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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 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

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)
plants with a capacity of megawatts range can become key contributors
for assuring high-energy conversion generated from RESs to loads
and/or grids [3]. Globally, LSPV capacity is growing remarkably with
plants over 80 GW are already in operation [4].

The ambitious plans to expand further LSPV power plants require
more efficient power converters. However, the progress of LSPV power
plants is hindered by the lack of suitable high-power converter topolo-
gies for the integration of LSPV systems to the medium/high voltage
grids [5]. A conventional LSPV power plant is mainly composed of
PV modules that are connected in series/parallel combinations to form
PV arrays and strings. These arrays and strings are then connected to
dc—dc converters that ensure maximum power point tracking (MPPT)
operation and boost the dc voltage. The dc—dc converters’ outputs are

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.

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
applications that shift towards a more distributed structure, such as
cascaded H-bridge (CHB) converter and modular multilevel converter
(MMC) [13]. These topologies use a submodule (SM) circuit in which
the power is transferred from the PV side to the inverter ac terminals.
They have the merits of modularity, independent MPPT operations,
sustainability for managing high voltages ranging from several hundred
kV to MV, high fault tolerance, and the absence of capacitor balancing
issues [14]. Despite their widespread use in high-power applications,
these topologies have several challenges in LSPV applications. The use
of CHB inverters for PV integration has been presented in [15-17].
In [15], CHB star and delta configurations are evaluated from the
perspective of PV integration where the focus is on the unbalanced
power generation between the three phases due to partial shading
conditions. The work in [16] examines the capabilities of the CHB and
discusses various techniques of zero-sequence calculation. In [17], the
authors study the shortcomings of current zero sequence methods for
CHB under severe power unbalance and present a simpler optimal zero
sequence approach. In these CHB-related configurations, the PV array
is connected to the dc-links of individual SMs by using dc—dc converters
known as two-stage inverters. On the other hand, the leakage current
phenomenon is the key concern in CHB MMI structures in which their
SMs 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
dc-links is described in [21,22]. However, these MMCs have some lim-
itations when they are employed in PV systems. The direct connection
of the PV array to the common dc link presents a challenge during
partial shading because the MPPT distribution becomes difficult [23].
If the input side of the MMC is connected to several dc-links, the input
dc voltage must be higher than the peak output ac voltage. As PV
string voltages are frequently at or below 1.5 kV, an additional boost
converter step is necessary to produce MVAC output, which increases
the expense of the system and decreases its efficiency [24]. Motivated
by the previous modular inverter structures, new MMIs have been
developed in which dc/dc converters are used as SMs to increase their
applicability for MV PV systems. These MMI structures are derived from
a topological combination between the CHB and MMC topologies [25].

They are distinguished by their distributed MPPT control, galvanic
isolation, low total harmonic distortion (THD), low voltage stress, and
small overall system volume and weight [26]. These inverters are
based on high-frequency transformers (HFTs), which have emerged
as a viable alternative to LFTs due to their compact size and higher
efficiency [27]. This contributes to SM structures meeting PV system
safety requirements [28].

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

In this paper, a three-phase modular inverter (TPMI) based on the
novel dual-isolated SEPIC/CUK (DISC) converter is presented for the
LSPV grid integration as shown in Fig. 2. The dual isolated SEPIC-
Cuk (DISC) converter can generate two symmetrical dc voltages with
a neural point to give balanced dual output voltages without further
voltage balance control [34]. The total number of passive components
is reduced because the input side inductor for both the Cuk and SEPIC
converters can be shared. The employed DISC operates using identical
gate signal for the output switches. Therefore, their output voltages are
comparable in amplitude but different in polarity [35].

This emerging inverter offers several interesting features that pro-
mote it as a modern generation power inverter. These features can be
summarized 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.

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.

.

V.

