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Abstract— This paper studies a multilevel multiphase dcac conversion system configured by a neutral-pointclamped converter fed by multiple battery packs
connected in series. A virtual-vector modulation is
selected and a state-of-charge (SoC) balancing control is
designed to be able to employ the full battery bank
capacity, even under different battery initial SoC values or
different battery nominal capacities. The SoC balancing
among battery packs is accomplished through the
multilevel converter operation in a lossless manner, by
simply distributing the dc-to-ac power flow among the
batteries according to their SoC. A simple average system
model is also presented, which allows performing very
fast system simulations over long periods of time and
serves as a convenient tool to tune the compensator
parameters.
The satisfactory performance of the proposed system
configuration and control, which can be applied with any
number of levels and phases, has been verified through
simulations and experiments in a four-level three-phase
dc-ac converter fed by three Lithium-ion battery packs.
The results prove the feasibility and advantages of the
proposed system configuration, which can be used to
implement
conversion
systems
with
different
specifications combining several instances of a standard
battery pack and a standard power semiconductor device.
Index Terms— Active-clamped, battery, charge
balancing, diode-clamped, electric vehicle, multilevel,
multiphase, neutral-point-clamped, switching-cell array,
traction inverter, transistor-clamped.
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I. INTRODUCTION

energy storage is nowadays essential in many
applications, from the interfacing of renewable energy
sources to a grid/load, in order to accommodate the
stochastic power delivered by these sources to the power
requested by the grid/load, to the powering of autonomous
electrical transportation systems [1]. Battery electrical energy
storage is the most popular technology for this purpose, with
currently a strong research focus on improving its main
features (e.g., power and energy density) versus cost. The
most elementary building block of a battery is the battery cell,
characterized by a given nominal voltage and capacity.
Regardless of the chemical materials employed to build the
cell, its voltage and current ratings, in the order of a few volts
and amperes, are usually modest with regard to many
applications. Thus, it is often necessary to combine cells in
series and parallel to increase the voltage and current ratings,
respectively. The resulting set is often referred as a battery
pack. The battery pack also contains auxiliary circuitry, the socalled battery management system (BMS), to monitor the cells
voltage, current, and temperature, to disconnect the battery
pack in case the monitored variables reach unsafe values, and
even to balance the cells state-of-charge (SoC), either by
dissipating the energy of the cells with the highest SoC or by
transferring energy among cells. The SoC balancing of seriesconnected cells is important because, without the balancing,
the used capacity of every cell is limited to the weakest cell
capacity, resulting in a substantial loss of overall battery
effective capacity.
Systems with embedded batteries feature a wide range of
voltage, current, and capacity ratings. One option to meet the
system specifications is to build a custom battery pack for
each specific application, with a custom number of seriesconnected and parallel-connected cells. However, this leads to
a high dispersion of battery packs, which renders it impossible
to take advantage of economies of scale. In addition, in
systems requiring a relatively high voltage rating (usually to
reach a relatively high power rating with reasonable
efficiency), a very large number of cells must be connected in
series, and then, the BMS circuitry becomes specially complex
and inefficient, since a very large number of cells in series
must be balanced and the SoC balancing involves substantial
losses.
LECTRICAL
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Another preferred option would be to configure a standard
battery pack with a relatively low number of cells in series and
parallel, to reach minimum voltage, current, and capacity
ratings, and then combine this standard battery pack in series
and parallel as needed to reach the different system voltage,
current, and capacity specifications. This option allows taking
advantage of economies of scale to reduce the battery cost.
The SoC balancing of the battery packs connected in series
must be then accomplished by the power converter controlling
the power flow from/to the battery packs. However, this can
be performed very efficiently by simply adjusting the power
flow from each battery pack, according to their current SoC.
This balancing process does not involve additional losses to
those already occurring in the power transfer between the
battery and other systems. Therefore, it can be regarded as a
lossless SoC balancing process, as opposed to the SoC
balancing of battery cells occurring within the battery pack
and controlled by the BMS.
Multilevel converter topologies [2] are a clear candidate to
enable this type of configurations which combine several
standard battery packs. Besides the advantages outlined above,
they also bring other benefits such as lower power conversion
losses, lower harmonic distortion, and lower electromagnetic
interference.
The main multilevel topologies considered in the literature
to integrate battery energy storage belong to the cascaded
family (including the cascaded H-bridge and the modular
multilevel topologies) [3]-[6], or to the neutral-point-clamped
(NPC) family [7]-[13]. In the cascaded topologies, the
independent voltage source or capacitor of each converter cell
is replaced by a battery pack with eventually a parallel
capacitor. In the NPC topology, the series connection of
capacitors forming the dc-link is replaced by a series
connection of battery packs with eventually parallel
capacitors, as depicted in Fig.1. As an exception, some authors
consider a single battery connected across the outer terminals
of the traditional capacitor-voltage-divider NPC dc-link [7],
but this configuration does not allow the balancing of the
different battery submodules through the converter operation
since there are no connections available from the converter to
inner battery points.
Cascaded topologies are less complex if a relatively high
number of levels are needed, but NPC topologies present three
relevant advantages:
1) In multiphase dc-ac applications at a given constant
transferred power, the battery currents are dc while in
cascaded topologies the battery currents are usually
pulsating currents which contain low-frequency ac
components.
2) All battery packs are connected in series. Therefore, the
voltages of the battery pack terminals do not oscillate at
high frequency among each other and ground, as it is the
case in a cascaded topology, leading to reduced
electromagnetic interference.
3) From an implementation point of view, NPC topologies
allow the decoupling of the system into two blocks: the
energy storage block, formed by the series connection of
battery packs, and the power conversion block, formed by
the NPC converter, essentially containing power
semiconductor devices. Since each of these two blocks

