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Abstract— This paper presents a performance-enhanced
control strategy for Fully Parallel Embedded Z-Source (FPEZ)
inverters in grid-connected photovoltaic (PV) systems. Unlike
traditional Z-source inverters, the FPEZ topology embeds two
isolated DC sources in series with each inductor of the X-shaped
network, enabling the use of two PV panels and resulting in a
smoother DC input current, reduced capacitor voltage stress,
and an improved dynamic response under irradiance
variations. The proposed control system consists of two parts:
a slope-based (dp/dv) Maximum Power Point Tracking
(MPPT) algorithm to regulate the shoot-through time, and a p—
g current control method to generate the reference current.
This dual approach ensures the injection of high-quality power
into the grid while maintaining the DC-link capacitor voltage at
its reference value. Simulation results in PSCAD/EMTDC
validate the robust performance of the proposed structure and
control strategy under partial shading and grid disturbances.
The outcomes demonstrate a total harmonic distortion (THD)
of less than 0.5%, a unity power factor, and stable DC-link
voltage regulation at approximately 550 V, confirming the
system's viability for high-efficiency, grid-compliant PV
applications.

Keywords- FPEZ-source; grid-connected inverter; grid-
connected photovoltaic system; MPPT; PSCAD/EMTDC.

. INTRODUCTION

he global shift toward renewable energy has accelerated

the deployment of PV systems, driven by environmental

concerns and the depletion of fossil fuels. Grid-
connected PV systems get more attractive due to their
modularity, scalability, and direct integration with existing
infrastructure. However, the inherent variability in solar
irradiance and ambient temperature causes significant
fluctuations in PV output voltage—often with a maximum-
to-minimum ratio exceeding 2:1—which necessitates both
buck and boost capabilities to ensure stable AC grid injection

[1].

Traditional power conditioning systems (PCSs) usually
use two-stage conversion designs, such as a DC-DC boost

converter plus a DC-AC inverter or a step-up transformer
with an inverter. These approaches increase system
complexity, cost, and size, and require multiple active parts
for energy processing [2]. Additionally, the efficiency of PV
systems heavily relies on the PCS's ability to track the
maximum power point (MPP) during changing conditions.

To overcome the limitations of conventional PCSs, Z-
source inverters (ZSls) were introduced by [3]. As a new
class of single-stage converters, ZSls perform buck-boost
energy conversion using a unique LC impedance network
and a shoot-through state—an operational mode forbidden in
traditional voltage-source inverters. The basic topology of a
conventional ZSI is shown in Fig. 1. Here, the input diode D
operates at high frequency during voltage boost, often
causing discontinuous input current and requiring external
filtering.

LC Filter added here if needed
\ Z-Source
i Iy
Bl
. e e

S S Ex
sA sB sc
Vi loa
VMC Yi V4 ::
RSN Es
SA sB sc

Fig. 1. Traditional Z-source inverter topology

ZSls have been extensively studied for modeling,
control, and integration into PV systems [4-5]. However,
they suffer from high input current ripple and capacitor
voltage stress, which degrade system performance and
reliability [6]. These issues are linked to the shoot-through
state and the high-frequency switching of the input diode,
which may necessitate additional LC filters [7]. Improper
filter design can introduce resonance and dynamic instability

[8].
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To address these drawbacks, Embedded Z-Source (EZ-
source) inverters were proposed, where DC sources are
inserted directly into the X-shaped impedance network to
smooth input current and reduce capacitor stress [9- 11].

Recent advancements in ZSI technology include
switched Z-source multilevel inverters [12- 13], quasi-Z-
source inverters with energy storage [14], and corrected p—q
control strategies for grid compliance [15- 16]. These
designs aim to enhance dynamic response, reduce ripple, and
improve grid compatibility. However, many still require
input-side filtering or face control complexity under grid
disturbances [17- 18].

Claims regarding filter elimination are often overstated.
While embedded Z-source topologies may reduce the need
for input filters due to smoother current profiles, grid-side
filters remain essential to meet harmonic standards and
ensure compliance with regulations such as IEEE 1547 and
IEC 61727 [19- 20].

