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Abstract—Multilevel converters are widely used in medium and
high voltage applications. Their high performance, power quality,
efficiency and smaller filters make them interesting for renewable
energy distribution systems. In utility- scale photovoltaic plants,
these topologies could provide multiple benefits since they are
able to connect string of photovoltaic panels to independent
modules. However, high floating voltages caused by high number
of modules limit multilevel converters in medium and high
voltage applications, since all of them are not suitable to provide
isolation to each module. To offer a solution, this paper presents
a novel multi-modular converter that provides multiple isolated
modules connected in series through low frequency transformers
to operate at medium voltage levels. This topology is able to
achieve the power balancing between the connected modules and
independently adjust the dc voltage of each module by means
of controlling a circulating current which flows through the
arms. Furthermore, the topology implemented in photovoltaic
renewable energy systems and the control strategy required to
regulate the circulating and the output current are presented.
The main principle behind this concept and the performance of
the converter are evaluated and validated through simulation and
experimental results.

Index Terms—Cascaded Transformer Multilevel Inverter, High
voltage systems, Isolated Multi-Modular Converter, Modular
Multilevel Converter

I. INTRODUCTION

IT is a fact that Renewable Energy Sources (RES) are
the best substitute for electric energy generation and it is

expected that they continue growing in the next years [1]. In
terms of installed power, wind and photovoltaic (PV) are the
most used RES around the world, due to the advantages that
they offer in terms of accessibility, capability, and levelized
cost of energy [2]. However, both technologies have some
features that introduce remarkable differences between them,
especially in high power applications. For instance, multi-
MW wind energy systems are connected to medium voltage
networks in onshore and offshore plants without isolation
issues [3], on the other hand, PV systems are always connected
to low voltage networks due to the fact that current constraints
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in the voltage insulation of PV panels do not permit operating
beyond 1500V [4].

In the last few years, multilevel converters have been used
in a wide number of applications related to the renewable
energy sector [5], as they permit to achieve high power
quality rates working at low switching frequencies, managing
a high number of voltage levels, reducing switching losses,
optimizing the output filters and minimizing the dv/dt at
the ac side [6]. Some multilevel converters such as the one
based on Neutral Point Clamped (NPC) concept [7] or Flying
Capacitors (FC) [8] have a main dc bus which is internally
split into three or more voltage levels. On the other hand,
multi-cells or multi-modular converters are a sub family of
multilevel converters [5]. They consist of a series connection
of modules that provides high degree of modularity. These
converters permit to reduce the semiconductor stress, and the
switching frequency without reducing the power quality. In
medium and high voltage applications, Cascaded H-Bridge
(CHB) [9] and Modular Multilevel Converters (MMC) [10],
[11] are the most popular multilevel topologies.

Even though multi-cell converters could be an excellent
option for large PV plants, voltage insulation constraints in
PV panels limit such converters to operate at medium or high
voltage levels. Due to this, some industrial configurations em-
ploy multi-cell converters with a reduced number of modules
in order to operate at low voltage and low power rates [12].

Isolation constrains have motivated many researchers to
look for solutions, therefore, several new configurations have
been proposed. Converters with two conversion stages can be
used to provide galvanic isolation in PV string, thus high
floating voltage and leakage currents can be eliminated. In
[13] a cascaded topology for utility-scale PV plants, using
an isolated dc-dc stage was proposed. In such as configu-
ration, the dc-dc stage consists of a boost half-bridge or a
flyback converter with a high frequency transformer, which is
responsible for tracking the maximum power point of the PV
string. In [14] a MMC with integrated storage for photovoltaic
applications in high voltage dc transmission networks was
proposed. In such a topology, high frequency transformers
were used to provide isolation between the PV panels and the
converter modules. Despite the fact that these configurations
are technically feasible for working at high voltage, the high
associated costs would make them unfeasible for commercial
applications.

