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Abstract: The main purpose of this paper is to conduct design and implementation on three-phase
smart inverters of the grid-connected photovoltaic system, which contains maximum power point
tracking (MPPT) and smart inverter with real power and reactive power regulation for the pho-
tovoltaic module arrays (PVMA). Firstly, the piecewise linear electrical circuit simulation (PLECS)
power electronic real-time control system was applied to construct the simulation and actual test
environment for the three-phase mains parallel photovoltaic system, where the KC200GT photo-
voltaic module was used to form a 1600 W system for conducting the simulation. For enabling the
PVMA to output the maximum power in terms of both insolation and ambient temperature, where
the perturbation and observation (P&O) method was used for MPPT. Then, the voltage-power control
technology was added to the grid-connected photovoltaic inverter. When the grid voltage p.u. value
is between 1.0 and 1.03, the smart inverter starts voltage-power regulation, reducing the real power
output to 1440 W, and absorbing the system’s reactive power to 774 VAr. The power factor of the grid
system end is controlled to 0.9 (lagging), and the grid voltage is reduced to norminal value 220 V. If
the grid voltage p.u. value is between 0.97 and 1.0, the smart inverter starts voltage-power regulation,
controlling the output real power to 1440 W and the reactive power to the system to 774 VAr, so that
the power factor of the system end is controlled to 0.9 (leading), and the grid voltage is increased to
norminal value 220 V. Finally, the results from the simulation and actual test were used to demostrate
the effectiveness of the regulation performance of the smart inverter.

Keywords: photovoltaic system; maximum power point tracking (MPPT); photovoltaic grid-connected
smart inverter; voltage-power regulation

1. Introduction

The energy storage system is usually suitable for reducing the workload of the power
supply system during peak periods of power consumption. Mostly, the problem of insuffi-
cient power supply is solved by other alternative energy, such as batteries and photovoltaic
systems. In order to convert the energy from energy storage systems or photovoltaic sys-
tems into electrical energy that can be utilized by general electrical appliances, the power
conditioner must be used for power conversion. Since the PVMA is significantly affected
by the insolation and the module temperature, the relationship between the output voltage
and current is nonlinear. Therefore, the characteristic curve also differs under different
insolation and module temperature. Therefore, the MPPT technique shall be applied to the
photovoltaic system to reach maximum power output. In addition, due to unstable direct
current (DC) output from the photovoltaic system, the DC must be converted into stable
alternating current (AC) by the inverter, which then connects with mains in parallel for
power supply. When the power supply from general mains parallel photovoltaic power
generation system is insufficient for residential consumption, residents can fill up the
power insufficiency from mains. In the case of residual conversion power in the photo-
voltaic power generation system, it can be sold to the power company for rebates. Thus,
in addition to reducing the demand in peak consumption of mains, such a system can
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also mitigate the power company’s need to increase power generators due to only a few
hours of daily supply in peak power consumption. At the same time, the CO, produced
from coal burning can also be reduced. The advantages of a grid-connected photovoltaic
system lay in the system simplicity, ease of maintenance, and the conversion efficiency
of the photovoltaic inverter can reach 98%. The grid-connected photovoltaic inverter can
convert the photovoltaic DC voltage output from the maximum power tracker into sine
AC voltage and supply power to the mains grid. The magnitude, frequency, and phase of
the output voltage are controlled to be consistent with the mains grid, where the power
factor is controlled at 1.

However, should a massive amount of the photovoltaic power generation system
connect with the mains system in parallel, the characteristics of changing along with
insolation and module temperature will cause tremendous variation in the mains voltage
and reduce the power quality of the mains system. Therefore, the smart inverter needs to
be utilized to control the real power and reactive power for steady voltage in the power
supply. In order to enhance the control performance of smart inverters to improve the
quality of grid power, many scholars have conducted numerous research [1-3] on the
subject over recent years. If the real power unlimitedly feeds into the power grid, it may
cause severe voltage fluctuation. Therefore, the literature [1] conducted research on control
methods for grid-connected inverters, where the control strategy is based on a deep neural
network (DNN). The voltage of the grid-connected point for the inverter was trained
regularly, so the control performance of the smart inverter could be enhanced. Under such
a method, since training samples were utilized to achieve the DNN control strategy; thus,
the requirements of hardware performance were higher and caused an increase in cost.
The literature [2] optimized the control methods of the photovoltaic smart inverters. The
voltage-power control technique proposed was combined with slime mould algorithm
(SMA) for controlling purposes, which enhanced the carrying capacity and power quality
for the photovoltaic power generation system in the grid. However, the disadvantage lies
in relative complications in calculations. The literature [3] focused on the current controller
of the multilevel neutral point clamped (NPC) inverter for photovoltaic power generation,
where the hysteresis current controller is based on a space vector was proposed. In addition
to transmitting the real power of the photovoltaic module array to a grid-connected system,
the controller could also compensate for the harmonic current and reactive power at the
same time; however, the control methods were extensively complicated. Based on the
above, a simple and effective control method was proposed regarding the adjustment of
real and reactive power for MPPT and smart inverter of the photovoltaic power generation
system. Therefore, in this paper, a proportional-integral (P-I) controller commonly used
in the industry is used to control the DC-link voltage and the real and reactive power
of the smart inverter. Although its control performance is less robust than that of the
intelligent controller, it can shorten the operation time of the controller and improve the
response speed.

