are defined in terms
of their respective currents and voltages with a convenient
usage of the af0 transform [27]. This transformation maps
the instantaneous three-phase variables &ype into instantaneous
decoupled variables on the af0-axis according to

, 11
2 2
Ca > Ca
S| = \/; 0 ? —? S |- (1)
é() 1 1 1 50

V22
From the grid side of the system shown in Fig. 1, the volt-
ages and currents are, respectively, specified as

Vg =g + jop, iy =i+ jip. )

Using (1) and (2), the instantaneous complex power expres-
sion for the grid side can be described by [27]

Sg = vgiz + voio 3)

where ip and v are, respectively, the zero-sequence current
and the zero-sequence grid voltage obtained from (1); addi-
tionally, i z refers to the complex conjugate of i,. In addition,
on the converter-side illustrated in Fig. 1, the instantaneous

power is defined as
DPs = Usala + Uspip + Vscle — inlsy “4)

where i, = (3i0)1/ 2 is the neutral current, and vy, is the output
converter voltage in the leg x (x € {a, b, ¢, n}) measured
from the negative point N of the dc-link (shown in Fig. 1.
Thus, using (1) in (4), the instantaneous power injected by
the converter is

Ps = 5ﬁ{vsiz} + vs0i0 (5)
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where v and vy are, respectively, the converter voltage vector
and the common-mode voltage of the converter defined as

1
V50 = —
S \/§

Moreover, if the voltage equilibrium equation

(vsa + vsp + Use) — “/gvsn- (6)

v—L% Ryl 7
s = fdt+ flg + Vg @)

is replaced into (5), the active power delivered by the four-leg
VSC becomes

di
ps = M{vgi}} + Relig)* + Lt [d—tgigl +og0i0.  (8)

Therefore, as shown in (8), the active power of the converter
is composed of the grid power, the power consumed by
the three-phase filter, and the zero-sequence power on the
converter-side pso = vsoip. Consequently, if imbalances are
presented on the grid voltages, pso can be used to mitigate
the double-frequency oscillations in the active power of the
converter-side ps. Note that from (3), the oscillations in the
reactive power cannot be compensated using Pg0 = 0oi0,
because the zero-sequence components cannot produce instan-
taneous reactive power (see [27]). Hence, the RPO should be
mitigated using a suitable negative-sequence current in the grid
current vector ig.

Similarly, the common-mode voltage equilibrium law for
the VSC-grid system is given by

di
V50 = Lod—t0 + Roio + vo 9)

being Lo = Lt +3L, and Ry = Rf + 3L,, the zero-sequence
inductance and resistance, respectively. Thus, the zero-
sequence power on the converter-side is described by

di

. dip . )
pso = Lo 0 + Rolé + voip.

It is worth to highlight here that the previous relationships
are stated both for 3P3W and 3P4W systems. In the case
of analyzing a 3P3W configuration, then the zero-sequence
current is established as zero, i.e., ip = 0.

(10)

B. Modeling of 3P3W Systems

The methodology to eliminate the APO in 3P3W sys-
tems has already been discussed in the previous publications,
e.g., [20]. However, for completeness, it is briefly presented
in this section.

Restricting the analysis to the fundamental grid-frequency
o, the voltage and current vectors of a 3P3W system can
be conveniently described by the instantaneous symmetrical
sequence components as [28], [29]

Y
12)

j wt —jot
vy =v1e/” e/ =045 + v2gp
. . i oot . —Jjowt . .
ig =101/ +ie™/ =i14p +i2ap

where vi,s and vy, are, respectively, the positive- and
negative-sequence components of the grid voltage vector in
the af frame that can be expressed in the positive- and
negative- synchronous reference frame (SRF), respectively,
as v] = v1g + jov1g, and V2 = v2g + jv2g4. Similarly, the grid
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current vector can also be expressed in terms of i; and i»,
as shown in (12). Thereby, from (3), the instantaneous complex
power expression of the grid side can be expressed as

