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Abstract – Multifunctional inverters play an important 
role in electrical grids due to their capability to provide 
active power conversion from photovoltaic (PV) systems, 
as well as by concomitantly offering ancillary services that 
provide grid support and power quality improvement. 
Although control strategies for such inverters have been 
extensively explored for applications in single- and three-
phase grids, their consideration for the two-phase three-
wire topology has been superficially discussed in 
literature. Thus, first, this paper contributes to the 
literature by presenting a comprehensive review about the 
control of power electronic inverters in two-phase three-
wire grids. As second contribution, this paper proposed a 
flexible control strategy based on the Conservative Power 
Theory capable of adequately synthesizing control 
references for a PV-based multifunctional inverter 
operating in a two-phase three-wire grid. Additionally, 
power quality services can be selectively offered by the 
inverter to achieve compensation of reactive, harmonic 
and unbalance current terms, as well as providing 
reduction in neutral currents. Hardware-in-the-loop 
experimental results comprising a multifunctional PV 
inverter under several scenarios of operation are shown to 
demonstrate and validate the flexibility of the method. 
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NOMENCLATURE 
 

A Apparent power 
𝑖𝑖! m-phase total current 
𝑖𝑖"!
#  m-phase balanced active current 
𝑰𝑰"#  Collective balanced active current 
𝐼𝐼"!
#  m-phase rms balanced active current 
𝑖𝑖"!
$  m-phase unbalanced active current 
𝑖𝑖%!
#  m-phase balanced reactive current 
𝑖𝑖%!
$  m-phase unbalanced reactive current 
𝑰𝑰%# Collective balanced reactive current 
𝐼𝐼%!
#  m-phase rms balanced reactive current 
𝑰𝑰$ Collective unbalanced current 
𝐼𝐼!$  m-phase rms unbalanced current 

𝒊𝒊𝒗𝒗𝒎𝒎 m-phase void current 
𝑰𝑰𝒗𝒗 Collective void current 
𝑰𝑰𝒗𝒗𝒎𝒎 m-phase rms void current 

𝒊𝒊𝒑𝒑𝒗𝒗𝒎𝒎 MFGTI’s active power conversion and DC-link 
stabilization AC reference current 

𝒊𝒊𝒑𝒑𝒗𝒗𝑫𝑫𝑫𝑫 MFGTI’s DC-link current 
𝑫𝑫 Void power 
𝒎𝒎 Phase of the 2Φ3w circuit (m = a, b) 
𝑵𝑵 Unbalance power 
𝑷𝑷 Active power 
𝑷𝑷𝒎𝒎 m-phase active power 
𝑸𝑸 Reactive power 
𝑸𝑸𝒎𝒎 m-phase reactive power 

t Time 
𝑻𝑻 Period of a voltage or current waveform 
𝒗𝒗𝒎𝒎 m-phase voltage 
𝑽𝑽 Collective voltage 
𝑽𝑽𝒎𝒎 m-phase rms voltage 
𝑽𝑽𝑫𝑫𝑫𝑫 MFGTI’s DC-link voltage 
𝒗𝒗-𝒎𝒎 m-phase unbiased voltage 
𝑽𝑽. Collective unbiased voltage 
𝑽𝑽.𝒎𝒎 m-phase rms unbiased voltage 
𝝎𝝎𝒐𝒐 Fundamental angular line frequency 

 
I. INTRODUCTION 

 
Multifunctional inverters are key players on the actual 

energy transition happening world-wide, since they provide 
means to interface PV-based decentralized power generation 
in electrical power systems [1]. Beyond their major 
functionality of ensuring proper power conversion, which 
means that power generation from PV panels is compliantly 
integrated to the interconnected grid, such inverters provide 
ancillary services that can improve their local power quality 
condition or even support the electrical power system under 
abnormal circumstances [2]. Thus, by offering additional 
services and ensuring more flexibility of operation, the 
concept of multifunctional grid-tied inverters (MFGTIs) rises, 
representing inverters that use their existing power electronic 
interfaces to offer ancillary functionalities [3]. For instance, 
support to functionalities such as reactive power 
compensation, harmonic and unbalance mitigation, and many 
others [4], result on the support for a more reliable and robust 
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operation of the entire electrical grid, increasing its hosting 
capacity (e.g., allowing higher PV penetration). 

 The employment of MFGTIs and their innumerable 
ancillary functionalities in single- and three-phase low-
voltage (LV) grids have been extensively discussed in the 
literature [2], [4]-[6], also being considered in important 
standards [7]. Nonetheless, for what concerns the topology of 
two-phase three-wire (2Φ3w) grids (i.e., comprised of two 
phases plus neutral conductor), a limited number of 
discussions exists due to the particular application of such 
systems. Electrical grids based on two-phase power are 
considered to be the first poly-phase systems [8], and the 
2Φ3w topology is still currently found in distribution power 
systems over the world [9]-[11] (i.e., mostly for residential and 
rural applications). It is generally an extension of three-phase 
grids. Moreover, other applications relying on the 2Φ3w 
topology are those related to electrical machines [12], power 
supplies employed on railway traction systems [13], as well as 
particular scenarios of microgrids [14]. Hence, the adoption of 
control strategies for MFGTIs under such configuration 
inherits particularities that are underexplored and need to be 
addressed and is deemed important to the electrical sector. 

Therefore, the following comprehensive literature review is 
presented aiming at bringing attention to the limited number 
of researches being developed on the matter of 2Φ3w 
topology, mostly concerning the control applications that can 
be applied to steer power converters in such systems. 
Concomitantly, such summarization also serves as grounds for 
the contributions of this paper. 

