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Abstract—The growing demand for energy has increased the
use of renewable sources, like wind power and photovoltaic. These
systems interconnect the power grid via grid-tied voltage source
inverters. Generally, they are inserted in three-phase networks
that can be configured three-wire or four-wire systems. The
four-wire networks could operate under unbalanced conditions
which address to non-standard control approaches for regulating
the grid-tied output currents. This work presents a comparison
study for the implementation of those phase current control
strategies under 0«3 or natural reference frames. Moreover, the
proposed works discuss how to determine the suitable reference
currents under both referential frames for accomplishing the
required system energy balance. Simulation results obtained from
a three-phase grid-tied system validates the proposed comparison
evaluation.
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I. INTRODUCTION

The renewable energies, such as wind power and solar en-
ergy, have seen a rapid increase as distributed generation (DG)
in the last few years in order to decrease carbon emissions.
Moreover, the substitution of concentrated generation concept
for the DG system introduces many advantages, such as lower
power loss due to the reduction of transmission lines length,
robustness, and superior reliability.

Generally, these DG systems based on renewable sources
interconnect to the power grid via grid-tied power inverters,
actually denominated of active front ends. These power con-
verters employ dedicated control strategies for regulating the
power flow from the DG to the mains. The control mentioned
above uses the multi-loop configuration in which the outer
loop regulate the active and reactive power flow and the inner
control loops of the DG output currents. These DG systems
could be composed of single-phase or three-phase sources.
When most of the DG are single-phase sources, unbalanced
operation conditions can be verified in the microgrid. This
asymmetry could result in voltage oscillations and electrical
losses that can affect the power system stability.

Three-phase four-wire power conversion topologies have
been proposed to address the control issues demanded by
the unbalanced systems. These converters are composed of
four legs in which the fourth leg interconnects the neutral
terminal of the Point of Common Coupling (PCC). This
configuration inserts an additional degree of freedom, despite
the cost increase determined by the power switches and gate
drive circuits [1], [2].

Control standard techniques can regulate the output phase
current of the DG implemented by using the grid-tied four-leg
converter following the stationary reference frame (Oa8) or
synchronous reference frame (0Odq) [4]. However, these choices
demand complex issues to determine the reference currents
for achieving the required energy balance on unbalanced
conditions. An alternative is to employ current controllers in
each system phase to accomplish both requirements. In this
case, proportional-resonant controllers (PR) can overcome the
drawbacks mentioned above [3]. This control strategy permits
the definition of suitable reference signals based on the energy
balance of each system phase.

Three-phase four-wire grid-connect converter has been rec-
ommended as the most suitable topology for operating under
unbalanced conditions [4], [5], [6]. The connection of the
neutral wire to the converter fourth leg provides an extra
freedom degree and permits to control the neutral current [7]
and decoupling the system phases [8]. Therefore, the four-
wire system can be treated as three single-phase independent
circuits. Moreover, the current of these single-phase circuits
can be controlled individually by suitable regulators, which
reduces the complexity of implementation, as shown in [9].

This paper proposes a comparison study for evaluating the
current control applied for the unbalanced system implemented
under stationary O or natural (abc) reference frames. The
evaluation of both control strategies employs power quality
issues based on total harmonic distortion and system unbalance
index [11]. Besides, the proposed study also evaluates two
possible methods for generating the grid-tied reference for
unbalanced conditions. In the first, the amplitude of the
current reference vector is determined, with the phase current



references defined with the same amplitude. In the second, the
reference currents of each decoupled single-phase circuit are
determined proportionally to the respective grid phase voltage,
emulating a resistive load. Simulations studies obtained from
a grid-tied converter, based on four-wire systems validate the
proposed comparative study.

II. SYSTEM DESCRIPTION AND MODELLING

Fig. 1 presents the grid-tied of the power converter topology
employed in this study. It comprises a four-leg voltage source
converter (VSC) interconnected to a four-wire power grid via
filter inductance Ly, (x = {a,b,or c}). In this diagram,
the power grid is composed of three ideal sinusoidal voltage
sources, series interconnected with their respective internal
impedance Z;g,z} (x = {a, b, or c}). The neutral wire is also
modelled by an internal impedance Z;g,n}. This converter
topology permits that each system phase can be treated as
equivalent single-phase circuits, as shown in Fig. 2 for the
phase a of the power grid.
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Fig. 1. Three-phase grid-tied system based on four-wire VSC.
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Fig. 2. Single-phase equivalent circuit of the four-wire grid-tied system.

