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A B S T R A C T

Modular multilevel inverters (MMIs) for medium-voltage (MV) grid-connected systems are gaining attention
in solar photovoltaic power (PV) applications. Existing MV power electronic converters require large passive
components, huge line-frequency step-up transformers, and additional conversion power stages for maximum
power extraction. This paper presents a new three-phase modular inverter (TPMI) based on a novel dual-
isolated SEPIC/CUK (DISC) converter for large-scale PV (LSPV) plants. The proposed TPMI is synthesized from
series DISC submodules (SMs) to reduce the size and improve the performance of the energy conversion system.
Employing high-frequency transformers (HFTs) into the SMs can provide the required galvanic isolation and
voltage boosting in addition to reducing the size compared with line-frequency step-up transformers. The
chosen DISC converter reduces the required filtering capacitances thanks to its operation as a current-source
converter, resulting in improved lifetime, scalability, and resilience of the inverter. The state-space model of
the DISC is presented and its performance in PV grid-tied systems using simulations is evaluated. To validate
the mathematical analyses and computer simulations, a small-scale experimental prototype is built and tested.
1. Introduction

Global warming is the primary driver of worldwide interest in
renewable energy sources (RESs) for large-scale electricity generation.
Solar photovoltaic (PV) has emerged as one of the most promising
renewable forms of bulk power generation as a result of developments
in solar cell fabrication and converter technology [1]. Therefore, new
markets are emerging for PV energy and more gigawatts (GWs) power
plants are being installed [2]. In this context, large-scale PV (LSPV)
lants with a capacity of megawatts range can become key contributors
or assuring high-energy conversion generated from RESs to loads
nd/or grids [3]. Globally, LSPV capacity is growing remarkably with
lants over 80 GW are already in operation [4].
The ambitious plans to expand further LSPV power plants require
ore efficient power converters. However, the progress of LSPV power
lants is hindered by the lack of suitable high-power converter topolo-
ies for the integration of LSPV systems to the medium/high voltage
rids [5]. A conventional LSPV power plant is mainly composed of
V modules that are connected in series/parallel combinations to form
V arrays and strings. These arrays and strings are then connected to
c–dc converters that ensure maximum power point tracking (MPPT)
peration and boost the dc voltage. The dc–dc converters’ outputs are
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connected to a common DC bus operating at a voltage range of 415–690
V. The common dc bus is then connected to the utility grid via a step-up
transformer by a central dc–ac inverter [6]. Fig. 1 shows the common
configuration of present LSPV plants to harvest the energy from the PV
modules.

Although this configuration is common for PV grid-connected sys-
tems, it does not yet meet all technical and cost-effective requirements
for PV systems [7]. This configuration requires the use of bulky and
heavy line frequency transformer(LFT), large line filters, and boost
converters, which considerably increases the weight and volume of the
energy conversion system, its operating costs, and losses [7]. Employing
this single central inverter system to supply high power to the main grid
is challenging due to the power rating restrictions of existing power
inverters and the semiconductor [8]. In additional, the vast number of
PV modules connected in series in a PV array is controlled by a common
maximum power point tracking (MPPT) algorithm, which can limit the
system’s overall power output of the string [9].

The lack of these concerns in modular multilevel inverters (MMIs)
has recently attracted the researchers’ interest as a promising solution
due to their competency in addressing the aforementioned issues and
improving the performance of LSPV integration into the grid [10].
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Fig. 1. Conventional large-scale PV plant conversion system.
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Early multilevel converters relied on common dc sources with either
a single dc-link capacitor or a series of capacitors connected on the
dc side. In this group of converters, the most common topologies are
neutral point clamped (NPC) and flying capacitor (FC) converters [11].
However, both topologies require a common dc bus, which decreases
their modularity and efficiency of MPPT controller. Moreover, NPC uses
a high number of clamping diodes to generate more voltage levels,
whereas FC suffers from unbalanced capacitor difficulties, therefore
they are unsuitable for the PV/MV applications. Thus, their primary
application is limited to the low and medium voltage range [12].

In this aspect, several MMI topologies have been introduced in LSPV
pplications that shift towards a more distributed structure, such as
ascaded H-bridge (CHB) converter and modular multilevel converter
MMC) [13]. These topologies use a submodule (SM) circuit in which
he power is transferred from the PV side to the inverter ac terminals.
hey have the merits of modularity, independent MPPT operations,
ustainability for managing high voltages ranging from several hundred
V to MV, high fault tolerance, and the absence of capacitor balancing
ssues [14]. Despite their widespread use in high-power applications,
hese topologies have several challenges in LSPV applications. The use
f CHB inverters for PV integration has been presented in [15–17].
n [15], CHB star and delta configurations are evaluated from the
erspective of PV integration where the focus is on the unbalanced
ower generation between the three phases due to partial shading
onditions. The work in [16] examines the capabilities of the CHB and
iscusses various techniques of zero-sequence calculation. In [17], the
uthors study the shortcomings of current zero sequence methods for
HB under severe power unbalance and present a simpler optimal zero
equence approach. In these CHB-related configurations, the PV array
s connected to the dc-links of individual SMs by using dc–dc converters
nown as two-stage inverters. On the other hand, the leakage current
henomenon is the key concern in CHB MMI structures in which their
Ms are connected directly to PV modules [18]. In [19,20], the authors
built and fitted passive filters at the output of each CHB SM to reduce
the leakage current. However, these filters decrease the CHB’s output
voltage. Moreover, as the number of SMs increases, the cost, volume,
and weight of the CHB grow considerably due to the extra of filter
circuits. In addition, they need a complicated design procedure and
cannot be applicable at high power levels [18].

