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Abstract—To enhance the redundancy and reliability for a dis-
tributed generation system, a grid-tied photovoltaic (PV) genera-
tion system based on series-connected module-integrated inverters
(SC-MIIs) is presented in this paper. In the grid-tied SC-MII sys-
tem, each PV panel is interfaced with an MII with independent
maximum power point tracking to harvest maximum solar energy.
The outputs of MIIs are at ac line frequency and are connected in
series to fulfill the voltage requirement in the utility grid. Since the
high step-up power conversion stage in the conventional microin-
verter is avoided, the grid-tied SC-MII system is easier to imple-
ment and features high efficiency. Meanwhile, a distributed control
strategy for SC-MIIs is proposed, in which the active power shar-
ing among the MIIs depends on the individual maximum power
available from PV panels, while the reactive power of the system
can be regulated by any of the MIIs according to the utility grid
command. Simulation and experimental results verify the feasibil-
ity and effectiveness of the proposed system and its corresponding
control strategy.

Index Terms—Grid-tied inverters, inverters, module-integrated
inverters (MIIs), photovoltaic (PV) generation, series connected.

I. INTRODUCTION

ISTRIBUTED photovoltaic (PV) generation has been ex-
D tensively developed in both commercial and residential
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systems over the past decades. Due to the low energy conver-
sion efficiency of PV panels, current research still focuses on
maximizing the energy harvested from PV panels and improv-
ing the conversion efficiency of the power conditioning stage
[1]-[5]. However, the mismatches induced by manufacturing
tolerances, partial shading, dirt on the surface of PV panels,
thermal gradients, or aging result in losses in energy captured
by a PV energy conversion system. Furthermore, mismatched
PV modules or systems exhibit a nonconvex attribute of out-
put power with respect to output voltage, which hinders the
operation of maximum power point (MPP) tracking algorithm
and results in the need to operate PV grid-tied inverters over a
wider range of MPP voltages [6]. Distributed maximum power
point tracking (DMPPT) allows one to overcome the drawbacks
associated with mismatching phenomena.

Many state-of-the-art architectures of a PV grid-tied system
based on DMPPT techniques have been proposed, including the
ac-module structure, the dc-module structure, the distributed
differential power processing (DPP) structure, and the series-
connected H-bridge structure [7], [8], as shown in Fig. 1. The
ac module, as shown in Fig. 1(a), is also called the module-
integrated converter (MIC). The MIC can be used as a plug-
in device by individual users without professional knowledge.
However, when compared with the string inverters, MICs have
lower efficiencies and higher cost per watt [9]-[11]. In most of
the existing MIC topologies, a high-frequency transformer is
used to boost the low PV voltage so that it matches the util-
ity grid voltage. A high switching frequency is necessary to
achieve a compact inverter size. As a result, both the switch-
ing losses of the MIC devices and the transformer losses are
the dominant limitations for improving the efficiency. The dc
module structure integrates each PV panel with a dc/dc con-
verter. The output ports of dc/dc converters are connected in
series and the resulting string feeds in a centralized inverter
[12], [13], as shown in Fig. 1(b). The voltage gain requirement
in dc/dc converter topologies is reduced, and the dc-module
structure leads to higher energy extraction with respect to the
centralized MPPT. However, due to the limited voltage and cur-
rent ratings of the adopted power devices and nonoptimal string
voltage, extracting the maximum available power from each PV
panel is not always achievable in mismatched conditions [14]—
[18]. To further improve the performance, the DMPPT function
carried out in the dc/dc converters should be in accordance with
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the centralized MPPT function carried out in the centralized
inverter [16]. Therefore, the number of dc modules in a string
should be careful designed. On the other hand, the maximum
power capacity of the dc module structure depends on the power
rating of the centralized inverter, which limits the scalability of
the system. Meanwhile, the power stage of the inverter lacks
sufficient redundancy as well. As opposed to the dc module
structure, the DPP structure directly bypasses most of the power
and handles only the local mismatch to achieve local MPP with
low-power converters [19]-[21], as shown in Fig. 1(c). There-
fore, the lower power rating of DPP converters offers a potential
cost reduction and reliability enhancement as well as higher
efficiency. However, a centralized inverter is still required in
the DPP structure. The series-connected H-bridge structure also
mandates a lower voltage gain requirement for each module, as
shown in Fig. 1(d). This structure can also be called cascaded
H-bridge converters in some industrial applications, such as mo-
tor drives and STATCOM, which are connected with symmetri-
cal individual dc sources [22]-[25]. Therefore, this structure can
achieve direct medium-voltage grid access without using bulky
medium-voltage transformers. However, the series-connected
H-bridge in PV systems is different. Particularly, the input volt-
age of each submodule is different in the series-connected H-
bridge. As the same grid-tied current flows through the ac side
of each module, the active power mismatch will result in a dif-
ferent ac output voltage of these modules [26]. The module with
higher active power generation will carry a greater portion of the
whole ac output voltage, which may cause overmodulation and
degrade power quality. On the other hand, the series-connected
H-bridge features a high equivalent output pulse width modu-
lation (PWM) frequency [27]-[30]. Both the enhanced system
efficiency and the reduced output filter size are achieved in this
system. However, although the active power distribution among
series-connected H-bridge modules is determined by the indi-
vidual maximum power available from PV panels, a centralized
controller is still indispensable to regulate the grid-tied current
in the dc/ac stage. Therefore, the stage of the inverter is lack of
redundancy as well.