The four-wire grid-tied converter is interconnected to the
power grid via L-filters, represented by the series associ-
ation of filter inductance L; and their inherent resistance
Ry (e, Ry + jwLy). Therefore, the equivalent impedance
that results by the series association between interconnection
filter and internal grid impedance (i.e., R, + jwL,) can be
represented by a series association of equivalent resistance
Re and equivalent inductance Le (i.e., R. + jwL.). Fig 2
presents the single-phase equivalent circuit of the grid-tied
four-wire converter. Kirchhoff’s voltage law applied for the
equivalent circuit presented in Fig. 2, determines the single-
phase dynamic model of the grid-tied four-wire system, that
can be given by

Vi~ Bu = Reiy + L5 1)

By applying the Laplace Transform to the Eq. (1), the
dynamic model can be rewritten as

Va(s) — Es(s) = (Re + sLe)Is(s) 2)

Therefore, the transfer function related to grid-tied output
currents can be obtained from the Eq. (2), which results in

1 1
I (s) = —L V. (s) — —LE(s 3
s(s) s+%a() T E (s) A3)

In which, the first term of Eq. (3) represents the transfer func-
tion of the grid-tied output single-phase current Is, imposed by
the VSC. The second term of Eq. (3) refers to a disturbance
introduced by the power grid that must be compensated by the
current regulator.

III. CONTROL SYSTEM
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Fig. 3. Block diagram of the current control loop implemented on natural
reference frame.
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Fig. 4. Block diagram of the current control loop implemented on Oaf
stationary reference frame.

Figs. 3 and 4 present the block diagrams of the control
strategy employed for regulating the output currents of the
four-wire grid-tied systems. Fig 3 presents the block diagram
of the grid-tied output current control strategy implemented
on the natural reference frame (i.e., each grid-tied phase is
controlled individually). Fig 4 depicts the block diagram of the
control strategy implemented on the stationary reference frame
(i.e., Oaf reference frame). Both control systems employ
a Decoupled Double Synchronous Reference Frame Phase-
Locked Loop (DDSRF-PLL) for generating the reference



frame aligned to the power grid voltage vector. Proportional-
Resonant (PR) Controllers regulate the grid-tied output cur-
rents of both structures.

In the Fig. 3, the index p represents each grid-tied phase
(i.e., p = {a,b,c}) in which each phase is controlled individ-
ually. While in Fig. 4, the output currents of grid-tied systems
are regulated on the stationary reference frame, and index v
refers to the Oa/3 phase currents (i.e., v = {0,,3}). The
Current Reference block generates suitable reference currents
based on power grid voltage amplitude and active and reactive
power for accomplishing the system energy balance.

A. Current Reference System

For providing appropriate reference currents, initially, the
average value of root-mean-square (RMS) of the power grid
voltage is determined as

Vagms) + Vorus) + Veries) @
3
The average value, given by the Eq. (4), is used together with
the active and reactive powers for determining suitable values
of grid-tied reference currents.
The apparent power drawn by the four-wire grid-tied system
is given by

Vems =
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Therefore, the average value of the grid-tied output current
(Irnms) can be determined as

S|
Vems

(6)

Irns =

The amplitude of each phase current of the grid-tied can
be obtained as follows. A proportional factor is determined
by dividing the RMS voltage amplitude of each phase by the
RMS average value determined by Eq. (4). This proportional
factor is multiplied by the RMS average value of the system
current obtain by Eq. (5), multiplying by /2 for achieving
the amplitude value of each system phase. Finally, the dis-
placement between each phase voltage and the phase current
is inserted by using the power factor angle (). Therefore, the
reference current of the grid-tied phase a is given by

(1) = S TSR (0(1) + ) (7
Vrms
Where 6(t) is the angle of the voltage vector estimated by the
DDSRF-PLL. In the case of the control strategy implemented
on the stationary reference frame, the phase Oaf

reference currents can be obtained from the Clark Transform
matrix from the values obtained by using Eq. (7).

