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1 Preliminaries

1.1 General Methodology

The meta-parametrised meta-modelling approach presented in [1] is adopted as main methodology
for the design of the Modular Multi-level Energy Storage System (MM-ESS). This approach is
based on mathematical modelling and pareto-frontier multi-objective optimization techniques.

The target is to map the MM-ESS design space into a performance space so the different trade-offs
between relevant performance indices can be analysed accounting for the freedom of the free design
parameters of the MM-ESS.

1.2 Scope

The scope of this document is to describe the proposed design algorithm for MM-ESS along with
the modelling of main MM-ESS components for evaluation of relevant performance indices like
component cost, overall volume/weight, and nominal power losses. The proposed design algorithm
has been developed as part of the SINTEF Energy activities within WP3 of SEABAT project, where
a Hybrid Energy Storage System (HESS) for marine applications, based on two different battery
cell technologies, is investigated and the MM-ESS has been proposed as core architecture for that
purpose. The main results of application of the MM-ESS architecture for the design of HESS for
specific marine applications are reported in [2].

1.3 General considerations

e The design algorithm is focused on exploring the freedoms in circuit/topology parameters and
number of components while keeping the same control strategy, sub-module architectures and
component technologies, The algorithm can be adapted to other control strategies and/or
submodule architectures by modifying the design rules. Different components technologies can
be evaluated by running the algorithm with different component parameters representing each
technology.

e The Energy storage sub-module is based on Li-ion battery cell technology. However, the
topology can be used with other energy storage technologies.

e The proposed MM-ESS design algorithm has been developed considering a required energy
storage capacity to be installed and power capability, without linked those requirements to a
specific load profile or application. The algorithm can be applied to any application by carrying
out a preliminary analysis considering application load profile, desired system lifetime,
calendar/cycling properties of the considered core battery cell, so the battery energy system is
sized to ensure that the required usable energy by the application is met by the available usable
energy at the end of desired battery lifetime. A methodology to select required power and
energy ratings based on a given load profile for a battery system is reported in [3]
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2 Modular Multi-level Energy Storage System

2.1 System Architecture

Figure 2-1 shows the main architecture of the considered Modular Multi-level Energy Storage
System (MM-ESS), which is based on a Modular Multilevel Converter (MMC) topology and liquid

cooling system. The MM-ESS is mainly composed of:
e N independent strings connected in parallel,

an insulation measurement device (IMD),
a HV main fuse,

the main coolant in/out ports and coolant channels,
and the emergency off switch.

Each string is mainly composed of:

a voltage measurement device, to measure the main MM-ESS voltage,

a master controller, which coordinates the power split between the strings,
HV contactors with feedback, one for each main power terminal,

e Nmod modules connected in series, each with two service connectors to easily switch the

module, a power supply connector and two coolant ports (in/out),

e astring inductor, to smooth the string current
e a string controller, which controls the string power flow by ensuring the right string voltage
level,
| come I cocee I E Coolant in
, — > Q| Battery PLUS
| N, strings in paralell [+55] & v ; ' ry
| String ._"> String ."_> |
Controller i Controller 1 l«— | *
i é Lstri % Lstrz | MMmEss |
MM-ESS MM-ESS 7 Master
* fo=— 12/24Vdc
. Module 1 in O Module 1 in O Contollen |
| string i O String 1 (] | Extemal
. N | N | | communication
modi mod1
| modules ' modules in ' iy - )
i in series : series : | <
: MM-ESS -4—1 MM-ESS —4—1 :
| Mod. Npodi D Mod. Nod1 D |
. in String i O in String 1 a .
| =] =] | |
. ] 0| Battery MINUS
| cema ccee Iél Coolant out
—MMESSboundary = _  _ | _ . _ . . .. . —. . —=.=.J
D Service connector (to easily switch a module) - Insulation measurement device «==p Coolant channel
@ Manual service switch - HV main fuse [ ) Coolant port
Emergency off ’---> Voltage measurement
HV Contactor with feedback @--> Current measurement
Figure 2-1 Modular Multilevel Energy Storage System Architecture
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a current measurement device, to measure the string current,
and two manual service switches, to connection/disconnection of the full string,

The key feature of the MM-ESS is the use of energy storage modules with power flow control (by
switching on/off the module). Figure 2-2 shows the considered MM-ESS module definition. The
module is composed by two main sub-modules: the energy storage sub-module and the power
converter sub-module.

The energy storage sub-module is composed by

a battery cell array (series and/or parallel interconnection of Neen battery cells),

a battery module heatsink,

a battery management system (BMS),

a HV fuse,

Nscen voltage measurement devices (monitor of cell voltage), assuming that the battery cell
array is formed by the series interconnection of Nsceii sets of Npcel battery cells parallel
connected, (when the battery cell array is formed by the parallel interconnection of Npcell
sets of Nscen battery cells series connected, the Nscen®Npcell voltage measurement devices
will be needed),

around %4 Necen temperature measurement devices (about one for every four cells)

and two service connectors to easily switch the energy storage sub-module

On the other hand, the power converter sub-module is based on the bidirectional half bridge DC/DC
converter topology, and it is composed by:

two Power Switch Devices (PSDs)
a capacitor bank,

a driver circuit and controller,

a heatsink, to cool the PSDs

and a voltage measurement device.

O
——
Coolantin
pr— D
«— » External
communication
_>
DCDC ‘{ ¢ 12/24Vdc
O O
MM-ESS module ——0

Coolant out

Single Li-lon cell type M Watercooled - heatsink
- DCDC Control @ > Temperature measurement
—»  Switching control signal - Battery management system
Figure 2-2 MM-ESS Module definition
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The use of MM-ESS modules with power flow control functionality brings some flexibility to the
system:

e Each string is controlled independently and coordinated by the master controller, so strings
with different characteristics can be connected in parallel. The master controller can split the
total power to the connected strings based on the maximum string ratings, so strings with
higher current ratings supply more current (e.g., proportionally).

e MM-ESS modules with different characteristics (based on different cells and/or power
ratings or with different state of health) can be used series connected in the same string. The
MM-ESS modules will be switched on/off as needed to fulfil the desired string voltage. The
maximum current of the string will be limited by the maximum current of the MM-ESS
module with the lowest maximum current.

e [tis possible to install more modules in series than needed to fulfil the voltage level
requirement, so a better compromise between the required energy and the installed energy
can be obtained. Also, different levels of system reliability can be achieved by redundance
on the modules/strings.

2.2 Main MM-ESS design rules:

2.2.1 Energy capacity
In general, the installed energy capacity of the MM-ESS (EyuEgss) (at beginning of life (BOL)) can
be expressed by

Nty Nmod(j)

EMMESS:Z Z Emod(i.j)
j=1 =1

where Ny, is the number of parallel connected strings, Np,oq(jy is the number of modules installed
in the string j, and Ep,0q(;, j) is the installed capacity of the module i in the string j.

A special case can be considered when the MM-ESS is defined by identical modules and strings, so
Eymess can be expressed by

Evmess = Nstr * Nmoa - Emoa

In similar way, the Usable Energy Capacity of the MM-ESS is defined by the usable energy
capacity of each module in the system:

N N i
Z]it{ Zi:;()d(]) USRmod(i,j) ’ Emod(i,j)

EMMESS

USRMMmESs =
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where USRymgss is the Usable SOC Range in per unit of the MM-ESS, and USR;,44;,j) 18 the

usable SOC range of the module i in the string j. When identical MM-ESS modules are considered,
then:

USRmmEss = USRpmoa

2.2.2 Maximum continuous charge/discharge current

The maximum continuous charge/discharge current (Iy;yessmce / Iumess.mcp) of the MM-ESS can
be expressed by

Nstr

IymEss.mce < Z(min(lmod.MCC(i,j)) Vi=1, ---;Nmod(j))
=1
1‘<]str

IMmEss.Mcp < Z(min(lmod.MCD(i,j)) Vi=1, ---;Nmod(j))
j=1
where Inoamcci,j) @d Lnoa.mcp(i,j) are the maximum continuous charge and discharge current of

the module i in the string j, respectively. When identical modules are considered, then the previous
expressions can be simplified as follows:

Iymess.mce < Nstr * Imoa.mcc
Iymess.mep < Nstr * Imoa.mcp

2.2.3 String Voltage
The voltage of the string j can be expressed by

Nmod(j)
Vser(jy = Z Dmoa(ij) * Vmoaij) YJ =1, ., Negr
i=1
Vmod(i,j) € {Vmod.min(i,j): Vmod.max(i,j)}

where Vinoq(i jy is the voltage of module i in the string j, which varies depending on SOC within the
module voltage window defined by the minimum and maximum module voltage Vy, o4 min,j) and
Vinoa.max(i,j)> respectively, and Dy, oq(; ) is the duty cycle of the module i in the string j within the
effective control string period (Ts;,.).

The required string voltage within Tg;,., which is defined by the required MM-ESS voltage and
required string power, is built up by keeping Ny,q(j) — Nact(j) modules switched off (by passed),
Ngct(jy-1 switched on and the remained module is PWM controlled with switching frequency Ty, .
A sorting algorithm (based on SOC, temperature and/or SOH) can be used to decided which
modules are switched on, by-passed or PWM controlled within the predefined Tg,. Ny (jy refers to
the number of active modules (modules supplying/storing energy) within the period Ty;,-.
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2.2.4 Number of modules

When a maximum MM-ESS voltage (ViymEess max) 18 required to be provided, then a maximum
number of active modules (Ngct max(j)) needs to be fulfilled at worst case scenario (modules near to
its minimum voltage) and therefore a minimum number of modules to be installed (Ny04.min(j) =
Ngctmax(j)) can be stablished:

Nmod.min(j)

VumEessmax < z Vmod.min(i,j) Vj=1,..,Ns
i=1
When identical modules are considered, then the previous expression can be simplified as follows:

VMMESS.max < Nmod.min ' Vmod.min

Figure 2-3 shows an example of the required minimum number of modules as function of minimum
module voltage for different maximum MM-ESS voltages, and when identical modules are
considered.

Considering Ny,;04.min(j)> the number of installed modules per string Np,,4(jy can be expressed as
function of the number of redundant modules per string Ngegumod(j):

Nmod(j) = Nmod.min(j) + NRedumod(j)

60 T T
— ViEssmax 800V
- 50 —VEss.max™ 1000V
E VimEss.max™ 1200V
o
£

N
o

30

20

Minimum number of modules (N

0 ! ! \ ! \ I ! ! I
20 30 40 50 60 70 80 90 100 110 120

Minimum module voltage (VImod min) V]

Figure 2-3 Minimum number of modules per string versus minimum module voltage for
different required MESS maximum voltages and when identical modules are considered.
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2.2.5 Maximum charge/discharge power

The MM-ESS maximum discharge power (PyyEess mcp) 18 the product of the maximum continuous
discharge current and the maximum achievable DC battery voltage:

Nmod(j)

Pyumess.mcp = Ilumess.mcp - min Z Vinoamax(i,jy YJ =1, e, Nogr
i=1
The MM-ESS maximum charge power (Pymgss.mcp) could be defined in similar way as
PymEess.mcp, however as normally Iy yess mce 18 limited when battery is nearly full charged
(Vinod = Vinoamax) then an alternative definition, based on the average module voltage, is used

here:
Nmod(j)

. Vmod.min(i,j) + Vmod.max(i,j) .
Pymess.mcc = ImmEss.mcc - min Z 2 Vj=1,..,Ngp

i=1

However, when the MM-ESS is connected to a DC grid with nominal DC link voltage (Vgiapc)
then Pyyessmcp and Pyygss.mcc are limited by Vyr.iqpc and the maximum allowed peak-to-peak
voltage ripple (6Vyriqpp):

_ 6 VgridPP
Pumessmcp = Iumess.mep * | Vgriane —
_ 6VgridPP
Pymessmcc = Immessmcce * | Vgriane —

When identical modules are considered, then the previous expressions can be simplified as follows:

6V,
_ gridPP

PMMESS.MCD = Nstr : Imod.MCD ’ <VgridDC + 2
_ 5VgridPP

PMMESS.MCC - Nstr : Imod.MCC : VgridDC 2

2.2.6 String Inductors

The main function of the string inductor is to limit the current ripple in the string. Under normal
MM-ESS operation, only one module per string is PWM operated within the effective control string
period (T ), and therefore the string current ripple is related to the PWM operation of one module.
For the considered DC/DC power converter topology (within each MM-ESS module), the string
inductance (L4, ) and the peak-to-peak current ripple (Alg;,.) are related as follows:

AIstr _
Lytr 77— = (1 - Dmod) *Vinoa
Dinoa - Tsw
where, D,,,,4 1s the duty ratio of the k-th module, which is the module been PWM operated within

the string, with the effective switching period Ty, (Ts,, < Tstr-), and module voltage V4.
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The string inductor can be sized to limit Aly, to the maximum allowed value and for the worst
operating conditions, it iS Dpoq(ky = 0.5 and Vy04 €quals to the maximum module voltage within
the string, therefore:

L Tsw ' Vmod.mxSTR

Sstr = .
4 Sipstrpp * Lstrn

VinoamxsTr = max {Vmod.max(i) Vi=1,..,Nnoa}

Where the maximum allowed peak-to-peak string current ripple (Alg, max) 1S €xpressed in terms of
the nominal string current I,y and 8i;s-pp, Which is the maximum allowed ratio of peak-to-peak
current ripple to the nominal DC current (Algsy max = Olrstrpp * Istrny)- For this topology, the
nominal string current is linked to the lowest maximum continuous current between all the modules
in the string, therefore:

sty = max (Iser mcc Isermen)
Lstrmcc = min(lmod.MCC(i) Vi=1, ---'Nmod)
Istrmcp = min(lmod.MCD(i) vi=1,.., Nmod)

When the current waveform is close to triangular waveform, as normally in the considered DC/DC
converter topology, then the peak-to-peak ripple and the rms ripple are related by:

Olpserpp = 2 \/§ *Olpstrrms

Normally, Al max 18 directly linked to the system requirements and/or regulations regarding the
maximum allowed current harmonic injections. However, the maximum peak current is also limited
by the module peak current, so an additional constraint can be considered for §i; ¢-pp as follows:

. min (Istr.PeakC' Istr.PeakD)
8ipserpp S 2 ( - 1)

I StrN

Lstr peakc = min(lmod.PeakC(i) vi=1,.., Nmod)
Istr peakp = min(lmod.PeakD(i) vi=1,.., Nmod)

Some degrees of freedom in the selection of Al max can be added by considering interleave PWM
modulation along the strings to reduce the total system current ripple (by counteract the ripple of
different strings) and by adjusting/increasing the switching frequency at low power levels.
However, here, it is assumed that either §i; s Or Al may are given design constants. Figure 2-4
shows an example of the required string inductance value as function of Vy,04 mxstr and Algir max
when a switching frequency of 3kHz (T,, = 0.33ms) is considered.
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String inductance (@st=3kHz)

20

80

90 \Vj

100 120 mod.mxSTR vl

Al

str.max [A]

Figure 2-4 String inductance versus module max. voltage and max. peak-to-peak string
current ripple
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3 MM-ESS design algorithm

Figure 3-1 shows the proposed MM-ESS design algorithm. The algorithm assumes that the MM-
ESS will be composed by identical modules (modules composed by the same type and number of
battery cells) and the parallel connection of identical strings (strings with the same number of series
connected modules).

It should be noted that the design algorithm shown in Figure 3-1 is a global representation at system
level, and the design algorithm compress three sub-design algorithms: Battery cells heatsink design,
the DC/DC converter design, and the string inductor design, which will be described in the next
sub-sections.

3.1 Main design inputs
The main inputs for the MM-ESS design are as follows:

3.1.1 Maximum operating Voltage (V yuEessmax)

It is the maximum MM-ESS output voltage that is required to be regulated by the MM-ESS. When
the MM-ESS is planned to be connected to a strong DC grid, or a DC grid regulated by other
devices, then this voltage is the nominal DC voltage of the DC grid (V;,iapc) plus the maximum
peak voltage ripple of the grid:

Power Profile, Requirements & Specifications

(Nominal Voltage, Minimum Energy to be installed, Maximum continuous Charge/Discharge Power)

Core Cell

Design Constants -
Free Design Parameters ¢ Modification of parameters

Nscelly aneII al Bmx

Module Design

Battery cells Heatsink
DC/DC Converter

Redundant Modules > Modification of parameters
NReduMod

|
v 4

String Inductor design Number of strings
L [ |

Performance evaluation
Optimization algorithm

MM-ESS Performance space.
Selection of MM-ESS design.

Figure 3-1 Proposed MM-ESS design algorithm
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oV .
gridPP
VMmEss.max = (VgridDC + T)

For a given module, this input directly set a constrain in the minimum number of modules per string
(as defined in section 2.2.4):

N VMMESS.max
mod.min = V
mod.min

3.1.2 Minimum operating Voltage (V ymEss min)

It is the minimum voltage that is required to be regulated by the MM-ESS or the minimum voltage
that the MM-ESS is operated when maximum continuous power is supplied. When the MM-ESS is
planned to be connected to a regulated DC grid, then Vy pssmin €an be expressed by

Vyriapp
VMmEssmin = (VgridDC - %

3.1.3 Minimum Energy to be installed (E;,,,)

It is the required total battery energy capacity to be installed at the beginning of the battery cell life.
For a given module, this input sets a constraint in the minimum number of strings and modules per
strings (as defined in section 2.2.1):

E ins

Nstr ' Nmod =
mod

3.1.4 Maximum required continuous charge/discharge power (Pycc/Pucp)

These are the maximum power that the MM-ESS is required to receive/deliver in a continuous
regimen (normally more than 60s). These power values have been considered over the peak power
values (power that can be handle by the MM-ESS for less than 1s-30s) because normally impose a
stronger requirement, however same expressions/constraints can be used to consider peak power
values as inputs. These inputs directly set a constraint in Iy ess mec and Iyyess mep, and when
considering the minimum voltage that should handle the MM-ESS during normal operation
(VmmEss.min)» then a constraint in the number of strings for a given module can be defined:

1
Nstr > — max(
VMMESS.min

Pycc ~ Pucp )

)
Imod.MCC Imod.MCD

3.1.5 Core battery cell

This input refers to the set of relevant properties that defines a considered battery cell.

The considered battery cell technologies are NMC, LFP and LTO (Anode), as they are the most
common used in marine applications. Within these technologies, there are many kinds of cells
according to the stoichiometric ratio of the chemistry components. The multi-domain design
approach considered within this work requires electrical, thermal, and mechanical cell properties.
For that reason, instead of modelling a general battery cell technology, the design methodology is
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adapted to a specific battery cell, so the type of battery cell is considered as input for the design

algorithm.

The battery cell properties relevant for the design algorithm are:
e Physical properties

(0]

O o0O0oOo

(0]

Shape: Prismatic or pouch cells can be used within the models and assumption of the
algorithm. To consider cylindrical cells some changes need to be done in the battery
module heatsink design algorithm.

Cell length (L e17)

Cell thickness (t.e;;)

Cell width (W_,;;)

Cell weight (Weight, .;;)

Cell cost (Cost er)

e FElectrical Properties

O O

OO O O0OO0OO0OO0OOOOOO

Average cell voltage

Minimum cell voltage

Maximum cell voltage

Nominal cell energy capacity at BOL

Nominal cell AH capacity at BOL

Maximum continuous charge current (I pcc)
Maximum continuous discharge current (I¢ce;1 mcp)
Charge/discharge cell resistance at 50% SOC and BOL
Maximum increment of cell resistance at EOL
Usable/recommended SOC range (USR¢);), maximum and minimum cell SOC.
(optional) Maximum peak charge current (Ice; peakc)
(optional) Maximum peak discharge current (I¢eyi peakn)
(optional) OCV versus SOC characteristic

(optional) Cell resistance versus SOC characteristic

e Thermal Properties

o
(o]
o]
(o]

Maximum cell temperature during discharge
Maximum cell temperature during charge
Through-plane thermal conductivity
In-plane thermal conductivity

e Aging figures (optional, not used within this algorithm but indirectly needed to estimate Ej,,
from the required usable energy at EOL)

(o]
(o]

Minimum percent capacity loss per year because only calendar aging, no cycling.
Cycle life characterization

=  Number of cycles

= Depth of discharge

= EOL capacity (after the given number of cycles)

= Charge/discharge rate

= Cell temperature
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3.2 Design parameters and constants

The global MM-ESS design parameters, constants, and specified constraints, which are set up front
and are not optimized within the design algorithm, are listed as following:
Module — battery array design

Target maximum cell operating temperature (Tcei;max)

Heatsink water/liquid maximum inlet temperature for cold plate (T, 4tmx)

Maximum cell weight per module (Weightcap max) - this limits the maximum number of
cells per module that will be considered in the design algorithm.

Minimum average module voltage to be considered in the design (Vyoamnap) — this defines
the minimum number of series connected cells per module to be considered in the design
algorithm.

Maximum average module voltage to be considered in the design (Vyoamxap) - this defines
the maximum number of series connected cells per module to be considered in the design
algorithm

Minimum considered value for the maximum battery cell utilization ratio within the design
algorithm (@l ) (utilization of the current capacity of the cell)

Number of possible alg,,, considered within the design (N;gmy)- (It limits the number of
design candidates)

Module - DC/DC converter design

DC/DC converter switching frequency (F,,)

Maximum expected stray inductance between battery cell array and DC/DC converter
capacitor bank (Lipc)

Maximum accepted parallel connected power semiconductor devices (npyosmy) per module
Power MOSFET equivalent chip area (Achipmos)

Power semiconductor blocking voltage utilization factor (kypioce < 1)

Ratio of the maximum desired semiconductor operating junction temperature to the absolute
maximum allowed semiconductor junction temperature (Kzjm, < 1)

Gate driver voltage supply (Vp,)

Maximum average inlet air temperature for air forced heatsink (T;rmyx)

Maximum ambient temperature inside the power module when no heatsink is considered
(Tambmx)

Safety margin for absolute maximum MOSFET current given by the minimum between
package limit and silicon limit (KSFposmx < 1).

Safety margin for minimum ON gate resistance (KSFgrgony < 1)

: . . di
Maximum allowed rate of change of diode current during turn-off process (f)
Max

Space factor including space between discrete capacitors (KS¢gz. > 1)

Maximum allowed relative peak capacitor overvoltage (6V¢q4.)