The arrangement of the various section contents is as follows: Section 2 describes
the maximum power point tracking algorithm for the photovoltaic system and the circuit
design of the boost converter. Section 3 describes the smart inverter control architecture,
including DC-link voltage control, output power control and voltage-power control. The
simulation and actual test results of the three-phase photovoltaic smart inverter for three
per-unit values of the main voltage were made in Section 4 to verify the effectiveness of
the developed smart inverter. Finally, the conclusion of this paper describes the results of
this work.

2. The MPPT for Photovoltaic System

In this paper, the PLECS power electronic real-time control system developed by
Plexim GmbH Co., Ltd. [4] was applied to establish the equivalent circuit model of the
photovoltaic module that has the same output characteristic curve as the photovoltaic
module KC200GT [5] under the actual operation. The modules are then connected as 4 in
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series and 2 in parallel to form a photovoltaic module array of 1600 W with a rated output
voltage of 105.2 V and a rated output current of 15.22 A, where the P&O MPPT method
was applied [6,7] to track the maximum power point (MPP) under different insolation and
module temperature.

2.1. Perturbation and Observation Method

The P&O method is the MPPT algorithm applied most extensively at present. Through
the change in the direction of perturbation, the output voltage of the photovoltaic module
array is adjusted. The module array output power after perturbation and the power before
perturbation are then compared with each other to determine the direction of the next
perturbation. From Figures 1 and 2, it can be observed that if the output power tested is
greater than the previous power measured (P.1) > P(), when the positive perturbation
voltage increases, the positive perturbation continues to increase. Conversely, when the
output power tested is less than the previous power measured (P.1y < P()), then change
the perturbation direction and repeat the action mentioned above, where the output power
can reach the MPP.
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Figure 1. Work illustration for positive perturbation voltage of the perturbation and observa-
tion method.
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Figure 2. Work illustration for negative perturbation voltage of the perturbation and observa-
tion method.
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The MPPT method of PVMA is not the main research focus of this paper, but only to
effectively regulate the PVMA output maximum power, so as to carry out the adjustment
performance test of the smart inverter output real power and reactive power.

2.2. Design of Boost Converter Circuit

The circuit architecture of boost converter [8,9] is shown in Figure 3. It adjusts duty
cycle D of the converter, which allows the PVMA to operate on the MPP.

Figure 3. Circuit architecture of boost converter.

The boost converter in this paper is designed with a duty cycle D of the switch for 0~1,
which enables the inductor current to work in a continuous conduction mode (CCM). It
can be deduced from reference [10] that the inductance value of the boost converter must
satisfy the condition of Equation (1). However, the function D(1 — D)2 in Equation (1) has
a maximum value when D = 1/3. Therefore, it can be known from Equation (1) that if the
inductance current is to operate in current CCM when the duty cycle D is between 0 and 1,
the required inductance value L is the maximum when D = 1/3. Therefore, the inductance
value is the required value when D = 1/3. The converter can be operated in current CCM
under all duty cycles. The boost converter used for switching frequency f is 20 kHz, rated
power P is 1800 W, and the maximum output voltage V, is 400 V, so the resistance value of
the load R can be calculated from R = V,2/P is 89 Q. Therefore, according to Equation (1),
when D =1/3, the required L value can be calculated as 330 uH, and then multiplied by 1.25
times the margin to ensure that the inductor current can be operated in CCM. Therefore,
the inductor value chosen in this paper is 0.5 mH.

D(1—D)*R
L> a7

Since the change in electrical charge of the filter capacitor during active conduction of
the switch was [10]

)

|AQ| = %DT = CAV, 2
The filter capacitance derived from Equation (2) was
D
C= o575~ 3
Rf(AV,/ V) ®)

where AV, /V, was the ripple ratio of output voltage. To usefully reduce the ripple of
output voltage, the ripple ratio of the output voltage was set at AV, /V, = 1%, and this
value was substituted into Equation (3) to obtain the capacitance value of 18.71 pF. Since
the withstand voltage of the capacitor should be greater than the output voltage of 400 V
and considering the convenience of parts acquisition, a capacitor with a specification of
470 uF/450 V was selected. For the component selection of the switch and the diode,
considering that both withstand voltages should be greater than the output voltage of 400 V
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cutoff and the withstand current of switch component calculated according to [10] should
be greater than 4.53 A, as well as the convenience of laboratory acquisition, IRFP460 was
selected as the switching component specified at 500 V /20 A. FMPGS5FS was selected as
the diode specified at 1500 V/10 A.

3. Smart Inverter Control Architecture

In the future, since there will be more and more photovoltaic systems connected to
the mains in parallel, the voltage of mains will rise or fall should there be an excessive or
insufficient supply of energy to the mains. Then, the smart inverter will control the output
power based on the level of mains voltage detected. Through generation or absorption
of reactive power over the grid-connected mains to effectively restrain and stabilize the
mains voltage at normal value, the adjustment for balanced grid supply and demand is
achieved. Regarding research and development (R&D) of the photovoltaic smart inverter,
the inverter researched and manufactured as per this paper was specified with input DC
voltage at 400 V, output AC voltage at the root-mean-square value of 220 V, and sine wave
at a frequency of 60 Hz.

