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Abstract — Among the exiting multifunctional photovoltaic (PV)
inverters (MPVIs), the main challenges are low efficiency,
undesired harmonic emission, and weak compensation capability.
In this paper, a theoretical study via rotating phasor to the PV
curves is firstly proposed to figure out the undesired harmonic
emission puzzle in different PV inverters as well as to provide the
foundation for PV inverters to achieve multifunction ability under
varying load conditions. On the other hand, a single-phase time-
sharing miniboost MPVI with different operation modes is
proposed and operated under varying PV and load conditions in
order to improve its efficiency and compensation capability
without undesired harmonic emission. Corresponding control
strategy and stability analysis are given. Finally, a 1.5-kW
prototype is presented, benchmarked against harmonic emission
issues, compensation capability, and efficiency. Experimental
results clearly indicate that the proposed topology and control
method can perform the active power injection and power quality
compensation with better efficiency and avoiding harmonic
emission into the grid dynamically.

Index Terms— Multifunctional photovoltaic inverter, power
quality, photovoltaic generation system.
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I. INTRODUCTION

The penetration level of distributed energy resources (DERs)
systems is increasing since it is an effective solution to carbon
neutrality [1]. On the one hand, the DERs are increasingly
essential parts of the smart grid or energy internet. On the other
hand, due to the numerous power electronic interfaces of DERs,
such as the rooftop photovoltaic (PV) systems and the local
residential loads, the power quality issues have become severe.
The power quality issues affect the stability and efficiency of
the residential power system operation. To cope with these
issues, some extra passive and/or active devices are
recommended to add. To make efficient use of DERs and to
fulfill standard power quality requirements, multifunctional
photovoltaic inverters (MPVIs) are considered as more cost-
effective solutions since the PV inverters (PVIs) have similar
circuit topologies as power quality conditioners. With the aid of
MPVIs, extra power quality conditioners may no longer be
essential. Thus, the additional space, investment, and
operational cost of power quality conditioners are avoided.
The MPVIs have attracted the attention of many researchers
due to these benefits. Some MPVIs such as typical single-stage
and two-stage topologies, can meet residential multifunctional
application requirements, but some challenges need to be
overcome [2]. On the one hand, the operation of 41% of the
rooftop PV systems had been affected by shading, with energy
losses about 10% in [3]. On the other hand, the dc voltage rating
of these MPVIs is high resulting in high cost and operational
losses. Also, the determination of the dc voltage rating is
seldom discussed quantitatively and theoretically for these
MPVIs. Among the existing literature [4]—[7], some puzzles are
listed as follows.
® Maximum power point tracking (MPPT) always adjusts the
dc voltage quickly, so interharmonics are introduced into
the power grid as [4];

® Power quality function can be improved in MPVIs with
varying dc voltage in [5];

® Partial harmonic current compensation in multifunctional
PV inverter should be performed when the inverter
capacity is not enough as [6];

® Time-varying interharmonics in different types of grid-tied
PV inverter systems exist in [7].

A corresponding topology and control strategy should be
developed to handle the above-mentioned challenges.

The pseudo-dc [8], [9], quasi-single-stage [10]- [12], and
time-sharing [13], [14] topologies have achieved good
performances. Except for the topology in [12], other topologies
have no compensation data or cannot act as a compensator due
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TABLE I
COMPARISON OF EXISTING TOPOLOGIES
DC voltage * | No. of components Functions Efficiency (%)
Tonologies Proposed Source Voltage (Ratio of dc T Acti Reacti H . Cost-
POi0g year (Line-Line) voltage to source [IGBT|Diode|, "> | XCHIYE power) Beacive JHAMMONCIpG o ek |MF mode* | effectiveness
former| injection |power comp.| comp.
RMS voltage)
[8],[9] |2013,2014| Single-phase 220 V NA ** 5 6 1 Yes NA NA 87 NA Low
[10] 2018 Single-phase 56 V 100V (1.7) 9 10 0 Yes NA NA 93.7 NA Low
[11],[12] |2019, 2020| Three-phase 400 V 700V (1.7) 13 | 14 0 Yes Yes Yes 95.2 86.4 Low
[13], [14] |2004, 2017| Three-phase 400 V 650V (1.6) 14 | 18 0 Yes NA NA 924 NA Medium
This paper| 2022 Single-phase 115V 162V (1.4) 5 6 0 Yes Yes Yes 94.4 91.4 High

Note: NA stands for Not Available; * stands for the lowest value from the operational range; ** DC capacitor of the converter is replaced by a dedicated circuit,
so that the dc voltage and ratio are not available; PG stands for power generation, which contains only active power injection; MF stands for multifunction,
which contains active power injection, reactive power, or/and harmonic current compensation simultaneously.
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Fig. 1. Circuit configuration of the proposed MPVI.