contain homogeneous components, a high level of
integration can be achieved in their implementation and
only one connection among heterogeneous blocks is
required. In a cascaded topology, power semiconductor
devices are mixed with energy storage devices in every
converter cell, which hinders the goal of achieving a
compact full system implementation given the large number
of required connections among heterogeneous components.
NPC topologies certainly present a higher number of power
semiconductor devices than the conventional two-level
topology. However, besides the inherent advantages of
multilevel conversion, including the aforementioned increase
in the used battery bank capacity under different scenarios,
these topologies may present a higher power rating per switch
and higher power rating per unit of power semiconductor area,
if devices are properly selected and the selected topology
operating principle takes advantage of the additional degrees
of freedom that a higher number of devices offers, as
illustrated in [14].
Very few works in the literature have focused in the study
of multi-battery-fed NPC conversion systems [8]-[13], and
almost all of them have only considered the three-level case
[8]-[12], which is the most simple. In [8] and [9], a nearestthree-vector (NTV) space-vector-modulation (SVM) approach
is used, and the batteries SoC are balanced through a suitable
selection of small vectors. Instead, [10] uses a combination of
NTV SVM and radial state SVM, the latter replacing the use
of medium vectors by the two nearest large vectors. In [11]
and [12], a level-shifted carrier-based pulse width modulation
(PWM) approach is used, and an offset is added to the
modulating waveforms to control the power balance between
the two energy storage units connected at the dc-link.
Conceiving a proper modulation and control for this type of
system is challenging, mainly due to the following two
reasons:
1) The battery packs present time-varying voltages that depend
on their SoC, output impedance parameters, and sourced
current. The voltages of the different battery packs will
eventually be different from each other. If basic
conventional modulation techniques are used, based on the
assumption that all battery voltages are equal, this will
introduce low-frequency distortion in the converter ac
terminal voltages. Although some advanced conventional
modulation strategies have been proposed for the threelevel case to avoid introducing low-frequency distortion
[8]-[9], [11]-[12], these modulation strategies feature a
significantly increased computation complexity as a
function of the measured battery voltages. In addition, the
errors in the battery voltage measurements inevitably lead
to low-frequency distortion.
2) The converter modulation and control must be able to
balance the SoC of all battery packs. This implies being
able to control and balance the power delivered by each
battery pack. As demonstrated in [13], in converters with
more than three levels (more than two battery packs in
series), when a conventional PWM is used, where each leg
only commutates between the two nearest levels to the
reference voltage in every switching cycle, then the power
delivered by each battery is different, and the power
distribution varies with the modulation index. In a
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space-vector concept, is selected to operate the converter. This
strategy can control the average value of the inner dc-link
currents i2 and i3 in every switching cycle. Moreover, it does
not need to be modified as a function of the battery voltage
values to avoid introducing low-frequency distortion in the ac
voltages when the battery voltages are different, as
demonstrated in [16] for the three-level case. The first feature
is essential to be able to balance the SoC of the battery packs.
The second feature simplifies the modulation implementation
and makes it robust against voltage measurement errors.
The selected modulation strategy presents four input
parameters:
1) The modulation index m, defined as the amplitude (peak
value) of the fundamental line-to-line ac converter voltage
(e.g., vab) divided by the total dc bus voltage (vdc =
vB1 + vB2 + vB3). Its value ranges from 0 to 1 in the linear
modulation range.
2) The ac-side line-cycle angle , defined as the electrical
angle of the fundamental component of the converter phase ‘a’
voltage.
Leg 1

