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Abstract— Energy storage systems (ESSs) allow improving
the stability and efficiency of the electrical grids with a high
penetration of renewable energy sources. Moreover, the use
of Hybrid ESSs (HESSs) enables storage solutions with both
high-energy and high-power densities, by combining different
storage technologies such as diverse battery chemistries, ultra-
capacitors, or hydrogen fuel cells to name a few. In this article,
an HESS-based multioutput multilevel (MOM) converter is
presented. The proposed topology enables decoupled control of
each ac converter voltage output. The internal switching states
further allow the use of different storage units and high-quality
multilevel voltage in each ac output. The mathematical model
of the proposed topology and the defined operation region
of the system, besides a model-predictive control strategy, are
developed. Finally, simulation and experimental results validate
the performance of the proposed topology.

Index Terms— Energy storage system (ESS), modular multi-
level series parallel converter (MMSPC), multioutput multilevel
(MOM) converter.

I. INTRODUCTION
NERGY storage systems (ESSs) have become one of
the key elements to develop smart and sustainable elec-
trical grids. Their massive integration along with renewable
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energy systems (RESs) will boost existing electric facilities to
ensure a reliable energy transition toward carbon-free energy
system [1], [2], [3], [4], [5], [6]. Besides, they are also a
crucial technology for higher electrification of the transporta-
tion sector, smoothing electric-vehicle (EV) charging demand,
line congestion, or power quality issues, further expanding
the capabilities of EV charging stations to stabilizing grid
assets [6], [7], [8], [9]. In other words, ESSs are the key
to support the energy transition of the electrical system at
different levels.

In general, the operation of the electrical power grid is
based on a rather precise matching between consumption
and generation [8]. This conventional way leads to several
operational drawbacks. For instance, delayed demand response
due to the large grid inertia, instantaneous power mismatch
between the generation and the consumption causing massive
energy waste and reduced controllability [5], [6]. Indeed,
it is expected that the instantaneous energy mismatch will be
worsened with the increasing integration of RESs, given their
inherent steep reduction in the system inertia.

Thus, ESSs connected in strategic sections of the grid could
offer potential benefits encouraging the integration of RES,
smoothing the demand response, providing ancillary services,
and reducing the requirement of grid reinforcements [5],
[9], [10], [11], [12]. To further improve their advantages,
different storage technologies/mechanisms or a combination
of them could be implemented depending on specific loca-
tion requirements since they can provide different operational
efficiencies, capacities, dynamic responses, and high-power
densities [2], [5], [6]. In this sense, the use of hybrid storage
systems will mix features like those composed of Lithium-ion
batteries and ultra-capacitors (UCs), i.e., high capacity and fast
response [13], [14].

For the optimal operation and control of Hybrid ESSs
(HESSs), it is necessary to integrate power electronics con-
verters that allow the internal balanced operation between the
different storage units and loads. Moreover, power converters
must provide modularity, scalability, and reliability, together
with other direct benefits such as significant filter size reduc-
tion. To achieve these operating features, different multilevel
converters have been presented in the literature as interesting
solutions for HESS [15], [16], [17]. In [18], for instance,
a modular multilevel series parallel converter (MMSPC) is pro-
posed for a UC and batteries as storage units, offering dynamic
reconfiguration for both series and parallel connections. Simi-
larly, in [19] and [20] a Cascade Multilevel Converter (CMC)
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is proposed for both fault-tolerant and active power controls,
respectively, through a similar HESS. On the other hand,
multilevel converters have been also used to mitigate the
variable energy production of renewables in hybrid microgrids,
where UCs and batteries are distributed in different branches
of an MMC realizing fully decoupled power control and also
optimizing the performance of the storage units [21].