Sgl2 :vliT—f—vzi;—}—vli;eﬂw' —i—vzi’feﬂ%"' (13)

Egl2 EgIZ

where §¢12 groups the active and reactive average powers, and
Sg12 groups the oscillating components fluctuating at twice
the fundamental grid frequency. Consequently, the oscillating
active and reactive powers are defined by

ﬁglz 5)'i{§'g12} = S't{(uTiz 4 vzi’f) e*jth}

G2 = S{F12) = 3{(v2i} — v}iz) e 2},

(14)
15)

The negative-sequence current i represents one of the
degrees of freedom to mitigate the power oscillations. This
component allows manipulating both APO and RPO shown in
(14) and (15), respectively. In this regard, using the following
negative-sequence current:

-ref 2V .,
=u—7=i (16)
ST
both oscillating power components can be written as
Pei2 = (1+ w)R{uaif e} (17)
Ger2 = (1 — w)3{waie 72"}, (18)

Thus, the amplitudes of pgi2 and gg12 vary as a function of
the scalar parameter ue[—1, 1] according to

APgip = (1 + p)|vaif]
AQg12 = (1 — p)|vai].

19)
(20)

In addition, by replacing (16) into (13), and assuming
a SRF oriented along the positive-sequence grid voltage,
i.e., V1 = 014, the positive-sequence current reference irf’f can
be expressed in terms of the required active and reactive power
references (Péef and Q™ respectively), as follows:

irlef — j«d Pgef + jj«q Qref

} 1)

where
[v1]

Ayp=— (22)
T wloaf? — v 2

vy ]
d = 2 2’
[v1]* + plvz]

are the scalars that are the function of the amplitude of v and
v, and the parameter u.

Therefore, when the grid current vector ig is regulated
using the positive- and negative-sequence currents given
by (16) and (21), the active and reactive powers track their
required average values; however, simultaneously a tradeoff
between the amplitude of their oscillating components is estab-
lished by tuning the parameter u. For instance, if negative-
sequence currents are not allowed, then this parameter can be
defined as ¢ = 0; and consequently, both the instantaneous
active/reactive powers are affected by double-frequency oscil-
lations under unbalanced grid conditions.
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Fig. 2. Proposed control structure for the grid-connected four-leg VSC.

III. PROPOSED CONTROL STRATEGY TO ELIMINATE
THE APO IN 3P4W TOPOLOGIES

As mentioned earlier, in 3P3W systems, there are
not sufficiently degrees of freedom to eliminate both
the APO and RPO by supplying undistorted currents to
the grid [20], [21], [30], [31]. To overcome this limitation,
the current circulating through the fourth wire of the four-leg
VSC, i, = ﬁio, can be used to obtain the two additional
degrees of freedom required to eliminate/mitigate the APO at
the converter- or grid-side [13], [26].

The nested control scheme depicted in Fig. 2 is proposed
in this work to control the grid-connected 4-leg VSC. This
strategy allows removing the APO at the converter-side as well
as at the grid-side by properly computing the zero-sequence
current reference i(r)ef. Note that the methodology to calculate
i{)"f is introduced in Fig. 4 and it is extensively discussed in
Sections III-A and III-B.

As shown in Fig. 2, the outer loop is focused on com-
- ref

uting the grid current references i’ and i utilizing the
puting the grid t ref e and " utilizing th
instantaneous symmetrical components irlezfo = [iref it i(r)ef]

that allows eliminating/mitigating the APO at the converter- or
grid-side. As depicted in the gray block of Fig. 2, the resulting
grid current vector and the zero-sequence current references
are controlled in the a0 frame using PR controllers, providing
zero steady-state error for both the grid current vector i, and
the zero-sequence current .