Cascaded-Transformers Multilevel Inverters (CTMI) [15]
are converters based on several H-Bridge modules connected
to low-frequency transformers, whose secondary windings are



connected in series. The H-Bridge modules have only one dc
source and they employ cascaded low frequency transformers
to increase the number of output voltage levels. This topology
offers several advantages, such as: galvanic isolation between
the ac and the dc side; reduced leakage currents; and the pos-
sibility of setting a certain transformer ratio to reach a desired
voltage level [16]. Although, low frequency transformers are
bulky and increase the total cost of the system, they are still
required in many applications. Therefore, using CTMI in PV
could be an advantageous and cost-effective overall solution. A
CTMI topology based on single and three-phase transformers
were proposed in [17]. In the suggested topology, H-bridge
cells were used and the performance of the converter was
compared with conventional converters. Likewise, a modified
CTMI for photovoltaic applications was presented in [18].
Such topology reduces the number of switches in some cells
by using a half bridge inverter connected to the midpoint of the
dc source instead of full bridge inverters. Other works related
to control strategies and validation of CTMI can be found in
[19]-[22].

Even though the CTMI is an attractive configuration to be
used in PV systems, the requirements for employing only one
dc source limits its application when high power levels are
required. Particularly, very high dc currents will appear when
many PV strings are connected in parallel to generate high
power levels.

In order to overcome the drawbacks presented above, such
as: isolation and high floating voltage concerns, this paper
proposes and validates a new topology based on the CTMI
and the MMC. The proposed converter, called Three-Phase
Isolated Multi-Modular Converter (3-IMMC) introduced pre-
viously in [23], counts on two arms with several three phase
modules to split the power generated. Both arms are connected
in parallel through coupling inductances which represent the
equivalent winding inductances in the series connection of
transformers. Since each PV string is connected to an isolated
module, the converter can be used in medium or high voltage
applications. Moreover, an ac circulating current is employed
to handle unbalanced power conditions.

The rest of the paper is organized as follows: In section II,
the foundation of utility-scale PV plants is introduced. Section
III presents the model of the IMMC, where the dynamic
and the average dc voltage model are studied considering
the single-phase electrical circuit. In section IV, a control
strategy is proposed to regulate the power delivered to the grid
and the power unbalance between the modules. In section V,
the performance of the proposed converter is validated with
simulation results. In order to match with the experimental test
bench used, the simulation model implements two modules
per arm which operate at different power levels. In section
VI, the technical aspects of the proposal are validated through
experimental results, where a three phase converter represents
the series connection of modules per arm. Finally, section VII
concludes the paper.

II. UTILITY-SCALE PV PLANTS

Large scale PV plants can be found in two different config-
urations: central configuration and multi-string configuration.
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Fig. 1. Standard PV plant based on central inverters.

The first one, integrates a single three-phase voltage source
converter connected to the PV plant. The grid integration is
performed through low frequency transformers which serve
for voltage elevation and galvanic isolation. Multi-string con-
figurations have a distributed structure, where several dc-
dc converters provide independent MPPTs [24]. The dc-dc
converters are connected to a common dc bus-bar and then a
central inverter transforms the dc to ac signals. Even though,
both configurations can be found in current PV plants, the high
robustness, low ac power losses and simple structure, make the
central configuration the most widely used for utility-scale PV
plants.

Since the central configuration is the preferred technology
used in PV large scale systems, the Isolated Multi-Modular
Converter arises as a result of low frequency transformers
connected to three-phase voltage source converters. A typical
utility-scale PV plant is shown in Fig.1, this configuration
has several central inverters located next to low frequency
transformers which elevate the ac voltage from low to medium
voltage levels and connect them to an ac collector. Usually, ac
collectors operate between 2.3 to 35kV and are connected to
the transmission line through a substation where a transformer
elevates from medium to high voltage levels.

