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Abstract
This paper studies an energy storage system based on a three-level DC-DC converter and a gridconnected neutral-point-clamped inverter. The main advantages of this multilevel power conversion
system are highlighted and the neutral-point voltage oscillations are analyzed. A modulation algorithm
for the DC-DC converter which includes the neutral-point voltage balance control is used to improve
the voltage balancing capabilities of the inverter. Some figures are presented to show the extended
operating areas without neutral-point voltage oscillations thanks to the contribution of the DC-DC
converter to the voltage balance. Finally, some guidelines to size the DC-link capacitors are given for
a practical application.

Introduction
The negative environmental effects of the current energy model based on fossil fuels, the upward trend
in energy demand, and the progressive depletion of the fuel reserves force to move towards an energy
model based on clean and renewable energy sources. Nevertheless, the imbalance between renewable

generation and power demand, as well as the variability and the difficulty to predict them, hinder their
integration into the electrical grid. Current advances in storage technologies make energy storage
systems (ESSs) interesting options to improve grid integration of renewable energies. Furthermore,
ESSs can provide many other beneficial services like grid voltage and frequency stabilization, peak
shaving, power quality, transmission and distribution upgrade deferral, arbitrage or backup and black
start capacity. Energy storage technologies that are suitable for the electrical grid can be classified into
mechanical, thermal, electromagnetic, and electrochemical systems. The last ones have aroused great
interest for the grid connection. The main electrochemical options are lead-acid, sodium-sulfur,
lithium-ion, and flow batteries. Each of them has some particular characteristics related with power
and energy density, lifetime, cost and efficiency; but a common feature is that all of them provide a
DC voltage that varies with the state of charge (SOC).
Grid-connected ESSs applications with a wide DC operating voltage range require of power
conversion systems (PCSs), made up of DC-DC and DC-AC bidirectional converters, as an interface
between the energy storage devices and the grid. It is also possible to connect directly the batteries to
the DC-AC converter without the use of a DC-DC converter, avoiding losses associated with this
converter. There are two alternatives to perform this direct connection. The first alternative consists on
increasing the voltage level of the energy store device to reach the minimum DC-link voltage required
for grid-connection of the inverter. The ESS should be able to exchange energy with the grid until the
electrochemical system is discharged to its minimum voltage. This issue could force to oversize the
batteries increasing the overall cost of the system. Furthermore, the inverter power devices have to be
sized to withstand the maximum voltage provided by the electrochemical system when it is fully
charged, and the battery management complexity increases due to the higher number of storage
modules connected in series. The second alternative entails the use of a transformer to step-up the
inverter AC voltages to reach the necessary levels for grid connection. This allows to keep lower
voltage levels at the DC side of the inverter and hence requiring less energy storage modules
connected in series. Some drawbacks are that the low-frequency transformer is a heavy and bulky
element. Besides, although the DC-link voltage level can be lower, it would still change within a wide
range. In addition, the switching devices of the inverter have to withstand high current levels.
On the other hand, the use of a DC-DC converter in the topology has the advantage of stepping-up the
DC-link voltage and feeding the inverter with a constant DC-link, independently of the SOC of the
electrochemical device. This fact softens the inverter power devices requirements. In addition, having
a standard PCS with a DC-DC converter able to work with different energy storage voltages, improves
flexibility of the system for different applications, and helps to reduce costs due to enabling mass
production.
Minimizing the conversion losses in the charging and discharging processes of the ESS is a key factor.
Besides, another aspect to bear in mind is the high size and weight of the filters in both sides of the
PCS. Multilevel converter topologies are a good solution to improve these issues in medium and high
voltage applications, compared with traditional two-level (2L) converters. There are three main
multilevel topologies; the diode-clamped, the floating-capacitor, and the cascaded H-bridge converters
[1]−[3]. Among them, the three-level (3L) diode-clamped converter, also known as neutral-pointclamped (NPC) converter, is perhaps the most used nowadays. Since the introduction of the DC-AC
NPC converter in 1981[4], it has been widely investigated [5]−[8]. One important drawback in this
topology is that a low-frequency voltage oscillation may appear in the neutral-point (NP) for some
operating conditions, especially when operating with high modulation indices and low power factors.
Because of such NP voltage oscillation, the DC-link capacitors and the power semiconductors of the
converters have to withstand higher voltages, and additionally, the grid voltages generated include
low-frequency harmonics [5]. Thus, it is interesting to determine the operating conditions in which the
converter does not produce NP voltage imbalances. The connection of a 3L DC-DC converter with an
NPC DC-AC converter can contribute to improve the operation area.

