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Power generating entities’ connection to utility grids requires power converters
to achieve high efficiency and low injected current harmonic distortion. The
control of the power converter plays a crucial role in the grid-tied power
converter's performance. Various control techniques for grid-tied inverters
ranging from classical to intelligent are introduced in several exist. Evaluating
the current state and trend in grid-tied power inverters and related control
methods, research shows that most works in this area focus on grid integration
using the close-loop and other advanced control approaches. This is because
these control methods are preferred since they provide adequate performance
in case of uncertainties in the system. This investigation can aprove that PQ
open-loop control technique can operate sufficiently and cost-effectively in
grid-tied renewable and alternative power systems under normal operating
conditions. Hence, this paper aims to assess the performance of a centralized
single-stage grid-tied three-level diode clamped inverter connected to a PV-
Fuel cell unit. An active and reactive power open-loop control scheme is
employed to operate the inverter and achieves a current harmonic distortion
below 5%. The system comprises a 150 kW/700 V PV, a 150 kW/1400 V fuel cell,
a 265 kW multilevel inverter operating at a rated voltage of 415V, and an LCL
filter. Two operating scenarios are adopted to investigate the system'’s
responses further. In the first scenario, a local load of 509.2 kW is supplied
from the PV-fuel cell inverter. The load also receives the grid's power to meet
the demand as the PV-fuel cell inverter provides only 265 kW. Whereas in the
other scenario, the PV-fuel cell unit provides power to supply a local load while
transporting the surplus to the grid. The results reveal the developed model's
good performance with a current harmonic distortion of 0.33%.
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1 Introduction

Restructuring the electricity system from vertically into a
horizontally integrated system opens the door for many
The
generation

innovative and operation ideas.
of  distributed

technologies and the significant concerns over fossil fuel

system  design
technological ~ advancement
consumption’s negative environmental impact shifted the
traditional way of designing and operating electric power
systems. Distributed energy resources are now integral parts
of modern power systems. They consist of power generating
units such as the fuel cell (FC) system, solar PV, solar thermal,
wind energy conversion system, wave energy harvester, biogas,
diesel generators, energy storage systems, and different
technologies controllable electric loads. Such power generating
entities’ connection to utility grids requires power converters to
condition the power generated and guarantee power quality
when operating tied to the grid (Yu et al, 2007; Gao et al,
2009). The grid-tied power converter must achieve high
efficiency and low injected current harmonic distortion while
regulating the power exported to the grid. The inverter control
scheme plays a crucial role in the grid-tied power converter’s
performance; it manages the dc-link voltage and adjusts the
power injected into the grid. Two power converter topologies are
predominant for grid-tied distributed power systems, namely a
one-stage power converter (1-SPC) consisting only of a grid-
connected inverter via a power transformer and a two-stage
power converter (2-SPC) that consists of DC/AC and DC/DC
converters (Gao et al., 2009). Nonetheless, the two-stage power
converter is more favored due to its advantages, such as operating
under a broad voltage range. This guarantees a decent energy
conversion.

Furthermore, the topology decouples the distributed
generation unit from the inverter terminals to prevent the
induction of double-line-frequency ripple by the ripple of the
AC power. The 1-SPC is once again the most cost-efficient
configuration as it requires no DC/DC converter (Xiao et al,
2016). This configuration is not popular because of the need for
the minimum dc-link voltage is supposed to be greater than the
peak grid voltage required to prevent over-modulation system
operation. Although both 1-SPC and 2-SPC can be designed in
the
implementation of different types of 1-SPC, ranging from low

centralized, multi-string, and string  structures,
to high levels, is a function of the power specification (Islam and
Mekhilef, 2014). For instance, the 2-SPC arrangement is the most
utilized inverters for low power and low voltage usages.
Similarly, for applications with high-power requirements, the
multilevel inverter is more appropriate (Celik et al., 2018).
Multilevel inverters (MLIs) may also be utilized in medium to
high voltage applications, such as power distribution, motor
drives, etc. (Mancilla-David et al, 2012). However, several
design trade-offs govern the decision on the type of MLI

structure and the suitable control scheme to be used (Marx
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et al, 2014). Nevertheless, the most developed multilevel
inverter arrangements comprise the Diode Clamped, the
Flying Capacitor inverter, and the Cascade Full Bridge (Lai
and Ellis, 2017). Amongst them, the three-level diode-clamped
inverter is one of the most commercially used topologies.

Additionally, inverters’ most well-known control scheme is
the closed-loop control scheme consisting of the DC voltage and
inner current controls. Four closed-loop control strategies are
generally employed for regulating current injected into the grid,
namely the direct control with current feedback on either the grid
side or inverter-side inductor, the cascade control with either the
capacitor current feedback or the inverter-side inductor current
that serves as the inner loop (Mahlooji et al., 2018). In the direct
control technique, the grid injected and the reference currents are
compared, and the resulting error serves as the input to a PI
controller; this aids steady-state error elimination. In this
configuration, the output of the PI controller serves as the
inverter voltage reference. Both the grid and inverter voltages
determine the current fed to the grid.