3.1. Control Architecture of Three-Phase Photovoltaic Full-Bridge Inverter

The circuit architecture of the three-phase photovoltaic full-bridge inverter adopted
in this paper is shown in Figure 4. The dual-loop P-I controller [11,12] was used, and the
outer loop served as the DC-link voltage loop that generated a current command from the
error between the DC-link voltage set and then measured. The inner loop served as the
inverter output voltage and current control loop, where the error was used to generate the
pulse width modulation (PWM) control signal [13-15] for controlling the output voltage
and current. With the addition of L1-C-L,, the three-level low-pass filter [16,17] forms to
attenuate the high-frequency harmonic wave of the inverter, so the output voltage becomes
a low-frequency AC sine wave.
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Figure 4. Circuit architecture of three-phase photovoltaic full-bridge inverter.
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Compared with the LC filter, the LCL filter requires less inductance to remove low
frequency harmonics of the converter. However, the small amount of inductance is smaller,
the cost is lower, the system’s overall efficiency is not affected, and the dynamic response
is better.

As the LCL filter is a third-order filter, it will cause system instability. Therefore, a
damping resistor should be connected in series to the capacitor of the LCL filter to avoid
oscillation of the system. The damping resistor is divided into a passive and an active
damping resistor. For passive damping system, a damping resistor is connected in series
to the capacitor to achieve the system’s stability, and its control is simple and low-cost;
The active damping system achieves the system’s stability by controlling the current of the
capacitor. Although its efficiency is high, the control is more complicated and expensive.
According to the above comparison, this paper adopts the passive damping system with
simple system architecture as shown in Figure 4. In addition, the adopted LCL filter with
passive damping resistor is relatively easy to realize.

The following will be explained by the design method of the LCL filter of one phase,
and the three-phase circuit parameters are equivalent to L1 = Ly, = L1, = L1, Ly = Ly, = Ly,
=Ly, Ry =141 =15 =143 and C = C; = Cp, = C.. Since the output power factor of the general
grid-connected system is controlled as 1.0, if the converter adopts the bipolar switching
control method, the total inductance of the LCL filter is L;, which can be obtained from
Equation (4) [16,17].

— Vic
4IrmsfswAIripple

where V. is the input DC voltage of the inverter, 1,5 is the effective (or root-mean-square,
RMS) value of the inverter output current, Aly;y,. is the percentage of output current ripple;
m, is the amplitude modulation ratio, and fs; is the switching frequency of the switch. L;
can be rewritten as shown in Equation (5) [16,17].

Lt (1 - ma)mu 4)

Ll
N Li+L;

t ©)

Different degrees of harmonic attenuation can be obtained when L; and L, are dis-
tributed in different proportions. The relationship between the two is shown in Equation (6).
The proportional parameters « of the two can achieve a better harmonic attenuation effect
within the range 4 < a < 6, according to the conclusions of the literature [18].

Ly =al; (6)

The value « used in this paper is 5, which is substituted into Equation (6) and then
back into Equation (5) to obtain L; and L, values.

The design of capacitors is limited by the reactive power Q generated. Generally
speaking, it should not exceed 5% of the output-rated power P, then the capacitance
value can be calculated through Equation (7) [19].

C S Q . _ O.OSPOME
WoVims WoVims

@)

where w, is the angular frequency of the mains, and V,; is the effective value of the
output voltage.
By substituting L1, L, and C into Equation (8), the resonant angular frequency wys is
obtained.
Li+Lp

L,L,C ®

Wres =
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In order to avoid the occurrence of resonance phenomenon, the capacitance and
inductance values obtained must be substituted into Equation (9) to confirm whether the
resonant angular frequency wyes is within a reasonable range.

1
10w, < wyes < Ewsw (9)

where wgy is the angular frequency of the switch switching.
Finally, the passive damping resistor can be obtained by substituting the obtained L;
and C into Equation (10) [19].
Ly

Ri=1/& (10)

In this paper, the switching frequency of the switch is 20 kHz, the output sine wave
frequency is 60 Hz, the output power is 1.6 kW, the output current ripple percentage is
5%, the amplitude modulation ratio is 0.9, the converter output voltage RMS is 220 V, and
the DC-link voltage is 400 V. Therefore, the values of selected filter elements calculated
by Equations (4)-(10) are L; = 12.86 mH, L, = 2.57 mH, C = 4 uF, and Ry = 23.1 (), and
wres = 10,503.5 rad /s is within the reasonable range of Equation (9).

3.2. Inverter Output Voltage and Current Control

The control scheme of this system adopts the sinusoidal pulse-width modulation
(SPWM) technique as the control basis, where the voltage and current control are added to
the control process. The overall architecture of the control system is shown in Figure 5 [20].

Comparators

Inverter * * * * Integral .
output I a + l 0 Al output Vool R SMI N -
voltage current | s P Ioverter Y

controller controller generator

Triangle wave V tri

Figure 5. Control architecture of photovoltaic inverter output.