In addition, as shown in the orange block of Fig. 2,

the instantaneous symmetrical sequence components irlef and
i" are computed from the active/reactive power refer-
ences, the parameter u, and also from the instantaneous
sequence components of the grid voltage oriented along its
positive-sequence (i.e., v14, Vo, and v3). These sequence com-
ponents are obtained by employing the sequence separation
method (SSM) shown in the light-blue area of Fig. 2. On this
subject, the positive- and negative-sequence components are
obtained by using the standard delay signal cancellation (DSC)
method [32], [33], and the zero-sequence component is com-
puted by using a virtual vector generator (VVG) based on

an orthogonal signal generator (OSG). An output power lim-
iter (OPL) is introduced to operate the converter inside its
rated current capability by adjusting the scalar k5. More details
regarding this block are introduced in Section III-D.

Although several OSG techniques have been proposed
in [19], in this work, an all-pass filter (APF) [34] is preferred
due to implementation simplicity and good performance for
small variations in the MG electrical frequency. For complete-
ness, a brief discussion is realized in the following.

The APF transfer function is

G w—s
APE(s) = P

It is assumed that the zero-sequence voltage signal is vgy =
Vo cos wt, which according to the VVG principle is defined
as vog - Using the Laplace transform of vg, and (23), the virtual
component voy is obtained as

sVo (w—s) 10 1
(52 + @?) (@ + ) =V (52+a)2 a s—}—a))' @24

Then, by using the inverse Laplace transform for vog(s),
the virtual voltage vector is given by

(23)

vop(s) =

wt).

Voap = Vo coswt + jVo(sinwt — e~ (25)

Therefore, for the VVG shown in Fig. 2, under any change or
perturbation of the zero-sequence grid voltage, the estimation
of its corresponding virtual vector is affected by the transient
of the term e~®" of (25) which in a 50-Hz grid will be negligi-
ble after about 15 ms. This delay is higher than that produced
typically by the DSC and has to be taken into account when
control systems relying on the OSG are considered.

A. Converter-Side APO Elimination
The zero-sequence variables vy and iy can be conveniently

written using the vector notation as

1 . . 1
00 E(vo e/ + e /) = 5(vomﬁ + véaﬁ) (26)

U
io = E(loe""t-i-lge o) = E(’Oaﬂ"";aﬂ) 27)
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with vous and io.p the virtual vectors of the zero-sequence
voltage and current, respectively. Notie that these virtual
vectors can also be expressed in a particular SRF as vyp =
vod + jvog and ig = ioq + jiog, respectively.

It is straightforward to prove that using (26) and (27),
both the average component and oscillating component of pgo
[see (10)] are, respectively, given by

(28)

1 1
Do = §R0|i0|2 + 5m{voig}

~ 1 .. S
Ps0 = Eﬂi{(zololo + vgig) e/} (29)

with Zo = Ro + jwLy, the zero-sequence impedance at the
fundamental frequency.

On the other hand, from (8), the APO at the converter-side
can be decomposed as

ﬁs = ﬁle + ﬁsO (30)

where ps12 is the APO produced by the positive- and
negative-sequence components of the grid voltage and current.
It follows that, by replacing (11) and (12) into (8), psi2 can
be expressed as

Ds12 = ER{(vli; +vii + 2Zfi1i§) ej2wt}

with Z¢ = Rf + jwLy¢, the impedance of the three-phase
filter. Therefore, to eliminate the APO at the converter side,
as derived from (30), the challenge is to obtain a zero-sequence
current such that

(€19

Ds0 = —Dsl12. (32)

In this regard, if i, is regulated for tracking the reference
given in (16), the required additional sequence components
io and i1, which allow either satisfy (32) [using (29) and (31)]
and inject the desired active and reactive power references,
can be found by solving the following system of nonlinear
complex equations :

vivd
Zoi3 + voio = —2(1 + w)viiy — 4uZs— Igi% (33a)

vy
1
i = Ay (ngef - Eﬁﬁ{voié}) +jAgOF. (33b)

However, to solve (33) in real time could pose a relatively
high computational burden. In addition, it is susceptible to
parameters mismatch. To avoid this costly implementation
and parameter uncertainty, an alternative closed-loop power
vector-based approach is introduced in this work.

