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Abstract— In this paper, the limits of a 4-Wire 3-Level Neutrd
Point Clamped (4W-3L-NPC) inverter used as the onlynterface
to integrate a renewable energy source and a HybriEnergy
Storage System (HESS) into a microgrid are under irastigation
The power flow management of the DC side is based @nSecond
Order Sliding Mode Controller that aims to realize a frequency
decoupling of load and renewable energy disturbanceThe
investigation focuses on the power flow division gabilities among
a vanadium redox flow battery and a lithium ion batery
composing the HESS. Both simulations and experimentsvill
support the limits analysis as well as the proposezbntrol strategy.

Keywords— Hybrid Energy Storage System, Multilevel énter,
Microgrids, Renewable Energy Source, Distributed Gesitgon.

1. INTRODUCTION

The constant increase of Renewable Energy SOuRIES)(
integration due to the limitation of fossil fuel catthe social
awareness on global warming may lead to stability power
quality issues in weak grids such as microgridslimit these
drawbacks, renewable power plants are nowadaysd aske
provide ancillary services to the utility grid, $uas frequency
and voltage regulation. However due to the stoahasture of
RES, like wind and solar energy, the use of Enedtpyrage
Systems (ESSs) is inevitable [1].

In weak power systems, it has been demonstratédSBs
can drastically improve RES integration as wellnagwork
stability. On the other hand, it has been demotesirthat the
stress applied on ESSs in such applications mayifisigntly
reduce their lifetime. Hybrid Energy Storage Sy®diESS)
offer the possibility to increase the lifetime afch ESS as well
as enhance the global specific power and specitcgy of the
whole system.

Unlike the 4W-3L-NPC topology, extensive studiewvéha
been carried out on HESS using parallel and flgapower
converter topologies. These topologies involve DC/D
converters that adapt ESSs voltages and contral plosver
flow, leading to a lower global efficiency than tB&-NPC
topology [2]. The 3L-NPC topology also has lessifidity on
the power flow control of each ESSs [3] and thiespbwer is
limited and will depend on various factors incluglithe DC
voltage unbalances and the modulation index.

The 4" Leg of the inverter allows control of the neutiaé
to maintain a balanced voltage while in islandedienand even
in unbalanced load conditions. A literature revghews that the
4AW-3L-NPC topology used as a unique power converter
between a RES and a HESS to a microgrid has nat bee
addressed.

This paper proposes an investigation of the limfta 4W-
3L-NPC when used as a HESS interface for RES iatiegr to
a microgrid. A second order sliding mode controierthen
designed and tuned in order to control the powaw fbf the
VRB and assess the limits of the topology in anrafienal
scenario. The power division among each ESS isdbase
frequency decoupling, the fast load variations paimpplied by
the Li-lon ESS and the trend by the VRB ESS. Thd.dg of
the converter makes it suitable to control the radine and
therefore to maintain AC voltages balanced evenh wit
unbalanced load conditions.

2. MODELLING OF THE4W-3L-NPCHESSINTERFACE

In this section, the ESSs models used in this wamé
described. Then the 4W-3L-NPC inverter model isetigyed
and used to analyse the limits of the topology.

2.1. Modéling of the HESS

The HESS used in this work is composed of a Vamadiu
Redox Flow Battery (VRB) and a Lithium-lon (Li-lobgttery.
These batteries have been selected for their Ipigtifec energy
and specific power respectively, as well as foirtkery high
round trip efficiencies of 65-88% for the VRB ang-88% for
the Li-lon battery [4].
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Fig. 1 4W-3L-NPC topology used as an HESS interfac®ES integration



2.1.1. Li-lonESS

The Li-lon model used in this work is based onntadule
presented in [5]. This model is already implemeniad
SimPowerSystems library of MATLAB/Simulink. The baty
is realized with strings of series modules conrtettgarallel to
build an ESS of 825 V/ 30Ah (at 80% of SOC and ogeruit).
The parameters of the Li-lon battery are summedahUpable 1
and its equivalent circuit is presented in Fig. 2.