N

VB2
VB1

Leg Z

…
iN–1

3

i3

2

i2

…
…

N1

…

C

…



…

+

+


C
C

…

1

…
Ac Source/Load

II. SYSTEM CONFIGURATION AND SELECTED PWM
STRATEGY
The generic proposed system configuration is depicted in
Fig. 1. A set of N1 battery packs is connected in series to
form the dc-link of the N-level dc-ac converter. A bypass
capacitor is connected in parallel with each battery pack to
provide a low-impedance path for the high-frequency
components of the dc-link currents generated by the converter
operation. The NPC converter synthesizes the ac voltages to
be applied to a Z-phase source or load by means of Z legs.
Regardless of the leg implementation (diode-clamped/passiveclamped or transistor-clamped/active-clamped), each leg is
functionally equivalent to a single-pole N-throw switch,
connecting the ac terminal to one and only one of the N dclink terminals at every point in time. In Fig. 1, the Z converter
legs are represented as single-pole N-throw switches, where
the switch position is indicated with a solid circle.
Although the proposed system configuration can feature any
number of dc-link levels and ac phases, in the following, for
the sake of simplicity, the discussion and the analysis will
focus on the four-level three-phase case, shown in Fig. 2. Fig.
2 considers a three-phase wye-connected resistive-inductive
load on the ac side, which is the type of load used in the
simulations and experiments presented in subsequent sections.
The PWM strategy from [15], derived from the virtual-
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renewable energy system where each battery pack is fed by
a photovoltaic array, [13] proposes to adjust the
photovoltaic power connected to each battery and also the
battery capacity according to the power distribution that
corresponds to the operating point. But, in general, this is
not a practical solution, since the system configuration
would need to change depending on the operating
modulation index value and, in many applications, the
modulation index value is not fixed but varies over time.
This paper proposes a simple modulation and control to
operate multi-battery-fed multiphase NPC dc-ac conversion
systems with any number of levels and phases. Inherently, the
applied modulation does not introduce distortion in the
resulting ac voltages when operating under different battery
voltages. In addition, the proposed modulation and control
allow balancing the SoC of the different battery packs, even
under different nominal capacities, different initial SoC,
different battery pack aging, different battery technologies,
etc., so that the total battery bank capacity can be fully
utilized. An accurate and simple average system model is also
presented to quickly design the control and evaluate the
resulting system performance. For the sake of simplicity, the
proposed system is illustrated in the four-level three-phase
case, employing three Li-ion battery packs. The extension to
other number of levels and phases is fairly straightforward.
The paper is organized as follows. Section II presents the
proposed system configuration and selected PWM strategy.
Section III derives the system average model. Section IV
defines the proposed closed-loop SoC balancing control.
Sections V and VI present simulation and experimental results
proving the good performance of the proposed system under
different operating scenarios. Finally, Section VII outlines the
conclusions.