Nevertheless, multioutput multilevel (MOM) converters are
also an interesting alternative for hybrid systems, either for
different loads [22] or for different types of sources [23].
In particular, Cascaded MOM (CMOM) converter has been
proposed for hybrid sources systems, since it is composed of
m converters that can generate n voltage output terminals [23].
Each of these n voltage outputs can operate with 2m+-1 voltage
levels and different amplitude, frequency, and phase angle
when the system is within the stable operation region. To allow
a modular structure in the dc-bus of the CMOM, with the
purpose of incorporating e energy storage units with their own
different dynamics, a modular series/parallel interconnection
is integrated. This extra degree of freedom in the switching
states allows not only the series interconnection among the
cells of the converter, i.e., among the energy storage units,
but also enables the parallel interconnection of them. In this
way, the proposed dc-bus structure for the CMOM enables
several benefits: the internal voltage balance among the cells,
without extra sensors or control algorithms; and the reduction
of the total parasitic inductance and resistance in the energy
paths [24], [25], [26], [27], [28].

In this article, a HESS based on a CMOM converter is
presented. As the main concept, it combines batteries and
capacitors in each module of the converter, in order to
implement a hybrid system that features both high-energy
and high-power densities. For this proposal, the system is
developed for m = 2 converters with n = 2 output voltage
terminals [29], [30]. On the other hand, the internal balance
of the storage units is achieved through the series/parallel
connection strategy between the energy storage elements.
Moreover, the operational region of the proposed converter is
analyzed and algebraically demonstrated to limit the references
only to the stable operation zone. As long as the system is
operating in the region defined as stable, the proposed system
can maintain a decoupled control of each ac output without
stability or distortion problems.

In this way, it can be resumed that the major contributions
of the article.

1) The validation of a novel HESS based on a MOM

converter.

2) The use of a series/parallel connection strategy for
achieve the internal balance of the heterogeneous storage
units, without the need to use extra control loops or
sensors to achieve the internal voltage balance between
these units.

3) The characterization of the operational region of the
proposed system.

II. PROPOSED MOM CONVERTER TOPOLOGY
The proposed MOM converter topology (with m = 2 con-
verters with n = 2 output voltage terminals) is presented in
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Fig. 1. Proposed dual-output multilevel converter.
TABLE I
CMOM CONVERTERS COMPARISON
Topol Extension in Multilevel Hybrid
opology number of input/output | Output capability | storage units
V. Jayan et al.
23] v v X
V. Jayan et al.
[29] v v X
Z. Zheng
(31] X v v
G. Sharon
(32] X v v
Proposed v v v
topology

Fig. 1. This novel approach is based on a HESS with a reduced
number of battery units. Indeed, the proposed topology offers
five voltage levels in each output port with a single battery.
The other storage element implemented in the topology is a
capacitor, which through the modulation strategy is connected
in series and parallel to the battery, leading to balanced
voltages between them and increasing the number of levels
in each ac output port.

Several multilevel ESS can be found in the literature, with
an important focus in EV applications and grid connection
systems. A comparison is presented in Table I, covering
several power converters such as the traditional CMOM [23],
a cascaded dual-output multilevel converter [29], a hybrid
cascaded multilevel converter [31] and finally a Modular
Multilevel Converter for Energy Management [32]. All these
topologies are evaluated in three main dimensions: 1) the
capability of a straightforward extension in the number of
input-output terminals; 2) the feature of generating multilevel
output voltage waveforms; and 3) the capability of the system
to integrate hybrid storage units and allow the internal balance
of them. It can be seen that MOM converters allow important
benefits compared with traditional 2L-VSC-based solutions,
due to the superior quality in the generated voltage wave-
forms, the capability of redundant states, and the flexibility
for increasing the number of input/outputs. From the MOM
topologies presented in Table I, the ones from [23] and [29],
feature flexibility for achieving multiple input/outputs while
maintaining a decoupled control, with the addition of a mul-
tilevel output voltage. However, the flexibility to use hybrid
storage elements and keep them balanced in a simple way
is not feasible. In [31] and [32], different structures and
modules are presented. These allow to incorporate hybrid
storage elements with a simple control strategy that keeps them
balanced. However, the extension for multiple input-output and
the capability of decoupled control is not straightforward.
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TABLE II
SWITCHING STATES AND OUTPUT VOLTAGES
S1 S22 S3 | Sa S5 S ST | S8 S9  S10 Vi Va
1 0 1 0 1 1 0 1 0 1 0 0
1 1 0 0 1 1 0 1 0 1 0 Ve
1 0 1 0 1 1 0 1 1 0 0 ET
1 0 1 0 1 1 0 0 1 1 Vge 0
1 1 0 0 1 1 0 0 1 1 Vde Vde
1 1 0 0 0 1 1 1 0 1 Ve 204e
1 0 1 0 0 1 1 0 1 1 204e Vge
1 1 0 0 0 1 1 0 1 1 204, 204
0 1 1 0 1 1 0 1 0 1 ET 0
0 1 I 1 0 0 1 1 I 0 Ve Ve
1 0 1 1 1 0 0 1 1 0 “Vae | 2V4e
0 1 1 1 1 0 0 1 0 1 204e | Ve
0 1 1 1 1 0 0 1 1 0 2Vge | 2v4e

