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Abstract: Central-type photovoltaic (PV) inverters are used in most large-scale standalone and
grid-tied PV applications due to the inverter’s high efficiency and low-cost per kW generated. The
perturbation and observation (P&O) and incremental conductance (IncCond) have become the most
common techniques for maximum power point tracking (MPPT) strategies of PV /wind generation
systems. Typically, the MPPT technique is applied in a two-stage operation; the first stage tracks the
MPP and boosts the PV voltage to a certain level that complies with grid voltage, whereas the second
stage represents the inversion stage that ties the PV system to the grid. Therefore, these common
configurations increase the system size and cost as well as reduce its overall footprint. As a result,
this paper applies two IncCond MPPT techniques on a proposed single-stage three-phase differential-
flyback inverter (DFI). In addition, the three-phase DFI is analyzed for grid current negative-sequence
harmonic compensation (NSHC). The proposed system efficiently provides a MPPT of the PV system
and voltage boosting property of the DC-AC inverter in a single-stage operation. Moreover, the
MPPT technique has been applied through the DFI using the conventional and modified IncCond
tracking strategies. Furthermore, the system is validated for the grid-tied operation with the negative-
sequence harmonic compensation strategy using computer-based simulation and is tested under
uniform, step-change, as well as fast-changing irradiance profiles. The average efficiencies of the
proposed system, considering the conventional and modified IncCond MPPT techniques, are 94.16%
and 96.4% with tracking responses of 0.062 and 0.035 s and maximum overshoot of 46.15% and
15.38%, respectively.

Keywords: MPPT; incremental conductance (IncCond); differential inverter; differential flyback
inverter (DFI); high-frequency transformer (HFT); continuous modulation scheme (CMS);
harmonic compensation

1. Introduction

Photovoltaic (PV) energy supplies the utility grid with electricity for public utilization
purposes. PV energy generation offers many advantages compared with conventional
fossil fuels, such as inexhaustible energy sources, environmentally-friendly nature of
energy resources, and reduced cost per kWh [1,2]. Moreover, the modular operation
characteristic of the PV generation system allows for the construction of solar energy
systems at different power levels and load ratings. However, PV generation systems
suffer from the drawback of low conversion efficiency and high installation cost [3]. In
addition, the level of generated power from the PV system depends on many aspects, such
as solar irradiance level and ambient temperature. However, the recent advancement in
the interfaced power electronic technologies provides different solutions for solar energy
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utilization with enhanced operational efficiency [4]. Considering different irradiance levels,
there is only a unique point where the PV system generates the maximum power, as
depicted in Figure 1. Therefore, it is very important for solar energy applications to track
the point of peak power for better solar energy utilization.
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Figure 1. Characteristic curves of PV module.