dc-ac stage

to the elimination of the dc capacitor in [9]. However, the
voltage stress of the power semiconductor is high in [12] since
the dc voltage of the upper and lower capacitor are unbalanced.
As a result, higher voltage level power semiconductors are
required, which leads to high cost. The discussions are
summarized in TABLE I, in which a ratio of dc voltage to
source RMS voltage is given. The lower ratio means the
operating dc voltage of the inverter is lower. Then, the lower
ratio indicates the lower cost of inverter. The pseudo-dc
topology needs additional transformer resulting in high cost and
low efficiency. Compared with a common single-phase H-
bridge, the number of components is larger, resulting in high
cost and low cost-effectiveness [10]. The time-sharing
miniboost topologies with single- and two-stage modes in
[13][14] have better performance except for the compensation
function. The miniboost is only engaged (in two-stage mode) to
transport partial power when the maximum power point (MPP)
voltage is low. At other times, the miniboost is bypassed (in
single-stage). The miniboost does not always operate, and its
capacity is relatively small compared to the standard boost
converter resulting in medium cost-effectiveness. But it selects
1.6 times source voltage as the fixed transfer threshold between
the single- and two-stage mode, which increases the operational
losses. Therefore, some challenges (including compensation
capacity, efficiency, and harmonic emission puzzles) must be
addressed when the time-sharing miniboost topology is
considered for multifunctional applications. The contributions
of this paper are listed as follows.

1) A graphical analysis method is proposed, which can be
applied to exiting PV inverters for active power injection and/or
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power quality compensation under varying PV and load
conditions. The proposed analysis method rotates phasor to PV
curves to figure out the puzzle of undesired harmonic emission
and formulate operational criteria;

2) A time-sharing miniboost MPVI is proposed to eliminate
undesired harmonic and improve compensation performance by
engaging miniboost adaptively for MPP operation and power
quality compensation simultaneously;

3) The proposed MPVI can harvest maximum solar energy
and perform full compensation without undesired harmonic
emission under varying PV and load conditions.

Based on the above contributions and corresponding
experimental results in Section V, the following results can be
obtained:
® The PV inverter [17] that operates at MPP will induce
undesired harmonics with THD=27.6%. After using the
proposed approach, the PV inverter can not only achieve MPP
operation but also eliminate undesired harmonics with
THD=2.5% in TABLE 1V;
®  Under the marginal MPP voltage situation, the PV inverter
may choose either MPP operation or full compensation
operation. With MPP operation, the source power factor (PFY)
is 0.24 (Fig. 16 case in Table V). With full compensation
operation (PFs= 1), the extracted solar energy is less than 5.3%
(Fig. 17 case) than that of MPP operation. After using the
proposed approach, maximum solar energy can be extracted
with full compensation (Fig. 18 case in Table V);
®  Under varying PV conditions, the proposed approach can
perform MPP operation and full compensation with 1.1~2.5%
better efficiency, as shown in Tables VI, V, and IV.

The rest of this paper is layout as follows. Section II presents
the circuit configuration, power processing modes, and
efficiency of the proposed MPVI. The graphical analysis is
presented in Section III. The control algorithm is proposed in
Section I'V. The experimental results are presented in Section V.
Finally, the conclusions are drawn in Section VI.

Il. ToPOLOGY CHARACTERISTICS AND EFFICIENCY

The proposed MPVI is depicted in Fig. 1, which consists of
an H-bridge voltage source inverter (VSI), a miniboost, and a
bypass breaker (Bz). The vy and i, are the source voltage and
current, respectively. The vi,, and i, are the inverter output
voltage and current, respectively. The v; is the voltage across
coupling inductor L (L=L+L,). The Vpyand Ipy are the PV array
voltage and current, respectively. The V. is the dc voltage of
the inverter.
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Fig. 3. Inverter voltage in a 3-dimensional view.

A. Power Processing Modes (Single- or Two-Stage)

The topology is designed to operate in single- or two-stage
modes adaptively. In single-stage mode, whether PV array is
connected to the inverter dc side, the single-stage mode can be
subdivided into single-stage PV-connected and single-stage
inverter alone modes. The single-stage inverter alone mode is
mainly suitable for the condition of no solar energy in the PV
array (at night).

For single-stage PV-connected mode, the Bg is ON, and S; is
OFF. The miniboost is bypassed. Thus, the Vpy and V4. are in
parallel and equal. The Vi, can be expressed as:

Vinum =M-Vge=m-Vpy M)
where m is the index of pulse width modulation (PWM).
In two-stage mode, the miniboost is engaged by turning Bz

OFF. Due to the decoupling effect of miniboost, Vpy is different
from V. The inverter voltage can be expressed as:

V,
Vinvm =M-Vge =m % 2

where d is the duty ratio of miniboost.