Compared to the central configuration, the series connection
of modules in the IMMC increases N times the ac voltage.
Therefore, higher voltage and smaller current levels can be
achieved in the ac bus-bar (small power losses in the ac
cables). This feature also allows smaller conversion ratios
to achieve a desired voltage level in the MV side of the
transformer. In addition, an appropriate modulation technique
can increases the number of output voltage levels, mitigates
the current ripple and reduces the dv/dt.

The IMMC merges several central inverters in one single
unit. Therefore, it requires a complex control strategy and a
reliable communication system to control all modules and at
the same time, provides the proper references from the central
controller. In the next section a description about its operation
and control strategy are presented.
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Fig. 2. Three Phase Isolated Multi-Modular Converter.

III. THREE-PHASE ISOLATED MULTI-MODULAR
CONVERTER

The insulation properties of some dc sources limit their
application in multi-cell converters. Because of this, modules
with galvanic isolation provided by high or low frequency
transformers are required to avoid high floating voltages. In
order to overcome this problem, the proposed configuration
shown in Fig.2 is composed of two arms with N three
phase converter modules, which are electrically interconnected
through the secondary winding of several transformers. These
transformers provide the isolation needed to eliminate the
insulation concern. The module can be built using Two Level
Voltage Source Converters (2L-VSC) or any other configura-
tion, such as NPC or Three Phase T-Type Converters [25].

The upper and the lower arms are connected in parallel
between a common neutral point n and a coupling inductance.
In Fig.2, LT represents the equivalent inductance between the
transformer windings and the line filter, which is used for
reducing the current ripple. The output voltage vo measured
between the parallel connection is controlled through the
current injected into the grid. It is worth remarks that, due
to the parallel connection and the possibility of unbalanced
power injection, a circulating current may arise. Therefore,
in order to maintain the power balance among all modules,
the circulating current as well as the grid current has to be
controlled.

A. Dynamical Model

To verify the IMMC operation, the dynamical model can
be studied from the equivalent electrical circuit. The circuit
shown in Fig.3 represents a single phase model, where one
arm is composed of N controlled voltage sources in series
with a coupling inductance LT and an equivalent resistor RT .
The voltage sources modulate the dc voltage of each module,
while RT represents the power losses in both arms. The output

voltage vg generated by the parallel connection between the
arms is connected to the ac grid vg through an equivalent grid
impedance of Rg and Lg .

In order to simplify the model, the output voltage of each
module is added to obtain the average voltage per arm, which
can be represented according to:

vi =
N∑

k=1

vi,k (1)

Where i is the upper or lower arm, and k is the number of
module. Considering the 2L-VSC as the topology used in all
modules, the equivalent output voltage can be written as:

vi,k =
Vdc,i,k

2
mi,k (2)

Where mi,k is the modulation index and Vdc,i,k is the dc
voltage in the module k [26]. Since different dc voltage levels
may arise in the series connection of modules, it is necessary
to implement an accurate voltage balancing control to regulate
these dc voltage differences. Just like the MMC model studied
in [27], to determine the IMMC model, it is considered that
all modules operate at the same dc voltage level. Therefore,
the average voltage per arm presented in (1) can be defined
according to the expression (2), where the output voltage is
replaced by:

vi =
V

∑
dc

2N

N∑
k=1

mi,k (3)

Where V
∑
dc represents the sum of all dc voltages in one arm.

Furthermore, the modulation index can be simplified according
to its average value by:

mi =
1

N

N∑
k=1

mi,k (4)
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Fig. 3. Electric model of the Isolated Multi-Modular Converter.

The current in the upper (iu) and the lower arm (il) depends
on the power delivered to the grid and the power difference
between the arms. According to the Kirchhoff’s current law
definition in Fig.3, these currents can be represented by means
of the output (io) and the circulating current (ic).

io = iu − il (5a)

ic =
iu + il

2
(5b)

The circulating current comes up when power unbalances
between modules take place. According to the previous ex-
pression, this current flows through the arms without having
any influence in the output current and it becomes bigger when
the power difference between the arms increases. Otherwise,
when there is no power difference, the circulating current is
zero.