To track the optimal power point, numerous maximum power point tracking (MPPT)
techniques have been presented through interfaced power electronic circuits [5-7]. These
MPPT algorithms vary in many aspects, such as tracking efficiency, system dynamic
response (system settling time and overshoot), cost, and the required implementation
equipment. An analysis of more than 30 different MPPT topologies is illustrated in [7,8].
Among the different MPPT topologies, perturbation and observation (P&O) [9-15] and
incremental conductance (IncCond) [16-19] MPPT techniques are the most common topolo-
gies due to their simplicity, low implementation cost, and direct operation as a result of their
independency on PV array parameters. In addition, different MPPT techniques have been
proposed based on the parameters of the array, such as the fractional short-circuit current
that predicts the location of optimal power from the short-circuit current [14,20], frac-
tional open-circuit voltage that estimates the MPP from the array open-circuit voltage [21],
fuzzy logic control-based tracker [22,23], neural network control-based algorithm [24],
model-predictive control-based algorithm [25], and the sliding mode control-based MPPT
techniques [26,27]. These tracking topologies are iterative MPPT topologies, which track the
MPP with high precision under uniform irradiance conditions. However, these topologies
suffer from slow response under load change and fast-changing weather conditions. In
addition, the MPP spends a large execution time for MPPT control decision, which slows
the system tracking response. In [28], an enhanced P&O technique has been presented to
improve the PV system tracking operation under fast-changing irradiance conditions. In
this control technique, the I-V curve of PV array has been used to differentiate between
the irradiance change and operating point perturbation. However, this topology exhibits a
slow system dynamic response with high contained steady-state oscillations. Moreover,
an improved IncCond MPPT algorithm has been proposed in [16], which applies an al-
lowable error level to improve the dynamic response of the conventional MPPT strategy
under fast-changing irradiance conditions. However, it executes complex calculations
that slow the system response. In [29], a modified IncCond strategy has been presented
that efficiently tracks the optimal power point under fast-changing irradiance conditions.
The presented topology improves the steady-state oscillations. However, the algorithm
implements this function through complex computations that slows the system dynamic
response. In [10], a modified P&O MPPT technique has been recommended to improve
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the tracking efficiency. However, the proposed controller slows the system response to the
long computational execution time. In [30], the basic IncCond MPPT technique has been
implemented through Cuk converter, which directly perturbs the duty-cycle of the Cuk
converter to track the MPP until the optimal power point location is reached. However, it
uses the conventional fixed step-size voltage perturbation that slows the system dynamic
response and decreases the system tracking efficiency. Therefore, many research efforts
are exerted to improve the tracking efficiency as well as system efficiency by applying
a few variable step-size perturbation control algorithms [31,32]. However, the fixed and
variable step-size MPPT techniques are applied to improve the tracking efficiency and
dynamic behavior of the proposed controller through the DC-DC converter or two-stage
DC-AC conversion stage, which increases the system size and cost, and controls complexity.
Recently, different MPPT control parameters and topics are raised for the optimal operation
of MPPT techniques for modern distribution networks with multi-types of intermittent
renewable energy resources [33-35].

1.1. Motivation

Stimulated by the aforementioned literature survey, this work aims to apply a modified
IncCond MPPT algorithm via a single-stage isolated DC-AC grid-connected differential
flyback inverter (DFI). Both MPPT techniques are direct MPPT controllers, which can
operate directly with the PV without any pre-stored data requirements [1,2]. In addition, the
conventional and modified IncCond MPPT algorithms are compared by a grid-connected
PV system through the three-phase isolated DFI. The two MPPT algorithms are applied
to the grid-tied PV system under uniform, step-changing, and fast-changing irradiance
profiles. The modified MPPT algorithm improves the system dynamic performance by
decreasing the system overshoot by 30% and the settling time by 0.03 s compared with the
conventional fixed-step MPPT algorithm. Ultimately, the average tracking efficiency of the
isolated three-phase grid-integrated PV system is increased from 94.17% to 96.42%.

1.2. Contribution
The significant contributions of this paper are summarized as follows:

1.  The study provides a simple single-stage three-phase isolated grid-tied PV system
through a differential flyback inverter.

2. The proposed system is applicable under conventional as well as modified MPPT
algorithms and at different irradiance conditions.

3.  The single-stage operation of the PV system exhibits improved average efficiencies of
94.17% and 96.42% for the conventional and modified algorithms, respectively, with
grid isolation for protection purposes.

4. The modified MPPT algorithm enhances the system overshoot from 46.45% to 15.38%
and the system settling time from 0.062 to 0.035 s.

5. The paper exhibits a simple, low-cost, and efficient single-stage three-phase isolated
grid-tied PV system through DFI with a 1:2 voltage boosting property.

1.3. Organization

This paper is organized into the following sections. Section 2 illustrates the PV
array model with a detailed analysis of PV array specifications. Section 3 analyzes the
single-stage three-phase DFI circuit structure and operation, whereas the single-stage
conventional and modified IncCond MPPT techniques are explained in Section 4. The
system specifications and results considering the conventional and modified single-stage
IncCond MPPT algorithms are deeply analyzed in Section 5. Finally, the conclusions are
provided in Section 6.

2. Solar Cell Modeling

In general, different mathematical modeling topologies are presented for the solar cell,
which form the basic constructional element in the PV array [3]. A single-diode model has
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been used for simplicity purposes as depicted in Figure 2. The solar cell voltage-current
mathematical relationship formula is as follows [1]:

Vpy + Ipy-R Vpy + Ipy-R
I = Ipy — Igg- [exp{qmc“:;s} - 1} _ % 1)

where

Ipy: light-produced current/photocurrent (A).

