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Abstract:  In recent years, the integration of the high-power static synchronous compensator
(STATCOM) and energy storage in the same device has gained interest. Such a system is referred
to as ES-STATCOM. Modular multilevel converter (MMC) topologies constitute a promising converter
family for ES-STATCOM realization, providing a modular and scalable solution with a high efficiency that
handles high-power and high-voltage ratings in grid applications. There is a gap in technical literature
discussing the design and the comparison of MMC-based ES-STATCOMs while utilizing batteries to find
the most suitable MMC topology for ES-STATCOMs. Therefore, this paper benchmarks MMC family
members for ES-STATCOM realization. Both centralized and distributed energy storage approaches
are investigated. The proposed design flowcharts can be employed for comparison and optimization
purposes. In total, seven topologies are compared in terms of number of cells, required silicon area
and total battery volume. Different semiconductor devices and battery types are analyzed. The result
indicates that centralized energy storage systems are the most suitable due to their design flexibility,
low volume and small silicon area. Moreover, the possibility of using over-modulation in MMC using
bridge cells has an important role in the optimization of ES-STATCOM. The results for the adopted case
study shows that the decentralized approach can lead to 55% higher silicon area and 30% higher volume
than the centralized approach. The double-star bridge cell MMC with centralized energy storage is
determined as the most suitable solution for ES-STATCOM systems.

Keywords: battery energy storage system; static synchronous compensator; STATCOM; modular
multilevel converter; MMC

1. Introduction

Power generation systems based on renewable energy sources, such as the solar photovoltaic
(PV) and wind power plants (WPPs), present a non-dispatchable power generation characteristic.
Furthermore, such systems are connected to the grid using power electronic inverters. As a consequence,
operational issues, such as voltage instability and instabilities during faults, harmonic resonances and
flicker, may appear [1,2]. Apart from providing fast and dynamic reactive power support for improving
voltage regulation, static synchronous compensators (STATCOMs) play an important role in improving
voltage stability. Moreover, STATCOMs provide the reactive current for low voltage ride through according
to the relevant grid codes [3].

Energies 2020, 13, 3384; doi:10.3390/en13133384 www.mdpi.com/journal/energies


http://www.mdpi.com/journal/energies
http://www.mdpi.com
https://orcid.org/0000-0001-8812-3571
https://orcid.org/0000-0001-8418-1985
https://orcid.org/0000-0002-2617-7168
http://dx.doi.org/10.3390/en13133384
http://www.mdpi.com/journal/energies
https://www.mdpi.com/1996-1073/13/13/3384?type=check_update&version=2

Energies 2020, 13, 3384 2 of 22

The growth of large WPPs and PV power plants leads to the replacement of conventional power
plants in the power systems. As these kinds of power plants cannot inherently respond to the frequency
deviations, there is a reduction in the overall inertia and reserves for frequency control. Furthermore,
the non-dispatchable nature of the wind and PV power implies that there is no black start capability.

Energy storage systems can provide the flexibility to the WPPs and PV plants to operate as
dispatchable power plants. Therefore, battery energy storage systems (BESSs) are being developed and
commissioned at the grid-level. Thus, the auxiliary services, such as inertial response, frequency control,
spinning reserve, peak-load shaving and avoidance of power curtailment, are provided [4]. An efficient
and compact solution, which can respond to both the active and reactive power control requirements,
can be provided if such a BESS can be integrated with a STATCOM [5]. Such a STATCOM integrated with
a battery for energy storage is referred as ES-STATCOM in [2].

In the literature, some initiatives from industry toward developing ES-STATCOM s can be identified.
ABB has installed an 850 kVA ES-STATCOM with a power rating of 200-600 kW and energy capacity of
200 kWh stored in Li-ion battery in Norfolk England [6]. This system is based on neutral-point clamped
(NPC) converter and the batteries are installed in the converter dc-link [7]. On the other hand, Siemens has
introduced the “SVC PLUS Frequency Stabilizer”, which can provide £50 MW of active power for a few
seconds for fast frequency response in addition to the reactive power of +50 Mvar [8]. This converter is
a modular multilevel converter (MMC) STATCOM with super-capacitors. The relatively short response
time is due to the super-capacitors. Ingeteam has installed a system in the Canary Islands which can
provide +4 MW of active power for up to 6 s and 2 Mvar continuously. This system is also based
on super-capacitors [9]. These initiatives from companies highlight the interest of industry to develop
ES-STATCOM s and introduce them in the market.

Modular multilevel converters (MMCs) are a promising family for the implementation of
ES-STATCOM, since MMC topologies are modular and scalable to medium voltage and high voltage
levels necessary for high power rating in the grid applications [4,10]. The concept of MMC is based on
the cascaded connection of low voltage units (known as cells or submodules) to build a high voltage
converter. In addition, there are advantages of inherent fault tolerance, high efficiency and low harmonic
distortion [11]. The MMC family can be classified in the following topologies:

e  Single-star bridge cell (SSBC);

e  Single-delta bridge cell (SDBC);

o  Double-star chopper cell (DSCC);
e  Double-star bridge cell (DSBC);

o  Double-star hybrid cell (DSHC).

The last topology is included in the classification proposed by [12]. In contrast to other multilevel
topologies, all MMC family members allow the distribution of energy storage units among the converter
cells. Additionally, the double-star topologies present dc-link terminals necessary for the connection of
centralized energy storage systems.

There are many articles in the literature that compare the MMC family for different applications.
For instance, in [13] DSCC, DSBC and DSHC for high-voltage direct current (HVDC) systems are compared.
DSHC presented the best performance in terms of power losses and dc short-circuit handling capability.
Amorin et al. analyzed the use of DSCC and DSBC in variable-speed ac drives [14]. DSBC presented less
voltage ripple in the low-speed region. Behrouzian and Massimo have compared the performances of
SSBC and SDBC topologies for STATCOM while injecting negative sequence components [15]. It was
concluded that SSBC and SDBC have limited operational ranges during unbalanced grid conditions due to
singularity in the computation of the zero-sequence component (current in the case of SDBC, and voltage in
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the case of SSBC) for equal distribution of power sharing among the phase legs. Recently, the performances
of different MMC topologies for STATCOM realization have been compared in [16,17]. It was concluded
that DSCC does not present any such limitation.

