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A B S T R A C T

Power generated by PV panels is highly vulnerable to uncertain weather conditions, and impedance connected to its terminals. Therefore, to maximize the energy
productivity from panels by controlling output impedance, a power electronic converter capable of adopting maximum power point tracking (MPPT) technique is
required. This paper includes a comprehensive review of basic and advanced MPPT techniques proposed to address the variations in temperature, irradiance, partial
shading conditions.

Power processing equipment such as dc/dc converters and inverters are mandatory in extracting power from PV panels and utilizing either for standalone systems
or grid integration. Grid integration is a major focus where access to utility line ranging from domestic micro-inverters (< 300 W) to solar generation (>MW). A
centralized inverter topology interfaces a MW power rating PV farm consisting several parallel strings of series connected PV panels to the grid. This review article
contributes on presenting an overview of the state-of-the-art power electronics systems for integration of PV panels to the grid. Various interfacing power electronic
architectures covering micro-inverter, central inverter up to modular inverter approach operating at low switching frequency and high switching frequency with
resonant and pulse-width modulated (PWM) soft-switching or hard-switching are reported. Various voltage-fed and current-fed multi-level inverters for such ar-
chitectures are studied and discussed.

1. Introduction

Solar cells, which generate electrical energy under sunlight, on
connecting in series–parallel results in solar photovoltaic (PV) modules.
Array configurations of PV systems are generally categorized into
central, string, multistring string, and module structures. The multi-
string PV system is a two-stage configuration, which consists of multiple
dc/dc converter interfacing each PV string and a common string in-
verter. For the application sensitive to the shadowing effects or PV
module mismatch, module configurations are introduced. Module
configuration integrates power conversion stage directly to the PV
modules. Depending on the type of power conversion, module config-
urations are classified into cascaded dc Module (Walker and Sernia,
2004), parallel dc Module (Liu et al., 2011), ac module (Islam et al.,
2006), and quasi-ac module (Rooij et al., 2015) as shown in Fig. 1.

The solar PV power can either be delivered directly by injecting the
power into the utility grid by solar-to-grid integration or by operating
them in islanded mode to supply power to local loads in case of remote

locations. It can also be used with other energy systems such as fuel
cells and energy storage (batteries, supercapacitors, flywheels) to form
a hybrid energy system (Xu et al., 2018). In all the cases, the power
electronic converters play an important role as shown in Fig. 2 to (1)
extract maximum power from the PV panel to deliver to the load known
as maximum power point tracking (MPPT) controller. (2) elevate the PV
voltage to a required voltage level by a dc/dc converter and (3) convert
in the ac form by a dc/ac inverter.

A major challenge in solar power system is to tackle its nonlinear
current–voltage (I–V) characteristic, which results in a unique max-
imum power point (MPP) on its power–voltage (P–V) curve. The power
generated from a given PV module mainly depends on solar insolation
and panel temperature and vary with weather conditions.

Fig. 3 shows the variation of solar panel current and power with
variation in solar irradiance. The panel voltage remains nearly constant;
however, the panel current varies causing the change in power and so
obviously the MPP. As the solar irradiance goes low, the panel current
and power along with MPP goes down.
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Fig. 4 shows the variation of solar panel voltage and power with
variation in temperature. The panel current remains nearly constant;
however, the panel voltage varies causing the variation in power and so
obviously the MPP. As the temperature increases, the panel voltage and
power along with MPP goes down.

It is essential to develop a MPPT algorithm to extract maximum
power from the PV module in real time. Over the past decades, many
MPPT algorithms have been proposed and discussed in the next section.

A power electronic dc/dc converter (Fig. 2) is required to implement
the algorithm to physically match the load impedance with the panel
impedance for maximum power transfer or to operate at the MPP.

2. MPPT techniques

MPPT is essential in solar energy system in order to harvest and
deliver the maximum power to the load based on the instantaneous
atmospheric conditions and requires the array voltage and current as
shown in Fig. 2. Usually, in MPPT techniques, two objectives/merits are
usually considered: (1) number of sensors (usually two sensors are re-
quired and one sensor or sensor-less is a merit) and (2) accuracy/os-
cillation at MPPT point. Additional merit can be response (fast/slow)
time for reaching the MPPT point but that is associated with second
merit. These are also relevant terms how the authors are using. Nu-
merous MPPT techniques have been reported in literature for solar
systems and have been classified systematically as follow:

A. Conventional techniques
Conventions MPPT techniques are the basic algorithms used and
implemented widely as traditional or classical methods in early age
of solar inverters. These techniques are mainly classified into four
techniques.
1. Perturb and observe (P&O) method (Killi and Samanta, 2015)

In this method the controller adjusts the voltage by a small
amount from the array and measures power; if the power in-
creases, further adjustments in that direction are tried until
power no longer increases. This is called the perturb and observe
method and is most common, although this method can result in

oscillations of power output. It is referred to as a ‘hill climbing’
method, because it depends on the rise of the curve of power
against voltage below the MPP, and the fall above that point.
Perturb and observe is the most commonly used MPPT method
due to its ease of implementation.

2. Incremental conductance (IC) method (Liu et al., 2008; Elgendy
et al., 2012)
IC method has a better performance compared to the P&O
method because it has succeeded in minimizing the oscillations
around the MPP point. The IC can determine that the MPPT has
reached the MPP and stop perturbing the operating point. If this
condition is not met, the direction in which the MPPT operating
point must be perturbed can be calculated using the relationship
between dl/dV and –I/V This relationship is derived from the fact
that dP/dV is negative when the MPPT is to the right of the MPP
and positive when it is to the left of the MPP.

3. Constant voltage MPPT method (Leedy et al., 2012; Aganah and
Leedy, 2011)
A constant voltage MPPT algorithm that automatically adjusts
the reference voltage to account for varying environmental con-
ditions. The solar array source is configured such that its open-
circuit voltage is sampled without breaking the entire source
from the load as is the case with other constant voltage MPP
algorithms.

4. Open circuit method (Bharath and Suresh, 2017; Lopez-Lapena
and Penella, 2012)
In this MPPT method, the solar array is disconnected periodically
to sample the open circuit voltage of the solar panel and then use
its value for MPPT. It’s an approximate MPPT method.

B. Predictive techniques
Predictive models use known results to develop (or train) a model
that can be used to predict values for different or new data. The
modeling results in predictions that represent a probability of the
target variable based on estimated significance from a set of input
variables. Predictive models are used to find potentially valuable
patterns in the data, or to predict the outcome of some event.
Two predictive MPPT techniques used for solar MPPT are as follow:
1. Dual-Discrete model predictive control (Lashab et al., 2019)

This method presents a method that overcomes the problem of
the confusion during fast irradiance change in the classical
maximum power point tracking (MPPT) as well as in model
predictive control (MPC)-based MPPTs available in the literature.
The model of the photovoltaic (PV) array is also considered also
in addition to the converter model in the proposed algorithm,
which allows it to be prompt during rapid environmental con-
dition changes.

2. Sensorless current-based model predictive control (Metry et al.,
2016)
The main contribution of this technique is the use of model-based
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Fig. 1. Different structures used in PV system (Walker and Sernia, 2004).

Fig. 2. Solar integrated PV conversion system with MPPT.
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predictive control principle to eliminate the current sensor that is
usually required for well-known MPPT techniques such as P&O.
By predicting the PV system states in horizon of time, the pro-
posed method allows faster response and lower power ripple in
steady state than the conventional P&O technique under rapidly
changing atmospheric conditions.

C. Artificial Intelligence (AI) Techniques
Artificial intelligence is the ability of a computer system or actual
complex algorithms to estimate relationships of the complex data-
sets and also to find correlations, which may result into testable
hypotheses. The technique can be introduced to MPPT calculation
algorithms too. The following AI MPPT techniques have been re-
ported for MPPT:

1. Artificial neural network techniques (Lin et al., 2011):
To achieve a fast and stable response for the real power control,
the intelligent controller consists of a radial basis function net-
work (RBFN) and an improved Elman neural network (ENN) for
maximum power point tracking (MPPT).

2. Fuzzy logic control (Larbes et al., 2009):
A fuzzy logic controller based MPPT (FLC) is then proposed which
has shown better performances compared to the P&O MPPT based
approach. The proposed FLC has been also improved using genetic
algorithms (GA) for optimization.

3. Genetic algorithm control (Daraban et al., 2013):
This algorithm is used for searching the global maximum power
point (GMPP) for photovoltaic systems affected by partial
shading. The P&O algorithm is embedded into the GA function for
improving the optimization process. By adding this functionality
to the algorithm, the number of iterations and the population size
is low, thus finding the MPP in a short time.

