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Abstract—Considering a scenario of high penetration of voltage
source inverters in distribution grids, on which the number of

conductors is variable, this paper proposes a current control
approach for three- or four-leg inverters based on the generalized
symmetrical components decomposition of non-sinusoidal signals.

The approach is an alternative to d—q and a— (3 transformation-
based approaches and allows to model and design the control

system directly in the abc frame. Simulation results of three-
and four-leg inverters operating as multifunctional interfaces of

distributed energy resources are presented, as well as compara-

tive results of the proposed approach and other abc frame-based
approaches to control four-leg inverters.

. Index Terms—control of power converters, switching power
interface, distributed energy resources, multifunctional power

converter, generalized symmetrical components

I. INTRODUCTION

High penetration of voltage source inverters (VSIs) in dis-
tribution systems is a trending topic in the grid modernization
[1], [2], since they act as Switching Power Interfaces (SPIs)
[3] for Distributed Energy Resources (DERs) such as the
photovoltaic (PV) and wind plants [4]. Due to its capacity
to synthesize any controlled voltage or current waveform, the
SPI allows the multifunctional operation of DERs, which can
therefore perform a variety of ancillary services apart from
active power generation, like reactive power control, voltage
regulation and power quality improvement [5]-[8].

At low voltage distribution systems, the number of conduc-
tors at the DER point of connection with the grid may vary
as there are four, three or two-wire systems, thus the number
of legs in the SPI may vary as well.
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Regarding the three- or four-leg VSIs, their control variables
(voltages or currents) are cross-coupled in the abc frame, as
verified in [9]. Hence, a VSI with N legs cannot impose N
independent currents (or voltages).

Even in the three-phase three-wire case with absence of
zero-sequence component, when attempting to control three
currents or voltages, the sensors and signal conditioning boards
may introduce zero-sequence or offset in the measured signals.
These disturbances may lead the inverter control to unstable
conditions. Instead, in the four-wire case, a three-leg VSI with
neutral point clamped [10] can operate as three single-phase
inverters and then control three independent variables [11].

On the other hand, a general approach for a N-leg VSI
(N =2, 3, 4) consists in controlling only N — 1 variables.
For N = 3, 4, this can be achieved by applying coordinate
transformations (e.g., o« — 3 [12] and/or d — ¢q [9]) to the
control variables in the abc frame and designing the controllers
considering the control variables of the alternative frame. In
fact, the coordinate transformation to the ov — 3 frame results
in a system with orthogonal components and the voltages
and currents are decoupled [12]. On d — ¢ frame the voltage
components are coupled to the corresponding currents, but a
decoupling method is available [9].

Alternatively, for N = 3, 4, schemes to model N — 1
controllers directly in the abc frame have been also presented.
Holmes et al. [13] propose a zero-sequence-like signal to be
summed to the Pulse-Width-Modulation (PWM) input signals
of the N inverter legs, which results in the sum of the NV
inverter output signals being instantaneously zero. Moreover,
Matakas et al. [11], [14] propose an optimum zero-sequence
signal, on which the phase-connected inverter legs would have
balanced output signals.

Therefore, this paper presents a new approach for three-



and four-leg VSI current control based on the generalized
symmetrical components (GSC) decomposition [15], which is
re-issued in section II. The main difference of the proposed
approach in relation to the abc frame-based ones mentioned
previously [13], [14] is that the abc frame variables are
decoupled during the current reference signal generation by
decomposing it in homopolar and heteropolar components.
Also, it is proposed that the VSI non-controlled leg is a phase-
connected one, instead of not controlling the neutral-connected
in the four-leg VSI [13], [14].

Moreover, some advantages of the GSC decomposition in
relation to the coordinate transformations are: 1) it does
not change the harmonic orders present in the abc frame
signals, hence the current controllers (which in this paper are
proportional-resonant ones) for the VSI controlled legs are de-
signed considering the harmonic orders in the abc frame; 2) it
does not require the application of synchronization algorithms
(e.g., the phase-locked loop) as needed in the d — ¢ frame-
based approaches [16], which reduces the implementation
complexity.