B. Decoupled Double Synchronous Reference Frame Phase-
Locked Loop

The knowledge of the voltage vector angle is essential
for implementing the grid-tied output current control loop.
Moreover, applications with four-wire networks suffer from

possible unbalance conditions that could result in negative
sequence currents. Therefore, it is necessary to employ a PLL
with a suitable structure for extracting the positive sequence
of the power grid voltage measurements. Conventional PLLs
like SRF-PLL can generate undesired angle deviations under
unbalanced conditions. The reduction of the bandwidth of
the SRF-PLL controller can mitigate this drawback but in-
troduces undesired delays, which can cause angle estimation
mismatches.

The use of decoupled double synchronous reference frame
phase-locked loop (DDSRF-PLL) can overcome the draw-
backs mentioned before [10]. The DDSRF-PLL extracts both
positive and negative sequences separately. Therefore, it is pos-
sible to generate well-suited reference currents by using only
positive-sequence information of the voltage measurements.

Figs. 5 and 6 present the estimated angle of an unbal-
anced power grid obtained from SRF-PLL or DDSRF-PLL.
Fig. 5 depicts the voltage phase waveforms of a three-phase
unbalance power grid. The unbalanced condition of this power
grid was obtained by increasing the 30% voltage amplitude of
phase a. Fig. 6 presents the voltage vector angles obtained
via both PLL structures. In this graph, the red line refers to
the phase angle obtained by using a standard SRF-PLL while
the blue line corresponds to the phase angle estimated via
the DDSRF-PLL. This graph demonstrates that the voltage
vector angle obtained through the DDSRF-PLL is superior in
comparison to the SRF-PLL.
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Fig. 5. Voltages waveforms of the unbalanced power grid.

C. Proportional-Resonant Controller

Both control strategies employ PR controllers for regulating
their output phase currents [4], which transfer function of the
PR controller can be given by [4]

s
G.(s) :KerK]m ®)
where K, and K are the proportional and integral control
gains.

The main difference in comparison to the conventional stan-

dard proportional-integral (PI) controller refers to the insertion
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Fig. 6. Voltage vector phase angle obtained from SRF-PLL and DDSRF-PLL.

of the internal model of sinusoidal reference, which results in
the integral term represented by the second parcel of Eq. (8).

D. Design Criteria of the PR Controllers

The design approach used for determining the controller
gains is based on the pole placement control (PPC) technique.
From the grid-tied transfer function of Eq. (3), neglecting the
disturbance term, the closed-loop transfer function of the grid-
tied output current can be expressed as

L (sK + K;
Grlo) = Lo 15 ©)

P (L

The closed-loop transfer function of the grid-tied four-wire
system given by Eq. (9) is a second-order type. Therefore, the
characteristic polynomial that describes the dynamic behavior
of second-order systems can be given by

P(s) = 5% + 2tw, +w? (10)

where ¢ is the damping coefficient and w,, is the natural
frequency.

The controller gains Kp e Ki can be obtained by solving
the Diophantine equation from Eqs (9) and (10). Based on this
design control technique, the controller gains can be given by

K; =L, (11)

K, = 2L, w, — R, (12)

Take into account the transfer function of Eq. (3) and
applying the system specifications presented in Tab. I, the
setup parameters of the characteristic polynomial of Eq. (10)
can be defined by w,, = 1885rad/s and £ = 0.707. This setup
parameters address to the required performance of the grid-tied
four-wire system. By using the Egs. (11)- (12), the controller
gains obtained for this design criterion are K, = 2.266 and
K, = 3553.1.

P 2.8kW
Ly 1mH
T 0.4Q2
lg 400pH
rg 0.42
fs 10k H =
Vgc | 450V
TABLE 1

PARAMETERS OF THE SIMULATION SETUP DEPICTED IN FIG. 1.