Regarding the ES-STATCOM realization, the economic benefits of the multifunctional operation of
ES-STATCOM:s in offshore WPPs have been discussed in [18]. Hillers et al. compared SSBC, SDBC and
DSCC topologies with respect to efficiency, silicon area and converter volume [10]. However, only the
distributed energy storage (DES) approach has been considered. Baruschka and Mertens compare SSBC
and DSCC with centralized energy storage (CES) with dc/dc converters to connect the battery bank to the
dc-link [19]. However, in these references the converter is only exchanging active power with the grid,
which is not the case for an ES-STATCOM.

It is argued in some papers that the cell current ripple can decrease the lifetimes of the batteries [10].
Puranik et al. has experimentally demonstrated that the ripple currents degrade the lifetime of the
battery [20]. Baruschka and Mertens have concluded that the dc-link voltage gets decoupled from the
battery voltage variation by the dc/dc converter, and hence the voltage rating of the converter can be
optimized [21]. Cao et al. compared the CES and DES approaches of connecting the BESS to the MMC
converters, viz., in the cell as distributed energy [19].

Other works used the cascaded topologies without the dc/dc stage; i.e., the batteries were directly
connected to the converter cells. Zhang et al. has described the operation and control of an MMC with
BESS without any intermediate dc/dc converter interface [22]. Li et al. avoids the need for dc-dc converter
but uses the PWM strategy to account for the differences in the voltages of the individual battery packs
due to variations [23]. Zhang et al. describes a virtual synchronous generator using an MMC BESS
system without any dc/dc converter interface [24]. Gao et al. have commented that employing the dc/dc
converter interface between the battery pack and the converter will increase the cost and complexity, and
hence they directly connected the BESS to the MMC cells [25]. This strategy will need more sub-modules
in the MMC to account for the battery voltage variations and the ripple current through the battery cannot
be avoided.

Although there are several benefits of MMC family for ES-STATCOM realization, there is so far
no commercially available MMC-based ES-STATCOM that utilizes batteries. Moreover, there is a lack
of the technical literature discussing the design and the comparison of MMC-based ES-STATCOM:s.
Indeed, there is no technical reference indicating the most suitable MMC topology for ES-STATCOM
realization. This paper benchmarks different MMC-based ES-STATCOM topologies. Both centralized and
distributed energy storage approaches are considered. The proposed design flowcharts can be employed
for comparison and optimization purposes. In total, seven topologies are compared in terms of number of
cells, required silicon area and total battery volume. Different semiconductor devices and battery types are
analyzed. The most suitable topology for ES-STATCOM realization is determined.

The rest of this paper is outlined as follows. Section 2 presents seven different ES-STATCOM
topologies evaluated in this work. The design flowcharts are presented in Section 3. The case study
parameters and the battery types together with the semiconductor devices are presented in Section 4.
Section 5 shows the results. A discussion of the results and the selection of the most suitable MMC
topology is presented in Section 6. Finally, the work is concluded in Section 7.

2. MMC-Based ES-STATCOM

In total, seven different topologies of MMC-based ES-STATCOM are analyzed in this work.
As previously mentioned, either centralized or decentralized approaches can be employed. Figure la
presents the schematic of SSBC-DES. This topology presents three clusters of bridge cells in a single
star-connection. The converter presents N cells per cluster with the capacitance C. The cluster inductance
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L filters the output current. In this topology the state-of-charge (SOC) balancing among the clusters is
performed by controlling zero-sequence voltage injection [26]. The individual balancing strategy depends
on the modulation scheme employed [27].

Battery
Racks

Si—|

(c) (d)

Figure 1. Possible realizations of the modular multilevel converter (MMC)-based energy storage static
synchronous compensator (ES-STATCOM) with distributed energy storage: (a) Single-star bridge cell MMC
with distributed energy storage (SSBC-DES). (b) Single-delta bridge cell MMC with distributed energy
storage (SDBC-DES). (c¢) Double-star chopper cell MMC with distributed energy storage (DSCC-DES).
(d) Double-star bridge cell MMC with distributed energy storage (DSBC-DES).

Figure 1b presents the schematic of SDBC-DES. This topology presents three clusters of bridge cells
in a delta-connection. The converter presents N cells per cluster with the capacitance C. This topology
presents a zero-sequence current (or circulating current) which circulates inside the delta connection.
The cluster inductance L smooths the output current and the circulating current. The SOC balancing
among the clusters is performed by a circulating current control, as discussed in [28].

Figure 1c,d presents the schematics of DSCC-DES and DSBC-DES topologies, respectively.
These topologies comprise of six arms. The converter presents N cells per arm. Each cell presents
a capacitance C. Since the dc-link connection is not used in DES systems, this topology presents two
independent circulating currents. The arm inductance L attenuates the harmonics in the converter
circulating current. The SOC balancing is performed by a circulating current control [29]. Although the
control strategy is very similar for DSCC-DES and for DSBC-DES, the modulation schemes, power losses
and design methodologies are quite different, as will be discussed in the next sections.

The advantages of DES approach are related to the use of low-voltage battery packs, which simplifies
the design. In addition, if a failure is detected in one battery rack, it can be isolated from the main
circuit. Thus, only the energy storage in the faulty cell is lost. However, the DES approach presents some
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drawbacks. Firstly, the integration of batteries in the converter cell leads to some thermal management
issues. The converter enclosure usually has a higher temperature than that recommended for batteries.
Therefore, the integration can reduce battery lifetime or increase the cost and complexity of the cooling
system. Secondly, if the batteries are not integrated in the converter cells, but installed in a different
containers, the number of dc-cables may be massive (two cables per converter cell). Finally, when the
battery pack is located close to the converter cell, the maintenance is more difficult.