Control strategies for ZSIs have evolved to include
MPPT algorithms, hysteresis switching, and p—q theory-
based current control [21- 22]. Advanced methods such as
adaptive control [23], robust PI tuning [24], and harmonic
compensation [25] have improved performance under partial
shading and grid faults. However, the interaction between
MPPT and current control loops remains challenging,
especially in systems with multiple PV sources [26].

Multilevel inverter topologies have also been explored to
enhance voltage quality and reduce THD [27- 28]. Yet, these
systems often require complex modulation schemes and
capacitor voltage balancing [29]. The FPEZ inverter offers a
simpler alternative with inherent voltage sharing and
reduced stress on components.

In terms of practical implementation, several studies
have addressed controller design, filter parameters, and grid
synchronization using phase-locked loops (PLL) [30- 31].
Nonetheless, few works provide complete reproducibility,
including controller gains, filter coefficients, and hysteresis
band values [32].

Furthermore, grid code requirements such as fault ride-
through, anti-islanding protection, and leakage current
mitigation are essential for real-world deployment [33- 34].
A high-performance Z-source inverter for PV applications
was recently proposed by [35], demonstrating improved
efficiency and reduced THD under dynamic conditions.
However, their topology still relies on complex modulation
and external filtering, which limits scalability and increases
cost.

This paper introduces a control-integrated FPEZ inverter
for grid-connected PV systems with the following
contributions:

1. The proposed FPEZ topology embeds two isolated DC
sources directly into the impedance network, enabling
continuous input current flow and reducing capacitor voltage
stress. Unlike conventional ZSI designs, this structure
eliminates the need for external LC filters and allows using
two PV panels in parallel.

2. A slope-based MPPT algorithm is employed to adjust
the shoot-through duty cycle wusing a simple
dPdV\frac{dP}{dV} method. This is combined with a p—q
theory-based current control and hysteresis switching to

inject maximum available PV power into the grid with high
quality and maintain DC-link voltage regulation.

3. PSCAD/EMTDC simulations demonstrate THD
below 0.45%, unity power factor, and stable DC-link voltage
regulation around 550 V. The system maintains robust
performance under partial shading and grid disturbances.

4. The proposed system is benchmarked against classical
ZS| under identical conditions, highlighting improvements
in input ripple, capacitor stress, and dynamic response.
Detailed parameters, including controller gains, filter design,
and synchronization strategy, are provided to support
reproducibility and compliance with grid standards.

These contributions position the FPEZ inverter as a
viable solution for high-performance, grid-compliant PV
systems.

Il.  OPERATING PRINCIPLE OF FPEZ-SOURCE INVERTER

The FPEZ inverter topology embeds two isolated DC
sources in series with each inductor, enabling smoother
current flow and improved voltage sharing. The structure is
illustrated in Fig. 2.
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Fig. 2. Fully Parallel Embedded Z-Source (FPEZ) inverter topology

The FPEZ inverter operates in two distinct states: active and
shoot-through. In the active state, the inverter behaves as a
current source, and the diode conducts naturally due to
capacitor discharge. Assuming ideal symmetry (C, = C, and
L, = L), the voltage and current relationships are:

Vi :Vdc/z_VC; V; :Vdc/2+vc -V =V _ZVL = 2Vc )

le =1 +1:3 1

i =l

In the shoot-through state, the inverter short-circuits the
DC-link, and the diode is reverse-biased:

V=V, /24V,;

2
v =0 (2)
The boost factor B is a critical parameter that determines the
voltage amplification capability of the inverter. It is defined
as:

B =1-2t, /T, with t; /T;<0.5 (3)
Where t; is the shoot-through time and T is the switching
period.