Bidirectional Multilevel DC-DC/DC-AC Connection in ESS
Fig. 1 shows the PCS with the selected multilevel-based structure. Since both converters make use of
the NP connection, the voltage balance can be handled globally considering the whole system.

Fig. 1: 3L DC-DC and NPC DC-AC Converter
This section is focused on the bidirectional 3L DC-DC converter derived from one leg of an NPC
inverter [9], [10], which has similar advantages to those of its DC-AC counterpart. Compared with a
conventional 2L DC-DC converter, the studied 3L topology has more switches but they are rated at
half of the DC-link voltage. Due to the 3L waveform generated, smaller reactive components are
required. Some consequences are that the efficiency of the system increases and its overall size
decreases, together with the capability of handling higher voltages. This bidirectional DC-DC
converter has two operation modes, boost mode for ESS charging process and buck mode for
discharging process. The main features of the commutation states are shown in Table 1, where the
variables si are the control functions of the DC-DC converter switches Si, being i = {1,2,3,4}. When
the control function si take the unity value, the switch Si is activated; otherwise it is deactivated (si =
{0,1}).

Table I: Commutation states in boost (discharge) and buck (charge) mode
Commutation States

vDC-DC

s1 = 1 & s3 = 1
s1 = 1 & s4 = 1
s2 = 1 & s3 = 1
s2 = 1 & s4 = 1

vC1
vC1 + vC2
0
vC2

NP Voltage (vNP = vC1)
BOOST (iLES > 0)
BUCK (iLES < 0)
↑ vNP
↓ vNP
↓ vNP
↑ vNP

In both operation modes, there are two commutation states that produce approximately the same
voltage (provided that vC1 ≈ vC2 ≈ vDC/2), but one increases the NP voltage while the other one
decreases it. Selection of a proper redundant state for NP voltage balance is studied in the next section.
In addition, for the same maximum current ripple and number of switching events, the value of the
filter inductance used in this DC-DC converter can be half of that in a conventional one. On the other
hand, it is possible to increase the number of switching events to double (so that the average switching
frequency of each power devices would be the same than in a 2L DC-DC converter), and reduce the
value of the inductance by a quarter [11], [12]. In both cases, the efficiency is increased and the size of
the converter decreased. To illustrate this issue, Fig. 2 represents the peak-to-peak current ripple
through the inductor at the energy-storage-side ∆iLES. The current ripple has been normalized by the

maximum ripple produced in the 2L DC-DC converter. The normalized current ripple is represented as
a function of the modulation index of the DC-DC converter mDC ∈ [0,1]. In steady state and assuming
a negligible inductance resistor this modulation index becomes:
mDC =

VES
VDC

(1)

The current ripple produced in a conventional 2L DC-DC converter and in a 3L converter with the
same and double switching events is shown in this figure.
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Fig. 2: Normalized inductance current ripple in (a) a 2L DC-DC converter and in a 3L one with (b) the
same, and (c) double switching events
The maximum value allowed of the inductance current ripple ∆iLES,max determines the size of the filter.
Hence, it can be observed the filter reduction in a 3L DC-DC converter compared with a 2L DC-DC
converter. Table 2 shows the reduction of the value of the energy-storage-side inductance for the
studied cases.