According to the Kirchhoff’s voltage law definition in Fig.3,
the dynamic model of the upper and the lower arm are:

RT iu + LT
diu
dt

= −vu − vo (6a)

RT il + LT
dil
dt

= vo − vl (6b)

Where the drop voltage in RT - LT can be represented by
vc. Replacing the current arms in the previous expressions, the
dynamic model can be expressed by:

RT

2
io +

LT

2

dio
dt

=
−vu + vl

2︸ ︷︷ ︸
vs

−vo (7a)

RT ic + LT
dic
dt

= − (vu + vl)

2︸ ︷︷ ︸
vc

(7b)

The voltage vs governs the output current io through the
voltage difference between the arms. Meanwhile, the dynamic

response of vc governs the circulating current ic. Since these
voltages depend on vu and vl, an accurate control of the
voltage arms is required. This requirement is achieved through
the modulation index in the upper and the lower arm.

mu =
2

V
∑
dc

(vc − vs) (8a)

ml =
2

V
∑
dc

(vc + vs) (8b)

It must be noted that the previous expressions require the
sum of all V

∑
dc modules.

B. Average Voltage Model

The average dc voltage is defined by the energy stored in
the arms, which depends on the power difference between the
input and the output power. If the power losses are neglected,
the power balance of one arm can be defined as:

Po,i =

N∑
k=1

Pdc,i,k −
N∑

k=1

Pm,i,k (9)

Where Po,i is the output power generated by the arm i,
Pdc,i,k is the input power and Pm,ik is the instantaneous power
in the module k. The instantaneous power can be represented
as a function of the energy stored through the following
expression:

N∑
k=1

Pm,i,k =
d

dt

N∑
k=1

Cm

2
V 2
dc,i,k (10)

Where Cm is the dc capacitor. Now, by assuming that each
module operates at the same dc voltage level, the previous
equation can be replaced by:

d

dt

N∑
k=1

Csm

2
Vdc2,i,k =

d

dt

N∑
k=1

Csm

2

(
V

∑
dc,i

N

)2

(11)

=
Csm

2N

d

dt
(V

∑
dc,i)

2

The model of the IMMC provides the basis for the control
strategy by controlling the modulation index in the upper and
the lower arm.

IV. PROPOSED CONTROL SCHEME

The proposed control of the IMMC is shown in Fig.4. The
control strategy is divided in two control blocks: the central
control is responsible for regulating the absorbed or injected
current to the grid as well as the circulating current produced
by the unbalanced power between the arms. Even though, spe-
cific dc voltage references are set by each module, this control
regulates the circulating and the output current from average
dc values. Therefore, the central control does not differentiate
between modules with higher or lower power. The second
control block is required to adjust the dc voltage in each
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module, enabling the modules to operate at different power
levels. The architecture of each control will be explained in
the next subsections.

A. Central Control

The purpose of the central control is to generate vs and vc to
regulate the general modulation index mu and ml and then,
through the voltage balancing control adjust the modulation
in each module. The schematic of Fig.5 shows its structure,
where it can be seen how two inner control loops regulate
the output and the circulating current through decoupled PI
controllers. Both currents are transformed into the dq-frame
components by means of a Phase-Locked-Loop (PLL) control
[28] and synchronized with the ac grid to ensure unitary
power factor. The d frame component of the output and the
circulating current reference are regulated by two external
control loops which control the average dc voltage in both
arms. According to (12), the average dc voltage reference is
set by the addition of all dc references generated by each
MPPT and divided by the number of modules connected in
the arm. The output of these dc voltage controllers give rise
to the instantaneous active power.

v∗dcU =
1

N

N∑
k=1

v∗dcU,k (12a)

v∗dcL =
1

N

N∑
k=1

v∗dcL,k (12b)