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

2. SM unit description and operation
2.1. SM unit

The novel DISC converter will be used as the SM of the proposed
TPMI where each SM will be connected to a PV module. As shown in
Fig. 3, the DISC is formed as a combined SEPIC/Cuk converter with
dual-winding isolation.

The combination SEPIC/Cuk converter structure is possible because
both converters share one common front structure and two output
structures for dual output voltages. This design can employ a compact
HFT to obtain galvanic isolation, which is essential to handle effectively
leakage current issues in PV inverters. In the steady state, the voltage
gain ratio of the SM is the sum of the Cuk and SEPIC converters’ output
voltages. As both of these converters are buck-boost converters, the
voltage gain ratio of the DISC SM is:

Yo _ 2ND '6))
vV, 1-D

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

In this topology, the output switches S, and S, are operating in
a complementary manner to the input side switch S;,. 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 7., , where .S, is ON, to the complete switching period ¢,. There
are two operational states from the perspective of the SM. The two
states of the SM are as follows.

» State1 (0 <t<Dt))

By turning S;, ON and output switches OFF as shown in Fig. 4(a),
the input current i, begins to increase and the primary capacitors C,
starts to discharge. Meanwhile, Cy and C. are discharged and their
energy is released into output side inductors L, and L,. Thus, the
currents i;; and i;, will increase together while the output capacitors
C, and C, are discharging in the output load.

+ State 2 (7,, < t <t,)

In contrast to previous state, the output switches S, and S, are
turned ON together whereas S, is turned OFF, see Fig. 4(b). i, flows
through the primary capacitor C,, Cg and C. capacitors. Thus, these
capacitors are charging and their voltages increase together. As the
output switches begin to conduct, the upper output inductor L, releases
its energy to charge C, and supply the load while the lower output
inductor L, is discharged and its energy is transferred to C, and the
output load. Fig. 5 shows theoretical waveforms for the proposed DISC.

2.3. Modulation strategy

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

1 .
vj,,_l(t) = EVJ-,,_I sin(w?) + Ve jp-i
2

1 .
v, (1) = EVJ" sin(wt + ) + V. jy
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The duty-cycle ratios to generate these voltages are calculated from:

Vipy
D, ()= — I
jnil( ) an—l + 2]\]I/inn—l
3
D ([) = L
T b, + 2NV,

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

Ugjn() = 0j,_1 () — 0, (1) =V, sin(wt) (€]
In both connections, the SM input currents can be expressed as:

D,
i1 (1) = 2N#igj
jn—1 (5)

i (f) = —2Nii
injn 1-D,, %
However, the total input current from the PV modules to supply the
three phases will be doubled in the second method in Fig. 6(b) because

every PV module will supply six SMs in this case.
3. State-space analysis of the DISC SM
3.1. Steady-state analysis

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

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

x = Ax+ Bu (6)

y=Cx+ Bu 7

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

x(1) = [1,(D0 (D0 (D0 i 1 (Oi 12O (D0, ()]

Thus, the state-space model can be averaged during 7., and 7., where
S;, is OFF as follows:

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

di, 1
—n_ "y 8
a L, " ®)
dv, N . :
d—;r=—€ (1L1+1L2) (9)
r
dv 1
TRiarenls (10)
dv 1
raarealt an
dip, N 1
— ==V, + —V. 12
dt Ll cr L] SS ( )
dij, N 1 1
— = —V.,+ —Vsc— —V, 13
dt L2 cr L2 SC L2 Cn ( )
dUCp 1
=——V, - —V, (14
dt c,z P c,z o
dv
Gen _ 1. 1 v 1 V., (15)

i ¢, Tz cz

2. State 2 (t,,< t <t,)
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 i;, and i;,
are equal, as illustrated in the sub-circuit in Fig. 7(a).