Fig. 1. Functional schematic of an N-level Z-leg NPC dc-ac converter fed by
N1 batteries on the dc side and connected to a generic Z-phase source or load
on the ac side. Each leg is represented as a single-pole N-throw switch. The
switch position is indicated by a solid circle.
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Fig. 2. Functional schematic of a four-level three-leg NPC dc-ac converter
fed by 3 batteries on the dc side and connected to a three-phase resistiveinductive load on the ac side.
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3) Parameter k2, which represents a normalized value of the
desired i2 current.
4) Parameter k3, which represents a normalized value of the
desired i3 current.
The values of the leg x ({a,b,c}) duty-ratio of connection
to dc-link point y ({1,2,3,4}), designated as dxy, which jointly
define the modulation strategy, are then calculated as


1
vB 2  vB3  vB1
v v v
1  k2 
 k3  B3 B 2 B1
vdc
vdc

 3  m  sin 
d     2 3  m  sin   2 3
d     2 3  m  sin   2 3
c

(1)
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If the three battery voltages are not equal, the use of (2)
may simply introduce a small error in the resulting amplitude
of the ac-voltage fundamental component that will be
subsequently corrected by the closed-loop control that
determines the value of m.
Fig. 3 shows the leg duty-ratio pattern for k2 = k3 = 0 over a
line cycle. This modulation can be carrier-based implemented
through the comparison of three simple modulating signals per
leg to a triangular carrier, as shown in Fig. 4. The modulating
signals can be obtained from the leg duty-ratio values as
mod x1  d x1

mod x 2  d x1  d x 2

(3)

mod x 3  d x1  d x 2  d x 3  1  d x 4
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Fig. 4. Carrier-based implementation of the modulation pattern in Fig. 3.

The number of modulating waveforms below the carrier
determines the dc-link point to which the leg is connected,
generating the leg voltage with reference to point 1, vx1. In Fig.
4, a low ratio of the carrier frequency to the fundamental
frequency is used, for the sake of clarity. However, in practice,
this ratio is typically much higher.

In this Section, a switching-cycle-average model of the
system is derived, in order to be able to conceive and design
the closed-loop control. The model allows performing very
fast simulations of the system over long periods of time
(hours) with good precision.
A. Battery-Pack Model
In this work, a Lithium-ion battery pack, shown in Fig. 5, is
employed. It is formed by 26 cells (13 in series - 2 in parallel).
Table I presents other relevant information. The nominal
capacity is 4.3 Ah at 0.2C discharge rate, according to the
battery cell datasheet.
Following the traditional battery modelling approach [17],
[18], the Lithium-ion battery pack has been modelled with a
Thevenin equivalent circuit, presented in Fig. 6. The voltage
source models the battery open circuit voltage, VOC.
Resistance R0 represents the battery internal resistance. The
remaining series-connected resistive-capacitive networks
model the dynamics associated with the diffusion and charge
transfer processes that occur within the battery cells. All
model parameters vary with the battery SoC, which is defined
as
q t 
sc t  
 sc 0  
Q nom
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240

III. SYSTEM MODEL

Since the three battery voltage values will be typically similar,
the calculation of factor  can be simplified to
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Fig. 3. Leg duty-ratio pattern of the selected PWM for N = 4, Z = 3, m = 0.75,
and k2 = k3 = 0. The plotted waveforms correspond to leg a. The duty ratios for
legs b and c are the same but phase-shifted 120º.

 i t   dt
t

0

B

Q nom

(4)

where q(t) is the actual capacity or stored charge of the battery
pack at time t and Qnom is its nominal capacity.
Three battery packs have been assembled according to
Table I. They have been experimentally characterized using
two types of tests. On one hand, discharge tests have been
conducted to measure the battery capacity at 1C. The average
value of the measured capacity at 1C has been 4.17 Ah. On the
other hand, repetitive pulse discharge tests have been
performed to estimate the value of all model parameters at
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and balanced ac system such as the one depicted in Fig. 2,
where the phase currents present a peak value equal to I and a
phase-shift angle with reference to the phase voltages equal to
,
p  3  Vph, rms  I ph, rms  cos   

3
 m  v dc  I  cos  .
2

(5)

At the dc-link, this power can be computed as
p  i B1  v B1  i B2  v B2  i B3  v B3 .