Thus, section III presents a GSC decomposition-based con-
trol strategy that allows active power injection and power
quality improvement functions for N-leg VSIs (N = 3, 4).
Simulation results are presented in section V and include com-
parisons between the proposed approach and the conventional
abc frame ones [13], [14], which are briefly described in
section IV.

II. SIGNAL DECOMPOSITION IN HOMOPOLAR AND
HETEROPOLAR COMPONENTS

The generalized symmetrical components (GSC) were de-
fined in [15]. They consist in a time domain approach
to decompose periodic non-sinusoidal three-phase signals
into positive-sequence, negative-sequence, zero-sequence and
residual components. Their relationship with the Fortescue’s
symmetrical components were analyzed in [17].

For the following definitions, consider a three-phase four-
wire system on which wy, wus, wug are the phase-neutral
voltages, 71, 2, i3 are the phase currents and 74 the current
in the neutral conductor (all instantaneous quantities).

Thus, the zero-sequence component (also called homopolar
component, denoted by "°) defined in [15] is calculated for
the non-sinusoidal signals in a similar way as the Forstescue’s
zero-sequence calculated for each frequency:
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The heteropolar components (denoted by ¢) are calculated
by subtracting the homopolar component from the original
signals, as shown in 2. They are composed by positive-
sequence, negative-sequence and residual components.
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Regarding the residual components, they are composed by
harmonic orders that are multiple of 3 and unbalanced. Also,
they are typically observed in three-phase three-wire systems.

An interesting characteristic of the three-phase heteropolar
components is that their instantaneous sum results zero, i.e.,

3
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Therefore, from a set of three control variables composed
by heteropolar components, just two variables are controlled
since the third one is linearly-dependent on the others.

Moreover, the quantities of a three-phase three-wire system
(phase-to-phase voltages and phase currents) are composed
only by heteropolar components.

III. CONTROL STRATEGY BASED ON HOMOPOLAR AND
HETEROPOLAR COMPONENTS

Fig. 1 presents a 20 kVA four-leg inverter operating as a
SPI of a generic DER represented by a dc current source. The
dc current is a function of the active power to be generated
(Pgr) and the dc-link voltage (Upc). A LCL filter designed
as proposed in [18] connects the DER to the point of common
coupling (PCC) between a consumer and the grid.

For the four-leg inverter, the proposed control strategy
consists in controlling the currents of two phase-connected legs
and also the current of the neutral-connected leg. Also, only
the currents injected by the phase-connected legs are measured
(the fourth leg current can be obtained from them) and their
heteropolar components feedback the current references of
the two phase-connected controlled legs. The proportional-
resonant controller (Gppr) is adopted in order to obtain zero
steady state error in selected harmonic frequencies.

Since the instantaneous sum of the heteropolar components
is zero, the PWM input signal of the third leg is obtained from
the two phase-connected controlled legs, thus

ugg =— (ugp{ + ug”;) : “4)
as shows Fig. 1.

Fig. 2 presents a simple approach to generate the reference
signals (irselfli,igepf[g,igif[’zl) for the controlled legs of the
SPI. This approach is just intended for evaluating the control
strategy proposed (Fig. 1). A more complex reference sig-
nal generation approach that considers selective disturbance
compensation and/or DER ancillary services can be defined
in future works.

The dc link voltage Upc is regulated by a proportional-
integral controller (Gpy). The output of Gp; gives the
conductance that is proportional to the active power to be
generated and it prevents the SPI from consuming active power
from the grid when operating as active filter. Moreover, the use
of heteropolar voltages assures the active power injection only
through the phase-connected legs.

The active filtering function aims at improving the power
quality at the DER point of connection with the grid by com-
pensating all the non-active components of the load currents
and thus maximizing the power factor at the PCC [5]. This is
made by removing the current component that corresponds to
active power consumption from écons, 15 %cons,2, tcons,3- Lhat
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Fig. 1. Four-leg inverter connected to a low voltage distribution grid and its current control loop.
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Fig. 2. Reference signal generation for active power injection and power quality improvement.

current component is called balanced active current [19] and
is calculated for three-phase systems as:

.b Pcons

Za,n -

®)

Ubcon +Ubcos +Ubcc,s e
on which P, is the three-phase active power consumed by
the load, Upcc,1, Upcc,2 Upcc,s are the rms values of the
PCC line-neutral voltages and n =1, 2, 3.