The proposed topology comprises 14 semiconductors,
besides the storage units and filtering elements. This circuit
can generate two ac outputs identified as V| and V, respec-
tively. Each output waveform features up to five voltage
levels, leading to a reduction of the THD of the grid side
and therefore, lower filter requirements for connecting to the
electrical grid. Thereby, the converter is connected to two
different ac systems, each characterized by a reactor (L) and a
resistor (R) to model the input filter. Besides, a single-phase ac
supply (Vaer) where x = {1, 2} represents whether is referred
to the ac system 1 or 2. For simplicity, in this work, it is
assumed that L and R are equal for both systems, but it is
important to highlight that this condition is not mandatory.

Then, to achieve the internal voltage balance between the
battery unit and the capacitor, the control strategy prioritizes
the switching states that connect them in parallel, leading to
a simpler balancing without using complex control strategies
nor multiple sensors for monitoring the status of these units.
For the validation of this parallel operation mode, an interface
with parallel-connection capability based on two H-Bridge
converters (semiconductors s4—s7 and their respective negates)
is employed. This decision is to replicate the validation of
parallel connection for this topology presented in [25], [33],
and [34].

Moreover, it is important to consider the design aspects
of the parallel connection presented in the proposed paper.
For this consideration, in [26] the evaluation of the effects
of different values of capacitance, stray inductances, and the
effect of the module switching frequency is discussed. Fur-
thermore, an analysis of the parasitic inductance parameters
and losses associated with different semiconductor modules is
included, indicating that taking into consideration the typical
parasitic values of the semiconductor modules, the current
values reached when using the parallel connection between the
battery with the capacitor, are within the acceptable range and
will not result in current spikes. This feature will be exploited
and demonstrated in the remainder of the article. The available
switching states and the resulting output voltages are summa-
rized in Table II. It is important to highlight that Table 1II is
conceived assuming that the internal voltage balance between
the capacitor and the battery is operating correctly. This leads
to the following assumption for Fig. 1: V, =V, = vq,

III. MODEL-PREDICTIVE CONTROL STRATEGY
According to the set of feasible states enabled by the
converter depicted in Table II, the system is able to generate
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13 different voltage conditions. Each of the outputs can be
defined as follows:

Vi=(s1 —s9)Vp + (s7—s8) Ve (D
Vo = (5152 — $4) Vi + (57 — 5859) Ve )

where V}, and V, are the battery and capacitor voltages respec-
tively. From the previous equations, the coupling between the
voltage outputs is evident. This will restrict the operation of
the ac systems as it will be shown in Section III-B.

Once the converter model has been obtained, it is possible
to model the grid interaction. Applying the Kirchhoff’s voltage
law in both ac systems leads to

di; )
Vi :LE+RZI+‘/&C] (3)

din
Va=L-—"+ Riz+ Vi, 4)

A. Prediction Model

With the system properly modeled in the continuous time
domain, a prediction model needs to be derived for the control
variables, which in this case are the ac input currents i; and i,.
Since the control platform and the control scheme are discrete
by nature, a discrete model is needed. Hence, by calculating
the zero-order hold equivalent, considering a sampling time of
h, leads to the following prediction equations for the controlled
variables:

h

l—e =
R;

h

Pk + 11 = e W iy[k] + (Vilk] = Vo [K])  (5)

e T
T(VZ[k]_Vacz[k]) (6)

i

_h
iyl 4 1] = e wirlk] +

where 7; = L/R is the input filter time constant, k = nh
represents the actual sampling instant and n € Z* and & is
the sampling period for the FS-MPC algorithm.