Isy: reverse saturation-current (A).

g: electron charge (C).

Vpy: solar-cell output-voltage (V).

Ipy: solar-cell output-current (A).

Rs and Rgy: series and shunt resistors ((2), respectively.
A: P-N junction ideality-factor.

K: Boltzmann’s constant (1.38 x 10~23 J/K)

T: solar-cell temperature (K)

R Ipy
AN 0
IPH Ish

<*> Ip . §RS;, Vor

Figure 2. Solar cell model.

o,

In addition, the produced photo-current depends on the level of irradiance (G) and
the cell ambient temperature (T) as follows [2]:

G

Ipp = {I;; + Ki{(T - T") e

@)
where I;.* is the short-circuit current of PV array at standard temperature and irradiation
conditions (STICs) (T* = 298 K, G* = 1000 W/m?) and K; is the PV array temperature
co-efficient. In addition, the reverse saturation current is related to the cell temperature as
follows [2]:
L+ Ki(T—T%) 3)

Vot Ko (T—T*
exp [7‘5 )} -1
where V,.*, Ky, and V; are the cell open-circuit voltage at STICs, open-circuit voltage
co-efficient, and the thermal voltage (V; = K-T/q), respectively.

For a PV array combining series-connected cells of Ns per string and parallel-connected
strings of N, the PV array generated output-current can be formulated as follows [36]:

Isqr =

Vpy Rs N

-+ Ipy i = Vev + Ipv-R
Ny Ipy — Ny Igar SR QY (D U e
I_Np Ipy, Np Isat- |expq q AKT 1 Rsp @

Moreover, Canadian solar module CSP-220M PV is utilized in the proposed single-
stage grid-tied system, where its characteristics under a uniform irradiance profile (1000 W/m?)
are depicted in Table 1. In addition, the system characteristics are directly related to the
applied irradiance level as depicted in Figure 3.
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Table 1. Canadian solar module characteristics CSP-220M PV.

Maximum power, PMPP 220 (W)

MPP Voltage, VMPP 48.3159 (V)

MPP Current, IMPP 4.54758 (A)

Open-circuit voltage, VOC 59.2618 (V)

Short-circuit current, ISC 5.09261 (A)

Temperature, STC 25°C
6
1000 W/m’ 1200
~ \ N
S a 750 W/m> 150 &
3 5
£ 3
g 500 W/m® L100 &
5 3
S 1 A
s 250 W/m” 3
= 150
= x oy
L L L L 0

0 10 2‘0 30 40 50 60
PV output voltage, Vpv(V)

Figure 3. Output characteristics of the solar cell under different irradiance levels [1].

3. Three-Phase Single-Stage DFI

Figure 4 shows the three-phase DFI circuit structure, which consists of three parallel-
connected input and differential-connected output flyback converter modules. Therefore,
each module utilizes two switches (Sp1y, Sry), high frequency transformer (T;y), and output
capacitor (Cox), where x =g, b, or c. Each flyback module temporarily transfers the input
power to the secondary side with voltage bucking/boosting property as depicted in the
operational modes in Figure 5. In addition, a variable duty-cycle is applied to control
each flyback module under a wide range of duty-cycle changes to form DC output-voltage
over module-output capacitors, which have a sinusoidal envelope and 120° phase-shift
between the different modules (see Figure 4). Consequently, the differential connection
between the flyback modules cancels the DC-voltage component and forms sinusoidal
voltage waveforms at the grid terminals. Moreover, the success of the single-stage DFI
depends on the flyback HFT design. As the DFI transfers the power temporarily to the
grid, the HFT performs two main operational functions: (a) Storage element for the input
power over the HFT magnetizing inductance, Ly, (b) Galvanic isolation for grid integration
applications. In addition, the HFT offers further voltage bucking/boosting properties.

Different modulation schemes are used to control variable duty-cycle inverter topolo-
gies as reported in [37,38]. The grid-tied DFI synthesizes a sinusoidal grid current deceived
with low-order harmonics due to the voltage boosting property with a mismatch between
the converter modules and the input-to-output nonlinear relationship [39]. Therefore, the
continuous modulation scheme (CMS) combined with the static linearization method (SLM)
is used for low-frequency odd harmonics elimination in the grid-injected currents [40].
However, a feedback separate compensation loop is required for NS low-frequency even
harmonics compensation. In addition, the CMS-based control scheme improves the input
current ripple for PV applications as well as grid current THD to follow the IEEE and IEC
standard harmonic limitations [41,42].
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Figure 4. Differential-based three-phase flyback inverter.