Other Power Switch Device (PSD) component cost (Costpspg) - This includes the external
gate resistances, RC snubbers and Ferrite bead.

Other DC/DC converter component cost (Costyccpc) — this also includes control electronics
cost.

Other common component area including IC, control electronics and sensors, among others

(Apcro)
Number of layers for power PCB (Nyqyerpcep)
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Power PCB cooper thickness (d.,pcpp)

Number of layers for control PCB (Nygyerpcac)

Control PCB cooper thickness (d.ypcpc)

PCB density (ppcgp)

PCB thickness (tpcp)

Average weight of individual components in the power converter (Weight omp)
Number of components per Power MOSFET in the PSD (N¢omppsp)

e Number of other common components (N¢ompocc)

e Converter housing density (PconvHousing)

e Labour cost per component (C4Cconyrab)
o Converter housing reference cost (CoStyoysingrer)

e Converter housing reference volume (Volyoysingrer)
e Converter housing reference weight (Weightyoysingrer)
e Converter housing reference thickness (tyousingrer)

e Power Converter Module supplier gross margin (Epcp)
e Delta space for overall converter volume evaluation (Ax ;)

String design
e Ratio of maximum allowed internal system voltage to maximum output voltage (Ky;so > 1)
— this limits the total number of series connected modules per string (N;y,04)
e Maximum allowed RMS string current ripple (8i;strrms)
e Utilization ratio of volume inside the string cabinet (kyqqp < 1)

Other general cost related parameters
e Service connector cost at module level (Costscpoa)
Service connector cost at string level (Costscgsr)
Manual service switch cost (Costyssy)
High Voltage sensor cost (CoStyysensor)
Cell Temperature sensor cost (COStrsensor)
String Current sensor cost (CoStcsensor)
Insulation measurement device cost (Cost;yp)
High voltage connection with interlock cost (Costyycr)
Cost of a high voltage contactor with feedback (Costyycr)
Pre-charge resistor cost (Costpcgr)
Cost per watt of main fuse (C4Wyqinr)
Cost per watt of module fuse (C4Wy0ar)
Power supply connector cost (Costpgc)
Cost of module BMS per battery cell (C4Cgps)
Emergency-off switch cost (Costgps)
Master controller cost (Costystcer)
String controller cost (CoStsircir)
Coolant ports cost (CoStcpoip)
Coolant channel cost (Costcooich)
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3.3 Free design parameters

For a given core cell, the module design is defined by three free design parameters: the number of
series (Nscey) and parallel (ny,cey;) connected cells per module and the maximum battery cell
utilization ratio alg,,,, defined by

Imod.MCC _ Imod.MCD

aIBmx -

Nycenr * lceumce  Mpceit * Icettmen

where Icenmcc/Iceimep are the maximum continuous charge/discharge currents that the cell can
handle and I,;,oq mcc/Imoda.mcp are the maximum continuous charge/discharge currents per module,
s0 alp,y 1s always lower or equal to 1, but it allows to design/size all other components of the
module according to the string current with more freedom.

The maximum and minimum values for ng.,;; are set by the maximum and minimum average
module voltage (Viyoamxap and Viyoamnap) to be considered in the design, respectively:
VMoamnap VMoamxap

<n <
—= ItsCell =
Vcell Vcell

On the other hand, 1y, ¢y, is sweep between 1 and 1y cerp paxs With My cerp max defined as follows:

n _ flOOT'{ WeightC4M.max }
CellMax — .
P Nscell * Welghtcell

1< anell < anell.Max

where Weight sy max 1 the maximum cell weight per module, which is considered as a design
parameter to limit the total module weight.

For each (ngceyr, Npcen) combination, a predefined number of module design possibilities (Ngipmy)
are evaluated by sweeping the free parameter alg,,, between alg,,, yn and 1, with alg,,, yn as the
design parameter to specified the minimum considered value for alg,,, within the design algorithm.
Therefore:

aIBmx.MN < aIBmx <1

With the first three free design variables defined, then the battery array is established, and the
battery cell heatsink is designed according to section 3.4 and the DC-DC power converter is also
designed following the algorithm described in section 3.5.

Once the module is defined, then the number of modules per string (N,,,,4) can be calculated. For
this topology, as previously mentioned, there is a minimum number of modules per string
(Nmoa.min) to be fulfilled which is directed constrained by the specified nominal voltage. However,
there is one more degree of freedom in the string design as it is possible to have redundant modules
per string (redundant regarding voltage), so the number of redundant modules per string (Ngeamod)
has been considered as additional free design parameter, then Ny, 4 is calculated by

Nmoa = Nmodamin + Nreamoa

0< NRedMod < NRedMod.Max
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The maximum number of redundant modules per string (Ngeamod.max) 18 limited by:

KViso ' VMMESS.max

NRedMod.Max < flOOT'( vV ) - Nmod.min
Ngcell cell max

where, Ky, is the ratio of maximum allowed internal system voltage to maximum output voltage.

Once the number of modules per string is defined, then the string inductor can be design/evaluated,
following the methodology described in section 3.6. Also, the number of strings can be calculated to
fulfil the required energy and power capacity, as follows:

E ins . 1

Pycc  Pucp )}

Nyt = max{ i i
mod.MCC *‘mod.MCD

; - max (
Emod ' Nmod VMMESS.min
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3.4 Battery modules heatsink design algorithm

Battery cell thermal management is based on water cooling. Two methods based on water cooling
heatsink could be considered: Fin cooling and microchannel cold plates. The considered concept of
battery module with cooling system based on thermal conductive fins and cold plates is illustrated
in Figure 3-2. On the other hand, Figure 3-3 shows the considered battery module with
microchannel cold plates between each battery cell. These two concepts are applicable for battery
cells in prismatic and pouch formats/shapes.

The battery module heatsink design sub-algorithm within this MM-ESS design algorithm considers
the cooling system based on thermal conductive fins and cold plates, shown in Figure 3-2. The
model, design methodology and implementation of the battery module water-cooled heatsink
developed within this work is described in [4]. Here, a summary of the algorithm is introduced for

Cold Plate

Cold Plate

Inlet
coolant

Outlet

v coolant
Figure 3-2 Battery module with cooling system based on thermal conductive fins and cold
plates.

Battery Cell

Microchannel Cold Plate \

4
¢ Outlet
# coolant

Microchannel Cold Plate
Battery Cell
Microchannel Cold Plate

Inlet
coolant % g

Figure 3-3 Battery module with microchannel cold plates between the battery cells.
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the sake of completeness. On the other hand, a model for microchannel cold plates is introduced in
appendix B.

The developed battery module heat sink design algorithm is shown in Figure 3-4.
The main inputs for this design algorithm are the dimensions of the core cell (L ey, Weern, teenr), the
equivalent/average in-plane and trough-plane cell thermal conductivities from the centre of the cell

(Kceux and Kceypy ), the total number of cell per module (ng¢e; - Mpcerr), and the required thermal
resistance per cell (Rpysmax), Which is estimated by:

TcellOp - Twatmx

Rinnsmax = 0
cellMX

where, Teepi0p 1s the maximum operating cell temperature (always minor or equal to the maximum
allowed cell temperature (T,e;px) under worst operating conditions), T,y q¢my 1S the maximum
inlet/outlet water temperature and Q..;;ix 1S the maximum average cell heat for worst operating
conditions. The average cell heat is assumed to be driven by the cell power loss, s0 Qc;mx Will be
given at EOL nominal operation:

_ 2 2 ) 2
Qceumx = kRgor, * (@lgmx)® - max{Reeumx.c * Icenmce: Reeumx.p * Icenmen}

Inputs
Number of cells
Required thermal resistance per cell

General Module

design algorithm

Core Cell properties
Dimensions Design Constants -
Thermal conductivities ‘

Free Design Parameters |
tee, trin Vg Modification of parameters

Performance evaluation
Average thermal resistance per cell
Heatsink total cost
Heatsink total weight
Module overall volume

Optimization algorithm

Heatsink Performance space
Selection of heatsink design

Figure 3-4 Battery module heat sink design algorithm
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where R .o;imx.c and Reqmxp are the maximum charge and discharge cell resistance at BOL,
respectively, and kRg(;, 1s the expected increment ratio of cell resistance at EOL criteria respect to
BOL (typically 1.3~2).

The free design parameters considered for this heatsink configuration to achieve the
desired/required thermal resistance are the fin thickness (tg;;,), the cold plate thickness (t.p), the
inlet water flow rate (Vgg) and the fin material. Two fin material are considered: aluminium and
copper. The fin thickness is swept considering a minimum fin thickness of 0.5 mm and a maximum
fin thickness equal to half the cell thickness. On the other hand, t.p, and Vg are swept within a
constrained range, which depends on the considered cold plate technology. The cold plates are
modelled and evaluated following the meta-models and meta-parameters introduced in appendix
A4

The mapped heat sink performance space is composed by the average thermal resistance per cell,
the heatsink cost, heatsink mass and the battery module overall volume (heatsink including the
battery cells). The output from this sub-algorithm is the solution with lowest cost with average
thermal resistance lower or equal to Ryppspax-
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3.5 DC-DC converter design algorithm

3.5.1 Topology and Main components

The DC/DC power converter module is based on a half bridge topology which is shown in Figure
3-5. The main components considered within the DC/DC converter design are:

e Power Switch Devices (PSD): Half bridge topology has two paired power switch devices,
which allows to connect the battery module to the string to charge/discharge power or by-pass
the string current with the battery energy storage module disconnected. Figure 3-6 illustrates
the considered PSD architecture. A PSD is defined as npmos semiconductor devices parallel
connected with the Power MOSFET as core technology based on the target range voltage of
the modules (Module voltage lower than 150 V). Parallel connection of Power MOSFET is
considered to fulfil current/thermal requirements of the PSD. It is also considered that each
Power MOSFET will include the external gate resistances Rgon and Reorr, the input/output RC
snubbers and the Ferrite bead as common components.

e Heatsink: the main propose of the heatsink is dissipate the MOSFET losses so the temperature

DC/DC Power Module

[ |_|{:I

£ o3
S o
22
O ©
S
o c
= O
SO
a

Communications

~
[
©
o
—_
o
=
(@)
©
[oF
©
O

O
Measurements & Protections

Printed Circuit Board

Figure 3-5 DC/DC Power Module: Half-bridge topology and Main components

XxNp (parallel)

DC/DC converter Driver Power Supply
24V / 5V 24V/15V
— Interlock Logic ' Driver Circuit‘ Rg(on)
Jr—
" —

Rg(off)

Power Switch Device (PSD)
Figure 3-6 Power Switch Device (PSD) definition
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of the power MOSFET keeps bellow its maximum designed value. Depending on the
current/voltage rating of the converter and the free design parameters, the losses per MOSFET
can end up in different heatsink thermal resistance requirements, so four cases have been
considered: 1) no heatsink needed; 2) a heatsink based on natural convection; 3) an air-forced
heatsink (heatsink structure + fan); and 4) a water cold plate. The heatsink type is selected to
get a cost-effective solution (heatsink type that allows fulfil thermal requirements at the lowest
cost).

e Capacitor Bank: The main purpose of the capacitor bank is to limit overvoltage associated
with stray inductance between Battery array Module (BM) and capacitor bank loop at PSD
commutation. Film capacitors are considered for this propose. The capacitor bank in this
application is mainly considered for snubber function but not DC-link energy buffer.

e Driver Circuit, controller, and communications: This stage interface the control signals coming
from the string controller and generate the PWM signals to control the power MOSFETs. The
microcontroller/FPGA that is needed for control and communication with the BMS and string
controller, depending on required complexity (bandwidth), can add significant cost per sub-
module. Significant savings can be expected if the DC/DC control and BMS functions are
merged on the same physical controller.

e Measurements and protections: Common circuit components along the PCB area to ensure
proper converter operation.

e Power Circuit Board and Housing.

3.5.2 Reference Power Cell Board layout

The converter design evaluation and main components sizing is done based on the power cell board
layout presented in Figure 3-7, which is based on a developed in-house power cell board for a
modular multi-level converter [5]. For illustration proposes, the board layout presented in Figure
3-7 considers five parallel connected MOSFET per PSD (named Qai for PSDa and Qgi for PSDg),
and a capacitor bank with eight discrete capacitors. A top mounted heatsink is installed when it is
needed. Two driver circuit, one for each PSD, are illustrated. Measurements and protections are
illustrated as a block, but these components are normally spread around the PCB area.



SINTEF

Printed Circuit Board

pZAV R,
DCDC

Driver Power Supply

24V/15V

Driver Circui

Driver Power Supply

24V/15V

Driver Circui

Controller &
Communications

il Wl

Measurements & Protections

Housing

Controller &

m.m f H Communications
A B

Printed Circuit Board

Figure 3-7 DC/DC Power Module — Reference Power Cell Board layout

3.5.3 Main design guidelines

3.5.3.1 Capacitor Bank

The required total DC capacitance (Cp) is sized to limit overvoltage associated with stray
inductance between Battery sub-Module (BM) and capacitor bank loop at PSD commutation:

LSBC ' Irznod max
Cpc = M
(6Vdc : Vmod.max)
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Lspc: the battery—capacitor stray inductance (typically 100-600 nH when BM placed close to
converter (main from DC busbar), when BM far from converter then cable inductance needs to be

added)
. . . Vpeak—V
6V,4.: the maximum allowed relative capacitor overvoltage (6 Ve = M).

Vmodmax
Vinod.max: Maximum battery module voltage. (Vi,pq.max = Nsceir * Veett.max)

Lnod max: maximum battery module current
Lnoamax = Npceu * Alpmx - Max {ceumccs Iceumenl

The DC capacitance is also ruled by maximum allowed dV/dt for the selected technology, so the
capacitor bank can handle the nominal current at each commutation action:
ch > Imod.max

dt max = Cpc

e . maximum allowed dV/dt for a discrete capacitor of the selected capacitor technology.

at Mmax

3.5.3.2 PSD and Heatsink design

The PSD design is mainly determined by the number of parallel connected MOSFET (n,,05) and
the core power MOSFET device. Based on the meta-parameterized approach for MOSFET device
modelling presented in appendix A.2, the selection of the MOSFET device is mainly determine by
the required blocking voltage (Vgockmos) and the available equivalent chip area (Acpipmos)- TO
simplify the design, it has been assumed a constant equivalent chip area of 50mm? and instead the
total equivalent chip area can be varied by changing npyos.

The required blocking voltage can be estimated by

Vv _ Vmod.max
BlockM0OS — k
Vblock

kvpiock:Blocking voltage utilization factor.

The number of parallel connected MOSFET is ruled by the desired maximum operating current, in
this case the maximum module current, so the MOSFET never overpass its maximum ratings
(current and junction temperature)

The MOSFET maximum continuous current (Ip;psmy) 1S limited (besides others) by

i =k i > Imod.max
Mosmx — RNSFIMOS * ‘MOSpackMX =
Npmos

where, ksros 18 the safety margin for absolute maximum MOSFET current given by the package
current limit and Iy gspackmx 1S the MOSFET package current limit, which can be found in the
device datasheet.

The MOSFET maximum current is also limited by the designed maximum operating MOSFET
junction temperature, which is linked to the way the MOSFET losses are dissipated and the heatsink
design. The required heatsink thermal resistance can be estimated based on the average thermal
model for power MOSFETs. Based on the wide design range of converter current/voltage ratings,
four heatsink cases have been considered to find the most cost-effective PSD design:
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e Case 1: No heatsink
To check if a heatsink is required, the required junction to ambient thermal resistance per MOSFET
(Rthjareq) 1s estimated and compared with the minimum junction to ambient thermal resistance per

MOSFET (R4 min) found in the device datasheet:
ij : ijx - TambMX

Rip =
JA.Req
PLossMOSi.MX

kT].: ratio of the designed maximum operating junction temperature to the absolute maximum
allowed MOSFET junction temperature.

Timx: absolute maximum allowed MOSFET junction temperature

Py ossmosimx: Total maximum losses (conduction and switching) of one discrete Power MOSFET
within the PSD

Tampmx: maximum inner module ambient temperature.

If Rtnjareq < Renjamin then a heatsink is required, otherwise the operating MOSFET junction
temperature (Tjpos) can be estimated by

Timos = Renjamin * Prossmosi T Tambmx

e Case 2: Heatsink without forced airflow.
In this case a heatsink aluminium structure is placed on top of Power MOSFET devices but without
air-forced (no fan). The required heatsink to ambient thermal resistance can be estimated by:

ij “Timx — (Rth]C + RthCS) *Prossmosimx — Tambmx

RinnHs.Req = )
Nppmos * FLossMOSi.MX

R¢njcr Rencs: junction-to-case and case-to-sink MOSFET thermal resistances
RinnHs.Req: Required heatsink to ambient thermal resistance.

e Case 3: Air Forced Heatsink.
In this case the heatsink is composed by the aluminium structure and a fan. The required heatsink to
air thermal resistance can be estimated by

kr; * Timax — (Rth]C + Rencs) - Prossmosimx — Tairmx

Rthansreq = P
Npyos * FrLossmMosi.mMx

Thirmx: maximum air flow temperature.
Rinans.req: Required heatsink to air thermal resistance.

e Case 4: Water cold plate.
When a water cold plate is place on top of MOSFET devices, then the required cold plate thermal
resistance can be estimated by

ij *Timx — (Rth]C + RthCS) * Prossmosimx — Twmx >0

Rincpusreq = P
Nppmos * FrLossMosi.Mx



SINTEF

T\ymx: maximum water/coolant fluid temperature.
Rincpus.req: Required cold plate heatsink thermal resistance.

It is assumed that the battery cells are water cooled, so T\, x> Tairmx and Tgmpumx are corelated with
a maximum temperature different between them. Taken as reference T, px:

Tairmx = Twmx + ATvw20irmx

Tampmx = Twux + ATwaampmx
AT, 2qirmx: maximum temperature difference between cold plate inlet/outlet water temperature and

forced air (set as 5°C)
ATy 2 ampmx: maximum temperature difference between cold plate inlet/outlet water temperature
and ambient temperature inside the module (set as 15°C).

3.5.3.3 Driver Power Supply (DPS)

Driver power supply is sized according to PSD gate & driver power requirements. The required
power by the DPS (Ppps) is estimated based on the average gate power per switching cycle as
following:

Npmos 2 - Pygmosi g
Ppps = Pppso + — : <2 - Poemosi + (Roon + Reors) - <—V L)
Driver Dr

Pyemosi: average gate losses of one discrete Power MOSFET within the PSD
R;on: turn-on equivalent gate resistance

Rgo5f: turn-off equivalent gate resistance

Npriver: Gate circuit average efficiency

Vp,: driver voltage

Pppso: DPS offset power

It should be noted that two DPSs are required for the considered converter layout, one for each
PSD. Figure 3-8 shows an evaluation example of Pppg as function of ny,os for different Power

MOSFET devices and for f,,, = 3kHz, Vp, = 15V, Npriver = 80%, Rgon = Rgors = 2.7 and
PDPSO = 05W
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Required DPS power for different Power MOSFET devices

fsw=3kHz, vDr=1 5V, nDriver=80%’ RG0N=RG0FF=2'7Q’ PDPSO=°'5W
T T T T T I

0.9 \
Infineon IRF100P219 (100V/100A) @QG=168nC
— — -Infineon IRF150P220 (150V/100A) @Q,,=160nC
0.8 Infineon IRF200P222 (200V/82A) @Q ,=135nC
Infineon IRF300P226 (300V/45A) @QG=127nC

-
———"
-
-

-
-
-

-

-

’_’_—
-
-
-
-
-

-
Pt e
-

-
-—'—_—
Al
ol
-

05 I I I ! I | \ I
1 2 3 4 5 6 7 8 9 10

Memos
Figure 3-8 Example of required DPS power for different Power MOSFET devices

3.5.3.4 Printed Circuit Board (PCB)

PCB design is beyond the scope of this work, however the PCB area needs to be estimated to
evaluate the converter performance, as it influences the size and cost of the converter. For the
considered converter layout, the PCB can be divided into two types: the power PCB and the control
PCB. The power PCB compress all components that carry out the main power of the converter, like
the power MOSFETs and the capacitor bank. On the other hand, the control PCB is composed by
all other components that does not carry out the main power of the converter, like the gate circuits,
controller, and communications. The main difference between the two PCB types are the used
number of layers and the copper thickness, which are higher for the power PCB compared with
control PCB. A power PCB with 4 layers / 105um copper thickness and a control PCB with 2 layers
/ 35um copper thickness, have been considered for all converter designs.

The total PCB area is estimated by the summation of the power PCB area (Apcp power) and the
control PCB area (Apcg control):

Apcg = Apca.power T Apci.control

For the considered converter design and layout, the PCB area can also be divided into three parts:
the capacitor bank area (Ac4.), the total PSD area (Apgp) and the area of other common
components (Apcc):

Apcg = Acac + Apsp + Aocc

The capacitor bank area occupied in the PCB can be approximated by the total capacitor bank
volume (Vol.4.) and the high of the single discrete capacitors composing the capacitor bank
(H Cdci):

_Voleac

Cdc —
HCdci
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The total PSD area (Apgp) is composed by the area of power devices (Apgp p) and the area of
control/gate devices (Apsp ), and it can be approximated by

Apsp = Apspp + Apspc =2+ Npmos * Apspi
Apspp =2 Npmos * kspMOS * Amos.pack
where, Apgp; 1s the area per power MOSFET including snubber and gate circuit components, which
can be considered proportional to the power MOSFET pack area (405 pack) (normally found in the
device datasheet):

Apspi = Kapspi * Amos.pack

k,pspi: ratio of PSD area per MOSFET to the MOSFET pack area (considered as a design
constant/parameter, k,psp; = 3 considered as default for all designs).
kspmos: space factor accounting for space between power MOSFET within the PSD.

On the other hand, Ay can be considered as a constant design value because other common
components do not change against module voltage or current ratings.