Based on the above analysis, an advanced PV generation sys-
tem should have characteristics such as high reliability, high
efficiency, flexible controllability, and excellent scalability. A
grid-tied PV generation system based on series-connected

7699

<|J43<|%12QJ43
;.l
0
24
Z

~
<

L

—~
o
~
—~
o
=

Four architectures of a PV grid-tied system. (a) AC module. (b) DC module. (c) DPP. (d) Series-connected H-bridge.

module-integrated inverters (SC-MIIs) was presented in [31].
The outputs of the MIIs are at ac line frequency and are con-
nected in series to fulfill the voltage requirement in the utility
grid. Since the high step-up power conversion in conventional
microinverters is eliminated, the SC-MII structure has poten-
tial cost and efficiency advantages. Based on this structure, an
autonomous control has been proposed in [32]. Each MII has a
slow outer control loop for the input voltage and a fast inner con-
trol loop for the ac output power. However, only the steady-state
operation of the systems was presented. The reactive power con-
trol of the system has not been presented, and nonunity power
factor operation of this system has not been discussed as well.
A distributed control strategy for SC-MIIs is proposed in this
paper, in which the active power sharing between MIIs depends
on the individual maximum power available from PV panels
without a centralized controller, while the reactive power of the
system can be regulated through any individual MII. The rest
of this paper is organized as follows: the structure of the grid-
tied PV generation system based on SC-MIIs is presented in
Section II, where it is compared with the ac-module system, the
dc-module system, the DPP system, and the series-connected
H-bridge system. The power flow analysis of the grid-tied SC-
MII system is also presented. In Section III, a distributed con-
trol strategy for the grid-tied SC-MII system is proposed. In
Section IV, a downscaled prototype of the proposed PV sys-
tem with three MIIs is built in the laboratory. Experimental
results from the prototype are presented to verify the validity of
the proposed control strategy. Finally, Section V concludes this

paper.

II. SYSTEM ARCHITECTURE AND POWER FLOW ANALYSIS
A. System Architecture

The grid-tied PV generation system based on SC-MIIs is
shown in Fig. 2, where w, to u,, represent the output voltages
of each MII. The voltage at point of common coupling (PCC),
i.e., upcc, is the sum of the voltage of each MIL. u, represents
the utility grid voltage, and Z7 i, represents the line impedance.

