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High-power traction batteries are becoming ever more common due to stricter emission
regulations and vehicle electrification trend. The lithium-ion cell technology is governing
market leader over the wide range of traction battery applications. One of the main
challenges with lithium-ion based technology has been the operational safety of the battery
cells. In high power applications, electromechanical contactor is typically used to connect
and disconnect the battery from the load. Some of the challenges associated with
conventional contactors are the switching speed, arcing and component reliability. A solid-
state power switch examined in this work, is designed for integrated 48 V high-power li-ion
battery system. The work examines the solid-state battery switch for normal on-state
performance, fault current interruptions and effects of different load inductances. Moreover,
circuit sensitivity to parasitic inductance, transient current imbalance and semiconductor
parameter mismatch has been investigated. The simulation results indicate that 48 V high-
power li-ion battery system technical requirements can be met with simple silicon MOSFET
based power electronic switch. One of the main concerns in the design is the power
MOSFET’s limited ability to withstand large instantaneous avalanche currents. The results
also indicate that the power switch design endures the collapsing magnetic field energy
associated with the load inductance. The objectives of this work were achieved with high
utilization rate and low total number of devices.
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Suuritehoiset voimansiirtoakut ovat yleistyméssa tiukentuvien péaédstomaardysten ja
ajoneuvojen séhkoistymiskehityksen vuoksi. Litiumionikennoteknologiasta on tullut
markkinajohtaja monenlaisissa suurtehoa vaativissa voimansiirtosovelluksissa. YKsi
litiumionipohjaisen teknologian suurimmista haasteista on ollut kennojen kayttoturvallisuus.
Suuritehoisissa sovelluksissa akun kytkeminen ja irrottaminen kuormasta tehdaan
tyypillisesti sahkdmekaanisen kontaktorin avulla. Eréitd séhkdmekaanisiin kontaktoreihin
liittyvia haasteita ovat kuitenkin kytkentanopeus, valokaari-ilmi6é seka sahkémekaanisten
komponenttien luotettavuus. Tassa tydssé tarkasteltu puolijohdetehokytkin on suunniteltu
48 V jannitteelld toimivaan suuritehoiseen litiumioniakkujarjestelméaan. Tyossa tarkastellaan
akkukytkimen toimintaa normaalitilassa, vikavirtakatkoksien aikana sek& erisuuruisten
kuormainduktanssien vaikutuksia. Liséksi tutkitaan kytkinpiirien herkkyyttd hajainduktans-
seille, transienttivirran epéatasapainolle sekd puolijohdeparametrien hajonnalle. Saadut
simulointitulokset osoittavat, ettd 48 V:n suurtehoakkujarjestelmalle asetetut tekniset
vaatimukset voidaan toteuttaa yksinkertaisilla pii-MOSFET teknologiaan perustuvilla
puolijohdetehokytkimilld. Yksi suurimmista huolenaiheista kuitenkin on MOSFET
kytkimien rajallinen kyky kestda suuria avalanche-tilan virtoja. Tulokset myds osoittavat,
ettd tehokytkinyksikkd kykenee absorboimaan kuormainduktansseista vapautuvan
ylimadrdisen jadnnodsenergian. Tdman tyon tavoitteet saavutettiin MOSFET kytkimien
korkealla kéyttoasteella seké pienelld puolijohdekomponenttien kokonaismaaréalla.
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SYMBOLS AND ABBREVIATIONS

Roman characters

T
U

< » &~ o m T DT

Temperature
Voltage
Current
Resistance
Power
Energy
Capacitance
Inductance
Area

Volume

Greek characters

Pr
Pa

thermal coefficient
thermal conductivity
thermal capacity
material resistivity

material density

Dimensionless quantities

B

/4
k

Subscripts

a
AS
bat

ca

dest

technology constant
degree of conduction

geometry constant

ambient

avalanche, saturation
battery

case-ambient

drain

destroying

[ArC, K]
[W/m-K]
[I/K]
[Q-m]
[kg/m”]



J junction

jc junction-case

max maximum

op operating

pk peak value (dynamic)
SS steady state (static)
th thermal

Abbreviations

3D Three dimensional

BEV Battery electric vehicle

BMS Battery management system

BSC Bottom side cooling

CST Computer Simulation Technology
DC Direct current

EMC Electromagnetic compatibility

ETO Emitter turn-off thyristors

GTO Gate turn-off thyristors

HEMT High electron mobility transistors

HS High side

HV High voltage

IGBT Insulated gate bipolar transistors
IGCT Integrated gate-commutated thyristors
JFET Junction field effect transistors

LS Low side

LV Low voltage

LTO Lithium titanate oxide

MOSFET  Metal oxide semiconductor field effect transistor
PCB Printed circuit board

RLC Resistance, inductance and capacitance
Si Silicon

SiC Silicon carbide

SPICE Simulation program with integrated circuit emphasis



SSCB
SPD
SOA
TIM
TL
TSC
TVS
oCcv
VDA
WBG

Solid-state circuit breaker
Surge protective device

Safe operating area

Thermal interface material
Transmission line

Top side cooling

Transient voltage suppressor
Open circuit voltage

Verband der automobilindustrie

Wide bandgap
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1 Introduction

The objective of this work was to prospect a robust, reliable and cost-efficient solid-state
power switch solution for integrated 48 V li-ion battery pack. The solution is specified and
modeled in different inductive load conditions to simulate application requirements. The
circuit properties are examined by using circuit and electromagnetic (EM) simulation tools.
The two fields of numerical simulation methods are used to increase modeling accuracy and
uniformity with the physical samples. The circuit design is based on underlying behavior of
a generic circuit breaker topology widely applied among power systems (Rodrigues et al.,
2021). Part of this work is devoted investigating the parasitic inductance and imbalance of
parallel 3D structures, revealing the benefits of the co-simulation approach. The EM
solutions are extracted to equivalent RLC network and synthesized into SPICE circuit level

models.