Regarding the cascade control current feedback on the
inverter side, the current feedback on the grid side inductor
acts as the external loop, while the current feedback on the
inverter-side inductor is the internal loop. Similarly, the active
and reactive power (PQ) open-loop control scheme is also
suitable for the control of inverters. The control is designed
either in a stationary or in a synchronous frame (Teodorescu
et al, 2011). The control carried out in a synchronous frame
regulated the active and reactive power by using a current
regulator implemented in the dq0 frame and feed-forward.
The regulation of the DC voltage provides the active power
reference. Whereas in the stationary frame, the control is
achieved in the af0 frame, prompting an indirect voltage-
oriented control scheme. The approach requires the feed-
forward regulation of the active and reactive power, with the
control of the DC voltage following up the power reference
(Teodorescu et al,, 2011). As mentioned above, the power system
is undergoing a major shift from centralized power generation to
distributed power generation. More and more distributed
generators (DGs) are connected to the grid through power
inverters. To cut down the impact of many inverters tied to
the grid, the inverters’ control scheme must be carefully designed.
In the same vein, the inverter is the critical interface for DGs in
smart grids. Hence, it is important to determine the appropriate
control strategy to ensure a smart and friendly connection of the
DG to the grid for smart grid management (Hornik and Zhong,
2012). Various control techniques for grid-tied inverters ranging
from classical to intelligent are introduced in several studies
(Hornik and Zhong, 2012; Zeb et al., 2018). The PQ open-loop
control technique refers to a classical inverter control method.
Evaluating the current state and trend in grid-tied power
inverters and their existing control methods showed that most
works in this area have focused on grid integration using the
close-loop control approach. This is because the control method
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is preferred since it improves adequate performance due to
uncertainties in the system. However, research also shows that
the PQ Open-loop control technique can operate sufficiently and
cost-effectively in most applications (Hornik and Zhong, 2012).
Hence, the major aim of this work is to present a detailed design
and simulation for the effective implementation of a three-level
inverter controlled through a PQ open-loop control scheme in a
grid-tied PEMFC and provide adequate power quality features.

Thus, the main idea of this paper is to evaluate the
performance of a centralized grid-tied one-stage three-level
diode clamped inverter connected to a hybrid PV- FC. A
synchronous PQ open-loop control scheme is employed to
operate the inverter and achieves a current harmonic
distortion of below 5%. Apart from the grid, the system
comprises a 150 kW/1400 V. FC, 150 kW/700 V' PV array, a
265 kW/415 V inverter, and a passive LCL filter that connects
the grid and the inverter. The system performance was further
evaluated using two operating scenarios. In scenario one, the
hybrid PV- FC produces power to feed a neighborhood load
while also transferring the surplus to the grid. In the other
scenario, a neighborhood load of 365 kW received power from
the grid-tied PV- FC inverter. The load also imports power from
the grid to meet the 365 kW demand because the hybrid PV- FC
only produces 265kW. The investigation showed that the
proposed system performed well with about 0.33% current
harmonic distortion.

The rest of the paper is organized as follows: Section 2
povides a review of related works in literature. Section 3
presents the investigated system. Section 4 provides the
methodology utilized to carry out this investigation. Section 5
deals with system modeling. Section 6 is devoted to the outcomes
and discussion, and the last section closes this research and
provides proposals for future studies.

2 Literature review

The literature contains several publications on inverter
control techniques for grid-tied renewable and alternative
power systems. However, there is less emphasis on the single
loop voltage-oriented control, including a current controller
implemented in the DQ frame and active and reactive power
feed-forward control.

Khan et al. (2020) presented an in-depth analysis of grid-
connected solar inverters, their modulation methods, and control
strategies. The authors presented grid-connected inverter
configurations and classifications. Different multilevel inverter
topologies and modulation methods were categorized and
expounded in great detail. Various control reference frames
for inverters were also described. Additionally, various
inverter control schemes were described.

The grid integration of other sustainable energy technologies,
such as solar systems, wind turbines, etc., is emphasized in many
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research studies. A thorough examination of the dynamic
behavior and transient features of a doubly fed induction
generator during grid faults and voltage sags was presented by
Khan et al. (2019). To reduce the negative effects of an
imbalanced grid voltage DC capacitor and enable harmonic
filtering to enhance power quality, novel grid side controllers,
adaptive proportional-integral controllers, and proportional
resonant with a resonant harmonic compensator were
introduced. A suggested algorithm reduces harmonic currents,
voltage fluctuations, and distorted active and reactive power sent
to the electric grid, making capacitors more reliable under
transient grid conditions. A simulation was run to verify the
efficacy of the suggested control algorithms. The findings
demonstrated the proposed controller’s robustness, lack of
ripples, and fault tolerance. A grid-tied 50 kW solid oxide fuel
cell with synchronous reference frame (SRF) control was
examined by Das.

Das Gupta et al. (2017). A double-stage inverter was used to
tie the system to the grid. The study focused on the performance
evaluation of the system. The findings demonstrated that when
fuel cell current and power grow, fuel cell stack voltage steadily
declines. It took 5 s for the stack’s voltage, current, and power to
stabilize. This sluggish response was brought on by the cells’
gasses’ delayed chemical reactions. The active and reactive power
fed to the grid under the proposed SRF control approach took 2 s
to attain the required nominal.

A study on the modeling and control of a modular multilevel
converter for the grid integration of photovoltaic units was
conducted by Hakimi and Hajizadeh (2018). A dynamic
model of a modular multilevel converter was put forth that
included symmetrical voltage and current components. Sliding
mode and fuzzy controllers were used to produce adaptive robust
current controllers. Current controllers were implemented to
account for grid voltage fault and load power variation to
actualize the suggested controllers under unbalanced grid
voltage fault, positive and negative sequences. The outcomes
showed that the suggested current controllers could satisfy the
stability requirements of the modular multilevel converter and
are more efficient under voltage disturbance situations.