D. Meta Heuristic Optimization techniques
A wide range of metaheuristic algorithms have emerged over the

last two decades, and many metaheuristics such as particle swarm
optimization (PSO) are becoming increasingly popular. Despite their
popularity, mathematical analysis of these algorithms lacks behind.
Convergence analysis still remains unsolved for the majority of
metaheuristic algorithms, while efficiency analysis is equally chal-
lenging.
Optimization techniques based basic and popular MPPT techniques
are as follow:

1. PSO (Liu et al., 2012)
Particle swarm optimization (PSO) is a population-based sto-
chastic optimization algorithm motivated by intelligent collective
behavior of some animals such as flocks of birds or schools of fish.
Since presented by Kennedy and Eberhart in 1995, it has experi-
enced a multitude of enhancements. This method performs the
search of the optimal solution through agents, referred to as
particles, whose trajectories are adjusted by a stochastic and a
deterministic component.

2. ARMO based MPPT technique (Seyedmahmoudian et al., 2019)
This study aims to design, develop, and verify a novel rapid, re-
liable, and cost-effective method called adaptive radial movement
optimization (ARMO) to diminish the effect of the partial shading
problem in the MPP detection for PV systems with additional
dynamic applications. The main advantages of ARMO are its im-
proved tracking speed and significant reduction in output fluc-
tuations during the tracking period.

3. Grey Wolf optimization (GWO) (Mohanty et al., 2015):
The GWO is a new optimization method which overcomes the
limitations such as lower tracking efficiency, steady-state oscil-
lations, and transients as encountered in P&O. It showed better
performance under partial shading conditions compared with P&
O.

E. Modified and improved techniques

Fig. 3. Variation in solar panel current and power with variations in solar irradiance.

Fig. 4. Variation in solar panel voltage and power with variations in temperature.
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With time, several of existing classical techniques were either
modified to improve the accuracy and performance under variance
of irradiance and partial shading. Some of the modified MPPT
techniques with improved performance have been renamed and
presented as follow:

1. Modified P&O with reduced oscillation (Ahmed and Salam, 2016):
The modified scheme retains the conventional P&O structure, but
with a unique technique to dynamically alter the perturbation
size. At the same time, a dynamic boundary condition is in-
troduced to ensure that the algorithm will not diverge from its
tracking locus.

2. Improved performance low-cost IC PV MPPT technique (Zakzouk
et al., 2016):
An enhancement is introduced to IC algorithm in order to entirely
eliminate the division calculations involved in its structure.
Hence, algorithm implementation complexity is minimized en-
abling the utilization of low-cost microcontrollers to cut down
system cost. A modified variable-step size, which depends solely
on PV power, is proposed. It achieves enhanced transient perfor-
mance with minimal steady-state power oscillations around the
MPP even under partial shading.

3. Enhanced adaptive P&O (EA-P&O) (Ahmed and Salam, 2018):
The objective is to mitigate the limitations of the conventional P&
O namely, the steady-state oscillation, diverged tracking direc-
tion, and inability to detect the global peak during partial
shading. A smart oscillation detection scheme and a dynamic
boundary condition resolve the first two problems, respectively.
Meanwhile, an intelligent prediction method is designed to ensure
that the global peak is always correctly tracked. Another feature is
the open-circuit voltage is determined without using sensors.

F. Hybrid MPPT Technique such as
1. Grey Wolf-Assisted P&O (Mohanty et al., 2016)

This paper proposes a new hybrid maximum power point tracking
(MPPT) algorithm combining grey wolf optimization (GWO) and
perturb & observe (P&O) technique for efficient extraction of
maximum power from a photovoltaic system subjected to rapid
variation of solar irradiance and partial shading conditions. GWO
handles the initial stages of MPPT followed by application of the P
&O algorithm at the final stage in view of achieving faster con-
vergence to the global peak (GP). This MPPT thus overcomes the
computational overhead as encountered in the case of a GWO-
based MPPT algorithm. The idea behind using the hybrid tech-
nique is to scale down the search space of GWO which helps to
speed up for achieving convergence toward the GP.

G. Miscellaneous techniques
Additional popular, efficient and effective techniques used for solar
MPPT are as follow:

1. Based on an image of PV modules (Mahmoud and El-Saadany
(2016))
A new MPPT technique is proposed in this paper that is dis-
tinguished by its ability to find the global maximum power peak
(GMPP) without the need for periodic curve scanning. The pro-
posed method utilizes the mathematical model of the PV module,
as well as the irradiances received by its PV cells, to analytically
calculate the location of the GMPP. The required irradiances are
innovatively estimated using an image of the PV module captured
by an optical camera. The proposed method is also combined with
the perturb and observe method to compensate for errors in the
model or irradiance estimation.

2. Analog BJT-Tuned MPPT (Al-Soeidat et al., 2018):
An analog, bipolar junction transistor (BJT)-tuned voltage re-
ference maximum power point tracking (MPPT) method for
photovoltaic modules is proposed. The conventional fixed voltage
reference method does not obtain good MPPT efficiency because
the MPP voltage changes at different insolation levels. An ap-
proximately linear slope is formed when connecting the MPPs

measured from the highest insolation level to the lowest. Utilizing
this characteristic, a BJT, which has a similar electrical property,
is used to implement a variable voltage reference that improves
the accuracy of the MPP voltage when the insolation changes. The
proposed circuit is simple and easy to implement, and it can track
the MPP very quickly without the need for a digital controller or
PID controller. Hence, the circuits cost and complexity are re-
duced.

3. Voltage-sensor-based MPPT for standalone systems through voltage
reference control (Killi and Samanta, 2019):
A single voltage-sensor-based MPPT controller with improved
tracking performance is presented. The MPPT controller can be
implemented by either direct duty cycle or voltage reference
control in conjunction with a proportional and integral (PI) con-
troller. The voltage reference control has the advantages of faster
convergence and small oscillations in steady state compared with
the direct duty cycle method. Moreover, the controller gains can
be analytically calculated unlike trial-and-error-based selection of
scaling factors for the direct duty cycle method. Thus, voltage-
sensor-based MPPT algorithm through a voltage reference control
technique with the help of the PI controller is developed for
minimizing the tracking time and steady-state oscillations.
A knowledge of the state-of-at-the-art MPP techniques (conven-
tional to advanced) offers the researchers and the solar inverter
and charge controller manufacturers about the advancement
made in this field of MPPT control as well as the algorithms de-
veloped for MPPT tracking. The advancement may be in terms of
cost reduction with the reduction in the number of sensors, the
precision level of effectiveness in MPPT tracking to avoid oscil-
lations around the maximum power point, and the response time
(fast or slow tracking) of MPPT. This review covers from con-
ventional to the latest advancement in MPPT control techniques.
MPPT algorithms are implemented through switching power
converters. Power electronics is an important enabling technolo-
gies to connect solar panels to the load with desirable load in-
teractive power conditioning. It not only matches the source and
load specifications but also enables maximum power transfer to
the load along with load voltage regulation and power flow con-
trol despite varying input electrical specifications based on at-
mospheric conditions. In the next sections, high-frequency soft-
switching dc/dc converters and low frequency multilevel in-
verters are discussed. Various configurations to introduce soft-
switching have been reported. Both, voltage-fed and current-fed
power converters have been elaborated.

3. High-frequency (HF) dc/dc converters

Dc/dc converters are usually adopted for these module-integrated
converter for dc module and quasi-ac module configurations as shown
in Fig. 1. Even for ac module configuration, additional dc/dc converter
with HF isolation are widely used to interface low voltage PV modules.
Therefore dc/dc converters play an essential role in both multistring
and module configurations of PV systems.

The overall requirements of dc/dc converters for PV systems are
summarized as follows: (1) high voltage gain to elevate solar panel
voltage; (2) low input ripple for better MPPT tracking; (3) high effi-
ciency for faster return on investment; (4) low cost for system com-
mercialization, (5) low volume for space consideration, and (6) long
lifetime (matching 25 years of warranty with solar panels). Galvanic
isolation is also preferred to reduce the ground leakage current. Dc/dc
converters can be classified into two major types, voltage-fed and
current-fed. The difference is that voltage-fed converter employs a large
capacitor in parallel connection with the source while current-fed
converter employs an inductor in series connection with the source. The
HF isolated dc/dc converters for PV system applications have emerged
as possible solution for the low cost, light weight, and low volume
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benefits. HF pulse width modulated (PWM) dc/dc converters and HF
resonant converters are two mainstreams.

3.1. HF resonant dc/dc converters

Isolation element, the high frequency transformer, in power elec-
tronic converters for high voltage gain applications such as solar-grid
integration exacerbates its non-idealities due to large turn ratio and
higher switching frequency (Johnson et al., 1988). Unnegotiable
leakage inductance and winding capacitance, as shown in Fig. 5, in-
terfere with underlying operation of converter generates voltage and
current spikes respectively. This increases conduction losses, switching
loses thus demands bulky snubber circuits and heat sinks to maintain
thermal stability (Outeiro et al., 2016).