B. Efficiency

The operational losses mainly contain two types, namely,
MPPT extraction losses and conversion losses [15], [16]. The
MPPT efficiency nwvepr Can represent extraction losses as:

Vo, |

Tvper = \% 3)

mpp " I mpp
where the Vpy-Ipy means the extracted power by the MPPT
algorithm. The Vypp-Iupp is the theoretical maximum power of
the PV array. The conversion losses contain de-dc (pac ross) and
dc-ac  (Puc ross) power losses. Therefore, the operational
efficiency can be expressed as:

V.. -V

Vinv 'Vinv + (l_ BB) pdc_Loss + pac_Loss (4)
where Bp= 1 if the Bp is ON. Otherwise, Bz= 0. In general, the
MPPT efficiency of the two-stage mode is higher [17]. However,
the extra dc-dc conversion losses are introduced (Bp = 0). The
appropriate power processing stage selected criteria are
discussed in the next section.

17 = Tvpet

I1l. PROPOSED GRAPHICAL ANALYSIS AND OPERATIONAL
CRITERIA

In this section, a graphical analysis between the phasor and
PV curve is proposed to figure out the puzzle of the undesired
harmonic emission and weak compensation capability. Based
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Fig. 2. Phasor diagram and P-J curves combination example.

on the graphical analysis, different possible operational criteria
are presented under varying conditions.

A. Proposed Graphical Analysis

In Fig. 3, the subscript M means magnitude value, Vipu, Viowm,
and Vray are magnitudes of the active, reactive, and harmonic
components of the voltage across the inductor V7, respectively
[18]. The x-axis is the reference for source voltage Vsy. The
inverter reactive current Jivoum is leading the Vs, by n/2, and the
Viowm is leading the linonm by /2 (inductive impedance), so the
Viowm is also on the x-axis. Similarly, the y-axis and z-axis are
indicated to inject active and harmonic currents into the grid by
the inverter, respectively. According to the geometric
relationship in Fig. 3, the magnitude of inverter voltage Vs
can be expressed as:

Viowt =1(Ven +Viom |- +ViZm +V&
invMm = (SM+ LQM) TViPM TViHM

)

2 2 2 S 12y 212
:\/(VSM + XL ligu )+ XE - avem + 2 h2XE 1 unu
n=2

where X; is the fundamental frequency (fi) impedance of the
inductor and equals to 2nfiL. The liwpry, and Ly are
magnitudes of fundamental active and harmonics current
components of the inverter current, respectively.

When Viau#0, the z-axis should be considered, which points
out of the paper in a 3-dimensional view. For concise analysis,
the harmonic component is ignored, i.e., Vim~0. The
simplified 2-dimensional phasor diagram and the power-
voltage (P-V) curve are plotted in Fig. 2:

1) The varying PV conditions (including irradiance,
temperature, shading variation, etc.) lead to varying MPP (Vypp,
Pypp) and inverter active power current Liypas.

2) The I is the varying load current. The proposed MPVI
injects varying reactive current [ioum to compensate load
reactive current. The reactive voltage across the coupling
inductor Vou is on the x-axis.

3) The rotated Vinwm on the x-axis is defined as Vicae to
perform graphical analysis. The dc voltage is benchmarked with
Vsy. The Vpy is equal to 1.0 when Vpy = V.
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Fig. 4. Phasor diagram and P-¥ curves under active power injection (PG mode).

4) IinvM:\/]lznvPM+[lganM+[lganM should be limited by the

nominal current for safe operation.

Based on the above discussions, power generation (PG),
multifunctional (MF), and compensation operation modes (CM)
are presented as follows.

B. Power Generation Mode

In PG Mode, only active power injection is considered. The
conversion losses are ignored for simplicity so that the solar
energy of the PV array is equal to the injected active power to
the grid (Vpy-Ipr=Vslimp). Therefore, the magnitude of the
active power current of the inverter can be deduced as:

Pov
. (6)
Vsum

The corresponding magnitude of inverter voltage can be

deduced as:
2 2,2
Vinvm :\];SM + X linvem - O]

Substituting (7) into (1), when m is equal to 1, the Vpgac
=Viwym expresses the required minimum dc voltage of the
inverter to inject active power current [py into the grid.
According to the relationship between Vpgs. and MPP voltage
Vupp, the PG mode can be subdivided into three different type
cases such as marginal, high, and low MPP voltage cases.

1) Marginal MPP Voltage (MPP))

In this case, the Vpgaer is equal to MPP voltage Vuppi, as
shown in Fig. 4, which is the marginal/critical situation. It
should be noted that the Vpga1 is not the projection of Vipan on
the x-axis, but the length of Vi, rotated on the x-axis. Under
the marginal situation, the VSI operates at MPP. The MPP
voltage is marginal to inject MPP power into the grid with the
sinusoidal current. The related experimental result is given in
Fig. 15 in Section V.B.