Miret et al. (2013) proposed a single loop control scheme
with voltage support ability for grid-connected distributed
generator inverters operating under voltage sag. One of the
key issues in transmission and distribution grids with
significant penetration of distributed power is voltage sags.
This research suggested a voltage support control technique
for grid-connected power sources in response to voltage sags.
The injection of reactive current with a changeable ratio of
positive to negative sequences served as the basis for the
control. The controller also decided how much reactive power
is required to bring the lowered voltage magnitudes back to new
reference levels constrained by the grid codes’ requirements for
continuous operation. These reference values ensure low current
injection when achieving the voltage support aim. A few
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experimental findings were provided to verify the suggested
control’s efficacy.

Chilipi et al. (2016) proposed a control strategy for a grid-tied
distributed generation inverter in distorted and unbalanced
utility conditions. The study suggested a grid-interfaced
distributed generation inverter control scheme with a novel
fundamental sequence components extractor. Third-order
sinusoidal signal integrator-based frequency adaptive filters
were used to implement the proposed sequence extractor.
Under distorted grid conditions, it had a great ability to
separate the three-phase voltage and current signals into
positive and negative sequence components. In addition to
basic power injection, the suggested control method could
deliver power quality ancillary services, including reactive
power compensation and harmonics rejection. It was also
immune to frequency changes. Simulation and experimental
research assessed the suggested system’s performance under
various grid disturbances and loading situations.

Modeling (2016) proposed a novel robust and adaptive
sliding-mode control for a grid-connected photovoltaic (PV)
system based on cascaded two-level inverters. The control
scheme was modeled and designed to deliver active and
reactive power with changeable solar irradiation for the
cascaded two-level inverters-based grid-connected PV
system. The development of a vector controller considers the
PV’s ability to provide maximum power. When designing SM
controllers, two switching strategies were considered and
The

suggested SM controller operates using a straightforward

investigated in similar operating circumstances.
PWM modulation technique rather than the referenced
space vector pulse width modulation (PWM) technique.
Utilizing an adaptive hysteresis band computation enhances
the performance of the SM controller. Liu et al. (2014)
presented a unified control technique for there-phase grid-
tied inverter in distributed generation. With no need to
switch between two corresponding controllers or perform
the unified method

presented in this work permits both islanded and grid-tied

key islanding detection, control
operations of three-phase inverters in distributed generation.
The suggested control technique consists of a novel voltage loop
in the synchronous reference frame and an inner inductor
current loop. In grid-tied operation, the inverter is only
regulated as a current source by the inner inductor current
loop. The voltage controller is immediately triggered to regulate
the load voltage when islanding occurs. The literature review
above refers to grid-tied three-phase inverter classical control
techniques. However, other research focuses on more advanced
methods; Tan et al. (2013) proposed a coordinated control
distributed generation inverters. A new model predictive
control technique was used in the control design of the DG
inverters to enable shorter computation times for large power
systems by independently optimizing the steady-state and
transient control The

problems. proposed microgrid’s
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operating capabilities were demonstrated through various
test scenarios that validate the design concept, and the
results were described.

Ro and Rahman (1997) used a two-loop controller to
maximize the performance of a grid-tied photovoltaic-fuel cell
plant. In one loop, a neural network controller for maximum
power point tracking collected the most solar energy from PV
arrays under a range of insolation, temperature, and system load
circumstances. The second loop was a genuine reactive power
controller. The real/reactive power controller managed incoming
fuel to fuel cell stacks and switched control signals to a power
conditioning subsystem to meet the system’s demands for actual
and reactive powers. Time-domain simulation results
demonstrated the two-loop controller’s effectiveness and
suitability for use in stability analysis of the hybrid power
plan, in addition to demonstrating how well they could be
implemented in computer models.

Ouchen etal. (2016) suggested a real-time implementation of
a shunt active power filter coupled with a double-stage grid-
connected PV inverter. A predictive direct power control model
was used to ensure both meet a portion of the load demand with
the extracted solar power and compensate for unfavorable
harmonic contents of the grid current under a unity power
factor operation. The findings demonstrated that, when
operating at unity power, the predictive power control
ensured a flexible settlement of active power amount
exchanges with the grid. The grid current had a sinusoidal
shape and a reasonable overall harmonic distortion value
of 4.71%.

The main goal of this literature study was to assess related
research on grid-tied inverter control techniques. These article
evaluations show that few studies concentrate on the classical
single loop voltage-oriented control, including a current
controller implemented in the DQ frame and active and
reactive power feed-forward control. The primary contribution
of this investigation is to show, through careful modeling and
simulation, that a multilevel inverter can efficiently operate under
PQ single control strategy while providing fast voltage and

current responses and low harmonic distortion.

3 Description of the investigated
system

Figure 1 depicts the grid-tied PV- FC unit adopted in this
study. The PV array produces 150 kW at 700 V and consists of
28 strings of 20 modules generating 280.2 W each. While the FC
stack generates 150 kW at 1400 V. The PV is tied in parallel with
the FC stack through a DC/DC boost converter to ensure that
both the PV and FC are at the same voltage level. The proposed
hybrid power unit is connected to the grid via a three-level
neutral point clamped inverter; the system has a DC-link
capacitor in-between the DC bus and the DC terminals of the
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FIGURE 1

On-grid-hybrid PV- FC system.

inverter; this positioning is to eliminate the ripples and maintain
an almost steady DC voltage. On the AC side, an LCL filter joins
the AC terminals of the inverter and the grid to mitigate
harmonic effects.