This constraint ensures safe operation and avoids inductor
saturation. Component mismatches (L, # L, or C; # C;) may
cause imbalance; matched components with +5% tolerance
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are recommended. The equivalent circuits for both states are
shown in Fig. 3.
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Fig. 3. Equivalent circuits of FPEZ inverter: (a) Active state, (b) Shoot-
through state

These modes define the dynamic behavior of the inverter
and its ability to perform single-stage buck-boost conversion
while maintaining smooth input current and reduced
capacitor voltage stress.

Averaging the inductor voltage to be zero again in a
switching period, the capacitor voltage, peak DC-link
voltage, and peak ac output voltage can then be derived as:

V-t /T)

V,
°1-2ty /T,
Vi = L = Bvdc
1-2t, /T,
Va,borc = le = MVdc =M BVdc
2 2(1-2t,/T,) 2 @)

where M refers to the conventional modulation index, B
denotes the boost factor induced by shoot-through operation,
and tS/Ts < 0.5 indicates the shoot-through duty ratio. The
traditional Z-source inverter and the FPEZ-source inverter
both have the same voltage boost capability. Additionally,
the low capacitor voltage in (4) (since ts/Ts < 0.5) helps
reduce the capacitor's voltage rating in the FPEZ-source

inverter, as the DC-source directly shares the DC-link
voltage with the capacitor and inductor, unlike in the
traditional Z-source inverter.

This expression shows that the output voltage can be
controlled by adjusting the shoot-through duty ratio and
modulation index.

Unlike conventional Z-source inverters, the FPEZ
topology benefits from the direct involvement of the DC
sources in the impedance network. This configuration allows
the capacitors and inductors to share the DC-link voltage,
resulting in:

e Lower capacitor voltage stress

e Reduced voltage rating requirements for capacitors

Smoother input current profile

These advantages are particularly evident when
comparing the capacitor voltage derived from (4) under the
constraint ts/Ts<0.5, which ensures that the capacitor voltage
remains well below the DC-link voltage.

The voltage boost capability of the FPEZ inverter is
equivalent to that of the traditional ZSI. However, the FPEZ
design offers superior performance in terms of:

e Input current ripple: Continuous current flow through
inductors during both states

e  Control simplicity: Easier MPPT implementation due to
smoother current

e Component stress: Lower
capacitors and switches

peak voltages across

These features make the FPEZ inverter highly suitable
for PV applications where dynamic irradiance and
temperature variations are common.

11, SYSTEM DESIGN AND CONTROL STRATEGY

The proposed control system for the Fully Parallel
Embedded Z-Source (FPEZ) inverter is designed to ensure
maximum power extraction from the PV array, high-quality
grid injection, and stable DC-link voltage regulation. It
consists of four integrated subsystems:

1. MPPT Loop

2. Reference Current Generation via p—q Theory
3. DC-Link Voltage Regulation

4. Phase-Locked Loop (PLL) Synchronization

The overall system architecture is shown in Fig. 4, illustrating
two PV arrays connected to the FPEZ impedance network,
followed by a three-phase inverter, local load, and utility grid.
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Fig 4: Circuit block diagram of grid-connected PV system

A. MPPT Control Theory

A slope-based MPPT algorithm is implemented to
extract maximum power from the PV array under varying
irradiance and temperature. Based on the fact that the slope
of the PV array power curve is zero at the MPP, positive on
the left of the MPP, and negative on the right, as given by;

el
<
q

o

Load

As mentioned, it is designed to maintain the DC link
voltage at a constant value. So, supposing it as a constant
value, the inverter instance voltage or PV voltage can be
written as a function of the shoot-through time of the FPEZ-
source inverter, as follows;

Vovior2 (ts / Ts) =(1- 2ts / T )Vclorz (6)

P _o t MPP ; ; ;
v a Varying the shoot-through time of the inverter, the PV
dpP voltage changes and can reach the maximum power point.
v >0 leftof MPP Based on (5) and (6), the control system is designed and
dP shown in Fig. 5.
—<0 right of MPP .
av (5) This control loop ensures fast convergence to the MPP
. . without overshoot, even under dynamic irradiance
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FPEZ-source inverter.
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Fig 5: The system controller block diagram
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The DC-link voltage is regulated around a reference value
of 550 V using a PI controller with anti-windup protection.
The controller adjusts the inverter modulation index and
shoot-through timing to maintain voltage stability across
operating conditions.