The four chapters in background section (2), establishes an introduction to automotive
battery management system (BMS), generic circuit breaker architecture, silicon power
MOSFET semiconductor physics and electrothermal modeling. The methods section (3)
extracts the power switch requirements and presents the key components in the design. The
circuit level model is expanded with the layout SPICE model, representing the parasitic
properties of the 3D conductor structure. The electrical properties are examined in circuit
level with a freeware SPICE solver, exemplifying a generic electrical circuit level modeling
technique. The constrains associated with power electronics switching circuits in SPICE like
solvers are discussed briefly. In the results section (4), the electrical model performance and
main observations of the work are demonstrated. The latter part of result section concentrates
on the effects from parasitic inductances and parallel imbalance, which are contiguously
associated with real-life implementations. The conclusion section (5) presents main findings

and summarized the main cornerstones of parallel power MOSFET switch design.



2 Background

In this chapter, a li-ion battery management system (BMS) and a generic power system

circuit breaker concept are introduced.

2.1 Battery Management

Li-ion battery is expensive technology. The high cost of the li-ion cells promotes maximizing
the utilization rate of the available capacity (Nicoldo Campagnol et al. 2021). The battery
cells must always operate within the safe operating area (SOA), which is the reason why the
battery management system is used (Figure 1). Operating outside the SOA may not only
reduce the battery efficiency, lifetime and performance, but also lead to hazardous events,

such as thermal runaway, fire or even an explosion.

150
Forbidden operating area

100 |
o
% 50 Extended operating area
= |
g .
= Safe operating area
|_

0 —
-50
| | | |

0 1 2 3 4 5

Cell voltage [V]

Figure 1. Description of a li-ion battery cell safe operating area (SOA). The prolonged region
describes the area where limited operation is feasible with advanced control and cell state monitoring.
(Ismail et al., 2021, p. 5)



Long lifetime and safe operation of a li-ion battery cell is limiting the cell voltage and the
operating temperature range. A battery management system (Figure 2) is monitoring the
pack and cell level parameters, calculating and predicting the battery states. Computational
algorithms are used to optimize the system performance and prevent operation outside SOA.
Moreover, the BMS controls the cooling, heating and balancing of the cells. (Ismail et al.,
2021).

Pre-charging
circuit
. [«5)
HV+ =—— HS power switch =z 3
O o
Battery E
disconnect unit Iso UART / Cellmonitoring | | _ @
Iso SPI and balancing — 3 '§
| S
Cell monitoring _2
. 1 = 3
Battery and balancing — & 3
_ control unit | =
Auxilary power ] —
] || Cellmonitoring | | _ @
and balancing — 3 '§
S
Domain controller CAN
UART / SPI
Battery ] Battery pack
disconnect unit monitoring
HVe  — LS power switch Hall sensor Shunt resistor

Figure 2: An example blocks diagram of an automotive high voltage (HV) battery management
system (BMS). The main functional blocks are cell monitoring and balancing unit (CMU), current
and voltage sensing circuits, battery control unit (BCU) and battery disconnection unit (BDU). The
BDU (grey) comprises a power switch and an optional pre-charging circuit. Figure modified from
the reference. (Ismail et al., 2021, p. 6)



The battery disconnect unit (BDU) is a part of the battery management system, used to
connect and disconnect the DC bus. The main components of the BDU are the power switch
and an optional pre-charging circuit (Figure 2). When abnormal currents arise, the battery
cells, and the load must be protected. Fault currents may appear as a result of undercharge,
overcharge, short circuit or capacitive load connection. The pre-charging circuit is used to
limit the inrush current during the capacitive power up (Eq. (1)). This protects the battery

particularly when connecting the DC bus for the first time.

du
i(t)y==C It (1)
In the automotive industry it is commonly acknowledged, that the high voltage (HV) refers
to DC voltages above 60 V. When working with automotive HV systems, the standards
require specialized training, protective equipment and precautionary safety measures. The
regulatory requirements and homologation process differs substantially from the low voltage
(LV) system. For safety and functional reasons, the positive and negative terminals must be
disconnected from the load using both, the high side (HS) and the low side (LS) disconnect
units. As a result of heavy regulation, more expensive components and system complexity,
LV battery systems become more attractive solution for mild hybrid and light machinery
applications. Moreover, according to Sirch, O. et al. (2020), emerging supply architectures
require independent and redundant 48 V supplies, to meet the future autonomous driving

requirements.

2.2 Solid-State Circuit Breaker

A circuit breaker is a specific device or circuitry used to control the flow of current. The
basic concept of a circuit breaker was first introduced by Thomas A. Edison already in 1879
(De Andrade, L. etal., 2012).



2.2.1 Semiconductor Technologies

To determine an optimal power semiconductor device for a specific application, the intrinsic
device properties must be known. At present, a wide range of low and medium voltage power

semiconductor devices are commercially available (Figure 3).

Power switching technology
Bipolar Unipolar
Silicon Silicon carbide Silicon Silicon carbide Gallium nitride
Si thyristor SiC IGBT SiJFET SiC JFET GaN FET
Si IGBT SiC GTO Si MOSFET SiC MOSFET GaN HEMT
SiGTO SICETO
SIiETO
Si IGCT

Figure 3: Most common power semiconductor technologies utilized in SSCB applications.
(Rodrigues et al., 2021, p. 366)

The main technologies are organized by their current conduction tract structure in terms of
unipolar and bipolar devices. Unipolar devices have single n- or p-type conductive tract
(majority carrier device), whereas the bipolar devices have n- and p-type junction over the
conductive tract (majority and minority carrier device). The difference in unipolar and
bipolar technologies result in very different characteristics in terms of current flow, power

loss, current carrying capability, operating voltage range and temperature characteristics.