Similar to the series-connected H-bridge, each PV panel is
interfaced with an MII in the grid-tied SC-MII system. The out-
puts of MIIs are connected in series to achieve high-voltage
level. The independent MPPT is achieved to harvest as much



7700

ol

' Utility Grid
220Vac

N L

Fig. 2.  Architecture of the grid-tied SC-MII system.

as solar energy in each MII. However, the outputs of MIIs are
at ac line frequency in the grid-tied SC-MII system, while the
outputs of the series-connected H-bridge are at PWM frequency.
Therefore, each MII is an independent inverter with an output
filter in the grid-tied SC-MII system, so the distributed control
is easier to realize. In Fig. 2, each MII is implemented by us-
ing a single-phase full bridge inverter with the unipolar PWM.
The total filter inductance of the SC-MII system structure is
larger than that of the series-connected H-bridge. The total filter
inductance of the SC-MII system structure can be calculated as

n- UPVmpp
4. AILfmax : fs

where Upympp is the MPP voltage of each PV panel. Al .«
is the maximum ripple current of inductors in each MII, and f;
is the switching frequency of each MII. n is not only defined
as the number of SC-MIIs, but also defined as the number of
submodules in the series-connected H-bridge.

The total filter inductance of the series-connected H-bridge
can be written as

Ly = ey

UPVInpp
4. AIL}"max : fs,cq

where f; . is the equivalent output PWM frequency. Due to the
phase-shift carrier-based PWM control, the series-connected H-
bridge generates (2n + 1)-level output voltage. The equivalent
output PWM frequency (i.e., fs.q) is equal to n-f;. There-
fore, with the same parameters, such as the number of series-
connected modules, the switching frequency, the MPP voltage,
and the maximum inductor ripple current, L yyy is larger than
Ly ot

The grid-tied SC-MII PV generation system has the following
characteristics as well:

2
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Fig. 3. Phasor diagrams showing the relation between the a3 frame and

the /(' frame. (a) Relationship between grid-tied current, grid voltage, and
PCC voltage of SC-MIIs, when grid-tied current lags grid voltage. (b) Voltage
distribution of the SC-MlIIs with reactive power control.

1) Compared with the ac module structure, the grid-tied
SC-MII system reduces the voltage gain requirement for
SC-MII topologies. Thus, the system efficiency can be
improved.

2) Compared with the dc module structure and the DPP struc-
ture, the SC-MIIs are distributed and modularized instead
of a centralized inverter. Therefore, the reliability of the
grid-tied SC-MII system is higher than that of the dc mod-
ule structure.

3) The power conditioning stage of the SC-MIIs can be single
stage or two stage. Compared with the two-stage topology
structure, the single-stage topology structure such as the
H-bridge inverter can achieve higher system efficiency.
However, the H-bridge inverter lacks the boost function,
so that the inverter module must be designed with the
lowest voltage of the wide-range PV input.

B. Power Flow Analysis

In the grid-tied SC-MII system, the same grid-tied current
flows through the ac side of each MII. Therefore, the output volt-
age of each MII will determine the active and reactive power dis-
tribution. To clarify the power distribution, the series-connected
system with three MIIs is taken as an example for analysis. The
phasor diagram between the output voltage of each MII and
the grid-tied current is depicted in Fig. 3, where Vg represents
the utility grid voltage vector. Voco represents the PCC voltage
vector of SC-MIIs. Vol—Vog represent output voltage vectors of
MII #1-MII #3, respectively. I; ; represents the grid-tied current
vector. Vi represents the voltage vector of the line impedance.

From Fig. 3(a), it can be seen that the grid-tied current lagging
the utility grid voltage is taken as an example for analysis. The
«-axis is in phase with the utility grid voltage, and the [§-axis
lags the a-axis by 90°. Considering the line impedance, a new
«’ 3’ frame can be defined. In this frame, the o’-axis is in phase
with the PCC voltage vector of SC-MlIIs, and the [3’-axis lags
the a’-axis by 90°. The PCC voltage vector (i.e., Vpcc) should
be synthesized by the output voltage vectors of three MIIs. If the
reactive power control loop of each MII is disabled, the output
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Fig. 4. Control scheme of MIIs.