A group of MMCs for PV systems connected to either one or several
c-links is described in [21,22]. However, these MMCs have some lim-
tations when they are employed in PV systems. The direct connection
f the PV array to the common dc link presents a challenge during
artial shading because the MPPT distribution becomes difficult [23].
f the input side of the MMC is connected to several dc-links, the input
c voltage must be higher than the peak output ac voltage. As PV
tring voltages are frequently at or below 1.5 kV, an additional boost
onverter step is necessary to produce MVAC output, which increases
he expense of the system and decreases its efficiency [24]. Motivated
y the previous modular inverter structures, new MMIs have been
eveloped in which dc/dc converters are used as SMs to increase their
pplicability for MV PV systems. These MMI structures are derived from
2

topological combination between the CHB and MMC topologies [25].
hey are distinguished by their distributed MPPT control, galvanic
solation, low total harmonic distortion (THD), low voltage stress, and
mall overall system volume and weight [26]. These inverters are
ased on high-frequency transformers (HFTs), which have emerged
s a viable alternative to LFTs due to their compact size and higher
fficiency [27]. This contributes to SM structures meeting PV system
afety requirements [28].
The fly-back converter lends itself well to the design of modular

nverter SMs because of its simplicity, low cost, and ability to provide
oth isolation and unidirectional power flow when connected to a
V-tied grid [29]. In [30], a three-phase modular fly-back topology in-
erter is presented. The proposed inverter topology consists of parallel
Ms based on isolated fly-back converters with an adequate level of
ower. These SMs are connected in parallel on the dc input side and
ifferentially connected on the grid side. The performance of the fly-
ack converter is improved by the HFTs’ voltage boosting and galvanic
solation capabilities. By connecting many fly-back SMs in parallel, the
urrent can be distributed to increase the apparent switching frequency
nd decrease the size of HFTs. Despite the modular nature of the pro-
osed structure, the power capability does not increase proportionally
ith the number of SMs. To increase the power output of this system,
dditional SMs and PV modules must be connected in parallel with
he existing ones. According to its results, it is more suitable for low-
ower PV applications. Furthermore, the fly back converter has a large
eakage inductance and discontinuous current behaviour at the input
nd output sides, limiting conversion efficiency. In [31] study, four
ifferent SM topologies of C5 (Cuk), F5, G5 (SEPIC), and P5 converters
re investigated. These SM converters are used in an MMI structure
hat provides galvanic isolation via HFTs operating at a high switching
requency to allow for a significant reduction in the overall system
ootprint [32]. By inspecting the performance of these SMs topologies,
oth CUK and SEPIC converter topologies can provide higher efficiency
nd accomplish system-wide objectives [33].
In this paper, a three-phase modular inverter (TPMI) based on the

ovel dual-isolated SEPIC/CUK (DISC) converter is presented for the
SPV grid integration as shown in Fig. 2. The dual isolated SEPIC-
uk (DISC) converter can generate two symmetrical dc voltages with
neural point to give balanced dual output voltages without further
oltage balance control [34]. The total number of passive components
s reduced because the input side inductor for both the Cuk and SEPIC
onverters can be shared. The employed DISC operates using identical
ate signal for the output switches. Therefore, their output voltages are
omparable in amplitude but different in polarity [35].
This emerging inverter offers several interesting features that pro-
ote it as a modern generation power inverter. These features can be
ummarized as follow:

i By adding more SMs, the output voltage and current can be
scaled up and delivered into the grid.

ii An HFT can be embedded in the SM to achieve galvanic iso-
lation, effectively addressing leakage current in PV inverters,
adding more flexibility to step up or down the input voltage.
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Fig. 2. Proposed new TPMI employing the DISC converter for SMs conversion.

iii Providing Continuous current flows through the input and out-
put ports, which helps the MPPT controller harvest the maxi-
mum power from the PV arrays.

iv With its distributed MPPT operation, it is possible to yield the
maximum possible energy under both uniform and non-uniform
partial shading environments due to the independent connection
of each PV module to its own SM.

v Due to the continuous current nature, it is possible to filter
the PV system using a small film capacitor rather than a large
electrolytic capacitor, which can result in a longer inverter life.

vi Possessing fault-blocking capability in the case of dc or ac power
failure. SMs can be forwarded or replaced if they fail for any
reason.

he rest of the paper is organized as follows: Section 2 describes
he SM topology, the basic operation, and the modulation strategy.
ection 3 discusses the details of steady-state analysis and the pa-
er’s average model contribution. Section 4 explains parameters design
election. Section 5 describes the developed control strategy for the
nverter. Section 6 simulation results of the inverter system using
ATLAB/Simulink. Section 7 illustrates system validations with the
xperimental prototype and TMS32028335 DSP controller.

. SM unit description and operation

.1. SM unit

The novel DISC converter will be used as the SM of the proposed
PMI where each SM will be connected to a PV module. As shown in
ig. 3, the DISC is formed as a combined SEPIC/Cuk converter with
ual-winding isolation.
The combination SEPIC/Cuk converter structure is possible because

oth converters share one common front structure and two output
tructures for dual output voltages. This design can employ a compact
FT to obtain galvanic isolation, which is essential to handle effectively
eakage current issues in PV inverters. In the steady state, the voltage
ain ratio of the SM is the sum of the Cuk and SEPIC converters’ output
oltages. As both of these converters are buck-boost converters, the
oltage gain ratio of the DISC SM is:
𝑉𝑂
𝑉𝑖𝑛

= 2𝑁𝐷
1 −𝐷

(1)

here 𝐷 is the steady state duty-cycle ratio and 𝑁 is the HTF’s turns
atio. The output voltage of the SM is doubled when compared with
he conventional buck-boost converters. In addition, the HFT itself can
ontribute to increase the voltage gain by increasing 𝑁 if necessary.
3

Fig. 3. SM unit of the TPMI inverter.

In this topology, the output switches 𝑆𝑜1 and 𝑆𝑜2 are operating in
a complementary manner to the input side switch 𝑆𝑖𝑛. In addition,
these switches should be equipped with antiparallel diodes to chop
the current when the output current is negative. Consequently, their
output voltages level have the same magnitude and opposite polarity.
The upper structure (SEPIC) has a positive output voltage while the
lower structure has a negative output voltage.

2.2. Basic of operation

The operation of the DISC SM in continuous conduction mode
(CCM) will be discussed in this section. 𝐷 is the ratio of the switch-on
time 𝑡on , where 𝑆𝑖𝑛 is ON, to the complete switching period 𝑡𝑠. There
re two operational states from the perspective of the SM. The two
tates of the SM are as follows.

• State 1 (0 ≤ t <D t𝑠)

By turning 𝑆𝑖𝑛 ON and output switches OFF as shown in Fig. 4(a),
he input current 𝑖𝑛 begins to increase and the primary capacitors 𝐶𝑟
tarts to discharge. Meanwhile, 𝐶𝑆 and 𝐶𝐶 are discharged and their
nergy is released into output side inductors 𝐿1 and 𝐿2. Thus, the
urrents 𝑖𝐿1 and 𝑖𝐿2 will increase together while the output capacitors
𝑝 and 𝐶𝑛 are discharging in the output load.

