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Abstract—This paper presents a method for evaluating grid-
connected battery energy storage system (BESS) designs. The
steady-state power losses of the grid interface converter, the bat-
tery pack, and the balancing circuit are calculated. The reliabil-
ity of each complete system is calculated using a Markov-based
modeling approach that takes into account the built-in redun-
dancy of the system as well as performance degradation caused
by faults. Finally, a simple economic analysis based on capital cost
and efficiency is used to provide a basis for direct comparison be-
tween competing system designs. Three design options for a 1-MW
1-MWh BESS connected at 11 kV are compared: a conventional
BESS using parallel low voltage power blocks, a BESS using a
high-voltage intelligent battery pack, and a BESS using a cascaded
H-bridge converter. The results of the analysis indicate that ad-
ditional power electronics included in the battery pack as part of
the intelligent battery pack and H-bridge designs can enhance the
reliability of the BESS by an order of magnitude under typical
conditions, without increasing the overall cost of the system.

Index Terms—Battery energy storage, markov models,
multilevel converter, reliability.
NOMENCLATURE

Conduction and switching losses of semiconduc-
tors (W).

Pox, Psw

Pgp Battery pack losses of the BESS (W).
BPya Balancing losses of the BESS (W).
Po Lithium ion cell power losses due to internal resis-

tance (W).

Tiys, Vims, rms value of BESS output current, voltage (A, V)

cost and power factor.

M Modulation ratio of two-level converter.

Ic Lithium ion cell dc current (A).

Lims (i) rms current in the CHB-BESS of the ¢ th Lithium
ion cell (A).

o, Vo On-state voltage drop of an IGBT or diode (V).

A%V Battery module nominal voltage (V).

Vok Peak ac output voltage of the BESS (V).

Vinax Battery module maximum voltage (V).

Vo Lithium ion cell nominal voltage (V).
Rq, Rp On-state resistance of an IGBT or Diode (£2).
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Ry On-state resistance of a MOSFET (2).
Rc Internal resistance of a lithium ion cell (£2).

Kon ot Switching loss constant calculated using the
datasheet information (W/(A Hz)).

fsw Switching frequency of two-level converter (Hz).

N¢, Ny Total number of cells and cell modules in a BESS.

ng Number of cells within a module.

np,ng Number of parallel strings and series modules in a
PB-BESS.

Np, Ng Number of parallel and series modules in a IBP-
BESS.

Npp Number of power blocks in a PB-BESS.

Ngsg Number of series connected IGBTS in an arm of
the centralized converter of the IBP-BESS.

Nup Number of H-Bridge converter modules in each
phase of the CHB-BESS.

N, Number of additional cells for over-provision in
the PB-BESS.

Ty Voltage redundancy ratio.

To Energy redundancy ratio.

T Period of grid voltage/current waveform (s).

Qm Nominal module capacity (Ah).

Qmin = 0.95Q) ;. Minimum module capacity (Ah).

Pi(t) Probability of the system being in state 7 at time ¢.

MTTF Mean time to failure (10%h).

FAILURE RATES (failures/10°h)

Ac  Of lithium ion cell.

Ay Of power converter.

A Of capacitor.

Ax  Of transformer.

Ap Of diode.

Aq OfIGBT.

Ar  Of MOSFET.

AR = ng ncic. Of a string of cells in a PB-BESS.
A = ng Ac. Of cell module.

Ap = (A + Ap)Np. Of parallel modules in a IBP-BESS.
Aw = Aq +Ap. Of aswitching device.

Lo Of converter arm in IBP-BESS.

Agx = 4Ap. Of an H-Bridge.

Ao  Of one phase in a CHB-BESS.

SUPERSCRIPTS

D,Q Diode, IGBT.
PB, IBP, CHB BESS topology (Power Block, Intelligent Bat-
tery Pack and Cascaded H-Bridge).

See http://www.ieee.org/publications_standards/publications/rights/index.html tor more intormation.
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I. INTRODUCTION