Table 1: Parameters of the Li-ion battery

' Parameter Value
Cells in parallel 20
Cells in series 550

5 Eo (V) 3.7348
3 K (V) 0.00876

A (V) 0.468
B (Ah)? 3.5294
Rs () 0.09

Fig. 2: Model of a Li-lon cell

2.1.2. Vanadium Redox Flow ESS

The VRB used in this work has a rated voltage @d\Agat
50% of SOC and open circuit), a maximum chargeldisge
current of 60A and a rated power of 25kW. The marfehe
VRB is based on the model introduced in [6], [7§l dvas been
validated on a 1.25kW experimental device in [83. B shows
the equivalent circuit of the VRB whose parameseessummed
up in Table 2.

Table 2: Parameters of the VRB unit

' Parameter Value
N Cells in series 322
::é - :— : Vequilibrium(v) 1.4

U% 5 : b § gi g Rreaction (Q) 0.81
5 : = —l: = Rresistive(Q) 0.54
T ! Ried () 295,
E Celectrode(F) 0.01

o -

Fig. 3: Model of the VRB
2.2. Modéling of the 4W-3L-NPC interface

The 4W-3L-NPC topology used as a HESS interface i
presented in Fig. 1. This topology hds-%4 different switching
states which produce different AC voltage vectaemd by
(). Vectors that can be generated by more thansastehing
state are called redundant vectors and allow pfiagrdivision
control among the HESS [9] as they can be prodyamb ESS
or the other.
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A zero sequence signal injected in the modulasiggals
allows the selection of the redundant vector and the control
of the power division. This technique has beeniaihjt
developed in order to balance the DC link capacitdtages
[10].

The 4" leg of the inverter allows control of the neutiaé
which makes the topology suitable for keeping aamhedd
voltage, even in unbalanced load conditions, winilésolated
operation mode of a microgrid. The Three Dimendi@pmace
Vector Modulation (3D-SVM) scheme is used to getectize &'
leg modulation signals [11].

Considering the average model of the 4W-3L-NPC
converter, equation (2) represents the currenfasction of the
AC currents (wheré, is the current taken at the top level of the
inverter andi; the modulating signals associated to this level).

I, = id} +ipdf +i.df +i,d}

dELi_lon
dt

~0

)

diLi_lon _
dt

= lges + iLiton T RLitonC2 2

The unbalanced AC voltages generated by unbalam&ss
voltages are compensated using the factors iro(B)adify the
modulating signals amplitude. The output AC waveferare
therefore not dependant on the ESSs voltages

2VLi—Ion Zerb

Al =, =
VLL'—Ion + erb erb + VLL'—Ion

2 3)
Finally the modulating signals applied on the taff bf the
converter can be expressed as in (4) whgrds the zero
sequence injection anrtf”™ the modulating signals after the 3D
SVM transform. The bottom side variablgsandd, can be

obtained symmetrically.
Ay —1+d5"™ + Z,

d}; = Al Pi
1+ sign (%W (4)
with P; = 5 E and k = a,b,c,n
2.3.  Limitsof the 4W-3L-NPC topology

The limits of the topology will be investigated sifering
the DC link capacitor removed. The ratio of the meawer
from one ESS on the RMS AC power is defined asptheer
division index and it can be expressed as in (BfHe Li-lon
battery. It can be symmetrically obtained for tHeB/
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It can be seen from (5) that the power divisionatsifiies
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are clearly dependent on the DC voltage unbalaacésthe

modulation index. Fig. 4 shows the evolution of {hawver
division index depending on DC voltage unbalances a
modulation index variations for maximum and minimaero
sequence injection (6). Power factor variationssduos involve
change in the limits on the contrary.

Zsmax =1- |maX(d1§VM)| (6)
ZsMIN = |maX(dI§VM)| -1

Finally, if a RES injects a current on the DC busing (5)
and Kirchhoff's laws, equation (7) that represehtslower and

upper Li-lon ESS power limit, withk”™"/™* the power

Li_lon

division index at minimum and maximum zero sequence
injection

_Pre;Al + KZSmin/max

PZS min/max __
Li_lon

Li_Ion -

Fac (7)
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Fig. 4 Power division index for modulation indexdaRC voltage variations
while: @) ¢) minimum b) d) maximum zero sequengecition.

Fig. 4Fig. presents the power division index f&3voltage
and modulation index variation. These surfacesesspt the
structural limits that each ESS can reach. Equdfigrcan be
then used to explore the limits that each ESS eanhr while
RES injection on the DC bus.