• State 2 (𝑡on < t <t𝑠)

n contrast to previous state, the output switches 𝑆𝑜1 and 𝑆𝑜2 are
urned ON together whereas 𝑆𝑖𝑛 is turned OFF, see Fig. 4(b). 𝑖𝑛 flows
hrough the primary capacitor 𝐶𝑟, 𝐶𝑆 and 𝐶𝐶 capacitors. Thus, these
apacitors are charging and their voltages increase together. As the
utput switches begin to conduct, the upper output inductor 𝐿1 releases
ts energy to charge 𝐶𝑝 and supply the load while the lower output
nductor 𝐿2 is discharged and its energy is transferred to 𝐶𝑛 and the
utput load. Fig. 5 shows theoretical waveforms for the proposed DISC.

.3. Modulation strategy

There are two possible connections of the SMs in phase 𝑗 with the
V modules as shown in Fig. 6. In the first method, separate PV modules
re connected with each SM to reduce the current of each PV module. In
he second method, the same PV module is connected to the successive
Ms to ease the dc connection but at expenses of increased current. The
utput ac voltage and current from the SMs will be the same in both
onnections. The output voltages of 𝑆𝑀𝑛−1 and 𝑆𝑀𝑛 in phase 𝑗 can be
xpressed as:

𝑗𝑛−1(𝑡) =
1
2
𝑉𝑗𝑛−1 sin(𝜔𝑡) + 𝑉𝑑𝑐𝑗𝑛−1

𝑣 (𝑡) = 1𝑉 sin(𝜔𝑡 + 𝜋) + 𝑉
(2)
𝑗𝑛 2 𝑗𝑛 𝑑𝑐 𝑗𝑛
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Fig. 5. Theoretical waveforms of proposed DISC.

The duty-cycle ratios to generate these voltages are calculated from:

𝐷𝑗𝑛−1(𝑡) =
𝑣𝑗𝑛−1

𝑣𝑗𝑛−1 + 2𝑁𝑉𝑖𝑛𝑛−1

𝐷𝑗𝑛(𝑡) =
𝑣𝑗𝑛

𝑣𝑗𝑛 + 2𝑁𝑉𝑖𝑛𝑛

(3)

f the magnitudes of the ac components and the dc offsets are equal in
he two successive SMs, their total output voltage is

𝑜𝑗𝑛(𝑡) = 𝑣𝑗𝑛−1(𝑡) − 𝑣𝑗𝑛(𝑡) = 𝑉𝑜𝑗𝑛 sin(𝜔𝑡) (4)

In both connections, the SM input currents can be expressed as:

𝑖𝑛𝑗𝑛−1(𝑡) = 2𝑁
𝐷𝑗𝑛−1

1 −𝐷𝑗𝑛−1
𝑖𝑔𝑗

𝑖𝑖𝑛𝑗𝑛(𝑡) = −2𝑁
𝐷𝑗𝑛

1 −𝐷𝑗𝑛
𝑖𝑔𝑗

(5)

owever, the total input current from the PV modules to supply the
hree phases will be doubled in the second method in Fig. 6(b) because
very PV module will supply six SMs in this case.

. State-space analysis of the DISC SM

.1. Steady-state analysis

Because the DISC is an 8th order converter, the state-space average
odel is complicated and hence has not been presented in the literature
4

et. The state-space model is necessary to understand the behaviour of
he SM, obtain the transfer function for control design, and use it in the
arameters’ selection. The state-space model can be represented by the
ollowing equations:

̇ = 𝐴𝑥 + 𝐵𝑢 (6)

= 𝐶𝑥 + 𝐵𝑢 (7)

here 𝑥 is a state variable vector, 𝑢 is the input vector, while 𝑦 is the
utput vector. The state vector is defined as

(𝑡) =
[

𝑖𝑛(𝑡)𝑣𝑐𝑟(𝑡)𝑣𝑠𝑠(𝑡)𝑣𝑠𝑐 (𝑡)𝑖𝐿1(𝑡)𝑖𝐿2(𝑡)𝑣𝑐𝑠(𝑡)𝑣𝑐𝑛(𝑡)
]

hus, the state-space model can be averaged during 𝑡on and 𝑡off, where
𝑖𝑛 is OFF as follows:

1. State 1 (0 ≤ t <𝐷 𝑡𝑠)
During 𝑆𝑡𝑎𝑡𝑒1, the differential equations of the states can be
deduced from Fig. 4(a) as:
𝑑𝑖𝑛
𝑑𝑡

= 1
𝐿𝑛

𝑉𝑖𝑛 (8)

𝑑𝑣𝑐𝑟
𝑑𝑡

= −𝑁
𝐶𝑟

(

𝑖𝐿1 + 𝑖𝐿2
)

(9)

𝑑𝑣𝑆𝑆
𝑑𝑡

= − 1
𝐶𝑆

𝑖𝐿1 (10)

𝑑𝑣𝑆𝐶
𝑑𝑡

= − 1
𝐶𝐶

𝑖𝐿2 (11)

𝑑𝑖𝐿1
𝑑𝑡

= 𝑁
𝐿1

𝑉𝑐𝑟 +
1
𝐿1

𝑉𝑆𝑆 (12)

𝑑𝑖𝐿2
𝑑𝑡

= 𝑁
𝐿2

𝑉𝑐𝑟 +
1
𝐿2

𝑉𝑆𝐶 − 1
𝐿2

𝑉𝐶𝑛 (13)

𝑑𝑣𝑐𝑝
𝑑𝑡

= − 1
𝐶𝑝𝑍

𝑉𝑐𝑝 −
1

𝐶𝑝𝑍
𝑉𝑐𝑛 (14)

𝑑𝑣𝑐𝑛
𝑑𝑡

= 1
𝐶𝑛

𝑖𝐿2 −
1

𝐶𝑛𝑍
𝑉𝑐𝑝 −

1
𝐶𝑛𝑍

𝑉𝑐𝑛 (15)

2. State 2 (𝑡on< t <𝑡𝑠)
The circuit combination of Cuk and SEPIC output sides becomes
complicated and therefore the differential equations cannot be
solved without some approximations. These approximations are
made due to the following observations:

(A) The capacitors’ average currents are zero along with the two
states over one complete switching cycle (i.e., state 1 plus state
2), and hence the average currents of the inductors 𝑖𝐿1 and 𝑖𝐿2
are equal, as illustrated in the sub-circuit in Fig. 7(a).