Resonant converters offer lucrative solution to such cases
(Forouzesh et al., 2017). The philosophy of resonant conversion in-
volves engaging transformer non-idealities such as leakage inductance
and winding capacitance into converter operation there by eliminating
unnecessary current and voltage spikes caused by them. A properly
designed resonant tank can reshape device current and voltage there by
eliminating switching losses to consequentially push efficiency,
switching frequency and power density further (Steigerwald, 1988).
Few resonant conversation techniques allow to integrate device and
diode parasitic into soft switching resonant components (Tabisz and
Lee, 1991). Depending on loading, available input and converter op-
eration, resonant converters can be broadly classified into following
groups.

a. Load resonant converter, voltage fed type.
b. Load resonant converter, current fed type.
c. Quasi resonant converter, voltage fed type.
d. Quasi resonant converter, current fed type.
A. Load resonant converters

In this type of conversion resonant elements not only contribute for
soft switch transition during switching but also participate during
complete high frequency switching cycle. Therefore, characteristics of
load resonant converters are highly influenced by type of resonant tank
employed (Tan and Ruan, 2016; Yu et al., 2018). A basic load resonant
dc/dc converter with various stages involved is depicted in Fig. 6(a). In
a nut shell, operation of load resonant converter involves inversion of
input dc voltage by Front End Inverter (FEI) to feed resonant tank with
high frequency ac wave form. Resonant tank in turn processes and
passes it onto transformer followed by Rear End Rectifier (RER) which
rectifies and filters the available high frequency ac voltage to feed the
dc bus. Depending on application, RER could be full wave rectifier or
full bridge rectifier (Johnson et al., 1988; Yu et al., 2018).

Applications with low voltage and high current such as voltage
regulators (Yang et al., 2002), by nature, favors full wave rectifier as
RER with less devices for minimized voltage drop and power losses.
Further synchronous rectification abates conduction losses with
minimum possible (two) active switches (Johnson et al., 1988). On the

other hand high voltage and low current applications such as solar–grid
integration, by nature go with full bridge rectifier as RER. Further RER
allows to extend full bridge in to voltage doublar and quadrapular
configurations (Yu et al., 2018). Also, operating resonant converter
above resonance manifests zero voltage switching (ZVS) switching and
below resonance results in zero current switching (ZCS) operation
(Steigerwald, 1988).

(1) Voltage fed type

In this type of converters, FEI is directly driven by voltage source
which is responsible to supply high harmonic switching current to re-
sonant converters. Such converters when used in connection with PV
needs bulky electrolytic capacitor rated at input voltage to supply high
harmonic ripple current which extends PV life time.

In a half bridge series resonant converter (FEI, Fig. 6(b1); Resonant
tank, Fig. 6 (c1)), interestingly, resonant capacitor appears in series to
transformer helps blocking dc voltage to prevent transformer from flux
walking (Tan and Ruan, 2016). Also, currents through switches are in
proportion with load currents offers acceptable light load efficiency.
But limited selectivity of the resonant tank complicates light load op-
eration. Therefore, series resonant converters cannot offer wide load
variation as required by solar-grid integration. Further, frequency
modulation is another major drawback (Vorperian and Cuk, 1982;
Oruganti and Lee, 1985a, 1985b). Further, high voltage gain demand
by grid integration and step-down nature of FEI pushes up transformer
turns ratio.

Solar-grid integration demands higher power densities. Therefore,
operating a converter at a fixed frequency helps to optimize the mag-
netic design, control circuitry and EMI filters (Pitel, 1986). Therefore
clamped mode series resonant converter with full bridge FEI, which
operates under fixed switching frequency, is more suitable for solar-grid
integration rather than half bridge FEI (Agrawal et al., 1989; Sabate and
Lee, 1991; Tsai and Lee, 1988; Tsai et al., 1988).

Resonant inductor appears in series to leakage inductance of prac-
tical transformer, but winding capacitance is not included into con-
verter operation. Therefore, for every high frequency voltage reversal in
resonant tank, none of the RER diodes are forward biased for power
transfer unless parasitic capacitor (Cw) is charged/discharged. This
abnormal subinterval hinders the power flow and increases output
current ripple. Therefore, voltage-fed series resonant converters need
overdesigned output filter capacitor for solar-grid integration (Johnson
et al., 1988).

On the other hand, a half bridge parallel resonant converter (FEI,
Fig. 6 (b1); Resonant tank, Fig. 6(c2)) integrate both leakage in-
ductance and winding capacitance into converter operation
(Ranganathan et al., 1982; Bhat and Swamy, 1989; Steigerwald, 1984).
However, output LC filter turns as bulky as transformer in case of high
output voltage applications such as solar-grid integration. Therefore,
both series and parallel resonant converters suffer from bulky output
filter. However lower currents on secondary side can increase resonant
capacitor life time and thus reliability of the converter (Tan and Ruan,
2016). Further, this converter offers inherent short circuit protection.
However, energy stored in resonant tank is independent of load current.
Therefore, light load efficiency is poor (Steigerwald, 1988).

Unlike half bridge parallel resonant converter, full bridge counter-
part (FEI: Fig. 6(b2)) offers fixed switching frequency operation as re-
quired by solar-grid integration (Tsai et al., 1989). However, parallel
resonant converter is devoid of series capacitance which exposes
transformer to risk of flux walking.

Drawbacks of series (inability to regulate under no load) and par-
allel (independence of stored resonant energy on load) resonant con-
verters are alleviated in half bridge series–parallel resonant converter
(FEI, Fig. 6(b1); Resonant tank, Fig. 6(c3)) which could be a suitable
candidate for solar-grid integration (Bhat and Dewan, 1987).

It carries advantages of both series and parallel resonant converters.

Practical transformer

1 n:
vac

iac
Llk

Lm Cw

Ideal 
transformer 

Fig. 5. Significant non-idealities in practical transformer when operated at high
frequency (Johnson et al., 1988).
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However, bulky LC filter in output, wide range frequency operation and
compromised light load efficiency remain major drawbacks of this
converter. Even though LC filter can be replaced with capacitive filter
(Biela et al., 2009; Martin-Ramos et al., 2007, 2008; Sewell et al., 2003;
Ivensky et al., 1999), variable frequency operation is checked with
clamped voltage capacitance method (Bhat, 1992, 1995a,b; Garcia
et al., 1994), domination of parallel resonant tank characteristics de-
teriorate light load efficiency.

Another half bridge LLC-SRC resonant converter (FEI, Fig. 6(b1);
Resonant tank, Fig. 6(c4)), a modified version of series resonant con-
verter, is studied with an intention to alleviate drawbacks of series
resonant converter i.e., light load regulation sensitivity (Bhat, 1990).
LLC-SRC resonance tank is formed by placing an inductor in parallel to
transformer of a series resonant converter. Such a modified resonant
tank gain characteristics have load independent gain near ZVS region
and thus needs minimum variation in frequency for load compensation.
Similar to series resonant converter, resonant capacitor (Cr) can block
dc voltage into transformer. A constant frequency LLC-SRC resonant
converter (FEI, Fig. 6(b2); Resonant tank, Fig. 6(c4)) are given in (Bhat,
1995a,b; Bhat, 1997; Borage et al., 2005, 2007). Further enhancement
in voltage conversion ratio, extend input and load range is achieved by
split LLC-SRC resonant tank as shown in Fig. 7 (Sun et al., 2018). Four

element based resonant converters are also analyzed (Bucher and
Duerbaum, 2010; Shafiei et al., 2011) for better performances.

Design and optimization of above resonant converters against load
fluctuations is not easy due to load dependent resonant tanks. A simple
two-stage, buck followed by voltage fed push pull resonant converter is
proposed in (Blanes et al., 2011). Front end buck stage compensates
load and input fluctuations to decouple its influence on frequency of
operation. On the other hand, voltage fed push pull load resonant
converter needs very simple gate drive needs as opposed to
(Boonyaroonate and Mori, 2002; Ryan et al., 1998; Chu and Li, 2009).
Further, it offers fixed frequency of operation and for load and input
range.

However, inherently voltage fed resonant converters demand bulky
electrolytic capacitor rated at maximum input to enhance life time of
PV panel. But it limits life time of converter relative to PV panel life.
Fortunately current fed converter offer suitable compact solution.

(2) Current fed type

Current fed converters adopt inductive input filter which smoothen
input current ripple and enhances reliability of converter. Popular
duality technique is instrumental in deriving current fed converter
topologies from well-established and verified voltage fed converters.
Depending on nature of switching device, the current fed converters are
classified as converters with unidirectional voltage blocking switches
and bi-directional voltage blocking switches (Kazimierczuk and
Abdulkarim, 1995; Sasmal and Sensarma, 2018; Vishal et al., 2018).
Converters (Kazimierczuk and Abdulkarim, 1995; Sasmal and
Sensarma, 2018; Vishal et al., 2018) obtained by applying duality
principle to each operating mode of respective voltage fed converter
counterpart; on the other hand, current-fed converter can also be ob-
tained by applying duality principle to each stage (Wolfs, 1993).

