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Abstract: In this paper, a grid-connection single-stage PV inverter system is presented, which can deal with solar energy and performs
power conditioning. To draw maximum power from PV arrays, double-linear approximation (DLA) algorithm is presented to achieve
maximum-power-point tracking (MPPT) for PV arrays. The DLA is based on that the trajectories of maximum power point vary with
irradiation and temperature linearly. With the DLA, the inverter system can determine maximum power point instantaneously and then,
calculates current command easily. Thus, complicated calculation and perturbation about an optimal point can be avoided. In this paper
a corresponding circuit to realize DLA is carried out as well, of which configuration is simple. As a result, the proposed circuit is
cost-effective and can be embedded into inverter system easily. From simulated and experimental results, the proposed DLA algorithm

has been verified and the feasibility of the PV inverter system is also demonstrated.
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1 Introduction

Due to the rapid development of industry, the overuse of
fossil fuel results in environment pollution, greenhouse
effect and ecological damage. Adopting renewable and
clean energy resources to replace fossil fuel is imperative.
Among all kinds of renewable-energy resources, solar
energy is obtainable readily so that the demand for
photovoltaic (PV) panel has been increasing more and
more. The output voltage and current of a PV panel vary
with irradiation, panel temperature, and power loading
nonlinearly. Under certain atmospheric condition, there
exists a maximum power point. To draw maximum power
from PV panel, a large number of researchers have
proposed maximum power point tracking (MPPT)
algorithms such as voltage feedback method [1], power
feedback method [2,3,4], perturb-and-observe method [5,
6,7], incremental conductance method [8,9], three-point
weight comparison method [10,11], and linear
approximation method [12]. Each MPPT algorithm has its
advantages, disadvantages, and limitations.

To deal with PV power, PV inverter system is in
charge of the conversion transferring dc power into ac
power and then injecting PV power into utility. PV
inverter systems can be briefly divided into two

categories. One is multi-stage system, the other is single
stage. The multi-stage system has the demerits of low
efficiency, high cost, large size and poor reliability.

In this paper, a double-linear approximation (DLA)
MPPT is presented, which is based on that the trajectories
of maximum power point vary with irradiation
approximately linearly, and so does with temperature. The
DLA can track maximum power point instantaneously
and can be implemented easily. According to the DLA,
MPPT can be achieved without any calculation and
perturbation about an optimal point can be avoided. In
this paper, a corresponding circuit of the DLA is
developed and then, is embedded in the PV inverter
system. The DLA circuit can determine a reference
voltage for inverter current calculation so as to draw
maximum power from PV arrays. Simulations and
hardware measurements have verified the DLA algorithm
and the feasibility of the grid-connection single-stage
inverter system.

2 System Configuration

Solar energy is clean, pollution-free and inexhaustible so
that developing solar energy power system can solve the
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Fig. 1: The block diagram of conventional grid-connection PV
system.
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Fig. 2: Illustration for a two-stage grid-connection PV system.

energy crisis of exhausting in fossil fuel. Recently,
photovoltaic arrays are widely used for power supply [13,
14,15,16,17,18,19,20,21,22,23,24,25,26]. PV systems
can be briefly classified into stand-alone and
grid-connection types. Owing to more flexibility in power
conditioning, the study on the grid-connection type
stimulates many interests. Fig. 1 shows the configuration
of a conventional grid-connection PV system, which
consists of multiple stages, leading to low efficiency, large
volume and high cost. To improve part of the
disadvantages, some researchers have designed two-stage
configurations, as shown in Fig. 2. For further efficiency
improvement and cost reduction, single-stage PV system
has been developed [27,28,29,30], of which block
diagram is shown in Fig. 3. Even though the structure of a
single-stage PV system is simpler than that of a two-stage
one, a couple of active switches, current sensors and
corresponding drivers are still needed in the power stage.

Configuration of the presented PV inverter system
with DLA circuit in this paper is shown in Fig. 4. The
input filter including an LC series-resonant circuit (L
and Cy) and a dc-bus capacitor Cy.. The LC
series-resonant circuit can filter out the double line
frequency of ac components on the dc side and switching
frequency noise can be reduced by the dc-bus capacitor.
In addition, the output filter prevents inrush current and
absorbs switching harmonics to lower EMI. In the
system, as full-bridge converter is adopted, power flow
can be processed bi-directionally and unipolar switching
scheme can be performed.