Measure Vev(n —1),Iev(n—1)
Vev(n), Ipv(n)

Update
V(n)=V(n-1)
I(n)=I(n-1)

Figure 5. Conventional IncCond MPPT algorithm flowchart.

4. Incremental Conductance MPPT

The incremental conductance is a common MPPT technique that tracks the optimal
PV array power directly without pre-defined information about the PV system [1]. It
tracks the MPP by comparing the addition of the instantaneous conductance (I/V) and the
incremental conductance (Ai/Av) with zero to decide the location of the MPP (I/V + Ai/Av).
The slope of the solar array P-V curve is positive on the left side of MPP, zero at the MPP,
and negative on the right side of MPP. Consequently, the MPPT algorithm adjusts the PV
array voltage to control the operating point location. Therefore, when the P-V curve slope is
negative, the controller moves the operating point to the left side toward the MPP locations
by decreasing the PV array voltage. Similarly, when the slope is positive, it increases the
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PV array voltage to move the operating point to the right side toward the MPP. Finally, as a
null slope is reached, the voltage adjustment stops and the MPP is reached as depicted in
the control algorithm in Figure 5. This simple and conventional MPPT algorithm tracks
the MPP effectively at a uniform irradiance condition. However, it causes oscillations
around the steady-state location and can easily divert the MPPT under fast-changing
irradiance conditions. This conventional algorithm has the former handicap since it cannot
differentiate between the fast-changing irradiance effects and the MPP location change.

Considering the former drawbacks, a modified IncCond MPPT technique is applied to
track the optimal operating point location for efficient MPPT as shown in the algorithm
flowchart in Figure 6 [3]. The modified algorithm tracks the MPP efficiently by checking
the current variation sign with voltage variations. If the voltage perturbation results in
current variations of the same sign, a sudden irradiance change is applied to the solar array
(see Figure 6). Otherwise, the conventional IncCond technique is adequate to track the
optimal MPP efficiently. In addition, the modified IncCond MPPT technique uses different
step sizes in the PV array perturbation according to the location of the MPP on the P-V
curve. Therefore, the closer the operating point to the MPP, the smaller the step size of
voltage perturbation as depicted in the modified technique flowchart in Figure 6.

Measure Vev(n—1),Ipv(n—1)
Vev(n),Iev(n)

l" Y

Update
V(n)=V(n-1)
I(n)=I(n-1)

Figure 6. Modified IncCond MPPT algorithm flowchart.

5. System Results and Discussion
5.1. System Specifications

Based on the aforementioned analysis and modeling of different parts of the proposed
system, the PSIM software is used to simulate the single-stage grid-tied PV system com-
bined with the MPPT algorithm. In addition, the paper did not consider the experimental
system verifications due to the unavailability of the system prototype at this moment,
which will be considered in the future with low power capacity. This section illustrates the
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validation of the three-phase DFI using CMS control techniques through 200 V, 5 kW, and
50 kHz switching frequencies as the down-scale system for central-type PV inverters. The
DFI closed-loop control scheme with the main and secondary control-loops is described in
Figure 7. The parameters of the grid-tied system are listed in Table 2, which consists of the
input PV array-based Canadian solar module with the parameters in Table 1, the DFI power-
stage, and the grid-tied current filter (grid-inductance). Moreover, a stringent designed
snubber-circuit is used to mitigate the high voltage spikes over the power switches.

Chock | !

®| MPPT+Grid [¢---"-"""" :
_____ »| Control |[¢

CinTr

[G]-» a::;y + : Inverter coil
o
LR

W\
D
i
Lo Lok ¥ Vg
|
|
|

Figure 7. Proposed DFI control scheme.

Table 2. Overall DFI system parameters.