HE nominal voltage of electrochemical cells is much lower
T than the connection voltage of grid-scale energy storage
applications: Lithium-ion chemistries typically produce 3-3.7 V
per cell, whereas battery energy storage systems (BESSs) larger
than 1 MW and 1 MWh are typically connected to the lower
distribution network at medium voltage (MV), e.g., 11 kV in the
UK [1]. It is standard practice to connect 200-300 cells in series
to achieve a dc-bus voltage of approximately 600 V, which is
converted to ac and stepped up to the grid connection voltage
using a three-phase bridge and a line-frequency transformer [2],
[3]. A series connection of cells requires specialised circuits in-
stalled as part of the battery management system to compensate
for inherent variations in cell characteristics. These variations
are initially caused by the manufacturing process and tend to
increase during operation, e.g., uneven pack temperature caus-
ing different rates of cell aging and capacity fade [4]. Without
additional management circuits, the cell with the lowest capac-
ity will limit the operation of the string by reaching the high or
low cutoff voltage before the rest of the cells, causing charge
or discharge to terminate while there is still capacity available
in the string. In order to overcome these limitations, passive or
active balancing approaches equalize the state of charge (SoC)
between individual cells. In passive balancing, energy is dis-
sipated through shunt resistors, whereas in active approaches,
energy is redistributed among cells by using additional storage
devices (capacitors, inductors) [5]. Although passive balancing
is an energy dissipative method, it is often preferred due to its
low cost and relatively simple implementation [6].

A further issue that arises with the series connection of a high
number of cells is the decreased reliability of the battery pack,
since a single cell failure can cause failure of the whole pack if
appropriate protective measures have not been incorporated. As
the power and energy rating of the system increases, a parallel
configuration of complete BESSs, referred to in this paper as
power blocks, is often used to avoid the construction of a very
large monolithic battery pack. Here, the total capacity is di-
vided between several identical smaller systems which operate
together [see Fig. 1(a)] [7]. An advantage of this arrangement is
that failure of one cell will cause the loss of only one series string
in one power block [8], as opposed to a much larger series string
as would be found in a monolithic system. A drawback is that
the economies of scale inherent in a monolithic system are lost.
For example, the high current on the battery-side transformer
windings (due to the low dc-bus voltage) causes a relatively
bulky transformer design [9].

An alternative design is the intelligent battery pack [10] that
incorporates a combination of two power MOSFETS, one in se-
ries and one in parallel with the cell, in order to bypass the cell
in case of failure. For a large scale system with a high number of
cells, using a bypass circuit for each cell may become impracti-
cal, so the proposed bypass method is implemented at a module
level [11]. However, the important result is that this creates an
ability to manage a cell failure online by isolating a single mod-
ule rather than a whole pack. The switching arrangement also
enables “built-in” active module balancing by controlling the
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effective duty cycle of module with respective to the average of
the pack.

Considering the above, when designing a BESS for connec-
tion at MV levels, it is not clear whether the best solution is
a parallel combination of power blocks using simple battery
packs (with passive balancing and a relatively low number of
cells in series) coupled to the grid using step-up transformers
[see Fig. 1(a)], or investing in a larger intelligent battery pack
that allows a large number of cells to be connected in series
which is then interfaced to an MV power converter connected
directly to the grid [see Fig. 1(b)].

A fundamentally different approach to the separate battery
pack and converter approach is the modular Cascaded H-bridge
(CHB) multilevel converter, where the power converter is es-
sentially “distributed” with the cells, as opposed to being a
centralized unit. The CHB circuit [see Fig. 1(c)] is an attractive
BESS solution due to the inherent advantages of the multilevel
topology, such as the use of low voltage switches, low switching
frequency operation, and very high output voltage quality [8],
[12], leading to minimal filtering requirements. In BESS appli-
cations, a major advantage of the CHB is that it provides com-
plete control over each module, allowing the implementation
of balancing schemes without a need for additional balancing
circuits [13], [14]. It also allows modules with failed cells to
be bypassed without affecting operation of the overall system.
The system is inherently scalable to higher voltages and can
include redundant cells to provide high reliability. Although the
CHB provides a very high degree of controllability and may
improve battery utilisation and, for example, facilitate integra-
tion of second life batteries [15], the high number of switches
required and the subsequent cost, power losses, and reliability
concerns when compared to conventional converter topologies
raises issues regarding the apparent feasibility of such a system.

This paper provides a comparison of three BESS design
options: A conventional design using parallel power blocks (PB-
BESS), adesign using intelligent battery packs (IBP-BESS), and
a CHB design (CHB-BESS). For each option, the steady-state
operating power losses are calculated, a model of system relia-
bility is developed and the capital cost of the complete system is
estimated. All designs are specified to provide 1| MWh storage
capacity, a rated power of 1 MW, and are to be connected to the
distribution network at 11 kV.

II. POWER LOSS ANALYSIS

Loss calculations in all three cases take into account converter
losses and cell losses due to internal cell resistance.

A. Converter Losses

The power losses of a switching device are calculated as the
sum of conduction (Pcy) and switching losses (Psw ) [16].
For the IGBT and diode, conduction losses are modeled as a
forward voltage plus slope resistance [17], for the MOSFET,
only a resistance is used [18].