The resulting signals (i%p; 1, i5ps9 i5ps.3) are decom-
posed in homopolar and heteropolar components, which are

addressed to compose the reference signals of the neutral-
connected leg and the controlled phase-connected legs, respec-
tively.

Assuming that the active power injection has the highest
priority in relation to the active filtering function, a saturation
strategy should be defined. Since no active power is injected
through the fourth leg, its operation could be limited just by
the nominal current injection capacity of the inverter. Also,
by limiting the active power injected to the inverter power
capacity (in this case, 20 kVA), the following saturation algo-



rithm can be applied for the two phase-connected controlled
legs:

he i I*’he
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coefy
else
coef, < 1.0
end if
In this algorithm, n = 1, 2; Ag’lﬁ?n is the power that
corresponds to the non-active heteropolar current that should
be compensated by the leg n; A¢p; ,, is the available power for
compensation in the leg n, calculated considering the inverter
nominal power and the active power to be injected by each
phase-connected leg (Pfj), which is calculated as:
pb_ Pgr

n —

Uboom n=1,2. (6)
Utcen +Ubcoa +Ubcos "

Thus, if A’;’]}ﬁ?n > Agp; . the coefficient coef, is cal-
culated in order to limit the corresponding current Z;En as
shown in Fig. 2.

Finally, the control strategy and signal reference generation
described in this section are also valid for the three-leg inverter
connected to the three phases of a three or four-wire grid, as
will be discussed in section V.

IV. CONVENTIONAL SCHEMES TO USE N — 1
CONTROLLERS IN THE abc FRAME

Fig. 3 presents the approaches proposed by Holmes et
al. [13] and Matakas et al. [14] to use N — 1 controllers
designed directly in the abc frame to control the four-leg
inverter depicted in Fig. 1.

In both schemes, the reference signal for the PWM of the
fourth leg is function of the controlled legs, which are con-
nected to the grid phases. Moreover, no GSC decomposition
is used (note that the currents that feedback the controlled legs
are the measured ones).

In the scheme of Fig. 3(a), the PWM input signal of the
fourth-leg is calculated as

* * *
ref U1 T UcotUcs
U = — 3 , @)

which is indeed a homopolar signal that is summed to the
PWM reference signals of the phase-connected legs. This
operation results that the sum of PWM input signals of the
four legs equals to zero.

In the scheme proposed in [14],

ref
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on which ug, 4 = — (ugl +ug o+ u*c3) and u,_qp is the
optimum zero-sequence signal, defined as
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Fig. 3. Control strategies based on the schemes proposed by (a) [13] (b) [14].

for m =1, 2, 3, 4. If uge{: = Us_opt, instead of using
(8), the term w,_,,; would reduce the amplitude of the PWM
input signals of the phase-connected legs in comparison with
the other approaches. However, by using (8) the PWM input
signals of the controlled legs will be decoupled and the four-
leg inverter will be equivalent to three single-phase two-leg
inverters.

An additional feature of the control strategy based on [14] is
that the grid voltages feedforward the corresponding controller
outputs, which reduce the influence of disturbances present in
the grid voltages on the inverter outputs.

V. SIMULATION RESULTS

In the following results, the grid presented in Fig. 1 is
simulated using PSIM® with sinusoidal 60 Hz, positive-
sequence, 220 V phase-to-phase supply voltages. Two inverter
topologies are simulated: the four-leg inverter and the three-
leg inverter connected to the three grid phases. The reference
value for the dc link voltage control Ugeg is 600 V and Gp;
is designed considering a natural frequency equal to 20 Hz
and phase margin equal to 70°. The current controller Gpp
is designed in such a way that the open-loop transfer function
of the control system has unitary magnitude at the crossover
frequency (1200 Hz). Also, the resonant gains are designed for
the fundamental frequency plus the 5 and 7*" harmonic or-
ders. These gains are functions of G pr proportional gain and
the desired transient response time (1/60 s) [12]. Simulation
total time 1 s and the sampling frequency is 12 kHz.