The power PCB area (Apcp power) 1S €stimated by:

Aocc
Apcg.power = Acac + Apspp + >

The control PCB area (Apcg contror) 1S €stimated by:

AOCC

Apcg.controt = Apsp.c + >
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3.5.4 Design algorithm

The implemented algorithm for DC-DC converter design is summarized and shown in Figure 3-9.
The design inputs are the maximum module voltage (Vy;04.max)> the maximum module current
(Imod.max) and the switching frequency (F;,, ). The switching frequency has also been considered as
an input because it also affects the design/selection of other components beyond the DC/DC
converter (like the string inductor).

The main free design parameters of the DC-DC converter sub-optimization are the number of
parallel connected MOSFETS (1n,,405) and the type of heatsink (HS¢,,e ).

Nymos 18 swept within the following range:

Imod.max

X v < Nymos = Npmos.Max
SFIMOS ~ 'MOSpkmx

with 1,005 max @s the maximum allowed number of parallel connected MOSFET, which is set as
design constant to limit 1,05 to practical values.

HSype can have four different values (for the four considered cases): 0 for no heatsink, 1 for
heatsink without forced airflow, 2 for air-forced heatsink, and 3 for liquid cold plate.

For the selection of the Power MOSFET devices, it has been considered at least a 100 % safety
margin on blocking voltage (kypocx = 0.5) and absolute maximum DC current (ksgp0s = 0.5)
from the maximum module voltage and module nominal DC current (scale by the number of
parallel connected MOSFET), respectively.

The performance evaluation is done to find the DC-DC converter design with minimum cost as
main criteria. Details on performance evaluation are introduced in section 4.6.

Inputs
General Module Maximum Module Voltage

design algorithm Nominal DC Current
(Switching Frequency)

— Design Constants -

Free Design Parameters | , Modification of parameters

v Nyos, HStype -
Capacitor |
Bank design { {
HeatSink Power Switch

Design Device Design

DPS
design

F 3

PCB design

Performance evaluation
Optimization algorithm

DC/DC Converter Performance space
Selection of Power Converter design

Figure 3-9 DC-DC converter design algorithm

PROJECT NO. PROJECT MEMO NO. VERSION
502002730 AN 22.12.37 1.2 33 of 121



SINTEF

3.6 String inductor design and evaluation

The string inductor should be selected/designed so that it can carry the maximum string current,
which is set by the string modules, so the string inductor nominal current (I, i) should be at least
equal to the maximum required continuous current of the modules including expected maximum
current ripple component:

2

fsw ' Vmod max)

ILy= |IZ + | ————
L.N \/ mod.max ( g. (—3 . Lstr

The inductor insulation voltage level (V} ;5,) should be at least the maximum string voltage level:
VL.L’so = VMMESS.max

The inductor ripple frequency is equal to the module switching frequency:

1
fsszf:swzm

The string inductors are evaluated following the methodology introduced in [1], but introducing
some factors to consider inductors with high current ratings but low inductance as could be the case
in some designs for this topology. The inductor models, parameters and meta-parameters are
introduced in the section 4.7 and appendix A.3.

3.7 MM-ESS performance space

The MM-ESS performance space is mainly defined by four performance indices:

1. MM-ESS cost: It compresses the main MM-ESS component cost without include any
additional cost associated to the installation of the MM-ESS.

2. MM-ESS weight: It has been approximated as the sum of the main MM-ESS component
mass.

3. Overall volume: It is estimated accounting only the overall volume of strings cabinets and
therefore neglecting any additional volume associated to the location/adequation of MM-
ESS in the application site (e.g., special room for battery system).

4. Average nominal losses: it is the average nominal loss of the MM-ESS within the expected
operating range.

The definition and evaluation of these performance indices, along with the modelling of the main
MM-ESS components, are presented in section 4.

Additionally, it can be also of interest to consider as part of the performance space, the MM-ESS
installed and usable energy (Eyygss and USRymess) as well as the maximum power capability
(Pymess.mcc> Pumess.mcp) of each solution, as they can be slightly higher to the required ones
specified by the input of the algorithm.
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4 Modelling and Evaluation of key performance indices

4.1 MM-ESS cost

The MM-ESS cost (Costyygss) has been evaluated considering only the cost of main components
and neglecting any additional cost associated to transportation, adequation and installation in the
application site. The main components cost is estimated by adding the cost of the strings
(Costsiring) and the cost of common components at system level (Costccs):

Costymess = Nstring * COStstring + Costecs

The cost of common components at system level is evaluated considering main common
components as described in section 2.1, and it is estimated by:

Costees = Costyysensor + Costiyp + 2 - (Costyycr + Costyycr + CoSteoep + COSteopicn)
+ Costpcr + Costyging + CoStgos + CoStygecer

Where the variables are defined as follows:
CoStyysensor: pack voltage sensor cost
Cost;yp: insulation measurement device cost
Costyycr: cost of a HV battery connection with interlock
Costyycr: cost of a HV contactor with feedback
Costpcr: HV pre-charge resistor cost
Costyainr: HV main fuse cost

Costgps: cost of an emergency-off switch
Costcoorp: cost of a main coolant port
CoStcooich: cost of a main coolant channel
Costysecer: Master controller cost

All the previous cost components for Costccs, except for Costyqinr, have been considered as
constant design values, and the considered values are reported in Table 1, which have been
estimated based on off-the-shelf prices of commercial devices (as 60% of reference price). As for
the HV main fuse, it should be sizeed according to the MM-ESS nominal/maximum current/power,
and therefore its cost is estimated by:

Costyymr = C4Wyginr - max {Pyyessmcpr Pumess.mcc)

where C4Wy,qinr 1S the cost per watt of the main fuse, which has been estimated considering a
200A/1000V main fuse with a reference cost of 81 EUR (C4Wy4inr = 0.405 EUR/kKW).

The total cost of a string is evaluated as follows:

COStString = CoStrstr + Nyog - COStyoq + CoStegpiner + CoStocs

where Cost; ;. 1s the cost of the string inductor, Costy,, 4 is the total cost of a module, Cost gpinet
is the cost of the string cabinet, and Costs is the cost of other common components per string,
which is evaluated by:



SINTEF

Table 1 Main MM-ESS cost parameters

Parameter Estimated Value | Reference component (@manufacturer, ref. values
WBV342U01-S @ Mianyang Weibo Electronic Co.,
CoStyysensor | 87 EUR Ltd: 0-1000V Input Voltage Sensor. (Listing price
145EUR/2022)
ISOMETER® isoEV425 with AGH420 @ Bender:
Costiyp 348 EUR Ground-fault monitoring device for AC 690 V and DC
1000 V IT systems
— PL082X-301-10D8 @Industrial-Amphenol: Powerlok
% Costyycy 39 EUR 300 2 pole receptacle, with HVIL contacts, X coded.
= Costyycr 72 EUR HX24 SPST-NO 1.5kV/400A @GIGAVAC
2 Costpcr 60 EUR Precharge resistor @REC (4s/7s delay @ 11-68V)
A Costzos 6 EUR L51K23HUM112 @Emas
EUR PV-200ANH1 FUSE 200A 1000V DC @EATON
C4Warainr 0.405 kw (reference cost: 81 EUR)
Costysecer 360 EUR NEURO vehicle management unit @TM4
CBX — Medium pressure, ball locking @Staubli (male
CoStcporp 108 EUR T female)
CostcooicH 10 EUR Silicon hose @1 1mm, length 1000mm @Bonrath
HVPT2A70/ HVSL630022A106 @ AMPHENOL
Costscser 228 EUR (male+female) for 70mm? cable
T; Costyssw 90 EUR HBD21 @GIGAVAC: Manual Disconnect Switch
2 CoStcsensor 138 EUR AHR 500 BIO@LEM (5004, 0-5V)
%0 Costsircer 50 EUR Assumed value
=i
2 Costegno 1275 EUR/m’ Fitted values for the family of sheet-steel IP55
kcostcano 543.48 industrial cabinets from Schneider Electric
kcostcant -0.934 manufacturer.
Cell socket: m/f 43020-1400/AT04-12PA-PMO05
Costscmod 11.6 EUR @Industrial-Amphenol, Signal socket m/f 93445-
6212/AT04-6P-PM11 @Industrial-Amphenol:
) EUR L15S100.T@ Littelfuse, 100A 100V fuse (reference
3 C4Wiroar 33 % cost 33 EUR)
L:’ Costpgc 9 EUR 1424877 @Phoenix Contact, Male+female connector
3 k 65.53 EUR Costhousemoarer = SOEUR
2 CostHouseMod mZ.kg VOlMOdREF = 33dm3 and WEightModREF = 55kg
Costrsensor 1 EUR B57861S0103F045@EPCOS, thermistor NTC
c-BMS100924@ Lithium balance, (Max. 24 cell, ref.
Costguyso 3.25 EUR price 7SEUR)

Costocs = 2 - (Costscser + Costyssw + CoSteoop + CoStuyer) + 3 - Costeooicn + COStesensor
+ COStStrCtr
With the additional variables and parameters defined as following:
Costgeser: Service connector cost at string level
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Costyssy: Manual service switch cost

CoStcsensor: String Current sensor cost

Costgircer: String controller cost

The considered values for the previous parameters are reported in Table 1.

The string cabinet cost (CoSt apinet) 1S €stimated based on its overall volume (Vol.,p), which
scales with the number of modules per string as described in section 4.3. The following function has
been proposed considering cost data of different battery cabinets/enclosures available in the market:

Cos tCabinet
_ K
= CoStcapo + Kcostcavo * (Volggp)Tcostcabt

Vo lCab

where, CoStcapo, Kcostcapo and Kcostcap1 are the fitted parameters for cabinet cost estimation as
function of cabinet volume. The family of sheet-steel IP55 industrial cabinets from Schneider

Electric manufacturer have been taken as reference string cabinet technology for cost estimation.
The reference values along with fitted model for string cabinet cost are shown in Figure 4-1. The
fitted parameters are reported in Table 1.

The string inductor cost is evaluated following the methodology described in section 4.7.

The total cost of a module is estimated by

Costyoq = Costggy + Costpey + CoStyousemoa + COStocm

Where Costgg), is the energy storage submodule cost, Costpc), 1s the power converter submodule
cost, CoStyousemoa 18 the overall module housing cost, and Costy, is the cost of other common
components per module, which is estimated by:

10000 [y 25 300
o 1 ® Reference data ® Reference data ® Reference data |
£ 9000 — — -Fitted Model — — -Fitted Model — — -Fitted Model L7
o 4 4~
— 250 -
m, 8000 1 e 2} 7 v o
1 —_ —_—
o o { [ 7
€ 7000 ! £ ’ = *,
3 I E £ 200 | ¢
(] e
2 6000 | > 15} 4 B )4
g ,I 5 , = 4,0
- | = @ + L
5 5000 1€ 3 , B 150 al
o — — ’
a \ © é 2
2 4000 | £ 1y # O ¢
o * 3 / 2100
- [ 4
© 3000 9 o s £
= > , = ’
o L = n 1
S 2000f %es_ Eo5[ ¢ '
o et m - @ . 50
[ /
'S 1000 | , I
»n ’ I
0 ‘ 0 ‘ . | 0 ‘ | |
0 1 2 0 0.5 1 1.5 2 0 0.5 1 1.5 2

String Cabinet Outer Volume m

3

String Cabinet Inner Volume [m3]
Figure 4-1 String Cabinet model: (left) Cost per unit volume versus outer volume, (middle)
inner to outer volume relationship and (right) overall weight to inner volume relationship.

String Cabinet Inner Volume [m3]
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Costocm = 2 - (Costsepoa + CoSteporp + COStepoicn) + COStyoar + CoStyycr + Costpge

With the additional variables defined as following:

Costsepoa: Service connector cost at module level (signal and power)
Costyoqr: module fuse

Costpgc: power supply connector cost

The considered values for the previous parameters are reported in Table 1. Like the HV main fuse,
the module fuse should be size according to the module maximum current/power, and therefore its
cost is estimated by:

Costyoar = C4Wyoar * Vimod.max * Imod.max

where C4Wy,,4F 1s the cost per watt of the module fuse, which has been estimated considering a
100A/100V fuse with a reference cost of 33 EUR (C4Wy,pqr = 3.3 EUR/KW).

The module housing cost is estimated assuming that is scales with the module outer area and weight
of components, therefore it is approximate by:

2
Costyousemoa = kCostHouseMod -Weightyoq - (Volyoa)3
2

COStHouseModREF) . ( 1 >§
Weightyoarer Volyoarer

kCostHouseMo ; 1s the cost of module housing per unit area and unit weight, and CoSty,ysemodreF 15
the reference cost for the housing of the reference module with overall volume and weight of

Volyoarer and Weighty,arer, respectively. The reference values and parameters are also reported
in Table 1.

kCOStHouseMod - (

Finally, Costggsy and Costpcy, are evaluated following the methodologies described in sections 4.5
and 4.6, respectively.

The following cost components has not been included in this model, so maybe they can be
considered for future versions of the algorithm:
e Components related to cell safety: pressure sensor, gas release system, fire management...
e Power supply 5V/24V, (It can be one per string or only one for the full battery system)

4.2 MM-ESS weight

The MM-ESS weight (Weightygss) has been approximated as the sum of the main and heaviest
active component mass, so it is estimated by:

Weightymgss = Nstring - (Weight s + Nyog - Weightyeq + Weightcap)
Weighty,q = Weightgsy + Weightpcy

where, Ngiring 1s the number of strings, Weight, ., is the string inductor weight, Ny,4 is the total
number of modules per string, Weight.,, is the overall weight of the empty string cabinet,
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Weightgsy is the weight of the energy storage sub-module, and Weightpcy, is the weight of the
power converter sub-module.

The overall weight of the empty string cabinet has been estimated based on the required inner
volume of the cabinet (Volc,p nner), by:

. kmasscab1
Weightcap = Kmasscabo * (VOlCab.Inner)

where, K asscapo and Kimasscapt are the meta-parameters for cabinet weight estimation of the
considered string cabinet technology. The family of mild-steel free-stand single access industrial
cabinets (NEMA Type 12, IP55) from Hoffman manufacturer have been taken as reference string
cabinet technology for weight estimation (k,,qsscapo=197.3 kg and k., 45scap1 = 0.524 when
volume in m?). The reference values along with fitted model for string cabinet weight are shown in
Figure 4-1.

The string inductor weight is evaluated following the methodology described in section 4.7, while
Weightgsy and Weightpcy, are evaluated following the methodologies described in sections 4.5
and 4.6, respectively.

4.3 MM-ESS volume

The MM-ESS volume has been approximated accounting only the overall volume of the string
cabinets, therefore it is estimated by:

Volymess = Nstring * Volcap

where, Ngiring 1s the number of strings and Vol is the overall volume of the string cabinet,
which can be estimated based on the required inner volume of the cabinet (Vol;qp 1nner), BY:

= k
VOlCab - kvolCabO ’ (VOlCab.Inner) volCab1

where, Kyoi1capo and Kyoicap1 are the meta-parameters for inner to outer cabinet volume estimation
of the considered string cabinet technology. The family of mild-steel free-stand single access
industrial cabinets (NEMA Type 12, IP55) from Hoffman manufacturer have been taken as
reference string cabinet technology for volume estimation (K, q;cqpo=1.26m> and kyp;cqp1 = 0.929
when volume in m?). The reference values along with fitted model for string cabinet volume are
shown in Figure 4-1.

The required inner volume for the string cabinet is estimated by:

(VOlLstr + NMod : VOlMod)
VOICab.Inner =

kUcab

Volyoa = Volgsy + Volpey
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where, Ngiring is the number of strings, Vol is the string inductor volume, Ny,4 is the total
number of modules per string, k.45 1S the utilization ratio of volume inside the string cabinet,
Volgsy 1s the volume of the energy storage sub-module, and Volpy, is the volume of the power
converter sub-module.

The string inductor volume is evaluated following the methodology described in section 4.7, while
Volggy and Volpcy are evaluated following the methodologies described in sections 4.5 and 4.6,
respectively.

4.4 MM-ESS power losses

The MM-ESS power losses should be evaluated for a given operating point/condition, which is
mainly defined by the MM-ESS operating voltage (Vi gss), the MM-ESS power (Pyyess) and the
SOC/SOH of all modules composing the MM-ESS.

Considering the power losses at all the operating conditions is impractical for comparing the MM-
ESS performance space within the design algorithm, therefore an average value of power losses at
the beginning of battery life is considered here, which is described/defined in this section. However,
the introduced models in this section for the main MM-ESS components are general enough to
allows the power loss evaluation considering different operating conditions.

The MM-ESS power has been assumed to be positive when the MM-ESS is discharging, and
negative during charging operation. Depending on the power flow direction the power losses may
be different, especially for the battery cells as the internal cell resistance is normally different for
charge and discharge operation.

The MM-ESS operating voltage has been constant for all the power loss evaluations. It is
considered as the average value between the minimum and maximum operating voltages given as
input to the design algorithm:

v _ Vumessmax + Vumessmin
MMESS = >

Assuming that all strings are equally loaded, then the average string current can be evaluated by:

Pymess gy 2 0 for discharge
Nstring - Vumess~  Iser <0 for charge

Istr -

To simplify the evaluation, it can be assumed that, at a given operating condition, all the active
modules per string have a SOC equal to the total SOC of the MM-ESS (SO Cypgss), therefore the
voltage of the module can be approximated to be a function of SOCyprss and considered to be the
same for all active modules. Then, the RMS string current can be approximated by:

N

2
12 — 12 4 (fsw : VmOd(SOCMMESS))
trRMS str g. \/§ ] Lstr
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where the string ripple current has been approximated to a triangular waveform and the duty cycle
of the PWM converter been 0.5 (worst case for current ripple).

The MM-ESS power losses as function of I, and SOCyypgss (considered operating conditions) can
be evaluated by:

PLOSS.MMESS(IStT" SOCMMESS)
= Nstring ’ (PLossL + PLossPCM.SW + NMod : PLossPCM.Cond + Nact : PLossESM )

where P; ;. are the string inductor power losses, Py osspem.sw and Prosspem.cona are the switching
and conduction losses of the power converter sub-module, respectively, N, is the number of active
modules per string, Ny, 4 1s the number of installed modules per string and P, ,ssgsp 1 the power
losses of the energy storage submodule.

It should be mentioned that all modules connected to the string are always conducting the string
current (either by connecting the battery module to the string or by passing it), but for a given
control period, in average only one module is under PWM operation, which is used to control the
string current and/or voltage regulation.

P; 51, 18 @ function of the string current, and it is evaluated following the methodology described in
section 4.7.

P osspem.sw and Prosspem.cona are evaluated as described in section 4.6. P ysspcm.cona 1S @ function
of I, which is mainly determined by the conduction resistance of the power semiconductors,
while P, ,sspcm.sw 18 @ function of Ig;,- and the module voltage (V,,,,4), which is a function of
SOCymEss-

Py ossesm 18 evaluated following the methodology described in section 4.5. It is a function of I, and
SOCyyEss-

The number of active modules per string is calculated as following:

VMmEss }

N, .. = ceil {
act Vinoa (SOCyuiss)

The average MM-ESS nominal power losses (P;,ssnvom.mmEss) are calculated considering the
operating range of SOCypygss, as following:

1 SOCmx
PLossNOM.MMESS = m ' f PLoss.MMESS(Istr.MCDrSOC) -dS0C
SOCmn

PMMESS.MCD

Istr mcp = N Y
string MMESS

where, SOC,,,,, and SOC,,,, are the maximum and minimum SOC for the MM-ESS, USRymEss 18
the MM-ESS Usable SOC Range (USRymgss = SOCre — SOCinn), Lstrmep and g pcc are the
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maximum continuous discharge and charge string current, respectively, and all other variables as
previously defined.

Finally, an average MM-ESS power loss value (P;,ssave.mmEss) €an be calculated considering the
operating range of I, and SO Cypiss, as following:

soc i
p 1 .f mx f strMeb Py o s mmess (i, SOC) ~di - dSOC
LosSAVG.MMESS = :
USRumess 50Cmn A —1sermee Ustrmep + Isermcc)
I _ Pymessmcp
str.MCD —

Nstring ' VMMESS
PMMESS.MCC

Istr mcc = N Y
string MMESS

where, SOC,,, and SOC,,, are the maximum and minimum SOC for the MM-ESS, USRymEss 18
the MM-ESS Usable SOC Range (USRymess = SOCrxe — SOCinn), Lstrmep and Lger pcc are the
maximum continuous discharge and charge string current, respectively, and all other variables as
previously defined.

4.5 Battery Energy Storage sub-module

The battery energy storage sub-module is mainly composed by three parts: Battery cell array,
heatsink and battery management system (BMS).

The cell array composed by nigeey; - Npcen battery cells (nycey; parallel connected cell strings each

with nge.; series connected cells), which mainly define the battery module nominal electrical
properties (voltage V,,,4, current I,,,,4 and energy E,,,q):-

Vinoa = Nscer * Veen
Inoa = Npcell * Leenr
Ermoa = Nscenr * Npcell Ecen

Where, V,,;; is the cell voltage, I..;; is the cell current and E,;; is the cell energy capacity.

Battery cell thermal management is based on water cooling. The water cooled heatsink is
designed/sized to keep cell temperature within a safe range for worst case operating conditions. The
model of the battery module water-cooled heatsink developed within this work is described in [4].

The BMS compress all electronics and measurements (temperature and voltage sensors) of the
battery module to ensure the correct and balance operation of all battery cells as well as
communication with external components.

4.5.1 Battery cells

The considered battery cell technologies are NMC, LFP and LTO (Anode), as they are the most
common used in marine applications. Table 2 shows an example of the relevant battery cell
properties for different battery cells considered within this work.
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The battery cell voltage (V,.;;) is modelled based on the Open Circuit Voltage (OCV) and the
internal series resistance (Rq;):

Veetr = OCVeeyp — Reetr * Icenr

Where I,,;; as the cell output current, so I..;; > 0 when the cell is discharging and I,..;; < 0 when
the cell is charging.
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General

Mechanical

Electrical (@ 25°C)

Thermal

Others

Table 2 Reference Battery cells main properties.