 
A. Comprehensive Literature Review 

Even if limited, three of the aforementioned applications 
are the ones majorly responsible for driving research on 2Φ3w 
power systems. Firstly, microgrid scenarios can be found in 
literature being based on 2Φ3w topology [14,15]. In such 
cases, the grid is devised by two-phases (i.e., with voltages in 
quadrature) plus neutral conductor, striving for operation 
under constant power at balanced conditions. Ref. [15] also 
aims at achieving optimized voltage utilization in comparison 
to three-phase systems, as well as to consider the direct 
connection of single and two-phase symmetrical loads (e.g., 
electrical machines) [14,15]. However, under unbalanced 
condition, such 2Φ3w topology cannot be interpreted by 
conventional three-phase symmetrical components [16], 
requiring particular analysis of positive and negative sequence 
components that comprise, for each of them, two phasors of 
same magnitude but with quadrature angle. Moreover, such 
existing application requires additional specific understanding 
of such symmetrical components when harmonic analysis 
need to be performed [17] under balance and unbalance 
conditions. In [18], it has also been reassured that off-grid 
power systems based on 2Φ3w topology (i.e., such as the 
above-mentioned particular case of microgrids) require 
particular interpretation and control approaches, as well as that 
instantaneous power oscillations and magnitude of neutral 
current are inversely related. 

As second application scenario, railway traction systems 
also take advantage of 2Φ3w topology, consequently leading 
to research on the control of power converters. In [19], a 2Φ3w 
quasi-Z-source compensator is employed to devise power 

quality improvement in AC rail networks, mainly achieving 
mitigation of harmonic currents, negative sequence 
compensation and power factor correction. Another novel 
converter topology, comprising two step-down transformers, 
and based on 2Φ3w configuration, is proposed in [13] for 
elimination of negative sequence components in railway 
traction systems, also striving for reduction of power switches 
ratings. Hysteresis controllers and dividing frequency control 
is used to drive the converter. In [20] a standalone two-phase 
voltage inverter with three-legs operating in the 
overmodulation range is also devised to drive a two-phase 
motor. Hence, it does not operate connected to a 2Φ3w grid. 

The third application scenario of 2Φ3w systems is the one 
related to distribution grids, respectively by the employment 
of active power filters (APFs) and the exploitation of grid-tied 
inverters that operate either only interfacing RESs as 
distributed generators (DGs) or as MFGTIs. With regards to 
APFs in 2Φ3w, this is the field on which the most significant 
number of researches is found, even though it is still limited. 
Control modeling aspects for conventional two-level three-leg 
inverters in two-phase systems are seldom found in literature. 
As few examples available, in [21] the small-signal model of 
a conventional two-level three-leg APF is presented, 
demonstrating the implementation of its current and voltage 
control loops, as well as its DC bus voltage controller. In [22], 
the inner current and outer voltage control loops are also 
explained, being respectively devised by proportional-
resonant (PR) and proportional-integral (PI) controllers. An 
approach to implement space vector PWM modulation for 
2Φ3w inverters is also shown in [23], reducing the harmonic 
content and switching losses in such application. Moreover, it 
has been shown in [24] that the modeling of grid-tied 2Φ3w 
inverters can consider model predictive control techniques, 
integrated with space vector modulation, to obtain fixed 
switching frequency and good performance upon tracking 
sinusoidal and non-sinusoidal current references.   

When it comes to the generation of control references for 
APFs in 2Φ3w power systems, adaptations and particular 
interpretations of the instantaneous power theory [25], namely 
p-q theory, have been reasonably explored. For instance, [26] 
proposes a method on which the single-phase p-q theory has 
its original axis transformations adapted, being devised by 
implementation of quadrature filters, resulting in improved 
instantaneous power calculations that allow to compensate for 
reactive power and harmonic currents. Such utilization of this 
alternative single-phase p-q theory is also shown in [11], 
demonstrating as well that different 2Φ3w converter 
topologies can be driven by the approach. In [27], a novel 
interpretation of the classic p-q theory is devised by mapping 
two-phase voltages and currents into the αβ frame by means 
of linear transformations. Although care must be taken using 
[28], since the method presents particular interpretations in 
relation to [29], such approach provides effective reactive 
power compensation, along with harmonic and unbalance 
current mitigation, as well as neutral current reduction in 
2Φ3w grids. With the work in [22], another power theory, 
namely Conservative Power Theory (CPT) [36], has been 
explored for being applied to the control of APFs in 2Φ3w 
networks, achieving selective compensation. Reactive, 
unbalance and the so-called void current decomposition 
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provided by the CPT were shown to be effective for 
compensation purposes.  

The concept of analyzing a 2Φ3w APF by the superposition 
of two single-phase systems is also presented in [28], taking 
advantage of the indirect sine multiplying control approach to 
achieve reduction in neutral currents and regulation of reactive 
power and harmonic currents. Such approach (i.e., [28]) is also 
considered for comparisons in [10], showing that effective 
reduction in neutral currents is obtained, while making the 
2Φ3w power system to see loads as sinusoidal currents 
sources, as in a conventional phase-to-phase circuit. Other 
applications of 2Φ3w APFs propose different converter 
topologies. For instance, a five-level shunt APF configuration 
using predictive controllers is devised for compensation of 
current unbalance and harmonics in [29]. The same topology 
is employed for reactive power compensation in [30], 
presenting an innovative DC bus capacitor voltage balancing 
strategy that requires a reduced number of sensors. In addition, 
reactive power control, harmonic mitigation, and balancing of 
currents in 2Φ3w grids is also presented in [31] and [32] by 
means of a back-to-back converter that uses predictive 
directive current control.  

Finally, when grid-tied inverters exist in 2Φ3w grids as 
interface for renewable energy sources, either as DGs or 
MFGTIs, very few works have demonstrated in literature how 
to adequately control their operation. The study within [33] 
shows that a MFGTI can incorporate the power quality 
improvement features of the APF in [11], while providing 
active power conversion from PV-based systems. For such 
case, a predictive controller is used to generate the switching 
signals for the inverter, and the compensation of reactive 
power and current harmonics generated by loads is deemed 
efficient. Another work [34] focusing on MFGTIs in 2Φ3w 
topology demonstrates that active power injection is offered 
along with reactive power compensation, harmonic current 
elimination and balancing of currents. Nonetheless, selectivity 
in control references for compensation purposes is not 
possible, resulting that the MFGTI does not present flexibility 
to select the load’s unwanted current components. Another 
work is found in [35], in which a MFGTI is designed as a 
smarter charger for electric vehicles, concomitantly presenting 
the capability to compensate for reactive and unbalance 
currents. Finally, a recent research [37] reinforces the 
importance of studying PV-based inverters considering the 
2Φ3w topology by discussing reliability concerns behind this 
particular scenario. 