Equations (5) and (6) allow predicting the behavior of
the control variables for each one of the possible voltages
synthesized by the converter. With these quantities available
the cost function g can be evaluated by

g = (it —illk +10)* + (i3 — if Tk + 1)’ (7)

where i} and i; are the current references for ac system 1
and 2, respectively. The proposed scheme for the Model
predictive control is presented in Fig. 2.

B. Operation Region

Each ac system has a restricted operation region and
depends on the maximum modulation index that can achieve.
However, in the proposed multioutput converter, there is a
coupling factor between the ac outputs, as depicted in (1) and
(2), that limits the operation region. In order to characterize
the operation region of the proposed system, the steady-state
expressions for (3) and (4), are defined by

Vi =ifR + Vi, (8)
Vo = iR + Vi, 9)

Authorized licensed use limited to: TU Delft Library. Downloaded on August 28,2023 at 12:12:56 UTC from IEEE Xplore. Restrictions apply.
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My Current
f1—> Reference
61 Generator il(k) i2(k)
3
1 Operation SX
- Region
m i eq(12)
2 Current 2 FS-MP
f2—> Reference S-MPC
02—> Generator Eq(5),(6) and (7

Fig. 2. Model predictive control scheme.

TABLE III
SIMULATION PARAMETERS

Parameter Symbol Value
Line Inductance L 10 mH

Line Resistance R 0.1 Q
Battery voltage Vde 1104 V
Cell Capacitance C 1000 uF

Sample Time h 50 us

The difference between (8) and (9) is defines the expression
Avdc

Avee = Vi = Vo= (ifR—i3R) + (Vae, — Vieu)-

Using Table 1II, it is possible to identify that the maximum
| Avgc| is equal to the battery voltage vq4., assuming the balance
between the capacitor and the battery is correctly implemented.
In this way, it is possible to define the maximum deviation
expression as

(10)

1)

And therefore, applying (11) in (10), it is possible to
define the specified region where both systems can operate
independently

—vge < (ifR — i3R) + (Vg

|Avdc|max = Vdc-

_Vacz) =< Vdc- (12)

If the current references of ac systems 1 and 2 cause
the system to operate outside the region defined in (12),
the proposed system will lose the capability to follow both
current references in a decoupled manner, besides generating
distortion in both currents.

IV. SIMULATION RESULTS

This section evaluates the proposed system with the param-
eters presented in Table III. To demonstrate the decoupled
operation of the system, the operation is analyzed in two
different operation modes: in Operation Mode 1 the total
system is evaluated under asynchronous operation. Operation
Mode 2 the ac system 2 injects power to system 1, with a
complementary contribution of the battery unit.

A. Operation Mode 1

For Operation Mode 1, the ac voltage 1 (V,,) amplitude is
50 V while the ac voltage 2 (V) is 60 V. Moreover, their
frequencies are 60 and 50 Hz, respectively, to validate the
operation in asynchronous mode. Another important aspect is
that the operation of the system is within the stable operation
region presented in (12).
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Voltage V/

Fig. 3. Operation Mode 1. (a) AC current and voltage system 1. (b) Converter
voltage V.

Voltage V/

Fig. 4. Operation Mode 1. (a) AC current and voltage system 2. (b) Converter
voltage V.
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Fig. 5. Operation Mode 1. (a) Battery voltage V}, and capacitor voltage V..
(b) Battery SoC.

In Fig. 3(a) the ac voltage and current of system 1 are
presented. The figure demonstrates the correct operation of
the control strategy, allowing to track a current amplitude
step change at t = 0.2 s, showing the system being capable
of generating this current reference variation and keeping
current in phase with the input voltage in terminal 1. The
output voltage V| generated by the converter is presented in
Fig. 3(b), where it is possible to recognize a three-level voltage
waveform. On the other hand, Fig. 4(a) presents the ac voltage
and current for system 2. In this case, a current step change
is implemented at + = 0.1 [s] and the system maintains the
correct performance over both systems. In Fig. 4(b) the voltage
output V; is shown. Moreover, the parallel connection between
the capacitor and the battery, allows to keep the capacitor
voltage balanced and equal to the battery voltage, as presented
in Fig. 5(a). Finally, the power flows from the battery to the ac
system 1 and 2, resulting in a reduction in the state of charge
(SoC) of the battery as shown in Fig. 5(b).