A. Case 1: Four-leg inverter

In this case, the DER is set to generate 15 kW, thus the
four-leg SPI can also perform power quality improvement at
PCC, since its nominal power is 20 kVA.

Fig. 4 presents the PCC phase-neutral voltages, load cur-
rents, currents at the PCC, currents injected by the inverter legs
and their corresponding PWM input signals. The load currents
have a quasi-square wave shape due to the three-phase diode
rectifier with inductive dc load. Also, the neutral current is
sinusoidal because the linear loads are unbalanced. However,
due to the active filtering action of the SPI, the phase currents
at PCC have a sinusoidal shape with high order harmonic
components while the neutral current is compensated by the
SPI. Regarding the PWM input signals, note that the ones
of the phase-connected legs are balanced and composed by
positive and negative-sequence signals. The neutral-connected
leg signal is as low as the neutral current in relation to the
phase currents.

Fig. 4 also shows the dc link voltage behavior in the
beginning of the simulation. The dc voltage reference value is
gradually increased until reach the 600 V, thus Upc smoothly
converges to the desired value due to the control action.
After the dc voltage convergence (¢ = 0.2 s) the SPI starts to
perform active power injection and active filtering functions.
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Fig. 4. Waveform results of simulation case 1.

The values of active power injected and the power quality
indices of this case are presented in Table I and discussed
together with the next case.

B. Case 2: Three-leg phase-connected inverter

For this case, the same four-wire grid of Fig. 1 is used. The
three-leg inverter has the same control loops of the phase-
connected legs of the four-leg inverter, and uge]; is calculated
using (4). The DER is also set to generate 15 kW.

Thus, Fig. 5 presents the waveform results of this simu-
lation. The phase currents at PCC are very similar to the
ones from the previous case, and the neutral current is not
compensated because the current references igelfm, igelflg
(and consequently the PWM input signals) are composed only
by heteropolar components.

Table I presents apparent and active power values at the PCC
and injected by the SPI, as well as two power quality indices
(power factor - PF' - and the total harmonic distortion of phase
currents - T'H D;) at the PCC for simulations without the DER
and the two cases previously described. In both cases with
the DER the PCC power quantities are reduced and the power
factor is close to unity, which indicates that the proposed active
filtering function aims at maximizing the power factor at the
PCC. Both SPIs injected the pre-defined active power value
and their apparent power is slightly lower than the nominal
one (20 kVA). Also, the saturation coefficients were unitary
in both cases.

In addition, note that the sum of the active power at the
PCC and the one generated by the DER is slightly higher
than in the grid without DER, which indicates an increasing
in the voltage magnitudes at the PCC due to the active power
injected by the DER.
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Fig. 5. Waveform results of simulation case 2.



TABLE I
PCC AND SPI POWER QUANTITIES AND POWER QUALITY INDICES IN THE
GRID WITHOUT AND WITH DER.

without | DER with | DER with

DER 4-leg SPI 3-leg SPI

PCC power quantities and power quality indices
A [kVA] 30.792 14.383 14.512
P [kW] 28.048 14.284 14.273
PF 0.910 0.993 0.983
THD; 1 [%] 18.335 10.844 11.090
THD; 2 [%] 18.335 10.371 11.565
THD; 3 [%] 15.269 10.245 9.091
THD; 4 [%] 0.445 0.000 0.117

SPI power quantities

A [kVA] 19.607 19.509
P [kW] 15.016 15.019

C. Case 3: Comparison among control strategies for the four-
leg inverter

The grid and DER of Fig. 1 is simulated with three different
control strategies for the four-leg inverter: the control strategy
based on the GSC decomposition (denoted as a/) and the ones
based on the schemes proposed by Holmes et al. (denoted as
a2) and Matakas et al. (denoted as a3 in the following results).