Mains

Unit sine
Wwave

w2y

V DC-link voltage
dchus control

]

To make the inverter output voltage consistent with the mains voltage, after calculating
the error between mains voltage V,,;; and inverter output voltage V..., the output
current command I, of AC voltage controller was obtained via the P-I controller, and then
added with the current command I, . generated by the DC-link voltage control to obtain
the output current command I of inner loop. This I; was multiplied by the unit sine wave
(sin wt) at the same phase with a voltage of mains system connected in parallel to obtain
the inverter output current command i,*. Consequently, a comparison with actual current
i, was conducted to obtain errors, where the control signal v,y Was received via the
P-I controller. Lastly, v.ouro1 Was compared with the triangle carrier wave (vy,;) of fixed
frequency to obtain the PWM control signal of the switch afterward, which allowed the
inverter output current i, to follow the current reference command ij. This would allow
the inverter output voltage to be consistent with the grid system voltage, and the inverter
output voltage would be in the same phase as the current.

Figure 5 derives each control variable shown in Equations (11)—(14).

I;c = KPU(Vgrid - Vi;iaerter) + KIU/ (Vgrid - Vi?werter)dt (11)

I; = I;c + I;ikcbus (12)
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iy =1;sin6 (13)
Veontror = Kpi(iy — io) + Ky [ (35 — i)l (14)

Among them, Kp, = 0.1 and K, = 5 were the proportional and integral constants of the
P-I controller for the inverter output voltage. At the same time, Kp; = 0.15 and K; = 5 were
the proportional and integral constants of the P-I controller for the inverter output current.

3.3. DC-Link Voltage Control

Since the insolation and the module temperature significantly affect the PVMA, the
relationship between the output voltage and output current is nonlinear. Therefore, the
characteristic curve also differs under different insolation and module temperature. For
the photovoltaic system to reach maximum power output, the duty cycle for the power
switch of the boost converter was controlled via MPPT, which kept the PVMA working
at the MPP. Therefore, the output voltage of the boost converter was the unstable DC
voltage, meaning the inverter input DC voltage was unstable. Therefore, to stabilize the
inverter input DC voltage, the DC-link voltage at the inverter input must be controlled.
Firstly, after acquiring the error between the DC-link Vs voltage of the actual inverter
input and the command voltage V, - (400 V) that was set, the DC current command I}, .
was then generated via the P-I controller. The control architecture of DC-link voltage is
shown in Figure 6. When Vs > Vj, ., in order to stabilize the DC-link voltage at the
reference command value (400 V), the DC-link voltage controller would raise the current
command and increase the real power of inverter output; furthermore, the DC-link voltage
was reduced for stabilization at the reference command value of DC-link voltage. When
Vicbus < Vs the DC-link voltage controller would reduce the current command value,
so the DC-link voltage could raise to the voltage command value.

-l: /i\ A Vdcbus

Y

P-I controller p———» |*dcbus

*
\% dcbus

Vdcbus

Figure 6. Control architecture of DC-link voltage.

From Figure 6, it is known that I, _is expressed by the following formula:

I;cbus = KPdc(V;cbus - Vdcbus) + Kldc/ (Vd*cbus - Vdcbus)dt (15)

Among them, Kpy, = 0.15 and K}y, = 1 are the constants of the DC-link voltage P-I
controller in this paper, respectively.

3.4. Output Power Control of a Three-Phase System

Reference [20] not only proposed the intelligent MPPT technology for PVMA but
also engaged in the regulation of the output real power and reactive power of a single-
phase smart inverter. However, the phase angle of the output voltage was detected by a
sensor. The MPPT method of PVMAs is not the main focus of this paper. In this paper, we
mainly regulate the output real power and reactive power of three-phase smart inverters
to maintain the supply voltage of the grid system. To simplify the control complexity, we
convert the coordinates of a three-phase to two-phase system of voltage, and estimate the
phase angle of the grid voltage using the phase-locked loop (PLL) system based on the



Appl. Sci. 2023,13, 294

9o0f23

second-order generalized integrator (SOGI). Then, the estimated phase angle is substituted
into Park’s coordinate conversion matrix to convert the coordinates of the three-phase to
two-phase voltage, so the installation of the phase sensor can be avoided.

Should the output of the grid-connected system for the three-phase inverter be a three-
phase balanced system, the phases between the voltages or currents of the three-phase
output differ by 120°. Generally, Park’s transformation matrix [21,22] can be utilized to
convert the abc axial vectors of the inverter into dg axial vectors for control. When analyzing
the real and reactive powers of the three-phase system, the three-axial vector must also
be converted into a two-axial vector DC system for calculation, which projects the abc
three-phase stationary coordinates of the inverter to the af stationary coordinates. The
equation can be expressed as Equation (16).

2
Tabc/zxﬁ = 3 (16)

Ni= O =
|
SN
Ll
N\»—W\)S ‘
AR

(e8]

Consequently, the af stationary coordinates are converted to the dg synchronous
rotating coordinates matrix. The equation can be expressed as Equation (17).

cosf sinf 0
Tlxlg/dng —sén@ COOSG (1) (17)

Among them, 6 is the rotating angle of coordinates. Generally, 6 is the phase of
mains voltage, which makes the rotating angle of coordinates at the same phase as the
mains voltage.

Based on Equations (16) and (17), it is known that the conversion matrix for converting
abc three-phase stationary coordinates to dq synchronous rotating coordinates is shown in
Equation (18).

cosf  cos(0 — )  cos(f+ )
Tove/aq = 3 | —sinf —sin(0 =)  —sin(6 + %) (18)

2 2 2

The block diagram for the phase estimation using a second-order generalized inte-
grator (SOGI)-based phase-locked loop (PLL) system [23,24] is shown in Figure 7. Con-
sequently, the phase estimated 6 is fed back to the coordinate conversion matrix in Equa-
tion (18). Where the constants of the P-I controller were Kpg = 100 and Kje = 50,000,
respectively.