The power balance between the dc and the ac side provides
the relationship between the dc voltage and the output and
circulating current. Neglecting the switching and conduction
losses in the converter, the power generated is equal to
the power delivered. Besides, considering an unitary power
factor as a result of the synchronization control strategy, the

instantaneous active and reactive power can be represented by
(13), in which the q component of the voltage is equal to zero

Pi,k =
3

2
vi,k,diid (13a)

Qi,k = −3

2
vi,k,diiq (13b)

The current iid and iiq represent the direct and the quadra-
ture current arms, which flow through the series connection of
modules in the secondary winding of each transformer. Since
the d component is related to the active power, the total and
the difference active power between PTU and PTL define the
output and the circulating current iod and icd. According to
(1) and (13a), the total active power is represented by:

P
∑

= PTU + PTL (14)

=
N∑

k=1

Pu,k +
N∑

k=1

Pl,k

=
3

2

(
N∑

k=1

vu,k,d

)
iud +

3

2

(
N∑

k=1

vl,k,d

)
ild

=
3

2
(vudiud + vldild)

The power PTU and PTL depend on the voltage vi and
the current arm ii. According to (6) and neglecting the drop
voltage in the arm impedance, the voltage arm vu = −vo and
vl = vo. Therefore, the total power presented in (14) can be
rewritten as:

P
∑

=
3

2
vod(ild − iud) (15)

Additionally, replacing the output current expression pre-
sented in (5a), the output current reference i∗od can be repre-
sented by:

i∗od = −2P
∑

3vod
= P

∑
ko (16)

Likewise the previous analysis, the d component of the
circulating current arises from the active power difference,
which increases as the power difference between the arms
becomes larger. According to the expressions (6) and (14),
the active power difference is given by.

P∆ = PTU − PTL (17)

=
N∑

k=1

Pu,k −
N∑

k=1

Pl,k

=
3

2

(
N∑

k=1

vu,k,d

)
iud −

3

2

(
N∑

k=1

vl,k,d

)
ild

=
3

2
(vudiud − vldild)
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Replacing the voltage arm expressions in the output voltage,
the circulating current reference i∗cd can be represented through
the following expression.

i∗cd = − P∆

3vod
= P∆kc (18)

Furthermore, the q component of the output current depends
on the reactive power control loop. In Fig.5, the reactive power
difference is regulated through a PI controller and its output
is turned into the output current reference through:

i∗oq = − 2Q

3vod
(19)

The q component of the circulating current is used to control
the power unbalance among modules of one arm. Since this
paper includes a voltage control to compensate the modulation
index amplitude, the circulating current reference i∗cq is set
equal to zero. However, a further work will provide another
control strategy relying on such circulating current component.

The output and the circulating current are regulated through
inner current control loops. As previously mentioned, de-
coupled PI controllers are implemented according to the
dynamic model presented in (7). The control parameters can
be estimated as stated in [26] through the state space model
represented by:

d

dt

[
iod
ioq

]
=

1

LT

[
−RT /2 ωgLT

−ωgLT −RT /2

] [
iod
ioq

]
+

[
vsd − vod

vsq

]
(20a)

d

dt

[
icd
icq

]
=

1

LT

[
−RT ωgLT

−ωgLT −RT

] [
icd
icq

]
−
[
vcd
vcq

]
(20b)

The voltage vs and vc provided by the current control loops
are decoupled and normalized through the modulation index
expressions presented in (8), which are later used by the
voltage balancing control to provide a sole modulation index.

B. Voltage Balancing Control

The voltage balancing control is a local control strategy
introduced in each module to regulate independently the dc
voltage. The proposed control based on [29] will not modify
the central controller in any case, since the strategy adjusts the
d-frame component of the average modulation index, which
represents the voltage amplitude of vi,k. The control structure
implemented is presented in Fig.6

PI

, ,vdc i k

, ,vdc i k

*

idm

,di km *

vk ,id km

MPPT

,i ke

, ,vdc i k ,i ki

Fig. 6. Voltage balancing control scheme.