Bipolar technology is applied in many power semiconductor devices, which include
thyristors, gate turn-off thyristors (GTO), emitter turn-off thyristors (ETO), integrated gate-
commutated thyristors (IGCT), and insulated gate bipolar transistors (IGBT). Above-

mentioned bipolar devices have typically superior characteristics in high current and high



end of low voltage or medium voltage applications (Figure 4). However, devices in this

category are beyond the scope of this work.

10000
Si thyristor
1000 | IGBT
GTO
< SiC MOSFET
= 100
5 — SiC MOSFET
5
O s O
25
> -
10 | H S =
GaN HEMT L ©O
(%)
1
10 100 1000 10000
Voltage [V]

Figure 4: V-I diagram of the most common power semiconductor technologies utilized in SSCB
applications. (Rodrigues et al., 2021, p. 368)

Unipolar technology is applied to high electron mobility transistors (HEMT), junction field
effect transistors (JFET) and metal oxide semiconductor field effect transistors (MOSFET).
Voltage controlled unipolar devices associate intrinsically high switching speed and low
switching losses. These forementioned characteristics favor unipolar devices particularly in
high-speed switching application. The devices, that have similar current tract structure, may
still utilize different semiconductor materials. The materials can be based on silicon (Si) or
wide bandgap (WBG) counterparts, such as silicon carbide (SiC) or gallium nitride (GaN).
Silicon based devices are typically high maturity devices. They are well commercially
available in wide range of switching speed, load current and voltage ratings (Figure 4). Wide
bandgap materials have been introduced to improve silicon material characteristics. The
properties of a wide bandgap materials prolong the semiconductor application range in terms
of voltage, switching speed and operating temperature.



2.2.2 Structure and Working Principle

A generic solid-state circuit breaker is a conceptual device, describing key elements of a
SSCB device (Figure 5). A wide range of alternative SSCB topologies have been derived
from the basic concept (Sanzad Lumen, S.M. et al., 2020).
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Figure 5: A block diagram of a generic SSCB device. Key components: Control unit, current sensor,
gate driver, power switch, surge protective device and auxiliary power supply. Figure modified from
the reference. (Rodrigues et al., 2021, p. 365)



The control unit monitors system state and initiates the power tripping. The tripping may
have several tripping levels or switching delays, based on cumulative energy calculation or
pre-defined mathematical models. The SSCB semiconductor devices withstand only certain
amount of overcurrent and energy, hence the power tripping mechanism is also protecting
the safety device itself. The circuit topology and used power semiconductor devices are
highly dependent on the application requirements. Hence, the unique semiconductor
properties determine the superiority and limitations, establishing the fundamental framework

for the performance.

The load inductance may vary largely upon the application and the current sensors must
perform over a wide range of different load conditions. The key sensor parameters are the
bandwidth, response time, and power loss. The overall efficiency is mainly determined by
the on-state power losses, as the fault current interruption occurs only rarely. In the self-
supplied systems, the sensor losses must be negligible in respect to power switch losses, to
retain the overall system efficiency. The current sensing circuit is comprising one or several
sensors. A typical current sensor is based on a shunt resistor (Komatsu, M. 2020) or hall
sensor (Rubino, L. et al., 2017) technologies.

The gate driver is used to supply forward bias for the power switch. The main function of
the gate driver is to control the on-state operation and the switching transients. One or several
gate drivers can be used to control the voltage driven (FET, MOSFET and IGBT) or the
current driven (thyristor) power semiconductors. Advanced drivers may be used to control

the switching trajectories of the power semiconductors (Izquierdo, D., 2013, p. 1222).

Depending on the application requirements, the circuit breaker may be exposed to large
currents and substantial inductive loads. Hence, the device must withstand the overvoltage
and collapsing magnetic field energy across its terminals. There are two basic methods to
protect the power semiconductor devices. The first is linear suppression method, where a
capacitor is added across the power switch (C snubber). The load energy is charging the
capacitor and suppressing the induced voltage. To avoid excessive turn-on inrush current, a
series resistor must be added (RC snubber). However, the rising voltage drop across the
snubber resistor increases the voltage across the power switch. The excessive voltage drop
is eliminated by adding a diode in parallel with the resistor, also known as RCD snubber
(Demetriades, G.D. et al., 2014, p. 1222).



The second overvoltage suppression method is based on nonlinear voltage clamping. In
surge protective devices (SPD), the resistance collapses rapidly when the voltage across the
device arises above the breakdown (clamping) voltage. The two commonly used surge
suppression devices are based on metal oxide varistor (MOV) or transient voltage
suppression diode (TVS diode) technologies. Typical current and voltage waveforms of a

power system circuit breaker are presented in Figure 6.
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Figure 6: Typical waveforms of a SSCB device with a nonlinear overvoltage protection. Current
through the power switching device (blue) and the surge protective device (green). The voltage across
the SSCB is shown in red.

For time instant t < 3.7 us, the SSCB is operating in normal on-state mode. At time instant

t = 3.7 ps, a short circuit is applied, and the current starts to build up exponentially (Eq.

(2)).