(a) Bidirectional voltage blocking switches
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A simple bidirectional voltage blocking switch based class-D current
source parallel resonant converter, as shown in Fig. 8, with compre-
hensive analysis and design is presented in (Kazimierczuk and
Abdulkarim, 1995). Full bridge FEI with similar switches, as shown in
Fig. 9(a), is presented in (Sasmal and Sensarma, 2018; Vishal et al.,
2018). (LC)(LC) resonant tank and LC resonant tank are adopted in
(Sasmal and Sensarma, 2018; Vishal et al., 2018) respectively. A bi-
directional voltage blocking switch is achieved by series connection of
diode and MOSFET such that series diode disables body diode of
MOSFET. Such diodes carry complete load current and not suitable for
solar-grid integration as they compensate recovered switching losses
with blocking diode conduction losses. This worsens with full bridge
configuration. Further, optimization of magnetics and control circuitry
is not possible due to variable frequency operation (Sasmal and
Sensarma, 2018; Vishal et al., 2018).

(b) Unidirectional voltage blocking switches

On the other hand, a basic current fed converter with unidirectional
voltage blocking switches (MOSFET) includes cascaded boost converter
followed by unregulated voltage fed class-D LLC-SRC resonant con-
verter (Kim et al., 2013) or a push pull resonant converter (Barbi and
Gules, 2003). Front end boost converter compensates load and input
disturbances and operates converter at fixed frequency at the expense of
higher conduction losses. Push-pull converter (Thrimawithana and
Madawala,2008) eliminates front end buck converter, but operates at
variable switching frequency. A fixed frequency current fed push–pull
(Kim and Kwon, 2009; Kwon et al., 2009a,b) load resonant converter
adopts clamped switches. However, high side switches complicates
driving scheme and raises component count, power losses in converter.
By shifting active-clamp onto input inductor (Wu et al., 2017) main-
tains all merits offered by (Kim and Kwon, 2009).

Active clamped interleaved boost converters based FEI (Fig. 9(b)),
two LLC resonant tanks, each connected to one boost converter, is
presented in (Lin and Lin,2019) operates in variable frequency mode
with zero input current ripple. Like (Lin and Lin, 2019), converter
presented in (Shang et al., 2017) as shown in Fig. 10 needs high com-
ponent count but operates on fixed frequency and maintains soft

switching against wide input and load disturbances. However, (Patti
et al., 2014; Rathore et al., 2016; Vakacharla et al., 2018; Vakacharla
and Kumar Rathore, 2018, Vakacharla and Rathore, 2019a, 2019b,
2019c) adopt simplest of FEI (Fig. 9(c)) to maintain less component
count and soft switching in all devises under wide input and load dis-
turbances. Current fed resonant converter with LCC-T resonant tank,
exhibit ZVS, and operate with variable switching frequency and duty
ratio (hybrid control) (Vakacharla and Rathore, 2019a). On the other
hand, same converter on operating with fixed frequency exhibit ZCS
turnoff (Vakacharla and Rathore, 2019c). Similarly, converters adopt
LCC tank (Patii et al., 2014), LCL-T tank (Rathore et al., 2016), LLC-SRC
tank (Vakacharla and Rathore, 2019b) and LCL resonant tank (Rathore
et al., 2016) successfully operate with constant switching frequency,
constant input current, wide load range and input operation in favor of
solar-grid integration. However, clamp capacitors in FEI reduces relia-
bility of converter.

(3) Steady state and dynamic modelling

Steady state modelling of resonant converters is inherently complex
due to higher number of state variables. Conventional techniques such
as time domain (Lee and Siri, 1986; Gilbert et al., 2007, Bhat, 1991
state-space (Kang et al., 1991; Martin-Ramos et al., 2007) and state-
plane (Lee and Siri, 1986) approaches proved to be laborious and
frustrating engineers to explore. Fundamental Harmonic Approxima-
tion (FHA) analysis reduces resonant converter into Equivalent Linear
Sinusoidal (ELS) circuit which avail simple fundamental ac analysis
techniques for mathematical modelling. To match solar-grid integration
requirements, parallel and series–parallel resonant converters operate
with capacitive filter instead of bulky LC filter. Such modifications
further complicates the operation and modeling of converter with dis-
creet resonance. FHA technique also turns complex in such cases (Bhat,
1992; Sewell et al., 2003) thus (Vakacharla and Rathore, 2019a) pre-
sented technique to restore simplicity of FHA. A comparison of FHA
techniques pertaining to accuracy and complexity in case of full bridge
series–parallel resonant converter with capacitive output filter is
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presented in Table 1. Also, a comparison of gain predicted ELS models
derived by various FHA methods is presented in Fig. 11. Similarly,
(Bhat, 1992) details about modelling of LLC-SRC resonant converter.

Solar-grid integration expects a regulated dc bus against all odds to
feed grid-connected inverter. Therefore, dynamic model of the con-
verter for controller design is necessary. Dynamic models obtained from
discreet time-modelling approach (Verghese et al., 1986; Vorperian and
Cuk, 1983) lack in universality, simplicity and insight in dynamic op-
eration. Inspired from FHA, Extended Describing Function (EDF)
(Martin-Ramos et al., 2007; Yang et al., 1992; Tian et al., 2016; Hsieh
and Lee, 2018a) dynamic models can consider significant harmonic
orders, apart from fundamental, in resonant tank, thus universal.
However, complex in approach. Another approach, rotating co-ordinate
method allows perturbation and linearization valid in case of resonant
converters (Hsieh and Lee, 2018b). An accurate state plane approach is
detailed in (Hsieh and Lee, 2018a).

B. Quasi resonant converters

In quasi-resonant converters resonant elements contribute only for
soft switch transition during switching. Conventional switches, in
combination with auxiliary reactive elements, can be forced to carry
quasi-sinusoidal currents and/or voltages to eliminate switching losses
(Tabisz and Lee, 1991). Such switches are called resonant switches.
Replacing conventional switches of PWM converters with such resonant
switches results in quasi-resonant converters. As an example, Quasi
resonant ZVS (resonant capacitor is in parallel with device) switching
buck converter, as shown in Fig. 12(a), and Quasi resonant ZCS (re-
sonant inductor is in series with device) switching buck converter, as
shown in Fig. 12(b), based on buck topology are presented in Fig. 12.
Quasi resonant converters resemble conventional PWM converters. In
addition to reduced switching losses, quasi-resonant converters able to

integrate non-idealities of switches, diodes, inductors and transformers
into converter operation which otherwise generate spikes is a major
advantage (Liu and Lee, 1984, 1990). However, quasi-resonant con-
verters no longer able to compensate load and input disturbances
through duty ratio modulation thus adopt frequency modulation. Fur-
ther, non-idealities introduced by resonant components incurs addi-
tional voltage drops and thus limits higher voltage gains and power
levels. Also, switches are subjected to higher voltage, current stress. A
unified approach in analyzing quasi-resonant converters are presented
in (Wu et al., 1999). Detailed advantages and drawbacks of quasi-re-
sonant converters are reported in (Liu and Lee, 1984, 1990). Abilities of
quasi-resonant converters in comparison to conventional PWM con-
verters are reported in (Schlecht and Casey, 1988). Two major classes of
quasi-resonant converters, ZCS-QRC (favors smooth turn off) and ZVS-
QRC (favors smooth turn on) at an expense of increased switch current
and voltage stress are detailed in (Zhang and Huang, 1991). Also,
constant frequency quasi resonant converters are detailed in
(Maksimovic and Cuk, 1991; Anderson et al., et al., 1991; Erickson
et al., 1989).

Multi resonant converters can integrate merits of ZCS and ZVS Quasi
resonant converters by replacing PWM switches of classical dc/dc
converters at an expense of increased circuit complexity and component
count (Tabisz and Lee, 1989a, 1989b; Nuno et al.,1992). However,
switches still suffer from soaring current and voltage stress and variable
frequency operation still remain major disadvantage. Operating fre-
quency range is highly vulnerable with PV voltage fluctuations. Con-
stant frequency MRC with clamped switch voltage are presented in
(Farrington et al., 1990; Chau et al., 1996).

Compared to QRC and MRC topologies, constant switching fre-
quency active clamped quasi resonant fly back converters are more
attractive for solar grid integration applications at lower power levels
due to their simplicity. A Basic fly back converter suffers from huge
voltage and current impressions on switches, high di/dt turn off on
secondary diodes. Solutions such as RCD snubber (Zhang et al., 2010;
Wang et al., 2016) clamps voltage stress on switches to lower levels by
dissipating leakage energy into snubber resistance. Instead of dis-
sipating, active clamp technique (Yoshida et al., 1992; Jr, 1986; Henze
et al., 1988) recycles leakage energy. Further, it magnetizes fly back
transformer with bidirectional current to eliminate switching losses at
expense of increased conduction losses in transformer. On the other
hand, range of soft switching is highly limited which is extended by
adding a resonant inductor in series to fly back transformer. Leakage
inductor on resonating with switch capacitance eliminate switching
losses in power switch, auxiliary switch and secondary diode. In addi-
tion, transformer is magnetized with unidirectional current to limit
conduction losses in transformer (Watson et al., 1994; Harada and
Sakamoto, 1990; Watson et al., 1996). Soft turn off of secondary diode
offer significantly reduced noise in secondary and snubber free opera-
tion. High voltage gain applications such as solar grid integration ex-
pect slow diodes in secondary, thus active clamped fly back converts are
of choice in particular. A secondary active-clamped flyback converter

Table 1
Comparison of proposed technique with various techniques proposed in literature.