(B) The current flowing in the inductor 𝐿1 which is 𝑖𝐿1 is equal to
the output current 𝑖𝑂. In addition, the current flowing into 𝐶𝑝
is so close to and almost equals the current in 𝐶𝑆 . Then, their
equivalent series capacitance can be calculated from:

𝐶𝑒𝑞 =
𝐶𝑠 ∗ 𝐶𝑝 (16)

𝐶𝑠 + 𝐶𝑝
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c
f

Fig. 6. Connecting the successive SMs in phase j with the PV modules.
Fig. 7. Observations made in state2.
𝐵
(

𝐶
(

(C) Accordingly, the input current 𝑖𝑛 is divided according to the
capacitors’ impedances values in the converter’s output sides
according to the ratio 𝜌 as seen in Fig. 7(c):

𝜌 =
𝐶𝑐
𝐶𝑒𝑞

(17)

Thus, the currents flowing through 𝐶𝑆 and 𝐶𝐶 can be expressed by:

𝑖𝑠𝑠 =
𝑖𝑛

𝑁(1 + 𝜌)
(18)

𝑖𝑠𝑐 =
𝑖𝑛𝜌

𝑁(1 + 𝜌)
(19)

These observations and assumptions are necessary to reduce the
omplexity of the differential equations during 𝑆𝑡𝑎𝑡𝑒2. Then, the dif-
erential equations can be deduced as follows:
𝑑𝑖𝑛
𝑑𝑡

= 1
𝐿𝑛

𝑉𝑖𝑛 −
1
𝐿𝑛

𝑉𝑐𝑟 −
1

𝑁𝐿𝑛
𝑉𝑠𝑐 (20)

𝑑𝑣𝑐𝑟
𝑑𝑡

= 1
𝐶𝑟

𝑖𝑛 (21)

𝑑𝑣𝑠𝑠
𝑑𝑡

= 1
𝐶𝑠

∗ 1
𝑁(1 + 𝜌)

𝑖𝑛 (22)

𝑑𝑣𝑐𝑐
𝑑𝑡

= 1
𝐶𝑐

∗
𝜌

𝑁(1 + 𝜌)
𝑖𝑛 (23)

𝑑𝑖𝐿1 = − 1 𝑉𝑐𝑝 (24)
5

𝑑𝑡 𝐿1
𝑑𝑖𝐿2
𝑑𝑡

= − 1
𝐿2

𝑉𝑐𝑛 (25)

𝑑𝑣𝑐𝑝
𝑑𝑡

= 1
𝐶𝑝

∗ 1
𝑁(1 + 𝜌)

𝑖𝑛 (26)

𝑑𝑣𝑐𝑛
𝑑𝑡

= 1
𝐶𝑛

𝑖𝐿2 −
1

𝐶𝑛𝑍
𝑉𝑐𝑝 −

1
𝐶𝑛𝑍

𝑉𝑐𝑛 (27)

3.2. Modelling of DISC SM

The following matrices are associated with the state-space model of
DISC topology: 𝐴on =

⎛

⎜

⎜

⎜

⎜

⎜

⎝

0 0 0 0 0 0 0 0
0 0 0 0 −𝑁∕𝐶𝑟 −𝑁∕𝐶𝑟 0 0
0 0 0 0 −1∕𝐶𝑆 0 0 0
0 0 0 0 0 −1∕𝐶𝐶 0 0
0 𝑁∕𝐿1 1∕𝐿1 0 0 0 0 0
0 𝑁∕𝐿2 0 1∕𝐿2 0 0 0 −1∕𝐿2
0 0 0 0 0 0 −1∕𝐶𝑝𝑍 −1∕𝐶𝑝𝑍
0 0 0 0 0 1∕𝐶𝑛 −1∕𝐶𝑛𝑍 −1∕𝐶𝑛𝑍

⎞

⎟

⎟

⎟

⎟

⎟

⎠

on =

1∕𝐿𝑛 0 0 0 0 0 0 0
)𝑇

on =
)𝑇
0 0 0 0 0 0 −1 1
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𝐴

⎛

⎜

⎜

⎜

⎜

⎜

⎜

⎝

4

s
e

⎛

⎜

⎜

⎜

⎜

⎜

⎜

⎝

0 𝐷−1∕𝐿𝑛 0 𝐷−1∕𝐿𝑛𝑁 0 0 0 0
−(𝐷−1)∕𝐶𝑟 0 0 0 −𝐷𝑁∕𝐶𝑟 −𝐷𝑁∕𝐶𝑟 0 0

−𝐶𝑝(𝐷−1)∕(𝑁∗(𝐶𝐶𝐶𝑝+𝐶𝐶𝐶𝑆+𝐶𝑝𝐶𝑆 )) 0 0 0 −𝐷∕𝐶𝑆 0 0 0
−(𝐷−1)𝐶𝑝+𝐶𝑆∕(𝑁∗(𝐶𝐶𝐶𝑝+𝐶𝐶𝐶𝑆+𝐶𝑝𝐶𝑆 )) 0 0 0 0 −𝐷∕𝐶𝐶 0 0

0 𝐷𝑁∕𝐿1 𝐷∕𝐿1 0 0 0 𝐷−1∕𝐿1 0
0 𝐷𝑁∕𝐿2 0 𝐷∕𝐿2 0 0 0 −1∕𝐿2

−𝐶𝑆 (𝐷−1)∕(𝑁∗(𝐶𝐶𝐶𝑝+𝐶𝐶𝐶𝑆+𝐶𝑝𝐶𝑆 )) 0 0 0 0 0 −𝐷∕𝐶𝑝𝑍 −𝐷∕𝐶𝑝𝑍
0 0 0 0 0 1∕𝐶𝑛 −1∕𝐶𝑛𝑍 −1∕𝐶𝑛𝑍

⎞

⎟

⎟

⎟

⎟

⎟

⎟

⎠

Box I.
off =
0 −1∕𝐿𝑛 0 −1∕𝐿𝑛𝑁 0 0 0 0

1∕𝐶𝑟 0 0 0 0 0 0 0
𝐶𝑝∕(𝑁∗(𝐶𝐶𝐶𝑝+𝐶𝐶𝐶𝑆+𝐶𝑝𝐶𝑆 )) 0 0 0 0 0 0 0

𝐶𝑝+𝐶𝑆∕(𝑁∗(𝐶𝐶𝐶𝑝+𝐶𝐶𝐶𝑆+𝐶𝑝𝐶𝑆 )) 0 0 0 0 0 0 0
0 0 0 0 0 0 −1∕𝐿1 0
0 0 0 0 0 0 0 −1∕𝐿2

𝐶𝑆∕(𝑁∗(𝐶𝐶𝐶𝑝+𝐶𝐶𝐶𝑆+𝐶𝑝𝐶𝑆 )) 0 0 0 0 0 0 0
0 0 0 0 0 1∕𝐶𝑛 −1∕𝐶𝑛𝑍 −1∕𝐶𝑛𝑍

⎞

⎟

⎟

⎟

⎟

⎟

⎟

⎠

𝐵off =
(

1∕𝐿𝑛 0 0 0 0 0 0 0
)𝑇

𝐶off =
(

0 0 0 0 0 0 −1 1
)𝑇

Thus, the two state-space representations are averaged over the two
states during the switching period 𝑡𝑆 , yielding the following averaged
state-space matrices. See 𝐴avg given in Box I.