At time instant ¢t = 16.1 us, the sensing circuit detects fault current and initiates circuit
breaking event. The load current is driven to zero and the voltage across the power switch

rises rapidly (Eqg. (3)), as the power switch turns off state. The overvoltage continues rise
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until the SPD breakdown voltage is reached and the transient current starts to divert through

the surge protective device.

(0 = (1 e_(tT_t“)) @)

where L [H] is the load inductance and t = % [s] the time constant

di (3)

t)=L—

v(t) =L
During time interval 16.1 us <t < 35.9 us, the collapsing magnetic field energy is
absorbed by the SPD. As the inductive energy diminishes, the voltage drops below the

threshold level and the surge protective device turns into high impedance state.

For time t > 35.9 us, the load is isolated from the battery and the circuit breaker is in its
initial off state. Parasitic turn-off oscillation continues, until the circuit energy is completely

vanished.

2.3 Silicon Power MOSFET

In this chapter, a basic structure and characteristics of a silicon power MOSFET is presented.
Inductive switching and intrinsic semiconductor properties are addressed.

2.3.1 Basic Structure

Diffused metal oxide semiconductor (DMQOS) describes any majority carrier insulated gate
field effect device structure, based on two sequential diffusion fabrication processes. Vertical
DMOS is a common structure for a high current power MOSFETS, also known as VD-
MOSFET or VDMOS. The name originates from the drain-source channel structure, where
terminals are placed opposite sides of the silicon wafer. In lateral channel structure, the drain-
source channel is occupying only one side of the silicon wafer. A single cell of a VDMOS

structure consist of p-wells and diffused n+-areas, where well edges are covered with a thin
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gate oxide, above which the gate electrode is applied. Thousands of parallel connected cells
form the conductive channel, utilizing entire volume of the power MOSFET silicon die.
Cross-sectional view of such planar cell structure shown in Figure 7. (Lutz, J. et al., 2011,
pp. 285-287)

Figure 7: Parallel cells in vertical planar DMOS structure. (Lutz, J. et al., 2011, p. 286)

Planar VDMOS technology suffers from cell density limitations. Planar structure
deficiencies have been revised using a trench gate VDMOS technology, also known as U-
MOSFET. Trench technology differs from planar VDMOS technology in terms of channel
geometry and the fabrication process. The VDMOS trench gate is embedded in the channel
through n+ and p-regions. Trench power MOSFET fabrication technique is more complex
but enhances on-state resistance by elimination of JFET region. Cross-sectional structures
of most common VDMOS structures shown in the Figure 8b. (Williams, R.K. et al., 2017)

2.3.2 Ohmic Region

The ability to control the conductivity by electric field is known as the field effect. A power

MOSFET has the vertically oriented four-layer p- and n-type structure (Figure 8a). This is a
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basic structure of an enhancement mode n-channel MOSFET. Alternative for n-type
structure is an opposite doped p-channel structure, which are rarely used due to superior n-

channel characteristics in terms of electron mobility. (Mohan, N. et al., 2003, pp. 571-574)

MOSFET on-state channel resistance (Rpgscon)) IS primarily determined by the channel
inversion layer and the low doped n-epitaxy layer. The channel resistance Rpgcon) and
breakdown voltage (Vgr(qss)) are interdependent parameters. Both parameters depend on
doping and epitaxial layer thickness, but in the opposite manner. Thus, the parameter
optimization is based on finding the right doping and epitaxial layer thickness to achieve low
Rps(on) at fixed Vgr(ass) Capability. According to Lutz (2011, p. 292), the channel inversion
layer resistance becomes predominant at lower drain-source breakdown voltages. This
applies commonly devices, with Vggqss) rating less than 50 V. Thus, the Rpg(on) is mainly
determined in the inversion channel length and silicon-oxide gate thickness. Conversely, the
n-epitaxy layer losses increase in respect to Vgg(gss) Voltage and above 50 V the n-epitaxy

layer starts to predominate the conduction channel resistance.

V2.5—2.7 (4)

Rpson) = k * Vr(ass)

where k is a geometry dependent constant. (Mohan, N. et al., 2003, p. 26)

The silicon carbide (SiC) MOSFET allow very thin drift zone and higher base doping
attaining much lower epitaxial layer resistance (R.pi) compared to silicon counterparts. The
drawback of the SiC MOSFET devices is the lower channel conductivity, as the effective
mobility of channel electrons is low (Lutz, J. et al., 2011, p. 310). Figure 8a describes the
on-state resistance formation of a planar VDMOS structure at given path of charge carriers,

excluding the package resistance.
RDS(on) =Ry+ + Ren + Ry + Repi + Rsup )

For the Vgr(ass) greater than 50 V, the on-state resistance can be improved by increasing the
cell density near the source terminal surface. As discussed above, the fundamental difference
between planar and trench VDMOS is the channel structure. In trench cell, the gate is
embedded in the epitaxy layer channel, eliminating R, originated in the accumulation layer.
Figure 8b describes the on-state resistance formation of a trench VDMOS in given path of

charge carriers, excluding the package resistance.
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RDS(on) =Ry+ + Rep + Repi + Rsup (6)
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Figure 8: On-state resistance formation of (a) a planar, (b) a trench MOSFET. Source diffusion
resistance (R,+), channel resistance (R.,), accumulation layer resistance (R,), n~ drift layer
resistance (Repi), and drain layer resistance (Rs,p). Figure modified from reference. (Lutz, J. et al.,
2011, p. 292)

The Rpgeon)y determines the on-state power loss across the device. Positive junction

temperature increases the instantaneous on-state power dissipation as the device temperature

rises.

(")

Bon = RDS(on)Ign

ﬁ Pa— ]
Rpscon) () = Rbson),ec (1 + m)T, 25°C @)

where f is a constant, based on specific power MOSFET technology (Infineon, 2014).