 
B. Paper Contributions and Organization 

Considering the underexplored scenario of 2Φ3w grids in 
which a PV-based MFGTI exists along with linear and 
nonlinear loads, while taking into account the possibility to 
offer ancillary services aiming at power quality improvement, 
the contributions of this paper are three-fold: 
• This paper brings a survey on the control and application 

of power inverters focusing on the 2Φ3w topology, 
demonstrating that such field should be further studied; 

• A flexible strategy is proposed for the control of a 
MFGTI, being based on concepts within the CPT [36], 
[38], aiming at providing active power conversion to 
supply local loads. Additionally, the method supports 

power quality improvement by selectively offering: i) 
compensation of reactive currents; ii) mitigation of 
harmonic and unbalance currents; and iii) reduction of 
neutral currents in a 2Φ3w grid. The proposed approach 
does not require synchronization algorithms, being 
devised entirely in the abc frame, and it does not cause 
large voltage oscillations in the DC-link of the MFGTI 
regardless of the CPT’s compensation reference adopted; 

• An experimental validation based on hardware-in-the-
loop (HIL) results is presented to certify the digital 
control approach for real applications. 

This paper is an extended version of [22], demonstrating 
the use of the CPT to control a PV-based MFGTI in a 2Φ3w 
grid. The dynamics of the DC link control of the inverter 
considering the power generation intermittency of a PV source 
is considered, which is also different from [22]. In addition, 
this paper also brings complementary HIL-based experimental 
validations to demonstrate the feasibility of the control. 

Thus, this paper is organized as follows. Having the 
background of application given by the literature review in the 
Introduction section, the CPT power and current terms applied 
to the 2Φ3w topology are presented in Section II. Section III 
presents the flexible control scheme for the operation of the 
MFGTI, and HIL results in Section IV demonstrate the 
features of the strategy under several operational scenarios. 
Finally, conclusions summarize the findings of this paper. 

 
II. THE CPT FRAMEWORK FOR 2Φ3W APPLICATIONS 

 
Let us consider a 2Φ3w circuit with periodic quantities, 

devised as an extension of a traditional three-phase system. 
Consequently, such circuit is comprised of two conductors 
that present voltages with 120o phase shift from each other, 
plus a neutral conductor. As the CPT is entirely defined in the 
natural-frame reference (i.e., abc), herein the subscripts “a”, 
“b” and “n” stand for, respectively, quantities for phases a, b, 
and for the neutral wire.  

In addition, as a power theory, the CPT decomposes power 
and current terms based on the conservativeness of the active 
power (𝑃𝑃) and reactive energy terms [36]. Such conservative 
terms are oriented to smart microgrid applications, on which 
the influence of frequency variations and voltages distortions 
are required to be analyzed to interpret physical phenomena. 
However, in this paper, variations in frequency are not 
considered. Therefore, instead of the reactive energy concept, 
the reactive power (𝑄𝑄) definition is herein considered [37]. For 
the considered 2Φ3w topology, the CPT power and current 
decomposition is defined as follows. 

A. Power and Current Decomposition 
For the analysis in a 2Φ3w electrical circuit comprising 

periodic waveforms with period 𝑇𝑇, 𝑃𝑃 is defined by the CPT as 
given by (1). This active power term is calculated based on the 
phase voltages, 𝑣𝑣!, and the line currents 𝑖𝑖!. Herein, the 
subscript m stands for the two phases of the circuit (i.e., 𝑚𝑚 =
𝑎𝑎 or 𝑚𝑚 = 𝑏𝑏). Yet, 𝑣𝑣! stands for voltage signals calculated in 
relation to the neutral conductor “𝑛𝑛” of the 2Φ3w circuit. 
Hence, note from (1) that 𝑃𝑃 is attained by summing the mean 
values of the m-phase active powers (Pm) from a and b. 
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𝑷𝑷 = 𝟏𝟏
𝑻𝑻
. ∑ ∫ 𝒗𝒗𝒎𝒎. 𝒊𝒊𝒎𝒎𝒅𝒅𝒅𝒅

𝑻𝑻
𝟎𝟎𝒎𝒎%𝒂𝒂,𝒃𝒃 = 𝟏𝟏

𝑻𝑻
. ∫ (𝒗𝒗𝒂𝒂. 𝒊𝒊𝒂𝒂 + 𝒗𝒗𝒃𝒃. 𝒊𝒊𝒃𝒃)𝒅𝒅𝒅𝒅

𝑻𝑻
𝟎𝟎 . (1)

Similarly, the reactive power (Q), which is also a mean 
value is calculated based on (2) [36]. In this case, the unbiased 
voltage (𝑣𝑣9!) shown in (3) is used, considering that 𝜔𝜔, is the 
fundamental angular line frequency [36]. It is important to 
reinforce that the CPT’s definitions for the reactive, unbalance 
and harmonic features are different from the ones proposed by 
Budeanu [39], the IEEE 1549 standard [40], and the classic
PQ theory [24]. In addition, each of these power theories 
present particular interpretations of physical phenomena, 
requiring extensive discussions to be explained, resulting that
comparative analyses are beyond the scope of this paper. Such 
comparisons and critical evaluations among these power 
theories are thoroughly discussed in [41] and [42], reinforcing
that the aspects related to the CPT are also valid for the 2Φ3w
grid perspective. The scheme in Figure 1 summarizes how 
some of the most basic terms used on the CPT can be 
implemented in practical applications. In Figure 1, average 
(Avg) calculations are performed over the time “t”, for 
instance, by means of moving average filters (MAFs).