(6)
Let us now define the common-mode (CM) battery current,
from the point of view of the transferred power, as

Fig. 5. Selected battery pack.
TABLE I
SELECTED BATTERY PACK

iCM 

Item

Value/Description

Battery Cell

Samsung ICR18650-22P

Cell Chemistry

LiNiMnCoO2 (NMC)

Configuration

13S-2P

VBmin / VBnom / VBmax

38 / 47 / 55 V

Qnom

4.3 Ah @ 0.2C discharge rate

EBnom

202 Wh @ 0.2C discharge rate

Type of BMS
balancing

Dissipative cell charge balancing during charging

R0

R1

R2

C1

C2

R3

iB
+

+

VOC

C3

vB





v 
v
v
  iB1  B1  iB2  B2  iB3  B3 .
v
v
vdc 
dc
dc


p
vdc

Current iCM, shown in Fig. 7, represents a common current
of all batteries in charge of transferring power p from the dc
side to the ac side. Each battery current (iB1, iB2, and iB3) can
be then decomposed as
iBj  iCM  iDMj ,
(8)
where iDMj is the differential-mode (DM) battery current.
These DM currents do not generate power flow from the dcside to the ac-side, but represent a redistribution of power
among battery packs, with reference to the case where all
battery packs present the same current, equal to iCM. That is,
the function of the DM currents is to affect the balance of the
battery packs SoC. They can be regarded as balancing
currents.
The converter inner dc-link currents i2 and i3 can only
contribute to DM components because the injection of these
currents does not modify p. They can be decomposed into a
DM current flowing through the upper battery packs and a
DM current flowing through the lower battery packs, as shown
in Fig. 7
i2  i2d  i2u

Fig. 6. Battery pack equivalent circuit.

different SoC values. As a result of this characterization
process, an equivalent circuit with three RC networks, as
shown in Fig. 6, has been deemed satisfactory to approximate
the battery behavior. Each RC network reflects a relevant time
constant identified in the battery response and it is not
necessarily associated to a specific physical phenomenon
within the battery. The parameter values at a given SoC are
obtained through interpolation from the values obtained
experimentally at a specific set of SoC values. This last set of
parameter values can be found in the supplementary MatlabSimulink files.
B. Converter-plus-Ac-System Average Model
The model of the converter plus ac system should allow
computing the battery currents from the value of the battery
voltages, the converter operating parameters, and ac
source/load parameters. The voltage of each battery pack can
be obtained with the model presented in Section III.A, which
in turn receives as inputs the battery currents computed here.
Let us assume a lossless converter and let us designate as p
the switching-cycle-average power being delivered from the
dc side to the ac side (i.e., a positive value means that the
power flows from the dc side to the ac side and vice versa for
a negative value). In the steady state of a three-phase linear

(7)

i3  i3d  i3u .

(9)

Since each inner dc-link current only contributes to a
redistribution of power among battery packs, it must be
verified that
i2d  v B1  i2u  v B2  v B3 

i3d  v B1  v B2   i3u  v B3 .

(10)

Combining (9) and (10)
i2d 

v B2  vB3
v
 i2 ; i2u  B1  i2
vdc
vdc

i3d 

vB3
v v
 i3 ; i3u  B1 B2  i3 .
vdc
vdc

(11)

According to the selected converter modulation, the inner dclink currents are equal to
i2  2    k 2  iCM
i3  2    k 3  iCM

(12)

Substituting (12) in (11)
i2d  2k 2iCM 

vB2  vB3
v
; i2u  2k 2iCM  B1
vdc
vdc

i3d  2k 3iCM 

vB3
v  vB2
; i3u  2k 3iCM  B1
.
vdc
vdc

(13)

Finally, from Fig. 7, (13), and (7), the three battery currents
can be calculated as a function of the transferred power p,
battery voltages, and converter modulation parameters k2 and
k3 as
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2
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 q3 
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  Q  d scimb3 

 Qnom 
nom
dt
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i3

where scimb3 is the imbalance of the batteries SoC calculated
at dc-link point 3.
Therefore, combining (17), (18), and (12), the plant model
reduces to

i2

vB1

Fig. 7. Decomposition of the battery pack currents into common-mode and
differential-mode components. The inner dc-link currents i2 and i3 only
generate differential-mode components.
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(14)

