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Abstract: The integration of photovoltaic (PV) systems with three-phase four-wire (3P4W) distribution
networks has imposed several challenges related to existing unbalanced loads, reactive power
generation and harmonics content. In this paper, a multifunctional distributed maximum power
point (MPPT) controller for grid integration of PV systems is proposed. The proposed distributed
MPPT controller is developed based on employing a four-leg three-level T-type multilevel inverter.
The proposed inverter performs multifunctionalities, including distributed MPPT, neutral current
compensation for the unbalanced loads, supplying reactive power into the grid and the grid integration.
Moreover, the proposed inverter overcomes the stochastic behavior of both the PV generation with
partial shading problems and its operation with unbalanced loads as well. Furthermore, the new
proposed controller injects sinusoidal output currents with decreased levels of total harmonic
distortion (THD) into the grid. The tested case study is investigated for the various operating
scenarios of PV generation and load demands. The results and tabulated performance comparisons
have proven the superior performance of the proposed multifunctional PV generation system.
The results show the ability of the proposed controller to efficiently extract distributed MPPT for all
PV modules at all the tested scenarios. Additional improvement of the energy efficiency is achieved
through the elimination of the neutral current due to existing unbalanced loads.

Keywords: distributed maximum power point tracking (MPPT); four-wire distribution networks;
grid-connected photovoltaic (PV); renewable energy sources; T-type multilevel inverter

1. Introduction

In recent years, utilization of renewable energy technologies has been found to have a significant
role in electrical power generation systems. Among the various renewable energy systems,
solar photovoltaic (PV) energy systems are employed in several applications, such as residential
power supplies, battery charging, etc. [1,2]. The PV generation systems are anticipated to become
the biggest renewable energy source by the year 2040 [3]. The continuous increase of the installed
PV systems in electrical power systems is a direct benefit of their inherent features of having low
maintenance cost, no moving parts, low noise, and being eco-friendly technology [4,5]. However,
research and field experience have addressed that installations of PV systems are subject to many
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challenges such as partial shading, stochastic behavior, harmonics content, and grid integration
problems [6–8]. Another challenge exists for PV systems in their integration with future smart home
microgrids [9]. In addition, economical operation has imposed challenges on PV systems to compete
with conventional energy resources [10,11].

The efficiency of the PV system is highly dependent on various atmospheric conditions. In practical
operating scenarios, the performance of the PV cells are non-uniform due to the partial shading problems
that are related to the different weather conditions [12]. The partial shading conditions cause an
extreme reduction in the maximum extracted power of the PV system [13]. In partial shading situations,
the output PV power of the partially shaded array is less than the algebraic sum of the total output
powers of the connected PV modules in the array. In [12], there are several attempts to decrease the
degradation of power in partially shaded systems, wherein the distributed maximum power point
tracking (MPPT) methods have shown a good performance.

On another side, multilevel inverters (MLIs) are widely utilized in various applications of power
electronics. MLIs have the ability to cover the growing demands of high-power ratings and to deliver
enhanced power quality and decreased total harmonic distortion (THD) as well. Moreover, MLIs have
the advantages of reduced voltage stresses across the power switches and minimized electromagnetic
interference (EMI) [14]. In PV applications, MLIs can generate output voltage and inject near sinusoidal
output current waveform to the utility grid compared to the traditional two-level voltage source
inverters (VSIs). There are several structures and topologies of MLIs in the literature with various
arrangements of semiconductor switches and DC-link capacitors for generating N-number of levels in
the inverter output voltage.

Basically, MLIs can be classified into three main categories, namely neutral-point clamped (NPC),
flying capacitor (FC), and cascaded H-bridge (CHB) MLI topologies [15]. Amongst the addressed
topologies, the T-type category of NPC MLIs has demonstrated itself as a cost effective, efficient,
and reliable solution for the PV system grid integration. Therefore, the grid integration of the PV
system in this manuscript is performed using T-type MLI topology [16].