𝑸𝑸 =
𝟏𝟏
𝑻𝑻 . = >𝒗𝒗-𝒎𝒎. 𝒊𝒊𝒎𝒎𝒅𝒅𝒅𝒅

𝑻𝑻

𝟎𝟎𝒎𝒎/𝒂𝒂,𝒃𝒃

=
𝟏𝟏
𝑻𝑻 .>(𝒗𝒗-𝒂𝒂. 𝒊𝒊𝒂𝒂 + 𝒗𝒗-𝒃𝒃. 𝒊𝒊𝒃𝒃)𝒅𝒅𝒅𝒅

𝑻𝑻

𝟎𝟎

(2)

𝒗𝒗-𝒎𝒎 = 𝝎𝝎𝒐𝒐 ∙ E∫ 𝒗𝒗𝒎𝒎𝒅𝒅𝒅𝒅
𝒕𝒕
𝟎𝟎 − 𝟏𝟏

𝑻𝑻∫ 𝒗𝒗𝒎𝒎𝒅𝒅𝒅𝒅
𝑻𝑻
𝟎𝟎 I. (3)

Now, having 𝑃𝑃 and 𝑄𝑄 presented, the CPT decomposes 
current terms that relate to particular physical phenomena 
existing within the circuit. Given a total m-phase current (𝑖𝑖!) 
measured at a certain node, the CPT decomposes it in sub-
components as shown in (4) and (5), namely active, reactive, 
and void (distortion) currents, herein defined by the subscripts 
a, r, and v, respectively. These current components are 
responsible for, respectively, the active power transfer, the 
reactive power circulation, and the nonlinearities caused by 
distortions that are uncommon between voltages and currents. 
Moreover, the CPT also is able to characterize unbalances 
(i.e., superscript u) respective to unequal phase conductances 
(i.e., comprised within the active current parcel) and 
susceptances (i.e., comprised within the reactive current 
parcel). Thus, note that the CPT’s active and reactive current 
terms can be further split into the balanced active (𝑖𝑖"!

# ) and 
reactive (𝑖𝑖%!

# ) parcels, as well as the unbalanced active (𝑖𝑖"!
$ ) 

and reactive parcel (𝑖𝑖%!
$ ).

𝒊𝒊𝒎𝒎 = 𝒊𝒊𝒂𝒂𝒎𝒎
𝒃𝒃 + 𝒊𝒊𝒓𝒓𝒎𝒎

𝒃𝒃 + 𝒊𝒊𝒂𝒂𝒎𝒎
𝒖𝒖 + 𝒊𝒊𝒓𝒓𝒎𝒎

𝒖𝒖 + 𝒊𝒊𝒗𝒗𝒎𝒎 (4)

𝒊𝒊𝒗𝒗𝒎𝒎 = 𝒊𝒊𝒎𝒎 − J𝒊𝒊𝒂𝒂𝒎𝒎
𝒃𝒃 + 𝒊𝒊𝒓𝒓𝒎𝒎

𝒃𝒃 + 𝒊𝒊𝒂𝒂𝒎𝒎
𝒖𝒖 + 𝒊𝒊𝒓𝒓𝒎𝒎

𝒖𝒖 K. (5)
To obtain such current decomposition defined by the CPT 

in a 2Φ3w circuit, the concept of collective value (i.e., bold 

variables, 𝑽𝑽 and 𝑽𝑽.) is calculated based on the rms value of 𝑣𝑣!
and 𝑣𝑣9!, as seen in (6) (see also Figure 1.a). It can be seen that, 
as expected, (7) uses P to calculate the balanced active 
currents, and Q is similarly used to obtain the balanced 
reactive current (8). Additionally, as aforementioned, the 
unbalanced active currents (9) are calculated based on the 
phase conductances (i.e., obtained by means of Pm and 𝑉𝑉!7) and 
by considering the equivalent conductance of the circuit. 
Likewise, the unbalanced reactive currents (10) relate to the 
respective equivalent and phase susceptances. Note in (7) to 
(10) that the reactive currents depend on the m-phase unbiased 
voltages “𝑣𝑣9!”, instead of the phase voltage “𝑣𝑣!” used for the 
active current terms.

𝑽𝑽 = M𝑽𝑽𝒂𝒂𝟐𝟐 + 𝑽𝑽𝒃𝒃𝟐𝟐    ,    𝑽𝑽. = M𝑽𝑽.𝒂𝒂𝟐𝟐 + 𝑽𝑽.𝒃𝒃𝟐𝟐 (6)

𝒊𝒊𝒂𝒂𝒎𝒎
𝒃𝒃 =

𝑷𝑷
𝑽𝑽𝟐𝟐 ∙ 𝒗𝒗𝒎𝒎

(7)

𝒊𝒊𝒓𝒓𝒎𝒎
𝒃𝒃 =

𝑸𝑸
𝑽𝑽.𝟐𝟐
∙ 𝒗𝒗-𝒎𝒎 (8)

𝒊𝒊𝒂𝒂𝒎𝒎
𝒖𝒖 = N

𝑷𝑷𝒎𝒎
𝑽𝑽𝒎𝒎𝟐𝟐
−
𝑷𝑷
𝑽𝑽𝟐𝟐O ∙ 𝒗𝒗𝒎𝒎 (9)

𝒊𝒊𝒓𝒓𝒎𝒎
𝒖𝒖 = P

𝑸𝑸𝒎𝒎
𝑽𝑽.𝒎𝒎𝟐𝟐
−
𝑸𝑸
𝑽𝑽.𝟐𝟐
Q ∙ 𝒗𝒗-𝒎𝒎. (10)

One important feature of such current decomposition 
provided by the CPT, also valid for 2Φ3w circuits, is that all 
these decomposed current terms are decoupled, resulting that 
they can be selectively used for a flexible and independent 
control of each parcel as desired. Furthermore, since the CPT 
is devised in the abc frame, such current references are
straightforwardly used in time domain, without requiring axis 
transformations or the use of phase-locked loop (PLL) 
algorithms, which for instance eliminates issues related to 
stability [43]. Also, interpretation of such current terms stands 
as for single- or three-phase systems [44], different from other 
methods [27]. Another interesting feature of the CPT is related 
to the fact that, under the operation scenario of non-sinusoidal 
voltage conditions, compensation of the non-active current 
terms results in a resistive load synthesis behavior (i.e., the 
resulting phase currents will be linear to voltage distortions 
[45]), which can improve the harmonic resonance damping 
capability of the electric system [46]. Finally, given the 
collective value of each current term (11) (i.e., respective to 
(4), see also Figure 1.b), the apparent power (𝐴𝐴) is obtained 
based on the quadratic sum of the active, reactive, unbalance 
(𝑁𝑁) and void (𝐷𝐷) (i.e., distortion) power terms, as shown in 
(12). Such a reconstruction provided by (12) is due to the 
orthogonality existing among the power terms [36], which is 
also applied to the case of 2Φ3w power system. In (12), 𝑰𝑰 is