A MPPT algorithm provides the voltage reference according
to the dc current and voltage measured in the dc side. A
PI controller regulates the dc voltage difference through a
compensation ∆mi,k in the d component of the modulation
index. In the upper arm the compensation is added to mud,
meanwhile in the lower arm, the compensation is subtracted
from mld. In this way, modules with higher voltage will
increase their modulation index amplitude and modules with
lower voltage will decrease its amplitude. The new modulation
index is represented by the following expression.

m∗
id,k = kv∆mid,k + mid (21)

kv =

{
1 : Upper arm

−1 : Lower arm



This control strategy does not required any new measure-
ment, since the dc voltage is already available.

V. SIMULATION RESULTS

The effectiveness of the proposed converter has been simu-
lated with a discrete model in PSIM environment considering
different scenarios. In the case of study, the converter has two
modules per arm and two-level three phase inverters are im-
plemented in each of them. A dc source connected in series to
a Rdc resistor represents the PV string characteristic between
the open-circuit and the maximum power point operation. A
small filter between the grid and the parallel connection of the
arms is used to mitigate the switching frequency and to reduce
the output current ripple. Simulation parameters are listed in
the left side of Table.I.

TABLE I
SIMULATION AND EXPERIMENTAL PARAMETERS

Parameters Symbol Value
Simulation | Experimental

Nominal Power Po 8kW | 4kW
Nominal Power per module PM 2kW
Grid Voltage Amplitude vs 640V | 320V
Grid Frequency fs 50Hz
Number of modules per arm N 2 | 1
Open-circuit voltage vdco 800V | 790V
MPP Voltage vdc 700V
dc-link Capacitance Cdc 4700µF
dc Resistor Rdc 35Ω | 38Ω
Switching Frequency fc 5200 Hz | 8200 Hz

Inductance LC Filter Lf 3mH
Capacitance LC Filter Cf - | 5µF

Transformer Voltage VT 400V
Transformer Power PT 2kW
Inductance Primary Winding LT1 4.7mH
Inductance Secondary Winding LT2 4.2mH
Magnetizing Inductance LTM 3.937H

The case of study has been selected as it resembles the
experimental setup available in the laboratory, whose results
are shown in the next section. This parallelism has permitted
the comparison and validation of both the simulated and
experimental results.

The dynamic performance of the converter is studied
through four different scenarios and their response are shown
from Fig.7 to Fig.9. The converter has a nominal power of
8kW and each module can generate up to 2kW. During the
first 0.2s all modules operate in open-circuit voltage, therefore
their Vdc are equal to 800V and no power is delivered to the
grid. This scenario is observed in Fig.7, where the dc average
voltage in the upper and lower arm has the same level (800V)
while the output power is zero. The first power step happens at
t = 0.3s, in that time, modules in the lower arm decrease their
dc voltage reference to 700V in order to achieve the maximum
power, while modules in the upper arm maintain the 800V.
Fig.7b shows how the average dc voltage decreases to 700V
with a dynamic response of 0.2s. The next step happens at
t = 0.9s, where modules of the upper arm decrease their dc
voltage to generate different power levels. Mu1 decreases to
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700V and generates 2kW, while Mu2 decreases to 730V and
generates 1.43kW. After the dynamic transient, the converter
injects 7.43kW to the grid and both arms regulate the average
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dc voltage according to their references. To analyze the power
unbalance among all modules, at t = 1.4s the voltage reference
in Ml1 increases to 750V, this voltage change gives rise to a
reduction of the active power and an increase of the average
dc voltage in the lower arm.

According to the previous analysis, a power unbalance gives
rise to a circulating current in the arms. This scenario can be
studied in Fig.8 from the time span marked in Fig.7, where
modules Mu1 and Mu2 decrease their dc voltage to start
injecting power to the grid, while modules in the lower arm
inject their maximum power from the previous step. Before t =
0.9s, none of the upper arm modules produce power, therefore,
iu is zero and il has its nominal value. This situation can be
verified in Fig.8b, Fig.8c and Fig.8d respectively, where it is
shown the current arm and the circulating current. At t = 0.9s,
modules of the upper arm decrease their dc voltage to increase
the power injected and thus, the circulating current decreases
as long as the upper current arm increases.