(B) The current flowing in the inductor L; which is i, is equal to
the output current iy. In addition, the current flowing into C,
is so close to and almost equals the current in Cg. Then, their
equivalent series capacitance can be calculated from:

C,xC,

C,, = 16
“C+C, (16
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(C) Accordingly, the input current i, is divided according to the
capacitors’ impedances values in the converter’s output sides dipy _ —LV (25)
according to the ratio p as seen in Fig. 7(c): dt L, "
CL‘
p= = 17) dv, 1 1 .
C = — % ———— 26
e ar C, N(+p" (26)
Thus, the currents flowing through Cg and C can be expressed by: J
Uen 1. 1 1
M- =V, - ——V, 27
it G, Tz Tz @7)

In

iSS = m (18)
S
Lse = N(l+p) (19)

These observations and assumptions are necessary to reduce the
complexity of the differential equations during Stare2. Then, the dif-
ferential equations can be deduced as follows:

di, 1 1 1

oy Ly 1 2

dt L, n LnV" NLnV“ 20

dv 1

S Gh @0
’

do L, L 22)

dt ~ C, N(+p"

e L1, _p (23)

dt — C, N(O+p"

di

A _ _LV 24)

3.2. Modelling of DISC SM

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

00 0 0 0 0 0 0
00 0 0 -N/C,-N/C, © 0
00 0 0 -1/Cg © 0 0
00 0 0 0 -1/Cc © 0
ON/Ly 1/L; O 0 0 0 0
ON/L, 0 1/L, O 0 0 -1/L,
00 0 0 0 0 -1/C,Z -1/C,Z
00 0 0 0 1/C, —-1/C,Z-1/C,Z
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0 D-1/L, 0 D-1/L,N 0 0 0 0
—(D-1)/C, 0 0 0  -DN/C,-DN/C, 0 0
~Cp(D=D)/(NH(CCptCeCs+C)Cis)) 0 0 0 -D/Cs 0 0 0
~(D=1)C,+Cs /(N*(CcCptCeCs+C,Cs)) 0 0 0 0 -D/Cc O 0
0 DN/L, D/L, 0 0 0  D-l/L; 0
0 DN/L, 0  D/L, 0 0 0 —1/L,
~Cs(D=1)/(N*(CeCptCeCs+C,Cs)) 0 0 0 0 0 -D/C,Z -D/C,Z
0 0 0 0 0 1/C, -1/C,Z -1/C,Z
Box L.
Aofs = The maximum ripple in inductor current A7% can be expressed
0 /L, 0~1/L,NO 0 0 0 as a function of the average input current i, as:
n "
1/C, 00 0 00 0 0 ) )
Cp/(NH(CCptCeCs+C,Cs)) 00 0 00 0 0 di,=Al% * i, (32)
C,+Cs /(NX(CcCptCeCs+C,Cs) 0 0 0 0 0 0 0 ) .
0 00 0 0 0 -1/L 0 Therefore, the duty cycle ratio D can be expressed as a function
0 0.0 0 00 0 -1/L, of the output voltage V,, and the output power Pout, Eq. (31)
Cs/(N*(CcCptCcCs+C,Cs)) 0 0 0 0 0 0 0 b d as:
0 0 0 0 01/C,-1/C,Z -1/C,Z can be re-arranged as:

Bogr =
(/L, 0 0 0 0 0 0 of

Cott =

0
Thus, the two state-space representations are averaged over the two
states during the switching period 7, yielding the following averaged

state-space matrices. See A, given in Box L
B

0o 0 o0 o0 0 -1

avg —

(1/L, 0 0 0 0 0 0 of
Cavg

-1y

The s-domain transfer function of the SM is:

(0o 00 00

G(5) = Coyg(sT = Agyg) ™' Bayg (28)

a555 + a4s4 + a3s3 + a2s2 +as+ay
787 + bgsO + bssd + bys* + bys? + bys? + bys + by

Ggp(s) = ; (29)
Where as,..ay, and b,,..b, 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:

Vo

Vi 1

2ND

— (30)

lim G(s) =
5s—0 (S)
4. Parameters selection

Following the analysis of the proposed DISC SM during the two
states, a set of design specifications can be obtained including the
equations 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 L, during Statel and can
be re-written as:

Dt,

V,di

in“'n

L,=

(31)

VoVt

in’s

T 2N (Vi + V) Py A1y %

(33)

n

2. Output Inductor Design.

The specifications of the output inductor can be simply derived
by considering the switch entering Statel. Thus, the values of L,
and L, can be defined using Eqgs. (12) and (13).