IV. SOC BALANCING CLOSED-LOOP CONTROL
The inner dc-link currents i2 and i3 generate the DM battery
currents, responsible for the balancing of the battery SoC.
Assuming that i3 = 0, the expression of i2 in (9) can be
developed, according to (8) and Fig. 7 as
i i
i i

i2  i2d  i2u   iB1  iCM    B2 B3  iCM   iB1  B2 B3 .
2
 2


(15)

Substituting the battery currents in (15) by the derivative of
the battery charge over time, results in
q q 
q q 

d 2 3  d q1  2 3 
d q1
2 
2 




i2 
.
dt
dt
dt

(16)

Assuming that all battery packs present the same nominal
capacity, (16) can be rewritten as
sc  sc3 

d sc1  2

2

  Q  dscimb2  .
i2  Qnom 
nom
dt
dt

(17)

where scimb2 is the imbalance of the batteries SoC calculated
at dc-link point 2.
Similarly, assuming that i2 = 0, the expression of i3 in (9)
can be developed as

+



Kp + Ki/s



Kp + Ki/s

for k3  0

scimb3 

2    iCM
k3
s  Qnom

for k 2  0

(19)

m

 4
c   3

d   2
  
 3

PI Compensator
+

2    iCM
k2
s  Qnom

where s is the Laplace variable, k2 and k3 are the plant control
inputs, and SoC imbalances scimb2 and scimb3 are the outputs.
In light of (19), the SoC balancing closed-loop control
depicted in Fig. 8 is proposed. The value of the SoC imbalance
command scimb*j is compared to the measured value scimbj.
and the error is then processed by a proportional-integral (PI)
compensator. Since the plant is coupled (i.e., control input k2
affects scimb3 and control input k3 affects scimb2), it is
convenient to multiply the outputs of the compensators by a
decoupling matrix. This decoupling matrix is a constant
matrix, whose derivation can be found in [19]. The decoupling
matrix together with the plant, as a whole, form a new plant
where both control loops are decoupled. Finally, the outputs of
the decoupling block, which are the command values of k2 and
k3, are limited to avoid unfeasible duty ratio values in the
modulator or to limit the DM current in the battery packs.
In Fig. 8, for the sake of simplicity, it is assumed that the
power flows from the dc side to the ac side (p > 0). However,
establishing a control loop that can operate with both power
flow directions is fairly simple, as it only requires changing
the signs of k2 and k3 according to the sign of p. On another
note, the extension of the proposed SoC balancing control to
systems with a higher number of series-connected battery
packs and, thus, a higher number of levels, can be
accomplished with an analogous procedure as in [15]. For an
n-level dc-ac conversion system fed by n1 battery packs, n2
control loops are necessary to set the proper values of
k2, k3, …, kn1, and the corresponding decoupling matrix can
be found in [19].

a

scimb2
scimb*3

scimb2 

Decoupling

PI Compensator
scimb*2

(18)

b

2
  a 
3 
4  b 

3

c

Limiter
kmax


k2
k3

d

Modulator
(1)

kmin

scimb3

Fig. 8. Proposed SoC balancing closed-loop control (p > 0). Feedback variables scimbj are computed from the measured battery currents with (4), (17), and (18).
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V. SIMULATION RESULTS
The performance of the proposed system has been evaluated
through simulation in the particular case of Fig. 2. A full
battery discharge process at constant modulation index and
constant ac load is simulated under different scenarios with the
model presented in Section III, implemented in MatlabSimulink. The proposed system performance is indirectly
compared to the performance of a conventional system
configured by a two-level converter fed by the three seriesconnected batteries, as depicted in Fig. 9. It is an indirect
comparison because the behavior of this conventional twolevel system is emulated with the four-level system of Fig. 2
by simply turning OFF the balancing control (i.e., forcing k2 =
k3 = 0). When the balancing control is OFF, the inner dc-link
currents i2 and i3 are equal to zero (on average over every
switching cycle), which forces all three battery currents to be
equal, as in the conventional two-level case of Fig. 9. Table II
gathers the fixed system parameter values and Table III
presents the increase in the total energy extracted from the
batteries, thanks to the proposed system configuration and
control, under eight different discharge cases. The first four
cases consider a difference in the initial battery SoC, with the
same nominal capacity. These cases emulate the possibility
that one or more battery packs feature a lower state of charge
due to the fact, for instance, that they feed other auxiliary lowvoltage systems. The last four cases consider a difference in
the nominal capacity of batteries, to emulate the performance
under batteries with different aging, under a mixture of
different battery technologies, or under a mixture of new and
second-life batteries.
The proposed configuration and control enables extracting
the full energy from all battery packs under all cases, which
translates into a substantial total extracted energy increase
compared to the conventional two-level case. Fig. 10 presents
the evolution over time of key variables under case 1. With the
control OFF (dashed lines), when the SoC of battery pack 2
reaches zero, its voltage decreases down to the minimum
allowed value and the corresponding BMS disconnects the
battery, forcing the end of the discharging process. At this
point, the SoC of battery packs 1 and 3 are at around 0.2,

