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Abstract—This paper discusses a qualitative comparison be-
tween Two and Three-Level Voltage Source Converter (VSC)
topologies for battery energy storage applications. Three-Level
Neutral Point Clamped (NPC) and T-Type circuit topologies are
benchmarked versus the state-of-art Two-Level VSC in terms
of efficiency and power density considering a 100 kW system.
Analytical equations for determining the power losses in the semi-
conductor modules are given, and the procedure for designing the
output LCL filter and the DC-link capacitors is described. The
analysis, based on off-the-shelf circuit components, shows that the
Three-Level topologies perform better than the Two-Level one
in both considered metrics, mainly due to their lower switching
losses that allow operating at higher switching frequency without
significantly degrading the system efficiency, and, at the same
time, increasing the system power density. Additionally, it is
found that the T-Type topology shows better performances than
the NPC topology at full and high partial loads, being then more
suitable for applications that require most of the operation at
maximum power.

Index Terms—Battery energy storage systems, Voltage Source
Converter, Neutral Point Clamped, T-Type.

I. INTRODUCTION

Battery Energy Storage Systems (BESSs) are commonly

interfaced with the distribution network through Power Elec-

tronics (PE) based Voltage Source Converters (VSCs). The

conventional Two-Level (2L) or Three-Level (3L) circuits

are mature technologies for Low to Medium Voltage power

conversion and they have been widely applied in industrial

applications and, above all renewable energy generation. For

high power BESS and solar applications, the conventional

three-phase 2L VSC, assembled with three half-bridge power

modules, is the dominant circuit topology adopted by com-

mercial products, mainly due to their robustness, low cost,

and low complexity [1]–[3]. Nonetheless, in other fields, such

as motor drives and wind power, multilevel topologies found

more market attention, especially for Medium Voltage power

conversion [4], [5].

Previous studies have shown how 3L VSCs can outmatch

the conventional 2L VSC for moderate switching frequencies

in terms of efficiency [6], [7]. In this paper such a comparison

is performed for VSCs to be deployed for battery storage

applications. The design of VSCs for storage applications is

subject to different constraints and peculiarities from other

power electronics applications, and so their design procedure

can not be systematized based on the ones for other PE appli-

cations. BESSs, in fact, require highly efficient bi-directional

operation and, depending on the grid service provided by

the system, significant reactive power generation capabilities.

Operation at partial loads for long periods of time may occur

often. Additionally, BESSs are subject to the regulation of

grid-connected systems, e.g., current harmonic injections, Low

Voltage Ride Through, and voltage regulation at the point of

common coupling [8], [9]. Another particularity of BESSs is

related to the electrochemical battery, its impedance, in fact,

strongly varies with the frequency, and its open-circuit voltage

is related to the State of Charge (SoC) [10], affecting the

converter’s DC-link design.

In this paper, 100 kW 3L T-Type and Neutral Point Clamped

(NPC) topologies for BESSs are benchmarked in terms of

efficiency and power density versus the 2L circuit topology,

Fig. 1. A low voltage DC-link is taken into consideration,

Fig. 1. BESS schematic and VSC circuit topologies considered in this study:
Two-Level, Three-Level NPC, and Three-Level T-Type.
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compatible with the commercially available 89 kWh battery

rack M3-R089 from Samsung [11]. The remainder of the

paper is organized as follows. Section II analyses the Three-

Level Converter (3LC) circuits considered in this study and

Section III describes the analytical expressions to derive the

semiconductors’ efficiency. Section IV and V illustrate the

methodology for the design and selection of the LCL filter

and DC-link capacitors components. Section VI presents the

conclusion of the study.

II. THREE-LEVEL TOPOLOGIES

The schematic of a BESS together with the VSC circuit

topology considered in this study are displayed in Fig. 1.

The Two-Level Converter (2LC) is the topology that requires

the least semiconductors; thus, it has reduced complexity and

costs. Moreover, this topology has low conduction losses, since

only one component at the time conducts the impressed AC

current, and, at low switching frequencies, it offers overall

outstanding performances. Nonetheless, the NPC topology

for the same DC-link voltage as the 2LC, requires a lower

voltage rating of the IGBT parts, since its components have

to block half the DC-link voltage, and thus it shows lower

switching losses. Besides, all components are of the same

voltage class. The T-Type topology instead, is assembled with

components of two different voltage classes, since the outer

IGBTs, T1 and T4 have to block the full DC-link voltage;

then it is subject to higher switching losses than the NPC

due to the intrinsically lower switching performances of the

higher voltage class devices. However, the terminal AC current

conduction occurs through one semiconductor, when it is not

flowing through the DC-link mid-point, offering an advantage

in terms of conduction losses versus the NPC circuit.