V,
\Vj —d> a)ff
a o
T +
Vape —] SOGI Vﬂ apldq Vq P-1 —_— w 1
> — >0
y controller s

Figure 7. Block diagram for phase estimation using a SOGI-based PLL system.

After calculating the real and reactive power of inverter output, where errors were
generated by comparing the command values of real power and reactive power, the direct
axis current command I and quadrature axis current command I; of the synchronous
coordinates were obtained via the P-I controller. Consequently, the phase angle 0,; differ-
ence between voltage and current could be calculated from Equation (19), where Figure 8
displayed the control architecture for the phase angle of a smart inverter [18]. In Figure 8,
the proportional and integral constants of the P-I controller for real power were set as
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Kpp =10 and Kp =1, respectively, while the constants of the P-I controller for reactive
power were set as Kp; = 5 and Kj; = 0.1, respectively.

I
0, = tanfl(l) 20, —0; (19)
Iy
I:)actural
. aP I
Pref + P-I controller d
" tan- > sin —>sind,
+ aQ e
Qactural ~f2\ »! P-I controller 2

Q ref

Figure 8. The control scheme for the phase angle of the smart inverter.

From the phase angle control for the smart inverter, the phase angle difference of grid
voltage and current could be obtained 6,,.

3.5. The Voltage-Power Control Technique for the Smart Inverter

When connecting the smart inverter to the mains system, the grid-connected specifica-
tions of the power company must be complied with. Since connecting a massive amount of
renewable energy to the mains grid would cause voltage fluctuation, the voltage-power
control technique must be applied, where attention is required to the allowable voltage
scope in grid-connected specifications. When the photovoltaic smart inverter starts voltage-
power control, should the mains voltage and frequency still fail in steady parallel operation
and exceed the normal range, it must automatically trip to avoid damage.

Figure 9 displays the reactive power control architecture for the smart inverter [20].
The errors for actual mains voltage and reference voltage were acquired first; through
the P-I controller (the proportional and integral constants were Kpg = 0.1 and Kjg = 0.13,
respectively) and reactive power limiter, a command value of reactive power could be
obtained. By entering the value in Figure 8, the smart inverter could be controlled to provide
or absorb the reactive power for achieving the purpose of stabilizing mains voltage.

Limiter

+
V, P-I controller f —-0,

V

g

\i

Figure 9. The reactive power control architecture for the smart inverter.

In order to be easy to implement, all the controllers in this paper adopt the traditional
proportional-integral (P-I) controller, whose proportion and integral constant are obtained
by the “trial and error” method.

Figure 10 shows the voltage-power control flow chart [20]. Firstly, the voltage at the
grid-connected point of the inverter is detected to control the reactive power according
to the per-unit value of mains voltage. When such value equals 1, the power factor (PF)



Appl. Sci. 2023,13, 294

11 0f 23

also stays at 1. Since no reactive power occurs then, only the provision of real power is
required. When the per-unit value of mains voltage is between 1 p.u.~1.03 p.u., the smart
inverter will absorb the reactive power, where PF is controlled and gradually reduces to
0.9 (lagging). When the per-unit value of mains voltage is between 0.97 p.u. and 1 p.u,,
the smart inverter will provide the reactive power, where PF is controlled and gradually
reduces to 0.9 (leading). The above control brings the mains voltage back to the normal
range by adjusting the magnitude of the reactive power. However, should PF be adjusted
to 0.9 leading or lagging and the mains voltage still cannot effectively restrain its rise or
fall, the “technical highlights for parallel connection of renewable energy power generation
system, Taiwan Power Company” [25] will be followed. When the voltage is greater
than 1.03 p.u. or less than 0.97 p.u., the smart inverter will be disconnected from the
mains system.
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Figure 10. Voltage-power control flow chart.

4. Simulation Results

The three-phase photovoltaic smart inverter could provide or absorb the reactive
power of the mains system and achieve the purpose of stabilizing the mains voltage. To
verify that the control architecture mentioned in this paper was applicable for a common
load in the market, the inductive load was selected for the actual test. Tables 1 and 2
displayed the electrical parameters of the boost converter (in Figure 3) and inverter (in
Figure 4), respectively. In this paper, the KYOCERA KC200GT photovoltaic modules
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(PVMS) were connected in four serials and two parallels to construct a 1600 W PVMA. The
electrical specifications of the PVM are shown in Table 3.

Table 1. The electrical parameters of the boost converter.

Electrical Parameter Specifications
Range of input voltage (V) 90~108 V
Inductance (L) 0.5 mH
Output capacitor (Coyt) 470 uF /450 Vpc
Output voltage (Vour) 400V
Switch frequency of boost converter (f) 20 kHz

Table 2. Electrical parameter of inverter.

Electrical Parameter Specifications
DC-link capacitor (Cygpys) 1000 puF/450 Vpc
DC-link voltage (V cpus) 400 V
Filter inductance (Lq 4p,c) 12.86 mH
Filter inductance (L; ;1) 2.57 mH
Filter capacitor (C ;) 4 uF/400 Vac
AC voltage (Vgrigap,c) 220 Vs
Switch frequency of SPWM (f;,;) 20 kHz

Table 3. Electrical specifications of KYOCERA KC200GT PVMA.