The hybrid PV- FC system is viewed from the grid as a
300 kW generating power unit operating at 415 V. The adopted
control scheme regulates the power flow between the different
power entities involved. Furthermore, it controls the hybrid PV-
FC unit’s frequency and phases to meet the grid requirements.

4 System modeling
4.1 Photovoltaic system

Eq. 1 expresses the output characteristics of a photovoltaic
cell (Salilih and Birhane, 2019):

V + IR V + IR,
a5 )R
S
kT,
A= @
q

The definitions of parameters of Eq. 1 are as follows:

R; is the series resistance expressing the losses caused by the
electrical contact and the resistivity of the cell, R}, is the parallel
resistance resulting from the losses produced by the p-n junction,
Ip is the current in the diode once it is polarized, Ipy, is the cell
current resulting from to the sunlight incidence into it, I is the
output cell current, A represents the thermal voltage, m stands
for the ideality factor, while k represents the Boltzmann’s
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constant; g represents the electric charge, T. is the cell

temperature, while V' represents the voltage.

V+IRg
Rsh

resistance is by far more significant than the series resistance.

)-1}
Solving Eq. 3 requires determining the parameters Ipy, Is, R,
and A.

In general, the expression is negligible because the shunt

Hence, Eq. 1 becomes:

V + 1R 3)

I= IPh - Is{exp(

4.1.1 Parameters estimation
The estimations of parameters Ipy, Is, Rs, and A are as
follows:

o Estimating the thermal voltage A

The thermal voltage refers to the average energy of
numerous particles traveling randomly at a specific
temperature obtained from the manufacturer datasheet at
a set reference point from Eq. 4 given as (Tesfahunegn,
2012):

HVOCTc.ref_VOC,ref+EgNS

Aref = (4)

T ref bige 3
Tph, ref

where A is the thermal voltage at the reference point Te e,
Vocyrer is the reference open-circuit voltage, and Isc is the short
circuit current.

®)

IPh, ref = ISC, ref
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Eq. 6 determines the thermal voltage (Tesfahunegn, 2012):

Tc
A=A (6)
! TC, ref

« Estimating the series resistance Rg

The series resistance value is either provided by the
manufacturer or determined using Eq. 7 (Tesfahunegn, 2012):

Ph,ref
R = : @)
mpp,ref

Lmppref
Aref ln(l - IL) - Vmpp,ref + VOC,ref

where Inpp,ref and Vipp rer are the current and the voltage at the
reference maximum power point.

o Estimating the current Ip,

Eq. 8 defines the photon current (Tesfahunegn, 2012):

G
IPh = G_f (IPh,ref + ”ISC (TC - TC,ref)) (8)

« Estimating the saturation current Ig

The saturation at a reference point is estimated using Eq. 9 as
follows (Tesfahunegn, 2012):

-V
IS,ref = IPh,ref exp(;—c,re{) (9)
ref

The saturation current is determined based on Eq. 10 as
(Tesfahunegn, 2012):

TC } NSEg TCref
Ig = Igor —< 1--% 10
T f(Tc,mf> XeXp{( ol 1

4.1.2 DC/DC converter design

A boost converter’s main components are a diode, an inductor,
and a high-frequency switch (IGBT). The control strategy lies in
manipulating the switch’s duty cycle, which causes the voltage
change (Raju and Tharun Kumar, 2017). The parameters of a

DC/DC boost converter during continuous mode operation are
given in the following equations (Elbaset et al., 2016; Satpathy et al,,
2016; Chen et al., 2017):

1
Ts = P (11)

V
Voe =15 (12)

Ve
D=1--2¢ 13
Voy (13)
L _ Vv (Voe = V) (14)
boost AiLbcvostfs\,DC
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TABLE 1 PV system characteristics.

Parameter Value and unit
Maximum power 150 kW
Module power 2802 W
Open circuit voltage (V) 451V
Short-circuit current (I,.) 834 A
Maximum voltage (V) 359V
Maximum current (Ip,) 78 A
Cells per module (Nj) 72
Parallel strings (Nps) 28
Series-connected modules per string 20
Light- generated current (Ipy) 8.351 A
Diode saturation current (Is) 1.844¢710 A
Diode ideality factor (A) 0.994
Shunt resistance (Rg;,) 3629 Q
Series resistance (Rg) 0.490 Q
DC-DC boost converter

Che 7.806e ™ F

Lboost 7.622¢” H

fs 5,000 Hz

Vbe 1400 V

Cp 2e°F

Vv 700 V

20 series modules; 28 parallel strings

< 200f ]
5 5
g 100} 25°C -
=]
o 0 i 1 1 L N
0 200 400 600 800 1000
Voltage (V)
x104
3
: L 25°C
[«
o 0 L 1 L L »
0 200 400 600 800 1000
Voltage (V)
FIGURE 2

PV array characteristics.

Aip
Cp=——— 15
BT 8f AVpy (15)

PPV
Coc=r7""77 16
be ngVDCAVDC ( )
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TABLE 2 Fuel cell characteristics.

Parameter Value and unit

Stack temperature (T) 338 K
Activation area (A) 50.6 cm?