voltage vector reference of each MII is aligned with the o’ -axis
following the phase-locked loop (PLL). Therefore, the power
factor of the SC-MII system cannot be regulated. Furthermore,
the phase of the grid-tied current cannot be controlled. As a
result, the SC-MII system is unstable without the reactive power
control. The grid-tied current lagging grid voltage is taken as an
example for analysis. Assuming that the reactive power control
loop of MII #1 is enabled, the voltage vector reference of MII #1
contains a positive (3’-axis component generated by the reactive
power control loop. As a result, the output voltage vector of
MII #1 lags the PCC voltage vector, as shown in Fig. 3(b).
Both the reactive power control loops of MII #2 and MII #3
are disabled. Thus, both the voltage vector references of MII #2
and MII #3 are still in phase with the PCC voltage vector, while
the output voltage vectors of MII #2 and MII #3 lead the PCC
voltage. It is obvious that if reactive power control loops of all
the MIIs are enabled, the output voltage vectors of all the MIIs
will lag the PCC voltage. Thus, the PCC voltage vector cannot
be synthesized by output voltage vectors of three MIIs. On the
other hand, since the same grid-tied current flows though the
ac side of each MII, the reactive power of each MII is coupled.
Therefore, only one MII is available to enable its reactive power
control loop. The same analysis can be extended to the condition
with the grid-tied current leading the utility grid voltage.

III. CONTROL STRATEGY AND IMPLEMENTATION
CONSIDERATION

A. Control Scheme Analysis

Fig. 4 shows the control scheme of the jth single-stage MII.

The same control scheme can be applied to the other MlIs,
where upy; and ipy; represent the output voltage and current
of the jth PV panel, respectively. w; is the output signal of the
jth MPPT unit. upcc represents the PCC voltage. sinf is the
output of the PLL, and it is in phase with the PCC voltage,
upcc. Uord; is the output of Gg;(s), and Us,q; is the output of
Gyj(s).- Q; and Qor; are defined as the reference and feedback
of the reactive power of the jth MII, respectively. u,; and u,y;
represent the reference and feedback of the output voltage of the
Jth MIL respectively. 7 ; and i y; are defined as the reference
and feedback of the inductor current of the jth MII, respectively.
Gl;j (s) represents the input voltage regulator with PI regulation
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of the jth MIL. G,;(s) is the output voltage regulator with PR
regulation of the jth MIIL. G, (s) is defined as the inductor current
regulator with PR regulation of the jth MIL. G;(s) represents
the reactive power regulator with P regulation of the jth MII as
well. S; is defined as a signal in the control system of the jth
MII.

1) Active Power Regulation: According to Fig. 4, it can be
seen that each MII has its own MPPT function. The classic
perturb and observe technique can be used as the MPPT algo-
rithm. Since sind is aligned with the PCC voltage in the PLL,
the input voltage controller (i.e., G4;(s)) can be regarded as
the active power regulator. The single-stage H-bridge inverter
is used as the inverter topology. Thus, the input voltage of each
MII has the double-line-frequency oscillation. As a result, for
the active power control loop, since the line frequency is 50 Hz,
the cutoff frequency of the input voltage control loop should
be designed less than 100 Hz. The amplitude of U,.q; can rep-
resent the active power of the jth MIIL. Therefore, the active
power sharing between SC-MIIs is dependent on their individ-
ual maximum power available from PV panels. Therefore, since
the same grid-tied current flows through ac side of each MII,
the MII with larger power harvested from PV panels has higher
output voltage.

2) Reactive Power Regulation: From Fig. 4, it can be seen
that the instantaneous output voltage reference of each MII (i.e.,
u,;) is synthesized with two components. The first component
is the output of active power control loop, i.e., Uy,q; multiplied
by the sinf. The second component is the output of reactive
power control loop, i.e., U,.q; multiplied by —cosf. The phase
of this component lags the PCC voltage with 90°. The reactive
power reference (i.e., Qo) is derived as

/ 2
Qi = Py 3)
where A is the value of the power factor, which is determined
by the utility grid commands. F,; is the average output ac-
tive power of the jth MII, which enables its reactive power
regulator.