The switching losses are calculated as the sum of turn-on and
turn-off losses for IGBTs and MOSFETs. For the diodes, only
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(c) BESS using a CHB multilevel converter.

losses at diode turn-off are considered significant. A simple
model of switching losses is used where a linear relationship
between losses and device current at the instant of switching is
assumed, with the constants of proportionality estimated using
the manufacturer’s datasheet [17].

The total power converter losses are then given in (1) and (2)
for the different BESS configurations [17]. For the centralized
power converters of the PB-BESS and IBP-BESS

1 Mcost
PRI _ g (\/51 < cos ) Vo

271'Jr 8

1  Mecosf
212 | = R
+ rms (8 + 37T > Q

1 M cos
+ \/Elrms P C059 VD
27 8
1 Mcosf
212 [ < — - Rp | N (1
+ rms (8 3T > D) ( )
6v/2
PSP\E/IBP — 77_[_ (k(()%l + k?ﬂf + k(?h) fSWIrmsN (2)

where [V is equal to Npp (PB) or Ngg (IBP)
For the CHB-BESS, the calculation of converter power loss
is substantially different because of the distributed nature of the

JM} 111
T3y T

(a) BESS using a parallel power block configuration. (b)BESS using an intelligent battery pack with a single-stage two-level converter interface.

converter and the use of many low voltage MOSFETs in place of
a small number of higher voltage IGBTs. During operation of the
CHB-BESS, due to the cascaded arrangement of the H-bridges,
two MOSFETs are always conducting the load current even
when the module is bypassed (see Fig. 2). The total conduction
loss for the three-phase CHB-BESS is given by

PSHB — 6Nyp I, Rr. (3)

rms

The switching strategy of the CHB-BESS is based on a near-
est voltage algorithm described in [19], resulting in a very low
effective switching frequency of 100 Hz. In this case, the switch-
ing losses are negligible compared to the conduction losses of
the MOSFET and so are neglected.

In the PB, transformer losses are assumed to be 1%, which
is commensurate with a 1 MVA class transformer operated at a
high load factor [20]. Control system, cooling, LCL filter, and
dc-link capacitor losses in the PB and IBP as well as the losses
in the CHB output inductors are assumed to be small compared
to other losses and so are neglected [21].

B. Battery Pack Losses

Cell losses are assumed to be the result of an internal cell resis-
tance only. In this study, it is assumed that the internal resistances
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Fig. 2. (a) Nine-level CHB converter. (b) Switching operation of a nine-level
CHB converter. (c) Operational states of each H-bridge.

of all cells are similar, cell capacities vary across a small range
(5% in the following case study) and the system is operated at
a low C rate. As a result, the difference in cell currents across
parallel connected cells will be small and cell power losses will
be similar throughout the system (this assumption would not
be valid at high C rates associated with EV applications and
a more detailed model would be required [22]-[24]). All cells
are therefore modeled as having an identical resistance R that
represents an average cell power loss. In order to calculate total
cell power losses for the conventional battery pack of a power
block, converter power losses are neglected so that dc and ac
power are related by

npnsVar Ic = V3 Vi Lmscost %)

and
rens Var = V2 Vi ©)
The voltage redundancy ratio r, = n‘:‘;}‘“ (= NYP‘;BI =

N]—‘I/B Ve ) < 11is defined as the number of cells required to pro-

vide the peak ac output voltage divided by the total number
of cells in a series string. Later in this paper, the term r, =
o 5(7 oo < 1 is defined as the energy redundancy ratio, equal
to the number of cells required to provide the rated energy
FE,, divided by the total number of cells N¢. In all three sys-
tems, . > 7, in order to ensure that the failure criterion for each
system is loss of rated power and energy delivery capability, not
loss of voltage availability. It should be noted that, in practice,
third harmonic injection would likely be used to increase the
effective output voltage of the converter (i.e., lower the effective
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Vi), however it is not included here in order to simplify the
analysis.

By solving (5) for V4 and substituting into (4), the total cell
losses for the PB-BESS are

PB
Pgp = nc ngnp Npg ¢

— ncnszBr cos? 01>
2np

Similarly, for the IBP-BESS the total cell losses are

T IllS (6)

PIBP

= i nCNSr cos’0I% Rec. @)

2Np
In case of the CHB-BESS, the current is different for each
module depending on the operation of the nearest voltage match-
ing algorithm [19]. From Fig. 2, it can be observed that module
current varies according to the instance each module is inserted
in the load current path and the respective duty cycle. The in-
stance ¢; of each half period when a module is switched is found
by solving

2rt;
V2Vims cos( 7; > Y (1 —0.5)

rms

1= 1"TVNHB' (8)

The rms value of the cell current may then be calculated using

t; sin (4” ) cos (20)
2 i T
AL2, <T + = )

Finally, the cell power losses for the CHB-BESS can be found
using the average cell rms current