Inverter rating, P 5 kW
Input DC-voltage, V;, 100 V
Input-filter, L;,,, Cj, 150 uH, 10 uF
Input filter-resistance, r;, 40
Grid-voltage (L.L.), E, w 200V,2 x 7t x 60 rad/s
HFT magnetizing-inductance, L;, 100 uH
HFT primary-resistance, 1, 2 mQ)
Output-capacitor, C, 10 puF
HFT leakage-inductance, L eage 225 uH
HFT turns-ratio, n 1:1
Grid-inductance, Lg 4mH
Grid inductor-resistance, 74 5mQ
Switching-frequency, Fsyy 50 kHz
MPPT update frequency 0.025 ms [43]

0.097 A/V, 280 rad-s~!
Canadian solar module
0.0002, 0.0005, 0.00006 s

PI controller-gains, Kp, Ky
PV array specifications
Ad, Ad1, Ad2

In addition, this section aims to exhibit the performance of the conventional and
proposed IncCond MPPT techniques through a compact three-phase DFI under a uniform
irradiance profile and constant temperature fixed at 25 °C. Moreover, the fast-changing
irradiance profile is applied to the proposed grid-tied system to investigate the MPPT
response under stringent irradiance conditions. Furthermore, the DFI connects the PV
system to the utility grid with a voltage boosting factor of (2), as shown in the input and
grid voltage specifications listed in Table 2. The system circuit diagram has been illustrated
in Figure 4 and the duty-cycle increments are listed in Table 2.

5.2. System Results

First, the proposed single-stage grid-tied PV system is tested under the conventional
and modified IncCond MPPT techniques using a step-change uniform irradiance profile,
as depicted in Figure 8. The solar irradiance profile is depicted in Figure 8a. The solar
irradiance is uniform at 1000 W/m? for 1 s of the operating period, which is step-changed
to 500 W/m? for another 1 s. Figure 8b shows the PV output-voltage using the conventional
and modified IncCond MPPT techniques compared with the reference PV voltage, which
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2
Irradiance (W/m")

is plotted in red color as depicted in the legend of each waveform. In addition, the MPP
reference voltage variations are small compared to the variations in the actual waveforms.
The results of the two tracking techniques are matched. However, the modified IncCond
algorithm improves the system settling time and overshoot from (0.062 s and 46.15%)
for the conventional algorithm to (0.035 s and 15.38%), respectively, as shown in the two
zoomed regions. In addition, the d-axis current of the conventional and modified MPPT
techniques are compared with the reference value as depicted in Figure 8c,d, respectively.
Therefore, it proves the single-stage IncCond-based MPPT operation of the proposed grid-
tied PV system under the two tracking algorithms using a step-changing irradiance profile.
In addition, the settling time and overshoot of the d-axis current is improved using the
modified IncCond from (0.062 s and 46.15%) for the conventional technique to (0.035 s and
15.38%), respectively.

Reference voltage,

Coventional IncCond.,

Modified IncCond.

d-axis currents (A)

g-axis currents (A)

Reference d-axis current,

Conventional IncCond.,
Modified IncCond.

LR

(0)

Reference g-axis current,
Time (s)
(d)

Conventional IncCond.,
Modified IncCond.

Figure 8. Grid-tied system results under the step-change uniform irradiance profile. (a) Step-change
irradiance profile; (b) PV output-voltage under the two IncCond MPPT techniques; (c) grid-injected
d-axis current; (d) grid-injected g-axis current.
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Furthermore, the fast-changing irradiance profile is applied to the single-stage grid-
connected PV system to reveal the tracking response of the conventional and modified
IncCond MPPT techniques under these hard and fast-changing irradiance conditions. The
fast-changing irradiance profile is depicted in Figure 9a,b. As can be seen, the PV output-
voltage under the conventional and modified MPPT techniques is compared with the
reference value. The system output-voltage using the modified IncCond MPPT technique
shows an improved response compared with the conventional one. The d-axis current of
the conventional and modified MPPT algorithms is compared with the reference value in
Figure 9a,c comparison of the g-axis current is illustrated in Figure 9d.