Without loss of generality, the oscillating component of the
active power at the converter side can be expressed as follows:
~ 1 e Jj2ot

Ps = 5 Ps

—Jj2wt
2

1 *
+5pie (34)
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Fig. 4. Zero-sequence generator for converter-side APO Elimination.

Referring (34) to a SRF rotating at 2w, the following dg
representation of pg can be obtained:
1 *e—4a)t.

_ 1
Psdq = Eps + Eps

Hence, from (30) and by only focusing on the dc-component
in the right-hand side of (35) (the other component is filtered
out by the 4w notch filter shown in Fig. 4), the converter-side
oscillating power vector (OPV) p, can be defined as

(35)

Ps = Pso 1 Psi2- (36)

Therefore, a closed-loop control based on a PI controller that
utilizes the zero-sequence OPV p, as the control action can
be implemented to regulate pg to the desired reference value
p;ef = 0, as illustrated in the simplified control diagram shown
in Fig. 3. Thereby, if the PI controller is expressed in the
s-domain as C(s), the resulting closed-loop transfer function

for p,(s) is given by

C(s) ref 1
+co?s TT1xce)

From (37), it is concluded that the oscillating power produced
by the positive- and negative-sequence components (repre-
sented by the OPV pg;,) can be modeled as a disturbance
in a closed-loop fashion. Thus, it is compensated due to
the integral action of the controller. Nevertheless, according
to (29), the zero-sequence current that produces the desired
zero-sequence OPV pg‘(‘)f has to fullfil the following nonlinear
relation:

ps(s) = Psi2- (37

P 1.
pz%f = Ev()l() + EZ():%.
Consequently, this paper proposes to directly use the
zero-sequence current vector i as the PI controller outputs
which also allows limiting the amplitude of the zero-sequence
current to be injected by the four-leg power converter.

(38)

B. Generation of the Zero-Sequence Current Reference

The closed-loop zero-sequence current reference generator,
shown in Fig. 4, is proposed in this paper to eliminate
the APOs in the converter side; and thus, in the dc-link
electrical variables. To accomplish the control target, this con-
troller compares the converter-side OPV pg with its reference
pgef = 0 and utilizes the zero-sequence current vector refer-

ence i Bef as the control action. Then, the required instantaneous
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zero-sequence current is finally computed by evaluating (27)

with i = il + ji{)zf as
-ref __ .ref 0 -ref _: 0 39
iy =ligq COsO1 —ip, sinf (39)

where 6 is the angular position of the positive-sequence
voltage vector. Note that (39) is equivalent to take the real part
of the vector i {)ef referred to the stationary frame, as illustrated
in Fig. 4 with the operator ¢/%1.

In the proposed closed-loop zero-sequence current generator
shown in Fig. 4, the converter-side APO p; is derived from the
instantaneous active power injected by the converter ps. This
active power can be estimated from (5) using the measured
grid currents and the outputs of the inner current controllers
as follows:

ps = R{oTiz} + oo (40)
As depicted in the purple blocks of Fig. 4, this estimation
is filtered by using a passband filter tuned at twice of the
grid frequency. According to (36), an additional notch filter
centered at 4w is required to finally obtain the converter-side
OPV in dq coordinates, p,.

C. Small Signal Model for the Tuning of the PI Controller

Assuming that the control loop that regulates the APOs is
designed with a relatively slow dynamic performance, then
the plant required to tune the controllers can be represented
by the gains obtained from a small signal model. In this regard,
the linearized model is directly obtained from (38) as follows:

Apso _

INT
with Iy the equilibrium zero-sequence current. Hence,
the above equation allows defining the relation between both
power and current vectors as a proportional plant with a
complex gain K. Thereby, if (41) is decomposed in its dg
components, the following coupled system is derived:

1
K0=§vo+Zolo (41)

(42)
(43)