Fig. 1. Calculation of (a) the unbiased and collective voltages, and (b) the total collective current defined by the CPT.
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the collective value of the total current, which is equal to 𝑰𝑰𝒄𝒄𝒄𝒄𝒄𝒄.
𝑰𝑰𝒄𝒄𝒄𝒄𝒄𝒄𝟐𝟐 = J𝑰𝑰𝒂𝒂𝒃𝒃K

𝟐𝟐 + J𝑰𝑰𝒓𝒓𝒃𝒃K
𝟐𝟐 + (𝑰𝑰𝒖𝒖 )𝟐𝟐 + (𝑰𝑰𝒗𝒗)𝟐𝟐 (11)

𝑨𝑨𝟐𝟐 = 𝑽𝑽𝟐𝟐. 𝑰𝑰𝟐𝟐 = 𝑷𝑷𝟐𝟐 +𝑸𝑸𝟐𝟐 +𝑼𝑼𝟐𝟐 +𝑫𝑫𝟐𝟐 (12)

𝑵𝑵 = 𝑽𝑽.W(𝑰𝑰𝒂𝒂𝒖𝒖)𝟐𝟐 + (𝑰𝑰𝒓𝒓𝒖𝒖)𝟐𝟐 = 𝑽𝑽. 𝑰𝑰𝒖𝒖 (13)

𝑫𝑫 = 𝑽𝑽. 𝑰𝑰𝒗𝒗. (14)

III. CPT-BASED CONTROL OF A 2Φ3W MFGTI

To achieve flexible operation regarding operational 
functionalities, the following control topology presented in 
Figure 2 is proposed for a three-leg MFGTI existing within a 
2Φ3w power system. Firstly, note that the 2Φ3w grid is 
formed as an extension of a conventional three-phase four-
wire circuit, comprising line impedances (Zline), and at the 
point-of-common-coupling (PCC) several loads and a MFGTI 
are connected.  The existing loads are arbitrarily connected to 
the grid, being also given by linear (i.e., loads Z1,2,…,6) and 
nonlinear (i.e., load NL_) aggregation of elements, 
consequently drawing active, reactive, harmonic and 
unbalance current components. The parameters of such loads 
are summarized in Table I.

With regards to the MFGTI, a three-leg topology is chosen 
considering inductive output filters, having the RES placed at 
the DC bus, consequently allowing the injection of active 
currents (i.e., being different from [22]). In this paper the 
inverter is designed to operate under current-controlled mode. 
Sinusoidal PWM modulation is used to drive the power 
switches of the inverter. 

The control system is devised by two main loops: i) one 
outer voltage loop of slow dynamics, taking advantage of a 
proportional-integral (PI) controller designed to maintain 
constant the DC bus voltage (𝑉𝑉<=); and ii) one inner current 
loop of fast dynamics that is responsible making the MFGTI 
current (𝑖𝑖>?@AB!) to track the desired reference (𝑖𝑖>?@AB!

∗ ). 
Proportional-resonant (PR) controllers are usually designed to 
track the current reference providing zero steady state error 
[47], but PI current controllers can also be adopted considering 
the proper disturb compensations, just as done in this paper

and shown in Figure 2. The power conversion from the 
emulated PV generation system (i.e., resulting in a balanced 
active current at the AC side of the MFGTI), along with the 
reference to stabilize the DC-link voltage, are represented by 
𝑖𝑖DE! in Figure 2. The term 𝑠𝑠!∗ used for the voltage loop is 
defined to balance the power between the DC and AC sides of 
the MFGTI as discussed in [22] and [45], being based on the 
synthesis of sinusoidal currents. In addition, a MAF is used to 
filter the inherent oscillations existing in the DC-link voltage 
to achieve better control performance with regards to the mean 
value of 𝑉𝑉<=. Yet, note that, since the MFGTI has three legs, 
only two (i.e., phase a and b in this case) need to be controlled, 
being the neutral leg controlled indirectly according to the 
Kirchhoff’s current law. The MFGTI’s parameters are shown 
in Table II.

The flexibility of the control system based on the CPT 
comes from the “current decomposition block” seen in Figure
2, on which any of the current parcels of the load are extracted 
and injected by the MFGTI, relieving the grid from supplying 
them. As seen in Figure 2, the variable “cmd_” is responsible 
for selecting which of the CPT current parcels will be used on 
the MFGTI operation (each of the switches commanded by 
“cmd_” will be triggered according to the discussed intervals 
of a study case presented in Section IV). This means that the 
control scheme decomposes the balanced and unbalanced
active and reactive currents of the loads, as well as the void 
current, so that: i) the MFGTI can supply the active term as 
long as power is being generated by the PV-based system; and 
ii) the MFGTI can selectively offer ancillary services for the 
compensation of reactive power, as well as unbalance and 
harmonic currents, as long as there is remaining capability 
available. Moreover, as highlighted in the literature review, 
these concomitant functionalities under a 2Φ3w topology are 
novel since they are devised directly in the abc frame by the 
approach, not relying on PLL algorithms, and being 
straightforwardly applied to the control system, which 
provides means to interpret physical electric phenomena 
without axis transformations.

Fig. 2. 2Φ3w grid and the PV-based MFGTI’s electrical and control topologies.
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IV. EXPERIMENTAL RESULTS BASED ON HIL 
 

A. Initial Discussions and Setup 
Aiming at demonstrating the capabilities of the proposed 

control approach in a 2Φ3w power system, HIL results are 
herein presented considering several operational conditions. 
The experimental system is comprised of a Typhoon HIL 604, 
which is used to emulate the entire power system in real time 
(i.e., the 2Φ3w grid, the loads, and the power stages of the 
MFGTI). A host computer is used to interface the HIL platform 
with MATLAB/Simulink for the programming of such a control 
board. Hence, all the power circuit elements are built on 
Simulink, being later embedded to the HIL. On the other hand, 
the CPT and the control algorithms of the MFGTI (i.e., the 
voltage and current loops, as well as the PWM approach, both 
seen in Figure 2) are embedded to a F28069 DSP that is 
connected to the HIL platform for the complete emulation of the 
2Φ3w circuit. A picture of the experimental setup developed for 
the assessment of the control strategy is shown in Figure 3.a, 
and a generic schematic of the input and output connections of 
the HIL and DSP are shown in Figure 3.b. 