Table II: Equations of inductance current ripple and reduction of inductance
DC-DC
Converter

Peak-to-Peak Current Ripple Through the Inductor, ∆iLES
VES
Lf s

2L (a)

⎛ VES
⎜⎜1 −
⎝ VDC

⎞
⎟⎟
⎠

∆iLES,max

Reduction of
Inductance

VDC
4 Lf s

1

3L (b)

VES
Lf s

⎛
V
⎜⎜1 − 2 ES
VDC
⎝

⎞
⎟⎟
⎠ mDC <0.5

VES − VDC
Lf s

⎛
V
⎜⎜1 − 2 ES
VDC
⎝

⎞
⎟⎟
⎠ mDC >0.5

VDC
8Lf s

1
2

3L (c)

VES
L2 f s

⎛
V
⎜⎜1 − 2 ES
VDC
⎝

⎞
⎟⎟
⎠ mDC <0.5

VES − VDC
L2 f s

⎛
V
⎜⎜1 − 2 ES
VDC
⎝

⎞
⎟⎟
⎠ mDC >0.5

VDC
16 Lf s

1
4

NP Voltage Balance Control
The control of NP voltage is carried out by the modulation strategies. The nearest-three-vector (NTV)
space-vector modulation
(SVM) is applied to the DC-AC NPC converter [5]. The AC reference
r
voltage vector VREF should be generated by the three nearest vectors of the space-vector diagram, as
shows Fig.3. In this diagram, the numbers associated with each vectors represent the commutation

state of the inverter for phase a, b and c respectively; 0 indicates that the corresponding phase is
connected to the bottom of the DC-link, 1 to the NP and a 2 to the top.
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Fig. 3: Space-vector diagram of the NPC converter
Four sets of vectors can be seen in the diagram; the large vectors (200, 220, 020, 022, 002, and 202),
the medium vectors (210, 120, 021, 012, 102, and 201), the short or redundant vectors (100-211, 110221, 010-121, 011-122, 001-112, and 101-212), and the zero vectors (000, 111, and 222). Unlike the
zero and large vectors, the medium vectors produce voltage imbalances on the capacitors caused by
the connection of one phase to the NP. Proper selection of the short vectors can contribute to
compensate for such imbalances. In the NTV modulation strategy, only one vector from each pair of
redundant short vectors is used at each commutation period. The selection of this vector is made in
order to balance the DC-link capacitor voltages, and it depends on the instantaneous voltage imbalance
and the direction of the grid currents. Despite the NP voltage balancing control provided by the short
vectors, some low-frequency NP voltage oscillations may appear for some operating points of the
converter [5].
A similar voltage balance approach is used in the modulation strategy of the DC-DC converter.
According to Table 2, this converter offers two redundant states to provide the voltage level vDC/2 to
the energy storage device. The difference between them is that one increases the value of NP voltage
vNP, while the other decreases it; therefore, when this voltage level is required, the optimal state is
selected at each commutation period to help for NP voltage balance. A carrier-based modulation
strategy is used in this converter. In this case, the DC reference voltage is compared with two
triangular carriers as shown in Fig. 4, with the resulting energy storage device current. The selection of
the redundant commutation state is based on vNP and the direction of the energy storage device current
iLES, as it is shown in Table 3. It is only necessary to know the value of the third column (∆vNP.iLES) for
the selection of the optimal redundant state, obtained by means of multiplication of both variables.
Using this modulation strategy, the DC-DC converter contributes actively to the control of the NP
voltage and improves the voltage balance capabilities of the NPC converter.

Operation Area with Voltage Balancing Control
The complete multilevel grid-connected ESS presented in Fig.1 is considered for the NP voltage
balance analysis performed in this section. The 3L DC-DC converter can contribute to compensate for
the imbalances produced by the NPC DC-AC converter, since both of them share the same NP. Fig. 5
shows the limiting areas in which voltage balance can be achieved for different modulation indexes of
the multilevel DC-DC converter mDC and constant inverter output current amplitude. Different DC-AC
converter modulation indexes mAC and relative phase of the AC currents are represented. The area
below the corresponding limiting line shows working conditions in which there are no NP voltage

(a)

(b)

Fig. 4: PWM modulation for NP voltage balance when (a) mDC < 0.5 and (b) mDC > 0.5

Table III: Selection of redundant commutation states in PWM modulation
∆vNP = (vNP - vDC / 2) > 0 iLES > 0 ∆vNP·iLES > 0 Selection of Redundant Commutation States