For this study, the battery rack M3-R089 from Samsung

has been considered [11]. Then, for all the semiconductors

for the 2L VSC and for the semiconductors T1/D1 and

T4/D4 of the 3L T-Type circuit, IGBT and diodes of the

1200V voltage class are selected. The devices T3/D3 and

T2/D2 of the 3L T-Type circuit and all the one for the the

3L NPC, instead, allows the selection of a lower voltage

rating, so the 650V voltage class is chosen. The converter AC

output voltage is fixed to 400V line-to-line, and so the com-

mercially available SKM300GB12T4, SEMiX305MLI07E4,

SEMiX305TMLI12E4B TrenchGate IGBT4 modules rated at

300A are considered [12].

III. SEMICONDUCTOR EFFICIENCY

The power losses in the semiconductors can be analyti-

cally calculated based on the assumption that the switching

frequency fs is much greater than the grid frequency fg.

According to this assumption and considering Sinusoidal

Pulse-Width-Modulation (S-PWM), the sinusoidal modulation

waveform can be considered constant during one switching

period. Then, given the on-state characteristics of the IGBTs

and the diodes, modelled as a Vi and ri circuit, the conduction

losses are analytically predicted as function of the RMS and

average current flowing through the component as:

Pc = Vi · Iavg,i + ri · I2rms,i (1)

Switching losses, instead, are a function of the switching en-

ergies Eon,off,rr and must be scaled according to the switched

voltage Vdc,sw and the datasheet reference voltage Vb:

Ps =
fsVdc,sw

2πVb

∫ 2π

0

Eon,off,rrdωt. (2)

Furthermore, the switching energies as well as the on-state pa-

rameters are temperature dependant and they can be linearized

as a function of the junction temperature. Then, to evaluate

the losses, it is necessary to find the expression of the average

and RMS current through the semiconductor. Following that,

the current expressions are given, where the phase shift of

the current with respect to the voltage at the fundamental

frequency is indicated with ϕ, and the modulation index and

the peak output AC current with m and Îac respectively. The

components denomination is done according to Fig. 1.

A) Two-Level Converter:

Iavg,T1,2
=

Îac
8π

(
mπ cosϕ+ 4

)
(3)

Iavg,D1,2 =
Îac
8π

(
4−mπ cosϕ

)
(4)

Irms,T1,2
=

Îac
2

√
8m cosϕ+ 3π

6π
(5)

Irms,D1,2 =
Îac
2

√
3π − 8m cosϕ

6π
(6)

B) Three-Level Neutral Point Clamped Converter:

Iavg,T1,4 = m
Îac
4π

[
(π − ϕ) cosϕ+ sinϕ

]
(7)

Iavg,T2,3
=

Îac
4π

(
mϕ cosϕ−m sinϕ+ 4

)
(8)

Iavg,D1,2,3,4 = m
Îac
4π

(
sinϕ− ϕ cosϕ

)
(9)

Iavg,D5,6
=

Îac
2π

[
m

(
ϕ− π

2

)
cosϕ−m sinϕ+ 2

]
(10)

Irms,T1,4
= Îac

√
m

6π

(
1 + cosϕ

)
(11)

Irms,T2,3
=

Îac
2

√
1 +

2m

3π

(
2 cosϕ− cos2 ϕ− 1

)
(12)

Irms,D1,2,3,4
= Îac

√
m

6π

(
1− cosϕ

)
(13)

Irms,D5,6 =
Îac
2

√
1− 4m

3π

(
cos2 ϕ+ 1

)
(14)

C) Three-Level T-Type Converter:
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Fig. 2. Semiconductor efficiency of 3L and 2L topologies at maximum power for inverter and rectifier operation varying the switching frequency. 3L topologies
provide higher efficiency than 2L in all the frequency range analysed.
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Fig. 3. Semiconductor efficiency gain of 3LCs over 2LC and difference between T-Type and NPC varying the output power and the switching frequency for
a modulation index m=0.725.

Iavg,T1,4 = m
Îac
4π

[
(π − ϕ) cosϕ+ sinϕ

]
(15)

Iavg,T2,3,D2,3 =
Îac
4π

[
(2ϕ− π)m cosϕ− 2m sinϕ+ 4

]
(16)

Iavg,D1,4 = m
Îac
4π

(
sinϕ− ϕ cosϕ

)
(17)

Irms,T1,4
= Îac

√
m

6π

(
1 + cosϕ

)
(18)

Irms,T2,3,D2,3
=

Îac
2

√
1− 4m

3π

(
cos2 ϕ+ 1

)
(19)

Irms,D1,4 = Îac

√
m

6π

(
1− cosϕ

)
(20)

The switching losses are found integrating the switching

energy as a function of the switched current during the

switching time of each component, as shown in Equation (2).