A Keysight DSO-X 2014A oscilloscope is used to monitor 
the AC voltage and current waveforms shown in the results, 
as well as to attain their instantaneous values, which are later 
used for calculating the CPT powers used as quantitative 
indexes. A Rigol MSO7014 oscilloscope monitors the DC-
link voltage. It is important to reinforce that the PCC current 
measurements are only made for phases a and b, being the 
neutral current calculated by their sum (i.e., 𝑖𝑖F==G = 𝑖𝑖F==" +
𝑖𝑖F==#) using an oscilloscope function. Also, although not 
bringing depreciation to the experimental results obtained, 
𝑖𝑖F==G could not be inverted (i.e., 𝑖𝑖F==G = −1. (𝑖𝑖F==" + 𝑖𝑖F==#)) 
due to the limited functionality of the oscilloscope. 

The 2Φ3w power system emulated within the HIL 
platform considers the grid, load and MFGTI parameters 
shown in Tables I and II. The parameters used for controlling 
the MFGTI by means of a C language code embedded into the 
DSP are also presented in Table II. The PV-based generation 
system (i.e., PV panel and integrated DC-DC conversion 
stage) is designed in the HIL system by a controllable DC 
current source for the sake of simplification. Hence, this 
current source can emulate any patterns of power generation, 
similarly to the behavior of a typical PV system. Yet, the CPT 
powers presented in Section II are also used as quantitative 
indexes for all simulated cases, demonstrating their suitability 
for electrical characterization in the 2Φ3w topology.  

Moreover, herein discussions only focus on operation 
under sinusoidal voltage conditions, although the exact same 
strategy and experimental setup could be used to demonstrate 
an adequate operation of the system under non-sinusoidal 
and/or asymmetrical voltage conditions. It is highlighted that 
the switching frequency of the MFGTI was chosen to cope 
with both the typical frequencies adopted for PV inverters, 
which are around tens of kHz, and the computational 
requirements of the HIL-based platform. In addition, although 
the MFGTI was designed considering a nominal power of 25 
kVA, the highest apparent power processed during the 
experiments presented in this section was of around 10 kVA. 
B. HIL Results - Study Case 

To assess the flexibility of the proposed control approach 
in the 2Φ3w topology, a study case is herein presented having 

the experimental results divided in five main intervals (i.e., 
Interval I to V). These five intervals demonstrate, respectively: 
i) The 2Φ3w grid operating with the nonlinear load and 
considering the MFGTI acting as an ordinary distributed 
generator that only injects the PV-generated active power; ii) 
the CPT’s current components being used to add ancillary 
functions to the control strategy of the MFGTI, aiming at 
mitigating harmonics currents; iii) The capability to also 
compensate for unbalance currents; iv) The capability to 
achieve full compensation of undesired currents at the PCC;  

 
Fig. 3. (a) Setup used for experimental results and (b) inputs/outputs 
schematic for the integration of the HIL and DSP platforms. 

 
TABLE I 

Parameters of the 2Φ3w Grid With Loads 
Parameter Value 

Grid Nominal Voltage: phase-neutral 127 V / 60 Hz 
Line Impedances (𝑍𝑍!"#$): per phase 0.012 + j0.015 Ω 

Resistive Load (𝑍𝑍%) 22 Ω 
Resistive-Inductive Loads (𝑍𝑍& and 𝑍𝑍') 18 + j4.524 Ω 

Resistive-Inductive Load (𝑍𝑍() 1 + j6.032 Ω 
Resistive-Inductive Load (𝑍𝑍)) 12 + j4.524 Ω 

Nonlinear Load (𝑁𝑁𝑁𝑁) 

𝑁𝑁𝑁𝑁! 5 mH 

𝑁𝑁𝑁𝑁* 470 μF 

𝑁𝑁𝑁𝑁+ 10 Ω 

 
TABLE II  

Parameters of the 2Φ3w MFGTI 
Parameter  Value 

 Nominal Power (𝐴𝐴,-./0) 25 kVA 
 DC Link Voltage (𝑉𝑉1*) 500 V 
 DC Link Capacitor (𝐶𝐶1*) 2.5 mF 
 Filter Resistance (𝑟𝑟!*): per phase 0.095 Ω 
 Filter Inductance (𝑁𝑁!*): per phase 2.5 mH 
 Filter Capacitor (𝐶𝐶!*): per phase 2.0 µF 
 Switching Frequency (𝑓𝑓23) 24 kHz 
 Sampling Frequency (𝑓𝑓2) 12 kHz 

Current Controller 
 Proportional Gain (𝐾𝐾𝐾𝐾") 3.0 
 Integral Gain (𝐾𝐾𝐾𝐾") 1.0 

Voltage Controller 
 Proportional Gain (𝐾𝐾𝐾𝐾4) 4.0 
 Integral Gain (𝐾𝐾𝐾𝐾4) 0.0015 
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and v) the operation dynamics of the MFGTI when an energy 
generation steps occurs. For all the HIL results comprised 
within these intervals, the behavior of the MFGTI is mainly 
verified by demonstrating its processed currents and its DC-
link voltage, as well as the impact of its operation at the PCC. 
The results are discussed as follows. 

Initially, Figure 4.a demonstrates during Interval I the 
results of the study case when the MFGTI operates injecting 
balanced active currents (i.e., providing power conversion for 
the PV system), without offering support to ancillary services 
related to power quality improvement (i.e., “cmdI” is open). 
During this interval, the MFGTI processes 2.4 kW of active 
power, which represents approximately 35% of the overall 
active power demanded by the loads. Such an active power 
injection from the MFGTI is evidenced by its balanced 
currents (i.e., 𝑖𝑖DE!), which are in-phase with the PCC voltages, 
being also processed with stable operation of the DC-link 
voltage. At the same time, it can also be seen that the two grid 
voltages are lagging 120o from each other (i.e., since the 2Φ3w 
circuit is derived from a three-phase four-wire power system), 
as well as that the remaining PCC currents are phase-shifted 
and distorted (i.e., due to the existence of the loads). For 
instance, note that the PCC current from phase a (𝑖𝑖F==" – blue 
curve) is phase-shifted in relation to the voltage of that same 
phase (𝑣𝑣F==" – orange curve), which indicates the existence of 
reactive components. Additionally, besides the current 
unbalance existing between the two phases at the PCC, the 
currents from phase a and neutral conductor are highly 
distorted due to the existence of the nonlinear load (see Figure 
2). The load unbalance among the phases even causes a small 
deviation in the amplitudes of the PCC voltages, as noted in 
Figure 4.a while comparing 𝑣𝑣F==" and 𝑣𝑣F==#. For instance, the 
magnitude of phase b voltage is 3% smaller than the one from 
phase a since most of the loads, including the nonlinear load, 
are connected between phase b and the neutral conductor. 
From the behavior of the MFGTI’s DC-link voltage depicted 
in Figure 4.a, one can note the low-amplitude oscillation with 
maximum peak-to-peak voltage of 10 Vdc (see Table III). Yet, 
it is evidenced that this voltage is stabilized around 500 Vdc 
(i.e., according to Table II), and a 120 Hz frequency voltage 
ripple occurs, as expected for this converter topology [37]. 