Finally, in order to validate the performance of the voltage
balancing control, Fig.9 shows the dc voltage and the modula-
tion index in all modules. The 30V of difference between Mu1

and Mu2 leads to a 28.5% of power difference. Therefore, the
voltage balancing control increase or decrease the modulation
index mud according to the dc voltage level set by the
reference. A lower dc voltage provides a higher power and
thus, a higher modulation index amplitude is needed. On the
other hand, a higher dc voltage provides a lower power, hence,
a lower modulation index amplitude is required to maintain the
dc voltage close its reference. In Fig.9c the power unbalance
affects the modulation index amplitude between mu1 and mu2,
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Fig. 10. Experimental setup. (a) Laboratory layout, (b) Schematic

while Fig.9d shows that ml1 and ml2 do not present any
difference since both modules generate the same power.

VI. EXPERIMENTAL RESULTS

The technical performance of the proposed converter and
its associated controller are validated with the hardware setup
illustrated in Fig.10. The platform consists of two three-
phase inverters connected in parallel through low frequency
transformers. The converter 1 represents the series connection
of modules in the upper arm, while the converter 2 represents
the series connection of modules in the lower arm. Therefore,
the setup only validates the parallel connection between the
arms and the central control required to regulate the circulating
and the output current. To operate between the maximum
power point and the open circuit voltage, the dc side of each
inverter is connected to a dc source in series with a resistor
bank.

Since classical low frequency transformers are used, a filter
between the inverter and the transformers is required to reduce
the high frequency components in the induced voltage and
thus, reduce the transformer losses. Regarding the control
system, each module has a control board based on a DSP
TMS320F28335 to provide protections, adjusts the modulation
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Fig. 11. Dynamic performance of the IMMC under a power change in the
lower arm. (a) DC voltage in the upper arm module, (b) DC voltage in the
lower arm module, (c) Output active power, (d) Output reactive power.

index and generates the PWM signals. A central DSP measures
the current arms and the grid voltage to control the upper and
the lower average modulation index, which are sent through a
CAN bus to the modules. The parameters of the experimental
setup are shown in the right side of Table. I.

To validate the voltage balancing control, a hardware in
the loop (HIL) with two modules per arm is used. The setup
is based on the Typhoon HIL 402 platform connected to
a control board with three DSP TMS320F28335 which are
responsible for controlling the dc voltage in each module.
An external board with a DSP includes the central control.
This board measures the current arms and the grid voltage
from the measurement board docked to the Typhoon HIL and
set the average modulation index for the upper and lower
arm. The communication between the external and the control
boards is performed through a CAN bus and the signals are
monitored and controlled from a PC station. The subsection
power unbalance between modules shows the results with the
HIL platform.

A. Power change in the lower arm

In order to test the central controller, a similar analysis to
the one performed in simulations results is studied. As can be
seen in Fig.11, when modules operate in open-circuit voltage

(a)

(b)

(c)

(d)

cai cbi cci

oai obi oci

lai lbi lci

uai ubi uci

av
bv

cv

(e)

Fig. 12. Voltage and current waveforms under a power change in the lower
arm. (a) Grid voltage, (b) Upper arm current, (c) Lower arm current, (d)
Circulating current, (e) Output current.

(790V), no active and reactive power is delivered to the grid.
However, a voltage reference change in Ml gives rise to an
increase in the active power. This performance is verified in
Fig.11b and Fig.11c where VdcL decreases until 700V, while
the active power delivered to the grid increases up to 1.85kW.
In case of the reactive power, there is no power since its
reference is set to zero.