The off-state leakage current of a power MOSFET is in the order of few microamperes and
the effects are hence negligible. In circuit breaker type of devices, low on-state losses and

large fault current turn-off capability are the main performance indicators.
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2.3.3 Switching Properties

To examine the switching properties of a power MOSFET, their defining attributes must be
known. Parasitic capacitances arise from device near-proximity structures and depend on the
geometry and modeled as capacitors across device terminals (Figure 9). Those are gate-
source capacitance (Cg), drain-source capacitance (Cq4s) and gate-drain capacitance (Cgq),
also known as Miller capacitance. Parasitic capacitances are nonlinear function of V4 and
described by the input capacitance Ciss = Cgs + Cgq, OUtpULt capacitance Coss = Cys + Cqq

and reverse transfer capacitance C.ss = Cqq. (Rashid, 2001, p. 83)

The parasitic inductances and resistances of a power MOSFET originate mainly from the
package and the bonding wires. Parameters become governing at high switching speeds and
low Rgs(ony devices. Parasitic elements are in series with device terminals (Figure 9). A
power semiconductor package resistance varies typically from 0.1 to 1.4 ohms and
inductance from 0.5 to 5 nH (Williams, R.K. et al., 2017, p. 694). An equivalent circuit of a

clamped inductive switching power MOSFET is presented in Figure 9.
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Figure 9: An equivalent circuit of a clamped inductive switching power MOSFET. The parasitic elements of a
MOSFET including the package are shown inside the dash line (Cgq, Cgs, Cass La1, Ls1 @nd Rgy). The parasitic
elements of a clamping diode are delimited inside the dash line (C¢, R¢). The parasitic inductances of the external
power circuit are denoted with Ly, and L,. Figure modified from the reference. (Jianjing Wang, 2013, p. 574)

2.3.4 Turn-on transient

At first, the power MOSFET is in its off state (Figure 10). When t < t,, the gate driver

voltage v, = 0, drain-source voltage vqs = Vpp and the MOSFET operates in cut-off region,

in its initial reverse-blocking state.
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Figure 10: Clamped turn-on switching of a power MOSFET (Jianjing Wang, 2013, p. 575).

At time instant (t = t,), the gate signal (v, = V) is applied and the gate current i, starts
Vin), the MOSFET operates in cut-off region.

to charge gate-source C,, and gate-drain Cy, capacitances through the gate resistor (Rg =
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Vgs(t) = Ve (1 — e_(tr_tO)) ©)

where time constant 7 = Ry(Cgs + Cga) and Cgq = Cgas .

In the current rise period (¢t; < t < t,) the gate voltage rises above the threshold voltage

(vgs > Vi) and the MOSFET starts to build up drain current (i4) from zero to its peak value
Lq,peak- The drain-source voltage (vg4s) drops, as the rising drain current induces voltage v,

across drain (L4) and source (L) inductances.

The MOSFET operates in one of three modes, ohmic region (vgs < vgs — Vip), Saturation
region (vqs > vgs — Vi) and cut-off region (vgs < Viy,). Thus, the rising voltage (vi, + vi)
across parasitic inductances determines which region (ohmic or saturation) the MOSFET
operates, prior drain current iy has reached the steady state value ipp. When vgs > vgs —

Vin, the MOSFET operates in saturation region (case ).

ia(t) = grs(Vgs(®) = Vi) (10)

where g is the transconductance of the MOSFET and vg,(t) = V.

When the MOSFET drain-source voltage drops below v, — Vi, voltage, the MOSFET is in
ohmic region (case I1) and the drain current is rising at constant rate depending on the stray

inductance, not the v, voltage (vgs < Vpp, v, < Vg and ig > 0).

Vbp (11)
Ly + Ly t=t)

iq(t) =

When assuming negligible Cyqs and Cgq current in respect to drain current iy we can write

the vy voltage as

di
Vas(8) = Vop — (Ls + La) == (12)

! For simplification, nonlinear Cyq is expressed in two discrete end values, Cgq; and Cgg,.
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Once drain current iy reaches Ipp, the diode current will reverse its polarity, starting the
reverse recovery period. At time instant t = t,, the diode and the MOSFET have reached

their peak values, if = iy max aNd ig max = id + irrmax-

For the first voltage falling period (t, <t < t3), the diode current i; returns to zero form
Irr,max aNd the diode turns into reverse blocking state. V5 decreases rapidly, and the current
through MOSFET C,s and clamp diode junction C¢ can no longer be disregarded. The

current i, flowing through C,s and Cr and the drain current iy are given as

d

Vs (13)
dt

e = (Coss + Cf)

id = ich + ic (14)

where i, is the MOSFET channel current. The v, starts to decrease, until it reaches the
boundary voltage vys = Viiner- If the drain current iy reaches steady-state current Ipp first,

the drain-source voltage vy continues to fall.

dAvgs Vo = Viller (15)

dt RgCed

where Vmiller = b + Vth and ng = ngl'
dfs

For the second voltage falling period (t; <t <'t,), vy has reached V,,i.r, and the
MOSFET starts to operate in ohmic region. The drain-source voltage change rate is given in
Eq. (15) with Cgq = Cgqs.

At time instant t = t,, the vy, reaches the on-state voltage Vpgony. FOr the on-state period

(t4 < t < tg) the drain-source voltage is determined by the on-state resistance Rpgon) and

the drain current Ipp.
Vbs(on) = IppRps(on) (16)

The gate-source voltage continues to charge to V¢, but does not influence on the drain

current Ipp. (Jianjing Wang, 2013)
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2.3.5 Turn-off transient

At start, the MOSFET is in its initial on-state (Figure 11). The turn-off delay period (t; <
t < t;) starts as gate driver voltage v, = 0 is applied and current is drawn from the gate
capacitances Cqs and Cgq through gate resistor. Vys remains unchanged, while vy retains
above the V,ijer Voltage.