Irms(’i) =

rv Nup

PCHB — 3NHBnC PC = 3TLCRC Z rms(7)

cos (20)
3

6
=~ ;nchrv ( +1> rquC (10)

C. Over-Provision of Cells and Cell Balancing

Some variation in the capacities of nominally identical new
cells is always observed due to manufacturing tolerences and, as
cells are cycled, the variation tends to increase over time [25].
As the accessible capacity of a series string of cells is limited to
that of the lowest capacity cell, additional cells must be included
in the PB-BESS to guarantee the rated energy capacity can be
provided as the system ages. The number of additional cells
(over-provision) depends on the worst case variation between
the nominal and minimum capacity of the cells

NC (QM Qmm)
len

This effect also occurs within modules in the IBP and CHB-
BESS designs but because full active balancing can be per-
formed between modules, the impact on the capacity of the
series connection of modules is negligible, i.e., effectively all
capacity is accessible from all cells despite variation in cell
capacity.

N, =

(1)
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A passive balancing circuit is also considered for the PB-
BESS. However, passive balancing is only performed periodi-
cally (once every few cycles) to equalize the module voltages
at the end of a charging cycle: Once a module reaches the cut-
off voltage, it is clamped at this voltage by external circuitry
and energy dissipated resistively while the rest of the modules
continue to be charged, normally at a lower C rate [5]. As a
result, passive balancing losses in the PB-BESS will depend on
the operating regime and the requirements of the particular cell
technology, making them difficult to model in a general sense.
However, if balancing only occurs infrequently, overall losses
will be relatively small and so they are neglected in this study.

In the case of the IBP-BESS and CHB-BESS, balancing at
module level is achieved by controlling each module’s effec-
tive duty cycle by appropriately switching the MOSFETSs and
exploiting module redundancy. For the IBP, the losses in the
pack MOSFETs can effectively be assigned to the balancing
operation and are therefore referred to as balancing losses (i.e.,
the pack MOSFETs are “used” to perform balancing only and
do not perform a direct power conversion function as in the
CHB). When a module is in-circuit, the MOSFET in series with
the module is turned ON, whereas when a module is bypassed,
the MOSFET in parallel is turned ON, i.e., there is always one
MOSFET conducting in each module. The balancing losses for
the IBP-BESS are therefore

PIBP — % Ngr2cos’0I%, Ry.

For the CHB-BESS, balancing losses are zero because bal-
ancing is an intrinsic part of system operation (i.e., balancing
is “free” as conduction losses in the MOSFETs of each H-
bridge have already been accounted for in the converter loss
calculation).

(12)

III. RELIABILITY ANALYSIS

Studies focusing on BESS reliability are limited in the current
literature although several examples of similar studies can be
found for various converter topologies and applications, such as
photovoltaic systems [26], [27] and wind turbines [28]-[31]. In
most cases, a relatively simple approach is followed where the
reliability of the system under study is calculated as the sum of
the respective failure rates of the system components, referred to
as the “parts count method” [32]. An example of this approach is
the study of power loss, reliability, and cost of a 1-MW 500-kWh
BESS [33], in which the failure rate of each electrochemical
cell is calculated based on the stress imposed on the internal cell
resistance using MIL-HDBK-217F [34] and failure rate of the
system is calculated as the sum of the local failure rates without
considering in-built system redundancy. In [27], a methodology
is presented for calculating system reliability using Markov-
based models. The advantage of this methodology is that it takes
into account the steady-state behaviour of the system to specify
each component’s failure rate. This paper applies such Markov-
based models in the analysis of BESSs, taking into account
built-in redundancy and varying failure rates as components
fail (so-called “state dependent failure rates”). This process is
described in Fig. 3. All three systems are assumed to have failed
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Fig. 3. BESS design evaluation methodology.

when the rated power can no longer be provided, i.e., when
a predefined number of cells have failed or become unusable
because their associated power converter has failed. All cells
and converter components are active throughout the operation
of the system, so during steady state, all share the same failure
rates (i.e., replacement cells are not kept idle and then “switched
in” after failure). After a component failure, the steady-state
loading of the remaining components is altered (increased) in
order to maintain a constant power output and this change is
reflected in an increased failure rate. For example, after losing
one module in any of the three systems, the remaining modules
must be operated at a higher C rate to maintain the same output
power, resulting in greater internal heating of the cells and an
increased cell failure rate.