Assuming that the jth MII enables its own reactive power
control loop, the value of the control signal (i.e., S;) is set to
1. Therefore, the output of the reactive power control loop is
added to the instantaneous output voltage reference. The refer-
ence vector of the output voltage lags the PCC voltage vector.
From Fig. 3(b), the output voltage vector of this MII lags the
PCC voltage vector. While the reactive power control loops of
the other MIIs are disabled, the values of the control signals
are set to 0. Therefore, instantaneous reference vectors of the
output voltages in these MIIs are in phase with the PCC voltage
vector. From Fig. 3(b), the output voltage vectors of these MII
lead the PCC voltage vector. As a result, the adjustable power
factor of the grid-tied SC-MII system is realized, and there is a
communication link between each MIIs.

3) Voltage and Current Regulation: From Fig. 4, it can be
seen that each MII has its own output voltage regulator and
inductor current regulator. The voltage and current control loops
of the MII are similar to the conventional single-phase inverter.
Therefore, the control bandwidth of the inductor current control
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loop is the highest, and the cutoff frequency is usually designed
between 1/20 and 1/10 times of the switching frequency. The
control bandwidth of the output voltage control loop is lower
than that of the inductor current control loop, and the cutoff
frequency is usually designed between 10 and 20 times of the
fundamental frequency. Since the reactive power of each MII
is not regulated frequently, the proportional coefficient of the
reactive power regulator can be very small. The design method
of the input voltage regulator is the same as the conventional
PV grid-tied inverter.

B. Operation Limitations

Since the single-phase full-bridge inverter topology is used,
the output voltage of each MII should be lower than its input
voltage to avoid overmodulation. Therefore, if the power condi-
tioning stage of the SC-MIISs is single stage, the output voltage
of each MII should be lower than the output voltage of its inter-
faced PV panel. On the other hand, the output current of each
MII should be limited within a suitable range, which is depen-
dent on the current rating of the adopted power devices [14],
[15], [17]. Therefore, the output characteristics of the MII are
depicted in Fig. 5, where P, .« represents the maximum output
power of each MII, and [, represents the maximum output
current of each MII. U, . is defined as the maximum output
voltage of each MII, and the amplitude of U, is related to
the PV panel voltage. U, can be written as

Uomax =M - upv (4)

where M is the modulation index of the MII.

The output current limitation of the jth MII can be achieved
by limiting the maximum value of the ¢} ;. The control scheme
of output voltage and power limitation is shown in Fig. 6, where
U,; is the root-mean-square (RMS) value of the u¢;. P,; rep-
resents the average value of the instantaneous power p,;.

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 33, NO. 9, SEPTEMBER 2018

From Fig. 6, it can be seen that, when the output voltage and
the output power of the jth MII are less than their maximum
limitations, the input voltage control loop is enabled. Extracting
the maximum available power from the jth PV panel can be
achieved in mismatched conditions. However, when the output
voltage or the output power of the jth MII is limited by the
maximum constraint, upy; will be higher than ujil As a result,
extracting the maximum available power from the jth PV panel
cannot be achieved. Therefore, the limited voltage and current
ratings of the adopted power devices are the main drawbacks
not only for the SC-MIIs structure, but also for other structures
with series-connected converters.

C. Simulation Results

The grid-tied SC-MII PV generation system with the pro-
posed control strategy is conducted in PSIM simulation plat-
form. The test system with three MIIs is taken as an example.
The PV panels are emulated by using dc power supplies series
connected with resistors. The input voltage of each MII is con-
trolled as 36 V. The series resistance in the dc source is adjusted
to emulate the variable PV power, so the input power mismatch
of each MII was thereby achieved.

1) Unity Power Factor: Fig. 7 shows the steady-state and
dynamic waveforms of three MIIs with unity power factors,
where u,,iq and 4, represent the utility grid voltage and the
grid-tied current, respectively. wu,; to u,3 are defined as the
output voltages of three MIIs. upvy; to upys represent the output
voltages of three PV panels. P,; to P,3 are defined as the output
power of three MIIs feeding into the grid, respectively.