—(t—to) @17
Ugs(t) =Veee T

where time constant T = Ry(Cgs + Cga) and Cgq = Cgaa-

For the first voltage rise period (t; < t < tg) the MOSFET operates in ohmic region. While

Cgq = Cgaz, the vy increases at lower slew rate. When assuming constant drain current iy =
ipp and gate-source voltage vgs = Vniner, the effects of Lg, Ly, Cgq and Cyqs may be
neglected. As the gate voltage decreases reaching zero voltage, the vy is then given as

dvds ig _ vgs (18)
dt ~ Cga RgCea

where ng = ngz and VUgs = Vmiller-
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Figure 11: Clamped turn-off switching of a power MOSFET (Jianjing Wang, 2013, p. 575).

Attime instant t = tg, the drain-source voltage vy, reaches Vy,ijer Voltage and the MOSFET
turns into saturation region. For the second voltage rise period (tg <t <tg) the vy

continues to rise until it reaches Vpp. The drain current iy = ipp and gate voltage vy at
Miller plateau region remain nearly constant, and the gate current is flowing through Cgq
As the capacitance approaches the smaller value (Cgq,) Value, the v, slew rate is risen. At

that time, the vy starts to rise rapidly and the current through C,ss and C; must be considered.
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The channel current in this plateau region is then

(Cf + Coss)(IDD + gfthh) (19)
gstgngl + (Cf + Coss)

Icy = Ipp —

and the drain current in Miller plateau region

Ce(Ipp + —GrsVin) (20)
gstgngl + (Cf + Coss)

Ip(t) = Ipp —

While the MOSFET operates in saturation region, by applying Eq. (10) we obtain the voltage
with Cgq, slew rate.
Icy

VUgs = Viniller = ; + Vin
s

Similarly, the drain current is given by Eq. (13) and (14).

For the current falling period (ty < t < t4;), the current start to divert from the MOSFET
through the clamping diode, until the drain current iy = 0 and vys = V. The same analytical
methods defined as in the turn-on can be used here, the decreasing drain current is given in
Eg. (11) and Eq. (10). The drain-source voltage v4s across MOSFET terminals is given in
Eqg. (12).

For off-state period (t;o < t < t;,), the gate-source voltage v, drops from Vy, to zero. The
current flow through the MOSFET channel is interrupted and the MOSFET turns into high
impedance cut-off region. The remaining overshooting voltage (v,s) is exciting the RLC
circuit composed of parasitic inductance (L; + L;) and capacitance (Cf+ Cos5). The
oscillation is decaying as a result of parasitic resistance. High level ringing may cause
parasitic turn-on, while the voltage is coupled into MOSFET gate through Cyq and Cgs as

given in Equation (33). (Jianjing Wang, 2013)

2.3.6 Avalanche Breakdown

The MOSFET avalanche breakdown mechanism is illustrated in the cross-sectional

equivalent circuit (Figure 12). When a voltage, higher than the breakdown voltage (Vgg(qss))
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is applied, the structural parasitic diode is no longer able to blocks the voltage across the
diode p-n junction. The impact ionization promotes free electrons into conduction band and
the concentration is increased due to avalanche multiplication. The power dissipation
increases the temperature, thus increasing the silicon resistivity and the voltage across the
base-emitter of the parasitic BJT. Above the base-emitter threshold voltage, the parasitic
BJT turns into conductive state. At this point, the control of the MOSFET is lost (current
latch-up) and majority of the current is drawn through the BJT. If the drain-source voltage
is high, the parasitic BJT might enter secondary breakdown, causing permanent damage to
the MOSFET (Rashid, M.H., 2001, p. 92).

Source
|
P | N+
Gate
N_
N+ (substrate layer)
Drain

Figure 12: A cross-sectional view of a power MOSFET structure. The formation of internal parasitic
BJT is described by overlaying equivalent circuit.
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Single pulse avalanche energy is written as

1 VBR(dss) (21)
Exc = =LI?
AS 2 AS VB

R(dss) — VDD

where I5s [A] is the peak current, Vpp [V] battery open circuit voltage (OCV) and Vggr(gss)
[V] the MOSFET breakdown voltage.

To examine the avalanche ruggedness of a power MOSFET, their defining attributes must
be known. The definition of MOSFET avalanche ruggedness is the maximum attainable
energy in single pulse avalanche breakdown. There are two possible failure modes associated
with the MOSFET avalanche breakdown. The first failure mode is the energy mode (E4s)
destruction, where the junction destruction temperature (7j gest) IS reached. The second
failure mode is the current mode destruction (I,), where parasitic BJT latch-up is causing
thermal instability?. If the avalanche mode current is too high, the parasitic BJT is turned on
and the MOSFET’s breakdown ruggedness diminishes. Since the drain-source voltage
retains simultaneously high, the BJT may enter secondary breakdown and thermal runaway,
leading to MOSFET destruction (Yoshida, 1., 1980). The guaranteed ruggedness (E4s) of a

power MOSFET, is always determined under a particular avalanche current condition (/).

2.3.7 Parallel MOSFETs

Parallel MOSFETSs are used to increase the output power of a single MOSFET device by
reducing overall conduction loss and thermal resistance (R, s). The current through each
parallel MOSFET s inversely proportional to the Rpgen). The positive temperature
coefficient increases the lowest Rpgon) the most, balancing the current among parallel
circuits. Tight thermal coupling through common heatsink provides negative feedback,

balancing the junction temperature among parallel devices.