Bhat (1992) Sewell et al. (2003) Ivensky et al. (1999) Vakacharla and Kumar Rathore (2018)

ELS Circuits

zoeq (2) (3), (4), (5) (6), (7), (8), (9) (1)
Accuracy Highly inaccurate Accurate Moderately accurate Accurate
Solution type Closed Unclosed; (5) Closed Closed
Complexity Simple Requires numerical methods Requires curve-fitting methods. Simple
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Fig. 11. Comparison of voltage gain predicted by ELS circuit (Ivensky et al.,
1999; Rathore et al., 2016; Bhat, 1992) with voltage gain obtained through
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(Xue and Zhang, 2018) and auxiliary cell assisted flyback converter
(Tarzamni et al., 2017) are also discussed.

Symmetrical and asymmetrical voltage fed full bridge converters
augmented with voltage doubler are presented in (Isurin and Cook,
2001; Do, 2012). Such converters are also intended for PV applications
as they offer higher voltage gain, grid isolation, clamped switch vol-
tages, constant operating frequency. However, due to voltage fed FEI,
input current ripple demands bulky unreliable electrolytic capacitor.

Converters with constant input current, i.e., current fed type, can
eliminate requirement of bulky capacitive input filter. Such converters
can extend converter reliability in par with PV panel life time.
However, current fed converters suffer from switch turn off spike which
forces them to adopt FEI with active clamping technique (Dobakhshari
et al., 2016, 2017; Zeng et al., 2002; York et al., 2013; Park et al., 2012;
Park and Choi, 2012). A current fed transformer assisted auxiliary step-
up circuit based non-isolated quasi resonant converter can offer higher
voltage gain at expense of increased component count limited at lower
power levels (Park et al., 2012). A current fed quasi resonant boost half
bridge dc/dc converter can offer high voltage gain at expense of bulky
inductive output filter (Zeng et al., 2002). An interleaved version with
capacitive output eliminates these demerits (Park and Choi, 2012).
Integrated boost quasi-resonant converter with FEI as shown in Fig. 9(c)
and leakage inductor as resonant is discussed in (Dobakhshari et al.,
2016, 2017). They adopt voltage doubler as RER for higher voltage gain
and compact transformer turns ratio. Though (Dobakhshari et al., 2016,
2017; Zeng et al., 2002; York et al., 2013; Park et al., 2012; Park and
Choi, 2012) offers compact size, constant input current, fixed frequency
operation, a clamping capacitor is mandatory thus compromises the
reliability of the converter. Unclamped current fed quasi resonant
converters certainly enhance life time of converter in par with PV panel
under such conditions. A high efficiency clamp less half bridge current
fed multi resonant converter (FEI: Fig. 13(a); resonant tank: Fig. 6(c7))
offers soft transition in switches (Yuan et al., 2010). A clamp-less full
bridge counterpart (FEI: Fig. 13(b)), discussed in (Chen et al., 2008),
offers high voltage gain and reliability at expense of variable operating
frequency. A comparison of a current-fed resonant and quasi-resonant
converter topologies has been outlined in Table 2.

Impulse resonant converters, are a special class of quasi resonant
converters. This technique has been verified on various FEIs such as
push pull (as shown in Fig. 13(c)) (Sree and Rathore, 2015, 2017a; Kim
et al., 2014), full bridge (Sree and Rathore, 2017b) (as shown in

Fig. 13(b)) and half bridge (Sree and Rathore, 2016) (as shown in
Fig. 13(a)). Impulse resonant converters also offer high voltage gain,
high reliability at expense of compromised efficiency and variable
switching frequency. Conventional time domain analysis for steady
state and dynamic modelling are valid for quasi resonant converters.
Major drawback of impulse converters is variable frequency operation
and higher peak currents.

3.2 HF pulse width modulated (PWM) dc/dc converters

A. Voltage-fed PWM dc/dc converters

Isolated power electronic dc/dc converters can be classified into two
categories: (1) single-ended topology and (2) double-ended topology
depending upon the core utilization of the transformer. Flyback and
forward converters are the two main single-ended topologies. Flyback
converter is the most popular single-ended voltage-fed PWM converter
for PV system due to its cost effective and single-switch simple con-
figuration. Due to its poor core utilization, Flyback converter is suitable
for low power applications such as solar microinverter. Push-pull, half-
bridge and full-bridge configurations are three basic double-ended
topologies as shown in Fig. 14. The core utilization of double-ended
topologies is better, which reduces the volume and weight of the con-
verter offering high power density. The transformer in double-ended
topologies can further be optimized over full duty cycle range. Full-
bridge topology is modular, scalable and is preferred for higher solar
power applications.

Phase-shifted modulation technique is widely adopted for PWM dc/
dc conversion in full-bridge topology (Sabate et al., 1990). The energy
stored in the leakage inductance of the transformer is utilized to
achieve ZVS soft-switching of the semiconductor devices. This tech-
nique suffers from the problem of limited soft-switching range. The
lagging-leg of the full-bridge converter tends to lose ZVS at light load
conditions. The ZVS range can be extended by increasing the leakage
inductance of the transformer or by adding an external series inductor
(Gautam et al., 2011). However, adding a large series inductance re-
duces the power transfer capability of the converter due to the effective
duty cycle loss of the converter. Additional auxiliary circuits have been
proposed to extend the ZVS range , however a considerable amount of
power is dissipated in the auxiliary circuits and the circuit is much more
complex (Wijeratne and Moschopoulos, 2014; Jain et al., 2002; Wu
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et al., 2006).
Voltage-fed PWM converters also suffer from the issue of voltage

overshoot and ringing across rectifier diodes, which are caused by the
resonance between the transformer leakage inductance and parasitic
capacitance of the rectifier diodes. RCD snubber circuit (Mweene et al.,
1991) and an active-clamping circuit (Sabate et al., 1991) are often
used to suppress the voltage spikes across the diodes. Several energy
recovery clamp circuits (ERCCs) have also been proposed to accom-
modate the issues of the voltage spikes in (Ilic and Maksimovic, 2007;
Xinke et al., 2007; Cha et al., 2008). Although such techniques are able
to solve the problem, they increase the complexity of the converter and
degrade the efficiency.

In addition to the above issues in voltage-fed PWM converters,
during the freewheeling intervals, the reflected load current circulates
through the primary side, causing additional conduction loss. The
rectifier diodes are replaced with active switches in (Cacciato et al.,
2010; Hu et al., 2019) to allow additional freedom to achieve wide
range of soft-switching and reduced conduction loss. The obvious

drawback is the high count of active switches and high cost.

B. Current-fed PWM dc/dc converters

Voltage-fed topologies employ large electrolytic capacitor resulting
in large size, high cost and shortened lifetime. These shortcomings are
in conflicts with overall requirements of dc/dc converters for PV sys-
tems. Compared with the voltage-fed converters, current-fed converters
offer the following merits. (1) Lower input current ripple or nearly stiff
dc current, which is beneficial to extract maximum power from PV. (2)
Lower transformer turns-ratio: Current-fed converters are boost derived
converters and have built-in boost function. Therefore current-fed
converter results into lower transformer turns ratio, which can simplify
the design and reduce losses. (3) No diode ringing and free from duty
cycle loss due to purely capacitive output filter. (4) Easier current
control ability. The input current can be directly and precisely con-
trolled.

With these merits, current-fed converters have been justified and

Table 2
Comparison of Current-fed Resonant and Quasi resonant converters.

Parameter LCC-T (Vakacharla and Rathore, 2019c) LLC-SRC (Vakacharla and Rathore,
2019b)

Quasi resonant (Yang et al., 2002; Dobakhshari et al., 2017;
York et al., 2013)

Output power 300 W 300 W 300 W
Output voltage 380 V 380 V 380 V
Input voltage 30 V 30 V 30 V
Frequency of operation 128 kHz 150 kHz 100 kHz
Load compensation PWM PWM PWM

Semiconductor ratings
Diode Average current 0.8A 0.8A 0.8A

Blocking Voltage 380 V 380 V 380 V
Turn-on ZVZCS ZCS ZCS
Turn-off ZVZSC ZCS Hard

Main switch RMS current 14.4A 13.7A 16.3A
Peak current 26A 23.33A 30.35A
Peak voltage 110 V 110 V 110 V
Turn-on Hard ZVS ZVS
Turn-off ZCS Hard Hard

Auxiliary Switch RMS 1.47A 3.14A 4.34A
peak 2.6A 6A 10.77A
Peak voltage 110 V 110 V 92 V/110 V
Turn on Hard ZVS ZVS
Turn off ZCS Hard Hard

Resonant tank
Lr 9.26uH 4.66uH 2uH
Cs 22nF 291.78nF NA
Cp 44nF NA NA
Lm NA 37.348uH NA
Gain offered by tank 1.8 0.9 NA

Transformer
Currents at full load 8.48A 10.13A 13.1A
Currents at light load 5.4A 1.5A 1.3A
Transformer voltage rating 54 V 54 V 54 V
Transformer VA rating 457.92VA 547.02VA 707.4VA
KW/KVA rating 1.526 1.823 2.358
TUF 65.51% 54.8% 42.4%
Transformer turns ratio 1:2 1:5.5
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demonstrated as a suitable option for PV applications. Different topol-
ogies of current-fed PWM dc/dc converters have been researched. As
illustrated in Fig. 15, full-bridge, half-bridge, and push–pull topologies
have been proposed for the low voltage side inverter stage. For the high
voltage side rectifier stage, there exist some popular topologies like full-
bridge diodes rectifier, half-bridge voltage doubler, and center-tapped
rectifier.