(NV,, + Vgs) Di;

L= 34

! diy, G4
L, = (NVcr+VSC_Vcn) Dts (35)
2= dip,

The voltage across the output inductors is expressed as a function
of known parameters to determine the values of L, and L,. Thus,
it is possible to calculate the value of L, by assuming that the
input voltage V;, is equal to the sum of the average voltage across
the primary V,, and SEPIC V¢ capacitors. Then, the following
equation can be used to express the value of L,:
NI/inDtS

T

For the calculation L,, the total average voltage of the primary
V., and the CUK Vg capacitor is twice the input voltage, while
the negative output voltage V,, is half the input voltage. Hence,
the corresponding value of L, can be given by

NI/iﬂDtS
2= T

1 (36)

dij, 37)

By substituting known parameters for D and A41%, the output
inductors design can be derived as:

Vin V21,
2 (Vm + VO) Pout

Li=L,= (38)

Alp %

3. Primary and Secondary Capacitors Design.

During the circuit is in Statel, the primary capacitor C, design
can be obtained from Eq. (9) and it is provided as
N (ip +igo) Dty
av,,
By observing, Statel 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
_ Ni, D1,
T
The following equation simplifies the previous one and calcu-
lates the primary capacitor as follows:
VOP out I's
2 (Vm + VO) VinAVcr%

C = (39)

(40)

C. =

r

(4D
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Where 4V % 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 i;; and i;,
each one with an average value equal to the output current i,.
Then, the values of Cg and C. can then be computed using
Egs. (10) and (11).

i Dt

§8,cc

(42)

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

— Puuttx (43)
2N (Vi + V) AVss.s5c%

Cg=Cc

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

i., Dt
c,==2_2° (44)
4 chp

i.,Dt
Cc == 45
todv, “9

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

i,Dt,
c, =2 (46)
av,,
Dt
C,= —* 47
= 47)

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

Py t,
Cp — out ‘s (48)
2N (Vin + Vo) AV, %
V,t
C,= e (49)

n

2N (Vi + Vo) AVen %
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.

(i) 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. Overadll 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 D,, 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
replacing the equivalent parameters from Table 1 and represented as:

ass® + ays* + ays® + ays® +ays + ag
bys7 + bgsO + bssd + bys* + bys3 + bys2 + bys + by

Go(s) = (50)
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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 L, L, L,,=L,*n
Sepic inductor L; Ly, L,=L*n
Cuk Inductor L, L,,, Ly,=L,*n
Input capacitor C, C,o C.,,=C/n
Sepic capacitor Cyg Cyop Cy,, = Cg/n
Cuk capacitor C Ceop Ceop = Ce/n
Positive rail capacitor C, Coov Cpp =C,/n
Negative rail capacitor C, Cpon C, =C,/n

5.1.1. Open-loop control

The open-loop value of the central duty-cycle ratio D is calculated
from the power equation and is fed-forward to all SMs as shown in
Fig. 9

Assuming that MMI is connected to the MV grid through the grid
inductor L, with an internal resistance r,, the total voltage delivered
at the grid side equals the summation of the individual voltages of the
series-connected SMs and can be expressed as:

n

v, = Y v, =V sin(ot +6) (51)

i=1
Where V' and 0 are the magnitude of the output voltage of the SMs and
the phase-shift with respect to the grid voltage, respectively. The grid
voltage and current are expressed as:

v, =V, sin(wt)