Using the power division behaviour defined in (if)can be
seen that for a certain range of set points, foissible to split
the RES power between the AC load and the Li-lottebg
while the rest of the AC power is provided by ththep ESS.
This phenomenon could be assimilated to an enesgsfer
from one ESS to another, and will be developedeictiBn 4 as
a power exchange possibility between the ESSscisssary for
flexibility purpose in a HESS.

2.4. Limitsand averaged model validation

The limits of the topology are assessed by simafatieans
using both averaged and detailed models of theestew The
ESSs are replaced by variable voltage sourcesh@ndES by a
current source injecting on the DC bus. To verifye t
effectiveness of the limits, the zero sequenceasigifected is a
sine varying from minimum to maximum according & o6f
10Hz frequency. The RES power injected is a sin@k
amplitude and 1Hz frequency while the AC resistivad is
increased at 2s to reach 2kW. The DC bus voltagke
constant at 1kV but the ESSs voltages are varyitiyapposite
sign.

Fig. 5 presents the result of this simulation. tHirgan be
noted that there is an offset between the ESSs mpdetailed
model compared to the averaged one. This is dtigettosses
that are not taken into account in the averagedeinticcan also
be seen that both ESSs power variations are witt@nimits
calculated using (7) and displayed in green ime) &. We can
conclude from these results that the previous dimit valid for
DC voltage, RES and AC load variations.

3. HESSCONTROL ARCHITECTURE AND DESIGN

3.1. DCsidecontrol

The DC side control aims to control the power flofathe
VRB in order to smooth its power gradient. The colrgtrategy
is based on the Second Order Sliding Mode Contesigth
principle using the Super Twisting Algorithm (STBY Levant
[12]. The design principle and tuning method isdabgn [13].

3.1.1.  design of the controller

The chosen sliding function is the one shown iregiqu (8),
wheree = i, rgr — iprp @Nd C IS @ positive constant.
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Fig. 5: ESSs Limits assessment while ESS voltageS Rower and load
variation: a) AC and RES power b) ESSs voltaged.idpn ESS power
variation ¢) VRB ESS power variation.

s=e+c f edt (8)
d .
d_i = ivrb + erb CZ (d lv;btREF + Ce)
©)
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Considering the structure of (9), the control laan e
expressed as (10) where the term with the substsipt
corresponds to the STA, and is given in (11) whieamdw are
positive gains to be tuned. The first terms of (kklused to
guarantee s=0 is reached in finite time. The ifistEQ’
corresponds to the equivalent control term obtairmsd
lettingds/dt = 0 and is given in (12).

Zs = ZSST + ZSEQ (10)
Zssr = A4/|s]| sign(s) + Wfsign(s) dt (11)
diyrb REF .
7 _ erbcz( dt +c e) +ip— f1 (12)
SEQ
f2
UMy,
fi= ) EEE@ -1+ 13)
k=a,b,cn 2
UM
fo= Z (14)
k=a,b,c,n A2



3.1.2. Tuning of the controller
Substituting the control law of (10), (11) and (1o (9)
results in equation (16).

ds f1 , j , )
Frinie RooC, < A4/Is| sign(s) + w | sign(s) dt

The f;function that appears in (15) and is given in (E3)
hardly expressible as it uses variables from thesilg as well
as the zero sequence injection. For the sake gflisity, it is

(15)

3.2. AC side control

In a microgrid context, the global load is ofterbalanced.
As a consequence AC voltages could be significaaffiycted,
especially in islanded mode. The investigated 4 BegNPC
inverter is able to take charge of such issues l@ep AC
voltages balanced, even in unbalanced load conditlmy using
an adapted AC control. The control strategy usetigwork is
based on [14],
decomposition in positive, negative and homopodmjuences,

assumed that thf function is constant and equal to its peakcoupled with the 3D-SVM scheme to generate the ldth

value on a given set point which is equal to thé gurrent peak
valuef; divided by the DC voltage unbalance indix Then,
taking the time derivative of (15) and given tBagn(s) =
s/|s| it comes (16).

d?s ﬁ(/l ds s)

RyrpC; t [s]

at? 2 [s] dt

(16)

Assuming the sliding mode is reached, we can censid

modulating signal. Each sequence is converted & dig
rotating frame using the Park and Clark transforaml
controlled independently using a classical doubtgl Pl
scheme. The tuning of the used PI controller iethamn pole
placement with respect to an inner current looglisgttime of
2ms and an outer voltage loop settling time of 4ms.