Chemistry
Manufacturer

Reference

Shape

Width [mm]
Length [mm)]
Thickness [mm]
Weight [kg]

Capacity [Ah] (@Crate)

Nominal Energy [Wh]
Average Voltage [V]
Lower Limit Voltage[V]
Upper Limit Voltage[V]
Max. Cont. Charge
Current [A]

Max. Cont. Discharge
Current [A]

Max. Peak Dch. Current
[A] (10s, SOC>50%)
Internal resistance
Ch./Dch. [mQ] (@SOC)
Rapid Charging
Temperature [°C]
Discharge temperature

[°C]

Parallel to

ER-AvA layers
=
g —8 g (KCellx)
£ S E Across layers
(Kcetty)

Cycles
< DoD [%]
= Charge/Discharge
& Temperature [°C]

EOL capacity [%]
Calendar life: Capacity
loss per year [%]
Unit price [EUR]

NMC
Kokam

SLPB160
460330

462

327

15.8
4.510

240
(0.2C)
888
3.7
2.7
42
240
(1C)
480
(20
720
(30)
0.5/0.5
(30%)
10~35

-20~ 55

0.3566

30

6000
90
1C/1C
25
70

802

NMC
Kokam

SLPB130
255255P

Pouch

268

265

13.7
1.830

75
(0.2C)
2775
37
27
42
300
40)
600
(30)
1125
(15C)
0.4/0.4
(30%)
10 ~ 35

-20 ~ 55

0.7

40

6000
90
1C/1C
25
70
2

251

LTO

Altair-

nano
70AhNan
oLTO

256

263

12.4
1.870

68.5
(1C)
151
2.21
1.5
2.9
500
(~70)
500
(~70)
900
(~13C)
0.4/0.4
(50%)
-50 ~ 65

-50 ~ 65

0.85

50

25000
100
2C/2C
25
80
0.8

172

LFP
CATL

302Ah-LFP

173
204
71.6

5.5

302
(1)
995
3.22
2.7
4.15
604
20
906
&)

0.45/0.45
(50%)

0~65

-35~65

1500
100
1C/1C
25
80

210

NMC LTO
Samsung = Toshiba-
-SDI SCiB
94Ah-NMC @ 23Ah-LTO
Prismatic
173 115
125 103
45 22
2.1 0.55
94 23
030 (10)
345 53
3.68 23
2.7 1.5
4.15 2.7
72 92
(~0.8C) 40)
150 92
(~1.6C) (40)
409 184
(~4.35C) (8C)
0.79/0.79 ' 1.17/1.17
(50%) (50%)
~60 -30 ~ 55
-40~60 = -30~55
1.7 0.8
30 31
4255 11756
100 100
0.5C/1C 1C/1C
25 25
80 80
1 1
250 57

NMC
REPT

155Ah-
NMC

97

148

79
2.65

155
(16)
566
3.65
2.8
4.3

186
(1.20)

310
20
465
(30

0.6/0.6
(50%)

-20 ~ 55

-30~55

1.7

30

1400
80
1C/1C
25
80

103
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4.5.1.1 Open Circuit Voltage (OCV)

The cell OCV is a function of SOC and cell temperature. OCV also change as the cell is aged.
Figure 4-2 shows examples of OCV-SOC and temperature relationship for different battery cells as
reported in other studies.
Regarding the OCV-Temperature relationship, the following observations can be done for cell
temperatures higher than 10°C:
e For NMC cell technology: OCV reduces as temperature increases, more drastically for
SOC<40%.
e For LFP cells: OCV for SOC >70% increases as temperature increases and OCV for
SOC<30% reduces as temperature increases.

It can be observed that OCV versus SOC dependency is more significant compared with
temperature dependency. Therefore, OCV-temperature dependency has been neglected within this

study.

OCV-SOC curve may be provided by cell manufacturer, however, in case this information is not
available for a given cell, then it is assumed that the OCV-SOC relationship is similar for cells with

a 4 I'b
3.5
> 3.5 12,
g —Fresh NMC@40°C | —Fresh LFP@40°C
© Fresh NMC@25°C | © Fresh LFP@25°C
—Fresh NMC@10°C | 29 —TFresh LFP@10°C
— Aged NMC@25°C — Aged LEP@25°C
0 0 40 60 80 100 20 40 60 80 100
SoC (%) SoC (%)

a) NMC cell — (Fresh vs aged) (source: [23]) b) LFP cell — (Fresh vs aged) source: [23]

3

/ —35°C
3k , 4 45°c

L L L L 1 1 L 1 Il ke . i - - i . i 4
0 10 20 30 40 50 60 70 80 90 100 0 10 20 30 40 50 60 70 80 90 100

SOC(%) State-of-Charge [%]
¢) NMC cell (source: [22]) d) LTO cell (source [24])

Figure 4-2 Example of OCV-SOC-Temperature for the considered cell technologies
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same chemistry/technology, so a normalized OCV is considered for each cell technology which is
estimated based on the SOC-OCV model proposed in [5]:

ocv

= (kaOCV + kpocy - (—1og SOC)*mocv + k ey - SOC + kgocy

exp(knocy * (SOC ~ 1))

Vcell.avg

0<Ssoc<1
The OCV-SOC parameters for the NMC, LFP and LTO cell technologies are presented in Table 3.
Figure 4-3 shows a comparison of normalized OCV-SOC curves for the considered battery cell
technologies based on the previous model and parameters in Table 3.

Table 3 OCV-SOC model parameters for considered battery cell technologies (reference

cell temperature 25°C).
Battery type  kgocy kpocy kcocy kaocy kmocv  knocy
NMC | 0.9393 -0.0090 -0.0284 0.1986 1.4030 2
LFP | 0.9533 -0.2083 -0.4081 0.5273 0.4780 04
LTO* | 0.9332 -0.0005512 -0.1463 0.2861 2.9640 1.6

*Cathode: LNMCO+LMO

1.15 I I w w
——NMC

ocv/Vv

0.85 | | | | | J \ \ !
0 10 20 30 40 50 60 70 80 90 100

SOC [%]
Figure 4-3 Normalized OCV-SOC curves for the considered battery cell technologies.
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4.5.1.2 Internal cell resistance

Internal cell resistance mainly changes as function of temperature, SOC, and State of Health

(SOH)/aging. Figure 4-4 shows an example of cell resistance versus SOC curves for the considered
cell technologies.

Cell resistance vs SOC/temperature may be provided by the cell manufacturer, however, in case that
information is not available, the manufacturer normally provided a reference cell resistance value
(Rcenrer) at reference conditions, then the following model is proposed to model the cell resistance:

Reen = fun(T' SOC,SOH) = R euirer * RnT(Tcell;SOH) : RnSOC(SOC; SOH)

Reeurer = Reeu(Tceurer, SOCrer, SOH = 100%)

Rooy (Toor, SOCrgr, SOH) k
RnT (Tcellr SOH) = s CeR REF = gn€SOH)
CellREF exp (_ a—>
Rgas : Tcell

Rcell (TREF' SOC: SOH)

RcellREF
= krsoco(SOH) + Kpsoc1(SOH) - (SOC — kggpcp)*Rsocs

0<soCc<1

Rys0c(SOC, SOH) ~

R, normalized cell resistance -temperature dependency, which follows the Arrhenius equation [6].
R, soc: normalized cell resistance-SOC dependency.

Ryqs gas constant (8.314 J /(mol K))

E,: Activation energy [J/mol] (for NMC range 50-60 kJ/mol new cell, for LFP 25-35 kJ/mol; for
NCA 41kJ/mol (new cell) and 44kJ/mol aged cell). E, increases as cell ageing.

T,ep: cell temperature [K]

krsoco: used to fit equation for the R ;g When SO Crgr different that krsoc2. It increases as cell
ageing.

b
- 250 3r
o c 25
E 2 E
: -
X [
B 1.5} B
& 2 15
W0z 04 06 08 1 " 0z 04 06 08 1
s0C s0C
Internal resistance of LTO/NCM cells Internal resistance of C/LiFePOQ, cells
Figure 4-4 Example of cell resistance versus SOC curve for the considered cell technologies
(source: [25]). a) LTO/NMC cells, b) LFP cells
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krsoc1: increases as cell ageing.
Krsoco: around 0.5 for NMC/LTO, around 0.8 for LFP

krsoc3: even number (4-8 for NMC/LTO), 2-4 for LFP, and >12 for constant R_,;; vs SOC

relationship.

For the scope of this study, the temperature dependency has been neglected, so R, = 1.
Figure 4-5 shows an example of R,;5oc evaluated with the proposed model fitted to the curves in
Figure 4-4. Figure 4-6 shows an example of modelled NMC cell voltage including a comparison of

influence of cell resistance-SOC variations versus constant cell resistance.

RCeII/RCeIIREF
i
T

1+1.8*(SOC-0.75)?

0.995+40%(SOC-0.55)°

~
Ner——

44

Cell Voltage [V]
w &
[e)} (o) S N

w
~

Figure 4-5 Normalized cell resistance-SOC dependency evaluated with the proposed
model. Blue curve fitted for NMC/LTO cells; red curve fitted for LFP cells.

’
| —Vcell @IDmx (constant R) N
—VCeII @|me (constant R)

| |- - vel@

--—--0CV y

oy & R(SOC)
mx
- - Vel@lp,, &R(SOC)

w
N
T

w
T

20 40 60 80
SOC [%]

100

Figure 4-6 Example of modelled NMC cell voltage. Comparison of influence of cell
resistance-SOC variations versus constant cell resistance.
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4.5.2 Module voltage

Considering the previous battery cell model, then the battery module voltage can be estimated by:
Vmod(SOC: Imod) = OCVmod(SOC) - Rmod(SOC) ) Imod

OCVmod(SOC) = Ngcelr - OCVcell(SOC)

n
Rmod(SOC) — sCell

o coll : Rcell(SOC)
pCe

where, OCV,,,4 1s the equivalent module OCV and R,,,,4 is the module internal resistance.

4.5.3 Thermal management

As previously commented in section 3.4, the battery cell thermal management is based on a water-
cooling architecture with thermal conductive fins and cold plates as illustrated in Figure 3-2. The
model, design methodology and implementation of the battery module water-cooled heatsink
developed within this work is described in [4]. Here, a summary is included for the sake of
completeness.

Figure 4-7 shows a simplified thermal model for the water-cooling system based on conductive
thermal fins and cold plates. The average thermal resistance per cell of the fin-cooling system
(Renps.pin) can be estimated as follows:

Rov o
(RthCellx + Renrpx + tréFm + RthBi) - (Renceuy + Renrpy + Rens) N Renrpcpi
2

Rinnsrin =
Rincetx + Renrpx + t’éFm + Ringi + 2 - (Rencetty + Renrpy + Rens)

where Ripcenx and Ripcerry are the in-plane and trough-plane cell thermal resistance (from centre of
the cell to the cell surface), respectively, R;,rin 1s the fin thermal resistance, Ry is the base
thermal resistance, Rpp; 1s the fin-base thermal resistance (equivalent for the fin path), Ryprpy/y are
the thermal pad thermal resistances (between cell and fin/base) and R rpcp; 1s the portion of cold
plate thermal resistance (Rqcp) and thermal pad (between base and cold plate) thermal resistance
(R¢nTpcp) per cell assuming uniform heat distribution along the cold plate surface (Ryprpcpi =

Neenr - (RthCP + RthTPcp))-
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Inllet Outlet
coolant coolant
T
O
-
(0]
B
©
o
Inlet Outlet
coolant coolant
Figure 4-7 Simplified thermal model for water cooling system based on conductive thermal
fins and cold plates.

The cell thermal resistances are estimated based on the cell dimensions W,,;; (width), L..;; (length),
tee (thickness) and the equivalent/average in-plane and trough-plane cell thermal conductivities
(Kceux and KCelly)a by

R _ Leenl
thCellx —
2 Kcelix * Lcell : chll
R _ chll
thCelly —

2 Kcelly Lcell *Leell

The fin thermal resistance (R;,ri,) 1S calculated based on the fin thickness (tg;;,) and the thermal

conductivity of the fin material (typically Al but Cu could be considered to get better thermal
resistance to volume trade-of¥):

Lcell

Rippin =
m Krin * chll * trin
The base thermal resistances are calculated as follows:

tbase
Krin - Lcell : (tFin +2- thase tan(aFin))

Rinpi =

PROJECT NO. PROJECT MEMO NO. VERSION
502002730 AN 22.12.37 1.2 50 of 121
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tbase
Krin - Lcell : (tFin + tcell)

where t;,,. 1 the fin base thickness and ap;;, is the thermal spreading angle for the thermal
conductor material [7].

Ripg =

The pad thermal resistances (Rprpy » Rentpy and Reprpep) are calculated based on the thermal pad
thickness (trp) and its thermal conductivity (kg p):

R _ trp
thTPx —
Krp * Weenr - Leen
R _ trp
thTPy —
Krp * teent * Leen
R _ lrp
thTPcp —

krp - Wep - Lep

The thermal resistance of a cold plate can be estimated by:

KCPRO

kcpra  KcPRt kcprFr
ABCP tCP VFR

where Agcp 1s the cold plate base surface, t.p is the cold plate thickness, Vpy is the inlet water flow
rate (dm3/min), and K:pro> Kcpra> Kcpre and Keprrgr are proportionality regression coefficients
(meta-parameters) found by taking data from the different cold plate technologies (see appendix A).
Then, the cold plate thermal resistance per cell (Rq,rpcp;) can be calculated as follows:

Rinrpcpi = Neent (RthCP (Wep  Lep, tep, Ver) + RthTPcp)
Wep = Ngey * (teeu + 2 trp) + (Meey + 1) - tpin

Lep = Leen
where (W¢p - Lcp) is the total base area of the top and bottom cold plates. Table 4 reports the

Rincp(Apcps teps Vir) =

Table 4 Fin cooling parameters

Parameter Value
Thermal Pad Thermal Conductivity (krp) 3.4 [W/mK]
Reference material: Thickness (t7p) 0.3 [mm]
H48-6 / TG-AH486 @ T-Global | Density (prp) 2420 [kg/m3]
Technology Cost density (Costypy) 60 [EUR/kg]

Thermal conductive fin
Reference material:
e 6063 aluminium alloy
e Cooper

Thermal Conductivity (Kg;y,)

Al: 210 [W/mK]
Cu: 386 [W/mK]

Thermal spreading angle (ag;y,):

Al: 40°
Cu: 45°

Density (prin)

Al: 2690 [kg/m3]
Cu: 8940 [kg/m3]

Cost density (CoStgn1)

Al: 3.2 [EUR/kg] [21]
Cu: 6 [EUR/kg]

Cost per unit (Costpng)

0.1 [EUR] [21]

Minimum Thickness

0.5 [mm]

Maximum Thickness

0.5*tcey
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considered fin cooling parameters within this study.

4.5.4 Cost

The cost of the battery energy storage sub-module (Costgg,,) is evaluated considering its three main
components, as following:

Costgsy = Ngcenr * Npcetr - COSteey + CoStygpe + Costgys

where Cost..; is the cost of a single battery cell, Costyspc is the cost of the battery heatsink
system, and Costgys is the BMS cost.
The battery heatsink total cost can be estimated as the sum of cost for its main components (thermal
pads, cooling fins and cold plates):
Costysgc = Costrp + Costpyy, + Costep
Costrp = Costypy - Weightrp
Costpin = CoString - (Nceu + 1) + CoStpiny - Weightpy,

where Costrpq is the cost per kg for the thermal pad material, Costg;y1 is the cost per kg of the fin
material (Al or Cu), Costgip 1s the unit cost per fin, and Cost.p is the cost of the cold plate, which
can be evaluated following the methodology introduced in appendix A.

The module battery management system cost (Costgy,s) is calculated according to

Ngcell * Npcell

Costgys = CoStpumso * Nscelr * Nycent + Costrsensor * 4

where Costgyso 1s the average BMS cost per cell, and CoStrgensor 1 the cost of temperature sensor
(assuming installation of one sensor for every four cells in the module). The considered values for
these parameters are reported in Table 1.

4.5.5 Weight

The weight of the energy storage sub-module is mainly defined by the battery array and the
heatsink, so it is evaluated by

Weightgsy = Ngee - Npcell Weight . + Weightysgc
where, Weight,.;; is the weight of a single battery cell and Weightysp is the total weight of the
battery heatsink, which is calculated by:

WeightHSBC = Weightpin + WeightTp + Weightcp
Weightpin = prin* Ween * trin * Leen * (e +1) + 2 - Wep - Lep * tpase)
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Weightrp = 2 prp - trp - (Mcen * Leetr * Ween + teen) + Wep - Lep)

where Weightg;, is the total weight of the thermal conductive fin and base, Weightp is the total
weight of the thermal pad material between cell and fin/base and cold plate, pg;,,, and p7p, are the
densities of the thermal conductive fin material (Al or Cu) and thermal pad material, respectively,
and Weightp is the cold plates weight, which can be evaluated following the methodology
introduced in appendix A.

4.5.6 Volume

The volume of the energy storage sub-module (Volgg,,) is determined by the total number of cells
per module and the designed heatsink for the battery cells. Considering Figure 3-2, it can be
estimated as follows:

Volgsyy = Wep + 2 - AXyg) - (Lep + 2 - AXpys) - (WCell + 2 (tpgse +trp + tep + AXHS))

where AXy ¢ is a delta space for module/heatsink volume evaluation accounting cold plate supports,
insulation, terminals along others. A module configuration with one row of Mg (= Ncerr * Npcerr)
battery cells is assumed to simplify the heatsink design evaluation, however, alternatively the
number of rows can be vary placing double side cold plates between cell rows in case maximum
module dimension constraint need to be considered.

4.5.7 Power losses

The power losses of the energy storage submodule are mainly determined by the internal resistance
of the battery cells; therefore, it is evaluated as follows:

Ppossesm(SOC, Imoa) = Rpyoa(SOC) - Irznod
with the cell internal resistance modelled as function of SOC following section 4.5.1.2.

When the battery sub-module is connected to the string, the module current is equal to the string
current (I5,), therefore the power losses can be approximated by:

fow - (0CVinga(SOC) — Rinoa(SOC) - Istr)>2>

PLossESM(SOC' Istr) = Rmod(SOC) ) <152“” + ( 8- \/§ * Lgtr
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4.6 DC/DC Power Converter Sub-module

The DC/DC power converter sub-module is based on a half bridge topology which is shown in
Figure 3-5. The Power converter is modelled based on the power cell board layout presented in
Figure 3-7, and following the design rules presented in section 3.5.

4.6.1 Capacitor bank

The capacitor bank is modelled as N, parallel connected capacitors with single discrete
capacitance Cp;, so the total capacitance Cp is

Cpc = Nege - Cpei

The DC capacitors are modelled following the meta-models presented in appendix A.1.

The capacitor bank in this application is mainly considered for snubber function but not DC-link
energy buffer. Film capacitors are considered for this propose. The MKP film capacitors series
B3265x from EPCOS manufacturer has been considered as reference capacitor technology. Meta-
parameters for this technology are introduced in appendix A.1.

N q. 1s determine by the maximum energy of a discrete capacitor (E¢;,qx), Which depends on the
selected technology:

0.5- CDC ' Vr%wd.max)

E Cmax

N4 = ceil (

Then, Cp¢; is calculated to fulfil the two design guidelines introduced in section 3.5.3.1:

2
1 L8BC ' Imod.max

Cpei = .
bet chc (SVdc ’ Vmod.max)2

ch > Imod.max

dt max  Cpc
The maximum allowed dV/dt for a discrete capacitor (%MAX) is estimated by:
av, kcave kcavy
d_tc = Kcavo (CDCi) ’ (Vmod.max) ’
MAX

. av, o
where, kcgv0, Kcaves Kcavy are the capacitor meta-parameters for d—: estimation of the
MAX

considered capacitor technology.
The total bank capacitor volume (Vol.,.) and weight (Weight 4.) is calculated by:
Volcae = KScac * Neae - Voleaci

VOlCdci = kaolO ’ (CDCi)kCUOIC : (Vmod.max)kcvow
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Weightcaci = kcpo - (Volcaci) erv!

where, KS¢4. 1S a space factor to consider the space between discrete capacitors, Volcq4; is the
volume of a discrete capacitor, and K¢yo10, Kcvoics Kcvorv and kepo, Kcpyor are the capacitor meta-
parameters for volume and weight estimation, respectively.

The height of the single discrete capacitors composing the capacitor bank (H4,;) is estimated by

Heaei = keno - (Cpe) e - (Vmoamax) v

where, kcno, Kcne» kKcny are the capacitor meta-parameters for single capacitor high estimation of
the considered capacitor technology.

The capacitor bank losses are neglected for this topology.

Finally, the total cost of the capacitor bank is calculated by:

COSthc = Nede (COSthCO + kCcostO : (CDCi)kCCOStC : (Vmod.max)kcwsw)

where, CoStcaco, Kecostor Kccostes Kceosty are the capacitor meta-parameters for cost estimation of
single capacitor Cp¢; and for the considered capacitor technology.

4.6.2 Power Switch Device (PSD)

A PSD is modelled as n,os semiconductor devices parallel connected with the Power MOSFET as

core technology. StrongIRFET Power MOSFETs from Infineon has been considered as core
semiconductor technology. The half bridge topology has two paired PSDs, so the power converter
sub-module has in total 2 - nyy s Power MOSFET devices.

The total cost of power switch devices (Costpgp) is calculated as follows:
Costpsp = 2 Nypyos * (Costpspg + CoStyosrer)
where,
Costyosrer: 1s the Power MOSFET device cost, which depends on blocking voltage and chip area:

k
— k MOS.cost2
Costyosrer = CoStyoso + Kyos.costo * Vpiock) MOS<costt - (Achip)

Costpspo: 1s other PSD component cost. This includes the external gate resistances Rgon and Rgorr,
RC snubbers and Ferrite bead. Constant value (Costpspy = 0.3 Euro)

The weight of the PSDs is estimated by:

Weightpsp = 2 - Nypmos * Nepsp - Weigtheompave
Weigthcompave: average electronic component weight.
N_psp: number of discrete components per MOSFET in the PSD.
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The power losses in a power MOSFET operating in the switch-mode can be divided into conduction
losses, switching losses and gate losses. The MOSFET losses models are introduced in the
following sub-sections.