Figure 2 presents the schematic of the CES topologies. DSCC-CES, DSBC-CES and DSHC-CES
topologies differ only in the type of cell employed. In the CES approach, the battery units are concentrated
in the dc-link. Hence, the converter cannot perform the SOC balancing among different battery cells and
traditional approaches, as passive balancing or bypass structures must be included in the battery units [30].
Only the global SOC can be controlled by the converter. The capacitor voltage balancing is performed
by circulating current control, as discussed in [27]. The main differences in DSCC-CES, DSBC-CES and
DSHC-CES are related to modulation schemes, power losses and design methodologies. For example,
the DSHC-CES topology replaces some bridge cells by chopper cells to increase the overall efficiency and
to reduce the total cost of the converter.

As noticed, the batteries can be installed in a separate container in the CES approach. Therefore,
a temperature control to maximize the battery lifetime can be implemented. Furthermore, the ES-STATCOM
can operate as a conventional STATCOM when batteries are isolated for maintenance. The first drawback
is that the isolation of batteries for maintenance requires a dc disconnector. In addition, the batteries must
be designed to operate at high voltage. Finally, a dc breaker is required for dc-link short-circuit protection.

Ll L
BattetyT T T
Racks # # # Ve

1T T

Figure 2. Schematic of the centralized energy storage (CES) topologies. Remark: DSCC-CES, DSBC-CES
and DSHC-CES topologies differ only in the type of cell employed.

3. ES-STATCOM Design Methodology

As previously mentioned, this paper proposes a flowchart for design and optimization of
ES-STATCOM systems. These flowcharts are illustrated in Figure 3a,b, respectively. Firstly, the primary
and secondary input parameters must be defined. The primary input parameters are defined on the basis
of the ES-STATCOM nominal specifications. For the adopted case study, the parameters are given in
Table 1. The secondary input parameters can be adjusted to reach some optimization target. For example,
the minimum acceptable SOCp,in influences both the ES-STATCOM efficiency and volume, and the
batteries’ lifetime. Therefore, for given lifetime or volume targets, the SOCp,in can be varied to obtain the
optimum solution (best efficiency, optimum volume, etc.). Often, trade-offs must be defined: e.g., the
higher the SOCpip, the higher the batteries’ lifetime and the higher the volume.

The design methodology presented in this paper is based on the following assumptions:
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e Internal power losses in the battery storage are neglected for simplification;

o  Three-phase grid voltages are assumed balanced and sinusoidal;

e  Arm/cluster inductances are determined for each topology to guarantee the same per unit value for
the grid current, and therefore, the same filtering capability;

e Rated current of inductors is determined by neglecting the switching harmonics;

e Converter capacitance is based on the energy storage requirement for 10% voltage ripple at
rated conditions;

e  The same C-rate is assumed during the charging and discharging process of the battery. (C-rate is
a measure of the rate at which a battery is charged/discharged relative to its maximum capacity.
For example, if the capacity of a battery is 100 Ah and the maximum assumed C-rate is 0.5, it means
that the battery is charged/discharged with a maximum current of 50 A.)

Since DES and CES presents their own design characteristics, their design flowcharts are described in
different subsections.

[ Primary inputs: ]

P, E, O, V, f, THD

Primary inputs:
[ P, E, Q V, f, THD ] Secondary inputs:
1. 8OC,,, SOC,,, AV, x,, k
Secondary inputs:
1. SocC,,, SOCWn AV, x,, k

[ Topology Selection

~— Computatlon of I,
m Part numbers selection

Minimum output voltage and
de- hnk voltage

[ Topology Selection j

X Computatlon of I
w Part numbers selection
Minimum output voltage and
Sum of capac1tor voltages

Minimum output voltage and
Sum of capacnor voltages

Number of batteries and
converter cells

Number of batteries and
converter cells

Cell Capac1tance and
Inductance

Cell Capac1tance and
Inductance

volume, efficiency,
reliability, cost,

sencity o volume, efficiency,
power density, etc

reliability, cost,
power dens1ty, etc

Optlmlzatlon target(s): j

Opt1m1zat10n target(s): j

Target
reached?

Target
reached?
&&
All part numbers
valuated?

Suitable Designs

() (b)
Figure 3. Design flowchart of the ES-STATCOM: (a) DES topologies. (b) CES topologies.
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3.1. Decentralized Energy Storage Topologies (DES)

After the selection of primary and secondary inputs, the second step in the DES system design is to
select the desired converter topology in Figure 1. The peak current Inax in the converter arms/clusters are
an initial parameter to determine the semiconductors and inductors current rating.

Considering balanced grid conditions, the peak current in the converter arms/clusters is given by [16]:

I,  for SSBC-DES,

Imax =

for SDBC—DES, (1)

LAENE

for DSCC-DES, DSBC-DES.

where Tg is the peak of the converter output current.
The rated current of the semiconductor device Ips can be determined as:

Ips - KI Imax; (2)

where K is the current sizing factor. Its value depends on:

e  Device temperature, which is function of losses and cooling;
e  Modulation strategy, switching frequency and dc-link voltage, which affect the power losses;
e  Topology, which affects the average and rms current in the semiconductor devices.

To the best of the authors’ knowledge, there is no technical reference describing typical Kj values for
MMCs. However, most references employ Ky > 1 [21,31,32]. This means that the IGBT rated current is
usually higher than the maximum of the arm/cluster current. Using I,s, a suitable semiconductor device
can be selected.