Apsoa = KoaAipa — Kog Aigg
Apsog = KoaAiog + Kog Aioa

Hence, both components have the same gain K, and the term
of cross-coupling is determined by the gain Ko,. By inspect-
ing (41), it is simple to conclude that the gains Koz and Koq
are strongly dependent on the zero-sequence voltage vector vy.
Therefore, to simplify the controller design, the cross-coupling
terms, dominated by the gain Ky,, are considered as distur-
bances. Accordingly, as shown in Fig. 4, the d-component of
vg is used by the PI controller to adjust its gain which allows

Signal flow of the OPL and the positive- and negative-sequence current references.

maintaining the control system operating stably with a good
dynamic response in the whole operating range.

D. Converter Output Current Limiter

As discussed in the previous sections, the proposed control
diagrams shown in Figs. 2 and 4 are used to eliminate/mitigate
the APO and RPO at the converter side. However, because the
instantaneous currents are derived from the symmetrical com-
ponents i129, a suitable current limiter has to be implemented
to avoid operating outside the nominal values in any of the
converter legs.

The proposed current limiter has two stages. First, the neu-
tral current i, is directly limited by using a conventional
anti-windup strategy for the PI controller that produces iBef,
as shown the control diagram in Fig. 4. Hence, the current
of the fourth wire is limited to the maximum amplitude
IsatflR/«/g, with Ir being the peak value of the converter
nominal current.

Second, to fulfill with the thermal constraint of the other
three phases of the four-leg converter shown in Fig. 1, an addi-
tional control stage, depicted in Fig. 5, is included into the
overall control scheme of Fig. 2. This additional stage is
called OPL, and it is designed to reduce the apparent power
supplied to the grid in order to drive the converter inside its
rated capability by manipulating the positive-sequence current
reference.

As shown in Fig. 5, the algorithm stars using i{)ef and the
initial current vector reference irgef. Then, the desired abc
grid currents i ;ebfc are computed by employing the inverse a0
transformation given in (1). The maximum peak value of these
currents Imax is computed using their corresponding virtual
current vectors iy = iyq+jixg With x € {a, b, ¢} (derived from
the VVG blocks shown in green color in Fig. 5) as follows:

Inax = Jmax(i2, + 2, i2, + %, i2,4%). (44)
As depicted in Fig. 5, Inax is compared with the peak value
of the converter nominal current /g to generate the input
error of a PI regulator. This controller acts over the apparent
power reference reducing its value in AS, < 0. Therefore,
the positive-sequence current reference is updated using (33b)
according to

it = la ((kspgfef) — %%{véif)ef}) +jig(ksQF") (45)
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where kg € [0, 1] is the scaling factor to maintain the same
initial power factor. Hence, it is computed as
St + ASg
ks = e (46)
g

: f £12 £1211/2
with SE1 = ((PED)? + (QF1)! 2. o

It is worth to highlight that this approach is an indirect
manner to limit the converter output currents.

IV. SIMULATION AND EXPERIMENTAL RESULTS

The control systems depicted in Fig. 2 have been imple-
mented in the experimental system shown in Fig. 6. In this
work, an Ametek 4-wire programmable power supply (model
MX45), which is capable of generating programmable grid
sag-swell conditions, emulates the ac-grid shown in Fig. 1.
To experimentally validate the control strategies, a four-
leg voltage source power converter, based on the Semikron
SKM50GB123D IGBT module, was designed and built for
this work. The control system shown in Fig. 6 is implemented
using a DSPACE 1103 platform. Hall effect transducers are
used to measure the voltages and currents required for the
implementation of the control system depicted in Fig. 2.
To synthesize the output voltages, a four-leg pulsewidth mod-
ulation (PWM) algorithm is implemented utilizing the off-the-
shelf PWM modules available in the DSPACE 1103 control
platform.