Membrane thickness (1) 178 pm (Nation 117)

Hydrogen pressure (Py,) 1 atm
Oxygen pressure (Po;) 1 atm
Dynamic capacitor (C) 3F
Membrane contact resistor (Rc) 3¢t Q
Computing coefficient (B) 0.016
Curve fitting parameter ({;) -0.948
Curve fitting parameter () 312e7°
Curve fitting parameter (3) 7.6e7°
Curve fitting parameter ({,) -1.93¢7*
Membrane moisture content (¥) 23

Current density (Ir,) 1,500 mA/cm?

Stack nominal power 150 kW
Maximum power 162.8 kW
Efficiency 55%
Number of cells 2,000

Where Ts and f are the switching period and switching
frequency, respectively, Vpy is the output voltage of the
PV array, Vpc is the output voltage of the boost converter,
D is the duty cycle, Lyoost is the boost inductance, Ai, is the
ripple boost current, Ppy is the rated power of the PV array,
wg is the grid angular frequency, and AVpc is the ripple
voltage.

Table 1 provides the PV array modeling features and the DC/
DC boost converter parameters. While Figure 2 gives the PV
maximum power, voltage, and current curves.

4.2 Fuel cell

The definition of the dynamic fuel model is presented as
follows (Hamad et al., 2021), (Hamad et al., 2021):

VFC =E- Vact - Vohm - Vconc (17)
Where Vi, E, Vohms Vact> and Vo represent the FC, the Nernst,
the ohmic losses, the activation voltage, and the concentration

voltage, respectively and defined in the following equations (Eqs
18-22).

2
E=E, + R—Tln[i(sz) ' pzoz] (18)
4F | (pH,o0)

Vi = %ln(lﬁ/ﬂo +/(Ire/2L) + 1) ) (19)
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Fuel cell stack characteristics.

TABLE 3 Switching states Three-level diode clamped inverter
(Chaturvedi et al., 2008).

Switching state  Switch states Output voltage V,,

Sal SaZ sa3 Sa4

P ON ON OFF  OFF  +Vg./2
(@] OFF OFF ON OFF 0
N OFF OFF ON ON -V /2
I&:h(deMWM*hvmma> (20)
RT Is.
Vconc =-——In|1- i (21)
nF IL

Vohmic = (Y eXPl:B(%O - %)] )Ifc = rIfc (22)

Where y and f are constant coefficients of the FC, Ty = 973°K,
T = process temp. Of the FC, r = internal resistance, and Eg = a
standard potential that is equivalent to 1.18 V; R = gas
constant, F = Faraday constant, pH, = partial pressure
(pp) of Hydrogen, pO, = pp of oxygen, and pH,O = pp of
water effective gas, I = the maximum current density of the
FC at a given flow rate, I = apparent exchange current of
the FC.

The modelling parameters of the FC are given in Table 2,
whereas Figure 3 provides the stack power, voltage and current
features.
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4.3 Three-level diode clamped inverter

The generation of almost sinusoidal three-level (3-L) AC waves
by the 3-L diode clamped inverter relies on the use of cascaded DC
capacitors and clamping diodes, with the process being implemented
at a low switching frequency that requires less filtering components,
while the level of harmonic distortion is relatively low (Shriwastava
et al,, 2016; Wu et al,, 2018). The output voltage of the 3-L inverter
comes from the switching operation of the switching components. As
seen in Table 3, consider S,;, Sz, Sa3, and S,y as the switches;
switching ON S,;; and S, while leaving S,3 and S,4 OFF will cause
the 3-L inverter AC voltage to be V 4./2 (oppositely, the AC voltage
is =V 4./2). Again, switching OFF S, and S,4 while switching ON
Saz and S,3 produced zero AC voltage (Chaturvedi et al., 2008; Lee
and Lee, 2017).

4.4 Control scheme

A current regulator implemented in the dq0 frame was used
together with the active and reactive feed-forward power control as
the control strategy in this work. Figure 4 depicts the description of
the open loop control scheme used. The DC voltage control aided in
actualizing the active and reactive reference power control; this
demands the transformation of the reactive and active power
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command signals into the reference currents d and q
components using the following matrix (Hamad and Luta, 2021):

o _ %
. > "
lq ng + Véq Vgq  Vgd Q

4.4.1 Current control
The dynamics of the control loops of the current control are

(23)

similar in the d and q axis; hence, only the d axis is subjected to PI
controller tuning since there is a consideration of equality of the
parameters of the q axis. As shown in Figure 5, it is considered that
both the feed-forward voltage and the decoupling between both axes
(d and q) are noise, and are neglected (Keawthai and Po-Ngam, 2015).

Figure 5 depicts the illustration of the current loop’s transfer
function:

Hew = Hpr X He X Hiny X Hier x Hs (24)

However, the simplified transfer function of the current loop
is given as (Hamad and Luta, 2021):

_kPS+ki 1

ch
s 1+5(Ts+0.5Tsy +0.5Ts) [s(L

(25)

mi—

+1]

From Eq. 25, K;, and K; are estimated as follows (Hamad and
Luta, 2021):
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k
K =2 (26)
R

4.4.2 Phase-locked loop

The representation of the dq0 frame PLL includes a PI
controller (serving as the loop filter), a voltage-controlled
oscillator  (VCO)
transformations (Ali et al., 2018). The transfer function H (s)

(integrator), and Clarke and Park

of the PLL is represented in Eq. 27 and resembles the transfer
function G (s) of a second-order system given in Eq. 28 (Timbus
et al., 2005).

kypns + Kipi

H(s) =

= 27
s2 + kp_puS + ki—pll ( )
2(w,s + w?