From another point of view, the Vi, maybe increase to be
larger such as Vipap in Fig. 4. The clockwise rotated Vinan
magnitude on the x-axis shows that Viuan=Vpcic2>Vuppi. Under
this situation, the inverter falls to the overmodulation region
(substituting Vi and Vyppr into (1), m>1), which causes
undesired harmonic emission [19]. Therefore, the injected

IinvPM =
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Fig. 5. Phasor diagram and P-V curves under active power injection and
reactive power compensation (MF mode).

current must be decreased. When the injected current is
decreased to Viman, the VSI turns back to MPP operation.
Conversely, the decreased Vi to Vimas is shown in Fig. 4. As
a result, the clockwise rotated Vi3 magnitude on the x-axis
shows that Viwas=Vrcass<Vuppi. Under this situation, the VSI
should be controlled to operate at MPP; to release maximum
power into the grid.

2) High MPP Voltage (MPP»)

In this case, the MPP voltage Vispp: is larger than the required
dc voltage Vpgac2 as shown in Fig. 4. As discussed in section II1
B.1), the inverter should be operated at MPP, to inject
maximum power into the grid. The single-stage PV-connected
mode is selected by adjusting the modulation index. This case
is similar to high MPP voltage in multifunction mode as
discussed in section III C.2).

3) Low MPP Voltage (MPPs)

In this case, the MPP voltage Vipps is less than the required
dc voltage Vrgacs as shown in Fig. 4. The inverter can extract
0.22 p.u solar energy at P3 (Vps=Vpcac3) instead of 0.39 p.u at
MPP;.

Under this situation, the proposed MPVI can operate at P;
(single-stage PV-connected mode) or MPP; (two-stage mode).
When the proposed MPVI operates at MPPs, dc-dc losses are
activated despite extracting 0.39 p.u solar energy. If the dc-dc
stage losses are lower than extraction losses (0.39 - 0.22 p.u),
the two-stage mode is preferred.

Representative experimental cases are studied and given in
Fig. 11, Fig. 12, and Fig. 13 in Section V.A and TABLE IV. In
Fig. 11, the inverter operates at MPP in single-stage PV-
connected mode. But the inverter current is distorted since the
inverter with low MPP voltage falls to overmodulation region.

In Fig. 12, the inverter operates deviating from MPP (similar
to P3in Fig. 4) in single-stage PV-connected mode. The VSI
current is sinusoidal, but less solar energy can be extracted than
that of Fig. 11. In Fig. 13, the inverter operates at MPP3 in two-
stage mode, the inverter current is sinusoidal, and the efficiency
is higher. Therefore, the two-stage mode is preferred under this
situation as more active power can be injected.
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C. Multifunction Mode

The inverter injects active power, reactive power, and
harmonic current in multifunction mode. Referring to (5),
ignoring harmonic component, (8) can be obtained.

2

Vinwm = \/(VSM + XL linvgm ) + X 1vem - ®)

Substituting (8) into (1), when m is equal to 1, the Vrcuc
expresses the required minimum dc voltage for maximum
power injection and full compensation. It should be noted that
the voltage formed by the reactive current flowing through the
coupling inductor is in phase with source voltage Vsy. As a
result, the Vircyc is larger than V. The multifunction mode can
be analyzed through Fig. 5 under marginal, high, and low MPP
voltage cases such as MPP;, MPP,, and MPP3, respectively.

1) Marginal MPP Voltage (MPP1)

In this case, the proposed MPVI can operate in single- or two-
stage mode, as discussed below.

In single-stage mode, only VSI operates, so the flexibility of
the control strategy is limited. In Fig. 5, the MPP,; voltage can
meet the requirement of injected active power (as discussed in
section III. B.1)) but not meet the reactive current requirement
(Vwmpp1<VFcac1). As a result, there are two possible approaches,
such as VSI operates 1) at Py, 2) at MPP;. At P;, VSI can
compensate reactive current, but the extracted solar energy is
not maximum. At MPP;, VSI extracts maximum solar energy
but only performs partial compensation. The maximum active
power injection is preferred from the viewpoint of harvesting

more solar energy. However, if the power quality does not meet
the local grid code, implementing power quality enhancement
is the priority. Then, active power injection is the second
consideration.

In two-stage mode, the Bp is OFF to engage the miniboost.
The miniboost performs MPPT and the inverter performs full
compensation by adjusting the modulation index to regulate V.
to Vrcae1. The related experimental result will be given in Fig.
15, Fig. 16, Fig. 17, and Fig. 18 in section V.B.