The next step is to determine the required output voltage for the grid connection. Assuming rated
(i.e., 1 pu) capacitive output currents from the converter to the grid, the peak of line-to-neutral voltage at
the converter output V; is the sum of grid voltage and the voltage drop in the equivalent output inductance.
Accordingly,

‘75 ~ 1.05Vg(1 +AV + Ipuxpu)/ (3)

where Vg is the peak of the line-to-neutral voltage, AV is the maximum ac grid voltage variation in pu
and xpy is the per unit equivalent output reactance of the converter. One pu inductive output current is
assumed (I,y = 1). As observed, a 5% margin is considered to guarantee a suitable dynamic behavior in
the current control [4].

The ES-STATCOM must be able to synthesize Vs given by (3) in the linear region of the modulator.
The sum of capacitor voltages v¥ is determined as a function of Vs. The relation between Vi and o
is dependent on the topology and the modulation strategy (e.g., if zero-sequence injection is taken
into account). The required sum of capacitor voltages of each arm/cluster in the different topologies,
when sinusoidal pulse width modulation (SPWM) is employed, is given by,

17A for SSBC-DES and DSBC-DES,
0¥ ={ 3V, for SDBC-DES, (4)
2V,  for DSCC-DES.
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On the other hand, the zero-sequence voltage injection is possible in the ES-STATCOM realizations
based on DSCC-DES and DSBC-DES. This approach can extend the modulator linear region. However,
this idea is not applicable to SSBC-DES and SDBC-DES, since SDBC-DES has a path for zero-sequence
current circulation and SSBC-DES employs the zero-sequence voltage for the capacitor voltage/SOC
balancing [12]. Considering 1/6 third harmonic injection in DSCC-DES and DSBC-DES [33], relation (4)
gets modified as follows:

|74 for SSBC-DES,

oF V3V,  for SDBC-DES and DSCC-DES, 5)
c \/g R
7 VS for DSBC'DES

As observed in (5), SDBC-DES needs a higher v than SSBC-DES since each cluster must handle the
line-to-line voltages. Both DSCC-DES and SDBC-DES require the same sum of capacitor voltages when
the third-harmonic injection is taken into account. The DSBC-DES has the lowest voltage requirement.
Although DSCC-DES topology presents a pole-to-pole dc-link voltage vg., v4. = 0¥ is usually adopted.
On the other hand, the dc-link voltage for DSBC-DES is zero (i.e. v4. = 0) to minimize the number of
required cells for this topology [17].

The number of series-connected batteries Ns for all DES topologies is determined by:

Ns = floor (Ucn> , (6)

Ub,max

where v, 4y is the maximum battery voltage (function of the maximum allowed state-of-charge SOCpax)
and v p, is the nominal cell voltage. Usually, V.. n, is selected as the IGBT voltage corresponding to 100 FIT
(100 failures in 10° operating hours) [34].

The number of cells per arm/cluster is given by:

ve
N=ceil | ———— |, 7
< N sUb,min ) @)
where vy, i, is the minimum battery voltage (function of the minimum allowed state-of-charge SOCpin).
For SSBC-DES, SDBC-DES or DSBC-DES, the number of bridge cells is given as Ngc = N. For DSCC-DES,
the number of chopper cells is given as Ncc = N.
The total number of battery racks in the converter must fulfill two requirements: the energy
requirement E,, and the active power requirement P,. The number of parallel-connected battery strings
per converter cell is given by [35]:

. ( P, 100E,, )
' C.Co’ Ep (SOCommx — SOCo
ceil Yb,min~1-b 3t1)\](N max min) for SSBC-DES and SDBC-DES,
S
Np = ) ) ®)
. ( P, 100E,, )
- C.C” Ep (SOComme — SOCo
ceil Yb,min*13-b 6tI)\I(N max min) for DSCC-DES and DSBC-DES,
S

where Ey, is the nominal energy storage capacity of each battery, C, is the battery capacity and C; is the
maximum recommended C-rate by the manufacturer.
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On the other hand, since the ES-STATCOM converter must operate even if the batteries are not
available, the design of the cell capacitance is accomplished considering a standard STATCOM. Under such
conditions, the cell capacitance can be determined by [33]:

2WCOHVSH
“convon ¢ SSBC-DES and SDBC-DES,
3000N0Z, an
C= 9
WCOI’\VSII
_teonvon g DSCC-DES and DSBC-DES,
3000N0Z, n

where Weony is the energy storage requirement in kJ/MVA. Considering a 10% ripple criterion, Weony
=40 kJ/MVA for cell capacitance in DSCC-DES; Wony = 20 k]/MVA is employed for bridge cell based
topologies [17,33].

The arm/cluster inductances are determined for each topology to guarantee the same per unit
reactance for the grid current filtering. Therefore, the converter topology directly affects the inductance
value and its current rating. Assuming the same per unit value xpy, the arm/cluster inductances are

determined as: 5

g
—8 _ for SSBC-DE
Xpu e gn or SSBC S,
L= —% _ for SDBC-DE 10

Bpus— s or SDBC-DES, (10)
2
8 i X

2pu 5 e for DSCC-DES and DSBC-DES.

3.2. Centralized Energy Storage (CES)

For DSCC-DES, the required sums of capacitor voltages and dc-link voltage are usually the same.
DSFB-CES and DSHC-CES present different voltage requirements. The bridge cells can generate both
positive and negative voltages, allowing over-modulation, as described in [36]. Therefore, considering
sinusoidal modulation, the required dc-link voltage v, is given by:

2V, for DSCC-CES,
Odc =

2, 11)
- for DSBC-CES, DSHC-CES,

kom
where kom is introduced as the desired reduction in the dc-link allowed by the over-modulation.
On the other hand, if 1/6 of third harmonic injection is considered, the required dc-link voltage is
given by:
V3V, for DSCC-CES, 12)
Ui — y
de V3% for DSBC-CES, DSHC-CES,

The arm currents include an ac and a dc component in the CES topologies. Therefore, the maximum
current is expected to be higher than the one obtained by (1). The maximum current in the arm inductors
(and the maximum reachable current in the semiconductor devices in each cell) for all centralized topologies
is given by [27]:

Iy P

Imax = = ,
max 2 + 304c

(13)
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where Tg is the peak of the converter output current, P, is the nominal active power and v4, is given by (11)
or (12). Hence, there is an increase in the converter arm current when the dc-link voltage is reduced in
both DSBC-CES and DSHC-DES. This can lead to a higher current rating of these topologies compared
to DSCC-CES and all DES topologies. It is worth remarking that CES topologies require semiconductor
devices and inductors with higher current rating.