T 82+ 20w,s + w?

G(s) (28)
where k;, ) is the proportional gain of the PLL while k;_py is the
integral gain; w,, represent the natural frequency and { is the damping
ratio. k, pi1 and k) are given as follows based on Eqs 27, 28:

Kipi = @} (29)

kp*pll = 2( kifp]l (30)

The gains Ky, Kj, ky_pi1, and ki of the obtained control
scheme from Eqs 29, 30 are given in Table 5.

4.5 LCL filter design

The LCL filter design requires the following as the input
parameters: Pyyeq (inverter power rating), Vpc (DC-link voltage),
f, and fg, (grid and switching frequencies), f; (sampling
frequency), and V, (grid voltage). The designed LCL filter
parameters presented in Table 6 are achieved via
determination of the critical and resonance frequencies, as
well as the correlation constant, followed by the determination
of the capacitor inductance, the grid-side inductance, the
inverter-side inductance, as well as the ripple and the
damping resistor.

4.5.1 Critical frequency
The following equations defined the critical frequency

Werit (fcrit):

Werit = ﬂ/STs (31)
m. 1
fcrit = gfs% - fs/6 (32)

Where the critical frequency is given as wgi¢ (forie) while Ty is the
sampling period.

4.5.2 Resonance frequency
Eq. 33 is used to determine the resonance frequency f:
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Current control loop block diagram.
fres/fs = 0.10 ~ 0.12 (33)

It is important to ensure the satisfaction of the inequality in
Eq. 34.

10f; < fre <0.5f, (34)

4.5.3 Constant correlation
The inverter-side and the grid side inductances constant
correlation (r) is expressed as follows:

L, =1L (35)

where Ly and L are the grid-side and inverter-side inductances,
respectively.

4.5.4 Capacitor

The capacitor value is provided in Eq. 37:

Prated

Cr=xX—"——
f 3><271><fg><V§

(36)

Where x is the reactive power absorption rate chosen between
0.01 and 0.05 (Buau et al., 2018).

4.5.5 Converter-side and grid-side inductances

Eq. 37 computes the product L..Cy, since f, is obtained
from Eq. 33, and r is chosen based on the filter design

1 |Lc+rL
fres = — = (37)
2m \rL LgCs

From the product L..Cr and C¢ , the inverter-side and the grid-

criterion.

side inductances (L. and L) are determined.

4.5.6 Current ripple
Eq. 38 gives the value of the current ripple (Ai) (Kantar et al.,
2014).

v Ripple% .
A= Vie (Ripple%) ¢ (38)
8Lfoy -\ 100
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TABLE 4 Inverter design parameters.

Parameter Value and unit
DC output power 300 kW
DC-link voltage 1400 V
Inverter power 265 kW
Phase-to-phase voltage before the filter 1400 V
Phase-to-phase voltage after the filter 415V
Inverter current after filter 3734 A
Power factor 0.85
Peak-to-peak current 528.1 A
PWM carrier frequency 7,000 Hz
Grid frequency 50 Hz
Modulation range 0.7
Attenuation factor 20%

Grid maximal power factor variation 5%

Inverter configuration Three-phase

TABLE 5 Control parameters.

Parameter Value
Controller Proportional gain (K}) 12.08
Controller Integral gain (K;) 185.8
Controller Proportional gain (kp_pi1) 15.9
Controller Integral gain (k;_pn) 69130.43

The value of the ripple current must be within
10%-25% of the peak rated current It (Reznik et al.,
2014). The relationship of the harmonics from the
inverter with harmonics introduced into the grid is given
in Eq. 39.

Ig (hsw) _ 1
L (hy) |1 +r1(1 - LCy? )]

W

(39)

where I.(hy,) = inverter-induced harmonic and Ig(hy,) =
harmonic introduced into the grid.

4.5.7 Damping resistor Ry

The impedance of the LCL filter at the resonance
frequency = 0 while the magnitude response is normally
high; hence, Rq must be serially connected to C¢ to ensure
a non-zero impedance which will restrict the resonance peaks.
Ideally, the value of Ry is chosen to be at least 1/3 of Ct
(Mahlooji et al., 2018).

Ry 2>

40
3 Wres Cf ( )

Frontiers in Energy Research 10

10.3389/fenrg.2022.968371

TABLE 6 LCL filter parameters.

Parameter Value
Inverter Side inductor (L;) 2.5 mH
Grid side inductor (Lg) 0.023 mH
Capacitor filter (Cy) 518 pF
Damping Resistor (Rf) 0.1Q
Resonant frequency (fres) 2,865.77 Hz
Inductors resistances (R; = Ry) 0.014 Q
Sampling frequency (fs) 20,000 Hz
Critical frequency (fc) 859.7 Hz

5 Results and discussion

The modeling and simulation of the grid-tied hybrid PV- FC
unit in Figure 1 was done in a Matlab/Simelectrical (R2020B)
environment for the assessment of the performance of the
proposed system using the metrics in Tables 1, 2, 4-6. The
simulation results are presented in the following sub-sections,
and consist of analyzing the control parameters results, the
system frequency and phase, and the inverter output features.
Furthermore, two operating scenarios are considered to evaluate
the system’s performance. A sensitivity analysis is also carried to
assess the system’s response under abnormal parameter changes
and unbalance faults operations.