As shown in the harmonic decomposition in Figure 5.a, 
such PCC currents are mainly composed of fundamental 
terms, also having the 3rd and 5th harmonic orders as the most 
significant ones. Besides, the total harmonic distortion for 
PCC phase voltages was THDva = 0.51 % and THDvb = 0.79 
%, and for the currents they were THDi = 2.18 %, 20.6 % and 
16.89 %, respectively for phases a, b, and neutral. In Table III 
the CPT power terms are also presented, characterizing the 
significant existence of A, P, Q, D, and N power terms. It is 
reinforced that a significant amount of P is present at the PCC 
since the injection from the MFGTIs during Interval is not able 
to fully supply the loads, resulting that there is still active 
power being drawn from the grid. 

 Thus, during Interval II in Figure 4.a, the switch 
commanded by “cmdI” is closed (see Figure 2), and the other 
variables “cmd_” are selected in such a way that the MFGTI 
is enabled to additionally provide the compensation of the 
CPT void currents (i.e., only “cmdII” is closed, resulting that 
𝑖𝑖>?@AB!
∗ = 𝑖𝑖DE! + 𝑖𝑖E!), which are the distortion currents 

drawn by the loads. Hence, the MFGTI currents become non-
sinusoidal due to the void parcels. Yet, note that the PCC 

currents become much less distorted in relation to the Interval 
I, roughly resembling a sinusoidal shape. This condition is 
also demonstrated in Table III, on which one can observe a 
65% decrease in the distortion power (D) at PCC during 
Interval II. Moreover, it is evidenced in Figure 4.a that the 
PCC currents remain notably phase-shifted since reactive 
components were not mitigated. The THDi obtained for the 
PCC currents during Interval II were 1.82%, 2.84%, and 
1.91%, respectively for phases a, b, and neutral, which is 
significantly smaller than during Interval I. Also, the harmonic 
spectrum shown in Figure 5.b demonstrates that the most 
significant harmonics have been suppressed by the MFGTI 
ancillary operation, although the PCC currents were still 
unbalanced. The DC-link behavior shown in Figure 4.a 
demonstrates that voltage ripple presented slightly higher 
amplitude in comparison to Interval I. Such a behavior occurs 
because the MFGTI needed to process more power to 
compensate the current harmonics. Nonetheless, the 
implemented voltage controller was capable to achieve a 
stable operation during steady state, and no overvoltage 
occurred neither in the DC nor AC sides of the MFGTI. 
Finally, it is worth mentioning that, even though the PCC 
currents visually low distorted, the D term in Table III was not 
null for several reasons: i) the harmonic compensation occurs 
only up to the bandwidth of the current controller; ii) the signal 
to noise ratio can also affect the measurements due to the ADC 
resolution; and iii) the MFGTI’s LC output filter presents 
limited filtering capability for high frequency components. In 
addition, the numerical results from Table III were calculated 
based on the oscilloscope data, which saves the information 
with limited resolution. 

Now, Figure 4.b starts with a continuation of Interval II, 
being later changed by Interval III on which the MFGTI is 
commanded to also provide the compensation of the 
unbalance current terms (i.e., 𝑖𝑖>?@AB!

∗ = 𝑖𝑖DE! + 𝑖𝑖E! + 𝑖𝑖"!
$ +

𝑖𝑖%!
$ ). Note in Figure 4.b that, by imposing such references for 

the MFGTI, it rapidly adjusts its operation transiting from 
Interval II to III, starting to process currents that are distorted 
and unbalanced in relation to the PCC voltages. As a result, 
the PCC currents become practically sinusoidal and balanced, 
proving that the proposed control strategy is able to flexibly 
provide power quality improvement through the MFGTI. It 
can be seen from Table III that the unbalance power (N) is 
practically null in interval III, showing a significant efficiency 
for the unbalanced current compensation provided by the 
MFGTI at the PCC. Besides, note in Figure 5.c that the 
harmonic spectrum is now basically comprised of balanced 
fundamental components, as a result of having the most 
significant harmonics and unbalanced components 
suppressed. Another interesting consequence is that the 
voltage unbalance previously existing between 𝑣𝑣F==" and 
𝑣𝑣F==# is no longer significant in Interval III. Thus, such a 
result demonstrates that the selective compensation of current 
parcels provided by the MFGTI also supports voltage quality 
improvement. Yet, Figure 4.b shows that again the DC-link 
operation was stable, presenting a slightly higher voltage 
ripple in relation to Interval II (i.e., approximately to only 3 
Vdc higher). 

For the fourth scenario of this study case (i.e., Interval IV), 
the results are shown in Figure 6.a. Initially, the same 
condition 
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Fig. 4. HIL results for Intervals I, II and III. From top to bottom: PCC voltages and currents, MFGTI currents, and MFGTI DC link voltage. 
(a) comprises the results for Intervals I and II, starting with the MFGTI only processing 2.4 kW and later 𝒊𝒊𝒗𝒗𝒎𝒎 is also considered; and (b) shows 
the transition from Interval II to III, in which the 𝒊𝒊𝒎𝒎𝒖𝒖 is also processed. It is highlighted that the PCC neutral current is presented as −𝒊𝒊𝑷𝑷𝑷𝑷𝑷𝑷𝒏𝒏.