4.6.2.1 Conduction Losses
Conduction losses in the power MOSFET are calculated using the drain-source on-state resistance
approximation (Rps):

Vps = Rps(ip, Vgs, Tj) “Ip
where vps and ip are the drain-source voltage and the drain current, respectively. The on-state
resistance depends on junction temperature (Tjpos), gate-source voltage (Vas) and drain current,

and their relationships can be typically found in the device datasheet. For switch-mode operation,
Vs is normally set so that the on-state MOSFET vps vs. ip characteristic is as lineal as possible
(Rps invariant with ip), then neglecting the Tjos variations in the period (T), the average MOSFET

conduction losses (Ponamosi) can be found by [8]:

1 T ) 1 T ]
Peonamosi = T f vps(t) - ip(t) - dt = T j Rps(Timos) - ip(t) - dt = Rps(Timos) I$105,rms
0 0

where Imos,ms 1S the rms value of the MOSFET on-state current. To calculate the on-state resistance
thermal dependency, the following formula is used [9]:

Timos=T;
aRDs) imos—TjREF

RDS(T]'MOS) = RpsRer * (1 + 100

where ag . is the thermal coefficient of the on-state resistance, which can be calculated from the

typical data reported in the device datasheet, and Rjs g 1s the on-state resistance at reference
junction temperature Tjrgr. Based on the analysis presented in appendix A.2, the Power MOSFET

conduction parameters are evaluated as function of equivalent chip area (A.p;p,) and blocking
VOltage (VBlock):

k
kuos.roo + kmos.rp1 © (Vprock) ™MOSRP?

Achip

Rpsrer =

_ K
arps = kmos.ao * Vprock) ™02t

Where, kyo0srpo» Kmosrp1 Kmos.rpz2> Kmos.ao and Kpos.o1 are the meta-parameters for on-state
resistance evaluation of single Power MOSFET.

4.6.2.2 Switching Losses
The switching losses can be estimated based on the energy loss during each switching action:

Pswmosi = Pswon + Psworr
Psyon = Eon(VDD'IDon) : fsw
Psyworr = Eoff(VDD'IDoff) - fow
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For the turn-on energy loss calculation, the reverse-recovery of the free-wheeling diode of paired
PSD in the half bridge need to be considered, so the total energy loss related with turn-on process
can be estimated by:

1 5
Eon = E “Vop * Ipon ° (trc + ity t tfv) + Z “Qrr  Vpp

where, Vpp is the blocked voltage before turn-on action, Ip,, is the conducted current after turn-on
action, t,.. is the current rise time at turn on, t,. is the reverse-recovery time of free-wheeling diode
turn-off process, tf, is the voltage fall time at turn on, and Q.. is the reverse-recovery charge of the
free-wheeling diode.

The current rise time at turn on (¢,..) can be approximated by

Vol Ves(tn
tre = Tgon * (— log( — ﬁ) + log (1 - #))
T T

where 7.,, 1s the time constant for gate turn-on process, assumed proportional to the total gate
circuit resistance for turn-on process and input capacitance of the power MOSFET; V), is the gate-
source plateau voltage (Miller effect), Vig(¢n) 1s the gate-source threshold voltage and V),.: driver
voltage. Since 74, 1s a parameter difficult to estimate, alternatively t,. can be estimated by

|74 V
. _ 'pl __YGs(th)
Reon (108 (1-72) +1og(1-T))

rco V. v
RGonrer (_ log(l ~7 pl ) + log (1 _ VGS_(”‘)))
DrREF DrREF

where t,..q is the reference current rise time, which is a given value in the device datasheet for
reference conditions R;,,rer (reference total gate circuit resistance for turning on process) and
Vprrer (reference driver voltage). Based on the analysis presented in appendix A.2, Vi and Vis(en)

can be considered as constant parameters for a given technology and t,.., can be estimated by:

tT'Czt

kmos.trz
kMOS.tTO : Achip

kmos.tr1
V;)lock

Where, kyos.tro» Kmos.er1, Kmos.erz are the meta-parameters for current rise time estimation.

trco =

The parameters related to diode reverse recovery process can be estimated by

rr

Igg = kIQt ) _t
i rr
le -~ IDon
dt tre
k .
kMOSIRIF le MOS.IRdiF
lop =1 ( Ir ) o —dt
RR = IRRO ;
IrRer (_le
dt /rer
I kMos.IRdiF
k Don
I MOS.IRIF t
~ Don e
T =~ Tano - (722
FREF

(%) REF
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Ipg 2 Ipp - trc

trrzz'

% a IDon
dt
t
Qrr = Igg klr;t

where Ipp, is the reference peak reverse-recovery current, which normally can be found in the
device datasheet for reference conditions Irzzr (reference diode conduction current before turn-oft)
di . )
and (ﬁ) (reference rate of change of diode current during turn-off process); and kyos 1riF»
REF

kyos.irair are meta-parameters for the diode reverse recovery parameters which can be calculated
di : : : :
from Iz, vs Ir vs f relationships normally found in the device datasheet. The parameter kj,, can

be calculated from reference reverse recovery values (Izgo, tyr0, @rro) found in the device datasheet;
in the literature this value is normally approximated to 2, however it has been found that k.

varies mainly with device blocking voltage for the considered reference MOSFET technology:

_ kmos.iot1 kmos.iotz
kige = kmosigto * Vorock " Achip
. . dip IRR
Other alternatively is to assume T 2- P then
rr
I 2:-kmos.irdir—1
2 12 2 I 2:-kMOS.IRIF -Don
Q _ RR ~ 12 ( Don ) tr(;
rr = T *IRRo NV
kmosigr Qir kgt Iprer (%)

2 - kyos.igt * Qrr - tre

trr ~
IDon

The R, 1s limited by maximum allowed % for the application:

V. V
_ . pl __VGs(th)
IDonMX ' RGonREF . ( log (1 VDrREF) + log (1 VDrREF))

RGon

dip Vot Ves(tn)
@t o (~1os(1- ) 1og(1-7))
The voltage fall time at turn on (tf,,) can be approximated by
C”:SS

try = Vop * Rgon %
Dr — Vpl

Crss(VDD) + Crss(RDS : IDon) . CrssO
2 2

kcroz
kCT‘OO : Achip

*
Crss -

C =
rss0 Vkal

block
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tfy is limited by the maximum allowed diode voltage rate of change (dvz—’:’“) which is a property
of the MOSFET device technology:
Vop _ dVpmax
<
try dt
Therefore, the minimum R, is also limited by:
2 (VDr - Vpl)

C . AdVemax
rss0 dt

RGon >

On the other hand, no reverse recovery takes place during turn-off process, and the turn-off energy
loss can be approximated by

Eoff = E “Vob 'IDoff ) (tfc + 4y

The voltage rise time at turn-off (¢,-,) can be approximated by
C*

trv = Vpbp 'RGoff : %

pl

The current falling time (t¢.) can be estimated by:

tre =T -log< Vo >
fe = teoft Vaen

Tgorf time constant for gate turn-off process, assumed proportional to gate resistance and MOSFET
input capacitance, and therefore tr. can be approximated by:
Reors

tre = treo R
GoffREF
Where, 7. is the current falling time at reference total gate circuit resistance for turning on process

(Rgosrrer)> and it can be estimated by:

kmos.tfcz
kMOS.thO ’ Achlp

kmos.tfc1
Vblock

trco =

In a half bridge topology, the negative dV/dt at turn-on process of one of the MOSFET devices will
be seen as a positive dV/dt by the paired MOSFET device in the half bridge. High dV/dt across the
turned-off power device will generate a displacement current through the miller capacitor (Csp =
Crss), which through the gate resistor (Rgo5f, as device is turned-ofY), this current will generate a

voltage drop across Rg, ¢y and will lift the gate voltage of the power device and if it is higher than
the threshold voltage of the power device, then the parasitic turn-on happens, therefore R, rf need
to be limited:

Ve = Cep * Reogr - 2 < Ve (tn)

dVps Voo
dt 5
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VG (th) . C:ss

RGoff < ' RGon

CGD VDr — Vpl
VG (th)
RGOff < VDr — Vpl

' RGon

The ON and OFF gate resistors are selected as the minimum values which fulfil all previous
constraints for the considered MOSFET technology.

4.6.2.3 Gate losses
The Power MOSFET gate losses (Pygmosi) are approximated by:

PQGMOSL' = Qemos " (2 Vpr) * fow

where, Vp, is the gate driver voltage, and Qg5 is the total gate charge, which can be estimated by
the meta-parameters Ky 05,060, Kmos.ge1 and kyos.gg2 for the reference MOSFET technology, as
following:

_ kmos.Q61 kmos.0c2
Qemos = kmos.oco " Vioock 'Achip

4.6.3 Heatsink

Based on the wide design range of converter current/voltage ratings, different heatsink technologies
have been considered to find the most cost-effective PSD design.
The required heatsink thermal resistance (R, geq) for each case has been introduced in section
3.5.3.2. The effective thermal resistance as function of the contact surface area with power
semiconductors is modelled as follows:
_ ksa+ (1 —ksa) - §Ays
Rinnse = Renns

2 - Npmos * Amos.pack

6AHS =
ABase.HS
where, Ayos pack 1S the Power MOSFET package area (405 pack=310 cm? for TO-247 package),

ks4 1s a regression coefficient found by taking available data of heatsink structures in the market.
(kss = 0.711), Ry ys is the thermal resistance of the heatsink when the heat source is uniform
distributed along the base area of the heatsink structure Ag,e s, Which is estimated to be at least
the area of the PSDs in the PCB:

ABase.HS = APSD.P =2 Npmos * kspMOS : AMOS.Pack

Then, given Aggge ps and Ryp geq > the thermal resistance of the heatsink needs to be as lower as:
6Ays

R =R :
thHS th.Req k5A + (1 _ ké*A) . 6AHS
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4.6.3.1 Natural convection Heatsink

In this case an aluminium heatsink structure is placed on top of the MOSFET devices and only
natural convection applies (R¢pys = Repy)- Stamping and extrusion heatsink technologies have
been considered. Meta-models and meta-parameters for these heatsink technologies are reported in
appendix A.4.

The cost, overall volume, and weight of the heatsink are calculated as follows:

_ _ k k
Costys = CoStysy = Nysy * Kusncosto * (Apasei) “HSNCostA - (nygy * Repy ) HSNCostR

_ _ k k
Volys = Volysy = nysy - kusnvoio - (Apasei) ™#SNVol4 - (nygy - Repy ) “HSNVOIR

Weightys = Weightysy = pusy - Volysy

1 ABase.HS < ABaseiMX

TLHSN = . ABase.HS
ceil ABase.HS > ABaseiMX

BaseiMX

ABase.HS ABaseiMN < ABase.HS < ABaseiMX

A
Base.HS
Apasei = Apase.ns > Apaseimx
Nygsn
ABaseiMN ABase.HS < ABaseiMN

_ k
Apaseimn = kusnamn - (Repy ) “HSNAR

_ k
Apaseimx = Kusnvamx * (Reny ) “HSNAR

It has been assumed that if the target heatsink area (Ap,se ys) 1S major than the maximum base area
of the considered heatsinks structures (Agqseinx) then nygy heatsink structures with base area
Apgasei are used and the heat is uniformly distributed between them, so the required thermal
resistance per structure is nysy * Reny-

The power converter heatsink height is estimated by:

VOlHSN

Hyspem =
- ABase.HS

4.6.3.2 Air Forced Heatsink

In this case an aluminium heatsink structure with fan system is placed on top of the MOSFET
devices. Stamping and extrusion heatsink technologies have been considered for the aluminium
structures. Square tube axial 12Vdc fans have been considered as reference fan system technology.
Meta-models and meta-parameters for these technologies are reported in appendix A.4.

The cost, overall volume, and weight of the air-forced heatsink are calculated as summation of the
heatsink aluminium structure and fan system components, as follows:
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Costys = Costysy + CoStyspan
Volys = Volysy + Volyspan
Weightys = Weightygy + Weightysran
The heatsink structure is modelled as in previous section, and the fan system is evaluated by:
Costyspan = COStysrano + Kusrancosto - (Apan) HSFancosta - (AF Rpqnpyy ) HSFancostaFR
Volysran = kusranvoro * (Apan) HSFanvola - (AF Rpqnux ) HSVOIAFR

. _ k_HSFanwv
Weightyspan = Pusran * (VOolyspan)™">" "

Volysn

\V ABase.HS

AFRFanMX =2 AFRHS

AFan ~

Afpan: Required fan area, which is the area where the air will flow through the heatsink structure. It
is approximated considering a square base heatsink area (Aggse pys)

AF Rggnux: Maximum fan air flow rate, which is approximated to be twice the nominal air flow rate
of the heatsink (AF Ry;).

The total heatsink thermal resistance can be evaluated by adding the thermal resistance of the base
plate and the thermal resistance of the structure fins, which is a function of AFRys:

Renn — Rens
1+ kgpg - AFRys
maX{kBFin - Hysrin HHSBaseMN}

Ripys = Reng +

thB = A
KaL * ABase.HS

HSFin ~ 7%
Sk ABase.HS

The thermal resistance of the aluminium structure (R;,y) is considered as free design parameter and
selected to minimize the heatsink cost:

min{Costy}
. Renn
Apase.ns \KHSNAR
(%) < Renv < Renms - (1 + kapg - AFRya5)
HSNAMN

The power converter heatsink height is estimated by:
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VOZHSN

Hyspem = 2
Base.HS

4.6.3.3 Cold plate

In this case a cold plate is placed on top of the MOSFET devices. Different cold plates technologies
have been considered. Meta-models and meta-parameters for these heatsink technologies are
reported in appendix A.4.

The cost, overall volume, and weight of the heatsink are calculated as follows:

. kepev | kcpcrr
kcpco VOlCPi WFRp

RkCPCR

COStHS = nCP . COStCPi = Tle . (COStCPCO +
thCPi

Volys = nep - Volep; = Nep - Apcpi * tep

WeightHS = nCP . Weightcpl' = nCP . kCPMO . VOlkCPMV

CPi
Rincpi Kcpro
Rinns = n - AkcPra | Kepre | 17 p pKCPRFR
cp Nep - Agepi “tep cp
1 Apasens < Apcpimx
Nep = . ABase.HS
ceil {A ABase.HS > ABaseiMX
BCPiMX
Apasens  Apcpimn < Apasens < Apcpimx
A
Base.HS
Apcpi ={——— Apase.ns > Apcpimx
Ncp
Apcpimn Apasens < Apcpimn

It has been assumed that if the target heatsink area (Aggge ys) 1S major than the maximum cold plate
area of the considered technologies (Agcpimx) then nep cold plates with base area Agqp; are used
and the heat is uniformly distributed between them, so the required thermal resistance per cold plate

(Rencpi) 18 Nep * Renps-
There are two degrees of freedom in the selection of the cold plate, the cold plate thickness (t.p)
and the water flow rate of the cold plate (WFRp), which has been approximated as function of t.p
based on the analysis presented in appendix A.4, then, t.p is selected to minimize the heatsink cost:
min{Costy}
tcp
WFRcp = kcprro - té‘ﬁ”"”

The power converter heatsink height is approximated by:

Hyspem = tep
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4.6.4 Driver Power supply
The total cost of driver power supply is modelled by:

Costpps = 2 - CAWpps - Ppps

Where, two DPSs are needed per module, one DPS for each PSD, Ppps is the required DPS power
(calculated as in section 3.5.3.3), and C4W)pps is the DPS cost per watt. A value of C4Wpps= 6.7
EUR/W has been estimated based on a reference DPS cost of 20 Euro for a +-15VDC/3W power

supply.

4.6.5 Printed Circuit Board

PCB cost is evaluated following methodology reported in [10]. The total PCB cost is evaluated by
adding the power PCB cost and the control PCB cost:

Costpcg = CoStpcp power + COStpcp control

Costpcp.power = (Kapcro + kapcr1 - Apce.power) - (Kapcro + kapcp1 * Apce.power) - (Knpcro
+k N +k - N2 )
nPCB1 layerPCB.Power nPCB2 layerPCB.Power

COStPCB.Control
= (kapcro * kapc1 * Apc.controt) * (Kapcpo + Kapcr1 * dpcr.contror) * (Knpcro
2
+ knPCBl ' NlayerPCB.Control + knPCBZ ’ NlayerPCB.Control)

Apce power: Area of the power PCB, which is evaluated following section 3.5.3.4

dpce.power: copper thickness of the power PCB considering all PCB layers. A 105um copper
thickness for the power PCB has been considered for all the designs.

Niayerpcr.power: Number of layers of the power PCB. A 4-layer power PCB has been considered for
all the designs.

Apci.contror: Area of the control PCB, which is evaluated following section 3.5.3.4.

dpci.contror: copper thickness of the control PCB considering all PCB layers. A 35um copper
thickness for the control PCB has been considered for all the designs.

Nigyerpcp.contror: number of layers of the control PCB. A 2-layer power PCB has been considered
for all the designs.

The considered PCB cost function parameters are reported in Table 5, which follows the reported
values in [10].

Table 5 Considered PCB cost function meta-parameters

kxPCBO kxPCBl kxPCBZ

1/3 1
Apcs 0.407 € 3.240 €3 /dm?

1/3 1
dpcp 8489 € 67.947 - 1073 €3/um

NlayerPCB 29.409 - 1073 €1/3 —2.779 - 1073 €1/3 1.829 . 103 €1/3
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The PCB weight is approximated by:

Weightpcg = ppcp * (Apc.power + ApcB.control) * trca

tpcp: PCB thickness approximated as constant for both PCBs.
prce: PCB density.

The inductance of a track on a PCB can be calculated by [11]
_ 2 legek w
L=2"lack - |log + 0.5+ 0.2235-

track + ttrack) nH

Werack + ttrack ltrack

Where liygerr Werack and terqcr are the length, width and thickness of the PCB track in cm.

4.6.6 Cost

The power converter module cost is calculated by

Costpey = : (COS tmatpcm + COStyoyse pcm + COS tlab,PCM)

1—Zpcu
Where Zp¢), 1s the PCM supplier gross margin, (Epcp=0.2 (20%) has been assumed), Cost,,q¢ pem
is the total cost of power converter components, CoStygyse pcy 18 the cost of converter housing, and

Costygp pcy 1s the converter labour cost.

The Housing cost is estimated by:

2
3 Weightpcy

Weightpcmrer

Where, Volpcy and Weightpey, are the overall volume and weight of the power converter module,
respectively, and Costyyyserer 18 the housing cost of a reference power converter module with
volume Volpcyrer and weight Weightpeyrer- The model is based on two main assumptions:

e Housing cost scales with the module size, but more precisely the housing material scales with

Volpey )

COStHouse,PCM = CoStyoyserEF * (V I
OlpcMREF

the module outer area. Approximating the module to be a cube, then Apgy (VolpCM)g .

e Housing cost scales with module components weight as housing components needs to be sized
to support module components without bending/deforming. Considering that the moment
capacity of a metal plate is proportional to the square of its thickness and the moment applied by

Weightpcy _( thicknessyouse )2
Weightpcmrer thicknessyouserer/

the module is proportional to its weight, then

The converter labour cost is estimated by

COStlab,PCM = z:LabComp “(2-Nepsp - Npmos t Ncgc + Noee)
Where, 2, qpcomp 18 the labour cost per component, N¢pgp is the number of components per
MOSFET in the PSD (N_psp =8), N,4. is the number of discrete capacitors, and N, is the number
of other common components including Driver Power Supply, controller, measurements &
protections, heatsink, Driver circuit IC. (N,..=30 has been assumed for the half bridge topology).
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The converter components cost is defined by:

Costyarpcm = Costepe + Costpgp + Costyg + Costpps + Costpep + CoStpcc
Where, Cost.pc 1s the DC capacitor bank cost, Costpgp is the total cost of power switch devices,
Costyg is the converter heatsink cost, Costppg is the driver power supply cost, Costpcp is the
printed circuit board cost, and Cost, is the cost of other common components in the power
converter (This includes the driver ICs, controller, communications elements, measurement and
protection circuit components.). Significant savings can be expected if the DC-DC control and BMS
functions are merged on the same physical controller.

4.6.7 Overall Volume and Mass

The overall power converter volume can be approximated by

2
Volpey = (\/ (APCB) + AXPCM) ) maX(HHS.PCM' HCdc)

Apcg: Total PCB area, which is evaluated following section 3.5.3.4.

AXpcp: delta space for overall volume evaluation (AXpcy, = 1cm has been assumed)
Hys pey: power converter Heatsink height

Hcq.: height of the discrete capacitor in the capacitor bank.

The main converter weight is approximated by the sum of heaviest converter components:
Weightpcy = Weightcq. + Weightpgp + Weightys + Weightpcg + Weightoce

Weight,,.: total weight of the capacitor bank

Weightys: heatsink weight

Weightpgsp: total PSD weight

Weightp-g: PCB weight

Weightocc: Weight of other common components in the PCM, which approximated by:

Weightoce = Noce - WeigthCompAVG
Weigthcompave: average electronic component weight.

4.6.8 Power losses

The PCM power losses are mainly determined by the conduction and switching losses of the power
MOSFETs.

All modules connected to the string are always conducting the string current, either by connecting
the battery energy storage sub-module to the string or by passing it. However, only one module per
string is under PWM operation, and therefore it has switching losses.

The PCM conduction losses are estimated by:

I 2

mod

Prosspem.conda = Npmos * Rps (ij ) ijx) : ( )
Npmos
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The MOSFET on-state resistance is evaluated for the maximum designed MOSFET junction
temperature (ij * Timyx)- This approximation overestimated losses at low power operation but
simplifies the MOSFET loss evaluation by neglecting the junction temperature and conduction loss

interdependency from the thermal model. Furthermore, considering the string current ripple, then
the conduction losses can be evaluated as:

ProsspeM.cond =

Ros (Kr, * Tyms) . (,2 4 (fsw + (0CVr10a(SOC) = Rynoa(SOC) - Im)>2>

Npmos s 8- \/§ ’ Lstr

The PCM switching loss are evaluated by:

Is Ig
Prosspcmsw = 2 Npumos fow - <E0N <Vmod,—s L > + Eorr (Vmod,—s . > +2-Vp, - QGMOS>
Npmos Npmos

Where E,y and E,pp are the non-linear functions for turn On and Off energy, respectively, defined
in the section 4.6.2.2.

4.7 String DC inductors

The DC string inductor designs are evaluated following the methodology described in appendix
A.3. The 4EM & 4ET iron-core smoothing reactors have been considered as reference inductor
technology.