2 In thermal instability, the positive drain current temperature coefficient along with nonuniform temperature
distribution generate hot spots within the MOSFET die. The mechanism is regenerative and eventually leading
to thermal runaway.
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The parallel MOSFET design must tolerate parameter variation over a wide range of
electrical and environmental conditions. Transient current balance is particularly important,
when a power system involves high frequencies, high efficiency or large peak currents.
Transient current imbalance results mainly from the MOSFET parameter variation, gate
driver mismatch and power circuit layout asymmetries. Some of the balance improving
methods are based on device screening, impedance compensation, symmetrical layout,

dynamic gate resistance or active current balancing methods (Qiao, J. et al., 2022).

MOSFET parameters affecting the most on imbalance are on-state resistance (Rps(on)).
threshold voltage (Vy,), transconductance (gn,) and gate capacitances (Cgq and Cgs). The
Rps(on) increased the conduction losses and static current imbalance but is limited due to
positive temperature coefficient. The current imbalance from transconductance is limited to
gain ratio, whereas threshold voltage to the lowest threshold voltage level. The Cg is not
affecting the imbalance, since the drain currents are controlled by using a common gate-
source voltage for all parallel MOSFETSs. The Miller capacitance (C,q) determines the time
lag needed to build up the drain-source voltage, but gate coupling limits the imbalance from
parameter spread. The gate driver mismatch is primarily affected by the decoupling resistors
(Rg), and the gate control line parasitic inductances (Lg). The power circuit layout imbalance
is related to asymmetries among the parallel parasitic inductances (Lq and Lg). Moreover,

the imbalance is expected to increase with the increasing number of parallel devices.
(Infineon, 2021)

2.3.8 Voltage Clamp

Surge pulse of electrical energy originates from sudden release of energy. Surge protective
devices (SPD) are devices designed for absorbing high energy surge pulses ranging from
nanoseconds to millisecond time frame. Nonlinear SPDs impose a voltage dependent
variable impedance across its terminals. Therefore, the protected circuits remain unaffected
(high impedance), unless operating above the threshold voltage. The exponential
relationship between current through the device and voltage across the terminals can be

described by the power law, given as
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I =kv (22)

where vy is the degree of the conduction, V [V] voltage across the device and k constant

multiplier.

There are two commonly used surge protective devices, a metal oxide varistors (MOV) and
a transient voltage suppression (TVS) diode. The qualitative characteristics of both devices

are presented in Table 1.

Table 1. Typical characteristics of a MOV and TVS diode (Zener) technologies, modified from the
reference. (Littelfuse, 1998)

Device Leakage Clamping Energy Parasitic Response Cost
current voltage capability capacitance  time
Ideal device Zero Low High High Immediate Low
Zinc oxide Low to . .
. Low High High Fast Low
varistor moderate
Zener diode Low Low Low Low Fast High

Metal oxide varistors (MOV) are based of zinc-oxide with a small addition of bismuth,
cobalt, manganese and other metal oxides. The body structure consists of a matrix of
conductive zinc-oxide grains. The grain boundaries result semiconductor p-n junction like
behavior. The boundaries block the conduction below the clamping voltage but impose
nonlinear conduction above the clamping voltage. Transient energy is absorbed uniformly,
spreading the heat evenly across the entire volume. The varistor meets this condition well

and own large overload capability.

Transient voltage suppression (TVS) diode is based on Zener diode silicon rectifier
technology, particularly designed for transient suppression applications. TVS diode
technology differs from conventional regulator type of Zener technology by imposing steep
clamping capability. The voltage is clamped across a thin junction area, where a substantial
amount of energy is dissipated across a small volume. Hence, the energy absorbing

capability remains moderate, but the clamping characteristics is extremely flat. The four
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operational regions of a TVS diode are the forward, leakage, breakdown and current limit
regions. (Littelfuse, 1998)

2.3.9 Thermal Modeling

In power electronic system, the power density affects the junction temperature (7;) and the
demand for thermal heat transfer of a power MOSFET. According to Marz, M. (2004), the
electrical device heat conduction is generally described in a homogeneous isotropic material.

For the simplification, a one-dimensional heat flow is written as

0°T _ cp OT (23)
0x2 Ay, Ot

where Ay, [W/m-K] is specific heat conductance, ¢ [J/K] specific thermal capacity and p
[kg/m®] material density, T [°C] temperature and x [m] the displacement in the direction of

heat propagation.

Electrical analogous for heat conduction is found in transmission line equation, describing
the properties of a transmission line (TL) wave propagation. The heat conduction in solid
media does not have electrical counterpart for the inductance or the conductance, latter
describing the self-cooling phenomena. In TL equation this is described by applying zero

value for the terms L” = 0 and G” = 0. Thus, the equation of the equivalent TL is reduced to

0°U _ .0 (24)

=CR —
0x? ¢ ot

According to the Eq. (23) and (24), the heat conduction can be modelled by an electrical TL

equivalent circuit presented in Figure 13. The physical variables are specified in thermal

equivalents, which are the thermal resistance (Ry,) and capacitance (Cy,).
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Figure 13. Electrical transmission line (TL) equivalent circuit, modeling heat conduction properties
of a simple 3D thermal structure.

The thermal equivalents are unit length values and describe the properties of the thermal
element. In electrical equivalent circuit, the thermal element is described with lumped

element thermal network (R, and Cy,) written as

__d (25)
Rth - AthA
Cin = cpdA (26)

where d [m] is the material thickness and A [m?] surface area.