B. Operation Mode 2

As described earlier, during Operation Mode 2 the ac
system 2 injects power to system 1, with a complementary
contribution from the battery unit. In this scenario, V., is
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Fig. 6. Operation Mode 2. (a) AC current and voltage system 1. (b) Converter
voltage V.
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Fig. 7. Operation Mode 2. (a) AC current and voltage system 2. (b) Converter
voltage V5.

100 V and VaCZ reaches 120 V. The frequency for both ac
systems is set to 60 Hz. In Fig. 6(a), the ac system 1 generates
an ac current with an amplitude of i1 = 2.4. For this operating
condition, the current supplied by the ac system 2 has an
amplitude of 2 A and appears in counter-phase with its ac
supply, like is shown in Fig. 7(a). In this scenario, the power
of system 1 is equal to the power of system 2, and therefore,
the battery does not charge/discharge and keep constant the
SoC, as presented in Fig. 8(b). However, in ¢t = 0.1 s the
amplitude of the current of the ac system 1 is increased to
21 = 20 [A], while the current of the system 2 remains in its
previous setpoint (22 = 2 A), as illustrated in Figs. 6(a) and
7(a) respectively. In this case, the difference in power between
the ac system 1 and 2 is supplied by the battery unit. For this
reason, Fig. 8(b) presents how the SoC of the battery starts
to decrease from this instant onward. Then, the results from
Fig. 8(a) confirm that the capacitor voltage is kept balanced
and equal to the battery voltage throughout the duration of
the test. Finally, from Figs. 6(b) and 7(b) it is possible to
identify that the ac outputs 1 and 2 are operating with larger
modulation indexes than the previous case since they produce
five-level voltage waveforms.

C. Efficiency and Power Loss Analysis

Once the operation of the converter has been validated,
an evaluation of the system losses will be performed. To fur-
ther explore the features of the proposed HESSs, the system
will be driven and analyzed in different scenarios. To do so,
data will be collected for different power consumption from
each ac system. The presented results are obtained using the
thermal modeling tool in PLECS, while the semiconductor
employed for the switches is the SCT4045DR Silicon Carbide
from Rohm. Note that the ac systems were sized for their

100 99.99475
0

Fig. 8. Operation Mode 2. (a) Battery voltage V}, and capacitor voltage V..
(b) Battery SoC.
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0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

AC System 2 Power pu

Fig. 9. Simulated efficiency using PLECS.

ratings, in order to provide a realistic measure of the system’s
losses, while the results in Fig. 9 have been normalized to
give a fair comparison. Also, in every scenario, it is assumed
that both ac systems are sinking power from the battery, with
the switching devices being hard switched.

Fig. 9, displays the overall performance of the HESSs,
covering different operating points for each system, the idea
was to illustrate how the power consumption in each ac system
affects the total conversion efficiency. It can be seen that
the multioutput system presents a peak efficiency of 99.57%,
while the average efficiency is 97.25%. Fig. 10 depicts the
losses distribution of the systems, in order to illustrate which
elements concentrate the biggest share of the losses depending
on the operation point. Please note that in this case, the system
kept one of the ac buses operating at rated power, while
the other was varying its consumption. It can be seen that
the three-switch (TS) cells concentrate the larger share of
losses, almost doubling the losses in the H-bridges at rated
power operation, displayed in Fig. 10(a). In this case, the TS
cells interfacing the ac side reach 31.5 W of losses, while
the HBs totalize about 16 W of losses. Also, given that SiC
devices are employed, conduction losses dominate the power
loss distribution as presented in Fig. 10(b) and (c).

Interestingly, results also prove that by properly promoting
the use of the parallel connection between the cells, the inrush
currents can be kept within reasonable amplitude, hence the
losses related to it can be reduced as suggested in [26].