In Fig. 7(a), the grid-tied power of MII #1 is 190 W, the
grid-tied power of MII #2 is 230 W, and the grid-tied power
of MII #3 is 130 W. Therefore, the output voltage of MII #2
is the highest, and the output voltage of MII #3 is the lowest.
The grid-tied current is in phase with the utility grid voltage. In
Fig. 7(b), the grid-tied power of MII #3 increases at 0.8 s. After
0.8 s, the grid-tied power of MII #3 is the largest, and the output
voltage of MII #3 is the highest.

2) Nonunity Power Factor: Fig. 8 shows the steady-state
waveforms of three MIIs with nonunity power factors, where
us, to u}4 are defined as the output voltage references of three
MIls. i}, to i}, are defined as the voltage regulator outputs
of three MIIs. The line impedance is set to zero in simula-
tions; thus, the utility grid voltage can be regarded as the PCC
voltage.

As shown in Fig. 8(a), the grid-tied power of MII #1 is 190 W,
the grid-tied power of MII #2 is 240 W, and the grid-tied power
of MIT #3 is 130 W. The power factor is set to 0.92 (lagging), and
the reactive power regulator in MII #1 is enabled. Therefore, the
output voltage of MII #2 is the highest, and the output voltage
of MII #3 is the lowest. The phase angle of grid-tied current lags
the utility grid voltage. As shown in Fig. 8(b) and the zoom-in
results of the zero-crossing parts, it can be seen that the output
voltages of MII #2 and MII #3 lead the PCC voltage, while the
output voltage of MII #1 lags the PCC voltage. Moreover, the
output voltage references of MII #2 and MII #3 are in phase
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with the PCC voltage, while the output voltage reference of MII
#1 lags the PCC voltage.

Fig. 9 shows the dynamic waveforms of three MIls with
nonunity power factors. In Fig. 9, the power factor of the grid-
tied SC-MII system is set from 0.92 (leading) to 0.92 (lagging).
It can be seen that the performance of reactive power regulation
is as expected. The output voltages of three MIIs are stable. On
the other hand, it is worth mentioning that if MII #1 is under fault
condition, the grid-tied SC-MII system is still stable. Since the
active power control of each MII is distributed and dependent
on the individual maximum power available from PV panels,
the rest of the MIIs are operating with unity power factor until
another MII is selected to enable its reactive power regulator.

IV. EXPERIMENTAL RESULTS

In order to verify the grid-tied SC-MII PV generation sys-
tem and its corresponding control, a downscaled PV system

prototype including three single-stage MIIs has been built in the
laboratory. The picture of the grid-tied SC-MII system is shown
in Fig. 10.

The PV panels were emulated by using dc power supplies
series with resistors in the experiments, and the input voltage
of each MII is controlled as 36 V. The PV power mismatch is
achieved by changing the series resistance of each dc power sup-
ply. The utility grid was emulated by an ac voltage source, and
the voltage was set to 46 V. The control circuit of each MII was
implemented based on DSP TMS320F2808. The specifications
of each MII are listed in Table I. The value of filter inductors
(shown in Fig. 2) is 130 pH. The reactive power regulator of MII
#1 is enabled, and the reactive power command is transferred
by CAN2.0 communication.

The experimental results of the grid-tied SC-MII system with
unity power factor are shown in Fig. 11, where u,1, 1,2, and
u,3 represent the output voltages of three MIIs, respectively. i,
represents the grid-tied current.
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TABLE I
PARAMETERS OF EACH SC-MII
Parameter Value
Input voltage 0-45V
Output voltage 0-30 V
Grid-tied current 0-10 A
Rated power 250 W
Switching frequency 100 kHz
Grid voltage 46V : ;
Grid frequency S0 Hz Uy Uty s 40V /div i 1 10A/div
Filter inductor (L and Lo) 130 uH (b
Filter capacitor (C,) 25 uF
DC input filter capacitor 1000 pF . . . .
Fig. 11. Dynamic waveforms with unity power factor. (a) Py; = FP,2 =

MOSFET IRFP3415PBF (150 V) Py = 125W.(b) P,y = 83W, Ppy = 125W, and Pps = 167W.
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Fig. 12. Steady-state waveforms with nonunity power factor. (a) P,
83W, P,y = 125W, P,3 = 167W, and Qg = —100 Var. (b) P,
65W, P,y = 180W, Py3 = 195W,and Qg = 100 Var.