In the unipolar switching scheme, only one pair of
switches operates at carrier frequency while the other pair
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Fig. 3: The block diagram of single-stage inverter.
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Fig. 4: System architecture diagram of the presented single-stage
PV inverter.
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Fig. 5: The block diagram of the system controller.

operates at reference frequency, thus having two
high-frequency switches and two low-frequency switches.

In the inverter system, the kernel is the system
controller, which accomplishes MPPT, dc-side voltage
regulating, power calculation, digital compensator
realization and inverter current-command determination.
A corresponding block diagram is illustrated in Fig. 5.
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3 Operation Principle of the PV System

3.1 Derivation of Current Commands

In the PV system, once a current command is determined,
the output current of the full-bridge inverter will trace the
waveform of the reference current to perform power flow
controlling and power quality improvement. In the
followings, an optimal current command is derived.

According to the current and voltage definitions shown
in Fig. 4, the line voltage v,(¢) and non-linear load current
ir (1) are expressed as

Vg (1) = V2V sin (0f — ) , (1)
i (1) = i V2, sin (not — 6,), )
n=1

respectively. Then, the load instantaneous real power
(p(7)) and instantaneous reactive power (gz(¢)) can be
calculated as follows:

pL(t) =vs(1)iL (2)
= Vimsl1 €08 (¢ — 01) — Vysi cos 2ot + ¢ + 6)

+ i 2Vimsly sin (not + 6,) sin (0t + ¢) 3)
n=2
= pL+Pr,
where
Pr = Vimslicos (¢ — 6y), 4)
and
PrL=—Vunslicos 2ot + ¢ + 6;)
+ i 2Vymsly sin (not + 6,) sin (0t + @), )
n=2

Notation p; represents the constant part and py,
denotes the variant component. The instantaneous
reactive power can be obtained by multiplying the
nonlinear load current with a 90°-shifted voltage as
follows:

qu(t) = v (1) i (1)
= Vimsl sin (¢ — 61) — Viyly sin (200t + ¢ + 6;)

=Y 2Vl sin (nodt + 6,,) cos (ot + ) ©

n=2
=4qL+4qr,
where Vi () is the line voltage shifted by 90°, G is the
constant part and §; is the variant component of

instantaneous
determined by

reactive power. Apparent power is

— \/[Vrmsll cos (¢ — 01)]2 + [Vimsl sin (¢ — 61)]2 + i |Z W
n=2
(7

in which the first, second and third terms are the square of
real, reactive and distortion power, respectively. The
reactive and distortion power of a nonlinear load will be
supplied by the PV system. As a result, a compensated
line current, of which amplitude depends on PV power is
purely sinusoidal and in phase with line voltage. It can be
determined by

lj: _ \/i(pMI;;T _ﬁL (t)) sin(a)t _ (P)v (8)

3.2 The MPPT Algorithm

From the characteristics of a p-n junction and the
equivalent circuit, output current of PV arrays, IpV, can
be described as

\%
Ipy = nplpp —nplsa [CXP (k;A :V> - 1:| ) )
s

where Vpy is output voltage of PV arrays, ny is the total
number of cells in series, 7, stands for the total number of
cells in parallel, g denotes the charges of an electron
(1.6x10~1? coulomb), k is the Boltzmanns constant
(1.38x10’23J/OK), T is temperature of PV arrays (°K),
and A represents ideality factor of the p — n junction
(between 1 and 5). In addition, Iy, is the reversed
saturation current of the PV cell, which depends on
temperature of PV arrays and it can be expressed by the
following equation:

3
T GEep (11
I\'u :Irr e P — ) 10
sat {TJ exp{ A 7. T (10)

where 7, is cell reference temperature, I, is the
corresponding reversed saturation current at 7;., and Eg,)p
stands for band-gap energy of the semiconductor in the
PV cell. In (1), the 1, varies with irradiation S; and PV
array temperature 7', which can be represented as

Iph = [Isso + ki (T - Tr” S,’/lOO, (11)

where Iy, is the short-circuit current while reference
irradiation is 100mW /cm? and reference temperature is
set at T, and k; is the temperature coefficient. Based on
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(1), output power (Ppy) of PV arrays then can be
determined as follows:

Ppy = IpyVpy

= I’lplpthv — nplsa,va l:eXp (

g Ve _1 (12)
kTA ng ’

which reveals that the amount of generated power Ppy
varies with irradiation S; and PV-array temperature 7. So
it can be found that a maximum power point occurs when
the derivative of PV output power with respect to terminal
voltage equals zero. Therefore, the optimal PV terminal
voltage V,.r pppr in order to draw maximum power from
PV arrays can be obtained:

Vief MPPT

_kTA | [ kTA[lsso +ki (T —T;) S — 100154 (13)
q 1001sar [qVyes mppr + KTA] ’

In the derivation, both ng and n), have been assumed to
be one. Then, by substituting (13) into (12), the maximum
power Pyppr is expressed as

Puppr = LiVrer mppr — Lsat Vrier mppr [€Xp g Vierppr — 1]
(14)

Fig. 6 shows the relationship between Pyppr and
Vier.mppr under constant module temperature while
irradiation varies from 200 to 1000 W /m?. In the case of
fixed irradiation, the trajectory of Pyppr — Vyer mppr With
an increase of temperature from 25 to 65°C is shown in
Fig. 7. Fig. 6 and Fig. 7 reveal that Pyppr is linear to
Viermppr approximately. In addition, based on (4), the
curves of Vier yppr — T and Vier yppr — S; are shown in
Fig. 8 and Fig. 9, respectively, both of which can be
approximated by straight lines. As a result, once a
Viermppr is obtained, the MPPT is achieved readily. An
analog circuit to determine Vs yppr is designed and
shown in Fig. 10.

For analog circuit implementing, we choose the
element of photo-diode (PD) to sense irradiation for the
first linear equation realizing and we also adopt the
element of negative temperature coefficient of thermal
resistor (NTC) for sensing temperature to realize the
second part of the linear equation.

As shown in Fig. 10, the front part of the proposed
circuit is in charge of the determination of the affection
from irradiation. Under various sunlight irradiation, the
photo-diode will produce a corresponding potential and
this potential goes through a follower circuit along with a
differential operation amplifier to find E;. It is given as:

y=mx+Db

Accordingly, the use of equation (15) can trace the
maximum power point instantaneously under different
irradiation. When the temperature is changing, the rear
part of Fig. 10 is capable to determining the temperature
affection. Under a certain irradiation, a voltage by way of
the PD can be obtained. While temperature increasing,
the resistance of the NTC is decreasing. Since the
temperature and the resistance is in linear relationship.
The output voltage determined by the front part of the
MPPT circuit can be modified by the rear part and thus a
correct MPPT voltage is readily obtained. The
modification is represented as follows:

VeermppT =Y (—Rs5/R4), (16)
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Fig. 6: The relationship between Pyppr and Vy.ryppr while
irradiation increases from 200 to 1000 W /m?.
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Fig. 7: The relationship between Pyppr and Vy.ryppr while
module temperature increases from 25 to 65°C.
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Fig. 10: The proposed DLA circuit.

4 Simulated and Experimental Results

To demonstrate the effectiveness of the DLA and the
feasibility of the PV inverter system, a prototype is built
and then, is simulated and measured. If the inverter
system draws PV power with perturb-and-observe
method, Fig. 11 shows the simulated MPPT trajectory.
With the same atmospheric conditions, once the DLA is
adopted instead of the perturb-and-observe method, Fig.
12 is the simulation result of MPPT trajectory. In
practical measurements, Fig. 13 and Fig.14 show the
corresponding traces of MPPT of perturb-and-observe
method and DLA, respectively. From Figs. 11-14, it is
obvious that the DLA can improve the vibration caused
from perturb-and-observe method significantly. Fig. 15 is
the experimental waveforms of line voltage and injection
current in the case of step-up irradiation, while in the case
of shading is shown in Fig. 16.
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Fig. 11: MPPT trajectory by the perturb-and-observe method
while irradiation and temperature increase.
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Fig. 12: MPPT trajectory by the DALL while irradiation and
temperature increase.
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Fig. 13: Practical measurement of the PV power system with the
perturb-and-observe method.
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Fig. 14: Practical measurement of the PV power system with the
DLA.
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Fig. 15: The experimental waveforms of line voltage and
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5 Conclusions

In this paper, a grid-connection single-stage PV inverter
with DLA is proposed. The PV inverter system not only
can determine maximum power point instantaneously but
inject PV power into as mains effectively. The
configuration of the system is single-stage instead of
multi-stage architecture such that it improves efficiency
and is cost-effective. The simulations and hardware
measurements have verified the DLA and demonstrated
the feasibility of the PV inverter system.
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