5.1 Control

The overall control results show that the developed controller
displays a decent response. Figure 6A depicts the d axis current (Id)
and the reference current on the d axis (Id_ref). The current
controller in the d-axis relies on the resulting error from the
comparison of both currents as the input signal to produce the
voltage on the d axis (Vd). The Id_ref is around 521.2 A. The Id
wave gives an overshoot of 32.051% and an undershoot of 13.917%.
However, at steady-state, both Id and Id_ref have equal values.

On the other hand, Figure 6B provides the comparison of the
current in the q axis (Iq) and the reference current (Iq_ref). The
error resulting from both currents generates the voltage Vq. The
steady-state values of Iq and Iq_ref are equal to zero. Before
reaching its steady-state, the Iq signal exhibits undershoot and
overshoot of 1.956% and 5.833%, respectively.

The voltages in the dq0 frame (Vd and Vq) in Figures 6C,D
are used to produce the modulation signal driving the inverter
switches. Vd’s steady-state value is 356.5 V (Figure 6C), while
Vq’s steady-state value is 415.7 V. The Vd signal displays no
undershoot or overshoot, while the Vq signal shows an overshoot
of 21.327% and an undershoot of 7.217%.
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5.2 Frequency and phase

The PLL tracks the frequency and phase, which also include
an inner frequency oscillator. The inner oscillator is modified
through the control scheme to keep the phase difference equal to
zero. Figure 6F depicts the PLL frequency, which is also the
system’s frequency. This frequency varies between 49.9 Hz and
50.05 Hz as the steady-state frequency variation in most power
networks is 50 Hz + 5%.

The PLL assesses the voltage and phase of the grid employed to
synchronize the current control in the dq0 frame. A proper phase
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angle (Figure 6F) to synchronize the PV- FC inverter to the grid is
produced by the designed PLL control parameters.

5.3 Inverter response

The inverter is required to deliver a suitable voltage to the
grid. The voltage level must be adjusted, paying little heed to the
control and load proprieties. It converts the DC voltage to an AC
voltage within a line-to-line value range of —1400 V and +1400 V
(see Figure 7), as well as the RMS value of 938 V. The AC voltage
corresponds to the voltage at the inverter output terminals, with
harmonics from the inverter switching. The peak-to-peak voltage
is around 2800 V.

An LCL filter links the grid and the inverter to ensure the
generation of no harmonics during inverter switching.
Figures 8A,B show the measured THD of the voltage and
current at the outputs of the LCL filter. Their corresponding
values are 0.32% for the voltage and 0.33% for the current,
which comply with the grid connection standards. Figure 8C
shows the phase-to-phase voltage while and Figure 8D
depicts the LCL filter output current. The magnitude of
the voltage is almost 415V (Figure 8C), whereas the
current is approximately 371.9 A (Figure 8D). The voltage
waves undershoot and overshoot are evaluated as 19.89% and
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0.25%, respectively. While for the current, they are 0.402%
and 1.988% for the overshoot and undershoot, respectively.

The PV- FC active and reactive power curves are depicted in
Figures 8E,F, respectively. The active power is about 265 kW,
whereas the reactive power is zero.

An overshoot of 31.25% was found I the active power
between t = 0 and t = 0.5 s, while the undershoot is 15.538%.
The reactive power signal, on the other hand, exhibits overshoot
and undershoot of 37.733% and 1.861%, respectively.

5.4 Operating scenarios

The performance of the proposed system was evaluated using
two operation scenarios based on the load value. In the first
operating scenario, a load value higher than the PV- FC power
was used, while the other scenario used a load value less than the
PV- FC power. These scenarios evaluate the grid and the load
active and reactive power.

5.4.1 Scenario one

This scenario considers a 365 kW load supplied from the
output terminals of the grid-tied PV- FC inverter. Since the
power from the hybrid PV- FC is lesser than the load
requirement, the deficit is imported from the grid. As the
inverter has an efficiency of 88%, only about 265kW was
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received by the load, with up to 100 kW coming from the
grid to fully meet the load demand. The evaluation of the
active and reactive power waves was done at the load
terminals as shown in Figures 9A,B. The active power’s value
is roughly 365kW, while the reactive power value is 0. The
overshoot and undershoot values of 32.222% and 13.783% were
observed in the active power The reactive power, on the other
hand, does not show an overshoot or undershoot.

The grid-sourced active and reactive power is depicted in
Figures 9C,D. The grid provides roughly 94.42 kW, while the
PV- FC supplies the rest of the power demand. The reactive
power at the connection point between the grid and the PV- FC
inverter is approximately 15,330 VAR. The active power curve
exhibits an overshoot of 28.12%, while the undershoot is
12.207%. Contrarily, an overshoot of 35.115% was noted in
the reactive power while the undershoot was 1.915%. Figure 9E
showed the phase-to-neutral voltage at the filter’s outputs while
Figure 9F displayed the phase-to-neutral current at the output
of the filter. These voltages are sinewaves of 237.8 V, and the
currents are around 504.7 A. The voltage recorded an overshoot
value of 0.397% and an undershoot value of 1.986%, while the
and 1.986%
undershoot value. Figures 9G,H depict the grid phase-to-
neutral voltage and the current per phase; their RMS values
are 237.8V and 133.9 A, respectively. The undershoot was
1.987% For the

overshoot value of the current was 0.397%

while the overshoot value was 0.391%.
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current signal, the overshoot value was 0.246% while the
undershoot value was 1.987%.