Following the previous analysis, the voltage and current
waveforms studied from the highlighted windows in Fig.11 are
shown in Fig.12. Before the dc voltage changes, no power is
generated from any module. Due to this, there is no circulating
or output current in the converter. However, as soon as the dc
voltage in the lower arm module decreases, its active power
increase and thus, the unbalance between Mu and Ml gives
rise to an increase in the circulating current. According to the
expression (5b), this current is half of the current arm, which
is verified in Fig.12c and Fig.12d respectively. Since, the dc
voltage VdcU does not change, the upper current arm shown
in Fig.12b is zero. In the case of the grid voltage, there is no
disturbance because the converter is connected to a stiff grid.

B. Power change in the upper arm

The second test shown in Fig.13 and Fig.14 analyzes the
dynamic performance of the converter under a power increase
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Fig. 13. Dynamic performance of the IMMC under a power change in the
upper arm. (a) DC voltage in the upper arm module, (b) DC voltage in the
lower arm module, (c) Output active power, (d) Output reactive power.

in the upper arm. Before the dc voltage in Mu decreases, the
current in the upper arm is zero, therefore, the active power
Po depends only on Ml. The situation changes when VdcU

decreases to 700V, since the power in the upper arm increases
to generate the same power level as the lower arm, the current
iu increases and the circulating current decreases to zero. The
current waveform of iu and ic are shown in Fig.14b and
Fig.14d respectively, which demonstrate how the circulating
current decreases as long as iu increases. Furthermore, the
dynamic response of the output current is shown in Fig.14e.
After the dynamic transient, Mu generates the same power
level as Ml, and the current io increases twice.

C. Power unbalance between modules of the upper arm

The power unbalance between modules in the upper arm
is validated through the hardware in the loop platform. Since
the series connection of modules increases the ac voltage, to
maintain the same grid voltage level used in the experimental
setup (320V), the dc voltage in each module has been reduced.
The open-circuit voltage is 490V and the voltage at maximum
power is 364V. Thanks to the voltage balancing control
introduced in each module, Fig.15a shows how the voltage
difference between VdcU1 and VdcU2 is controlled at different
levels, while VdcL1 and VdcL2 presented in Fig.15b maintain
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Fig. 14. Voltage and current waveforms under a power change in the upper
arm. (a) Grid voltage, (b) Upper arm current, (c) Lower arm current, (d)
Circulating current, (e) Output current.

the same level to provide the maximum power available. The
voltage difference between VdcU1 and VdcU2 gives rise to a
power difference between both arms, which is appreciated in
the current arms shown in Fig.15c and Fig.15d, where the
current in the upper arm has a smaller amplitude compared
to the current in the lower arm. The power generated by
the modules in the upper arm is 1kW and 2kW respectively,
meanwhile the lower arm modules generate 2kW. The power
difference between the modules is directly related to the dc
voltage difference.

VII. CONCLUSION

A novel topology based on the CTMI and the MMC
configuration for utility-scale PV plants has been presented
in this paper. The galvanic isolation provided by low fre-
quency transformers allows the converter to connect isolated
dc sources and thus, remove the problems related to floating
voltages. Moreover, the possibility of different transformation
ratios as well as the capability of connecting several modules
in series permit to increase the number of voltage levels and
connect the converter to medium voltage applications. This
configuration has proven to be useful in systems where low
frequency transformers are essential. To prove its feasibility,
simulations results were conducted with four modules, while
the experimental setup was scaled with two modules. The
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results obtained in simulation confirms that the converter is
able to operate with power unbalances between arms and mod-
ules. In addition, the experimental setup validates the technical
aspect of the converter and its control structure. The main
purpose of the setup was to analyze the central control and
the capability of operating under power unbalance conditions
between the arms. The results show that a circulating current
arises when the converter generates different power levels,
which is used to compensate effectively this power unbalance.
Moreover, a HIL platform is introduced to validate the power
unbalance between modules of one arm, where it is verified
the correct operation of the voltage balancing control.
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