Essentially, distribution networks using three-phase four-wire (3P4W) are extremely utilized
worldwide for supplying electrical power to the distribution loads, including single/three-phase and
different types of commercial and residential loads [17]. The asymmetrical distribution of loads in
the distribution networks causes unequal grid currents, which give rise to overheating the neutral
conductors as a direct result from the unbalanced line currents [18]. Further, the neutral currents
of commercial and residential loads can significantly harm not only neutral conductors but also
distribution transformers as well. Almost all of the PV inverters are designed while considering
balanced conditions, which makes the designed control approach applicable and effective only for
three-wire balanced systems [19]. Therefore, these strategies fail to manage the unbalanced loadings.
The unbalanced loadings cause neutral currents to flow between the load and the utility grid. This in
turn causes additional power losses through the transmission lines and distorts the output voltage
waveforms. Moreover, these currents can also cause overheating of copper windings of the distribution
transformers (DTs), which may lead to severe damage [20].

Several phase-balancing techniques are presented in the literature, including delta-wye
transformers, zigzag transformers, series active filters, passive filters, shunt active power filters [21,22],
and neutral conductor cross section resizing. The zigzag transformer generates additional neutral
currents with unbalanced voltage. However, it requires installation of an additional converter in the
fourth wire. Moreover, different phase-balancing devices are introduced to mitigate the effects of the
increased neutral currents in the LV distribution network based on active and passive controlling
functions [18].

On another hand, three-phase four-leg voltage source inverters (3P4L-VSIs) were utilized to
compensate for the unbalanced loading and improve system performance using the active and passive
methods [23]. In addition, research has been done with four-leg inverters, wherein the added extra
switches were used to compensate for the neutral current, and consequently decreased the zero
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sequence current resulting from the unbalanced distribution systems [24]. In [25], the 3P4L-VSI was
integrated with PV installations to compensate the neutral currents. Nevertheless, it did not ensure
the compensation with different scenarios of the network interaction with various loads. Another
method was presented in [26]. It used 3P4L-VSI with fixed neutral-current compensation capacity by
considering various possible load scenarios in distribution networks. In [27], a control method for
four-leg VSI was employed for compensating the neutral current using a proportional-integral (PI)
controller with zero neutral-current reference. It had an improved active filtering operation, however
the neutral current of the unbalanced load was not compensated. In [28], an adaptive droop control
technique for controlling active and reactive power participation considering the positive sequence
R+/X+ ratio of transmission line in LV distribution networks was presented. However, the reactive
capability of the PV inverter combined with droop based battery energy storage system was difficult to
be evaluated for rural and urban scenarios.

From another side, model predictive control (MPC) has been widely employed for controlling
four-wire inverters [29–32]. However, MPC methods require precise models and estimation of the
power system parameters for stable and efficient control. In addition, distribution grids are subjected
to a wide range of variations that limit the applicability of MPC in these systems. Another four-wire
three-phase inverter system has been constructed in [33] through series connected inverters. However,
an increased number of components and a complex control are the main disadvantages of this system.
A space vector modulation-based controller has been presented in [34], however, PV side and grid side
control issues have not been considered.

Hence, from the above discussion, it is concluded that conventional inverters have several
drawbacks with unbalanced load operation in PV systems. In addition, the PV mismatches and
partial shading represent crucial issues in the integration of the PV system with the utility grid. This
paper presents a new multifunctional inverter with distributed MPPT controller for 3P4W distribution
systems. The proposed system and controller are designed for compensating the neutral currents in
the unbalanced LV distribution networks. In addition, an individual distributed MPPT controller is
provided for the series connected DC-DC boost converters for achieving global peak power extraction
from the PV system at different irradiation levels. The proposed PV inverter keeps improved operation
and integration of the PV system with the unbalanced distribution network even with considering
the fluctuated nature challenges of the generation side and load demand side. Thence, the main
contributions of the paper can be summarized as following:

• A new multifunctional distributed MPPT controller is proposed for integrating PV systems
with distribution networks. The proposed inverter performs multifunctionalities including
distributed MPPT, neutral current compensation for the existing unbalanced loads, and reactive
power compensation.