In Fig. 11(a), it is shown that P,; = 65W, P,5 = 110W,
and P,; is changed from 20 W to 80 W. The reactive power is
set to zero. It can be seen that, when P,; increases, the output
voltage of MII #1 increases as well. Since the total voltage of
three MIIs is clamped by the ac voltage source, both the output
voltages of MII #2 and MII #3 decrease. The grid-tied current
increases and it is still in phase with the utility grid voltage.
In Fig. 11(b), it is shown that P,; = 80W, P, = 65W, and
P,3 is changed from 110 to 30 W. It can be seen that, when
P,3 decreases, the output voltage of MII #3 decreases as well.
Since the total voltage of three MIIs is clamped by the ac voltage
source, the output voltages of MII #1 and MII #2 increase. It is
indicated that the output voltage of each MII is dependent on the
power available from its interfaced PV panel, and the grid-tied
SC-MII system has great dynamic performance with a transient
output voltage regulation process.

The experimental results of the grid-tied SC-MII system with
nonunity power factor are shown in Figs. 12 and 13. Qg repre-
sents the total reactive power of the grid-tied SC-MII system.

In Fig. 12(a), it is shown that P,; = 83 W, P,, = 125W,
P,; = 167 W, and the reactive power is set to —100 Var. As a
result, it can be seen that the output voltage of MII #3 is the
highest, which equals to 19.6 V. The output voltage of MII #2
is 14.7 'V, and the output voltage of MII #1 is the lowest. The
grid-tied current leads the utility grid voltage. In Fig. 12(b),
P,y =65W, Py = 180W, P,3 = 195W, and the reactive
power is set to 100 Var. It can be seen that the grid-tied current
lags the utility grid voltage. According to Fig. 12, it is indicated

Uy, Uy, Uy 140V /div i :20A/div
(b)

Fig. 13.  Dynamic waveforms with nonunity power factor. (a) Qg is from 0
to—100 Var, P,; = 83W, P,o = 125W,and P,3 = 167W. (b) Qg is from
0to—100 Var, P,; = 83W, P,o = 125W,and P,3 = 167W.

that the output voltage of each MII is only dependent on the
power available from its interfaced PV panel. One of the MIIs
has the ability to regulate the total reactive power of the grid-tied
SC-MII system.

In Fig. 13(a), it is shown that P,y = 83 W, P,, = 125W,
P,; = 167W, and the reactive power is changed from O to
—100 Var. It can be seen that, when the reactive power is changed,
the voltages of three MIIs are stable, but the grid-tied current
leads the utility grid voltage. In Fig. 13(b), it is shown that
P,y = 83W, Py, = 125W, P,3 = 167W, and the reactive
power is changed from O to 100 Var. It can be seen that, when
the reactive power is changed, the voltages of three MIls are
stable, but the grid-tied current lags the utility grid voltage. As
a result, it is indicated that the dynamic process of reactive
power variation is smooth, and the dynamic performance of the
grid-tied SC-MII system is good.

V. CONCLUSION

A distributed control strategy for the grid-tied SC-MII PV
generation system is proposed in this paper, and both the ac-
tive and reactive power control of each MII are analyzed and
presented. Simulation and experimental results demonstrate the
following:

1) The output voltage of each MII is at ac line frequency, and
the active power sharing among the MIIs is dependent on
the individual maximum power available from PV panels.
Therefore, the distributed active power control of each
MII is achieved.
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2) The output voltage of each MII is almost in phase with

the utility grid with either unity or nonunity power factor.
Furthermore, the proposed distributed control has the abil-
ity to regulate the reactive power and to provide reactive
power support for the utility grid.

Hence, both the grid-tied SC-MII system and the proposed
distributed control is a good potential solution for distributed
and grid-tied PV generation systems.
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