In single-stage mode, the proposed MPVI with marginal
MPP voltage can inject maximum active power as shown in Fig.
15. Under this situation, only partial reactive power can be
compensated, as shown in Fig. 16. The proposed MPVI
operates with MPP as shown in Fig. 17, less solar energy can be
extracted. But full compensation can be performed.

In the two-stage mode, the VSI performs full compensation
as shown in Fig. 18 and TABLE V. More active power is
injected and reactive power is fully compensated. Therefore, the
two-stage mode is preferred.

2) High MPP Voltage (MPP»)

Referring to (8) and Fig. 5, the clockwise rotated Vi on
the x-axis is less than Vipps. Therefore, the VSI can operates at
MPP; for full reactive power compensation in the single-stage
PV-connected mode. Although the proposed MPVI can operate
in the two-stage mode to perform MPPT and full compensation,
the power losses are larger. That’s because the PV current flows
through the inductor Lg and diode Dg in two-stage mode
(without Bg or Bg OFF). The internal resistance of the inductor
(the winding of the inductor is relatively long) and diode Dg
introduce conduction losses. When the proposed MPVI
operates in single-stage PV-connected mode (Bg ON), the PV
current flows through Bg since the internal resistance of Bg is
much smaller than that of Lg and diode Dg. As a result, the
power losses are less. Fig. 19 and Fig. 20 show that the
proposed MPVI operates in single-stage and two-stage mode,
respectively. TABLE VI shows the single-stage mode is
preferred with higher efficiency.

3) Low MPP Voltage (MPP3)

In this case, the MPP voltage is Vapps. The clockwise rotated
Vinwms on the x-axis is Vrcacs, larger than Vipps, as shown in Fig.
5. The two-stage mode should be selected to avoid harmonic
emission. In two-stage mode, the miniboost is operated at
MPP3, and VSI is operated at Vrcq. for full compensation. The
related experimental result is given in Fig. 14 in Section V.A
and TABLE IV. The dc voltage of the MF mode is regulated
higher than that of the PG mode in Fig. 13 due to reactive power
increase.

TABLE II
PROPOSED MPVI OPERATIONAL CRITERIA UNDER VARYING CONDITIONS

Function Section and PV voltage situation| Voltage condition Operation mode Bg [Miniboost| PV voltage | DC voltage
Active power 1I1.B.1 Marginal MPP voltage < .
Day generation (PG) | and 11LB.2 High MPP voltage Ve < Vupp Single-stage PV-connected mode |ON| Bypass Vupp Vupp
. . . Single-stage PV-
de i
Day ;C;ng;z;eé) 1I1.B.3 Low MPP voltage Virr < Vsy Hl(g)gzrbzt};l:;:?y connected mode ON| Bypass @ VrGaVsu
g Two-stage mode |OFF| Engage Ve VoGV
Day |Multifunction (MF)| III.C.1 Marginal MPP voltage | Vsn= Virr< Vrca Two-stage mode (OFF| Engage Viep Vica>Vsu
Day |Multifunction (MF) 111.C.2 High MPP voltage Vicie <Vupp Single-stage PV-connected mode |ON| Bypass Viirp Viirp
Day |Multifunction (MF)| 1III.C.3 Low MPP voltage Vier < Vsu< Vecae Two-stage mode IOFF| Engage Vipp VEcde
Night |Compensation Only! 1I1.D Vica™ Vsu Single-stage inverter alone mode |OFF| Bypass Vicae
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Fig. 7. Control block diagram of the proposed MPVI.

D. Compensation Mode

At night, PV array have no solar energy injected into the
power grid. Only reactive power is needed to be compensated.
Under this situation, the required inverter ac voltage Vi, can
be expressed as:

2

Vinwm :\/(VSM + XL+ IianM) =Vem + XL livom -~

Fig. 6 shows the phase diagram in compensation mode.
Comparing Vipa and Viwae shows that injecting a higher
reactive current requires higher ac voltage. According to (1), the
larger reactive power requires a larger dc voltage. The related
experimental result will be given in Fig. 21, in which the
harmonic current is also compensated.

Based on the above analysis, the operational criteria are
summarized in TABLE II under varying conditions.