The switching energies are interpolated from the components

datasheet and expressed as second-order polynomial functions,

whose coefficients b0, b1, and b2 are listed in Table I. The

switching can then be found through:

A) Two-Level Converter:

Ps,T1,2,D1,2
=

fsVdc

2πVb

[
πb2Î

2
ac

2
+ 2b1Îac+πb0

]
(21)

B) Three-Level Neutral Point Clamped Converter:

Ps,T1,4,D5,6
=

fsVdc

4πVb

[
b2Î

2
ac

(π − ϕ+ sinϕ cosϕ)

2
+

b1Îac(1 + cosϕ) + b0(π − ϕ)

] (22)

Ps,T2,3,D1,4 =
fsVdc

4πVb

[
b2Î

2
ac

(ϕ− sinϕ cosϕ)

2
+

b1Îac(1− cosϕ) + b0ϕ

] (23)

C) Three-Level T-Type Converter:

Ps,T1,4,D2,3 =
fsVdc

4πVb

[
b2Î

2
ac

(π − ϕ+ sinϕ cosϕ)

2

+b1Îac(1 + cosϕ) + b0(π − ϕ)

] (24)

Ps,T2,3,D1,4
=

fsVdc

4πVb

[
b2Î

2
ac

(ϕ− sinϕ cosϕ)

2

+b1Îac(1− cosϕ) + b0ϕ

] (25)

The parameters used in Equations (1)-(25) to estimate the

power losses on the IGBT and diodes are listed in Table I.

Fig. 2 displays the semiconductor efficiency of the 2LC and

3LC topologies at maximum power for inverter and rectifier

operation varying the switching frequency, for a junction

679

Authorized licensed use limited to: TU Delft Library. Downloaded on August 28,2020 at 07:56:41 UTC from IEEE Xplore.  Restrictions apply. 



TABLE I
PARAMETERS FOR ESTIMATING THE POWER LOSSES ON SEMICONDUCTOR

MODULES - DERIVED FROM DATASHEET [12]

Topology b0 b1 b2 Vb [V] Vi [V] ri [mΩ]

2LC T1,2 0 1.73e-4 4.83e-8 600 0.70 5.2
D1,2 0 1.13e-4 -1.14e-7 600 0.90 4.0

NPC

T1,4 0 6.84e-5 -1.53e-8 300 0.82 3.1
T2,3 0 6.12e-5 -1.36e-8 300 0.82 3.1
D1,4 0 4.08e-5 -3.93e-8 300 0.85 2.7
D2,3 - - - - 0.85 2.7
D5,6 0 2.38e-5 -2.61e-8 300 0.85 2.7

T-Type

T1,4 0 9.17e-5 -1.51e-8 300 0.70 5.0
T2,3 0 7.94e-5 -3.73e-8 300 0.82 3.1
D1,4 0 7.94e-5 -1.67e-7 300 0.90 4.2
D2,3 0 6.45e-5 -1.18e-7 300 0.85 1.8

temperature of 150◦C. What stands out, is the declining of

the 2LC efficiency at high switching frequencies. The 3L

circuits, in fact, show better performances for moderate to

high switching frequencies, i.e., >4 kHz, due to the lower

switching energies. Additionally, in Fig. 3, the efficiency gain

between the 3LC topologies versus the 2LC and between the

NPC and the T-Type are displayed, varying both the switching

frequency and the output power. As expected, the highest

efficiency gain of the 3L topologies is for high switching

frequencies. However, it can be noted that the 3L NPC offers

better performances at low partial loads, while the 3L T-

Type shows the opposite behaviour. Such consideration can

be useful when designing the BESS’s VSC for a specific

application, e.g., for a mission profile that demands high

operation at low partial load and/or high switching frequencies,

the 3L NPC becomes the superior solution, while the 3L T-

Type topology can become advantageous at higher powers and

moderate switching frequencies, i.e., <12 kHz.