For the DSCC-CES topology, the total number of series-connected battery racks Ny, ¢ can be
determined by:

Nos = ceil <”0‘C) . (14)

OUp,min
For DSBC-CES and DSHC-CES topologies, the output voltage is not limited by the dc-link voltage [14].
Thanks to the bridge cells, the converter can handle dc-link voltage variations. Under such conditions,
the total number of series-connected battery units N, ; can be computed by:

Nps = ceil (”O‘C) . (15)

Up,max

Then, the total number of parallel-connected battery strings given by Equation (8). The number of
chopper cells in DSCC-CES is given by:

N
Nee = ceil <bsvbmx) . (16)

Uen

The number of bridge cells in DSBC-CES is given by:

Nb,svb,max (1 + kom)
20cn !

NBC = ceil |: (17)
where ko is the over-modulation factor.

Finally, for the DSHC-CES topology, the numbers of bridge cells and chopper cells are determined as
described in [36]. The number of bridge cells in DSHC-CES depends on two factors: (1) the number of
bridge cells required to reach the over-modulation factor; (2) the number of bridge cells which guarantees
the capacitor voltage balancing. Accordingly:

ceil |: (kom_vmin/Pu)Nb,va,max] if Umin,pu 2 kom

20¢,n 2 7
Npc = (18)
ceil {%%L,izmax} if Omin,pu < k"T’“,
. Nb Up (1 + kom)
Ncc = ceil /S~ D/max — Npgc, 19
cc = cei [ 200m BC (19)

where Unin py is the minimum dc-link voltage. For an ES-STATCOM, this value can be determined
as follows:

Ub,min
Umi = —. 20
min,pu Vb max ( )
The passive components are designed based on Equations (9) and (10). It is important to remark that
Weonv = 40 kJ/MVA for cell capacitance in chopper cells, while Weony = 20 kJ/MVA was employed
for bridge cells. In addition, the inductors of CES topologies present a higher current rating than
DES topologies.
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At this point, the following conclusions can be stated:

o  DSCC-CES design depends on both maximum and minimum battery voltage. Therefore, the converter
silicon area and the batteries’ volume are strongly dependent on the allowed SOC range.

o  DSBC-CES design does not depend on the minimum battery voltage, as the bridge cells can generate
both positive and negative voltage. This property can extend the converter operation for low dc-link
voltages [27].

e  DSHC-CES topology also improves the performance of DSCC-CES topology. Furthermore, it reduces
the ES-STATCOM cost when comparing to DSBC-CES, since bridge cells are 30-50% more expensive
than chopper cells [36].

o  The performance of DSBC-CES and DSHC-CES topologies is affected by the over-modulation factor.
This degree of freedom can be used to optimize the converter (e.g., minimize the converter silicon area).

e  The over-modulation factor is used to reduce the required dc-link voltage and to reduce the number
of series-connected battery units.

3.3. Optimization

After determining the main circuit parameters, the power converter design for both DES and
CES approaches can be optimized. The optimized variables depend of the application and the final
user objectives. Examples of common optimization variables are efficiency, volume, power density,
batteries/converter lifetime and/or cost.

Different methodologies that are presented in the literature can be used to evaluate the target
variables. A methodology to estimate the converter indirectly based on the silicon area is presented
in [31]. Bortis, Neumayr and Kolar present methodologies for volume and efficiency in power converters
in [37]. Moreover, different semiconductor devices can be evaluated. For example, different IGBT part
numbers with different current rating and blocking voltage can be evaluated. If the target is not reached
for the selected part numbers, the secondary inputs can be modified. In general, an iterative process
computes the most suitable design for the selected topology. For example, for DES topologies the factor Ky
could be increased (i.e., increase of the IGBT current rating) and the performance in terms of efficiency and
cost can be evaluated. For CES topologies, the factor kom has an important role in the IGBTs current rating
and converter efficiency. As observed, the flowcharts presented in Figure 3 include many possibilities for
multi-objective optimization.

In this paper, the total volume of batteries and the converter silicon area are used as figures of merit
to select the most suitable design for the DES topologies, because they provide an indirect cost estimation.
For CES topologies, the factor kom is varied to identify the most suitable design. The effect of the allowed
range for the battery SOC is also evaluated. Finally, the practicability of the ES-STATCOM realizations
is discussed.

4. Case Studies and Figures of Merit

The input parameters for the ES-STATCOM design are presented in Table 1. Different part numbers
are analyzed. Regarding the battery part numbers, Samsung LIBs from the Samsung SDI series are
evaluated [38]. The main characteristics of thirteen different types of batteries are summarized in Table 2.
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Table 1. ES-STATCOM technical specifications.

Primary Parameters

Input Symbol  Value
Rated Apparent Power [MVA] Sn 112
Rated Reactive Power [Mvar] Qn 100
Rated Active Power [MW] Py 50
Total Energy Storage [MWHh] E, 150
Output Voltage (line-to-line) [kV] Ve 33
Grid Frequency [Hz] fn 50
Secondary Parameters
Input Symbol Value
Switching frequency [Hz] fs 175
Maximum Allowed SOC [%] SOCax 100
Minimum Allowed SOC [%] SOCin 0
Cell voltage ripple [%] Av, 10
Equivalent output inductance [pu] Lpy 0.1
Transformer inductance [pu] Lg 0.1
Current sizing factor K; 1
Cell nominal voltage [kV] Ue,n 2.25
Maximum grid voltage variation [pu] AVq 0.1
Table 2. LIBs’ data [38].