£ (52)
ip =1, sin(wt — @)
The MMI delivers the active power P to the AC grid at a power factor
cos @. Thus, the magnitude of the output voltage V, the phase-shift 6,
and the magnitude of the grid current I, is obtained from:

2P

I, = 3Vgc—os((p) (53)
The overall output voltage v, of the MMI is calculated from:
P [ g1, sin(@) + wL, I, cos(p) ]

Ve +rgl, cos(@p) —wL, I, sin(p) 54)

v Ve+rgd, cos(p) — oL I, sin(g)
cos(0)
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Fig. 10. Closed-loop overall control system.

The feed-forward duty-cycle ratio D, is calculated from:

v,(+V
b, = GOFV 55
v, +V +2nNV,,

Then, D, is fed to all SMs in phases a, b, and c respectively to generate
the output voltage v,. 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
MMLI, 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 V},, the calculated
duty-cycle ratio D, will lead to an error in the output grid current.
The closed-loop controller shown in Fig. 10 will fix the error by adding
the closed-loop duty-cycle ratio D,. The proportional resonant (PR)
controller is tuned at the grid frequency w = 2z f. To give an example
for the selection process, the parameter values are selected and shown
in Table 1. To ease the selection of the PR controller gains k, and k,,
an 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
in two different ways using the SISOTOOL interactive toolbox in
MATLAB/SIMULINK®. Firstly, the proportional gain k, is kept constant
at 0.5 and the resonant gain k, is increased in the range of [1:15].
Secondly, k, is kept constant at 5 while k, is changed from [0.1:2].
The resultant root loci are shown in Fig. 11. The values of the gains
are selected in these ranges to keep the system stable, increase the
bandwidth of the controller, and reduce the overshoot. A reasonable
performance of the system is chosen when k, = 0.7 and k, = 7.

5.2. Module-level control

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

5.2.1. Open-loop control

Because all SMs in any phase share the same output current, the out-
put voltages of module number k will depend on the ratio of the power
generated by this module p, with respect to the total generated by the
full system P. As mentioned earlier, this power reference should come
from the MPPT controller, which monitors the operational conditions
and knows the power-voltage curves of the PV modules. Thus, if the
desired output voltage of each SM is known, an open-loop duty-cycle
ratio of module k can be obtained from the system in Fig. 12.
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Table 2

Parameters of the TPMI.
Parameter Value
Number of SMs (n) 80

Selected PV modules
PV module at maximum power

AX500 W-96 M
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
SM Capacitors
Output capacitors

L,=15mHand L, =L, =1 mH
C,=Cy=Cc =10 uF
C,=10 p F and C, =50 pF

The SM voltage output voltage v, is calculated from:

Vo = %vo (56)
Then, the feed-forward duty-cycle ratio of SM number k is calculated
from:

V(1) +V,
df/k:M (57)
Vo + Vi +2Nv;,,

Where V, 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
dy.;- 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 k, = 1.2 and k,, = 10.

6. Simulation study

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

6.1. Equal irradiance

The case study shows the operation of the TPMI when the requested
power is increased gradually from zero to the maximum at t=0.1 s.
This can be seen from Fig. 14 when the operational point on the PV
curves moves from point p, to point p,. 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 p, to ps.

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
output voltage of the TPMI at the point of common coupling (PCC) with
the MVAC grid and the output current of the TPMI injected into the grid
when controlled at the unity power factor. At the module’s level, the
PV 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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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

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
MW during this time. The waveforms of voltages and currents for the
proposed TPMI operates under shading conditions are seen in Fig. 21.
Figs. 22 and 23 illustrate the voltages and currents of the PV modules
for operating conditions with and without shade. The voltage output of
the several shaded and unshaded SMs is shown in Fig. 24. It can be seen
that unshaded SMs should increase their output voltages to compensate
and match the grid voltage because shaded SMs were already affected
by shading at time 7 = 0.3 and their voltages dropped .