The string inductor cost is estimated based on the model proposed in [19], briefly described here for
the sake of completeness:

CoStyger = . (Costmat,L + Costlab'L)

— 5,
COStmat,L = Ocore,L * W + Owdg,L * Wwdg + COStmatO,L
Costiap = OtanL - Wwag + CoStigpo,L
Where 0core 1> Owag, and gy, 1, are the specific cost per weight of the core and winding, which
depends on the employed core and winding type; W, Wy, q4 are the core and winding weight,
respectively, CoSty,q¢0,, and Costqp , are fixed material and labour cost, and E; is the supplier
gross margin.

For the considered reference inductor technology: o.ore, = 8 €/kg, oyag, = 10 €/kg, 01qp, =
7€/kg, Costygro,, = 1€/unit and Costqp, = 2€/unit. A supplier gross margin of 25% has
been assumed.

Given the required string inductor nominal current (I; ), as specified in section 3.6, and the string

inductor inductance (L, ), following guidelines introduced in section 2.2.6, the total string inductor
weight and overall volume are estimated by:

, _ krwtro kiwte  kiwen
Weight sty = kiweo Iy + kiwer - E; Iy
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_ krvero krvee  jKkLven
Volistr = Kiyeo Iy + kpver - Ef Iy

1 2
E, = E “Lgtr - I[N

The core and winding weights are estimated by:

— : kiwewt
WCL —_ kLWCO * Welghthtr

krwwwt

Wde == kLWWO . Weightht.r

The inductor losses (P;,ss;,) are estimated by the summation of winding (P,,;) and core losses
(P coreL):

P, = ESR, - (Isztr + (1 + 6- (FrLref - 1) . ( fsw ) ) . (fsw ) Vmod(SOCMMESS)) )

7-[2 thTEf 8 * \/§ ) Lstr

kppwro—1 kLpwe  pkLpwii—1
kipwo - Iy + kipwi - E} Iy

(1 + FrLref ’ aiLref)

ESR, =

a, fsw : Vmod(SOCMMESS)

2'V3-ﬁw) 8-L
)2 — . str -k . (W )kchc
coret ( - thref \/E ‘ 5l'LT€f : IL.N peo ot
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5 Design examples

This chapter shows some results with design examples for different core cell types. Table 6 reports
the general module and string reference design constants considered within this chapter. Also, Table
7 reports the reference design constants/parameters for power converter sub-module design. All
other design constants have been set as previously described in chapters 3 and 4, unless otherwise
indicated. Main cost parameters are reported in Table 1, and the main battery cell properties are
reported in Table 2.

Table 6 General module and string reference design constants

Parameter/constant = Value Parameter/constant = Value
Tcell.max 35°C WeightC4M.max 75 kg
Twatmx 25 OC VModMN4D 10 \%
Foy 3 kHz VMmoamxap 150V
kUcab 70% aIBmx.MN 20 %
KViso 2 N, alBmx 9
6iLstrRMS 15 % Axconv 1 cm

Table 7 Power converter sub-module - reference design constants

Parameter/constant | Value Parameter/constant Value
Npmosmx 20 S g KScac 1.6
Acnhipmos 50 mm? §- g SVeac 5%
Kyblock 0.5 Sha Lapc 300 nH
KSFv0smx 0.5 Apcpo 100 cm?
é kT]'mx 0.7143 NlayerPCBP 4
% Vpr 15 dcupcp 105um
i Tairmx 30°C 8 NlayerPCBC 2
a Tambmx 40 °C A dcuPCBC 35Mm
£ KSFrgon 2 Prcn 2700 kg/m’
(&) 800 A/us trce 2.36mm
dt Max
CoStpspo 0.3 EUR PconvHousing 3000 kg/m?
NCompPSD 8 o0 COStHousingREF 50 EUR
CosStoccpc 60 EUR ; VolyousingreF 4.7 dm’
5 C4Ceonvtap 50/60 E Weightyousingrer | 13 kg
6 NCompOCC 30 tHousingREF 2.49mm
EpcM 0.2 Weightcomp 6g



SINTEF

5.1 Module design

There are three global free design parameters that directly set the module design within the MM-
ESS design algorithm: the number of series (n5¢¢;;) and parallel (n,cey;) connected cells per module
and the maximum battery cell utilization ratio alg,,,, as previously defined in section 3.3. This
section explores how these three free design parameters affect the cost, weight, volume, and
nominal losses at module level, it means without a specific MM-ESS target defined (total system
energy, power, and voltage) but just the module relative performance is analysed.

5.1.1 Module Cost

First, the influence of the free design parameters on the relative module cost is analysed for
different core cells. The module cost per unit energy (CpE) and the module cost per unit power
(CpP) are considered. The reference module power is taken as the product between the average
module voltage and the maximum continuous discharge current of the module.

Figure 5-1, Figure 5-2, Figure 5-3, and Figure 5-4 show the module cost versus the main free design
parameters for the prismatic core battery cells NMC 94Ah from Samsung-SDI, NMC 155Ah from
REPT, LTO 23Ah from Toshiba-SCiB, and LFP 302Ah from CATL, respectively. The main

properties of these battery cells are reported in Table 2.

Table 8 shows the module designs with minimum relative module cost for different core cells.
Three designs per core cell are reported in Table 8, which correspond to three design targets: to

minimize CpE, to minimize CpP and to minimize C2EP = CpE - CpP.
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Figure 5-1 Module Cost versus main free design parameters for core battery cell prismatic
NMC 94Ah from Samsung-SDI. Top: Module cost per unit Energy versus ngc.; (left) and
Ny cen (right). Bottom: Module cost per unit Power versus ngc,y (left) and ny, ¢y (right). The

colour mark represents the cell derating (alg,,,) for each module design.
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Figure 5-2 Module Cost versus main free design parameters for core battery cell prismatic
NMC 155Ah from REPT. Top: Module cost per unit Energy versus nyc.y; (left) and n,c.y

(right). Bottom: Module cost per unit Power versus nyc.; (left) and n, ¢, (right). The colour
mark represents the cell derating (alg,,,) for each module design.
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Figure 5-3 Module Cost versus main free design parameters for core battery cell prismatic
LTO 23Ah from Toshiba-SCiB. Top: Module cost per unit Energy versus ngc,.; (left) and
Ny cey (right). Bottom: Module cost per unit Power versus ngc,y (left) and n, ¢y (right). The

colour mark represents the cell derating (alg,,,) for each module design.
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Figure 5-4 Module Cost versus main free design parameters for core battery cell prismatic
LFP 302Ah from CATL. Top: Module cost per unit Energy versus nyc.y; (left) and n,c.y

(right). Bottom: Module cost per unit Power versus nyc.; (left) and n, ¢, (right). The colour
mark represents the cell derating (alg,,,) for each module design.

Table 8 Module designs with minimum relative module cost for different core cells

Core Cell NMC 94Ah NMC 155Ah LTO 23Ah LFP 302Ah
@Samsung-SDI @REPT @Toshiba-SCiB @CATL
Opt;;‘:;::‘o“ CpE | CpP | CEP | CpE | CpP | C?EP | CpE | CpP | C?EP | CpE | CpP | C’EP
Nocell 18 | 36 | 36 | 28 | 28 | 28 | 34 | 45 | 45 | 14 | 14 | 14
Nycell 2 1 1 1 1 1 4 3 3 1 1 1
algn, [Y] 20 100 100 20 90 80 20 100 90 20 40 30
Vooaave IVI | 66 | 132 | 132 | 102 | 102 | 102 | 78 | 104 | 104 | 45 | 45 | 45
Lyoamen IAl | 60 | 150 | 150 | 62 | 279 | 248 | 74 | 276 | 248 | 181 | 362 | 271
ProdnomkW] | 40 | 200 | 200 | 63 | 285|253 | 58 | 286 | 257 | 82 | 163 | 123
E moa [KWh] 124 | 124 | 124 | 158 | 158 | 15.8 7.2 7.16 | 7.16 | 139 | 139 | 139
Cost,,,q [EUR
B Wh 216 235 235 217 251 236 556 653 618 167 222 176
mod
Cost,,,q [EUR
P [W 676 147 147 542 139 148 697 164 172 285 190 200
mod.nom
Vol,,,4 [ dm3
E, [kWh] 4.7 52 52 4.4 5.5 4.9 8.9 132 | 114 | 4.3 7.3 4.6
Weight,,,q [ kg
ﬁ[m 7.8 8.5 8.5 7.8 8.6 8.1 13.3 | 18.1 | 15.7 7.7 12.2 8.0
Prossmenl%] | 133 | 523 | 523 | 239 | 624 | 595 | 1.87 | 622 | 5.98 | 3.24 | 590 | 4.57
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5.1.2 Module Volume

Figure 5-5, Figure 5-6, Figure 5-7, and Figure 5-8 show the module volume versus the main free
design parameters for the prismatic core battery cells NMC 94Ah from Samsung-SDI, NMC 155Ah
from REPT, LTO 23Ah from Toshiba-SCiB, and LFP 302Ah from CATL, respectively.
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Figure 5-5 Module volume versus main free design parameters for core battery cell prismatic
NMC 94Ah from Samsung-SDI. Top: Module volume per unit Energy versus ngc.;; (left) and
Ny cen (right). Bottom: Module volume per unit Power versus ngc.y; (left) and n,c.y (right).

-~

[}

[dm/KWh]
(4]

Module Volume per kWh

=S

o

-
(=]

2]

[dm>kw)
=]

s

s

Module Volume per kW

o

Mscen

10

=

100 E Tr
g2 =
o 67
E§ ! 2 g 8 8B
=R N = A - o ©
SR RN AR
$ "

4l
= 0 2 4 6 8
Nocen
2 10,
g |
gga il.ﬂooooo
=
Sw- 6 o
3z Hg0o000000
g"'d—HnHH‘_"?qgcj
: 5 |
= 0 2 4 6 8 10
Nocen

alg 4]
o
o

alg [
@
o

Figure 5-6 Module volume versus main free design parameters for core battery cell prismatic
NMC 155Ah from REPT. Top: Module volume per unit Energy versus ngc.y; (left) and n, ¢,

(right). Bottom: Module volume per unit Power versus ngc.y; (left) and ny, ¢,y (right).
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Figure 5-7 Module volume versus main free design parameters for core battery cell prismatic

LTO 23Ah from Toshiba-SCiB. Top: Module volume per unit Energy versus ngc.;; (left) and
Ny cen (right). Bottom: Module volume per unit Power versus ngc.; (left) and n, ¢y (right).
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Figure 5-8 Module volume versus main free design parameters for core battery cell prismatic
LFP 302Ah from CATL. Top: Module volume per unit Energy versus ngc.y; (left) and n, ¢,

(right). Bottom: Module volume per unit Power versus ngc.;; (left) and n, .y (right).
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5.1.3 Module Weight

Figure 5-9, Figure 5-10, Figure 5-11, and Figure 5-12 show the module weight versus the main free
design parameters for the prismatic core battery cells NMC 94Ah from Samsung-SDI, NMC 155Ah
from REPT, LTO 23Ah from Toshiba-SCiB, and LFP 302Ah from CATL, respectively.
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Figure 5-9 Module weight versus main free design parameters for core battery cell prismatic
NMC 94Ah from Samsung-SDI. Top: Module weight per unit Energy versus ngc.; (left) and
Ny cey (right). Bottom: Module weight per unit Power versus ngc.; (left) and ny, ¢, (right).
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Figure 5-10 Module weight versus main free design parameters for core battery cell prismatic
NMC 155Ah from REPT. Top: Module weight per unit Energy versus ngc.;; (left) and n, ¢,

(right). Bottom: Module weight per unit Power versus ngc.; (left) and n, .y (right).
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Figure 5-11 Module weight versus main free design parameters for core battery cell prismatic
LTO 23Ah from Toshiba-SCiB. Top: Module weight per unit Energy versus ngc.;; (left) and
Ny cey (right). Bottom: Module weight per unit Power versus ngc.; (left) and ny, ¢, (right).
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Figure 5-12 Module weight versus main free design parameters for core battery cell prismatic
LFP 302Ah from CATL. Top: Module weight per unit Energy versus ngc.;; (left) and n, ¢,

(right). Bottom: Module weight per unit Power versus nc,y; (left) and n, ¢y (right).
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5.1.4 Module nominal losses

Figure 5-13, Figure 5-14, Figure 5-15, and Figure 5-16 show the module nominal power losses
versus the main free design parameters for the prismatic core battery cells NMC 94Ah from
Samsung-SDI, NMC 155Ah from REPT, LTO 23Ah from Toshiba-SCiB, and LFP 302Ah from
CATL, respectively.
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Figure 5-13 Module nominal losses versus 1,y (left) and n, .y (right) for core battery cell
prismatic NMC 94Ah from Samsung-SDI.
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Figure 5-14 Module nominal losses versus 1y (left) and n, ¢y (right) for core battery cell
prismatic NMC 155Ah from REPT.
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Figure 5-15 Module nominal losses versus 1,y (left) and n, .y (right) for core battery cell
prismatic LTO 23Ah from Toshiba-SCiB.
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Figure 5-16 Module nominal losses versus 1,y (left) and n, .y (right) for core battery cell
prismatic LFP 302Ah from CATL.
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5.1.5 Module performance trade-off

Figure 5-17, Figure 5-18, Figure 5-19, and Figure 5-20 show the module performance space trade-
off for the prismatic core battery cells NMC 94Ah from Samsung-SDI, NMC 155Ah from REPT,
LTO 23Ah from Toshiba-SCiB, and LFP 302Ah from CATL, respectively.
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Figure 5-17 Module performance space trade-off for core battery cell prismatic NMC 94Ah
from Samsung-SDI.
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Figure 5-18 Module performance space trade-off for core battery cell prismatic NMC 155Ah
from REPT.
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Figure 5-19 Module performance space trade-off for core battery cell prismatic LTO 23Ah
from Toshiba-SCiB.
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Figure 5-20 Module performance space trade-off for core battery cell prismatic LFP 302Ah
from CATL.
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5.2 String design

The string design is linked to a specific string voltage and consequently, one additional free design
parameter (respect to the module design) needs to be considered, the number of modules per string
(or the number of redundant modules per string). A string voltage of 1000 Vdc is considered in this

section for the shown design examples.

Figure 5-21 shows the string performance space per unit energy trade-off for 1000V string voltage
and core battery cell prismatic NMC 94Ah from Samsung-SDI. The colour mark represents the

maximum continuous discharge power for each string design.

Figure 5-22 shows the string performance space per unit power (MCD) trade-off for 1000V string
voltage and core battery cell prismatic NMC 94Ah from Samsung-SDI. In this case, the colour
mark represents the installed energy capacity for each string design.

Figure 5-21 and Figure 5-22 also show three string designs, which correspond to three design
targets: to minimize CpE, to minimize CpP and to minimize C2EP = CpE - CpP.
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Figure 5-21 String performance space per unit energy trade-off for 1000V string voltage and
core battery cell prismatic NMC 94Ah from Samsung-SDI. The colour mark represents the
maximum continuous discharge power for each string design.
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Figure 5-22 String performance space per unit power trade-off for 1000V string voltage and
core battery cell prismatic NMC 94Ah from Samsung-SDI. The colour mark represents the

installed energy capacity for each string design

Figure 5-23 shows the string cost, installed energy and maximum continuous discharge power
trade-off for 1000V string voltage and core battery cell prismatic NMC 94Ah from Samsung-SDI.
Figure 5-23 (left side) shows the string cost per unit energy versus string cost per unit power trade-
off with the colour marks showing the installed string energy for each string design.
Figure 5-23 (right side) shows the string installed energy versus string max. continuous discharge
power for all possible single string designs, and with the colour marks showing the string cost per
unit energy for each design.
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Figure 5-23 String Cost, Energy and Power trade-off for 1000V string voltage and core
battery cell prismatic NMC 94Ah from Samsung-SDI. Left side: String cost per unit Energy
versus string cost per unit power versus installed string energy. Right side: String installed
energy versus string max. continuous discharge power versus string cost per unit energy
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Table 9 shows the string designs with minimum relative string cost for 1000V string voltage and
different core cells. Three designs per core cell are reported in Table 9, which correspond to three
design targets: to minimize CpE, to minimize CpP and to minimize C2EP = CpE - CpP.

Table 9 String designs with minimum relative string cost for 1000V string voltage and
different core cells

Core Cell NMC 94Ah NMC 155Ah LTO 23Ah LFP 302Ah
@Samsung-SDI @REPT @Toshiba-SCiB @CATL
OptT":lf;::w“ CpE | CpP | CEP | CpE | CpP | C2EP | CpE | CpP | C2EP | CpE | CpP | C?EP
Nood 41 | 17 | 17 | 34 | 11 | 11 | 29 | 12 | 15 | 42 | 24 | 24
N gedmod 16 | 0 0 13 0 0 11 0 0 19 0 0
Nycell 12 | 18 | 18 | 14 | 28 | 28 | 27 | 42 | 34 | 14 | 14 | 14
Nycel 3 2 2 2 1 1 5 3 4 1 1 1

alp. [%] 20 100 | 100 20 90 80 20 100 90 20 40 30

Vinodave [V] 44 66 66 51 102 | 102 62 97 98 45 45 45

Lnoamen IAl | 90 | 300 | 300 | 124 | 279 | 248 | 92 | 276 | 331 | 181 | 362 | 271

PrrmcplkW] | 90 | 300 | 300 | 124 | 279 | 248 | 92 | 276 | 331 | 181 | 362 | 271

Esiring [KWh] | 509 | 211 | 211 | 538 | 174 | 174 | 207 | 80 | 108 | 585 | 334 | 334

Costgyring [EUR
—sing | | 231 | 258 | 258 | 232 | 273 | 257 | 586 | 705 | 663 | 180 | 244 | 192
String

CoStsyring [EUR
tsurg [L0] | 1306 | 182 | 182 | 1008 | 170 | 180 | 1322 | 205 | 216 | 583 | 225 | 236

Psrmcp

Vo lStrmg

Esoing [kWh 7.76 | 923 | 9.23 | 7.33 | 976 | 8.83 | 15.0 | 233 | 199 | 7.11 | 12.1 | 7.92

Wetghts,,
Esoring [kWh 857 | 9.68 | 9.68 | 847 | 10.1 | 9.42 | 149 | 21.3 | 183 | 835 | 134 | 895

Possmcpl%] 2.06 | 517 | 517 | 235 | 726 | 695 | 2.74 | 7.25 | 6.39 | 4.09 | 6.67 | 5.22
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5.3 MM-ESS design

Finally, the results for a full battery system design example are presented in this section. The target
is a battery system to be connected to a strong DC grid with 1000Vdc nominal voltage, 1%
maximum peak voltage ripple, with at least 500kWh installed energy capacity, and a power
capability of at least S00kW/250kW maximum continuous discharge/charge power.

Figure 5-24 shows the MM-ESS performance space trade-off for a target 1000V battery system
with at least 500kWh installed capacity, S00kW/250kW continuous discharge/charge power and the
prismatic NMC 94Ah from Samsung-SDI as core battery cell. The MM-ESS designs with the
global minimum cost, minimum volume and minimum nominal losses are highlighted in Figure

5-24.
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Figure 5-24 MM-ESS performance space trade-off for a target 1000V battery system with at
least S00kWh installed capacity, S00kW/250kW continuous discharge/charge power and core
battery cell prismatic NMC 94Ah from Samsung-SDI.
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Figure 5-25 shows the MM-ESS design performance (Cost, Volume and Nominal Losses) versus
the free design parameters for the considered target battery system and using the prismatic NMC
94Ah from Samsung-SDI as core battery cell. The MM-ESS designs with the global and relative
minimum cost, minimum volume and minimum nominal losses are highlighted in Figure 5-25.
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Figure 5-25 MM-ESS design performance (Cost, Volume and Nominal Losses) versus free
design parameters for a target 1000V battery system with at least S00kWh installed capacity,
500kW/250kW continuous discharge/charge power and core battery cell prismatic NMC
94Ah from Samsung-SDI.
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Table 10 shows the MM-ESS designs for different design targets (minimum total cost, volume, and
nominal losses), considering different core cells and targeting a 1000V battery system with at least
500kWh installed capacity, and at least S00kW/250kW maximum continuous discharge/charge

power.

Table 10 MM-ESS designs for different design targets (minimum total cost, volume, and
nominal losses), considering different core cells and targeting a 1000V battery system with at
least S00kWh installed capacity, SOOkW/250kW continuous discharge/charge power.

Core Cell NMC 94Ah NMC 155Ah LTO 23Ah LFP 302Ah
@Samsung-SDI @REPT @Toshiba-SCiB @CATL
Q2T 2 L] Cost | Vol. | Loss | Cost | Vol. | Loss | Cost | Vol. | Loss | Cost | Vol. | Loss
Target
Nsiring 4 1 18 3 1 2 5 1 2 2 1 2
N onod 11 43 58 11 43 98 14 71 72 24 47 46
Nredmod 1 0 0 0 0 3 2 0 0 0 0
Ngcell 33 5 28 45 7 7 14 7 7
Ny cell 1 1 3 3 19 18 1 2 2
al gy [%] 90 70 20 60 60 20 40 30 100 30 30 20
Vimod.ave [V] 121 26 18 102 | 25.6 11 104 16 16 45 23 23
Lnoamcp [Al 135 | 525 30 186 | 558 | 496 | 110 | 524 | 1656 | 272 | 544 | 362
Eymess [KkWh] | 500 | 519 | 1800 | 523 | 511 | 2661 | 501 500 | 962 | 669 | 655 | 1282
Pymessmcp kW] | 540 | 525 | 540 | 558 | 558 | 992 | 552 | 524 | 3312 | 544 | 544 | 725
PymessmcclkW] | 259 | 252 | 259 | 335 | 334 | 595 | 552 | 524 | 3312 | 362 | 362 | 483
Costyygss[KE] 332 | 336 | 1053 | 332 | 339 | 864 | 505 | 511 | 1038 | 332 | 335 | 443
Volyygss[m3] 459 | 419 | 173 | 428 | 397 | 187 | 798 | 7.25 | 21.9 | 530 | 5.03 | 9.15
Weightyygss(t] | 490 | 454 | 19.1 | 473 | 444 | 222 | 783 | 7.29 | 19.8 | 599 | 5.74 | 10.7
Prossmcpl%]” | 5.59 | 3.86 | 1.13 | 480 | 423 | 1.36 | 3.72 | 2.89 | 1.15 | 4.81 | 5.04 | 2.70

“Nominal losses evaluated at S00kW discharge power
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APPENDICES
A Component Models and Meta-parameters

A.1 DC capacitors

Following the reasoning developed in [1], the main parameters of a given DC capacitor can be
estimated based on its capacitance (Cp) and nominal/maximum voltage (V4.). Figure A- 1 shows
the reference parameter data for the considered DC capacitor technology, MKP DC snubber
capacitors series B32665x from EPCOS-TDK Electronics, as function of the capacitance and for
different nominal capacitor voltages, along with the fitted considered meta-models.