Electrical Parameter Specifications
Open circuit voltage (Vi) 1316 V
Short circuit current (Ig) 16.42 A
Maximum output power point voltage (V) 1052V
Maximum output power point current (Ip) 1522 A
Rated maximum output power (Px) 1600 W

4.1. Simulation Results of the Smart Inverter Control

The architecture of a three-phase photovoltaic smart inverter system built with PLECS
software split the tested mains into three types of voltage range: (1) Vgg =1 p.u.; (2) 1.03 p.u.
> Verig > 1 p-u;and (3) 1 p.u. > Vi > 0.97 p.u. The smart inverter control was utilized for
providing or absorbing reactive power, which further regulated the mains voltage.

4.1.1. The Per-Unit Value of the Mains Voltage Equals 1 p.u.

When the per-unit value of mains voltage detected was 1 p.u., the PF of the photo-
voltaic smart inverter stayed at 1. The simulation result is shown in Figure 11. Figure 11 also
displayed the output power of the smart inverter when the per-unit value of mains voltage
equaled 1 p.u. From Figure 11, it could be observed that the PV system only provided real
power to the mains. The reactive power was neither provided nor absorbed. Figure 12,
by contrast, displayed the output voltage and current waveforms of the mains and smart
inverter. From Figure 12, it could be observed that the output voltage and current were in a
three-phase balance and the same phase.
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Figure 11. The output PF, real power, reactive power, and apparent power of the smart inverter when

the per-unit value of mains voltage equals 1 p.u.

DVa, Ob, Oc Da, peak=3 11V De, peﬂk=3 11V
300

150

-150

-300 |

ia,

Ub,peak=3 11V

/o \ 7N
/ \
/l \\
\
\

0

\
\

\/

/\

\
\

—>
inpea=5.937A9-018

ih, ic

0.01s

Figure 12. The three-phase output voltage and current waveforms of the smart inverter when the

per-unit value of mains voltage equals 1 p.u.

4.1.2. Per-Unit Value of the Mains Voltage Was between 1 p.u. and 1.03 p.u.

When more renewable energy connects to the mains, the power of the grid-connected
photovoltaic system feeding into the mains would also rise. This would cause the mains
voltage to rise and appliance damage at the user end. Therefore, when the per-unit value
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of mains voltage detected by the system was between 1 p.u.~1.03 p.u., the smart inverter
should start to be controlled to absorb the reactive power of the system. From Figure 13, it
could be observed that when the photovoltaic system fed excessive power to the mains, the
mains voltage V,;; would gradually increase if not regulated. However, should regulation
be conducted with the voltage-power control technique of the photovoltaic smart inverter
mentioned, the mains voltage Vs would reduce to the root-mean-square value of 220 V
(1 p.u.). Therefore, the increase in mains voltage could be inhibited. As shown in Figure 13,
the PF of the smart inverter was adjusted to 0.9 (lagging) to absorb the redundant reactive
power. Figure 13, by conrast, also displayed the output power of the smart inverter when
the per-unit value of mains voltage was between 1 p.u. and 1.03 p.u. It could be observed
that the reactive power of mains absorbed by the inverter was 774 VAr (Q > 0); then, the
apparent power S still remained at 1600 VA as the apparent output power of PVMA, while
the output real power P of the smart inverter reduced to 1440 W. Figure 14 displayed
the three-phase output voltage and current waveforms of the smart inverter when the
per-unit value of mains voltage was between 1 p.u. and 1.03 p.u. From Figure 14, the
three-phase balance could be observed, but the current was lagging behind voltage; thus,
the PF was lagging.

PF  Vims S, P, Q(VA,W,VAr)
Before regulation Vyria =224V\ ‘
1 220 ‘ : '
0.9 200 \
S=1600VA
180 5% \ PI-0.9(Lagi
[ ——— E=0.9(Lagging).
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160 1400 I l” ‘ ‘
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Figure 13. The mains voltage V,,;; before and after regulation, output PF regulation, real power,
reactive power, and apparent power of the smart inverter when the per-unit value of mains voltage
was between 1 p.u. and 1.03 p.u.
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per-unit value of mains voltage was between 1 p.u. and 1.03 p.u.

4.1.3. Per-Unit Value of Mains Voltage Was between 0.97 p.u. and 1 p.u.

Environmental factors, such as poor weather or shades from objects, would cause
reduced power generation of the photovoltaic power generation system, which leads to the
voltage of the grid-connected point less than 1 p.u. and easily causes appliance damage at
the load end. Therefore, the mains voltage must be increased. Hence, when the per-unit
value of mains voltage detected was between 0.97 p.u.~1 p.u., the photovoltaic smart
inverter would start the control for supplying reactive power. From Figure 15, it could be
observed that in the case of a sudden reduction in mains power fed from the photovoltaic
system, the mains voltage V,,;; would reduce gradually if not regulated. However, should
regulation be conducted with the voltage-power control technique of the photovoltaic
smart inverter mentioned, the mains voltage V,,;; would increase to the root-mean-square
value of 220 V (1 p.u.), which would maintain the mains voltage at a stable value. From
Figure 15, it could be also observed that the PF of the smart inverter was adjusted to 0.9
(leading); thus, the reactive power could be provided to the mains. Figure 15, by contrast,
also displayed that the output power of the smart inverter when the per-unit value of
mains voltage was between 0.97 p.u. and 1 p.u. From Figure 15, it could be observed that
the inverter provided reactive power of 774 VAr (Q < 0) to the mains, the output apparent
power S for the inverter still maintained output capacity of the 160 A as for the PVMA,
and the output real power P of the smart inverter reduced to 1440 W. Figure 16 displayed
the three-phase output voltage and current waveforms of the smart inverter when the
per-unit value of mains voltage was between 0.97 p.u. and 1 p.u. From Figure 16, it could
be observed that the three-phase balance was still maintained, and then, the current was
leading ahead of the voltage; thus, the PF was leading.
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Figure 16. The three-phase output voltage and current waveforms of the smart inverter when the