A. Results Without Using the Output Power Limiter

For the experimental results presented in this section,
it is assumed that the overcurrent limiter introduced in
section III-D is not required, and hence, it is not enabled.
Hence, kg = 1.

Fig. 7 shows the operation of the control methodology.
In this case, the grid voltage is unbalanced with the ampli-
tude of one-phase being reduced to 0.8 p.u.; the reference
active power injected into the grid is 2 kW; the reference
for the reactive power is 0 kVA; the parameter u is set
to 1. In Fig. 7(a), the waveforms of the converter-side and
grid-side active powers, the reactive power injected into the
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TABLE I
PARAMETERS OF THE EXPERIMENTAL SETUP

| Parameter | Description | Value |

fs Sampling frequency 10 kHz

fq Grid frequency 50 Hz

Ls Inductive filter 5 mH

L, Neutral inductance 0.78 mH
Re Parasitic resistor 0.8Q2

Cac dc-link capacitance 9200uF
Vie dc-link voltage 450-500 V

Positive and neg.

Positive and neg. + Zero-sequence
sequence currents

< > sequence currents current
T T

3 : ‘
L AWV OIRRRRATARR
3 \ ‘ \

£ Pe
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o

S 0

o | | |
E ; ; ; ;
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0.05 0.1 0.15 0.2 Time[s]
Fig. 7. Experimental results without using the OPL. Parameters: y = 1,
PET=2 [kW], gff" = 0 [KVAL, Vibe = [0.8 1.0 1.017 in pu of 110 Vims.
(a) Active powers ps, pg[kW], reactive power gg [kVA], and dc-link current
idec [A/5]. (b) Grid currents [A].
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Fig. 8. Harmonic spectrum of converter active power py in Fig. 7(a).

grid, and also the dc-link current (scaled by one-fifth) are
shown. On the other hand, Fig. 7(b) shows the grid currents.
As depicted in this graph, before enabling the zero-sequence
current injection, the three-phase currents are slightly unbal-
anced due to the negative-sequence current produced when the
parameter u = 1. Hence, APOs at twice the utility frequency
are present in both the converter- and grid-side active power;
meanwhile, the reactive power is free of oscillations due
to u = 1. Furthermore, when the zero-sequence reference
generator is enabled, the rising of the neutral current increases
the imbalance in the phase currents [see Fig. 7(b)], but it
allows a complete elimination of the APO observed in the
converter [see the orange line in Fig. 7(a)].

The harmonic spectrum of p(¢) for both operating modes
is compared, as shown in Fig. 8. As it is shown, previous
to the injection of the zero-sequence current, the amplitude
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Vabe = [0.8 1.0 1017 in pu of 110 V. () Active powers ps, pg [KWI,

reactive power ¢g [kVA], and dc-link current ige [A/5]. (b) Grid currents [A].
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Fig. 10. Experimental results without using the OPL. Parameters: u = 1,

pref = 1.5 [kW], q;;ef =0 [kVA], Vahe = [0.8 0.9 1.017 in pu of 110 Vymg.
(a) Active powers ps, pg[kW], reactive power gg [kVA], and dc-link current
ide [A/5]. (b) Grid currents [A].

of the 100-Hz component is 255 W (12.75% of the active
power reference). However, after enabling the proposed con-
trol strategy [shown in Fig. 4], this oscillation decreases to
1%, which represents a relevant improvement. In addition,
as the zero-sequence current also produces power losses in the
equivalent resistance Ry, the dc-component of the active power
delivered by the converter increases slightly by approximately
70 W (~3.2%).

The dynamic performance of the proposed control system
for step change variations is shown in Fig. 9. In this case,
the reference for the active power Pgref is changed from
1.5 to 2.0 kW at instant # ~ 0.16 s with the proposed control
algorithm enabled during the whole experimental test. The
results are shown in Fig. 9, where it is concluded that the
proposed control system is able to eliminate the APOs at
the four-leg converter output even when the operating point
of the system is subjected to a relatively large variation.
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Fig. 11. Experimental results using the OPL. Parameters: u = 1, péef =

2.75 [kW], qéef = 0 [kVA], Vapc = [0.8 1.0 1.017 in pu of 140 Vyms.
(a) Active powers ps, pg [kW], reactive power gg [kVA], and dc-link current
ide [A/5]. (b) Grid currents [A].