5.4.2 Scenario two

The hybrid PV- FC unit produces sufficient power to meet
the load; then, the excess power is transferred to the grid. The
active and reactive power fed to the load are depicted in Figures
10A,B. Notably, the value of the active power is 67.05 kW, while
that of the reactive power is 8.094e-9 VAR. The signal exhibits
32.955% overshoot between 0 and 0.5 s, while the undershoot is
16.319%. Contrarily, the reactive power recorded an overshoot
value of 11.399% and an undershoot value of 5.081%.

Figures 10C,D displayed the active and reactive power waves
fed to the grid. The grid imports an active power of 198 kW, and
the reactive power is 14,710 VAR. The active power signal
recorded an overshoot value of 28.723% while the undershoot
value was 10.974%. For the reactive power, the overshoot value is
33.865% while the undershoot value is 1.955%. The phase-to-
neutral voltage and the current consumed by the load are depicted
in Figures 10E,F; the waves are sine waves. The voltages’ RMS is
243V, while the current in each phase is 91.84 A. The waves had
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an overshoot value of 0.403% and an undershoot value of 1.989%.
The overshoot and undershoot of the currents, on the other hand,
are 0.403% and 1.989%, respectively.

The voltages and currents from the grid side are shown in
Figures 10G,H. Their RMS values are 243.3V and 277.5 A,
respectively, for the line-to-line voltage and the current. The
voltage recorded an overshoot value of 0.4% and an undershoot
value of 1.98%. For the current, the values of the overshoot and
undershoot are 2.352% and 1.983%, respectively.

5.5 Discussion

The essential concern in making distributed generation
resources as entities of modern power systems is the power
quality problems, as poor power quality may result in
disturbance into the grid in addition to critical financial
losses. Helpless force quality can cause framework aggravation
and critical financial misfortunes. On-grid distributed generation
resources must satisfy grid requirements and other standards
regulating their functioning of these entities. One parameter used
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TABLE 7 Comparing study against some related research in literature.

Parameter
(2019)

Source type PV

PCU type DC/DC, DC/AC
Multilevel inverter 2-Level inverter
Filter type L

Topology Grid-tied

DC Voltage 800 V

AC Voltage 220V

AC Power —

Switching Frequency —
THD of Voltage —
THD of Current 4.46%
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Azzam-Jai and Ouassaid,

Renewable energy
DC/AC

2-Level inverter
LCL

Grid-tied

750 V

380V

3000 W

16 kHz

1.8%

14

Tarasantisuk et al. (2016)

Vu et al. (2012)

Renewable energy
DC/AC
2-Level Inverter

Grid-tied

Current study

PV-fuel cell
DC/DC, DC/AC
3-Level inverter
LCL

Grid-tied

1400 V

415V

265 kW

5 kHz

0.33%

0.33%
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in power quality assessment is the THD. The THD for both
currents and voltages that must not be exceeded by an on-grid
distributed generation resource based on the current and voltage
levels has been established by the IEC and IEEE guidelines. For
instance, voltages in the range of 1-68 kV must have voltage
THD below 5%, and for current >1000 A, the current THD must
be within 20%. The THD achieved in this investigation has been
analyzed against past studies as presented in Table 7. As stated in
a previous section, fewer studies focus on the PQ open-loop
control scheme; (Vu et al, 2012); introduced a PQ-based
approach to evaluate the performance of a PV array
interfaced with an active shunt filter. The PV supplied a
nonlinear load and injected the excess into a grid.

The proposed scheme led to a current harmonic distortion
of 4.46%, complying with the IEEE- 519 standards. The study
by (Tarasantisuk et al., 2016) proposed a scheme for the
control of the active and reactive power of a 3-phase grid-
linked inverter based on the use of a proportional resonant
control approach. In this set up, the regulation of the active
and reactive powers was achieved using current-loop on
stationary reference frames. The proposed method was
assessed and a current harmonic distortion of 1.8% was
achieved. (Vu et al., 2012). introduced a reactive and active
power control scheme for a voltage source inverter. A
decoupled control technique was implemented based on the
inverter current. It was demonstrated that the power control
could be applied from renewable energy systems power factor
and power quality improvement. Considered to investigations
mentioned-above, this study results show a better current
harmonic distortion of 0.33%.

6 Conclusion

The connection of distributed energy resources into utility
grids requires power converters to condition the power
generated and ensure power quality. The grid-tied power
converter must achieve high efficiency and low injected
current harmonic while regulating the power exported to
the grid. Therefore, the power converter control approach
plays a vital role in their performance. This study aimed to
evaluate the performance of a centralized one-stage grid-
connected three-level diode clamped inverter linked to a
PV- FC unit. The inverter was operated using an active and
reactive open-loop power control system; the achieve current
harmonic distortion in the system was below 5%. Apart from
the grid, the system is also comprised of a 150 kW/1400 V
150 kW/700 V FC, a 265 kW multilevel inverter operating at a
rated voltage of 415V, and an LCL filter. Two operating
scenarios were selected to assess the system’s responses
further. In scenario one, a local load of 509.2 kW was
supplied from the PV- FC inverter. The load also received
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the grid’s power to meet the demand as the PV- FC inverter
could provide only 265 kW. Whereas in the other scenario, the
PV- FC unit provided power to supply a local load while
transporting the surplus to the grid. The result analysis
revealed the developed model’s good performance with a
current harmonic distortion of 0.33%.
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