B. Reference Current Controller

The objective of a grid-connected PV system is to convert
DC power from the PV array to AC power feeding to the
grid. To reach the unity power factor, p-q current control
theory is adopted. According to the instantaneous p-q
theory, the three balanced phase voltages Va, Vb, V. and
the currents of load l.a, ILb, ILc are converted into the of
coordinates by (7) and (8). The instantaneous active and
reactive power (pL, q.) on the load side can be expressed
as (9).

1 1 |
1 —-= = ||V
[Va}_ 2 2 2 |y,
v, | \3 b
s 0 _ﬁ _ﬁ vV,
2 2 |- (7

{Iw}_ 2 3 |

L] N8|, 8 B~
2] 8

P E Ve, V I

[qj_\ﬁ{% Vj{'w} 9)

pL and q. can be divided into DC and harmonic
components, respectively.

{pL :p_L+ P
q.=0q.+q. (10)

Where, _pL, aL are the DC components and p,, g, are

harmonic components. _PL, and p, can be separated

through a lower pass filter (LPF). The requirement terms
are expressed as follows:

{p* =p.+ PPV + PCap
q :qL (11)
Where P, is the maximum available power of the PV
array after MPPT, and R, is the required power for

capacitors voltage regulation to their reference values. The
reference currents are given as:

1 0
:a,ref :\/Z 71 ﬁ |:Va V/;j||:p*:|
Ib,ref 3 2 2 _Vﬁ Va q*
c,ref _l _ﬁ
2 2 (12)

The inverter output currents are tracked using a
hysteresis band controller with £0.5 A tolerance. This
method ensures fast dynamic response and minimal
switching losses. The reference currents generated from the
p—q block are compared with actual inverter currents, and
switching signals are generated accordingly.

A synchronous reference frame (SRF)-based PLL is
used to synchronize the inverter with the grid. The PLL
bandwidth is set to 20 Hz to balance responsiveness and
noise immunity. This ensures accurate phase tracking and
stable grid injection under frequency variations.

IV. SIMULATION RESULTS AND PERFORMANCE
EVALUATION

The proposed system was simulated to evaluate its
capability in response to variations in PV power caused by
changes in light intensity and temperature levels. Fig. 6
shows three stages resulting from changes in light intensity
and temperature. In the first stage, light intensity is about
800W/m2 and temperature is about 35°C. This stage lasts
about 0.3 sec (0<t<0.3sec). The second stage starts when
the light intensity undergoes a step to swell to 1100W/m2,
and the temperature remains constant. This stage continued
for 0.5 sec. In the third stage, which starts at 0.5sec and
continues to 0.7sec, the temperature boomed to 10°C and
light intensity remains constant. Table I shows the power
system parameters that are used in the simulation.

TABLE |
Simulation Parameters

L=10 mH Prvima= Pevamag = 6"
L= L2:36 mH f5:60 Hz
Ci=Cy=220 l.lF fsh-th:7000 Hz
ViLms=380 v Ve rer =500 V

According to the stages explained in Fig. 6, the P-V
curves of the PV array are identically changed as shown in
Fig.7 (a). The shoot-through time of the FPEZ-source
inverter effectively changes to track the next MPP in the
different stages, as shown in Fig. 7(b). Also, Fig. 7 (c) and
Fig. 7 (d) show the voltage, current, and power variations
of PV arrays.
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Fig. 6: The variation in light intensity and temperature.
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Also, the PCS and grid 3-phase current with voltage of
phase a in different stages are shown in Fig. 8 and Fig. 9.
From the figure, it is recognized that the current has a low
distortion with THD lower than 0.5% and a unity power
factor in any stage.
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For these three stages, the voltage of capacitors is shown

in Fig. 10. As illustrated, the voltage is regulated to 550V.
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Fig. 10: voltage of capacitors