V. EXPERIMENTAL RESULTS

The main objective of these experimental results is to
demonstrate the versatility of the proposed converter. Thereby,
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Fig. 11. Dual-output multilevel converter experimental setup.

different scenarios will be evaluated in several operation
conditions, besides emphasizing the simplicity to maintain the
different storage stages balanced. First, three different opera-
tion conditions are evaluated: operation with different current
amplitudes, different current phases and with different frequen-
cies for each ac system. These three scenarios are evaluated
in both ac systems with an RL load and with the parameters
defined in Table IV. These experimental scenarios validate the
integration and decoupled control of the ac current of each out-
put, in order to validate the independent control of the active
and reactive power, along with the interconnection of two
or more asynchronous systems. The developed experimental
setup is displayed in Fig. 11.

In addition, results of the system facing a decoupled sce-
nario with different voltage levels at the ac side, besides the
validation of the operation of the system as an HESS are
included. These additional experimental results demonstrate
the capability to generate multilevel voltage waveform outputs,
leading to reduced harmonic content in the electrical grid.
Moreover, a validation of the system operating as a HESS
is included, which confirms the capability to integrate hetero-
geneous storage systems.

It is important to remark that all the experimental validation
is implemented within the stable operation region defined
in (12).

A. Operation With Different Current Amplitudes
To validate the operation modes of the system with different
amplitudes of the current for both systems. Please note that

0.4

05 06

07 08

AC System 2 Power pu

(©)

TABLE IV
EXPERIMENTAL PARAMETERS
Parameter Symbol Value
Line Inductance L 15 mH
Line Resistance R 10 ©
Battery voltage Vde 50 V
Cell Capacitance C 1000 pF
Sample Time h 50 us

the current references for ac systems are defined with the same
phase and frequency (50 Hz). During all the tests, the current
reference for the ac system 1 is kept controlled to an amplitude
of 2 A, which is validated through Fig. 12(a), as the measured
current from this system is following it perfectly. On the other
hand, the current reference of the ac system 2 initially is set to
0.5 A, and after a while is changed to 2 A. The measurements
for current i, show a perfect tracking of it reference, while
the other system remains unchanged. These results confirm
the decoupled control of each ac output.

In Fig. 12(b), the converter voltages of system 1 and 2 are
shown. It is possible to identify clearly the three-level voltage
operation. Fig. 12(c) presents the capacitor voltage of the
proposed topology, demonstrating that the parallel connection
between the battery and the capacitor permits to maintain
the voltage balance over the storage elements during all the
operation of the system.

B. Operation With Different Current Phases

The operation of the ac system 1 and 2 with different
phases of the current references is validated in this section. The
current amplitudes are set to 1 A and the frequencies of both
ac systems is 50 Hz. The phase difference between ac system 1
and 2 is equivalent to 90°, as shown in Fig. 13(a). Fig. 13(b)
and (c) present the converter voltage and the capacitor voltage,
respectively. It is clear that the operation is totally stable and
validates the decoupled operation of system 1 and 2 under
phase shift of the current references of ac systems 1 and
2. Additionally, the energy storage stages remain perfectly
balanced throughout the test.

C. Operation With Different Current Amplitude
and Frequency

Fig. 14(a) exhibits the ac currents and their references.
In this scenario, the current reference of the ac system 1 has an
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Fig. 12. Operation with different current amplitudes. (a) CH1: current reference ac system 2, 2 A/div; CH2: measured current ac system 1, 2 A/div; CH3:
measured current ac system 2, 2 A/div; CH4: current reference ac system 1, 2 A/div. (b) CHI1: converter voltage ac system 1, 40 V/div; CH2: Converter
voltage ac system 2, 40 V/div. (c) Capacitor voltage, 20 V/div.
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Fig. 13. Operation with different current phases. (a) CHI: current reference ac system 1, 0.5 A/div; CH2: measured current ac system 1, 0.5 A/div; CH3:
measured current ac system 2, 0.5 A/div; CH4: current reference ac system 2, 0.5 A/div. (b) CH1: Converter voltage ac system 1, 40 V/div; CH2: Converter
voltage ac system 2, 40 V/div. (c) Capacitor voltage, 20 V/div.
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Fig. 14. Operation with different current amplitude and frequency. (a) CH1: current reference ac system 1, 0.5 A/div; CH2: measured current ac system 1,