per-unit value of mains voltage was between 0.97 p.u. and 1 p.u.

4.2. Results of Actual Test for Smart Inverter Control

In this paper, the multifunction (circuit and control) simulation software PLECS
system developed by Swiss Company Plexim GmbH combined with RT box as an actual
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test simulation controller and analog breakout board for test simulation to finish the actual
control test on the smart inverter.

Usually, when no abnormal fluctuation occurs at the voltage of a PV grid-connected
system, the photovoltaic inverter generally controls both the output voltage and current
under sine wave and the same phase, so the output PF becomes 1.0. Therefore, all the
output power of the photovoltaic system can be connected and sent to the grid by means
of real power. In the case of a sudden increase or reduction in insolation, the power of
the grid-connected system fed from the grid-connected photovoltaic system would also
experience a sudden increase or reduction. The same would occur in the voltage at the grid-
connected point if the load end could not consume or refill if the voltage suddenly increased
or reduced, which would cause damage to equipment at the load end. To avoid such a
situation, the real and reactive power were regulated via a smart inverter for stabilizing the
voltage at the grid-connected point. The per-unit value of the voltage of the grid-connected
point was between 1.0 p.u. and 1.03 p.u., which meant that the reactive power of the grid
system was negative (Q < 0), which made the leading PF of the grid system. Therefore, the
output current of the smart inverter should be controlled to be lagging behind the voltage,
so the PF was lagging, where the reactive power of the grid system could be absorbed to
stabilize the voltage at the grid-connected point.

Figure 17a,b displayed the three-phase balanced output voltage and current wave-
forms under the actual test of the smart inverter, while Figure 18a,b displayed the output
voltage and current waveforms under the actual test of the smart inverter under Phase
a and the waveforms after partial enlargement, respectively. From Figure 18b, it could
be observed that when the per-unit value of the voltage of the grid-connected point was
between 1.0 p.u. and 1.03 p.u., the smart inverter started to control the output current, the
phase was lagging behind the output voltage and the PF was adjusted to be lagging for
absorbing reactive power of the grid system. From the output power regulation under
the actual test of the smart inverter in Figure 19, it could be observed that through the PF
regulation of the smart inverter, the real power in the grid fed from the inverter reduced
from 1600 W to 1440 W and absorbed the reactive power of 774 VAr (Q > 0) in grid system.
However, the total output of apparent power is still maintained at the PVMA capacity
of 1600 VA.
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Figure 17. The three waveforms under the actual test of the smart three-phase inverter: (a) output
voltage waveforms; (b) output current waveforms.
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Figure 18. When the per-unit value of mains voltage in smart inverter under Phase a was between
1 p.u. and 1.03 p.u.: (a) output voltage and current waveforms under the actual test; (b) partial
waveform enlargement of Figure (a).
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Figure 19. The output power regulation of the smart inverter when the per-unit value of mains
voltage was between 1 p.u. and 1.03 p.u.

As the current waveform in Figure 18 is the waveform obtained by actual measure-
ment, the current signal is converted into a voltage signal by the current detector and then
measured. To avoid the high switching frequency of the power semiconductor switch, the
switch will be overheated and burned due to high switching loss. Therefore, the actual
current control adopts hysteresis current control. The measured current switched con-
trol within the current width set by the current command’s upper limit and lower limit.
Moreover, under the high-frequency switching control of the switch, the measurement is
susceptible to high-frequency signal interference, resulting in the distortion of the mea-
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sured current signal in Figure 18. The distortion of the current signal will also cause the
distortion of the measured observed apparent power, real power, and reactive power signal
in Figure 19.

When the PVMA encountered a sudden drop in power generation due to the influence
of unexpected shades from clouds or other climate factors, which set the per-unit value
of the voltage of the grid-connected point between 0.97 p.u. and 1.0 p.u., the reactive
power of the grid system was positive (Q > 0) and PF of the system was lagging. Therefore,
the output current of the smart inverter should be controlled to be leading ahead of the
output voltage, so the PF was leading, where the reactive power of the grid system could
be provided to stabilize the voltage at the grid-connected point. Figure 20a,b displayed the
output voltage and current waveforms under the actual test of the smart inverter under
Phase a and the waveforms after partial enlargement, respectively. From Figure 20b, it
could be observed that when the per-unit value of the voltage of the grid-connected point
was between 0.97 p.u. and 1.0 p.u., the smart inverter started to control the output current,
the phase was leading ahead of the output voltage, and the PF was adjusted to be leading
for providing reactive power of the system. From the output power alteration under the
actual test of the smart inverter in Figure 21, it was known that through the PF regulation
of the smart inverter, the real power in grid fed from the inverter reduced from 1600 W to
1440 W but provided the reactive power of 774 VAr (Q < 0) to grid system. However, the
total output of apparent power still maintained at the PVMA capacity of 1600 VA.
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Figure 20. When the per-unit value of mains voltage in smart inverter under Phase a was between
0.97 p.u. and 1 p.u.: (a) output voltage and current waveforms under the actual test; (b) partial
waveform enlargement of Figure (a).
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Figure 21. The output power regulation of the smart inverter when the per-unit value of mains
voltage was between 0.97 p.u. and 1 p.u.