𝐵avg =
(

1∕𝐿𝑛 0 0 0 0 0 0 0
)𝑇

𝐶avg =
(

0 0 0 0 0 0 −1 1
)𝑇

The s-domain transfer function of the SM is:

𝐺(𝑠) = 𝐶avg(𝑠𝐼 − 𝐴avg)−1𝐵avg (28)

𝐺𝑆𝑀 (𝑠) =
𝑎5𝑠5 + 𝑎4𝑠4 + 𝑎3𝑠3 + 𝑎2𝑠2 + 𝑎1𝑠 + 𝑎0

𝑏7𝑠7 + 𝑏6𝑠6 + 𝑏5𝑠5 + 𝑏4𝑠4 + 𝑏3𝑠3 + 𝑏2𝑠2 + 𝑏1𝑠 + 𝑏0
(29)

Where 𝑎5,..𝑎0, and 𝑏7,..𝑏0 are the numerator and denominator coef-
ficients whose values are dependent on the DISC SM parameters. As
expected, the steady-state voltage gain ratio of the SM is given from:

lim
𝑠→0

𝐺(𝑠) =
𝑉𝑂
𝑉𝑖𝑛

= 2𝑁𝐷
1 −𝐷

(30)

. Parameters selection

Following the analysis of the proposed DISC SM during the two
tates, a set of design specifications can be obtained including the
quations describing the size of the passive elements.

1. Input Inductor Design.
As the SM’s input side will be connected to a PV module, the
input current ripples should be minimized to keep the operation
at the maximum power point. Although an ideal inductor with
zero Equivalent Series Resistance (ESR) is the best case for the
total efficiency, it is the worst-case scenario for the current
ripples through the inductor. Therefore, it will be considered
in this analysis that the inductor is ideal to ensure that the
current ripples will not exceed the maximum allowable limit.
Eq. (8) described the voltage across 𝐿𝑛 during 𝑆𝑡𝑎𝑡𝑒1 and can
be re-written as:

𝐿𝑛 =
𝐷𝑡𝑠 (31)
6

𝑉𝑖𝑛𝑑𝑖𝑛
The maximum ripple in inductor current 𝛥𝐼% can be expressed
as a function of the average input current 𝑖𝑛 as:

𝑑𝑖𝑛 = 𝛥𝐼% ∗ 𝑖𝑛 (32)

Therefore, the duty cycle ratio 𝐷 can be expressed as a function
of the output voltage 𝑉𝑂 and the output power Pout, Eq. (31)
can be re-arranged as:

𝐿𝑛 =
𝑉𝑂𝑉 2

𝑖𝑛𝑡𝑠
2𝑁

(

𝑉𝑖𝑛 + 𝑉𝑂
)

𝑃𝑜𝑢𝑡𝛥Iin%
(33)

2. Output Inductor Design.
The specifications of the output inductor can be simply derived
by considering the switch entering 𝑆𝑡𝑎𝑡𝑒1. Thus, the values of 𝐿1
and 𝐿2 can be defined using Eqs. (12) and (13).

𝐿1 =

(

𝑁𝑉𝑐𝑟 + 𝑉𝑆𝑆
)

𝐷𝑡𝑠
𝑑𝑖𝐿1

(34)

𝐿2 =

(

𝑁𝑉𝑐𝑟 + 𝑉𝑆𝐶 − 𝑉𝑐𝑛
)

𝐷𝑡𝑠
𝑑𝑖𝐿2

(35)

The voltage across the output inductors is expressed as a function
of known parameters to determine the values of 𝐿1 and 𝐿2. Thus,
it is possible to calculate the value of 𝐿1 by assuming that the
input voltage 𝑉𝑖𝑛 is equal to the sum of the average voltage across
the primary 𝑉𝑐𝑟 and SEPIC 𝑉𝑆𝑆 capacitors. Then, the following
equation can be used to express the value of 𝐿1:

𝐿1 =
𝑁𝑉𝑖𝑛𝐷𝑡𝑠
𝑑𝑖𝐿1

(36)

For the calculation 𝐿2, the total average voltage of the primary
𝑉𝑐𝑟 and the CUK 𝑉𝑆𝐶 capacitor is twice the input voltage, while
the negative output voltage 𝑉𝑐𝑛 is half the input voltage. Hence,
the corresponding value of 𝐿2 can be given by

𝐿2 =
𝑁𝑉𝑖𝑛𝐷𝑡𝑠
𝑑𝑖𝐿2

(37)

By substituting known parameters for 𝐷 and 𝛥𝐼%, the output
inductors design can be derived as:

𝐿1 = 𝐿2 =
𝑉in 𝑉 2

𝑜 𝑡𝑠
2
(

𝑉in + 𝑉𝑂
)

𝑃out 𝛥𝐼𝐿1,2
%

(38)

3. Primary and Secondary Capacitors Design.
During the circuit is in 𝑆𝑡𝑎𝑡𝑒1, the primary capacitor 𝐶𝑟 design
can be obtained from Eq. (9) and it is provided as

𝐶𝑟 =
𝑁

(

𝑖𝐿1 + 𝑖𝐿2
)

𝐷𝑡𝑠
𝑑𝑉𝑐𝑟

(39)

By observing, 𝑆𝑡𝑎𝑡𝑒1 reveals the input current is equal to the sum
of the maximum average currents flowing through the primary
capacitor. Consequently, it is possible to re-write Eq. (39) as

𝐶𝑟 =
𝑁𝑖𝑛𝐷𝑡𝑠
𝑑𝑉𝑐𝑟

(40)

The following equation simplifies the previous one and calcu-
lates the primary capacitor as follows:

𝐶𝑟 =
𝑉𝑂𝑃out 𝑡𝑆

( ) (41)

2 𝑉𝑖𝑛 + 𝑉𝑂 𝑉𝑖𝑛𝛥𝑉𝑐𝑟%
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Where 𝛥𝑉 % is an acceptable range of voltage ripples that is used
to derive the individual capacitors’ design formulas. Similarly,
the currents flow through the secondary capacitors 𝑖𝐿1 and 𝑖𝐿2
each one with an average value equal to the output current 𝑖𝑜.
Then, the values of 𝐶𝑆 and 𝐶𝐶 can then be computed using
Eqs. (10) and (11).