IV. SIMULATION RESULTS

A simulation program accomplished the performance of
both control strategies via PSIM, based on the system pre-
sented in Fig. 1, controlled according to the block diagrams of
Fig. 3 and 4. Tab. 1 presents the parameters of the simulation
setup.

The suitable reference current of each phase of the grid-tied
power converter is generated based on the active and reactive
powers required for achieving the system energy balance and
taking account of the value of voltage amplitude. Therefore,
under the unbalanced condition, each current phase can be
imposed individually proportionally to each grid voltage. This
approach overcomes the drawbacks verified for defining well-
suited reference currents for unbalanced systems.

The output currents of the grid-tied four-leg power converter
are imposed by PR controllers implemented on the stationary
reference frame (O«/3) or natural frame (abc). In the case of
Oa8 implementation, the PR controllers synthesize the refer-
ence voltages on the same reference frame that are transformed
to the natural reference frame abc. Both implementations
employ a sinusoidal pulse width modulation for generating
the commands of the converter switches.

The conventional solution employs balanced reference cur-
rents with an amplitude of 10A. The condition above was
applied for the four simulation results, with balanced and
unbalanced conditions. The unbalanced condition was emu-
lated with phase voltage given by V, = 1.1V}, V. = 0.9V,
and V, = 127 V(rms). The control approach that emulates
the resistive behavior, the reference currents are generated
proportionally to its respective phase voltage, which results
inl,=11A,1,=10 Aand I. =9 A.

Fig. 7 presents the graphs of the grid phase voltages
waveforms under the unbalance conditions described above.
Fig. 8 depicts the simulation results of the conventional control
approach in which the amplitudes of the reference currents
are determined with the same amplitude despite the unbalance
conditions of the power grid.

Fig. 9 depicts the simulation results of controlled phase
currents imposed by using the resistive emulation according
to the proposed method described by Eqgs. (4)-(7). Differently
from the results presented in Fig. (8), the grid-tied output phase
currents present different amplitudes that are proportional to
the respective grid phase voltage amplitude. This simulation
demonstrates the effectiveness of the proposed method in
emulating an equivalent resistive behavior of the grid-tied
system.
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Fig. 7. Voltage waveforms of the unbalanced power grid.
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Fig. 8. Phase current waveform obtained by using the standard control strategy

Table II presents the THD of the phase currents related
to the simulations presented before. It is possible to ob-
serve that the control strategy implemented on the natural
reference frame provides phase currents with smaller THD
in comparison to the control approach implemented in the
stationary reference frame. Despite the smaller THD shown in
the resistive emulator approach, it presents the disadvantage
due to the presence of the inherent neutral current generated by
the unbalanced condition. The presence of the neutral current
in the grid-tied system could increase the system losses, and
this must be a trade-off to be considered in the choice of the
grid-tied control approach.

V. CONCLUSION

This work presented a comparison between two control
approaches for regulating output currents of DGs implemented
by four-wire converters applied for four-wire networks. Even
though both control strategies are similar, the control approach
that emulates the resistive behavior for generating the phase
reference currents, individually, demonstrated to have better
performance, with reduced THD. However, resistive behavior
can produce important issues related to the presence of neutral
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Fig. 9. Phase current waveform obtained by using the abc control strategy.

THD | Oaf conv. | Oaf3 res. | per phase conv. | per phase res.
Ia 0.5574% 0.2907% | 0.5145% 0.2530%

Ib 0.5595% 0.5242% | 0.4930% 0.4708%

Ic 0.5740% 0.3840% | 0.5116% 0.3217%

I 0.5636 0.3996 0.5283 0.3485

Va 0.2787% 0.2503% | 0.2834% 0.2555%

Vb 0.2718% 0.2946% | 0.2662% 0.2856%

Ve 0.2617% 0.2682% | 0.2685% 0.2665%

vV 0.2707 0.2710 0.2727 0.2692

TABLE T

THD OBTAINED FROM THE SIMULATION OF CONTROL STRATEGIES OF
BLOCK DIAGRAMS OF FIGS 3 AND 4.

current, which could result in increased system losses in
comparison with the standard solution.
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