Case Study Part Number C; C,[Ah] Ep [kWh]  ©vpmin [VI  0pmax [VI  Volume [m3] Weight [Kg]
1 E3-R081 0.5 111 81 634 822 0.56 550
2 E3-R099 0.5 111 99 774 1004 0.66 665
3 E3-R108 0.5 111 108 845 1096 0.71 724
4 E2-R122 0.5 94 122 1126 1461 0.96 965
5 E3-R135 0.5 111 135 1056 1386 0.94 1170
6 M2-R068 15 94 68 634 822 0.56 560
7 M2-R084 1.5 94 84 774 1004 0.66 675
8 M2-R091 1.5 94 91 845 1096 0.71 734
9 M2-R122 1 94 122 1126 1461 0.96 965
10 P3-R057 3 78 57 614 812 0.56 560
11 P3-R070 3 78 70 750 992 0.66 675
12 P3-R076 3 78 76 818 1082 0.71 734
13 P3-R101 2 78 101 1091 1447 0.96 965

The open-circuit voltage (OCV) characteristic of a single LIB cell as a function of the SOC is presented
in Figure 4a. This curve was estimated based on curve fitting of experimental results for a single
LiFePO, LIB from [39]. An adaptive method for parameters estimation in LIBs is presented in [40].
Different reduced-order models for LIBs are discussed in [41]. In this paper, the experimental data of
Figure 4a were scaled up using the parameters of Table 2. The estimated curve for case study 11 (part
number P3-R070 from Table 2) is presented in Figure 4b. The highlighted regions indicate the adopted
range for SOCpin and SOCpax in the ES-STATCOM design. As observed, when the range from 0% to 100%
is adopted, the LIB voltage varies by 25% depending on the SOC. Moreover, when the range from 10% to
90% is adopted, the LIB voltage varies by 5%. Finally, the voltage variation is more sensitive to SOCmin
than to SOCpax.
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Figure 4. Open-circuit voltage characteristics: (a) single LIB cell experimental data from [39] and polynomial
fitting; (b) curve of the LIB rack.

Regarding the semiconductor devices, ABB IGBTs from the StakPak series are evaluated [42].
These devices are press-pack IGBTs. The main characteristics are summarized in Table 3. As observed,
five part numbers are evaluated. The voltages corresponding to 100 FIT values were obtained from [43].

Table 3. Press-pack semiconductor device data [42].

Part Number Vek [V]  VigoprT [V]* Ips [A] Ve, sat [VI V¢[V] Ratio**
5SNA1300K450300 4500 2500 1300 3.4 2.3 1
5SNA2000K450300 4500 2500 2000 34 24 1
5SNA2000K451300 4500 2500 2000 3.65 3 2
5SNA2000K452300 4500 2500 2000 3.65 3 2
5SNA3000K452300 4500 2500 3000 3.65 3 2

* The voltages corresponding to 100 FIT values were obtained from [43]. ** Ratio between the IGBT rated current
and the diode rated current.

The ES-STATCOM topologies are compared based on different figures of merit. The total volume of
batteries V4, is determined neglecting the creepage and clearance requirements. Accordingly:

BNNsNp Vg, for SSBC-DES and SDBC-DES,
Vib = ¢ 6NNsNpV;,  for DSCC-DES and DSBC-DES, (21)
Np,sNppVp  for CES topologies.

The total silicon area employed in the converter is indirectly measured based on the converter
ampacity («). This figure of merit consists of the product of the number of power semiconductors and the
rated currents of the devices. Accordingly,

12N Ips for SSBC-DES, SDBC-DES, DSCC-DES and DSCC-CES,
a=1{ 24Ny for DSBC-DES and DSBC-CES, 22)
(12Ncc + 24Npc) Ips  for DSHC-CES,

where the constants 12 and 24 are found considering the total number of semiconductor switches in the
whole MMC.
Finally, the utilization factor f is defined as follows:

N, !
Bslbmax/max ¢ DES topologies,
Ips Vbk
fo (23)
I
Ue,n fmax for CES topologies.

Ips ka
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The utilization factor is a figure of merit which measures the utilization of the semiconductor devices
maximum rating.

5. Results

Initially, considering the SOC variation from 0% to 100%, the DES topologies were designed. Figure 5
presents the ampacity versus volume map for the DES topologies. Since the system requires a high value
of energy storage (for providing rated power for 3 h, according to Table 1), the batteries classified as energy
type (case studies 1-5) resulted in the lowest volumes.

Moreover, the converter ampacity (and the required silicon area) for DES topologies is strongly
affected by the LIB part number. This fact is observed because the number of cells is directly influenced
by the maximum and minimum LIB voltage in DES topologies. Case study 3 is selected, since this part
number leads to a trade-off between total batteries” volume and converter ampacity. The main parameters
of the selected designs are summarized in Table 4.

‘ @® Evaluated Part Numbers ¥ Selected Part Number ‘
1500 g 1500 px :;
1400 0 1400 o
_1300r 10 _ 1300 10
<
<2 1200 % S 1200 Lt ® ?
G100 o . z 5 1100 (7)
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® ®
3 3
800 e 800
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700 1 700 1
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(a) (b)
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(© (d)

Figure 5. Ampacity versus volume map for DES topologies considering the SOC from 0% to 100%:
(a) SSBC-DES; (b) SDBC-DES; (¢) DSCC-DES; (d) DSBC-DES. The colors indicate the case study from
Table 2.

The individual analysis of Table 4 reveals that SSBC-DES results in the lowest converter ampacity
and volume. The main cause is the required number of converter cells for the same grid voltage, which is
minimum for the SSBC-DES topology. It is important to remark that the topologies do not employ the
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same IGBT part numbers, due to the different current requirements. Moreover, the volume and ampacity
are affected by the rounding in Equations (6)—(8).