indicating that they still contain a substantial energy that could
not be delivered to the load. With the control ON (solid lines),
the discharge rate of each battery is adjusted according to its
current SoC value, and the discharge process ends with all
batteries having an SoC equal to zero, indicating that all the
battery energy has been delivered to the load.
VI. EXPERIMENTAL RESULTS
An experimental test rig has been assembled to test the
proposed system configuration and SoC balancing control.
The system includes three battery packs as described in Table
I, 810 F capacitance in parallel with each battery pack at the
converter dc-link, a four-level three-leg active-clamped
inverter [20] where each leg has been configured from a 6x3
switching-cell array, as described in [14], and a three-phase
TABLE II
SIMULATION AND EXPERIMENTAL CONDITIONS
Parameter
m

0.7

Ac fundamental frequency

50 Hz

Switching frequency

10 kHz

RL

8.25 

LL

3 mH

kmin, kmax

0.12 (cases 1,4,5,6,8); 0.15 (cases 2,3,7)

Kp

100

Ki

0.1

scimb*2, scimb*3

0

TABLE III
SIMULATION (EXPERIMENTAL) RESULTS FOR THE INCREASE IN THE TOTAL
EXTRACTED BATTERY ENERGY (EBT = EB1 + EB2 + EB3) UNDER DIFFERENT
DISCHARGE CASES
Qnom,3
sc3(0)
Control OFF
Control ON
Qnom,2
Case sc2(0)
(2-level case)
EBt [%]
Qnom,1
EBt [Wh]
sc1(0)
EBt [Wh]
[Ah]
4.17
1.0
4.17
482 (472)
554 (545)
15.0 (15.0)
1
0.8
4.17
1.0
2

1.0
1.0
0.8

4.17
4.17
4.17

481 (473)

554 (544)

15.0 (15.0)

3

0.8
1.0
0.8

4.17
4.17
4.17

475

511

7.5

4

1.0
0.8
0.8

4.17
4.17
4.17

475

511

7.5

5

1.0
1.0
1.0

4.17
3.34
4.17

485

557

15.0

6

1.0
1.0
1.0

4.17
4.17
3.34

485

556

15.0

7

1.0
1.0
1.0

3.34
4.17
3.34

481

517

7.5

8

1.0
1.0
1.0

4.17
3.34
3.34

481

516

7.5

2
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Fig. 9. Functional schematic of a two-level three-leg dc-ac converter fed by 3
batteries on the dc side and connected to a three-phase resistive-inductive load
on the ac side.
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Fig. 10. Simulation results of case 1. Dashed lines: control OFF. Solid lines: Control ON.

passive resistive-inductive load. Fig. 11 shows the converter
prototype. The converter is controlled with a dSpace platform,
including one DS1006 processor board and three synchronized
DS5101 digital waveform output boards, containing each a
field-programmable gate array. The battery currents and
voltages are sensed to implement the control. The battery
discharging tests have been performed under the conditions
outlined in Table II. Table III summarizes the experimental
results, within parenthesis, under the two cases tested (case 1
and case 2). These results are in good agreement with the
simulation study.
Fig. 12 presents the temporal evolution of key variables
under case 1 experiment. These waveforms are also in good
agreement with the simulation results of Fig. 10. The
converter losses and a non-negligible error in the sensed value
of battery pack 1 current explain the small differences. The
voltage of the battery pack reaching the cutoff condition set by
the BMS goes down to zero after the BMS cuts off because
the voltage is sensed at the external battery pack terminals,
which embrace the BMS circuitry.