𝐶𝑠 = 𝐶𝑐 =
𝑖𝑜𝐷𝑡𝑠
𝑑𝑉𝑠𝑠,𝑐𝑐

(42)

With 𝐷 defined as a function of voltage 𝑉𝑂 and power 𝑃𝑜𝑢𝑡,
secondary capacitors can be selected using the following con-
siderations.

𝐶𝑆 = 𝐶𝐶 =
𝑃𝑜𝑢𝑡𝑡𝑠

2𝑁
(

𝑉𝑖𝑛 + 𝑉𝑂
)

𝛥𝑉𝑆𝑆,𝑆𝐶%
(43)

4. Output Capacitors Design.
The following capacitor values are estimated for the proposed
DISCs output:

𝐶𝑝 =
𝑖𝑐𝑝𝐷𝑡𝑠
𝑑𝑉𝑐𝑝

(44)

𝐶𝑛 =
𝑖𝑐𝑛𝐷𝑡𝑠
𝑑𝑉𝑐𝑛

(45)

The average current in 𝐶𝑝 is equal to 𝑖𝑜, whereas the average
current in 𝐶𝑛 is zero, which allows for the use of a small
capacitor. Output capacitors can be written as follows:

𝐶𝑝 =
𝑖𝑜𝐷𝑡𝑠
𝑑𝑉𝑐𝑝

(46)

𝐶𝑛 =
𝐷𝑡𝑠
𝑑𝑉𝑐𝑛

(47)

This should be described in terms of output voltage and power,
as these are the commonly regulated parameters. Thus, both 𝐶𝑝
and 𝐶𝑛 can be designed as follows:

𝐶𝑝 =
𝑃out 𝑡𝑠

2𝑁
(

𝑉in + 𝑉𝑂
)

𝛥𝑉𝐶𝑝%
(48)

𝐶𝑛 =
𝑉𝑜𝑡𝑠

2𝑁
(

𝑉𝑖𝑛 + 𝑉𝑂
)

𝛥𝑉𝐶𝑁%
(49)

5. Control strategy

The control system for MMI configuration should accomplish three
key objectives.

(i) To control the power flow from the PV modules to the grid. This
is possible through the use of an overall controller.

(ii) To operate with a rapid dynamic response. This is accomplished
through the overall controller and a second module-level con-
troller at the SM level.

(iii) To harvest the maximum possible power from the PV modules in
case of shading. This is achieved by the module-level controller.

5.1. Overall control

This system will consider that all the passive components are identi-
cal and have the same operational conditions. Therefore the full system
can be viewed as one central inverter as shown in Fig. 8 and can be
operated by a unified duty-cycle ratio 𝐷𝑜𝑣 and the same gate drive
signals.

In this case, the equivalent circuit of the overall MMI can be
obtained by the assumptions made in Table 1.

The overall transfer function can be obtained from Eq. (29) by
eplacing the equivalent parameters from Table 1 and represented as:

𝑜𝑣(𝑠) =
𝑎5𝑠5 + 𝑎4𝑠4 + 𝑎3𝑠3 + 𝑎2𝑠2 + 𝑎1𝑠 + 𝑎0 (50)
7

𝑏7𝑠7 + 𝑏6𝑠6 + 𝑏5𝑠5 + 𝑏4𝑠4 + 𝑏3𝑠3 + 𝑏2𝑠2 + 𝑏1𝑠 + 𝑏0
Fig. 8. Simplifying the modular series-connected inverter (1 phase).

Fig. 9. Open-loop overall control system.

Table 1
Equivalent values for SM inductors and capacitors in the overall system.
SM Parameter Equivalent Value

Input inductor 𝐿𝑛 𝐿𝑛𝑜𝑣 𝐿𝑛𝑜𝑣 = 𝐿𝑛* n
Sepic inductor 𝐿1 𝐿1𝑜𝑣 𝐿1𝑜𝑣 = 𝐿1* n
Cuk Inductor 𝐿2 𝐿2𝑜𝑣 𝐿2𝑜𝑣 = 𝐿2* n
Input capacitor 𝐶𝑟 𝐶𝑟𝑜𝑣 𝐶𝑟𝑜𝑣 = 𝐶𝑟/n
Sepic capacitor 𝐶𝑆 𝐶𝑆𝑜𝑣 𝐶𝑆𝑜𝑣 = 𝐶𝑆/n
Cuk capacitor 𝐶𝐶 𝐶𝐶𝑜𝑣 𝐶𝐶𝑜𝑣 = 𝐶𝐶/n
Positive rail capacitor 𝐶𝑝 𝐶𝑝𝑜𝑣 𝐶𝑝𝑜𝑣 = 𝐶𝑝/n
Negative rail capacitor 𝐶𝑛 𝐶𝑛𝑜𝑣 𝐶𝑛𝑜𝑣 = 𝐶𝑛/n

5.1.1. Open-loop control
The open-loop value of the central duty-cycle ratio 𝐷𝑓𝑓 is calculated

rom the power equation and is fed-forward to all SMs as shown in
ig. 9
Assuming that MMI is connected to the MV grid through the grid

nductor 𝐿𝑔 with an internal resistance 𝑟𝑔 , the total voltage delivered
t the grid side equals the summation of the individual voltages of the
eries-connected SMs and can be expressed as:

𝑜 =
𝑛
∑

𝑖=1
𝑣𝑖 = 𝑉 sin(𝜔𝑡 + 𝜃) (51)

here 𝑉 and 𝜃 are the magnitude of the output voltage of the SMs and
he phase-shift with respect to the grid voltage, respectively. The grid
oltage and current are expressed as:

𝑣𝑔 = 𝑉𝑔 sin(𝜔𝑡)

𝑔 = 𝐼𝑔 sin(𝜔𝑡 − 𝜑)
(52)

he MMI delivers the active power 𝑃 to the AC grid at a power factor
os𝜑. Thus, the magnitude of the output voltage 𝑉 , the phase-shift 𝜃,
nd the magnitude of the grid current 𝐼𝑔 is obtained from:

𝑔 = 2𝑃
3𝑉𝑔 cos(𝜑)

(53)

The overall output voltage 𝑣𝑜 of the MMI is calculated from:

𝜃 = tan−1
[ 𝑟𝑔𝐼𝑔 sin(𝜑) + 𝜔𝐿𝑔𝐼𝑔 cos(𝜑)
𝑉𝑔 + 𝑟𝑔𝐼𝑔 cos(𝜑) − 𝜔𝐿𝑔𝐼𝑔 sin(𝜑)

]

𝑉 =
[𝑉𝑔 + 𝑟𝑔𝐼𝑔 cos(𝜑) − 𝜔𝐿𝑔𝐼𝑔 sin(𝜑)

]
(54)
cos(𝜃)
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Fig. 10. Closed-loop overall control system.

he feed-forward duty-cycle ratio 𝐷𝑓𝑓 is calculated from:

𝑓𝑓 =
𝑣𝑜(𝑡) + 𝑉

𝑣𝑜 + 𝑉 + 2𝑛𝑁𝑉𝑖𝑛
(55)

Then, 𝐷𝑓𝑓 is fed to all SMs in phases a, b, and c respectively to generate
the output voltage 𝑣𝑜. The peak value of the ac voltage 𝑉 is added to
generate the dc-bias voltage.