• The proposed controller is capable of injecting balanced sinusoidal currents with low output total
harmonic distortion (THD) into the utility grid, regardless of the combined fluctuations of the PV
generation and load demand.

• An effective compensation method for the neutral currents is provided for four-wire distribution
systems, which improves the energy efficiency and reliability of the whole distribution system
and components.

The new proposed controller can provide a multifunctional operation of PV systems, while
preserving simple implementation and lower number of components compared to [33], eliminating
the need for precise modelling compared to the controllers in [29–32], and being suitable for low-cost
microcontroller implementation. From another side, the new proposed system and controller can
provide a more efficient and reliable power system operation through the achieved multifunctionalities
of neutral current compensation, maximum energy extraction, and local reactive power supply.

The rest of the paper is organized as follows: Section 2 presents a detailed description of the
3P4W PV system. The modeling of various components in the 3P4W system is explained in detail in
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Section 3. The proposed controller and its implementation are provided in Section 4. Section 5 presents
the simulation results and controller performance with different scenarios during PV partial shading
and load unbalance. Finally, the paper is concluded in Section 6.

2. 3P4W Distribution System

2.1. Grid-Connected Four-Leg Inverter

Figure 1 shows a 3P4W grid-connected PV system using four-leg T-type multilevel inverter systems.
The PV generation side is composed of PV panels, connected in series and parallel configuration.
A DC-DC boost converter is employed by a MPPT for extracting the maximum power from PV panels.
The DC-DC boost converter is followed by a DC-link capacitor, which is functioning as a decoupling
stage between the PV system and the utility grid. The T-type inverter is employed in this manuscript
for integrating the DC output voltage of the PV generation system into the utility grid. The L type filter
is utilized as the filtering stage of the harmonics at the PV generation side. In addition, a fourth leg is
included in the inverter for the neutral current compensation with the unbalanced loads. The selected
case study employs unbalanced single-phase home loads at the output of the PV generation system.
For simplicity, each PV panel is connected to an individual boost converter with individual MPPTs.
However, the proposed system and analysis are valid for any number of individual PV systems.
The selected case study contains double 7.5 kW PV generation system with a DC-DC boost converter,
which corresponds to the total PV generation output power of 15 kW. The perturb and observe (P&O)
MPPT method is selected for its simplicity and effectiveness [35]. The P&O MPPT method is integrated
with the two boost converters for extracting the maximum available power from the PV modules.
While this paper provides a real-time controller for 3P4W PV generation systems, the impacts of
power systems are considered through modelling the grid impedance and considering the behavior of
unbalanced single-phase loads.
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Figure 1. Power circuit of the proposed three-phase four-wire (3P4W) grid-connected photovoltaic
(PV) system.

2.2. Issues of PV Generation Side

The PV systems are sensitive to ambient conditions, such as atmospheric temperature, dust,
and irradiance. The partial shading problem represents one of the main challenges to large-scale PV
generation systems, wherein PV arrays are subjected to different irradiance levels. The current-voltage
(I-V) and power-voltage (P-V) characteristics of PV systems with partial shading problems are shown
in Figure 2 [36]. The presence of shadowed PV modules causes multi-peaks on the P-V curve, in
which there is only one global peak. Defining the global peak MPPT of a shadowed PV system is
tackled in several research articles. However, the developed techniques in the literature suffer from
inaccurate MPPT, continuous search, low speed, and complex calculations [37]. Moreover, the power
mismatches between series-connected PV modules represent another issue that decreases the output
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power of the PV systems. These mismatches may result from the losses in the array due to different
specifications of PV modules and/or possessing different levels of irradiance by series-connected
modules. The developed methods in [26] have not covered the partial shading problems of the PV
generation systems at low voltage distribution network with the unbalanced loads.Energies 2020, 13, x FOR PEER REVIEW 5 of 20 
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partial shading.