A. Power Block System Reliability

In conventional battery packs, failure of a single module is
addressed by isolating the whole series string of modules con-
taining the failed module [8]. The PB-BESS will continue to
operate normally as long as Npgnpr, parallel strings are avail-
able. The Markov state transition diagram for the PB-BESS is
presented in Fig. 4. P, represents the probability of the system
being in a steady state where ¢ parallel strings have failed. The
failure rate (expected failures per million hours) describing a
transition from state 4 to (¢ + 1) is (Npgnp — i)Ag[;). A failure
of a power converter will cause the system to lose np strings
and move to state P, with a transition rate (Npp — w)Av [,
where w is the number of failed PBs at the state P,. Note that all
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Fig. 5. Markov state transition diagram for the IBP-BESS and CHB-BESS.
For the IBP-BESS N = Ng, A; = Ap, Az = Ap . For the CHB-BESS
N = Nup, A =i, b2 =2u .

the cells in the PB-BESS are assumed to be operated under equal
C rates' in order to maintain access to the capacity of each cell.

According to Fig. 4, the system’s operating behavior is de-
scribed by (13)—(16) (at time ¢ = 0, the system is assumed to
be in state 0, i.e., By (0) = land P; (0) = 0 fori > 0)

dP,

T; = — (NeAvio] + Nesneigi) Po (13)
dp;

dt = (NPB 7w+1)A’V[i—7lI:]Pi*7lp

+ (Npnp — i+ 1) Agji—11 P
— ((Npsnp — i) kg + (Np — w) Ay (i) P
1= 1-~NPBnP (1 - 7“,3) (14)

Since the dc-link capacitor, transformer, and converter semi-
conductors are a series system in terms of reliability [35], the
failure rate of the power converter is given by

Ay = Ay +Ax + G(KQ + )»D). (15)
According to [27], the mean time to failure (MTTF) of
the system can be calculated using the Laplace transformation

'As a result, the converters that correspond to PBs with all their cells opera-
tional are stressed more than those with failed strings. However, in the analysis
presented here, it is assumed that the load on all PB converters increases equally
after the failure of a string of cells. This is done to significantly reduce the
number of states and transitions required in the Markov model.
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B. Intelligent Battery Pack System Reliability

For the reliability assessment of the IBP-BESS, it is assumed
that the pack can operate as long as r, Ng parallel connected
module blocks (with a parallel bypass MOSFET) are opera-
tional. The Markov state transition diagram for the IBP is pre-
sented in Fig. 5. P;; represents the probability of the pack being
in a state where ¢ parallel module blocks have failed and are by-
passed by their parallel MOSFETs, while j parallel MOSFETSs
from the remaining module blocks have failed closed circuit.?
A transition from a state ij to (i + 1)j is realized with a fail-
ure rate (Ns — 4 — j)Ap(;;] and to i(j + 1) with a failure rate

(Ns = j = i)Apij)-
The operating behavior of the IBP is described by

d P
d;)() = — (NS)\P[OO] + Ns)»F[oo]) Py (17)
P, . .
dtJ = (Ng—i+1-— ]))LP[ifl,j]P(ifl)j
+ (Ns —j+1—=)App, -1 Pi-1)
— (Ns —i—j) (Apij) + Appig)) Bij (18)
Ng(1—r¢) Ng(1—r¢)—i 1
MTT Fpp = P (0) = 5. (19)

i=0 j=0

Due to the increased dc-link voltage of the IBP-BESS, a se-
ries connection of switches will typically be needed for each
converter arm (this paper assumes a two-level MV converter as

2Semiconductor switches (MOSFETs, IGBTS, and diodes) in all three Sys-
tems are assumed to reliably fail closed circuit. This assumption serves to
simplify the analysis and generally improves reliability compared to open or
undefined impedance failures because current paths are not interrupted. In the
IBP-BESS the failure of the one module’s series and parallel MOSFET or in
the CHB-BESS, the failure of two MOSFETS in the same leg will result in the
short-circuiting of the module. It is assumed that reliable fusing is included in
the module to prevent catastrophic failure under these conditions. In a practical
implementation the failure modes of these devices and the fusing action should
be verified to ensure the overall system will behave as expected.
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opposed to a more complex multilevel converter). The Markov
state diagram for a converter arm as depicted in Fig. 6 is de-
scribed by (20)—(22). In this case, ¢ represents the number of
IGBTs that have failed. Transition from state 7 to (7 + 1) is
described by a failure rate (Nss — @)Aw(;]

dFy

—— = —Nsgsiwio P 20
T ssAw o] £0 (20)
dP; .
dtT = (Nss —i+ 1) Aw(i—y Pt
— (Nss — 1) Awi B 1)
Ngg—1 . 1 6
MTT Fopm = P’ (0) = = — (22)
i—0 )\arm )"V
The MTTF of the IBP-BESS is then calculated using
1
MTTFipp = (23)

(Aa +Agp +Av)