Fig. 5. Amplitude of the PCC currents over the most significant harmonic orders for all intervals in the HIL results: (a) Interval I; (b) Interval 
II; (c) Interval III; (d) Interval IV; and (e) Interval V.

TABLE III
CPT Powers Calculated at the PCC and Complementary Quantitative Indexes for all Intervals in the Study Case

Quantity Int. I Int. II Int. III Int. IV Int. V

C
PT

Po
w

er
s

A [VA] 6450.65 6369.09 5891.99 4550.98 7131.85
P [W] 4186.54 4191.72 4411.49 4543.20 7125.03
Q [Var] 3907.94 3931.02 3872.92 -118.00 -90.88
D [VA] 1255.26 429.92 504.07 235.08 245.26
N [VA] 2696.71 2712.37 25.43 32.56 42.24

PCC Current
THDi [%]

Phase a 2.18 1.82 0.92 1.98 1.57
Phase b 20.6 2.84 3.11 3.96 2.47
Neutral 16.89 1.91 3.12 3.94 2.15

MFGTI’s Maximum DC-Link 10.10 13.30 16.00 13.00 10.0
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Peak-to-Peak Voltage [V] 

 
Fig. 6. HIL results for Intervals III, IV and V. From top to bottom: PCC voltages and currents, MFGTI currents, and MFGTI DC link voltage. 
(a) shows the transition from Interval III to IV, in which the 𝑖𝑖,#

-  is also processed; and (b) shows the transition from Interval IV to V, in which 
the PV system suffers a negative step from 2.4 kW to 0 kW. It is highlighted that the PCC neutral current is presented as −𝑖𝑖.//$. 
 

from the third scenario (i.e., Interval III) is presented, then the 
MFGTI current reference is suddenly changed to consider the 
non-active current parcel along with the active generation 
from the PV (i.e., 𝑖𝑖>?@AB!

∗ = 𝑖𝑖DE! + 𝑖𝑖%!
# + 𝑖𝑖"!

$ + 𝑖𝑖%!
$ + 𝑖𝑖E!). 

Note that, the non-active parcel is defined by the CPT as the 
sum of all unwanted current components drawn by the loads, 
given that 𝑖𝑖G"! = 𝑖𝑖%!

# + 𝑖𝑖"!
$ + 𝑖𝑖%!

$ + 𝑖𝑖E!. Consequently, if the 
MFGTI is able to supply such currents (i.e., operating as an 
active filter while also injecting the PV active power), only the 
balanced active currents would be seen at the PCC. Note in the 
Interval IV of Figure 6.a that the PCC currents became in-
phase with the voltages, being also practically sinusoidal and 
balanced. The reactive power is supplied exclusively by the 
MFGTI during this scenario, and Table III shows the 
effectiveness of the compensation, indicating that the reactive 
power is practically null. Note in Figure 5.d that the harmonic 
spectrum is mostly composed by balanced fundamental 
components, which present smaller amplitudes than those 
during Interval III. 

Finally, a last scenario is demonstrated in Interval V shown 
in Figure 6.b, on which a negative step for the active power 
generation is emulated (i.e., the generation is lowered), 
reducing it to zero similarly to a PV operating at night. 
Consequently, the MFGTI is not able to supply the active 

power demanded by the loads, forcing it to operate as an active 
power filter. As a consequence, mainly active currents flow 
through the PCC (note the PCC in-phase and balanced 
currents in Figure 6.b), and from Table III one can see that P 
increases during Interval V. This occurs since the MFGTI 
operates only processing the non-active current terms and the 
grid takes full responsibility on supplying P to the loads. The 
harmonic spectrum shown in Figure 5.e also demonstrated that 
the PCC currents are mainly composed by balanced 
fundamental components, in a higher amplitude than in 
Interval IV. As another remark, it is noted in Figure 6-b that 
.the DC-link voltage remains stable during the entire test, 
presenting a low overshoot when the transitions occur, as well 
as indicating a lower voltage ripple. For instance, the 
maximum peak-to-peak value observed for the DC-link 
voltage during Interval IV is 10 Vdc. Finally, Table III 
demonstrates that the compensation performance of the 
MFGTI is not affected by the selective operation feature 
supported by the CPT in the 2Φ3w power grid, which allows 
one to determine current parcels to be processed without 
affecting the others terms.  
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IV. CONCLUSIONS 
 

This paper presented a comprehensive review about the 
control of 2Φ3w power converters, and proposed a flexible 
control strategy for the operation of PV-based MFGTIs 
existing in such a grid topology, allowing them to provide 
ancillary services that can be used to support the power system 
on tasks related to power quality improvement. With regards 
to the proposed control strategy, the discussions in this paper 
have reinforced that the CPT provides an adequate current 
decomposition to be employed in compensation purposes in 
2Φ3w circuits. Nevertheless, it is worth remarking that the 
zeroing of the unbalance power term does not mean zero 
neutral current flowing through the PCC, as it has been 
presented in Intervals IV and V in Figure 6. Hence, such a 
feature is most related to the inherent circulation of zero-
sequence component even under two balanced phase loads. As 
another feature, it has also been demonstrated in this paper that 
by controlling the two phases a and b, while the neutral leg is 
indirectly controlled according to Kirchhoff’s current law, the 
circuit phases are decoupled, resulting that active, reactive, 
unbalanced and void (i.e., non-linear distortion) currents can 
be independently handled. 

Finally, experimental results based in HIL validated the 
proposed control scheme, demonstrating that the method can 
be adequately implemented in a real digital microprocessor, 
also proving that the application is valid for the Brazilian 
scenario (i.e., since 2Φ3w grids usually operate with 127 V 
phase voltage and with nominal power lower than 25 kW). 
The THD values of the compensated PCC currents were about 
0-4% as for typical implementations. In addition, the DC-link 
voltage oscillation varied according to the selective 
compensation employed, reaching maximum oscillation 
values of 16 Vdc (i.e., about 3.2% of the nominal DC voltage) 
in the most critical scenario, which was also just 6 Vdc higher 
than when the MFGTI operated only injecting active power. 
Such an increase in the DC voltage oscillation is also typical 
of single-phase inverters [6], resulting that the 2Φ3w inverters 
do not require any specific sizing of the DC-link capacitor. 
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