IV. LCL FILTER DESIGN

BESSs are devices connected to the electrical network;

thus, they need to respect the connection rules imposed by

the standards, e.g., the EN 50160 [9], regulating the voltage

characteristics of distribution systems, and IEEE 519-2014 [8],

regulating the current harmonics injection in the grid. PWM

operated VSCs inherently generate voltage harmonics in the

AC terminal, and in this context, a LCL filter is adopted to

attenuate the resulting current harmonics injected in the grid to

be compliant to the standards. The voltage harmonic spectrum

produced by PWM modulated VSC can be calculated through

the Bessel function as described in [13]. 3LC topologies have

a lower harmonic content in the AC output with respect to the

2LC [13], [14]. Then, they require a lower attenuation by the

filter and so a lower total inductance [15].

The design of the output LCL filter has to guarantee the

attenuation of the high order harmonics, e.g., according to the

standard IEEE 519-2014 Ih with h>35 has to be lower than

3% the nominal 50Hz current. The harmonic attenuation given

by LCL filters can be approximated by [16]:

Att ≈ 1

LcLgCω3
h

(26)
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Fig. 4. Efficiency and power density of LCL filter designs for 2LC and 3LC
for several switching frequencies.

where Lc, Lg, and C are respectively the converter side

and grid side inductance and the capacitance. ωh = 2πfh
represents the first group of harmonics to be attenuated,

generally a low order side-band of the switching frequency

for the three-wire connection of the BESS. The resonance

frequency of the filter fres is generally chosen between 1
6fs

and 1
2fs, when the converter is controlled through the grid side

current [17], for the digitally controlled VSC with sampling

acquisition of Ts = 1/fs to fall into the stable region, and it is

defined by the filter components as:

ωres = 2πfres =

√
Lc + Lg

LcLgC
. (27)

From Equation (26) it can be noted that increasing ωh the filter

delivers the same attenuation with lower values of inductances

and/or capacitance. Then, concerning the LCL output filter,

the advantage of the 3LCs over the 2LC is twofold. First,

a lower attenuation by the filter is required and so a lower

total inductance can be accepted. Secondly, the 3LCs are well

suited for high switching frequencies, due to their superior

efficiency, and so the higher switching frequency allows for a

reduced size of the output LCL filter.

Following the procedure illustrated in [18], several possible

filter designs are evaluated in terms of weight, volume and

losses at full power. The winding losses of litz (Cu) wires are

analytically calculated based on the method proposed in [19],

while the core losses of toroidal powder cores are calculated

through the improved Generalized Steinmetz Equation (iGSE)

[20]. Several core materials from [21] are considered, and the

designs are checked for a maximum inductor temperature of

150◦C. The power losses in the LCL capacitors are calculated

according to the leakage current and the dissipation factors,

derived from the manufacturers’ datasheet [22], [23]. The

LCL filter is then designed for several switching frequen-

cies, and the Pareto fronts are displayed in Fig. 4, where

the symbols differentiate between 2LC and 3LCs and the

colours between the switching frequencies. As expected, it is

observed that a higher power density and efficiency can be

achieved with increasing switching frequency. Besides, under

the same switching frequency, 3LCs offer better LCL filter

power density and efficiency.
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TABLE II
CAPACITANCE VALUES TO GUARANTEE THE REQUIRED ENERGY BUFFER

AND LIMIT THE VOLTAGE RIPPLE

Ripple Energy

2LC 3LCs 2LC - 3LCs
0.29 mF 2.93 mF 0.49 mF

V. DC-LINK DESIGN

Typically the DC-link capacitors in voltage source convert-

ers act as an energy buffer between the input and output of the

converter [24]. In fact, for the three wire converters depicted

in Fig. 1, without considering overmodulation, the peak AC

phase voltage has to be always below half the DC-link voltage:

Vdc,min

2
− ΔVdc,r

2
≥ V̂ac,max (28)

Then, considering the minimum battery DC voltage, and a

±10% variation of the AC voltage from the nominal value,

the maximum allowed voltage ripple is 55V. In this respect,

the DC voltage ripple in a 2LC in case of balanced operation

is driven by the high frequency components of the DC-link

current and can be predicted as [25]:

ΔVdc,2LC =
3MÎac cosϕ

8fsCdc
(1 +M) (29)

where Cdc is the DC-link capacitance value. In 3LCs, S-PWM

modulated, the DC-link current shows a third harmonic com-

ponent. Such low frequency harmonic dominates the higher

frequencies ones and drives the DC-link voltage ripple [26]:

ΔVdc,3LC =
I3

3Cπfg
(30)

where the third harmonic current I3 can be calculated as [26]:

I3 =
6MIpk
5π

(
2 cosϕ

3
+ j sinϕ

)
. (31)