C. CHB System Reliability

For the CHB-BESS the reliability of each phase is calculated
based on (24)—(27), according to the Markov state diagram pre-
sented in Fig. 5. At state ij, ¢ denotes the number of converter
modules that are not operational due to a failure in the bat-
tery module and are bypassed using the H-bridge MOSFETSs
and j denotes the number of modules that failed due to a fault
in the H-bridge and are now bypassed. The failure rates as-
sociated with a transition from j to (i + 1)j or ¢(j + 1) are
(NuB — 7 — j)Awmij) and (NgB — @ — j)4An(;;), respectively

dP,
d;o = —Nug (Amjoo) + Aujoo)) Foo (24)
dP;; . .
TR (Nup —i+1—3) Anmfio1.5)Pi-1).
+ (Nup — i —J + 1) Aupi -1 P -1
— (Nus — i — ) (Awgij] + +rugig) Py (25)
Nup(1-re) Npup(l-re)—i 1
MTT Fg = Z Z P(0) = o (26)
i=0 j=0
The MTTF of the three phase CHB-BESS is given by
MTTFonp = Q27

3ho

IV. CASE STUDY

BESSs of 1| MW 1| MWh of each of the three types are now
compared using the preceding analysis at unity power factor.
The construction of each system is presented in Table I. The
PB-BESS uses 5% additional cells to compensate for the loss in
accessible capacity due to the lack of active balancing (31 500
15 Ah lithium titanate cells compared to 30 000 for the IBP and
CHB). The energy redundancy ratio is the same (r, = 0.9) for
all three systems (3150 redundant cells for the PB and 3000
for the IBP and CHB). The modules of the PB-BESS include a
passive balancing circuit (shunt resistor and MOSFET switch for
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TABLE I
DETAILED CHARACTERISTICS OF THE THREE BESSS

PB-BESS IBP-BESS CHB-BESS
Number of power 10 1 1
blocks
Module configuration 58 58 58
Battery pack (cells) 315S10P (each PB) 15 000S2P (in IBP) 10 000S (per phase)
Transformers 10 (transformer turns (none) (none)
ratio 1:28, 99%
efficiency)
Balancing circuit 6300 MOSFETs 9000 MOSFETSs 24 000 MOSFETSs
(IR IRL6283MTR) (IR IRL6283MTR) (IR IRL6283MTR)
6300 resistors
Converter 60 IGBTS (6 per PB) 108 IGBTs (18 IGBTs
(Infineon per arm) (Infineon
FF600R 12ME4) FF200R33KF2C)
Total apparent power  43.20 (converter) +  71.28 (converter) + 96.00

of switches (MVA) 25.20 (balancing) = 36.00 (balancing) = (all H-bridge circuits)

68.40 107.28

TABLE II
FAILURE RATES AND MTTF OF THE THREE BESSS

Failure PB-BESS IBP-BESS CHB-BESS

rates(failures/10°h)

Battery 681 (string of 315 235 (IBP of 30 000 Battery integrated in
cells) cells) converter
Converter 32 (each PB 57 (single large
converter) converter)
System 6087 292 528
MTTF of the system 164 3424 1895

(h)

each module); these components are not included in the IBP and
CHB-BESSs because these systems perform active balancing.
Due to the higher dc-link voltage of the IBP-BESS compared to
the PB-BESS, each converter arm includes 18 switches in series.

A. Power Loss Analysis

A breakdown of system losses for the three cases is presented
in Fig. 7. The PB-BESS and IBP-BESS have almost the same
losses in the battery pack because similar dc currents flow in
all cells. The battery losses in the CHB are increased due to the
pulsed nature of the cell current (high peak-to-rms current ratio).
As discussed previously, power losses due to passive balancing
in the PB-BESS are not included in this analysis; in practice, a
small increase in average losses should be expected. Balancing
losses are zero in the CHB-BESS since they are included in the
power converter losses as part of normal operation. Although
there is a significantly higher number of switches in the current
path in the CHB-BESS, there is no centralized converter and
the power electronics losses are actually reduced compared to
the IBP-BESS due to the very low on-state resistance of the
MOSFETsS coupled with their low switching frequency. Switch-
ing losses are proportionally larger for the IBP due to the series
connection of high-voltage IGBTs used to form the two-level
MV converter; in practice, a multilevel converter would likely
be employed which could deliver some reduction in switching
loss.
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Fig. 7.  Loss breakdown for the three BESS.

B. Reliability Analysis

The failure rates for the different components in each system
and total system MTTF are presented in Table II, based on
individual component models described in the Appendix.

The failure rate of the PB-BESS is highly dependent on the
failure rate of the battery string because a single cell failure will
result in the failure of the whole string (string failure is 20 times
more likely than power converter failure).