NF—\
=
~
s
5]
o
=
8
o
©
e
=
(a)
S i
- | - e Vg L i N I I
) % 74 4 =
E‘P Reference voltage,
)
'_o‘ Conventional IncCond.,
>
~ Modified IncCond.
[a®
(b)
lamn)
= . .
Tn“ Reference d-axis current, Conventional IncCond.,
= Modified IncCongy
<5}
Bt
=
=
)
n
2 f
T
o
<
L
1) Reference g-axis current, Conventional IncCond.,
8 Modified IncCond.
j = N
;_‘ v
=
3]
2
=
®
o
Time (s)
(d)

Figure 9. Grid-tied system results under the fast-changing irradiance profile. (a) Step-change

irradiance profile; (b) PV output-voltage under the two IncCond MPPT techniques; (c) grid-injected
d-axis current; (d) grid-injected g-axis current.
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It is clear that the PV-side and grid-side results guaranteed the single-stage DC-AC
PV system under the conventional and modified IncCond MPPT techniques. Moreover,
the modified algorithm exhibits a better performance and dynamic response than the
conventional algorithm’s poor response. It improves the classical tracking behavior by
decreasing the system settling time and dynamic overshoot. In addition, Figure 10 shows
the FFT harmonic spectrum of the grid-injected current. The grid current THD is (3.95%),
which follows the IEC-61000 and IEEE-519 harmonic standard limits.

100

0.87% at 120 Hz

11 lllllll

p—
S

11 lllllll

11 lllllll

e
f—

11 lllllll

FFT spectrum of grid current (ia %)
S
o

11 lllllll

0.001 T T T llllllll T T llllllll T LI llllllll
0.01 0.1 1 10 100
Frequency (kHz)

Figure 10. Grid current FFT harmonic spectrum (3.95%).

In addition, Figure 11 shows the instantaneous grid-injected powers and instanta-
neous tracking efficiency of the proposed single-stage PV system based on the following
formula [1]:

7 = 28-100%) )
th
where 77 is the instantaneous tracking efficiency, Pg is the grid-injected power, and Py,
refers to the theoretical grid-injected power. In addition, the average tracking efficiency can
be calculated from the following formula [2]:

t
Pg
Navg = (NT) = fot

-100[%] (6)
0 Py,

The grid-injected power of the conventional and modified MPPT techniques is com-
pared with the theoretical grid-injected power in Figure 11a. Moreover, Figure 11b shows
the instantaneous tracking efficiency of the two IncCond-based MPPT algorithms based on
Equation (5). Therefore, the modified algorithm improved the system average efficiency
from 94.46% to 96.41%, which improved the system efficiency by 2.25%. Finally, the afore-
mentioned results guaranteed the single-stage IncCond MPPT algorithm operation for the
grid-tied PV system through the three-phase DFI.
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Figure 11. Grid current FFT harmonic spectrum. (a) Fast-changing irradiance profile; (b) grid-injected
power comparison with theoretical power; (c) PV system tracking efficiency comparison.

6. Conclusions

This paper proposes a single-stage incremental conductance-based MPPT technique
for the grid-tied PV system through the three-phase DC-AC isolated DFI. The proposed
system decreases the required number of operational stages, components, and footprints. In
addition, the system operation has been investigated by considering the conventional and
modified IncCond MPPT algorithms. Moreover, the two tracking techniques are applied to
the PV system under the step-change uniform irradiance as well as fast-changing irradiance
profile. The system results guaranteed the single-stage operation of the proposed grid-tied
PV system under the two MPPT techniques. Furthermore, the proposed modified Inc-
Cond algorithm exhibits an improved dynamic response compared with the conventional
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technique. It improves the system overshoot and settling time by (0.027 s and 30.77%),
respectively. Ultimately, the tracking efficiency of the proposed single-stage grid-tied
PV system has been improved from (94.16%) for the conventional IncCond algorithm to
(96.41%) for the modified algorithm, as listed in Table 3. As a result, this paper achieved the
single-stage MPPT operation using two techniques with the efficiency enhancement and
minimized inverter footprint, which is applicable for industrial central-type PV tracking
systems. Finally, the experimental verification of the proposed system will be investigated
in future work considering a low-scale system capacity and standalone operation.

Table 3. Conventional vs. modified IncCond MPPT technique comparison at 1000 W/m? and 25 °C.

MPPT Algorithm Settling Time (s) Max. Overshoot (%) Nt (%)
Conventional IncCond 0.062 46.15 94.1648
Modified IncCond 0.035 15.38 96.4168
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