Through results from the simulation and an actual test, it was verified that the de-
veloped photovoltaic smart inverter could provide or absorb reactive power for the grid
system by controlling PF at the output end, so the voltage of the grid system could be
stabilized. Therefore, the developed smart inverter in this paper is feasible and applicable.

The test results of the three cases are summarized in Table 4. It can be seen from
Table 4 that the converter can adjust the power factor (PF) at the end of the grid system
by adjusting the output real power and reactive power, so that under the fixed output
power of photovoltaic system, regardless of the increased or decreased system load, the
grid system voltage of the parallel point can be controlled to a fixed value. Still, the output
apparent power remains unchanged, that is, the same as the maximum output power of
the PVMA.

Table 4. Test results of three cases of smart inverter.

PF

Vgiia (V) S (VA) P W) Q (VAr)

Case

Before
Regulation

Before After Before After Before After Before After

Regulation  Regulation  Regulation  Regulation  Regulation  Regulation  Regulation = Regulation  Regulation

1 1.0

220 220 1600 1600 1600 1600 0 0

2 1.0~1.03

0.9
(lagging)

240 220 1600 1600 1600 1440 0 774

3 0.97~1.0

0.9
(leading)

216 220 1600 1600 1600 1440 0 —774

Since the power generation of the photovoltaic system is mainly to assist the power
grid system in supplying power to the load, the power supply ratio is not large. Only when
the load suddenly plummets and causes the voltage of the load terminal to rise sharply, the
real power output of the smart inverter can be lowered and the reactive power absorbed by
the smarter inverter can be increased while the power output of the photovoltaic system
remains unchanged. The load terminal voltage is controlled to maintain the rated voltage
to ensure the power supply quality of the power system. The simulation and actual test
results under this condition have been verified in this paper. As for the small amounts of
sunlight due to the reduction in the photovoltaic system, the smart inverter will control the
total output to the real power to assist the power grid for power supply. However, when
the load is too high, the voltage drop of the power grid system is too large. If the total
output power of the photovoltaic system is controlled by the smart inverter to real power,
but the voltage of the power grid system still cannot be maintained, the power grid system
must be cut off to avoid disasters.
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Unlike the conventional smart inverter architecture, the phase-locked loop (PLL)
system based on the second-order generalized integrator (SOGI) is used to estimate the
phase angle of the grid voltage. Then, the estimated phase angle is substituted into Park’s
coordinate conversion matrix to implement the coordinate conversion of the three-phase to
the two-phase voltage, which can be dispensed with the installation of a phase angle sensor.
In addition, the proportional-integral controller commonly used in the industry controls
the DC-link voltage, the real power, and reactive power of the inverter. Although its control
performance is less robust than that of an intelligent controller, it can shorten the operation
time of the controller and improve the response speed. It is worth mentioning that PLECS,
a multifunctional simulation software of power electronic real-time control system of the
integrated circuit and control system developed by Plexim GmbH in Switzerland, is used
in this paper. At the same time, the simulation and measured environment of three-phase
mains in a grid-connected photovoltaic power generation system are established. Combined
with the actual test of the analog controller RT Box and analog line splitter board—analog
breakout board, the control measurement of the smart inverter was completed. Therefore,
the verification between simulation and actual measurement could be completed quickly,
and the development time of the smart inverter could be shortened.

5. Conclusions

This paper primarily discussed the design and development of a three-phase grid-
connected photovoltaic smart inverter. The design of circuit architecture mainly consists
of the boost converter and three-phase full-bridge inverter. The multifunction simulation
software PLECS was applied to connect the photovoltaic modules KC200GT as four in
series and two in parallel to form a PVMA of 1600 W, which combined the RT box and
analog breakout board of PLECS to conduct an actual test on the three-phase photovoltaic
grid-connected smart inverter. For the control of the photovoltaic smart inverter, the simple
P-I controller was adopted in this paper to control the DC-link voltage at 400 V. Additionally,
the developed smart inverter can regulate the grid voltage at 1.0 p.u. value (root-mean-
square value is 220 V) by adjusting its output reactive power when the grid voltage p.u.
value is higher or lower than 1.0. However, when the grid voltage is higher than 1.03 p.u.
or less than 0.97 p.u., the grid voltage does not conform to the power specification, so it
cannot maintain the grid voltage at norminal value by adjusting the reactive power of the
smart inverter. At this point, the protection equipment will act to cut off the load from the
power system to avoid greater disasters. From the results of the simulation and actual test,
it proves that the photovoltaic smart inverter developed in this paper can connect with
the mains system. Through the voltage-power regulation, the smart inverter can absorb
or provide reactive power in the mains, where the voltage quality of the mains supply is
improved further.
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