B.1. Traditional current-fed dc/dc converter with snubber or aux-
iliary circuits

The major drawback of current-fed converter is high voltage spike
across device at turn-off owing to the energy stored in the leakage in-
ductance (Bleijs and Gow, 2001; Morten and Andersen, 2010; Jang
et al., 2007). Snubbers are generally required to limit the voltage spike
to prevent the switching device from a permanent breakdown. Different
snubber circuits such as dissipative snubbers, and regenerative snub-
bers have been proposed as shown in Fig. 16. These snubbers are em-
ployed to accommodate the whole boost inductor current until the HF
transformer current is fully built up to the level of the boost inductor
current. The LC snubber stores the surge energy in the capacitor during
device turn-off. Once the switch is turned on, the capacitor is reset and
energy stored in the inductor is fed back to the input instead of being
dissipated. However, the conventional LC snubber has several problems
like complex structure; difficult optimal design, and do not assist in
soft-switching.

In (Wu et al., 2010), an auxiliary flyback snubber including a ca-
pacitor, a diode and a flyback converter was introduced to recycle the
absorbed energy. The flyback snubber alleviates the voltage spike and
transfers the trapped energy to the load. The circuit operates with hard
switching.

Another approach is to apply ZCS to divert the current away from
the switches before turning them off. In (Averberg et al., 2008), ex-
ternal auxiliary circuits are utilized to achieve ZCS and reduce the
circulating current for current-fed full-bridge topology. In (Leung et al.,
2007), the transformer leakage inductance and device output capaci-
tance are used to create a quasi-resonant path to facilitate ZCS. The
shortcoming is that four extra diodes are connected in series with the
main switches to reduce the circulating loss. This brings more con-
duction losses and increases the cost and circuit footprints. For the
topology proposed in (Wang et al., 2009), an external circuit consisting
of two uni-directional switches and a resonant capacitor is employed to
obtain ZCS turn-on/off of the switches. The ringing due to the inter-
action of the transformer leakage inductance and switch capacitance is
major limitation of this technique. Higher voltage rating devices or
dissipative snubbers are needed. In (Mousavi et al., 2012), an external
boost converter is added to provide a path for the boost inductor cur-
rent and send the trapped energy to the load. A small inductor is needed
to achieve ZCS turn-on /off. Although the trapped energy can be re-
cycled, the auxiliary circuits still contribute to a significant amount of
loss. The higher cost and circuit complexity are two major concerns.

Similar external snubber or auxiliary circuits can be adopted for
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other topologies too. But they add to the cost and volume and not
scalable for higher power application owing to loss of modularity. In
addition, boost capacity is compromised and it requires additional
secondary turns in transformer.

B.2. Active clamped current-fed dc/dc converters

A simple way to suppress the voltage spike inherited in current-fed
converter is to utilize power semiconductor devices and a large HF film
capacitor to provide an additional commutation path. It allows the
current flowing through the leakage inductance to rise to the input
inductor current in a controllable manner. The voltage spike can be
considered to be clamped by the HF film capacitor. Thus this is called
active clamp technique. The energy stored in the leakage inductor can
be recycled, thus solving the energy loss problem. With a proper
parametric design, ZVS of primary switches can be achieved.

Active clamp has been implemented in many fundamental topolo-
gies, such as full-bridge current-fed topology (Liu et al., 2019) as shown
in Fig. 17, several examples of typical current-fed L-L type half-bridge
topologies as displayed in Fig. 15 (Jang et al., 2007; Rathore et al.,
2012; Hu et al., 2015), push–pull topologies (Wu et al., 2008; Kwon
et al., 2009a,b). The active clamp technique can be applied to three
basic double-ended topologies. All of them can achieve ZVS soft-
switching of all switches and have higher efficiency compared to dis-
sipative/passive snubbers. However, they all suffer from the demerits of
additional floating devices, driver, and large HF capacitor adding to
volume. Compared with active clamped full-bridge topology, L-L type
half-bridge and push–pull topologies have less number of active
switches and potential lower input current ripple with interleaving ef-
fect. The utilization of HF transformer of push–pull topologies is poor.
The L-L type active-clamped converter can achieve higher boost ratio
on account of equivalent dual boost converters on primary side.

Peng et al., proposed a novel type of current-fed dc/dc converter
with a single boost half-bridge as shown in Fig. 18 (Cao et al., 2012).
This topology is a boost type circuit and minimizes the devices count for
the same power rating compared to full-bridge topology, which allows a
compact packaging. Each switch and corresponding capacitor will serve
as the active clamp for the complementary one. Practically, the ZVS
soft-switching can’t be maintained through full range of load. Another

drawback of half-bridge topology is the requirement of split capacitors
which have to deal with the full load current.

Similar active clamp techniques have been reported for three-phase
current-fed topologies (Hu et al., 2014). Three-phase converter not only
inherits the advantages of aforementioned single-phase current-fed
converters but also increases the power transfer capability switches
with the same voltage and current rating compared to single-phase one.
In addition, reduced RMS current per phase and low conduction loss
and smaller size of passive components are achieved for the same power
compared to the single-phase converter.

B.3. Natural clamped current-fed dc/dc converters

Naturally-clamping for current-fed converters was introduced in
(Prasanna et al., 2013) and proposed a great contribution to develop a
new family of current-fed converters and solve the traditional issue of
device turn-off voltage spike without additional snubber. The main
principle of secondary-modulation-based naturally clamping technique
is to utilize the reflected output voltage across the primary winding of
the HF transformer. The reflected output voltage diverts the input boost
inductor current from one switch (or switch pair) to the other switch (or
switch pair) through the HF transformer. A minor circulating current
allows body diode conduction to ensure ZCS and natural turn-off. Low
voltage side switches are naturally voltage clamped by reflected output
voltage and achieve ZCS turn-off and nearly ZVS turn-on, while the high
voltage side switches realize ZVS turn-on.

Two types of secondary-modulation have been implemented over
current-fed half bridge topology and full bridge topology as shown in
Figs. 19 and 20 (Prasanna and Rathore, 2013; Xuewei and Rathore,
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2014; Bal et al., 2018). The key operating waveforms of these two
secondary-modulation techniques have been displayed in Fig. 21. Both
of them can achieve natural voltage clamping while for (Prasanna and
Rathore, 2013) the current flowing through HF transformer is dis-
continuous unlike (Xuewei and Rathore, 2014). Thus the control
method proposed in (Prasanna and Rathore, 2013) suffer from the os-
cillation due to the resonance between the leakage inductance of HF
transformer and device capacitances when current in the transformer
reaches zero.

For both of these two techniques (Prasanna and Rathore, 2013;
Xuewei and Rathore, 2014), at light loads conditions, the peak current
through the leakage inductance of HF transformer and the low voltage
side switches is much higher than the input current. As a result, the
performance of the converter is reduced at light loads. (Bal et al., 2018)
proposes dual phase shift (DPS) modulation implemented over the same
topology. In addition to φ, the phase difference αs between the diagonal
switches on high voltage side is also controlled. With this modified
modulation strategy, the value of aforementioned peak current is
greatly reduced and thus the performance of the converter is improved
at light load conditions. However, such converters tend to be expensive

for unidirectional applications due to increased high side switches and
driver circuits (Pan et al., 2020).

B.4. Impulse commuted current-fed dc/dc converters

Impulse commutation utilizes transformer leakage inductance and
interturn winding capacitance as the resonance tank, which allows the
device voltage to rise gradually and therefore solve the issue of device
turn-off voltage spike without increasing complexity and degrading
performance of converters. It should be noted that it is not a resonant
converter. Owing to boost nature and modulation, the resonance hap-
pens only for a short period of time depending upon the overlap time.
During this resonance impulse, the circulating current flows through
the anti-parallel body diode of the devices causing ZCS device turn-off
and also gives rise to peak current. Therefore, the design of the impulse
circuit should be to limit the body diode conduction time and hence, the
peak/circulating current to limit the conduction losses. Since, this is not
a resonant converter, the peak current is limited.