0.5 A/div; CH3: measured current ac system 2, 0.5 A/div; CH4: current reference ac system 2, 0.5 A/div. (b) CH1: converter voltage ac system 1, 40 V/div;
CH2: converter voltage ac system 2, 40 V/div. (c) Capacitor voltage, 20 V/div.
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amplitude equivalent to 0.7 A and 50 Hz, while ac system 2 is
set to track a signal with an amplitude of 1 A and 60 Hz. The
proposed multioutput converter allows the decoupled control
without distortion due to the restriction of operation under a

battery voltage. This balance permits to maintain the multilevel
voltage waveforms and therefore a high-power quality.

D. Operation With Maximum Voltage Levels

stable operation region. In Fig. 14(b) the converter voltages are
correctly synthesized. Finally, Fig. 14(c) shows the evolution
of the capacitor voltage, which is also balanced with the

To demonstrate the capability of the proposed converter to
generate five-level waveforms in both ac voltage outputs, the
following test is illustrated in Fig. 15. In this case, the first
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Fig. 15. Operation with maximum voltage levels. (a) CH1: converter voltage ac system 1, 40 V/div; CH2: converter voltage ac system 2, 40 V/div. (b) Capacitor
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Fig. 16. HESS Operation. (a) CH1: Normalized ac voltage of system 1, 1 V/div; CH2: measured current ac system 1, 2 A/div; CH3: current reference ac
system 2, 2 A/div; CH4: measured current ac system 2, 2 A/div. (b) CHI1: Battery voltage, 4 V/div; CH2: capacitor voltage, 4 V/div.

stage, the voltage of the ac system 1 has three voltage levels
meanwhile the output voltage of the system 2 has five levels
as displayed in Fig. 15(a). Then, a step change in the reference
is performed in the modulation indexes in order to get in
both the systems voltage waveforms with five defined levels.
In Fig. 15(b) it is possible to appreciate the capacitor voltage
balanced during all the tests. It is important to highlight the
fact that the capacitor voltage balance is the key to achieving
a proper multilevel waveform.

E. HESS Operation

Finally, the capability of the system to operate as HESS is
shown in Fig. 16. Fig. 16(a) shows how a load impact from
0.5 to 2 A is applied to in the ac system 2. In the ac system 1,
a grid voltage is connected as a load. The ac system 1 current
and grid voltage are presented in Fig. 16(a), noting that they
remain constant, regardless of the impact on the load of the
ac system 2. When generating a power difference between ac
system 1 and 2, the power difference is delivered by the storage
system incorporated in the proposed system. In Fig. 16(b) it is
observed how the dynamic response of the capacitor acts faster
than the dynamics of the battery, which is one of the interesting
characteristics of HESS systems, allowing the implementation
of storage systems with high energy and power density.

VI. CONCLUSION

This article presents a HESS based on a Cascade MOM con-
verter. The proposed topology features the usage of different

storage units, being able to keep them balanced due to the
capability of achieving dynamic interconnection of them in
either series or parallel. Hence, the system is capable to
allow a sensorless energy and voltage balancing strategy.
Also, the system is able to connect the HESS simultaneously
to different ac systems, besides the capability of actively
increasing the number of voltage levels generated at the output
ports.

Moreover, the proposal demonstrates the stable region
where the CMOM converter can interact with different ac
systems in a decoupled control manner, achieving a stable and
high-performance operation. For the validation of the perfor-
mance of the proposed HESS based on a MOM converter
and control strategy, the system was evaluated under different
operation conditions for the ac outputs, such as grids with
different amplitudes, frequencies, or phase shifts. Along with
these results, the validation of the proposed system as an HESS
given energy support to the integrated system is validated with
experimental results.

Finally, in all the experimental results, the controller
achieves a stable and high-performance operation, which
demonstrates the feasibility of implementation of hybrid stor-
age system using CMOM topologies. These results present
the proposed solution as a valid option for the integration
of microgrids based on different energy sources and storage
units, interconnecting asynchronous ac systems, and enabling
flexible energy paths.
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