4. SIMULATION AND EXPERIMENTAL RESULTS

The simulations and experiment aims to verify the

[s|<, with A positive constant close to zero. Considering theeffectiveness of the proposed DC side power coasakell as

worst case [sfFand using the definition &fin (8), the following
equation on the error comes to:

d%e fil de fi Ac w

N US| S A

dt 2RyrgCoVA dt  RypgCVA\2 A
a, a

R (17)
fiwce _
+—RVRBC2Afedt—0

Ao

Taking the time derivative of (17), a third ordquation (18)
of the error dynamic while sliding mode is obtained
d3e d?e de

F+azw+ala+a0 e=0 (18)

The error dynamic can then be identified with thiedtorder
transfer function defined in (19) in order to sekggpropriater,
A andw gains. The identification leads to a set of patansd,
w and several parametarg20). The best parameter forcan
be identified later by simulation means.

Tfe = (pz + 28w, p + 0)121)(13 + afa)n)

=p*+ Q2+ a){w,p* + (1 +2a§*) e p + awf )
( c=w,orc=aw,
l/l _ 27 RVRBCZ\/Z[EZ +a)o, — c|
f (20)
L W=RVRBC2AAQSZCU731
fic

Given thate @, > ,, the transfer function has a dominant

pair of pole, typicallyg = 10. For a damping ratié = 1, the
natural pulsation, and thus the whole error of WiRB current
dynamic, can finally be defined only by the setflimme ¢, at
2%, as it is expressed by the approximation in.(21)

5.8
Oy = ——

: (21)

the limits of the topology. Simulations have bearried out for
an inverter rated power of 100kW using Matlab/Simluland
the SimPowerSystems library. For laboratory purpposbe
experiments have been carried out on a real scatetppe of
20kW but operating at few kW. Both simulation angeriment
parameters are listed in Table 3.

Parameters Simulation | Experiment
Switching frequency 10kHz 10kHz
AC RMS voltage L-N \ 230V 230V/2.2
AC filter L¢ 6mH 3mH
DC filter C 6.6mF 3.3mF
VRB power settling time 0.25s 2.5s

Table 3: Parameters of the simulation and expetiahésst bench

4.1. VRB power reference definer

The VRB power reference definer implements theaserbf
Fig. 3 as well as equation (7) and gives the upmel lower

bound that the VRB can reach. Fig. 6 shows a bloc

representation of the VRB power definer where a&regfce
selector allows selection of the maximum or minimwiRB
power reference.

Upper bound Py

1)
|
m Kmax P
A APres Reference » 1 Vo rER
2 selector (+m)?

s

Lower bound Ppjn

Kmin

Fig. 6: VRB power reference definer

4.2. Case study simulation

To assess the ability of the converter to mairngamnoderate
power rate on the VRB as well as work at the liroffered by
the topology, 5 cases studies have been combinaduitique
scenario. The investigated scenario is composedfivef
sequences combining events on both AC and DC SithesRES

which employs Fortescue’s sequence



injected into the DC bus is kept constant becauls® Wriations
can be considered as a perturbation equivalenh tA@ load
one, from a control point of view. The initial catidns and the
events applied in the simulation are describedaibld 4.

4W-3L-NPC

L filter

ILi-ion, VLi-ion !

Load bench

Case Sequence/Event Desciption Time

| Pa=40kW Res=50kW Riry_reF Purb_max

Event 1 AC load step of 20kW 1s
Il Pac=60kW Res=50kW R/rb_ref: Pvrb_max

Event 2 VRB reference Max to Min 1.5s
11 Pa=60kW Res=50kW R/rb_ref: Pvrb_min

Event 3 AC load step of -20kW 2s
v Pac=40kW Res=50kW Rib_re= Purb_min

Event 4 10 kW monophasic load plugged 2.5s
Y, Pac=60kW Res=50kW Ry re= Purb_min

Table 4: Simulation scenarios and event description

Fig. 7 presents the result of a simulation with E®@Ss
models described in Section 2 on the detailed moflehe
inverter. It can be seen that the 2-SMC controkswh allows
the VRB current to be maintained close to its egfee, even if
the AC load varies suddenly (Events 1 and 3) amisalanced
(Case study V). The topology has a common modeagelthat
involves a 150Hz current oscillations on the ESSth vwa
constant zero sequence injection. The amplitude thef
oscillation strongly depends on the DC link filparameters as
well as the modulation type. However, thanks todbetrol of
the VRB current, the oscillations of both ESS cutseare
compensated by the oscillation of the zero sequiseeted.