If the third harmonics is mitigated through space vector modu-

lation, the DC voltage ripple is driven by the effect of the high-

frequency components, as for the 2LC, and is subsequently

reduced. Techniques for suppressing the low-frequency oscil-

lation in the DC capacitors of the 3LCs have been proposed

in literature [14], [27]. However, the applicability of such

techniques is limited either by the power factor and/or by

the modulation index [14], or by the necessity of installing

additional circuitry [27]. For the case of BESSs, implementing

single-stage power conversion as depicted in Fig. 1, there is

no control over the modulation index, since both the DC side

and AC side voltages are fixed respectively by the battery and

the AC network unless a two-stage system is considered with

the inclusion of a DC-DC converter. Moreover, four-quadrant

operation is often required; thus, the region where the third

harmonic can be cancelled out is limited [14]. In this context,

the DC link is generally designed to mitigate the voltage ripple

produced by the third harmonic.

Concerning the energy requirements, the DC capacitors are

also designed in order to be able to sustain a load step ΔP
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Fig. 5. Weight, costs and capacitance of the feasible DC-link capacitors
designs selecting components from [22].

in a time period Tr, allowing a maximum voltage deviation of

ΔVdc [28]. Then the minimum capacitance value is given by:

Cdc,e ≥ Tr ·ΔP

(2 · VdcΔVdc)
(32)

where Tr depends on the converter control delay and it is

usually selected as 5 to 10 modulation periods [28]. Both 2LC

and 3LCs are subject to this requirement.

According to the design specifications, the capacitance

values that guarantee an adequate energy buffer and limit

the voltage ripple are listed in Table II. As it is possible to

see, the 3LCs require a much higher capacitance to limit the

voltage ripple due to the third harmonic component in the

DC current. Further design constraints come from the ripple

current that electrolytic capacitors must withstand. The DC

capacitors RMS current is equal for both 2LC and 3LCs [26],

and it is analytically calculated through [29]:

Idc−cap = Îac

√√√√M

[√
3

4π
+

(√
3

π
− 9

16
M

)
cos2 ϕ

]
. (33)

Electrolytic capacitors do not have high current capabilities,

and then, their design usually leads to over-dimensioning

the DC-link capacitance value in order to satisfy the current

capability limitations, mainly defined by the desired minimal

life-time of these components. For this reason, the DC-link

design, in terms of components selections, does not present

significant differences between 2LC and 3LCs. For example,

considering the commercial capacitors of the 500Vdc class

from [22], the DC-link is designed considering parallel strings

of two series capacitors. The number of parallel strings is

a function of the maximum Idc−cap. The obtained designs

are checked in terms of minimum capacitance, to satisfy the

requirements of Table II, and minimum life-time of 20 years

using the lifetime model given in [23]. The feasible solutions

are plotted in Fig. 5 and it can be seen that the design with

the lowest capacitance is found around 4 mF, which is higher

than the minimum required capacitance shown in Table II.

VI. CONCLUSIONS AND FUTURE WORK

In this paper the design of semiconductors, LCL filter,

and DC-link capacitors for BESS’s 2L and 3L VSC have

been discussed. It has been shown, that 3LCs have lower
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Fig. 6. System power density and efficiency at full power in inverter operation
for different topologies and fs.

semiconductor losses and that their efficiency does not de-

crease as much as for the 2LC for high switching frequencies.

Furthermore, the analysis indicated that the T-Type topology

outperforms the 3L NPC for moderate switching frequencies,

i.e., fs ≤12 kHz, and at full and high partial loads. In this

context, the T-Type might be the favourite for applications

that require long operation at full power, while the 3L NPC is

superior when operating mostly at low partial loads. Addition-

ally, several feasible designs for the LCL filters and the DC-

link capacitors have been shown. From Fig. 4 it is clear that

increasing the switching frequency, lighter and more efficient

filters can be designed. Regarding the DC-link, the procedure

for its design has been illustrated, and it was shown how the

poor current capability of aluminium electrolytic capacitors

influences the design and leads to over-dimensioning of the

DC-link in terms of capacitance value. The full system power

density and efficiency at full power, considering a DC link

design with a weight of 7kg, are displayed in Fig. 6. It can

be seen that 3LCs perform significantly better both in terms

of power density and efficiency since they do not suffer too

much with the increase of switching frequency, thus resulting

in higher power densities. Additionally, it is seen how the 3L

T-Type circuit leads to the overall highest efficiency, while

the 3L NPC at higher switching frequencies represents a good

trade-off between power density and efficiency.

Future work will be focused on the experimental validation

of the semiconductor and LCL filter models here described.

Further analysis will be focused on relating the converter de-

sign with the battery storage application, introducing mission

profiles in the study.
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