5.1.2. Closed-loop control
The open-loop control in the previous subsection will operate the

MMI, generate the output voltages, and hence the output grid current.
However, if there are mismatches in the passive elements values, par-
asitic resistances, or differences in the input voltage 𝑉𝑖𝑛, the calculated
duty-cycle ratio 𝐷𝑓𝑓 will lead to an error in the output grid current.
he closed-loop controller shown in Fig. 10 will fix the error by adding
the closed-loop duty-cycle ratio 𝐷𝑐𝑙. The proportional resonant (PR)
controller is tuned at the grid frequency 𝜔 = 2𝜋𝑓 . To give an example
or the selection process, the parameter values are selected and shown
n Table 1. To ease the selection of the PR controller gains 𝑘𝑝 and 𝑘𝑟,
n average value of the duty-cycle ratio is selected at 𝐷 = 0.5.
The root loci of the PR controller with the system are plotted

n two different ways using the SISOTOOL interactive toolbox in
ATLAB/SIMULINK®. Firstly, the proportional gain 𝑘𝑝 is kept constant
t 0.5 and the resonant gain 𝑘𝑟 is increased in the range of [1:15].
econdly, 𝑘𝑟 is kept constant at 5 while 𝑘𝑝 is changed from [0.1:2].
he resultant root loci are shown in Fig. 11. The values of the gains
re selected in these ranges to keep the system stable, increase the
andwidth of the controller, and reduce the overshoot. A reasonable
erformance of the system is chosen when 𝑘𝑝 = 0.7 and 𝑘𝑟 = 7.

.2. Module-level control

If the SMs are not identical, a module-level control will be required
o compensate for the small mismatches in the passive elements values
r the operational conditions. As this work is not considering the MPPT
lgorithms in particular, it will be assumed that the MPPT controller is
lready functioning to generate the reference point for each SM. Thus,
he control scheme will start from the outputs of the MPPT controllers.

.2.1. Open-loop control
Because all SMs in any phase share the same output current, the out-

ut voltages of module number 𝑘 will depend on the ratio of the power
enerated by this module 𝑝𝑘 with respect to the total generated by the
ull system 𝑃 . As mentioned earlier, this power reference should come
rom the MPPT controller, which monitors the operational conditions
nd knows the power–voltage curves of the PV modules. Thus, if the
esired output voltage of each SM is known, an open-loop duty-cycle

.

8

atio of module 𝑘 can be obtained from the system in Fig. 12
Table 2
Parameters of the TPMI.
Parameter Value

Number of SMs (𝑛) 80
Selected PV modules AX500 W-96 M
PV module at maximum power 500 W, 48.63 V, 10.28 A
Transformer turns ratio 2
Rated power of the TPMI 1 MW
MVAC grid voltage 13.5 kV
SM Switching frequency 20 kHz
SM inductors 𝐿𝑛 = 1.5 mH and 𝐿1 = 𝐿2 = 1 mH
SM Capacitors 𝐶𝑟 = 𝐶𝑆 = 𝐶𝐶 = 10 μF
Output capacitors 𝐶𝑛 = 10 μ F and 𝐶𝑝 = 50 μF

The SM voltage output voltage 𝑣𝑜𝑘 is calculated from:

𝑜𝑘 =
𝑝𝑘
𝑃

𝑣𝑜 (56)

Then, the feed-forward duty-cycle ratio of SM number 𝑘 is calculated
from:

𝑑𝑓𝑓𝑘 =
𝑣𝑜𝑘(𝑡) + 𝑉𝑘

𝑣𝑜𝑘 + 𝑉𝑘 + 2𝑁𝑣𝑖𝑛𝑘
(57)

Where 𝑉𝑘 is the peak value of the SM output voltage.

5.2.2. Closed-loop control
The closed-loop controller shown in Fig. 13 will fix any errors in

the open loop calculations by adding the closed-loop duty-cycle ratio
𝑑𝑘𝑐𝑙. The controller gains are chosen using the same methodology of
the overall controller explained earlier using the SISOTOOL toolbox. In
the computer simulation in the next subsection, it will be assumed that
all SMs are identical with the same values for the passive components
and therefore they all have the same controller gains. A reasonable
performance of the system is obtained when 𝑘𝑝𝑘 = 1.2 and 𝑘𝑟𝑘 = 10.

. Simulation study

This section presents the MATLAB/Simulink simulation results for
he proposed topology when used in a large-scale PV plant generating
MW and connected to the MVAC grid. Each SM is connected to
PV array formed of 5 series × 5 parallel PV modules. The control
trategy has already been presented in Section 5 to effectively maintain
nverter stability and ensure accurate tracking of the output voltages
nd currents. Two case studies are simulated to show the system’s
erformance in the case of changing the irradiance level for all PV
odules at the same time and partial shading of some PV modules.
he simulation parameters used in these studies are listed in Table 2.

.1. Equal irradiance

The case study shows the operation of the TPMI when the requested
ower is increased gradually from zero to the maximum at t=0.1 s.
his can be seen from Fig. 14 when the operational point on the PV
urves moves from point 𝑝1 to point 𝑝2. At t=0.3 s, the irradiance of
the PV modules decreases suddenly to 50% leading the TPMI’s power to
decrease accordingly. This means that the operational point will move
from 𝑝2 to 𝑝3.

Fig. 15 shows the output power of the TPMI where it reaches 1 MW
harvested from the 80 PV arrays before dropping to 50% at t = 0.3 s and
the solar irradiance of the PV modules. Fig. 16 shows the three-phase
utput voltage of the TPMI at the point of common coupling (PCC) with
he MVAC grid and the output current of the TPMI injected into the grid
hen controlled at the unity power factor. At the module’s level, the
V array’s voltage and current of the first module are shown in Fig. 17.
The output voltages of two successive SMs and their duty-cycle ratios
in phase 𝑎 are shown in Fig. 18.
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Fig. 11. Pole-Zero maps of the overall controller.
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Fig. 12. Open-loop SM control system.