In the IBP-BESS, due to the high battery pack voltage, each
arm of the converter comprises 18 IGBTs connected in series
resulting in an increased converter failure rate compared to the
PB-BESS. However, the overall system MTTF of the IBP-BESS
is greater than the PB-BESS due to the much higher reliability
of the battery pack. The significant decrease in the failure rate
of the battery pack, although the IBP-BESS includes 95 times
as many cells as a single battery string in the PB-BESS (30 000
compared to 315), is due to the additional MOSFETs in the pack,
which enable the IBP-BESS to isolate single module faults in
the battery pack by bypassing only two parallel modules rather
than a whole string of modules.

For the CHB-BESS, the failure rates for the battery pack and
the converter are not calculated separately since each battery
module is integrated with an H-bridge converter. This system has
an increased MTTF compared to the PB-BESS due to the ability
to isolate single modules in case of failure. However, its reliabil-
ity is decreased compared to the IBP-BESS due to the increased
number of MOSFETs used (four rather than two per module).

C. Notes on the Cell Failure Model

The Markov-Based models used in this study require the state
dependent cell failure rate to be a constant function of time. In
reality, due to the aging mechanisms of lithium-ion cells, the
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Fig. 8. MTTF for different cell failure rates A’C o compared to the base failure

rate Acq used in this study. Dotted lines represent results with no temperature

. 2 L
dependence of failure rates. Note that )L—A(L = 0.33 and Aﬁ— = 0.8, i.e, in
the base case, individual switches are assumed to be slightly more reliable than
individual cells.

failure rate of the cell is likely to be an increasing function of
time [36]. In order to explore the effect of this time dependency,
the reliability study is repeated for different base cell failure
rates in Fig. 8. According to Fig. 8, for a very low cell failure
rate (% < 1073, where Aq is the base failure rate used in this
study and A(, the varying base cell failure rate), the MTTF of the
PB-BESS is much improved despite the lack of controllability
over series connected modules, since the failure rate is in this
case is dictated by the power electronics only. This failure rate
represents very reliable cells, for example, very high quality
cells at the beginning of their life.

As the failure rate of the cells increases, corresponding to,
for example, cells of lower quality and/or cells that have aged,
the IBP-BESS and CHB-BESS have much higher reliability
than the PB. The CHB-BESS is slightly less reliable than the
IBP-BESS because of the increased cell temperature (caused
by increased cell losses as a result of the pulsed cell current in
the CHB-BESS). The higher temperature leads to reduced cell
reliability and therefore, a decrease in the MTTF of the system.
This effect begins to dominate when cells become significantly
less reliable than the MOSFETs.

In order to further evaluate the effect of temperature on fail-
ure rate, the MTTF for each system is calculated assuming all
components operate at ambient temperature (corresponding to,
for example, very low C rates or highly effective cooling). As
expected, reliability is improved in all cases, demonstrating that
thermal management of the cells and power electronics is an
important aspect of BESS design. The effect of temperature on
MTTEF is more obvious in the PB-BESS and IBP-BESS than for
the CHB-BESS when cell failure rate is low (i.e., when MTTF
of the system is mostly dependent on converter reliability) since
MOSFET temperature rise in the distributed converter of the
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TABLE III
CoST BREAKDOWN AND RFOM OF THE THREE BESSS

Capital Cost ($) PB-BESS IBP-BESS CHB-BESS
Battery pack 315 000 300 000 300 000
Balancing circuit 10761 7688 -
Converter 4945 30,496 20499
Transformer 34 800 -
Total capital cost per kWh (CC) 365 506 338 184 320499
System efficiency (7)) 0.977 0.971 0.957
Cost per unit energy ($/kWh) 374 111 348 284 334900
MTTF of the system (h) 164 3424 1895
RFoM (normalized to the PB-BESS) 1 22 13

CHB-BESS is much lower than IGBT temperature rise in the
centralized converter of the PB-BESS and IBP-BESS. However,
when the failure rate of the cells becomes dominant, a larger
increase in the MTTF of the CHB-BESS becomes visible.
Again, this stems from the pulsed nature of the cell current in
the CHB-BESS in contrast to the dc current the cells experience
in the PB-BESS and IBP-BESS.

D. Cost Analysis

The total capital cost of the three systems is presented in
Table III. In order to compare reliability and capital cost, a
“reliability figure of merit” (RFoM) index is used [30]

nMTTF
CC

where CC is the capital cost of each system in $/kW-h. The
cost per unit energy is divided by the round-trip efficiency
of the system (7) in order to obtain the “cost per useful
energy” [37].