Impulse commutation technique can be applied to three basic
double-ended topologies L-L type half-bridge, push–pull, and full-
bridge (Sree and Rathore, 2015, 2016) as shown in Fig. 22. Reduced
peak and circulating currents compared to resonant converters with
identical LC tank are achieved for impulse commutated current-fed
converter. Therefore, the efficiency of impulse commutated current-fed
dc/dc converter can be maximized compared to resonant converters.
The gain is immune to the load, meaning that with load current var-
iation, the voltage is regulated with no frequency or light frequency
variation. Frequency modulation is employed to regulate load voltage
with variation in source voltage. The demerits of impulse commutated
current-fed converter can be summarized as: (1) Frequency variation to
regulate load voltage with source variability, (2) Increased diode con-
duction time with increase in input voltage, (3) optimum design of LC
tank to limit frequency variation to limit switching losses and simplify
filter design.

4. Low frequency multilevel converters

To integrate the large scale photovoltaic power plants (MW level),
high power converters operating at medium voltage or high voltage
conducting high current are needed. For the past two decades, the trend
has been in replacing two-level topologies by on multilevel topologies
in high-power applications such as flexible AC transmission systems
(FACTs), static synchronous compensator (STATCOM), high voltage DC
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(HVDC), medium voltage DC (MVDC), ship propulsion, electric vehicle,
more electric aircraft, solar PV energy conversion and wind energy
conversion system (Kouro et al., 2010). Numerous multilevel inverters
have been proposed as well as available in the market for solar PV
conversion systems. Some of these topologies along with their merits
and limitations are discussed next.

Introduction of multilevel converters (MLC) has emerged in the late
1960s (McMurray, 1971). The aim of the power converter stage at solar
PV system is to convert the available dc power into sinusoidal ac power.
The converter output waveform from MLC replicates sinusoidal wave-
form while comparing with the classical two-level PWM waveform.
Some of the notable advantages of MLC are high-quality waveforms,
reduced filter sizes, transformer-less topology, low dv/dt stress, high
power handling capability using low voltage semiconductor devices,
etc. The MLC can also be classified as current-fed MLC and voltage-fed
MLC. The converters that bring multilevel in the current waveform are
referred as current-fed MLCs and the converters that bring multilevel in
the voltage waveform are referred as voltage-fed MLCs. The voltage-fed
MLCs have extensively been researched for the past few decades
(Carrasco et al., 2006) whereas the current-fed MLCs are in their initial
research stage.

4.1. Voltage-fed MLC

Voltage-fed MLCs have been researched extensively for the past few
decades (Carrasco et al., 2006). The multilevel in the voltage is
achieved by using multiple capacitors in case of single sourced MLC
topology. Each level is contributed by one of these capacitors’ voltage.
The desired output level is achieved by turning-on or turning-off the
semiconductor devices connected across the respective capacitors. For
developing a multilevel topology, these capacitors can be connected in
different ways to classify voltage-fed multilevel converters as neutral
point clamped (NPC) MLCs (Nabae et al., 1981), flying capacitor (FC)
MLCs, cascaded H-bridge (CHB) MLCs, hexagram MLCs and hybrid
MLCs (Kouro et al., 2010; Yin et al., 2019). Among these topologies
NPC, FC and CHB are well established and treated as classical voltage-
fed MLC topologies. There are various voltage fed MLC topologies are
recently developed (Rodriguez et al., 2007) but in this section only the

MLC topologies that are developed for solar PV application and how
these topologies mitigate the issues when used for solar PV applications
are discussed.

A. Neutral point clamped (NPC) topology

In NPC, (L-1) number of capacitors are connected in series to obtain
L-level voltage waveform at the converter output (Wang et al., 2017).
The topology is shown in Fig. 23 is a three-level NPC topology. Each
capacitor is equally charged to a voltage value of Vdc/L using 6(L-1)
number of semiconductor devices. Recently, the NPC topology has been
modified into different configurations such as active-NPC to replace the
diodes with the active semiconductor devices to provide full control on
the neutral point (Wang et al., 2017) and advanced T-type NPC (AT-
NPC) to enable low conduction loss of the converter (Fujii et al., 2013).
Fuji Electric has manufactured a highly efficient high power (1 MW)
solar inverter using the AT-NPC. The charging of series capacitors in
NPC converter can be utilized to handle the partial shading problem. In
case of large-scale PV plants, the partial shades on some photovoltaic
modules lead to reduced power generation from its potential maximum
power. This has been overcome by connecting each PV string or PV
module to one of the capacitors at the NPC input (Busquets-Monge
et al., 2008). By doing so, the capacitor voltages are independently
controlled to obtain the maximum power from the respective PV
strings/modules connected to the capacitor. This modified arrangement
with the independent voltage control technique helps to achieve 30%
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more power extracted as that of the conventional NPC.
Another modified NPC (Sahoo and Keerthipati, 2017) is a voltage

boost NPC. It combines LC-switching boost stage with the NPC to-
pology. The modified voltage boost NPC helps to achieve desired
multilevel waveform with a single converter structure and it avoids a
need for additional dc/dc converter for boosting low voltage from PV
modules.

The NPC topology can be extended to any number of voltage levels.
However, with the increased number of voltage levels, the number of
semiconductor devices will also increase that reduces reliability. In
Sivakumar (2015), a fault tolerant multilevel NPC has been proposed in
which the modulation and control technique is implemented to operate
the converter during faulty conditions. The converter is operated to
transfer the PV power without any interruption even in a faulty con-
dition with the help of an additional multi-tapped transformer. How-
ever, this operational benefit comes with the cost of losing one or more
levels from the multilevel converter.

B. Cascaded MLC topology

Another classical topology that is widely researched for solar PV
application is cascaded H-Bridge topology. The topology needs multiple
dc sources to obtain the multilevel waveform. Large scale PV plants are
built with multiple PV modules (as multiple sources) and therefore, the
CHB topology is the best suited voltage-fed MLC for PV application.
CHB topology is made of series connection of H-bridge outputs con-
nected to PV modules. The input to the H-Bridge is either PV modules/
PV strings as shown in Fig. 24. Compared to the NPC topology, the CHB
is simple to build due to its modular structure. However, the number of
sources needed in case of CHB is 3L where L is the number of levels in
CHB MLC. Whereas in NPC, a single source is sufficient to produce L
levels. For CHB MLC the number of H-bridges decides the number of
levels at the output (Villanueva et al., 2009). For nHB count of H-bridges
there is L = 2n+ 2 number of multi-levels are possible. The modularity
nature of CHB MLC makes it easy to extend it to higher voltage levels.

Three-phase power generated from the NPC topology is balanced
since the same set of sources are utilized to produce the three-phase
power. However, with the CHB, the PV modules are connected in-
dividually for each phase and thus it brings unequal power generation
between the phases if the solar irradiance and module temperatures are
unequal (Sharma and Das, 2019; Amaral et al., 2018). The difference in
the solar irradiance is unavoidable in case of large-scale PV power
plants. A zero-sequence injection-based controller is designed in (Yu
et al., 2016) for CHB to integrate balanced three phase power to grid
even when there is unequal solar irradiance between the panels in the
phases. Another way of handling the unbalanced power between phases
is to replace the star connected three-phase in CHB to delta connected
three phases (Yu et al., 2017). This modification in the cascading
structure will circulate zero sequence current due to the unbalanced
power within the delta connection. To withstand the circulating zero
sequence current using delta connection, the semiconductor devices in
CHB has to be overrated.

To handle basic faults in the converter such as short circuit fault,

open circuit fault, or double short circuit fault, an external/ internal
bypass strategy along with three-phase power balance controller is
proposed in (Yu et al., 2015). It provides uninterrupted power to the
grid even when there is a fault in the converter devices. In (Stonier and
Lehman, 2018), an artificial neural network-based method has been
proposed to detect the 20 types of faults (includes solar PV faults and
inverter faults) that can occur during the operation of the converter. In
addition, an auxiliary inverter is connected with the CHB to mitigate
the identified faults (Stonier and Lehman, 2018).

Another challenge with respect to CHB topology is tracking the
maximum power of the PV modules. The H-bridge outputs are serially
connected in CHB. If one of the panels is receiving less radiance then it
will bring down the other PV modules of the phase leg from their
maximum power point. Hence, the H-bridges need to be programmed
with maximum power tracking controller to extract maximum possible
power. A mixed staircase PWM technique with sorting algorithm has
been utilized in (Coppola et al., 2016) to control the serially connected
H-bridges and maximum power of each PV modules are tracked in-
dependently using this technique.

A modified cascaded version of this topology is proposed in
(Achanta et al., 2019) where H-bridges are replaced with three-phase
bridge circuits resulting in conversion of dc power from each PV
module in cascaded MLC directly to three-phase power. It avoids the
power imbalance issue caused by shading on PV modules. Another
advantage is that it eliminates the need for low-frequency transformer
for MVAC grid integration (Achanta et al., 2019).