As shown in Fig. 9(b), the PI-based regulator of the proposed
zero-sequence signal has a good dynamic response to changes
in the positive- and negative-sequence current components.

Finally, to show the flexibility of the proposed control strat-
egy, a test similar to that shown in Fig. 7 is realized but using
a higher degree of voltage imbalance (Vg = [0.8 0.9 1.017
in p.u. of 110 V). The experimental results are depicted
in Fig. 10. The active power reference to be injected into
the grid is 1.5 kW, Q;ef = 0 kVA. As shown in these
experimental results, after the proposed control methodology
is enabled, the active power delivered by the converter is free
of oscillations at twice the fundamental frequency.

B. Results Considering Overcurrent Limiter

Fig. 11 shows the experimental results obtained with the
OPL enabled. In this case, the active power reference is
2.75 kW. As shown in Fig. 11(b), before injecting the
Zero-sequence current, a negative-sequence current is injected
to the grid due to the parameter 4 = 1. The zero-sequence
current is zero because the proposed ip-generator depicted
in Fig. 4 has not been enabled yet. In 7 ~ 0.14 s, the zero-
sequence current injection is enabled, and after the neutral
current is regulated, the maximum amplitude of the converter
currents is maintained inside the converter thermal limit,
as shown in Fig. 11(b). Therefore, the proposed OPL [see
Fig. 5] is operating correctly. As depicted in Fig. 11(a), due
to the converter current limitation, the APO at the converter
side has not been eliminated but only mitigated. Nevertheless,
this can be overcome by setting u = 0.

Fig. 12 shows the performance of the same test shown
in Fig. 11 but using 4 = 0. As depicted in Fig. 12(b),
the grid currents before the injection of the neutral current
are balanced because of the selection of the parameter u
[see (16)], and only the positive-sequence current is supplied
by the power converter. In addition, according to (19) and (20),
the amplitude of the APO at the PCC is reduced to half the
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Fig. 12. Experimental results using the OPL Parameters: same as in Fig. 11,
but ¢ = 0. (a) Active powers ps, pg [kW], reactive power gg [kVA], and
dc-link current ige [A/5]. (b) Grid currents [A].

value shown in the blue line in Fig. 5(b) (using u = 1).
This experimental result confirms the aforementioned tradeoff
between the amplitude of the active/reactive oscillations when
the parameter u is tuned. Finally, in r &~ 0.14 s, the proposed
APO elimination methodology is enabled, and the active
power supplied by the converter is free of double-frequency
components when a zero-sequence current is injected into the
system. In this case, positive- and zero-sequence currents are
flowing into the abc phases of the converter, as depicted in
Fig. 12(b).

C. Simulation Results

In this section, the simulation work is realized in order to
study the influence of (25) in the dynamic performance of
the proposed control algorithm and to study the robustness
of the system to a 2% variation in the grid frequency. The
performance of the control system to a 2% variation in the
grid frequency is shown in Fig. 13. Initially, the system is
operating with an unbalanced voltage in phase ¢ of 130-V rms
(the other two phases are operating at the nominal voltage of
220-V rms). The total load is about 5-kW grid side [see the
blue line p, in Fig. 13(b)] with the proposed control system,
eliminating APOs at the converter side [see the red line pg
in Fig. 13(b)]. The neutral current is limited to the rated
value [see Fig. 13(c)] because the overcurrent limiter depicted
in Fig. 5 is being enabled. In addition, the converter is not
injecting negative-sequence currents because the parameter u
is adjusted to O for this test [see (16)]. Consequently, RPOs
at the grid side emerge as a results of the interaction of the
positive-sequence current and the negative-sequence voltage,
as shown in (20).