0
0
1
1

0
1
0
1

1
0
0
1

s2 = 1 & s4 = 1
s1 = 1 & s3 = 1
s1 = 1 & s3 = 1
s2 = 1 & s4 = 1

oscillations. Above these limiting boundaries, the DC-DC converter cannot fully compensate for
voltage imbalance and some NP voltage oscillations with a frequency three times higher than that of
the AC voltages appear. When the mDC is equal to 1 or 0, the DC-DC converter does not provide any
current to the NP, being these situations the worst cases for the voltage balancing point of view. On
the other hand, when the modulation index mDC becomes closer to 0.5 the capability of the system to
preserve voltage balance increases. At mDC = 0.5, the output of the DC-DC converter is connected
continuously to the NP; therefore, the balancing current provided to the NP is the maximum.

Fig. 5: Limits of NP current control

To verify the information given in Fig. 5 some simulations have been carried out. Fig. 6 shows the
DC-link capacitor voltages for some operating conditions of the system. For this example, the DC-link
voltage is VDC = 700 V being the capacitors C = 1000 µF. The value of the grid side current is IRMS =
100 A, the grid frequency f = 50 Hz, the modulation index mAC = 1, and the relative phase current
angle φ = −60º.
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Fig. 6: DC-link capacitors voltage for the case IRMS = 100 A, f = 50 Hz, mAC = 1 and φ = −60º with:
(a) mDC = 0.5, (b) mDC = 0.6 including a 3L DC-DC converter in the topology, and (c) mDC = 0.6
without a 3L DC-DC converter
Fig. 6(a) is obtained for a particular operating point where voltage balance can be achieved. There is
no low-frequency voltage oscillation, since this operation point belongs to the area below the curve
mDC = 0.5 in Fig. 5. In contrast, in Fig. 6(b), a tiny low-frequency voltage oscillation appears, because
this operating point is above the area of curve given by mDC = 0.6. Finally, Fig. 6(c) shows the same
operating conditions but without any voltage balancing contribution from the multilevel DC-DC
converter. In this case, the amplitudes of the low-frequency voltage oscillations are much higher. This
implies that the voltage stress of the semiconductors and the DC-link capacitors is increased.
Additionally, the grid voltages generated by the converters become significantly distorted.
In order to provide information for determining the value of the DC-link capacitors for the worst case
mDC = 1, (mDC = 0 is not a practical situation), the normalized amplitude of the low-frequency NP
voltage oscillations (∆VNPn / 2) defined as

∆VNP
∆V NPn
= 2
I RMS
2
fC

(2)

is presented in Fig. 9, where ∆VNP is the peak-to-peak value of the NP voltage oscillations. In this
representation, the rms value of the AC output currents is kept constant.

Fig. 7: Normalized NP voltage ripple in worst case
The maximum value is achieved when the phase current angle is φ = −84º or φ = +96º, reaching a
value of normalized NP ripple of 0.0297. For example, in the case that the maximum NP voltage
amplitude allowed were 50 V, the grid frequency f =50 Hz and the output current IRMS = 100 A, the
value of the DC-link capacitor can be obtained by means of (2), as shown in (3).
C=

∆V NPn I RMS 0.0297 100
=
= 1188 µF
∆V NP f
50 50

(3)

Conclusion
Multilevel converters are selected for a grid-connected ESS application. Some advantages of this
multilevel-based configuration over the classical one based on 2L converters are that the overall
system efficiency is improved, and both, the value of the inductances and the switching frequency of
the power devices, can be reduced. The drawback of the voltage imbalances produced in the DC-link
capacitors by the NPC converter are notably improved with the use of a 3L DC-DC converter which
shares the same NP connection. Hence, the operating area without low-frequency voltage oscillations
is extended, and it is presented for the first time in this paper. Furthermore, some guidelines to size the
DC-link capacitors are given. In conclusion, the proposed multilevel-based ESS topology offers many
advantages, and the NP voltage imbalances produced by the NPC converter are no longer a problem
thanks to the use of the 3L DC-DC converter. Thus, this may be a practical solution for the future
ESSs.
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