IV. CONTROL ALGORITHM AND STABILITY ANALYSIS

A. Control Algorithm

In this section, the algorithm of detecting load reactive power
current /oy, source voltage Vs and MPP (Vipp, Puup) of the
PV array are presented. The inverter injected opposite reactive
power (-I10u) to perform full compensation. According to /-1,
algorithm [20], the load reactive current /; gy can be obtained

as:
lipm | [ cos(@)  —sin(9) || iLa 10
lLom | | -sin(@) —cos(8) iLg (10)
where 6 is the voltage phase angle given by the phase-locked
loop (PLL). The iz, and i;s are the load currents in the of
reference frame, which can be obtained by orthogonal
generation methods (OGMs). The second-order generalized

integrator (SOGI) method [21] is selected in this paper, and iz,
and izp can be expressed as:

iLa(s) — Ga(s) i (S)
iLp(s) | | Gp(s)| -

where G,(s) and Gs(s) can be expressed as:

(11)
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kays
G (S):—
“ 52+ka>ls+a>12 (12)
k 2
Gp(8)=— (13)
s +kaoys+af

where & is the damping coefficient, w; is the fundamental
angular frequency. The magnitude of source voltage can be
calculated in the af reference frame by:

Vsm =4/V2 +v% (14)

where the v, and v are the source voltage in the aff reference
frame. Similarly, v, and vs can be obtained by:

Va(s) |_| Ga(®) |
e {Gﬂ(s)} )

The MPP (Vupp, Pupp) can be detected by the improved
perturb and observe (P&O) MPPT algorithm [22]. So far, the
necessary conditions in TABLE II for selecting power
processing stage are presented.

Based on the above analysis, the control strategy is
summarized in Fig. 7, in which the dc voltage control adopts
proportional-integral (PI) controller presented as:

(15)

K
Gpy (s)=Kp) +?I

(16)

where Kpr and K; are proportional coefficient and integral
coefficient, respectively. The proportional resonant (PR)
controller is employed to track the output current with zero
steady-state error in the current control module. The PR
controller is expressed as:

2- ac - S

Gpgr (5)=Kpg + K 1
PR PR R52+2-wc~s+w12 17

where Kpr, Kr and wc are proportional coefficient, resonant
gain, and cut-off frequency, respectively.
B. Stability Analysis

According to the current inner loop in Fig. 7, the open-loop
transfer function can be written as:
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Fig. 9. Bode diagram with varying Kp; in voltage loop.

G,y (5) = Kpwna “Gpr(8)-Gy (8) - as)

where the Kpws is the PWM coefficient, and the Ga(s) is the
system delay, which includes one sampling period 7y and
another delay 0.57, introduced by the modulator. The total delay
in the control loop is, thus, 1.575, expressed exponentially as:

Gy(s) =e 11 (19)

According to the G; 4,(s), we can obtain the stability analysis
of the inner loop. The bode diagram of the open-loop system
can be plotted in Fig. 8. The gain margin (GM) and phase
margin (PM) are all larger than 0 with the given parameters.
Thus, the system is theoretically stable. Considering the
parameters have some deviation from the theoretical values, the
PM is selected between 30° and 60° in this paper. Fig. 8(a)
shows the PM under varying Kpr and fixed Kz. When the Kpr is
equal to 2, the PM is equal to 49°, and the other values of Kpr
make the PM larger than 60°. Similarly, when the K is equal to
50 or 100 in Fig. 8 (b), the PM is within 30° to 60°. But the

© 2022 |IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See https://www.ieee.or

YOKOGAWA
WT1800

PO
Controller ==

Fig. 10. Experimental setup of the 1.5k VA single-phase prototype.

TABLE III
EXPERIMENTAL SETUP PARAMETERS
Description Parameters Values
Source Voltage (rms) VS 115V
Frequency h 50Hz
Loadl (o)} 1.1kVar
Load Load2 THD 45.7%
Coupling inductor L SmH
Inverter rating Sy 1.5kVA
Proposed MPVI Boost inductor Ly 2mH
Miniboost rating Sde 1kW
Switching frequency Jow 15kHz

magnitude gain is larger when the Ky is equal to 100. Thus, the
Kpr and K are selected as 2 and 100, respectively.

According to the outer voltage loop of the inverter controller
in Fig. 7, the transfer function of the voltage loop is given in
(20).

Gi_op (s) ) 1
1+Gj_op(s) Cyc-s

Based on the above analysis for the inner current loop, the
Kpr and Ky are 2 and 100, respectively. Accordingly, the bode
diagram of the voltage loop plots in Fig. 9. The system is stable
under the given parameters, and the PM is appropriate between
30° and 60° when Kp; and K; are equal to 0.75 and 0.2,
respectively. Thus, the Kpr and K; are selected as 0.75 and 0.2,
respectively.

G, o (8) =GCp) (s)- (20)

V. EXPERIMENTAL RESULTS AND DISCUSSIONS

A single-phase 1.5kVA experimental prototype is designed
and constructed in the laboratory, as shown in Fig. 10. The
controller of the prototype consists of a digital signal processor
(DSP) TMS320F28335 and a field-programmable gate array
(FPGA) 10MO02SCE14417G. The PV simulator model is
62100H-600S produced by CHROMA. The THD is measured
by Fluke 43B, and the power data is measured by YOKOGAWA
WT1800. All the experimental waveforms are recorded by
oscilloscope YOKOGAWA DLS850.