2.3. Issues of Distribution Utility Side

The LV distribution network contains usually single-phase home loads, which are unbalanced loads
and represent the main source for unbalanced operation in the three-phase distribution networks. These
unbalanced single-phase loads cause the presence of neutral current in the utility grid. The presence
of neutral current in LV distribution networks generates additional power losses, which increase the
temperature of conductors and reduce the transmission line capacity. In addition, neutral currents may
affect the operation of the power cables [38]. From the distribution transformer’s side, neutral currents
cause their windings to overheat, energy losses to increase, and capacity, efficiency and lifetime to
reduce [38]. In the 3P4L inverter system, the additional fourth leg is employed to achieve neutral
current compensation and their corresponding zero sequence currents at the point of common coupling
(PCC) [26]. The neutral current ILN, and zero sequence current IL0 in a 3P4W system are expressed as
follows [39]:

ILN = ILa + ILb + ILc (1)

IL0 =
ILa + ILb + ILc

3
=
−ILN

3
(2)

where ILa, ILb, ILc represent the three-phase load currents of a, b, and c phases respectively.

3. Modelling of Four-Leg PV-VSI System

3.1. Modeling of PV Generation Side

Figure 3 shows the equivalent model of a single PV cell. The electrical model contains the current
source Iph with its parallel diode, series-connected resistance Rs, and shunt-connected resistance
Rsh [40]. The series-connected resistance Rs denotes the losses due to the ohmic resistance, including
semiconductor material resistance, metal contact, and resistance between contacts. Shunt-connected
resistance Rsh denotes leakage currents of the junction through the edges of the PV cell. The mathematical
relation relating voltage and current in the model of PV cell is constructed using the circuit model in
Figure 3 and Kirchhoff’s laws [41]. In Figure 3, Ish and Id denote currents through shunt-connected
resistance and the parallel diode, respectively. The dependence of the output current of the PV cell on
ambient conditions is expressed as follows:

Iph = Iph,n(K1 (Tm − Tn)) (
G
Gn

) (3)
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where Iph and Is denote the photocurrent of the PV cell and the saturation reverse current of diode,
respectively, whereas Iph,n, Vtn, Gn represent the nominal parameters of the PV cell datasheet of
photocurrent (A), the voltage (V), and nominal solar irradiance (equals to 1000 W/m2), respectively.
K1 denotes the temperature coefficient of the cell short-circuit current (AK−1). Tm and Tn represent
module temperature (◦C), and nominal module temperature (equal to 25 ◦C), respectively. Moreover,
VPV is denoting the PV cell output voltage. The output current of the PV module with Np

parallel-connected PV cells is equal to the multiplying of IPV of a single cell with Np. The output
voltage of the PV module with Ns series- PV cells is equal to multiplying VPV of a single cell with Ns.
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3.2. Modeling of DC-DC Boost Converter

The main functionality of the DC-DC converter at the PV generation side is boosting the output
voltage and extracting the MPPT of the PV system [42]. The boost converter is often employed at
this stage as it has a continuous current at the PV side. Figure 4 shows the power circuit of the boost
converter with the PV system at its input. The conversion ratio between input voltage VPV and output
voltage Vo of the ideal boost converter is dependent on the duty cycle D of the power switch and the
design of the inductor Lb and capacitor Cb with output load resistance Rof the boost converter [42].
The boost conversion ratio is calculated as follows [42]:

Vo =
1

(1−D)
VPV (4)
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3.3. Modeling and Operation of T-Type Multilevel Inverter

A single-phase representation of the grid-connected T-type three-level inverter is shown in
Figure 5 [43]. Each leg in the T-type inverter contains four power semiconductor switches (Sx1, Sx2,
Sx3, Sx4, where x = a, b, or c phase). The three-level T-type inverter produces three levels of positive (P),
negative (N) and zero (O) voltages. The P and N states are generated using the power switches Sx1

and Sx4, respectively. The positive current during these states flows through the switch, whereas the
negative current passes through their freewheeling diodes. The output current passes through the
switches at unity power factor and no current passes through the freewheeling diodes of switches Sx1

and Sx4. In addition, the bidirectional power switches Sx2 and Sx3 generate the zero voltage level of
the inverter. The positive current passes through the switch Sx2 and the freewheeling diode of Sx3,
however the negative current passes through the switch Sx3 and the freewheeling diode of Sx2.
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Figure 5. Single-phase representation of grid-connected T-type PV inverter.