In the three simulations, no active power is generated by
the DER (Pgr = 0) and its SPI is just performing the active
filtering function. Additionally, the same controllers are used
and no GSC decomposition is applied in the current references
generation in cases a2 and a3 (even in the dc link voltage
control, on which the measured voltages are used instead).

Thus, Fig. 6 presents the voltages at the PCC and the result-
ing current at the PCC and injected by the four-leg inverter.
The load currents are the same as presented in Fig. 4. Since
the three simulations presented the same compensation results,
the waveforms of the corresponding currents are superposed
in Fig. 6. Moreover, the currents at PCC are less distorted than
when the inverter was injecting active power, and the neutral
current is completely compensated in the three cases.

Fig. 7 presents the PWM input signals from the three
simulations. One can observe that approaches a/ and a2 have
identical PWM input signals.

In fact, both approaches use sequence component-based
decompositions and differ only by the way the signal that is
decomposed: while in the approach a2 the decomposition is
applied to the PWM input signals, in approach al the GSC
decomposition is applied to the current reference signals.

Regarding approach a3, which resulted in four different
PWM inputs in comparison with cases al and a2, note that
uTCei’a?’ has the same envelope of u’ef’al and u wf’“Q due
to the first term of (8). In addition, term Uz—opt dlstrlbutes
the harmonic components in a different way than the other
approaches, which explains the differences in the resulting
waveforms for this approach.

Finally, Table II presents the power quantities and power
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Fig. 7. PWM input signals of the simulations a/, a2 and a3.

quality indices at the PCC and the apparent power injected by
the inverter in the three simulations plus the case without the
DER.

Similarly to the waveform results, the quantities presented
in Table II show that the control strategies based on the three
approaches compared in this paper have achieved identical
results. The currents total harmonic distortion is lower than
in the previous cases, since the inverter is not injecting
active power and thus the active power flow at the PCC
(and consequently the corresponding fundamental frequency
current components) remains almost equal to the case without
the DER. Additionally, the apparent power injected by the
inverter operating as active filter corresponds to the non-active



TABLE 11
PCC POWER QUANTITIES AND POWER QUALITY INDICES AND SPI
APPARENT POWER IN THE GRID WITHOUT AND WITH DER.

without DER | al | a2 [ a3

PCC power quantities and power quality indices
A [kVA] 30.792 28.433 | 28.432 | 28.435
P [kW] 28.048 28.393 | 28.329 | 28.393
PF 0.910 0.998 0.996 0.998
THD; 1 [%] 18.335 5.001 4.994 5.154
THD; > [%] 18.335 4.979 4.990 5.088
THD; 3 [%] 15.269 4.957 4.954 5.088
THD; 4 [%] 0.445 0.000 0.000 0.000

SPI power quantities

A [kVA] | 12763 | 12765 | 12765

components of the load currents, from which the compensation
has led the power factor to be almost unitary.

VI. CONCLUSION

This paper presented a new approach to control three and
four-leg inverters using N — 1 current controllers (N = 3, 4)
designed directly in the abc frame. This approach applies the
generalized symmetrical components (GSC) decomposition in
the reference currents generation and addresses the heteropolar
components of the currents to the phase-connected inverter
legs and the homopolar components to the neutral-connected
leg.

The proposed approach was tested in simulation of three and
four-leg inverters operating as switching power interfaces of a
DER, and the results shown effective injection of active power
and active filtering functionality by the inverters. Comparative
results of the proposed approach and two conventional abc
frame-based approaches were also presented. Even though the
reference currents and PWM input signals were different, the
three approaches achieved identical results for the four-leg
inverter operating as active filter.

However, an advantage of decomposing the control variables
reference (in the presented cases, the currents) using the GSC
instead of decoupling the PWM input signals only is that the
GSC decomposition can be also used to define and model
a variety of functionalities for the VSI inverter directly in
the abc frame (e.g., voltage source operation that supplies
positive-sequence voltages, series active filtering functions,
load imbalance compensation etc.). These applications, as well
as the application of the proposed approach in a three-leg two-
phase+neutral-connected inverter [20], and additional discus-
sion in relation to coordinate transformation-based approaches,
can be presented in future works.
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