Fig. 13 shows key waveforms (battery currents, line-to-line
voltages, and phase currents) during a turn-on transient of the
SoC balancing control within the first ten minutes of the
discharge process of case 1. The control is OFF during the left
half of the scope capture and it is ON during the right half.
Each battery current contains a dc component with some highfrequency ripple. With the control OFF, the dc component of
the three battery currents are equal. With the control ON, they
change to discharge faster the two battery packs with the
highest SoC. It is worth noting that despite the difference in
the line-to-line voltages with the control OFF and ON, the
phase currents look almost identical. Thus, as stated
previously, the control action does not affect the resulting ac
currents.
Fig. 14 presents the same key waveforms under two ac load
step transients with the balancing control ON. It can be
observed that the balancing control performs well under
sudden load changes, with the battery currents quickly
adjusting their values to the new load condition and
permanently preserving their proportion (i.e., iB1 = iB3  1.3
iB2) according to the values of the control output parameters k2
and k3.
Finally, Fig. 15 proves the proper system performance
under different modulation index values. In all cases the
control manages to adjust the relative discharge rate of each
battery pack according to their current relative SoC.
VII. CONCLUSION

Fig. 11. Four-level three-phase active-clamped dc-ac converter prototype.

This paper has presented, for the first time, the application
of a virtual vector PWM to a multi-battery-fed NPC dc-ac
converter, highlighting the advantages of applying this
modulation technique; namely, no low-frequency harmonic
distortion in the synthesized ac voltage under different values
of the battery voltages forming the dc link, it enables using
any number of converter levels and phases and thus, it enables
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Fig. 12. Experimental results of case 1. Dashed lines: control OFF. Solid lines: Control ON.

a modular design of these systems based on a single standard
battery pack and a single switching cell, the converter can be
operated with any modulation index and load, etc. The
switching-cycle-average full system model (including battery,
power converter, and ac source/load) has also been derived.
This model has allowed conceiving a novel SoC balancing
closed-loop control, it allows performing very fast simulations
of the whole system behavior, and it allows adjusting the
closed-loop control parameters to achieve the desired
performance. The proposed system and system model has
been experimentally validated in the particular case of four
levels, three ac phases, and Lithium-ion battery packs.
The results obtained with the proposed system
configuration and control prove that it is feasible to operate
NPC dc-ac converters with any number of levels and phases
fed by multiple standard battery packs connected in series,
where the dc-ac converter takes over the SoC balancing of the
battery packs in a lossless manner, by simply distributing the
dc-to-ac power flow among the batteries according to their
SoC. This opens the possibility to use this compact and
efficient system configuration to implement conversion
systems with different voltage, current, and power ratings
from a standard battery pack and a standard power
semiconductor device at a single voltage and current rating. In
addition, since the power converter is able to take care of the
balancing of the battery packs, it is feasible to operate with
battery packs having different loading, with battery packs
experiencing different aging, with battery packs built with
different technologies, mixing new and second-life battery
packs, and still take advantage of the full capacity available at
the battery bank.

iB1 iB3
iB2

vab
vbc
ia
ib

Control OFF

Control ON

Fig. 13. Experimental results during a turn-on transient of the SoC balancing
closed-loop control within the first minutes of the discharge process of case 1.
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Fig. 14. Experimental results during an ac load step transient within the first ten minutes of the discharge process of case 1 (control ON). (a). Load step from RL
= 8.25  to RL = 16.5 . (b) Load step from RL = 16.5  to RL = 8.25 .

iB1 iB3
iB1 iB3
iB1 iB3

iB2

iB2

iB2
vab

vab

vbc

vab

vbc
ia

vbc
ia

ib

ia

ib

ib

(a)
(b)
(c)
Fig. 15. Experimental results at the beginning of discharge case 1 (control ON) under different modulation index values. (a) m = 0.25 (kmin, kmax = 0.3). (b) m =
0.50 (kmin, kmax = 0.2). (c) m = 0.75 (kmin, kmax = 0.1).
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