Figure 6a shows the level-shift pulse width modulation (PWM) method for generating the gating
pulses of three-level T-type inverter. For n number of levels, the level shift PWM requires (n − 1)
carriers with levels shift. In each switching cycle Ts, the modulating signal Vmx is compared to the
carrier signals and the corresponding gating pulses are produced. The output-phase voltage, current
and the gating pulses of the switches are shown in Figure 6b,c, respectively. It is seen that the switch
Sx1 is turned on in the positive half-cycle of Vmx, and the switch Sx4 is turned on in negative half-cycle,
whereas the bidirectional switches Sx2 and Sx3 are gated for generating the zero level during the line
period. The power switches Sx1 and Sx4 in T-type inverter are designed with full DC-link voltage
rating, whereas the switches Sx2 and Sx3 are designed with half DC-link voltage rating.
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3.4. Modeling of Distribution Network Side.

A single-phase representation of the four-wire distribution system with L filter is shown in Figure 7.
The generated power and current of the PV system are transferred into AC power using the inverter
system according to the modulation command dx of the inverter. The L filter and the transmission
line are modeled using inductances (Lf, Lg) and series resistances (Rf, Rg), respectively, whereas the
neutral filter and the neutral conductor are modeled using (Lfn, Lgn) for inductances and (Rfn, Rgn) for
resistances, respectively [26].
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The averaged single-phase model of the four-wire system shown in Figure 7 is represented
as follows:

L f
d
dt

I f x = Vdcdix −R f I f x −VPCCx + L f n
d
dt

I f n + R f nI f n (5)

Lg
d
dt

Igx = VPCCx −RgIgx −Vgx + Lgn
d
dt

Ign + RgnIgn (6)

Ig = I f x − ILx (7)

Cdc
d
dt

Vdc = Ipv − Idc = Ipv −
∑

dixdix (8)

where the currents of three phase system for x phase (x = a, b, or c) are represented with

I f x =
[

I f a I f b I f c
]T

, Igx =
[

Iga Igb Igc
]T

, VPCCx =
[

VPCCa VPCCb VPCCc
]T

, Vgx =[
Vga Vgb Vgc

]T
, and dix =

[
dia kib kic

]T
.

4. The Proposed Controller for 3P4W System

4.1. The Proposed System

The main functionality of the proposed controller is extracting the peak available output power
from the PV panels. This is done by adding an individual boost type DC-DC converter with each PV
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panel, where the boost converter is responsible for achieving MPPT control. In addition, the proposed
PV system employs a three-phase T-type multilevel inverter with additional fourth leg neutral current
compensation. The T-type PV inverter feeds the energy to the unbalanced loads and the AC utility
grid through the L filter circuit. The 3P4W T-type multilevel inverter with an additional fourth leg
is utilized to compensate the zero sequence currents due to the unbalanced distribution load at the
point of common-coupling (PCC), which can noticeably reduce overloading and power losses of the
neutral conductors. Figure 8 shows the complete proposed system and controller for the 3P4W PV
system. For simplicity, the PV system is considered equally divided on two boost converters; however,
the proposed system can be adapted to any number of series PV modules. The proposed controller
will be divided into two main parts: the distributed MPPT algorithm, and the grid-connected inverter
control. The main operation and structure of each part is explained in the following subsections.
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4.2. The Distributed MPPT Algorithm