C. Modular multilevel converters (MMC)

An emerging MLC topology named Modular Multilevel converter
(MMC) is becoming an interesting research topic in the multilevel
topologies and widely applied in case of single dc source applications.
Recently, the MMC topologies have also been researched for solar PV
applications (Rong et al.,2017; Islam et al., 2017; Mei et al., 2013;
Nademi et al., 2016; Lizana et al., 2016). The MMC topology is shown
in Fig. 25. It contains three upper and three lower arms with two arm
inductors between upper and lower arm. Each arm consists of n number
of sub-modules. A submodule can be constructed with either half-bridge
with capacitor (Mei et al., 2013; Nademi et al., 2016) or full-bridge with
capacitor (Lizana et al., 2016). The usage of MMC is not that popular as
NPC and CHB because of circulating current and capacitor voltage
balancing problem. It restricts the solar inverter efficiency and the
uncontrolled circulating current can make the system unstable (Ilves
et al., 2012). The circulating current magnitude depends on the number
of sub-modules used in the arms. As the large scale solar PV system
handles high power, the MMC needs to utilize higher number of sub-
modules per arm. Therefore, the circulating current is inexorable for
solar PV plant. Though the arm inductors are placed in each phase of
MMC to limit the magnitude of circulating current, they might not be
sufficient enough to completely control the circulating current. To solve
this issue, a selective virtual loop mapping technique has been proposed
in (Mei et al., 2013). The technique utilizes a virtual sub-module to
balance the capacitor voltages so that the circulating current is reduced.
In (Lizana et al., 2016), the capacitor voltage balancing is achieved by
using voltage transformation method in which the four energy com-
ponents are controlled. In (Nademi et al., 2016), the arm inductors are
replaced by an open-end transformer to reduce the voltage rating of the
devices by half and to reduce the number of cells by half for the same
voltage multilevel output.

Another point to be noted in single sourced MMC for solar PV is that
all the PV modules/strings are connected as an input to the converter.
This causes the PV power conversion operating point away from the
maximum power point. To enable maximum power tracking for each
PV string, a modified version of MMC is developed in (Rong et al., 2017;
Islam et al., 2017). In this configuration, the capacitors in sub-modules
are replaced with PV module and capacitor. This modification helps toFig. 24. Cascaded H-Bridge MLC.
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have individual MPPT controller for each PV module. The capacitor
connected in parallel with the PV module in the modified MMC will
help in reducing the losses due to partial shading by regulating the
capacitor voltages (Rong et al., 2017).

4.2. Current fed MLC

Based on the principle of duality between voltage and current
sources, several current-fed MLCs analogous to voltage-fed MLCs have
been identified. Current-fed MLCs offer several advantages such as high

power conversion capability, transformer-less operation, short circuit
protection, a longer lifetime as the storage elements are inductors and
excellent quality of output current waveforms. The current source
nature of the current-fed MLCs enables them as suitable MLC for solar
power application. The dc link voltage at the solar PV installation is
limited to 1500 V due to the insulation requirement for PV modules
(Serban, et al., 2015). Therefore, in order to increase the power hand-
ling capability of the converter the only possible way is to increase the
current capacity. One of the basic advantages of the MLC topologies is
the reduced device current rating. In the case of voltage-fed MLC, the

Fig. 25. Modular MLC.

Fig. 26. Current-fed paralleled H-Bridge MLC.
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voltage rating of the devices is reduced; however, the current rating is
still the maximum converter handling current. Hence with the dc bus
voltage limitation, another way to achieve MW power converter is to
utilize current-fed MLCs. The current rating of the devices is reduced to
2/(L − 1) times by using L-level current-fed MLC (Gnanasambandam
et al., 2017). The CHB topology is found to be promising among other
voltage-fed MLC topologies. The dual of the CHB in current-fed MLC is
paralleled H-bridge converter. The topology of the paralleled H-bridge
MLC is shown in Fig. 26. It could be observed that the paralleled H-
bridge MLC topology needs independent current sources (Guedouani
et al., 2011; Dash and Kazerani, 2011). The parallel H-bridge MLC is a
suitable candidate for the solar PV application as multiple dc source can
be obtained by connecting to different sets of PV strings (Dash and
Kazerani, 2011, 2012; Vekhande et al., 2015). The dc links for the in-
verter obtained by either connecting the PV module directly or PV
module with a front-end dc/dc converter. The dc currents from dif-
ferent PV modules may not be the same due to partial shading and
dissimilarities between the PV modules. Under such variations, the MLC
output current will contain lower order harmonics. To handle unequal
currents, a closed loop controller with space vector modulation (SVM)
strategy is needed in order to keep output current within allowable
harmonic and THD standards (Vekhande et al., 2015). Another notable
issue with this topology is the resonance between the inductor and the
filter capacitor, which will introduce the lower order harmonics in the
output current. The resonant issue has been overcome in (Zheng et al.,
2011), by designing virtual resistor based active-damper in the con-
troller design. The dynamic performance of the converter is decided by
the filter size. The filter size will be large if the converters are operated
at low switching frequency (< kHz). However, for high power appli-
cation, the high switching frequency operation increases the switching
losses and needs for additional cooling requirement. A novel modula-
tion technique has been proposed (Gnana Samdandam et al., 2019) to
achieve reduced filter size by limiting the lower order harmonics as
well as achieved better dynamic performance by utilizing the ad-
vantages of SVM scheme.

To summarize, at low or moderate power levels, HF power con-
verters are used to accomplish compact, light weight and low cost
system. The switching frequency may vary from 20 kHz (medium
power) to 1 MHz (low power) based on the specifications. However,
high-switching frequency operation of the semiconductor devices re-
sults in higher switching losses, thus limiting the power conversion
efficiency. Therefore, soft-switching of the semiconductor is im-
plemented to reduce the switching losses, thus realizing high efficiency.
The soft-switching can be implemented using PWM techniques or re-
sonant tank. Resonant tank suffers from the demerits of the complex
variable switching frequency control and circulating through the
components demanding overrated components. Also, optimizing the
tank kVA rating or the resonant tank parameters is a challenge to op-
timize the efficiency and the volume. PWM techniques offer simple
control but limited soft-switching range. If the source is variable like
solar, then soft-switching range in PWM converters and switching fre-
quency range in resonant converters, become a challenge. Voltage-fed
converters suffer from high peak currents if a capacitive filter is used
and suffer from duty cycle loss, voltage ringing and snubber require-
ments if inductive filter is used. On the contrary, current-fed converters
offer voltage gain, short circuit protection, current limiting feature, and
free from the problems of the duty cycle loss and voltage ringing.
However, current-fed converters suffer from the hard device commu-
tation resulting in high voltage spike across the devices at their turn-off.
Therefore, auxiliary snubber or clamping circuit is usually required for
current-fed converters. For power conditioning a higher power, owing
to the unavailability of the higher blocking voltage semiconductor de-
vices, multilevel converters are used. For better device utilization, limit
the switching losses, and to limit the cooling requirements, device
switching frequency is usually limited to < 1 kHz and currently be-
tween 50 Hz and 500 Hz based on the power level. Multilevel

converters suffer from the large number of capacitors and device re-
quirements but reduced filtering and cooling requirements and there-
fore, used for high power generation.

5. Conclusion

This paper is on the enabling technology ‘Power Electronics’ that is
mandatory between source (solar) and the load as the power condi-
tioner. It is an essential requirement to match the specifications of the
source and the load as well as to manage the power and energy flow
between them subject to the atmospheric conditions. MPPT is also
implemented using a switching device (that is power electronics). This
paper is an state-of-the-art paper reporting the advances on the MPPT
as well as on the power conditioning topologies. This state-of-the-art
review paper help to have a quick literature survey and gather in-
formation on the advancements of MPPT techniques and solar power
converters in a confined manner. In this review article, a comprehen-
sive review and comparison of solar MPPT techniques have been re-
ported. Several high-frequency PWM and resonant dc/dc converter
topologies have been reported. These topologies can either be used for
MPPT or front-end dc/dc conversion for boosting the solar voltage to
meet the load voltage level. Both, the voltage-fed and current-fed PWM
and resonant dc/dc converters have been discussed with more emphasis
on current-fed converters for solar applications. Soft-switching opera-
tion pf these topologies has been discussed to maintain the high effi-
ciency at high switching frequency of the semiconductor devices. Such
power converters are good up to medium power applications. For
higher power solar generation, multilevel converters have been re-
ported. Various popular voltage-fed MMC topologies and their com-
parison has been discussed. At last, current-fed multilevel converter is
discussed as a new interesting topic of research for solar generation
application. In a grid connected system, inverter should comply with
IEEE1547, IEC61727, etc., standards to ensure safe integration with
grid and eliminate issues like power quality, detection of islanding
operation, reduced common mode currents, restricted injection of dc
currents into grid to avoid saturation of distribution transformer. Also
inverter should adopt decoupling techniques in order to combat second
order harmonic power component.
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