To avoid beat frequency oscillation that occurs in two or
more interconnected power converters [23], [24], two ways are
adopted to eliminate the beat frequency oscillation in the
experiment. Namely, on the one hand, the switching frequencies
of the miniboost and H-bridge inverter are set to be the same to
eliminate the beat switching frequency component. On the other
hand, a larger capacitor paralleled with miniboost output can
dampen the voltage ripple. Thus, even if there is a low beat
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Fig. 11. (a) MPPT performance and (b) experimental vy, iy, is, Vpy waveforms in
the condition of Vp=V,pp in single-stage PV-connected PG mode.
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Fig. 12. (a) MPPT performance and (b) experimental vy, i, i5, Vpy waveforms in
the condition of Vp>Vypp in single-stage PV-connected PG mode.
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Fig. 13. (a) MPPT performance and (b) experimental vy, i, is, Vpy waveforms in
the condition of Vp=Vypp in two-stage PG mode.
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Fig. 14. (a) MPPT performance and (b) experimental vy, i, is, Vpy waveforms in
the condition of Vpy=Vypp in two-stage MF mode.

S

TABLE IV
SUMMARY OF LOW MPP VOLTAGE OPERATION DATA
VPV Vdc Pinv Qinv THDiinv
e, Pure) oy MPP) oy Jowy |ovan | 7| ) |70
Fig. 11 | (152,610) 152 | &4 152 |584| 32 [0.957| 27.6 ]0.52
Fig. 12| (152,610) 165 | ® 165 |562| 26 [0.921| 23 ]0.52
Fig. 13| (152,610) 152 | 4 165 |576| 34 (0944 2.0 ]0.52
Fig. 14| (152,610) 152 | & 177 5641950 [0.925] 2.5 1.0

frequency, the beat frequency is shifted to a high frequency to
avoid amplifying by high gains of the inverter controller.

The experimental parameters are given in TABLE III. In this
section, varying P-V conditions are taken as discussed in
section III to verify:

1) the correctness and feasibility of graphical analysis
between phasor and PV curve;

2) the problems of harmonic emission, low efficiency, and
weak compensation capability can be solved by the proposed
MPVT to transfer different operation modes adaptively based on
the operational criteria;

3) dynamic performance of the proposed MPVI.
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Fig. 15. (@) MPPT performance and (b) experimental vy, iy, i, Vpy waveforms
in the condition of Vp=V)pp in single-stage PV-connected PG mode.
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Fig. 16. (a) MPPT performance and (b) experimental v, iz, is, Vpy waveforms
in the condition of ¥p=Vypp in single-stage PV-connected MF mode.
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Fig. 17 (a) MPPT performance and (b) experimental vy, i, iy, Vpy waveforms
in the condition of Vp)>Vpp in single-stage PV-connected MF mode.
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Fig. 18. (@) MPPT performance and (b) experimental vy, iy, i;, Vpy waveforms
in the condition of Vp=Vpp in two-stage MF mode.

TABLE V
SUMMARY OF MARGINAL MPP VOLTAGE OPERATION DATA
e, Pure) [Vor (V) [pp | (0 [T @ |y {100 [P,
Fig. 15] (165,1017) | 165 M | 165 |978] 10 |0.962] 2.2 |0.18
Fig. 16| (165,1017) | 165 M | 165 |973] 160 |0.957| 3.0 [0.24
Fig. 17] (165,1017) | 181 | B | 181 [910]1124]0.895] 23 | 1.0
Fig. 18] (165,1017) | 165 M | 181 |930]1091/0.914] 2.3 1.0

A. Low MPP Voltage

In this part, the MPP (152V, 610W) is similar to MPP3 in
section III. Fig. 11 and Fig. 12 use single-stage PV-connected
mode to illustrate the undesired harmonic emission. The source
voltage magnitude is 162V (115V rms) is larger than the MPP
voltage (152V). The MPP operation is achieved as shown in Fig.
11(a). Fig. 11(b) shows that the THD of the inverter current is
27.6%. In Fig. 12, the dc voltage is increased to Vpgae (165V).
The inverter operates without MPP but the undesired harmonic
current is suppressed. The proposed MPVI operates in the two-
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Fig. 19. (a) MPPT performance and (b) Experimental v, i, i, Ver, Vi
waveforms of the proposed MPVI operate in two-stage mode when MPP
voltage is relatively high.
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Fig. 20. (a) MPPT performance and (b) Experimental vy, i, i, Ver, Vae
waveforms of the proposed MPVI in single-stage PV-connected mode when
MPP voltage is relatively high.