Table 4. Summary of the selected designs for DES topologies.

Topology  Battery IGBT N Ns Np Imax[Al Vip[m®]  a[kAl fu

SSBC-DES  E3-R108 5SNA3000K452300 22 11 2766.3 1031.7 792 0.4492
SDBC-DES E3-R108 5SNA2000K450300 38 7 1597.1 1134.0 912 0.3890
DSCC-DES E3-R108 5SNA2000K450300 38 4 1383.1 1296.0 912 0.3369
DSBC-DES  E3-R108 5SNA2000K450300 19 7 1383.1 1134.0 912 0.3369

NN NN

Then, CES topologies were designed considering the SOC variation from 0% to 100%. The obtained
results are presented in Figure 6. Figure 6a presents the ampacity versus volume map for DSCC-CES
topology. As observed, for CES topologies, the ampacity is not sensitive to the LIB part number. Therefore,
the volume is used as figure of merit. The case study 3 is selected.

Since DSBC-CES and DSHC-CES present another degree of freedom (the over-modulation factor
kom), they require a careful analysis. A sensitivity analysis revealed that the volume is more sensitive
to the LIB part number while the ampacity is more sensitive to the over-modulation factor. Therefore,
the LIB part number is chosen to optimize the volume. Figure 6b,c present the LIB volume as a function of
the over-modulation factor and LIB part number. As observed, the case study 3 results in the minimum
volume, independent of the over-modulation factor adopted.
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Figure 6. Design outputs for CES topologies considering the SOC from 0% to 100%: (a) Ampacity versus
volume map for DSCC-CES. (b) Volume of DSBC-CES topology for different over-modulation factors.
(c) Volume of DSHC-CES topology for different over-modulation factors. The colors in (a) indicate the case
study from Table 2. In (b,c), the colors indicate the total volumes of batteries.
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Figure 7 presents the effect of the over-modulation factor in the DSBC-CES and DSHC-CES topologies
for case study 3. The results for DSCC-CES are presented for comparison purposes. Figure 7a presents the
number of cells. The numbers of cells of DSBC-CES and DSHC-CES are lower than the number of cells of
DSCC-CES, because DSBC-CES and DSHC-CES topologies are designed for the maximum LIB voltage.
The operation in the minimum voltage is guaranteed by the use of bridge cells, which generate negative
voltage and reduce the required dc-link voltage.

|—DSCC-CES — DSBC-CES ===DSHC-CES] |—DSCC-CES — DSBC-CES —-~DSHC-CES |

1800 ‘
= 0 2 3
cc 1600 A

1400 ¢

(o8
(=)

Number of Cells
8
Ampacity (kA)

5 1200 [

1000 ¢

=

_____ RELS 800

0 : : : S 600 : * : —*
4

(@) (b)

Figure 7. Effect of the over-modulation factor on the performances of CES topologies: (a) Number of cells.
(b) Converter ampacity.

When ko, increases, the de-link voltage reduces and the number of bridge cells in DSBC-CES reduces.
For DSHC-CES, an opposite behavior is observed. Indeed, when the dc-link voltage reduces, more bridge
cells are required. Then, N¢c reduces while Npc increases in DSHC-CES. However, the sum Ncc + Npc is
always equal to the number of bridge cells in DSBC-CES; i.e., the chopper cells are replaced by bridge cells
when kom increases. When kom > /2, Nc increases fast to guarantee the capacitor voltage balancing.
Both DSBC-CES and DSHC-CES reach the same number of cells when ko, = 2. The step is explained by
Equations (18)—(20). The condition vmin pu < kom /2 can be rewritten as:
kom 1 kom

Ominpu < 5 ¢ - <Te kom > V2. (24)

Figure 7b presents the ampacity of the CES topologies as a function of kom. Three main regions can be
identified. In region 1, DSHC-CES presents lower ampacity than DSCC-CES; i.e., DSHC-CES requires the
lowest silicon area. This region ends when kom < V2. In region 2, DSCC-CES requires the lowest silicon
area. The existence of the region 3 depends on the current rating of the available semiconductors. Indeed,
when kom increases, the de-link current increases. This fact leads to higher current requirements according
to the relation (13). Therefore, at some point, the current capability of the IGBTs must increase. This fact
leads to a step in the converter ampacity.

The optimum design is selected based on the minimum ampacity and minimum dc-link voltage.
The latter simplifies the dc-link protections required in CES topologies. Figure 7b indicates that the
optimum value of kom for DSBC-CES topology is kom ~ 1.86. For DSHC-CES, kom = 1.4 is adopted.
Using these values, the parameters presented in Table 5 are obtained. As shown in Table 5, the utilization
factor for DSBC-CES for the selected design is approximately 0.5, since the current rating is equal to the
semiconductor device current and v = 0.5vp.
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Table 5. Summary of the selected designs for CES topologies.

Topology Battery IGBT Ncc Npc Mps Npp Imax[Al Vip [m3]  «[kAl fu
DSCC-CES E3-R108 5SNA2000K450300 38 - 76 19 1642.7 1026.0 912 0.4107
DSBC-CES E3-R108 5SNA2000K450300 - 23 32 44 1999.5 1000.5 1104  0.4999

DSHC-CES E3-R108 5SNA2000K450300 23 7 42 34 1887.0 1014.7 888 0.4632

Finally, the effects of the maximum and minimum SOC limits upon the ES-STATCOM parameters are
evaluated for different values of kom and presented in Figure 8. The following cases are considered:

e Casel: SOCpin = 0% and SOCpmax = 100%;
e Casell: SOCpin = 10% and SOCinax = 100%;
e CaseIlIl: SOCpjn = 0% and SOCpax = 90%;
e CaselV: SOCyjn = 10% and SOCmax = 90%.