The proposed distributed MPPT system is based on employing the widely used perturb and
observe (P&O) MPPT algorithm [44]. The flowchart implementation of the P&O MPPT algorithm is
shown in Figure 9, wherein the calculation of PV output power varies according to the output voltage
and current of the PV array. The P&O technique for MPPT employs the measured current and voltage
of each PV array to perturb the converter duty cycle and observe the measured quantities to track
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the MPP of the PV system. The duty cycle of the boost DC-DC converter is perturbed positively or
negatively according to the increase/decrease of the PV terminal voltage and output power. At the
beginning of each switching cycle, the dP/dV slope is obtained, and the increase/decrease operation is
defined. If the slope dP/dV > 0, the converter is directed towards the maximum operating power and
the converter continues to perturb the PV array voltage in the same direction. On the other hand, if the
slope dP/dV < 0, the change in the voltage point and actual power point of PV array moves far from
the MPP, and the P&O algorithm changes the direction of the perturbation.
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For the proposed distributed MPPT controller, each PV array possesses an individual MPPT
algorithm. Therefore, mismatched losses in MPPTs due to the partial shading between the PV modules
are mitigated. According to the PV systems configurations, the distributed MPPT control can be
realized to extend the multistring of the DC-DC converter.

4.3. The Grid-Connected Inverter Control

The grid-tied PV inverter is employed for injecting the generated solar power into the utility
grid. The d-q synchronous reference frame control method is used for implementing the PV inverter
controller. The active power control is achieved through controlling the DC link voltage of the inverter,
whereas the reactive current control is performed using the AC voltage control of the PCC. Firstly,
the measured voltages and currents at the PCC are transformed from the a-b-c reference frame into the
d-q reference frame. The synchronization process of the proposed controller is achieved by using the
phase locked loop (PLL) system. The details of the design method for the PV inverter controller can be
found in [45]. Entirely, the d-q control method consists of two control loops: the d-axis control loop,
and the q-axis control loop.

In the proposed control system shown in Figure 8, the output voltage and current of each PV
array are sensed and fed to the individual MPPT algorithm, which is functioning to control the
duty cycles of the adjacent boost DC-DC converter according to the required maximum power point
operation. The demanded duty cycles of each power converter are transferred into gating pulses to the
power switches through the pulse width modulation (PWM) block. The multilevel T-type inverter is
synchronized with the utility distribution grid by employing the angle θ, which is generated using
the inverter PLL block. The decoupled d-q current controller is employed in the proposed controller
for controlling the injected active and reactive power from the PV inverter. The load currents are
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utilized in the proposed controller for generating the reference current for the fourth leg of the inverter.
Moreover, an additional separate zero-sequence compensation loop is used in the proposed controller
for enhancing the performance of the system. Finally, the generated modulation signals are compared
with the carrier signals in the sinusoidal PWM to generate the gating pulses for the switches in the
inverter leg as in [46].

5. Results and Discussion

The proposed system and controller parameters for the case study are shown in Table 1.
The proposed distributed MPPT and grid-connected 3P4W T-type PV inverter based on four-wire
distribution networks with unbalanced loads is implemented and simulated in the PSIM environment.
The total PV system is 15 kW PV system. It is divided into two 7.5 kW PV arrays with two individual
boost DC-DC converters. Each PV array consists of 5 modules in series and 6 modules in parallel
from the selected PV panel model SUNTECH STP250S-20/Wd. The inverter is operated with 10 kHz
switching frequency in the selected case study.

Table 1. System parameters for the selected case study.

Parameters Values

Capacitor of DC-link 3000 µF
DC-link bus voltage 615 V

Filter inductor Lf 7 mH
Resistance of filter inductor Rf 0.5 Ω

Grid rms voltage Vgrid 220 V
Grid line frequency Fl 50 Hz

Transmission lines parameters L, R 7 mH, 0.05 Ω
Distribution system grounding resistance RGND 10 Ω

Switching frequency of the inverter Fsw 10 kHz
Input inductance of boost converters 0.5284 mH
Output capacitor of boost converters 13.232 µF