The cost of lithium ion cells is currently approximately
$300/kW -h according to [38]. The cost of the rest of the com-
ponents is based on supplier data [39]. Table III shows the IBP-
BESS and the CHB-BESS have very similar and much improved
RFoM compared to the PB-BESS: They both offer lower capital
costs but very greatly improved reliability which outweighs a
slight loss in efficiency. Although the CHB-BESS utilizes three
times as many individual switches when compared to the IBP,
the capital cost is significantly lower due to the use of many low
voltage MOSFETsSs with a lower cost-per-k VA than the few high
voltage IGBTs used in the IBP-BESS.

RFoM = (28)

V. CONCLUSION

This paper has presented an approach for evaluating com-
peting BESS designs. Analytical expressions for power losses
(converter losses and cell losses) were used to produce varia-
tions in component failure rates that depend on the operating
state of the system. The possible operating states of each BESS
were examined using a Markov-based modeling approach that
incorporates information regarding system configuration in or-
der to calculate overall system MTTF. This type of analysis is
particularly relevant when considering grid scale BESSs with a
large number of cells (> 10*), where it shows that unless cell re-
liability is exceptionally high, it is advantageous to implement a
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“power electronics enhanced battery pack” (such as the IBP) or
a distributed converter (such as the CHB). Due to the perceived
increase in the “quantity” of power electronics, the practical
feasibility of such systems may be disputed on grounds of cost
and reliability. However, this study has shown that as long as the
semiconductor devices used are of similar reliability to the cells,
overall system reliability can be increased by over an order of
magnitude, depending on the particular design decisions made.
The enhanced reliability stems from the fact that the IBP-BESS
and CHB-BESS systems are less vulnerable to module failure,
since a module can be isolated without interrupting operation
(i.e., without causing many other modules to become inacces-
sible). In contrast, in a conventional BESS configuration, the
converter acts as a single point of failure for all (or in the case
of the PB-BESS, a very significant fraction) of the system. It
should be noted that this study has only included the power
components in the reliability model and not considered the reli-
ability of the supporting electronics (control system, gate drives,
etc.) These components may have significant impact on overall
system reliability, especially in the case of the relatively compli-
cated IPB-BESS and CHB-BESS designs which contain many
more controllable power electronic components when compared
to the IBP-BESS.

In all cases, the cost of the battery pack was observed to be the
dominant component in the capital cost of the BESS. Systems
such as the IBP-BESS and CHB-BESS are therefore also attrac-
tive because they provide in-built active balancing capability at
no additional cost. This provides a valuable return on investment
by increasing cell utilization, thereby reducing the number of
cells required to deliver a given system energy capacity.

The results in this paper support the integration of power
electronics more deeply within BESSs, either in the form of
the IBP, CHB, or other topologies that can provide fine-grained
control of small groups of cells, as this will provide significant
cell management advantages and a dramatic increase in system
reliability.

APPENDIX

The failure rates used in this study are based primarily on
MIL-HDBK-217F [34]. However, if other component failure
models are used [40], the general approach presented in this
paper remains valid.

The Markov-based modeling approach requires a constant
failure rate for all system components. According to [41], the
base failure rate of the lithium ion cell is modeled as

1

~ MTTFq 29

Aco
where MTTF( is the average life of the cell. For a typical
lithium ion cell with a life equal to 10* cycles, the base cell
failure rate is Aco = 2 failures/10° H (in the range of typical
MOSFET failure rates) [42]. The effect of cell temperature on
the failure rate of the cell is modeled using (30), where a tem-
perature rise of AT above ambient (T4 ) causes the failure rate
of the cell to increase by a factor of ¢ [43]

To-Ty

Ao = Aco cp " (30)
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where T = Th + PcRing, Ta = 25 °C is the ambient tem-
perature, Ry,c = 10 °C/W is the thermal resistance of the cell,
AT = 10°C, and et = 1.5. The internal cell resistance R
used in the calculation of cell power losses (FP¢) is 1 mS2 leading
to temperature rises of up to 12 °C in this study under worst case
conditions.

The failure rates for the diodes, MOSFETSs and capacitors
are also derived using the MIL-HDBK-217F. A change in the
steady state of the system results to a varying failure rate due
to the change in the temperature and voltage stress 7 factors.
The thermal resistances of the MOSFET and IGBT junction-to-
ambient are taken to be twice the junction-to-case resistances
given in the manufactures data sheet.

Since MIL-HDBK-217F was last updated in 1991, it does
not include information about the calculation of IGBT failure
rates. According to [44], the failure rate for the IGBTSs can be
calculated using the base failure rate of MOSFETSs and the 7
factors of bipolar transistors.

The failure rate for a liquid filled transformer (Ax) is 0.468
failures/10° h (no temperature dependent failure rates were im-
plemented for this component) [45].
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