Figure 8a shows that both SOCpin, and SOCnay affects the number of cells for DSCC-CES. The effect
of SOChin, is more significant, since the LIB voltage is more sensitive to SOCpin, as shown in Figure 4.
As observed in Figure 8b, DSBC-CES is not sensitive to SOCpin, since the converter is able to handle the
voltage variation in the dc-link. In addition, SOCpax does not affect significantly the number of cells.
For DSHC-CES, the results are presented in Figure 8c. As observed, the effect of SOCpn is more important,
since the lower the operating voltage, the higher the required number of bridge cells.

The ampacity is presented in Figure 8d—f. As observed, the ampacity behavior is quite similar to the
number of cells. It must be remarked that the optimum design point for DSBC-CES is a function of the
allowed SOC range, as shown in Figure 8e. The batteries’ volume is presented in Figure 8g—i. As observed,
the lower the SOC range, the higher the batteries” volume. The differences observed in DSBC-CES and
DSHC-CES as a function of kom are justified by rounding.

At this point, an important task is to select the best approach for ES-STATCOM application—DES
or CES. In order to complete that task, DSCC-DES and DSCC-CES topologies are chosen, which leads
to a fair comparison (same topology, different integration approach). Figure 9 compares the number of
cells, the ampacity and the volume for DSCC-DES and DSCC-CES. As observed, the DES approach is very
sensitive to the LIB part number due to the rounding functions. This fact leads to a significant variation in
the ES-STATCOM number of cells. As noticed, the DES approach can lead up to 55% higher ampacity and
30% higher volume. This results indicate an important advantage of CES systems.
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Figure 8. Effects of the allowed SOC range in the ES-STATCOM parameters for CES topologies: (a) Number
of cells for DSCC-CES. (b) Number of cells for DSBC-CES. (¢) Number of cells for DSHC-CES. (d) Converter
ampacity for DSCC-CES. (e) Converter ampacity for DSBC-CES. (f) Converter ampacity for DSHC-CES.
(g) Volume of batteries for DSCC-CES. (h) Volume of batteries for DSBC-CES. (i) Volume of batteries for

DSHC-CES.
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Figure 9. Comparison of DSCC-DES and DSCC-CES topologies for different LIB part numbers: (a) Number
of cells. (b) Converter ampacity. (c) Batteries’ volume.

6. Discussion

The results of this paper indicated advantages of the CES approach for ES-STATCOM realization.
As noticed, the batteries can be installed in a separate container and a temperature control to maximize
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the battery lifetime can be implemented. Furthermore, the ES-STATCOM can operate as a conventional
STATCOM when batteries are isolated for maintenance. It is important to remark that in high power
ES-STATCOMs, the cooling management is critical and the integration of batteries in the converter cells
is less attractive from a manufacturing point of view when the converter room that also contains the
batteries needs to be redesigned to handle different storage sizes, resulting in new types of tests. Therefore,
CES topologies are preferred since the converter cells and batteries have different climatic requirements.

Regarding the CES topologies, DSCC-CES is not recommended because its design depends on the
minimum LIB voltage (the converter cannot handle dc-link variations). DSHC-CES and DSBC-CES result
in better performance due to the use of bridge cells. Additionally, these topologies present dc-short circuit
handling capability, which is an interesting feature in CES approach. The optimized DSHC-CES presented
the lowest ampacity, which led to the lowest silicon area. However, two types of cells must be employed,
which results in lower design flexibility than DSBC-CES topology (based on a single type of cell). Therefore,
the DSBC-CES topology is selected as the most suitable for ES-STATCOM realization. A possible system
realization is presented in Figure 10 that uses one containment for the MMC and several battery containers
for the energy storage.

Battery Battery Battery
Container Container Container

dc wiring

Battery Rack

Three-Phase
Converter

Converter Cell

Figure 10. Schematic illustration of an ES-STATCOM installation.

7. Conclusions

This paper presented the design and comparison of seven topologies for ES-STATCOM realization
based on modular multilevel converters. A comprehensive design flowchart was proposed. Different LIB
part numbers were evaluated. Depending on the adopted battery part number, variations up to 70%
in the required silicon area were observed for DES topologies. A comparison between DSCC-DES and
DSCC-CES topologies showed that DSCC-DES led to 55% higher ampacity and 30% higher volume than
the DSCC-CES.

The results also indicated that the over-modulation factor, kom, plays an important role in the
optimization of CES systems. For DSHC-CES, the minimum converter ampacity was obtained when
kom =~ v/2. For DSBC-CES, the optimum value of koym depends on the current rating of the evaluated
power semiconductors. DSHC-CES and DSBC-CES also showed a low sensitivity to the SOC range
adopted in the design. In addition, these topologies present dc short-circuit handling capability, which is
an interesting feature.

For the selected design based upon minimum ampacity, the silicon area of DSBC-CES was approximately
24% higher than DSHC-CES. This indicates an advantage of DSHC-CES. However, DSHC-CES presents
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two

types of cells. Therefore, the higher design flexibility indicated DSBC-CES as the most suitable

topology for ES-STATCOM realization.

The next developments of this work include the dynamic modeling and proposal of a control algorithm

for MMC-based ES-STATCOM systems. The tuning and the dynamic response optimization for different

grid

support functions will be approached in further publications.
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Abbreviations

The following abbreviations are used in this manuscript:

ABB
BESS
CES
DES
ESS

Asea Brown Boveri (Swedish-Swiss multinational corporation)
Battery energy storage system

Centralized energy storage

Decentralized energy storage

Energy storage system

ES-STATCOM  Energy storage + static synchronous compensator

FIT Failure in time

DsCC Double-star chopper cell

DSBC Double-star bridge cell

HVDC High-voltage direct current

LIBs Li-ion batteries

MMC Modular multilevel converter

PV Photovoltaic

SDBC Single-delta bridge cell

SOC State-of-charge

SSBC Single-star bridge cell

THD Total harmonic distortion

WPP Wind power plant
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