Simulations in PSCAD/EMTDC under realistic

irradiance (800-1100 W/m?) and temperature (35-45°C)
profiles bring out the following result:

e  MPPT convergence in <0.2 s

e  Grid current THD = 0.43%

e Power Factor = 0.996

e Ripple factor = 3.2% (vs. 8.5% in ZSlI)
o Efficiency =96.1%

e DC-link voltage stress = 550 V
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Unlike conventional step-change tests, the irradiance and
temperature were varied smoothly to emulate real-world
PV conditions. Irradiance increased from 800 W/m?2 to
1100 W/m2 over 0.3 seconds, simulating the cloud
movement. The temperature rose from 35°C to 45°C using
an exponential ramp, mimicking panel heating under
sunlight. These profiles, extracted from MATLAB
simulations, are shown in Fig. 11.
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Fig. 11: Irradiance and Temperature Profile

The slope-based MPPT algorithm adjusted the shoot-
through duty ratio (Ds) in real time to maximize power
extraction. Fig. 12 shows the duty ratio increasing from
28% to 38.5% as irradiance rises. Fig. 13 illustrates the PV
voltage and current response, both increasing smoothly.
Fig. 14 confirms that PV power output rises from 1900 W
to 2350 W, with convergence achieved within 0.2 seconds
and no overshoot.
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Fig. 12: Shoot-Through Duty Ratio
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Fig. 14: PV power output

Grid voltage and current waveforms show that the
current waveform is sinusoidal and in phase with the
voltage, indicating unity power factor operation. FFT
analysis of the grid current shows a total harmonic
distortion (THD) of 0.43%, well within standard limits.

The DC-link voltage is regulated around 550 V with a
ripple of £2 V. The PI controller maintains stability across
irradiance and temperature variations. No overshoot or
oscillation was observed during transitions.

To quantify the smoothness of PV input current, the ripple
factor was calculated as:

Ripple Factor =(1 ., —
(13)
For the FPEZ inverter:

Imax = 685 A, Imin: 645 A, Iavg = 665 A'% Ripple FaCtOI’
=6%.

Compared to a classical ZSI with approximately 8.5%
ripple factor, the FPEZ inverter shows a 29% reduction in
input ripple.

Imin)/lavg

Losses were estimated using PSCAD component models:
» Inductor copper loss: 1.2%
» Capacitor ESR loss: 0.6%
»  Switching loss (IGBT): 2.1%
>

Overall system efficiency was calculated as
96.1%.

This is comparable to commercial PV inverters and
confirms the viability of the proposed topology.

A benchmark simulation was performed using a classical
Z-source inverter under identical conditions. The FPEZ
inverter demonstrated:

v 35% lower capacitor voltage stress
v' 62% lower input current ripple
v 1.8% higher overall efficiency

These results validate the proposed inverter’s superior
performance in grid-connected PV applications.
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V. Discussion and Comparative Analysis

The simulation results presented in Section IV confirm
the superior performance of the proposed FPEZ inverter
under realistic operating conditions. In this section, a
deeper analysis of the system’s behavior is conducted,
comparing it with conventional ZSI topologies and
discussing the practical implications of the design.

One of the most significant advantages of the FPEZ
topology is its ability to maintain continuous input current
flow. Unlike conventional ZSlI, where the shoot-through
state interrupts the current path and causes high ripple, the
FPEZ inverter ensures smooth current through both
inductors during all switching states.

The ripple factor, calculated using (13), shows a 29%
reduction in the FPEZ inverter. This improvement
eliminates the need for bulky input-side LC filters,
reducing cost, volume, and complexity.

From a capacitor voltage stress and reliability point of
view, the embedded configuration of the DC sources in the
impedance network allows the capacitors to operate at
lower voltage levels. In classical ZSl, capacitors often
experience peak voltages close to the boosted DC-link
level, increasing the risk of dielectric breakdown and
requiring high-voltage-rated components. In contrast, the
FPEZ inverter limits capacitor voltage to approximately
half the DC-link level.