The capacitor overall volume (Vol¢,,) can be estimated by:

— kcvolc kcvolv
VOlCap - kaolO ’ CDC ’ VCdc

Where, kcypoi0> Kcvoic> Kcvory are the capacitor meta-parameters for volume estimation of the
considered capacitor technology.

The capacitor height (Hcgp) is approximated by

_ kche kchv
HCap - kChO CDC VCdC

Where, kcno, kcnes Kcny are the capacitor meta-parameters for height estimation of the considered
capacitor technology. Then, the capacitor area (A¢qp) can be calculated as

Volcap
Cap =

H Cap
The capacitor overall weight (Weightcg,) is estimated as functions of its volume by

WeightCap = kaO ’ (VOlCdc)kaVOI

Where, k¢po, Kcpyor» capacitor meta-parameters for weight estimation of the considered capacitor
technology.

The maximum allowed dV/dt for a discrete capacitor within a selected capacitor technology is
approximated by:

dVe =k . Ckcm;c . VdevV
dt — ™Cavo ~ “~pc Cdc
MAX .
kcavo> Kcaves Kcavy capacitor meta-parameters for d_:MAX estimation of the considered capacitor

technology.

The cost of the discrete capacitor (Cost¢,y) can be estimated by:

_ kccostc kccostv
COStCap - COSthcO + kCcostO : CD(; : VCdc
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where, CoStegco, Kccostos Kccoster Kccosty are the capacitor meta-parameters for cost estimation of
single capacitor Cp and for the considered capacitor technology.

Table A- 1 summarizes the fitted/calculated meta-parameters of the previously introduced meta-
models for the MKP DC snubber capacitors series B32665x from EPCOS-TDK Electronics, which
is the reference DC capacitor technology considered within this work.

Table A- 1 Parameters and Meta-parameters for the considered DC capacitor reference
technology MKP DC snubber capacitors series B32665x from EPCOS-TDK Electronics.

Parameter Meta-parameter Value Parameter Meta-parameter Value
Volume Kcvoro 1.2339¢-5 dv, kcavo 9.5789
Volcgp) kcvorc 0.7481 dt max kcavc -0.3576

[m?] Kepory 1.6340 [kV/s] Keapy 0.8037
Height kcno 243 Costcaco 0.1477
(Heap) kcne 0.2497 Cost [EUR] kccosto 0.8175

[em] keny 0.5519 (Costcgy) kccostc 0.8678

Weight [kg]| kcpo 689.717 kccosty 1.9851

(Weightc,y) kepvor 0.9426 Ecmax 191 3.57
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A.2 Power semiconductors

Meta-models and identified meta-parameters for estimation of relevant power semiconductor
parameters are presented in this section. The reference power semiconductor technology is the
StrongIRFET Power MOSFET family from Infineon, which are devices optimized for low on-state
resistance and high current capability, ideal for low frequency applications. Figure A- 2 shows an
overview of available power semiconductor devices, maximum continuous drain current versus
blocking voltage, for the StrongIRFET Power MOSFET family from Infineon. The maximum
continuous drain current is a performance figure of power semiconductor devices which is given at
reference temperature conditions, and for the StrongIRFET devices it is given for a case
temperature of 25°C, so it can be estimated by
2 Timx — 25°C
p2s Rps(Tjmx) - Renje

where, Tj,, 1s the maximum junction temperature, Ry ¢ is the junction to case thermal resistance
of the device, and Ry is the on-state resistance of the device, which is temperature dependent.

Normally, the power semiconductor is selected based on the required blocking voltage and current
capability, so parameters estimation based on those two requirements could be beneficial from the
practical point of view. However, current capability itself is not a MOSFET parameter as it depends
on the selected thermal management of the device and therefore difficult to determine beforehand.

700 T T
®
600 a
. ® D2PAK (TO-263)
° & D2PAK 7pin (TO-263 7pin)
500 - . . ® DPAK (TO-252)
a *  DirectFET(L)
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$ 400 - ,‘ 8 % DirectFET(S)
= o o % O [2PAK (TO-262)
(&} g 4 O |PAK (TO-251)
3300 - § 1 PQFN 3.3x 3.3
w s S0-8
b4 94 a1 SuperSO8 5x6
200 & 1 % 1 4 T0-220
28 « o * % TO-247
00 i * < * O TOLL (HSOF-8)
- e i ﬂ |
8 Y *
1 1 1 4 Il
0
0 50 100 150 200 250 300

Blocking Voltage [V]
Figure A- 2 Overview of available power semiconductor devices from Infineon StrongIRFET
Power MOSFET family. Rated Current at 25°C reference temperature and maximum
blocking voltage for different packages.
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Instead of the current capability, the die area seems to be more appropriated for parametrization of
power MOSFETs as it is a fix parameter for the given device and many of device
properties/parameters depends on it. However, the die area is not normally given in the device
datasheet.

The proposed meta-models for power MOSFET parameter estimation are based on blocking voltage
(VBiock) and equivalent die area (Acpip)- The equivalent die area is a calculated value, which has
been estimated based on the data available provided in the datasheet of the device. As some of the
Power MOSFET parameters depends on the packing (especially the thermal parameters), then the
TO-247 package has been considered as reference package and only data for that package has been
used for the relevant package dependent parameters.

To estimate the parameters and the equivalent die area, first, the devices with equal and lower
thermal resistance (larger die area) have been considered, so the equivalent die area keeps constant.

Figure A- 3 shows the ratio % for the power MOSFET with TO-247 package. It can be
thjC

Tﬂ scales with the blocking voltage when the die are keeps constant,
thjC

observed that the ratio

therefore:

RDS.REF(AChipREF) VkMOS.RDZ
Block

Rth]C (AchipREF)
then ks rp2 has been estimated from that ratio for constant die area.
For all the considered devices, the equivalent die area has been estimated as the average value from:
e Reference on-state resistance value with meta-parameters fitted for a reference die area of
50mm?2.
e Junction to case thermal resistance, with meta-parameters fitted using equivalent die area
estimated from reference on-state resistance
e Reference maximum continuous drain current, with maximum junction temperature of
175°C, the meta-parameters estimated as in the two previous cases, and calculated from the
following expression:
Tjmx — 25°C

X A1+f€Mos.Rth1
T jmx—25°C chip

2 —
IDZS -

k kmos.ao - VkMOS'al
MOS.RD2 & Block
V ) 1+ “ Knpos.reno

(kmos.rpo + kmosrp1 - Block 100

Figure A- 4 shows the calculated equivalent die area versus blocking voltage for the considered TO-
247 Power MOSFET devices.

Once the equivalent die area had been calculated for all reference devices, then the relevant power
MOSFET parameter have been analysed against the different blocking voltage (Vgcr) and
equivalent die area (Acp;p) values within the considered family. Table A- 2 summarizes the Power
MOSFET parameters and Meta-parameters for the StronglRFET Power MOSFET family from
Infineon with TO-247 package. The meta-models for power MOSFET parameter estimation are
presented in the following subsections.
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Conduction

Thermal

Reference Values

Switching

MOSFET family from Infineon with TO-247 package.

Meta-
Parameter
Parameter
kyos.rpo
Rbs.rer kyos.rp1
[Q] :

MOS.RD2

ORrps kmos.ao

[--] kmos.a1
Rinjc kwmos.reno
[°C/W] kyos.ren

Rincs [°C/W]
Rinja [°C/W]
Timx [°C]
Tirer [°C]
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Réofrrer[€2]
VDrREF [V]

d_ip
( dt )REF [A/“S]
IFREF [A]
Range VBlock [V]

Range Acp;p [mm?]

¢ kM 0S.trc0
rc0 k
[nS] MOS.trcl
kM 0S.trc2
kM 0S.tfco
tf c0
k MOS.tfcl
[ns]
kM OS.tfc2
kM 0S.CrssO
CrssO k
[I’IS] MOS.Crssl
kM 0S.Crss2

Value

2.4466¢-8
7.4049¢-14
2.8674
0.1777
0.2335
0.0025
0.4806
0.24
40
175
25
54
54
10

100

41
{40, 300}
{10, 60}
5.8531e5
-0.6653
0.5124
7.1488¢6
-0.8182
0.6984
1.8237¢11
-1.7408
0.9825

Cost

Other

Diode reverse recovery process
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Meta-
Parameter
Parameter
Costyoso
CostyosreT knmos.costo
[EUR] kMOS.costl
kM 0S.cost2

Massyos [g]

2
Amos.pack [cm?]

IMOSpackMX [A]
k
AVpyax MOS.dVFO
dt kyos.avri
V/ns
[ ] kyos.avrz
kyos.igto
kMOS.IQt k
-] MOS.IQt1
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kyos.irir k
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Vo [V]

Vesiem[ V]

Table A- 2 Power MOSFET parameters and Meta-parameters for StrongIRFET Power

Value

0.2
2.7368¢e4
0.3378
1.0707
8
3.10
195
4.188e-4
0.8504
-0.5713
0.4958
0.1275
-0.0512
0.0078

0.4827

-0.0458
0.7561
0.0813
0.0319
2.3853
0.6790
0.2444
7.7621e7
-1.03
0.7832
4.8154
3.1038
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A.2.1 Reference values

Some of the reference Power MOSFET parameters are given for specific reference conditions,
which may vary between the different devices within the MOSFET family. To provide a general
frame for the MOSFET parameter estimation, specific reference values have been defined to the
MOSFET technology and the individual MOSFET parameters have been scaled according to its
reference values and the technology reference values. The reference values are reported in Table A-
2, and are listed as following:

e Reference Junction temperature (Tjggr): normally the electrical parameters are given for
25°C reference temperature, and that has been the selected value for Tiggp.

e Reference total gate circuit resistance for turning on process (Rsonrer): The switching
parameters are given for reference conditions, which includes along other the total gate
resistance. R;,nrpr has been selected as the maximum gate resistance for switching
reference conditions along all the considered devices within the MOSFET technology.

e Reference total gate circuit resistance for turning off process (R, frrer): It has been
selected as the maximum gate resistance for turn-off switching reference conditions along
all the considered devices within the MOSFET technology.

e Reference drive voltage (Vp,zgr): It has been selected as the minimum drive voltage
reported for the switching parameters along all the considered devices within the MOSFET
technology.

e Reference diode conduction current before turn-off (Irzgr): It has been selected as the
minimum value along the reported values in the device datasheet for switching conditions
within the MOSFET technology.

e Reference rate of change of diode current during turn-off process ((%) ): It has been
REF

selected as the minimum value along the reported values in the device datasheet for
switching conditions within the MOSFET technology.

e Blocking voltage range: The analysed parameters and obtained meta-parameters are for
Power MOSFET with blocking voltage between 40V and 300V.

e Equivalent die area range: The analysed parameters and obtained meta-parameters are for
Power MOSFETs with a calculated equivalent die area between 10mm? and 60mm?.

A.2.2 On-state resistance

The on-state resistance can be modelled as function of the MOSFET junction temperature (Tjpyos)
by:

Timos=Tj
aRDS) MoS—TjREF

RDS(TjMos) = Rpsper ° (1 + 100

where ag . is the thermal coefficient of the on-state resistance, which can be calculated from the
typical data reported in the device datasheet, and Rps ggr 1S the on-state resistance at reference
junction temperature Tjrgr. The MOSFET electrical parameters are provided in the datasheet for a
reference temperature of 25°C, and therefore all the analysed reference parameters within this study
have been considered/scaled to Tjggr = 25°C.
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Based on the analysed data for the considered Power MOSFET technology, the on-state resistance
parameters can be estimated as function of the device equivalent chip area and blocking voltage as
follows:

kmos.rD2
R _ kumos.rpo + kmosro1 * Vaiock
DS.REF — A
chip
=k . VkMOS.o.'l
ARrps = KM0S.a0 " VBiock

Where, k05 rpo» Kmos.rp1 Kmos.rp2> Kmos.ao and kyos o1 are the meta-parameters for on-state
resistance evaluation of the Power MOSFET. Figure A- 5 shows the thermal coefficient of the on-
state resistance as function of the device blocking voltage as well as the calculated value based on
the proposed meta-model (kp05.00 and Ky05.01)-
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Figure A- 5 Thermal coefficient of the MOSFET on-state resistance versus device blocking

voltage

Figure A- 6 shows the reference on-state resistance (at 25°C) versus the device blocking voltage.
The reference data as taken from device datasheet is plotted in red circles (blue dots for the
considered reference data with fix die area), and the estimation based on meta-model is plotted with
cross in cyan colour. Evaluation of the meta-model with two fixed equivalent die areas are also
plotted in Figure A- 6.
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Figure A- 6 Reference on-state resistance (@25°C) versus blocking voltage.

A.2.3 Thermal parameters

The junction to case thermal resistance has been assumed to be independent on blocking voltage
and it is estimated by:

R = kwmos.reno
thjc AkmosRen1
chip

Figure A- 7 shows the junction-to-case thermal resistance as function of blocking voltage and
equivalent chip area. The fitted meta-parameters kp;os reno and Kyos rent for the considered
technology can be found in Table A- 2.

The case to sink thermal resistance (R;,cs) 1s a constant parameter along the considered devices
with TO-247 package, with a value of 0.24 [°C/W]. Similarly, a junction to ambient thermal
resistance (Ryp;4) of 40 [°C/W] has been found to be constant value for all the devices.

The maximum junction temperature (Tj,,,) for the power MOSFET is constant value along the
StrongIRFET family, and it is 175 °C.
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Figure A- 7 Junction-to-case thermal resistance for different blocking voltage (left) and
equivalent die area (right)

A.2.4 Maximum continuous drain current
As previously defined, the maximum continuous current is a performance index which is estimated
based on the on-state resistance, the thermal resistance, and the junction temperature. The maximum
continuous drain current for a case temperature of 25°C is a reference value found in the device
datasheet, based on the proposed meta-models, it can be estimated by:
Timx — 25°C

. g1tkmos.rtn1
. —_— ° i
kmos.a1 T jmx—25°C chip

k .
K MO0S.ct0
(kmos.rpo + kmosrpa - VS RDZ ) . (1 + 2 106”“]( ) " Kpmos.rtho

2 —
ID25 -

Figure A- 8 shows the maximum continuous drain current versus blocking voltage, including data
as reported in the device datasheet and the calculated values considering the meta-models and fitted
meta-parameters. It can be observed that estimated values agree well with reported values in the
datasheet.
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Figure A- 8 Maximum continuous drain current. Data as reported in the device datasheet
versus calculated value considering the meta-models and fitted meta-parameters.
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A.2.5 Turn-on energy parameters
The total energy loss related with turn-on process can be estimated by:

1 5
Eon = E “Vop * Ipon ° (trc + ity t tfv) + Z “Qrr - Vpp

where, Vpp is the blocked voltage before turn-on action, I, is the conducted current after turn-on
action, t,.. is the current rise time at turn on, t,. is the reverse-recovery time of free-wheeling diode
turn-off process, tf, is the voltage fall time at turn on, and Q. is the reverse-recovery charge of the
free-wheeling diode.

The current rise time at turn on (t,..) can be approximated by

Vol Ves(tn
tre = Tgon * (— log( — ﬁ) + log (1 - #))
T T

where 7,, 1s the time constant for gate turn-on process, assumed proportional to the total gate
circuit resistance for turn-on process and input capacitance of the power MOSFET; V), is the gate-
source plateau voltage (Miller effect), Vig(¢n) 1s the gate-source threshold voltage and V),.: driver
voltage. Since 74, 1S a parameter difficult to estimate, alternatively t,. can be estimated by

|74 V,
(~1o8(1 7, +os (1 - 5))

trc = tTCO ) .
= V., VGs(en
GONREF (_ log (1 - VDT’;EF> + log (1 — WI(:EIZ))

where ¢, is the reference current rise time, which is a given value in the device datasheet for
reference conditions R;,,rer (reference total gate circuit resistance for turning on process) and
Vprrer (reference driver voltage).

RGon

Figure A- 9 shows V,; and Vg(¢p) versus blocking voltage for the StrongIRFET Power MOSFET
family. It can be observed minor variations on these parameters along the blocking voltage range
for the considered technology, therefore these parameters have been considered as constant
parameters for a given technology.
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Figure A- 9 Plateau Voltage (left) and Threshold voltage (right) versus blocking voltage for
the StrongIRFET Power MOSFET family.
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The reference current rise time, reported in the device datasheet, has been scaled to the considered
reference conditions for the MOSFET technology, as defined in section A.2.1. Figure A- 10 shows
the reference current rise time versus blocking voltage for the StrongIRFET Power MOSFET
family. It is proposed to estimate t,., by the follow meta-model:

— kmos.trc1 | gkmos.trez
trco = kmos.trco " Vpiock “Achip

Where, kyos trcor Kmos.tre1r Kmos.erez are the meta-parameters for reference current rise time
estimation.
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Figure A- 10 Reference current rise time versus blocking voltage for the StrongIRFET Power
MOSFET family

The voltage fall time at turn on (tf,,) can be approximated by
C*
try = Vop * Rgon VL
Dr — Vpl
where the average reverse transfer capacitance (Cys) can be approximated by:

. Crss(VDD) + Crss(RDS ) IDon) . Crsso
Crss = 2 ~ 2

And the reverse transfer capacitance at zero volts (Cys59) is @ MOSFET parameter that can be found
in the device datasheet. It is proposed to estimate C,.¢¢o by:

_ kmos.crss1 kmos.crss2
Crsso = Kmos.crsso V;)lock 'Achip

Where, kyos.crssor Kmos.crssi» Kmos.crss2 are the meta-parameters for reverse transfer capacitance
estimation. Figure A- 11 shows the reverse transfer capacitance versus blocking voltage for the
StrongIRFET Power MOSFET family along with the evaluation of the proposed meta-model with
fitted meta-parameters reported in Table A- 2.

Finally, tf,,, and indirectly Rg,p, is limited by the maximum allowed diode voltage rate of change

(dvl;nzAx)’ which is a property of the MOSFET device technology:

Vbp < Avpmax
try dt
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Figure A- 12 shows the maximum allowed diode voltage rate of change versus blocking voltage for

the StrongIRFET Power MOSFET family along with the evaluation of the proposed meta-model for
two equivalent chip area:

dvpmax =k . ykmos.avF1 | gkMos.avF2
dt MOS.dVFO0 ~ Vplock chip
— 8000 : | I I
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Figure A- 11 Reverse transfer capacitance versus blocking voltage for the StrongIRFET
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Figure A- 12 Maximum allowed diode voltage rate of change versus blocking voltage for the
StrongIRFET Power MOSFET family

A.2.6 Reverse recovery parameters

There are three main parameters related to diode reverse recovery process: the peak reverse

recovery current (Izg), the reverse recovery time (t,.-) and the reverse recovery charge (Q,,-), which
are corelated by
QTT

Igr = kmos.iot - .
rr

The parameter ks o: can be calculated from reference reverse recovery values (Iggo, trro, @rro)
found in the device datasheet; in the literature this value is normally approximated to 2, however it
has been found that kg o¢ varies mainly with device blocking voltage for the considered
reference MOSFET technology:
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_ kmos.1ot1 kmos.1ot2

For a given switching conditions, the peak reverse recovery current can be approximated by:

. kmos.Irdir
X dip
MOS.IRIF =£
Lo = I <I_F> | —dt
RR RRO Irrgr (% )
t JREF

where Izp, is the reference peak reverse-recovery current, which normally can be found in the
device datasheet for reference conditions Irzgr (reference diode conduction current before turn-oft)
di . .
and (ﬁ) (reference rate of change of diode current during turn-off process); and ko5 1riF»
REF

kyos.irair are diode reverse recovery relationship parameters which can be calculated from
di . : : :
Igg Vs Ip vs ﬁ relationships normally found in the device datasheet.

It is proposed to estimate ky;os rir and Kyos rair as following:

k =k . ykmos.rIFL | gKkMOSIRIF2
MOS.IRIF — ™MOS.IRIFO block chip
k =k . ykmosirair1 | gkmos.rairz
MOS.IRAIF = KM0S.IRAiFO * Ypiock chip
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5 4 #*  Kyos o data TO-247
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Figure A- 13 Reverse recovery relationship parameters versus blocking voltage for the
StronglRFET Power MOSFET family

Figure A- 13 shows the reverse recovery relationship parameters versus blocking voltage for the
StrongIRFET Power MOSFET family along with the proposed meta-models for two different
equivalent die areas.

For the estimation of the reference peak reverse-recovery current (Izg,), all data collected from the

device datasheets have been scaled to the global reference conditions Ipggr and (C;i) , as defined
REF

in section A.2.1. Then, the following expression has been fitted to estimated Iggq:

_ kmos.IrRR1 KMoS.IRR2
Irro = Kmos.irro * V;Jlock 'Achip
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Figure A- 14 shows the reference peak reverse-recovery current versus the device blocking voltage
for the StrongIRFET Power MOSFET family along with the proposed meta-models for two
different equivalent die areas.