Balanced loads
Load a, b, c resistance 10 Ω, 10 Ω, 10 Ω

Load a, b, c inductance 500 mH, 500 mH, 500 mH

Unbalanced loads
Load a, b, c resistance 10 Ω, 10 Ω, 5 Ω

Load a, b, c inductance 500 mH, 500 mH, 250 mH

5.1. Performance Evaluation of the Proposed Controller

5.1.1. Single Array Partial Shading

The proposed inverter and controller are tested with the case of partial shading of a single PV
array, keeping the irradiance on the first array constant at 1000 W/m2. The irradiance of the second
array is shaded at 500 W/m2 at time 0.4 s as shown in Figure 10. It is clear from Figure 10a that the
proposed controller is capable of extracting the MPPT of each PV array even if there is a mismatch
in their individual irradiance levels. The non-shaded PV array is operated at its maximum power of
7.5 kW, whereas the shaded PV array is operating at its maximum power of 3.75 kW that corresponds
to 500 W/m2 irradiance. Moreover, the proposed distributed MPPT method is capable of harvesting the
maximum power of the PV arrays, regardless of the load condition of balanced or unbalanced cases.
The result confirms the improved MPPT efficiency of the new proposed controller at partial shading
conditions. Therefore, the levelized cost of energy (LCOE) of PV systems is improved through the new
proposed controller.
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From another side, Figure 10b shows the output currents of the PV inverter (Ia, Ib, Ic), grid
injected/absorbed currents (Iga, Igb, Igc), load currents (ILa, ILb, ILc), and neutral conductor currents
(Ign, Ifn, ILN). The selected case study is tested at balanced and unbalanced load scenarios as listed in
Table 1, wherein the load unbalance occurs at time 0.75 s. It is seen that the proposed system and



Energies 2019, 12, 4799 13 of 19

controller preserve sinusoidal output currents with compensating the load unbalance. The fourth leg
of the inverter injects zero current at a balanced load scenario, whereas the proposed inverter injects
neutral current at the point of common coupling through the fourth leg with an equal magnitude and
opposite direction to the neutral wire of the load. Therefore, the absorbed neutral current from the
distribution grid equals to zero, which leads to improving the efficiency of the distribution system.
Moreover, the cost of the neutral conductor can be reduced through the use of conductors with smaller
cross-sectional area.

In addition, the proposed controller can extract the individual MPPT of each PV array using the
DC-DC boost converters and inject it with balanced output currents to the utility grid at both scenarios
of balanced and unbalanced load conditions. Figure 10c shows the total harmonic distortion (THDs)
analysis of the inverter currents (Ia, Ib, Ic) for the selected case study at balanced and unbalanced load
conditions. It is seen that the THD components represent 1.27% during the period from 0.2 to 0.4 s at
a balanced load scenario, whereas the THD of the inverter currents at unbalanced loads during the
time period from 1.1 to 1.2 s is 1.29%. The THD of the output currents is preserved under the specified
limits by the grid codes using the proposed controller at balanced and unbalanced load conditions as
well. Therefore, the superiority of the proposed system and controller has become clear at achieving
distributed MPPT of PV systems with compensating the load unbalance while injecting high-quality
currents into the utility grid.

5.1.2. Two Arrays Partial Shading

The proposed controller is also tested using the selected case study with partial shading on
the two arrays at the same time, wherein the upper and lower PV arrays are operated at 500 W/m2.
Figure 11a shows the simulation results of the output power of the PV arrays, and the total output PV
power. It is seen that the proposed controller has the ability to extract the MPPT of each PV array at
normal and partial shading conditions. Both of the PV arrays are operated at their maximum power of
3.75 kW at 500 W/m2 solar irradiance level, whereas each PV generates an output power of 7.5 kW at
1000 W/m2 irradiance.

Figure 11b shows the current waveforms of the PV inverter, grid side, load side, and neutral
conductors. It is seen that the proposed controller is capable of balancing the load through injecting
current from the fourth leg that is equal in magnitude and opposite in direction to the neutral
current. Hence, the proposed controller eliminates the absorbed neutral current from the distribution
grid. In addition, the proposed system and controller injects sinusoidal currents into the utility grid,
regardless of the unbalanced load. Figure 11c shows the THDs spectrum of inverter output currents
(Ia, Ib, Ic) at balanced and unbalanced load conditions. It is seen that the THD is 1.30% at balanced
load condition, whereas the THD is 1.31% at unbalanced load condition. Therefore, the proposed
controller preserves the THD components under the specified limits of the grid-connected PV system.
It is concluded that the proposed controller can successfully extract the individual MPPT of each PV
array, inject balanced output currents to the utility grid and compensate the neutral current in the
3P4W distribution system.
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5.2. Performance Comparison