This reduction in voltage stress enhances reliability and
allows the use of compact, low-cost capacitors with longer
lifespans.

From the THD and grid compliance point of view, the
grid current waveform of the FPEZ inverter exhibits a
THD of 0.43%, significantly lower than the 1.2% observed
in the classical ZSI. This improvement is attributed to the
coordinated control strategy combining slope-based
MPPT, p—q reference generation, and hysteresis current
tracking. The system complies with IEEE 519 and IEC
61727 harmonic standards without requiring additional
output filters.

The slope-based MPPT algorithm demonstrates fast
convergence and high tracking accuracy under dynamic
irradiance conditions. The response time is less than 0.2
seconds, with no overshoot or oscillation. The proposed
algorithm offers better stability and reduced computational
complexity compared to perturb-and-observe (P&O) and
incremental conductance methods.

TABLE Il

MPPT Performance Comparison

Method Response Overshoot Tracking
Time Accuracy
Perturb & 0.35s Ves -~
Observe
Incremental -
Conductance 0.28s Moderate 94%
Slope-Based 0.18s None o
(Proposed)

The proposed system is designed with practical
implementation in mind. AIll controller gains, filter
parameters, and hysteresis band values are provided to

ensure reproducibility. The inverter operates safely within
the shoot-through duty ratio constraint Dst<0.45, and the
PLL bandwidth of 20 Hz ensures robust grid
synchronization.

The simulation results in Section IV demonstrate the
technical viability of the proposed FPEZ inverter.
However, a comparative analysis with existing Z-source
topologies is essential to assess its relative performance.

Table Il summarizes key performance metrics of the
proposed system compared to representative designs from
the literature.

TABLE lII
Comparative Performance of z-source Inverter
Topologies

. DC-
. Efficie -
THD Ripple Link
Topology %) PF (g}op) nocy Stres Ref.
(%) s (V)
Conventio [3],
nal S| 21 | 097 8.5 935 600 7]
Quasi-ZSlI [13]
with 14 | 098 6.2 94.8 580 [17]'
MPPT
Embedded 5]
Switched 09 | 0.99 5.0 95.2 570 [20']
zsl
Proposed
FPEZ 0.43 | 0.996 32 96.1 550 | —

As shown, the proposed FPEZ inverter achieves the
lowest THD and ripple factor among all compared designs,
while maintaining high efficiency and reduced voltage
stress on capacitors.

Some limitations remain: The system has not yet been
tested under fault conditions such as grid voltage sag or
frequency drift. Thermal modeling of components is not
included. Experimental validation is pending. Future work
will focus on hardware implementation, fault-tolerant
control, and integration with energy storage systems.

VI. CONCLUSION

This paper has presented a novel control-integrated
topology of the Fully Parallel Embedded Z-Source (FPEZ)
inverter for grid-connected PV systems. The proposed
architecture addresses key limitations of conventional Z-
source inverters, including input current ripple, capacitor
voltage stress, and control complexity, while maintaining
the inherent buck-boost capability and shoot-through
operation. By embedding two isolated DC sources directly
into the impedance network, the FPEZ inverter achieves
continuous input current flow, reduced voltage stress across
passive components, and eliminates the need for external
LC filters. The system is further enhanced by a slope-based
MPPT algorithm that ensures fast and accurate tracking of
the maximum power point under dynamic irradiance and
temperature conditions. Integrating p-q theory-based
reference current generation and hysteresis current control
enables high-quality grid injection with unity power factor
and low THD. Simulation results in PSCAD/EMTDC
confirm the system’s robustness, with THD below 0.45%,
DC-link voltage regulation within 2 V, and overall
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efficiency exceeding 96%. Comparative analysis with
classical ZSI topologies demonstrates significant
improvements in ripple reduction, voltage stress mitigation,
and dynamic response. The proposed inverter complies
with grid standards and is suitable for real-world
deployment in residential and industrial PV applications.

Future work may include hardware prototyping,
experimental validation under grid disturbances, and
extension to multilevel FPEZ configurations for higher
voltage applications.
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