14 \ T T \ T \ T
— _ _ — - 5 T ,
< 12k ‘ ® DataTO-247 ©O Scaled data ( IFREF—MA & (le/dt)REF—1OO Alus) A4e=50 mm® ====- A =25 mm ‘ )
=)

&: -
?—: 10 - o - e =1
g 8 ® A B i
5 §

o —
© 6F e T e - |
o . T e
x -

- Q " _
§ L It g

- Z.-8"

g 2 =0T e .
o
0 | I I | | | I
0 50 100 150 200 250 300 350 400

Blocking Voltage [V]
Figure A- 14 Reference peak reverse-recovery current versus blocking voltage for the
StrongIRFET Power MOSFET family

Finally, given the switching conditions: the diode conduction current before turn-off (1) and the
rate of change of diode current during turn-off process (%F), then the peak reverse recovery current

can be evaluated, and the remain parameters, t,.- and Q,.., can be approximated by

. IRR

A.2.7 Turn-off energy parameters
The turn-off energy loss can be approximated by

Eoff = E “Vop - IDoff ) (tfc + 4y
where, Vp, is the blocked voltage after turn-off action, Ip, sy is the conducted current before turn-
off action, t. is the current falling time at turn off, and t,.,, is the voltage rise time at turn off.

The voltage rise time at turn-off (¢,-,) can be approximated by

Tss

trv = Vpbp 'RGoff : V_
pl

Where R,y 1s the total gate circuit resistance for turning off process, and with the average reverse
transfer capacitance (C ) evaluated as previously indicated in section A.2.5.

The current falling time (t¢.) can be estimated by:
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Tgorf time constant for gate turn-off process, assumed proportional to gate resistance and MOSFET
input capacitance, and therefore t¢. can be approximated by:

_ Reorr

tfc = tch : R
GoffREF

Where, tf., is the reference current falling time at reference total gate circuit resistance for turning

off process (RgofrrErF), and it can be estimated by:

kmostfcr  ,KMoOs.tfcz
treo = kMOS-thO ’ Vblock ) Achip

Figure A- 15 shows the reference current falling time versus blocking voltage for the StrongIRFET
Power MOSFET family along with the proposed meta-models for two different equivalent die
areas.
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Figure A- 15 Reference current falling time versus blocking voltage for the StrongIRFET
Power MOSFET family

A.2.8 Device Cost

The cost of the power MOSFET (Costyosrgr) has been estimated based on budget price reported
by the manufacturer. It scales with blocking voltage and die area, and it is proposed to be estimated
by:

— kMOS.costl kMOS.costz
Costyosrer = CoStyoso + kmos.costo ™ Vorock “Achip

Figure A- 16 shows the Power MOSFET budget price versus blocking voltage (left) and equivalent
die area (right) for the StrongIRFET Power MOSFET family along with the evaluation of the fitted
proposed meta-model for two different blocking voltage and equivalent chip areas.
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Figure A- 16 Power MOSFET budget price versus blocking voltage (left) and equivalent die
area (right) for the StrongIRFET Power MOSFET family

A.2.9 Total gate charge

The total gate charge (Qspmos) can be estimated by the meta-parameters ky s 960, Kmos.ge1 and
kuos.gc2 for the reference MOSFET technology, as following:

_ kmos.Qc1 KkM05.062

Figure A- 17 shows the total gate charge versus blocking voltage for all available devices in the
StrongIRFET Power MOSFET family along with the evaluated meta-model for three different
equivalent chip areas.
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Figure A- 17 total Gate charge versus blocking voltage for the StrongIRFET Power MOSFET
family
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A.3 DC inductors

If an inductor design technology is kept (core material, conductor type, core geometry...) for
different inductance values (L) and nominal current requirements (I}, i), the overall inductor volume
(Vol;) and total weight Weight; are approximated by:

krwtero

WelghtL = kLWtO . IL,N

kiwee  jkiwen
+ kLth * EL * I

L.N

_ krvtio kivete  yKLven
Vol, = kiyeo - I " + Kpyer - E Iy

1
EL:

L * IfN

where, E; is the inductor nominal energy, k; w0, Krwero» Kowerr Kiwes, Kowern are the inductor meta-
parameters for total weight estimation, and k; o, Krvtr0, Krver, Kives, Krven are the inductor meta-
parameters for overall volume estimation, which can be obtained against reported data by the
inductor manufacturers of a specific inductor technology.

The SIDAC iron-core smoothing reactors series 4EM & 4ET from Siemens manufacturer have been
considered as reference inductor technology. Table A- 3 summarizes the parameters and meta-
parameters for the considered DC inductor technology.

Table A- 3 Parameters and Meta-parameters for the considered DC inductor reference
technology. SIDAC iron-core smoothing reactors series 4EM & 4ET from Siemens

manufacturer
Parameter Meta- Value Parameter Meta- Value
parameter parameter
kiwio 3.117e-4 Kivio 3.4258e-7
1.6543 1.7731
Weight, kiwtio Vol, kiyvero
kg kiwer 6.0845 (m?] kiveq 0.0028
kiwee 0.8944 kivig 1.1615
Kiwin -0.1904 kivin -0.4999
W, Kiweo 0.6576 Wyag ki wwo 0.1795
[kg] kiwewt 0.9692 [kg] kiwwwe 0.9049
kipwo 0.0089 P oreLo kyco 0.2654
p kipwio 1.6812 (W] kycwe 1.0184
[;I’,L]" Ky pu1 19.8484 f Lhwef 300 Hz
ki pwE 0.6256 EL 0.25
kLPWIl 0.0720 Ocore,L 8 €/kg
Cost, a0t 1
6iLref 0.30 [EUR]’ Owdg,L 10 €/kg
Fipref 3/2 CoStmato.L 1€ /unit
a 1.439 COStlab,L Olab,L 7€/kg
B 2 [EUR] Costigpo,L 2€/unit
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Figure A- 18 shows the inductor total weight and overall volume versus inductor energy and rated
current for the SIDAC iron-core smoothing reactors series 4EM & 4ET from Siemens

manufacturer.
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Figure A- 18 Inductor total weight (top) and overall Volume (bottom) versus inductor energy
and rated current for the SIDAC iron-core smoothing reactors series 4EM & 4ET from
Siemens manufacturer.

The inductor core weight (W, ) and inductor winding weight (W,,44) can be estimated as function
of the total weight, by:

WCL = kLWCO . WeighthWCWt

Wde = kLWWO . WelghtL

krwwwt

Wer, + Wyag < Weight,

Where, k;yco, Kwewe are the inductor meta-parameters for core weight estimation and k; ¢ and
k;wwwe are the inductor meta-parameters for winding weight estimation, which can be estimated
against reported data by the inductor manufacturers of a specific inductor technology.

Figure A- 19 shows the Inductor core weight and winding weight versus inductor total weight and
rated current for the SIDAC iron-core smoothing reactors series 4EM & 4ET from Siemens
manufacturer. Reference data and metamodel estimation are plotted in Figure A- 19.
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Figure A- 19 Inductor core weight (top) and winding weight (bottom) versus inductor total
weight and rated current for the SIDAC iron-core smoothing reactors series 4EM & 4ET

Winding

from Siemens manufacturer.

losses:

The DC inductor winding loss model assumes that the inductor current is composed by mainly two

components, the DC component (I; ), and the ripple current component ((1)):

Then, the

I} = Ifpc + Iy
inductor winding losses (P,,;) can be estimated by:

Py = ESRp¢ - Ifpc + ESRyc - I,

where, ESRp is the DC equivalent series resistance of the inductor winding, and ESR, is the AC
equivalent series resistance of the inductor winding, which is frequency dependent. It has been

shown in

PROJECT NO.
502002730

[1] that ESR, can be approximated by:
ESRAC =~ ESRDC . FTL
Fop = (1 + kery - fi3)
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Where, F,; is the eddy current loss factor for inductor winding, and f;, is the effective frequency of
the inductor current ripple component.

Then, the nominal winding losses at a given ripple condition can be expressed by:

Pwio = ESRp¢ - (1 + (1 + kgyp - forer) - Olirer) - Iin

Where, P, are the reference nominal winding losses of the inductor for the inductor nominal DC

current (/) with ripple component characterized by its reference effective frequency f .. and a

relative rms ripple current of ;1 = I pn /I n. Good winding designs normally has a value of F,,
between 1.3 and 1.8 for the main/nominal operating frequencies, so it has been assumed that Fy ;.. ¢
is a reference parameter for the inductor technology:

) 3
FrLref ~ (1 + kFrL : thref) = E

On the other hand, similarly to the overall volume and total weight, the nominal winding losses of
the inductor can be roughly estimated as function of the inductor rated current and energy by:

_ kLpwio kLpwe  1kLPwi1
PWLO = kLPwO : IL_N + kLPwl : EL : IL_N

Where, k;pwo> KLpwio» KLpw1 KLpwrs and k;py,;q1 are the inductor meta-parameters for reference
nominal winding loss estimation at reference ripple current conditions &;,¢r and fipre-

Figure A- 20 shows the inductor reference nominal winding losses and winding losses to winding
weight ratio versus inductor energy and inductor rated current for the SIDAC iron-core smoothing
reactors series 4EM & 4ET from Siemens manufacturer.

With the reference nominal winding losses estimated, then the equivalent resistance can be
approximated by:

PWLO

ESRpc =
(1 + FrLref ) 5ieref) ’ IZN

2
ESR,c ~ ESRp. - (1 + (Frprey — 1) - ( Jun ) )

thref

For triangular current waveform with frequency f;,,, then the effective frequency (f;,) becomes [1]:

23

T

fin = * fow
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Figure A- 20 Inductor reference nominal winding losses and winding losses to winding weight
ratio versus inductor energy and inductor rated current for the SIDAC iron-core smoothing
reactors series 4EM & 4ET from Siemens manufacturer (81, = 0.3 and f5,.f = 300).

Core losses
The inductor core losses (P.,¢;,) can be evaluated based on the well-known Steinmetz equation, so
for a DC inductor, P, scale with the effective frequency (f;;) and the peak flux density

(BLhpear) associated to the current ripple:

ar , pBL
PcoreL X th Btheak
Where, a; and [, are the Steinmetz core loss parameters for the inductor magnetic core material.

For a given reference core nominal loss data (at given ripple conditions ;1. and fipyef), the
reference core nominal loss (P.ye10) can be estimated as function of the core weight (W,,) by:

— . k
PcoreLO - kpcO (WCL) pewe

Where k¢ and k, ¢y are the inductor meta-parameters for core loss estimation. Figure A- 21

shows the inductor reference nominal core losses versus inductor core weight and rated current for
the SIDAC iron-core smoothing reactors series 4EM & 4ET from Siemens manufacturer.
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Finally, as the flux density is proportional to the ripple current [1], then the inductor core losses
(Pcorer) can be estimated by:

a B
PcoreL _ ( th > - . ( ILhPeak ) -
PcoreLO thref \/E . 6iLref : IL.N
Where, I} ,peqr 18 the peak ripple current with effective frequency f; 5, and P, are the reference
core losses for the reference ripple conditions ;1 and fipref-

104 r : : — 2000
[ |= = «<Metamodel -
o reference data L3t 1aed

- 1600

‘\
rated (A)

Reference Nominal Core Losses [W]

g2l g : ! i
10°" 10° 10" 10% 10° 10*
Inductor Core Weight [kg]
Figure A- 21 Inductor reference nominal core losses versus inductor core weight and rated
current for the SIDAC iron-core smoothing reactors series 4EM & 4ET from Siemens

manufacturer (6;;,cf = 0.3 and fp,cf = 300).

Inductor cost

The DC inductor cost can be estimated based on the model proposed in [19], briefly described here
for the sake of completeness:

1
CoStygtr = —1 — - (Costmat,L + Costlab,L)

-3
COStmat,L = Ocore,L * WCL + Owdg,L Wwdg + COStmatO,L

Costiapr = Giapr - Wwag + CoStigpnoL

Where 0;ore 1, Owag,. and oy4p 5, are the specific cost per weight of the core and winding, which
depends on the employed core and winding type; W, Wy, 44 are the core and winding weight,

respectively, Cost,q¢0, and Costygpg ;, are fixed material and labour cost, and Z; 1s the supplier
gross margin.

For the considered reference inductor technology: o.ore, = 8 €/kg, oyag, = 10 €/kg, Oiqp1, =
7€/kg, Costygro,, = 1€/unit and Costqp, = 2€/unit. A supplier gross margin of 25% has
been assumed. Figure A- 22 shows the estimated inductor cost versus inductor energy and inductor

rated current for the SIDAC iron-core smoothing reactors series 4EM & 4ET from Siemens
manufacturer.
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Figure A- 22 Inductor cost versus inductor energy and inductor rated current for the SIDAC

iron-core smoothing reactors series 4EM & 4ET from Siemens manufacturer.
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A.4 Heatsinks

The developed heatsink models aims to evaluate the performance of a heatsink technology as
functions of two main inputs:

e The available device area to be cold down (Ap,se)-

e The required heatsink thermal resistance (R¢ys)

Three heatsink alternatives has been considered within this work: natural convection heatsinks, air-
forced heatsinks and a liquid-cooled cold plates.

A.4.1 Natural convection heatsinks

In this case an aluminium heatsink structure is placed on top of the device to be cold down and only
natural convection applies, so the thermal resistance of the aluminium structure (R, ) is the total
heatsink thermal resistance (R;,ys = Reny)- Stamping and extrusion heatsink technologies have
been considered.

The overall volume of the heatsink (Volys) can be approximated to the volume of the aluminium
structure (Volysy), which can be estimated as function of its base area (Ag,q.) and its thermal
resistance (R;py) by:

_ _ k k
Volys = Volysy = kusnvoro * (Apase) HSNVolA - (Rypy ) “HSNVOLR

Where kysnvoios Kusnvoia and Kysyvoir are the aluminium structure meta-parameters for volume
estimation of the considered aluminium structure technology.

Similarly to the volume, the heatsink cost (Costys) can be approximated to the cost of the
aluminium structure (Costygy), which can be estimated as function of its base area (Ap,s.) and its
thermal resistance (Ryy) by:

_ _ k k
Costys = Costysy = kysncosto - (Apase) HSNCostA - (Ryyy ) HSNCostR

Where Kysncostor Krsncosta and Kysncoser are the aluminium structure meta-parameters for cost
estimation of the considered aluminium structure technology.

The heatsink weight is the weight of the aluminium structure, which can be estimated based on the
average density of the aluminium structure (pggy) by:

Weightys = Weightysy = pusy - Volusny

The aluminium structure heatsink technology itself has limitations regarding the thermal resistance
versus base area, as very low thermal resistances cannot be obtained for small base areas given
physical constraints implicit in the technology. So, a validity range for the base area as function of
thermal resistance has been considered, and it is estimated by:
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_ K
Apasemn = Kusnamn - (Repy ) HSNAR

_ k
Apasemx = kusnamx + (Repy ) “HSNAR

Where kysnamns Kusvamx and kysyar are the meta-parameters for base area and thermal resistance
relationship of the considered technology.

A.4.2 Air-Forced Heatsink

In this case an aluminium heatsink structure with fan system is placed on top of the device.
Stamping and extrusion heatsink technologies have been considered for the aluminium structures.
Square tube axial 12Vdc fans have been considered as reference fan system technology.

The cost, overall volume, and weight of the air-forced heatsink are calculated as summation of the
heatsink aluminium structure and fan system components, as follows:

Costys = Costysy + CoStyspan
Volys = Volysy + Volyspan
Weightys = Weightysy + Weightyspan
The heatsink structure is modelled as in previous section, and the fan system is evaluated by:

_ k k
CoStyspan = CoStyspano + Kusrancosto - (Apan)“HSFancosta - (AF Rpgnyy )/ ¢HSFanCostAFR

_ k K
Volysran = Kusranvoio * (Apan) *HSFanvola - (AF Rpgppx) *HSVOIAFR

. _ k_HSFanwv
Weightyspan = Pusran * (VOolyspan)™">"*"

Volysn

vV ABase

AFRFanMX = 2 . AFRHS

AFan ~

Afpan: Required fan area, which is the area where the air will flow through the heatsink structure. It
is approximated considering a square base heatsink area (Aggse.ns)

AF Rggnux: Maximum fan air flow rate, which is approximated to be twice the nominal air flow rate
of the heatsink (AF Rys).

The total heatsink thermal resistance can be evaluated by adding the thermal resistance of the base
plate and the thermal resistance of the structure fins, which is a function of AFRys:

Rinn — Renp
1 + kAFR * AFRHS

Ripys = Reng +
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max{kgrin * Hysrin,» Huspasemn}

thB =
Kar * Apase

VOlHSN

Hyspin = A
Base

A.4.3 Cold Plates

In this case a cold plate is placed on top of the device to be cold down. Different cold plates
technologies have been considered.
The cost, overall volume, and weight of the heatsink are calculated as follows:

. kecpev | kcpcrr
kcpco VOlCPi WFRp

kcpcr
RthCPi

Volys = Volcp; = Apase * tep

COStHS == COStCPi = COStCPCO +

Weightys = Weightcp; = kcpmo - VOl’c(gliaMV
Kcpro

kcpra kcPre kcprFr
ABase tCP WFRCP

Rinuws = Rencpi =

Apcpivn < Apase < Apcpimx

Table A- 4 summarizes the cold plate meta-models and found meta-parameters for the considered
technologies.
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Table A- 4 Cold Plate Meta-model and meta-parameters

Reference Technologies
Manufacturer Series
Solid State Cooling Systems LC, LCW, LFLC and HFLC
Wakefield-vette 1204xx, 1209xx, and 180-xx
Aavid, Thermal Division of Boyd Corporation Hi-Contact
Advanced Thermal Solutions Inc. ATS-CP and ATS-TCP
Ohmite CP
Meta-Models
Input [units] Meta- value
parameter
. o Apcp: Base Area [m2 kcpro 1.9683¢-6
Thermal Resmtan}ge [C/WI: tcic:llj)late thicknegs [111] kcpra 0.5364
Rince = —crmr e i Ven: Flow Rate kepre 1.8718
peper R [dm3/min] kcprrr 0.4336
Cold plate Volume [m3] Agcp: Base Area [m2]
Volcp = Agcp - tep tcp:Plate thickness [m] N h
Cold plate Weight [kg] kcpmo 15.0475
Masscp = keparo - Vol's™™ Volcp: Volume [m3] Kepmy 0.3263
Cold Plate Price [EUR] Volgp: Volume [m3] C‘I’CS fepco 2 0635
Costcp Renco[PC/W] CPCO .
Kepco * Vollggpcv . V’;[CePCFR V.. Flow Rate kCPCV 0.1766
= Costepey + . FR . k 0.4836
R,CICR [dm3/min] CPCR
kcpcrr 0.4722
Min.-Max. Water Flow Rate kcprromn 3.7208e4
Virmin = Keprromn * L™ tcp:Plate thickness [m] kcprromx 4.4649¢5
Vrmax = Keprromx - tey™ kcprre 2.4086
Constraints
Input variable Minimum Maximum
tcp: Cold plate thickness 10 mm 35 mm
Apcp:Cold plate base area 10 cm2 3000 cm?2
Veg: Water flow rate Ver.min ViR Max
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A.4.4 Heatsink technologies comparison

Figure A- 23 to Figure A- 26 shows the heatsink performance comparison for the considered
heatsink technologies within this work. Reference heatsink data along with the evaluated proposed
meta-models are plotted.

HeatSink Minimum Area Versus Thermal Resistance
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Figure A- 23 Heatsink base area versus thermal resistance for different heatsink technologies.
Reference data along with the evaluated meta-models.

HeatSink Price Versus Thermal Resistance
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Figure A- 24 Heatsink price versus heatsink thermal resistance for different heatsink
technologies. Reference data along with the evaluated meta-models.
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HeatSink Price Versus Volume
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Figure A- 25 Heatsink price versus Heatsink overall volume for different heatsink
technologies. Reference data along with the evaluated meta-models.

HeatSink Price Versus Volumetric Thermal Resistance
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Figure A- 26 Heatsink price versus volumetric thermal resistance for different heatsink
technologies. Reference data along with the evaluated meta-models
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B Water cooling system based on microchannel cold plates.

This cooling system, also commonly name as "jacket cooling", is composed by two main
components: the microchannel cold plates and the thermal pads (interfacing the battery cells and
microchannel cold plates). The core element of this cooling system is the microchannel cold plate.
An illustrative example of a pouch cell with microchannel cold plate is shown in Figure B-1 as
reported in [12, 13]. Figure B-2 shows a simplified thermal model for the water-cooling system
based on microchannel cold plates. The average thermal resistance of the microchannel cold plate

cooling system (R¢pys ucp) can be estimated as follows:

Lithium ion pouch cell

. \ Cold plate
Cold plate

] o

] | E Cooling channels Inlet —— Outlet
i |ﬂ ;’ coolant — coolant
| | £ | L
(a) (b)
Figure B-1 Exemplary geometry of pouch cell with microchannel cold plate. Figure taken
from [12]
Battery
Cell o
L
a
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Figure B-2 Simplified thermal model for battery module with microchannel cold plates.
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Rinusuce = Rencetx + Rente + Renuce

where Ripcenxis the in-plane cell thermal resistance (from centre of the cell to the cell surface),
Riprp is the thermal pad thermal resistance and Ryp,,cp is the microchannel cold plate thermal
resistance (double side cooling). Ripcenrx and Reprp are defined as in section 3.4.

The microchannel cold plate thermal resistance can be estimated based on the effective head

transfer coefficient (h.sf) of the microchannel cold plate base surface (Ag,cp):
1

RthuCP = K
Lcell ' WCell : kheuO ’ th “

where kpe,0 and kp,,qare proportionality regression coefficients found by taking data from the

reference microchannel cold plate technology and 1}, is the inlet water flow speed (m/s). Table B- 1

presents the considered microchannel cold plate parameters.

Table B- 1 Microchannel cold plate parameters

Parameter Value
Thermal Pad Thermal Conductivity [W/mK] | 3.4
Reference material: Thickness [mm] 0.3
H48-6 / TG-AH486 @ T-Global Density [kg/m3] 2420
Technology Cost density (Costrp,) 30
[EUR/kg]
Microchannel Cold Plate Effective head transfer kneuo = 347.72
Reference Technology: coefficients kpeyr = 0.2136
* Low flow LC @ Solid State Cooling | Thickness [mm] 1.7
Systems Water Flow speed [mm/s] 4.5
¢ Geometry and performance as in Range {1,7.5}
[13]1112]. Density [ke/m3] 2011.7
Inlet/outlet duct cross-sectional | 0.39
area [cm2] (10*1.3mmx3mm)
Cost density (Costcpq) 61
[EUR/kg]
Cost per unit (Cost:pg) [EUR] | 57
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