At instant + = 0.2, the frequency is step-changed from
50 to 51 Hz. The perturbation is controlled with a settling
time of ~14 ms (i.e., slightly higher to half a cycle), and
this is a broad agreement with the results obtained from (25),
which predict a maximum settling time of about 15 ms for
the dynamic performance of the APF. Note that after the
perturbation produced in r = 0.2 s, the voltage, current, and
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Fig. 13.  Simulation result for a step-changed in the grid-frequency from

50 to 51 Hz considering noninjection of negative-sequence currents (x = 0)
with pief =5 [kW], g¥f = 0 [kVA], Vape = [1.0 1.0 0.6]”. (a) abc grid
currents. (b) Active [k\";] and reactive [kVA] powers. (c) Neutral current [A].
(d) Three-phase grid voltages [V].

power waveforms are stable and operating without any notice-
able distortion. In the steady state, the APOs are effectively
eliminated at the converter side.

On the other hand, the performance in the control system for
a step variation in the voltage of phase ¢ (grid side) is shown
in Fig. 14. Initially, the system is operating with balanced
voltages and currents [see Fig. 14(a) and (e)], injecting 7.5 kW
at the grid side with the reactive power reference set to gg = 0
kVA [see Fig. 14(b)]. In = 0.2 s, the magnitude of the grid
voltage in phase c is step-changed and to 130-V rms, as shown
in Fig. 14(b), oscillating power components of 100 Hz are
produced in the active/reactive powers at the grid and converter
sides. For this test, the parameter u is also adjusted to zero to
avoid injecting the negative-sequence current.

In Fig. 14(d), the oscillating components of the active power
are shown referred to a dg-coordinate axis rotating at twice the
grid frequency. After + = 0.2 s, oscillations in the active power
are produced as a consequence of the unbalanced voltages (and
this is reflected in the dg components), reaching a peak value
of about 600 W. The proposed control system shown in Fig. 2
is used to eliminate the APOs with a settling time of about
0.15-0.2 s maintaining all the currents within their rated limit.

Note that the settling time of 0.15 s is about ten times
the settling time of the APF [see (25)]. Therefore, a good
decoupling between the dynamic of the implemented APF with
notch and band filters, and the dynamic of the zero-sequence
generator control loop is achieved in the overall control
system.

The APO scheme is not designed for a very fast dynamic
because this is not the sort of application being studied in
this work. The settling time of the control system, shown
in Fig. 14(d), is enough to maintain the voltage oscillation
controlled when the relatively low-frequency variations in the
imbalance of the grid are considered.
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Fig. 14.  Simulation result for step decreasing voltage considering non-
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(e) Three-phase grid voltages [V].

Note that, in Figs. 13(a) and 14(a), the reference signals for
the currents are included. By inspecting the graphics, it is
concluded that zero-steady-state error is achieved with the
proposed control methodology.

V. CONCLUSION

This paper presents a novel methodology to eliminate
power oscillations in four-leg power converters connected
to unbalanced networks. To achieve this target, the zero-
sequence power delivered by the converter is used to elim-
inate the power oscillations produced by the positive- and
negative-sequence components of the grid voltages and cur-
rents. This control strategy is based on a vector representation
of the oscillating active power, which allows a simple and
efficient implementation of a PI controller in an SRF rotating
at twice the grid frequency. The proposed control strategy is
implemented with an innovate current limiter that reduces the
active/reactive power references maintaining the power factor
to avoid operations outside the thermal limit of the converter.
In addition, the proposed strategy provides an extra degree of
freedom, given by the parameter x, which enables eliminating
the oscillating active power even when the amplitude of the
zero-sequence current is limited to its rated value.

The effectiveness of the proposed control strategy has been
proven by experimental results considering several steady-state
operating conditions, different degrees of grid voltage imbal-
ances, and sudden step changes in the power references. In all
the cases, the results obtained were excellent.
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