Fig. 13. Closed-loop SM control system.

Fig. 14. Operational points on the PV curves for and equal shading.

6.2. Partial shading conditions

In this case study, half of the PV arrays will have their irradiances
reduced by 50%, while the remaining PV arrays will continue to
provide the maximum power. Based on the look-up table, the MPPT
will make the new reference current shown in Fig. 19, and the TPMI
9

d

controller will then start to track and control this calculated reference
current following the MPPT.

At the time of shading, half of the PV modules lose 50% of their
power, while the other half, which are not shaded, keep their full
power. Fig. 20 shows the total power will be maintained at 0.75
W during this time. The waveforms of voltages and currents for the
roposed TPMI operates under shading conditions are seen in Fig. 21.
igs. 22 and 23 illustrate the voltages and currents of the PV modules
or operating conditions with and without shade. The voltage output of
he several shaded and unshaded SMs is shown in Fig. 24. It can be seen
hat unshaded SMs should increase their output voltages to compensate
nd match the grid voltage because shaded SMs were already affected
y shading at time 𝑡 = 0.3 and their voltages dropped .

. Experimental validation

A scaled-down proof-of-concept prototype with four SMs has been
eveloped to validate the performance of the TPMI system. Three
xperimental studies were conducted to determine the key operational
rinciples and feasibility of the TPMI, which is connected to the local
tility grid.
Initially, four SMs with PV at their inputs are shown to validate their

undamental functions under full-sun conditions. Next, an experiment
ith uniform irradiance on all PV modules was conducted, followed by
n experiment with partial shade for some PV modules. The parameters
or all setups are listed in Table 3 while Fig. 25 shows the system
ardware and associated measurements.

.1. Normal conditions

This experiment reveals that the TPMI is operating at full power
nd injecting 3 kW into the grid gradually, as shown in Fig. 26(a). This
ower is calculated based on the sensor boards that measure the voltage
nd current. Then, these values are sent to the DSP, which is connected
o the code composer program on the PC, and the power is plotted
sing the appropriate software. Fig. 26(b) illustrates the voltage and
urrent of grid. Fig. 26(c) depicts the first PV module’s input current
nd voltage, whereas the output voltages of all four SMs are shown in
ig. 26(d).

.2. Uniform shading conditions

An experiment was undertaken to demonstrate the TMPI system’s
apability to operate during a 50% reduction in solar irradiance across
ll PV modules connected to SMs. This corresponds to a 1.5 kW
ecrease in the power processed by SMs, as illustrated in Fig. 27(a).
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Fig. 15. Output power and irradiance.
Fig. 16. Output voltages and grid currents.
Fig. 17. PV array’s voltage and current.
Fig. 27(b) shows that the grid-side voltage and current drop, while the
input voltage and current of the PV module are reduced, as shown
Fig. 27(c). The output voltages associated with the four SMs can be
seen in Fig. 27(d).

7.3. Partial shading conditions

To further illustrate the system’s performance under extreme shad-
ing conditions, an experiment was done in which 50% of the PV arrays’
10
irradiances were reduced by 50% while the other half continued to gen-
erate maximum power. The overall system power is shown in Fig. 28(a)
where there is a reduction of 25% compared to normal operating
conditions. Fig. 28(b) shows grid voltage and current, whereas the
input current and voltage for the 1st PV module (unshaded) and the
3rd (shaded) module are shown in Fig. 28(c). Fig. 28(d) shows SMs (1
and 2) connected to unshaded PV modules are increasing their voltage
to adjust and match the grid voltage. While SMs (3 and 4) attached to
shaded PV modules have already been affected by shading and have

seen their voltages drop.
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Fig. 18. Two SM voltages and their duty cycle.
Table 3
Parameters of experimental prototype.
Parameter Value

Number of SMs (𝑛) 4
Input Voltage and Grid voltage 50 V and 380 V R.M.S
Power generation 3 kW
Transformer turns ratio and Switching frequency 2 and 20 kHz
SM inductors 𝐿𝑛 = 1 mH and 𝐿1 = 𝐿2 = 1 mH
SM Capacitors 𝐶𝑟 = 𝐶𝑆 = 𝐶𝐶 = 10 μ𝐹
Power supply devices Keysight N8761A and Sorensen
Microcontroller TMS320F28335
Semiconductor switch (IGBTS) IRG4PC50FPbF (600 V–70 A)
Diodes FFSH40120ADN
i
t
W

D

c
i

D

A

s

Fig. 19. MPPT look-up table in the simulations.

. Conclusion

A new modular DC/AC inverter system suitable for LSPV systems
as been introduced to improve the energy management of the PV mod-
les. The proposed modular inverter has several advantages over the
onventional centralized system, such as modularity, scalability, fault
olerance, and better performance during shading conditions because of
he use of distributed MPPT controllers. A new SM has been employed
sing a combination of SEPIC and Cuk converters to add features to
he system. The Dual-Isolated SEPIC/CUK (DISC) SM needs very small
nput capacitance in order to keep the input current constant, which
ill improve the reliability of the system. In addition, the DISC SM
llowed for employing small-size high-frequency transformers to pro-
ide galvanic isolation between the PV arrays and the ac output side.
oreover, the DISC SM increases the output voltage of each module,
hich is favourable in this application. The mathematical analysis and
tate-space representation have been presented in this paper, and then
he control schemes have been studied, designed, and presented. Two
ontrol systems have been used to control the proposed inverter at both
11
general and SM levels. The operation of the inverter has been presented
using MATLAB/Simulink simulations during normal, equal shading,
and partial shading conditions to ensure that the controller is capable of
extracting the maximum available power from the PV modules. Finally,
the inverter’s operation is tested and confirmed using a scaled-down
experimental prototype with four SMs and a TMS320F28335 DSP. In
future research, the proposed inverter can be improved by applying soft
switching techniques to operate with lower switching losses and higher
performance and efficiency. The HFT design has not been considered in
detail in this paper. However, as it connects to two different converters
on its secondary side, it needs more consideration in design when it is
required to increase the switching frequency of the DISC converter.
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Fig. 20. Total power.

Fig. 21. Output voltages and currents.

Fig. 22. PV voltage for modules without and with shading.

Fig. 23. PV current for modules without and with shading.
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Fig. 24. Voltage of different shaded and unshaded SMs.

Fig. 25. Experimental setup of the TPMI.

Fig. 26. Normal-condition results.
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Fig. 27. Uniform shading conditions.

Fig. 28. Partial shading conditions.
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