80 T T

Pres
60 Pye \ [

S
=3
k

Pyrs rer
[ Pure

Power [kW]
8

(1)

Zero Sequence Injected

(b) time [s]

Fig. 7: Simulation results a) DC mean and AC RM&grs b) Zero sequence
injected

4.3. Experimental Validation

The test bench employed for experimental validasioown
in Fig. 8 is composed of the Opal-RT OP5600 realeti
simulator used to control the 4W-3L-NPC invertes,veell as
two PAS1000 voltage amplifiers to emulate the E&%#ba third
one as a current source injecting on the DC busntalate a
RES. Due to laboratory limitation compared with siraulation
tests, the voltages of the ESSs are divided bygtarfaf 2.2 and
the peak voltage of the AC side is reduced by &imesfactor.
The parameters of the experimental test benctuanened up in
Table 3.

lueh,Vuch.
L
e e
labg, Vahc_(‘
o
—1

! !
=3 opseoo

HiLbox |

Fig. 8: Schematic of the experimental rig

The experimental results of the 2-SMC control sggtfor the
scenario and conditions summed up in Table 5 arensin Fig.
9. As it can be seen there is a good agreementebatw
simulation results shown in the previously and eixpental
results. The 2-SMC scheme allows the VRB currenbéo
maintained close to its reference, even while tbel@ad varies
or is unbalanced. The DC current oscillations agaificantly
reduced and the zero sequence injected has thetedpeofile
too. It should also be noted that on both simutatand
experiment and at specific set points, there isenpmenon of

power exchange between each HESS. At the end of the

experiment’s Case study Il as an example, the ptve has to
be provided by the HESS (the difference betweei\thg@ower
and the RES power) is 250W. However the Li-ion dogttis
injecting 750W and the VRB is charging at 500W
approximately, which means that both HESS exchange
practice 500W. In reality the RES power is splitmen the AC
load and the VRB, while the Li-lon battery provithe rest of
the power needed by the AC load. This ability talise a kind
of energy transfer from one ESS to another provitae
flexibility to this topology used as an HESS inte€ in a
microgrid context.

Cases Sequence/Event Desciption Time
I Pac=1kW Res=1.5kW Rip_re= Purb_max

Event 1 AC load step of 750W 50s
Il Pa=1.75kW Res=1.5kW R/rb_ref: R/rb_max

Event 2 VRB reference Max to Min 60s
11 Pac=1.75kW Res=1.5kW R/rb_ref: Pvrb_min

Event 3 AC load step of -750W 70s
\Y} Pa=1kW Ress1.5kW R/rb_ref: Pvrb_min

Event 4 2 x 250W monophasic load plugged 80s
\Y Pac=1.5kW Res=1.5kW Rit_re= Purb_min

Table 5: Experimental scenario and events degamipt
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1 1 Il 1
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Fig. 9: Experimental results a) DC mean and AC RiM®ers b) Zero
sequence injected



5. CONCLUSIONS

Robles, “A review of energy storage technologiesvitnd power
applications, Renew. Sustain. Energy Rev., vol. 16, no. 4, pp. 2154—
2171, May 2012.

In this paper the use of a 4W-3L-NPC power converte[5] O. Tremblay, L.-A. Dessaint, and A.-I. Dekkiché Generic Battery Model

topology to manage a HESS (formed by a VRB and-torhi
battery) in a weak grid context has been preseifited.fourth
leg of this converter allows the unbalanced voltagghlem to
be addressed, keeping a balanced AC voltage etlea libad is
unbalanced. Furthermore, a 2-SMC scheme has begndd
and tuned to control the zero sequence injectionthia
modulating signals in order to manage the powesidin among
the ESSs. Simulation and experimental results prothe
capacity of the proposed control strategy to sigaiftly smooth
the power taken from the VRB for longer lifetimepextancy,
even in unbalanced load conditions. Despite thidirange of
power division of the 4W-3L-NPC topology comparedther
active topology, only one converter can be usethémage a
HESS in order to improve the power quality andisitglas well
as the RES integration in a microgrid.
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