7. Experimental validation

A scaled-down proof-of-concept prototype with four SMs has been
developed to validate the performance of the TPMI system. Three
experimental studies were conducted to determine the key operational
principles and feasibility of the TPMI, which is connected to the local
utility grid.

Initially, four SMs with PV at their inputs are shown to validate their
fundamental functions under full-sun conditions. Next, an experiment
with uniform irradiance on all PV modules was conducted, followed by
an experiment with partial shade for some PV modules. The parameters
for all setups are listed in Table 3 while Fig. 25 shows the system
hardware and associated measurements.

7.1. Normal conditions

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

7.2. Uniform shading conditions

An experiment was undertaken to demonstrate the TMPI system’s
capability to operate during a 50% reduction in solar irradiance across
all PV modules connected to SMs. This corresponds to a 1.5 kW
decrease in the power processed by SMs, as illustrated in Fig. 27(a).



S. Alotaibi et al.

International Journal of Electrical Power and Energy Systems 146 (2023) 108723

g 1 ]
=
g 0.5
o
o
00 0.65 0.‘1 0.‘1 5 0.‘2 . 0.‘25 0‘.3 0.55 0.‘4 0.;1-5 0.5
Time (s)
a T T T
£ 1000 1
s
@
2 500~
8
T
E 0 1 1 Il 1 1 1 1 Il 1
= 0 0.05 0.1 0.15 0.2 _.0.25 0.3 0.35 0.4 0.45 0.5
Time (s)
Fig. 15. Output power and irradiance.
20 . : |
2
oA
(o]
>
_20 L 1 L 1
0.1 0.2 0.3 0.4 0.5
Time (s)
_ 50 '» T T <{
2 o]
< wﬂ“ HRRRRRURRAR
-50 I | 1
0 0.1 0.2_ 0.3 0.4 0.5
Time (s)
Fig. 16. Output voltages and grid currents.
300 \\ T ; T
<200~
>
L 100+
00 0.65 011 0.‘15 0.‘2 0.‘25 013 0.2’:5 0.‘4 0.‘45 0.5
Time (s)
‘ i
0 0.65 011 0.115 0.‘2 0.‘25 0‘.3 0."‘35 0.‘4 0.‘45 0.5
Time (s)

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’
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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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Table 3
Parameters of experimental prototype.
Parameter Value
Number of SMs (1) 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

SM Capacitors

Power supply devices
Microcontroller
Semiconductor switch (IGBTS)
Diodes

L,=1mHand L, =L, =1 mH
C,=Cy=C.=10 pF

Keysight N8761A and Sorensen
TMS320F28335

IRG4PC50FPbF (600 V=70 A)
FFSH40120ADN

Irradiance

W/m?
Vg

T\l MPPT

¥in

This block calculates the reference grid
current to achieve the maximum power

Pmod'

J9Mmog

/ \

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

8. Conclusion

A new modular DC/AC inverter system suitable for LSPV systems
has been introduced to improve the energy management of the PV mod-
ules. The proposed modular inverter has several advantages over the
conventional centralized system, such as modularity, scalability, fault
tolerance, and better performance during shading conditions because of
the use of distributed MPPT controllers. A new SM has been employed
using a combination of SEPIC and Cuk converters to add features to
the system. The Dual-Isolated SEPIC/CUK (DISC) SM needs very small
input capacitance in order to keep the input current constant, which
will improve the reliability of the system. In addition, the DISC SM
allowed for employing small-size high-frequency transformers to pro-
vide galvanic isolation between the PV arrays and the ac output side.
Moreover, the DISC SM increases the output voltage of each module,
which is favourable in this application. The mathematical analysis and
state-space representation have been presented in this paper, and then
the control schemes have been studied, designed, and presented. Two
control systems have been used to control the proposed inverter at both
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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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