The performance of the proposed distributed MPPT controller with four-wire distribution systems
is compared with the other conventional methods in the literature. The central MPPT method is
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selected as a case study for the comparison, wherein a single boost DC-DC converter is employed for
MPPT extraction. The simulation results of the central MPPT controller under balanced and unbalanced
load scenarios are shown in Figure 12. In the selected case study, only the lower array is shaded at
500 W/m2, whereas the upper PV array is kept at 1000 W/m2. The extracted PV output power of both
arrays and the total output power are shown in Figure 12a. It is seen that the conventional controller
fails in extracting the maximum power from the upper array, and the performance of the PV system is
limited by the array with the lowest irradiance level. The unshaded PV array outputs only 4500 W
under the conventional MPPT method, whereas the proposed controller outputs 7.5 kW at the same
condition. Hence, the conventional MPPT method can extract only about 8.1 kW, which is lower than
the 11.25 kW with the proposed controller. From another side, the conventional control method can
achieve sinusoidal current injection into the utility grid as shown in Figure 12b. Moreover, the fourth
inverter leg can achieve neutral current compensation with the unbalanced load condition. Figure 12c
shows the THD components of the inverter output currents under the conventional control method.
It is seen that the THD is under the defined limits by the utility grids at both balanced and unbalanced
load scenarios. However, the conventional control method fails to keep the maximum power point of
the PV system. Hence, deterioration of the output power is caused by the conventional control method.
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5.3. Energy Efficiency Comparison

The performance of the proposed controller and the conventional central MPPT method is
compared in Figure 13. The two PV systems are compared with single array partial shading at various
shading levels. The irradiation level on the lower PV array is varied, whereas the irradiance of the upper
PV array is kept constant at 1000 W/m2. As shown in the previous analysis, the proposed controller is
capable of extracting individual MPPT of each of the PV arrays, whereas the conventional controller
limits the output power according to the shaded array level. The result in Figure 13 shows that effective
performance can be achieved using the proposed controller in comparison to the conventional one.
The energy efficiency of the proposed controller increases proportionally with increased shading levels
compared to the conventional one. It is seen that the proposed controller enables each PV array to
operate at MPPT, while the conventional controller is incapable of achieving individual MPPT of
the PV arrays. The superiority of the proposed controller becomes clear with regard to achieving
individual MPPT, injecting sinusoidal currents into the utility grid, compensating neutral current of
the unbalanced load, and achieving a high-power quality PV grid-tied system.
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6. Conclusions

A multifunctional four-leg three-level T-type inverter system and controller are presented in
this paper for enhancing the performance of grid-connected PV systems in distribution networks.
The proposed system and controller possess several enhanced performance criteria for PV system
integration with unbalanced loads. The proposed controller is capable of injecting high-power quality
sinusoidal currents from the PV system. Moreover, the proposed controller achieves distributed MPPT
under various conditions of irradiation and unbalanced load current scenarios. The performance of the
proposed controller is tested using a 15 kW PV generation system at various fluctuating PV generation
and unbalanced load demand conditions. In addition, a performance comparison with the conventional
central MPPT methods is provided. The proposed controller achieves advantageous MPPT of the PV
system compared to conventional central MPPT architecture, especially at scenarios of high shading
levels. The enhanced performance of the proposed controller is verified in the paper regarding the
high-energy efficiency, low THD components and load unbalance compensation. The results also show
the success of the proposed systems and controller in completely compensating the neutral currents.
Moreover, the THD of the injected current into the utility grid by the new proposed controller is kept
under 1.31% for all the tested scenarios.
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3P4W Three-phase four-wire distribution system
MPPT Maximum Power Point Tracking
THD Total Harmonic Distortion
DMPPT Distributed Maximum Power Point Tracking
PCC Point of Common Coupling
PLL Phase Locked Loop
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