TABLE VI
SUMMARY OF HIGH MPP VOLTAGE OPERATION DATA
Vey Vac  |Pinv |Qinv THDi,,
Vep, P, MPP PF;
Pwr: Prrr) | v ™ W |van| T | %)
Fig. 19| (220,636) | 220 | M | 220 [577[1035|0.907| 2.6 [1.0
Fig. 20| (220,636) | 220 | M | 220 [583[1026]/0.917| 2.3 1.0

stage mode, as shown in Fig. 13. Compared with Fig. 12, the
THD of the inverter current is similar, and the efficiency is
improved by 2.5%.

The required dc voltage of the inverter in the MF mode is
larger than that of the PG mode (Vrca>Vpca:) when other
conditions are unchanged. The dc voltage is regulated to 177V
for full compensation, as shown in Fig. 14. The experiment data
is summarized in TABLE IV.

B. Marginal MPP Voltage

In this part, the MPP (165V, 1017W) is similar to MPP; in
section III. The inverter can inject maximum power injection at
marginal MPP voltage, as shown in Fig. 15, in which the
injected current is not distorted. If reactive power compensation
is performed, the required dc voltage becomes larger than the
MPP voltage. Only partial compensation can be performed to
avoid harmonic emission, as shown in Fig. 16. The inverter
injects 160Var reactive power with MPP operation. But the
source power factor is only 0.24 after compensation. When the
PV voltage is regulated to Vrcac, the inverter can compensate all
reactive current without MPP operation as shown in Fig. 17.

The proposed MPVI operates in the two-stage mode as
shown in Fig. 18. The reactive power is fully compensated with
MPP operation. Compared with Fig. 17, the efficiency is
increased by 2.1%. The experiment data is summarized in
TABLE YV, in which the two-stage mode is preferred with high
power quality injected current and full compensation.

C. High MPP Voltage

In this part, the MPP (220V, 636W) is similar to MPP; in
section III. Fig. 19 and Fig. 20 show the waveforms of the
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Fig. 21. Experimental vy, iz, i, Vpy, V4 waveforms of the proposed MPVI in
compensation mode.

proposed MPVI operating in two-stage mode (Bz OFF) and
single-stage PV-connected mode (Bz ON), respectively. The
two experimental waveforms are very similar. The injected
active power into the grid is different as shown in TABLE VI
since the solar energy flows through the miniboost, causing
larger operational losses (Pupp-Pinv) in the two-stage mode.
Under this situation, the single-stage PV-connected mode is
preferred with higher efficiency (1.1%) since the solar energy
flows through the Bj instead of the miniboost.

D. Compensation Mode

In Fig. 21, the proposed MPVI is operated in compensation
mode. The reactive power and harmonic currents can be
compensated by the proposed MPVI. The injection reactive
power is 160 Var. The PFs and THDi; are improved to 1.0 and
2.8% after compensation, respectively.

E. Dynamic Performance Verification

To verify the feasibility of the proposed control strategy, the
dynamic experiments between single-stage PV-connected mode
and two-stage mode under varying load conditions are shown
in Fig. 22 and Fig. 23. In Fig. 22, the reactive power of the load
becomes larger. As a result, the Vrci becomes larger than Vypp.
The proposed MPVI transfers from single-stage PV-connected
operation mode to two-stage operation mode to perform full
compensation. In Fig. 23, the reactive power of the load
becomes smaller. As a result, the Virca. becomes less than Vypp.
The proposed MPVI transfers from the two-stage operation
mode to the single-stage PV-connected operation mode to
improve the system efficiency. Experimental results show that
the transfer process is smooth, and the switching time is
relatively short. They verify the feasibility and effectiveness of
the proposed control strategy.

VI. CONCLUSION

The harmonic emission puzzle and weak compensation
capability are exposed by the proposed graphical analysis under
varying PV conditions. When the inverter operates at MPP and
the corresponding MPP voltage is low, the inverter easily falls
into the overmodulation region. As a result, harmonic emission
occurs. Reducing the reactive power output can alleviate the
overmodulation region, but the compensation -capability
becomes weak. Thus, a time-sharing miniboost MPVI with
single-stage PV-connected mode, single-stage alone mode, and
two-stage mode is proposed. The proposed MPVI transfer
among these operation modes adaptively based on the
operational criteria to address undesired harmonic emission and
weak compensation capability. The corresponding control
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22. Transition from single-stage PV-connected operation mode to two-

stage operation mode of the proposed MPVI in the experiment.

; -1
108 1900

Fig.

wy

Voltage [100V/div], Current [10A/div], Time [10ms/yli¥]‘

23. Transition from two-stage operation mode to single-stage PV-

connected operation mode of the proposed MPVI in the experiment.

strategy and stability analysis are given and verified by
experimental results. Compared to the method without the
proposed operational criteria, the results show that the proposed
approach can perform MPP operation and full compensation

simultaneously,

especially the wundesired harmonics is

eliminated (THD < 2.5%) and the efficiency is improved by
1.1~2.5%.
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