The parameters for the transmission line equivalent circuit diagram, can be derived from the
physical structure, when exhibiting one-dimensional heat flow (Figure 14). Complex
structures are divided into partial segments. Thermal network segments describe the internal
temperature distribution, providing correlation between equivalent and physical elements.
MOSFET SPICE model (level 3) is composed of two external thermal nodes, the junction

node (7;) and the junction-case (Tjc) node. The Tj. thermal node provides the linkage to an

external thermal network, typically comprising an air-cooling heat sink or liquid cold-plate

analogous equivalent model.
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Figure 14. Thermal equivalent network of a simple 3D thermal structure. Equivalent elements are
extracted from the physical dimensions and its material properties. In the electrothermal simulation
model, the thermal node (T.,se) links the MOSFET thermal properties to the external thermal
network.
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This section defines the MOSFET power switch requirements based on li-ion battery cell

specifications and application specific requirements. The design and used simulation models

are introduced.

3.1 System Requirements

Lithium-ion battery cells are widely used, but still continuously developing technology.

Choosing the best cathode material for the application is essential in terms of electrical

performance and special application requirement. Prospective lithium-ion battery cell

technologies and energy densities are presented in Table 2. The MOSFET power switch

proposed in this work, is designed to meet lithium titanate oxide (LTO) cell technology based

battery system requirements. LTO based cell technology is utilized in high power and fast

charging applications, where the safety aspect is in high priority.

Table 2. Potential li-ion cell technologies in vehicle applications. (Camargos, P.H. et al., 2022)

Symbol Chemical Formula Voltage [V] Energy density [Wh/kg]
NCA LiNiCoAIO2 3.65 130
NMC LiNiMnCo0O2 3.8-4.0 170
LFP LiFePO4 2.3-2.5 100
LMO LiMn204 4.0 120
LCO LiCo02 3.7-3.9 140
LTO Li4Ti5012 2.3-25 100

The battery switch is designed to comply with road vehicle 48 V supply voltage standard
ISO 21780:2020 (2020) for road vehicles. The nominal voltage of a single LTO battery cell

is 2.3 V. Pack level nominal voltage becomes 48.3 V, when applying 21 cells in series. The

attainable voltage range of the battery pack is ranging from 37.8 to 56.7 V. The operating
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window is exceeding the upper nominal voltage range defined by the 1SO 21780 standard
(Figure 15). The according to 1SO 21780:2020 (2020), the 48 V system may operate only
temporarily in the overvoltage and upper transitory voltage range. Hence, the compliance
with the intended application must be ensured. From a technical point of view ISO 21780 is
very close to the German Association of the Automotive Industry (VDA) quasi-standard
VDA-320, published in 2014.

Upper overvoltage range 58 - 60 V
Overvoltage range 54 -58V
Upper transitory voltage range 52 -54V

Nominal voltage range 36-52V
Lower transitory voltage range 31-36V
Undervoltage range 24 -31V

Lower undervoltage range
ov

Figure 15: 48 V supply voltage range according to 1ISO 21780:2020 standard. This standard covers
requirements and tests for the electric and electronic components in road vehicles equipped with an
electrical system operating at a nominal voltage of 48 VV DC.

The maximum attainable charging and discharging currents are determined by the applied
cell technology. In this application, two parallel cells are used to meet desired power
requirements. The maximum battery cell pulse current (dynamic requirement) is defined for
1 s pulse duration. From the power MOSFET’s perspective, this requirement may represent
a steady state condition (static requirement). Eventually, the silicon die and the package
thermal properties determine the time constant required to reach the thermal equilibrium
(steady state). Typically, power MOSFET junction-case thermal time constant is ranging

from0.5sto5s.

A single LTO cell is rated for 300 A pulse currents for 1 s time frame. When applying two

cells in parallel, the battery can deliver 600 A pulse currents for 1 s time frame. For the
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MOSFET power switch this is presumably a static requirement (/4s) for the reasons
discussed above. For the maximum steady state junction temperature (7j ), the target is set

to 100 °C. The requirements must be fulfilled over the entire operating temperature range
(Thopmax) tO restrict excessive temperature fluctuation over the lifetime. The maximum
instantaneous (peak) current (1 4 pi) limit is defined to 1.2 kA. The worst-case peak current
occurs during the fault current turn-off. The corresponding maximum junction temperature
(Tjpk) is defined to 150 °C. The requirement is applied with a 16% derating (175 °C) and
must be fulfilled over the entire operating temperature range (T, max). The battery load may
exhibit resistive, capacitive or inductive impedance. When connecting the DC-bus, a
capacitive load may introduce large inrush currents (Eqg. (1)). To prevent from excessive
peak currents, a pre-charging circuit or more advanced control method can be used
(Izquierdo, D. et al., 2013). Moreover, the battery is always connected to the load using
power cables, which represent the primary source of load inductance. Hence, the overall
inductance is expressed in terms of straight power cable. The minimum load inductance (i.e.,
minimum cable length) defines the maximum current time derivative and the maximum load
inductance (i.e., maximum cable length) the maximum attainable residual energy. Solid-state

power switch design requirements are summarized in Table 3.

Table 3. The derived requirements of a li-ion battery MOSFET power switch.

Parameter Minimum Nominal Maximum
Battery voltage, Vi [V] 37.8 48.3 56.7
Ambient temperature, T, [°C] -20 40* 60
Current, steady state, 145 [Al - - 600
Current, peak, Iqpx [Al - - 1200
Junction temperature, steady state, T;max [°C] - - 100
Junction temperature, T, [°C] - - 150
Battery to load distance, l,paq [M] 0.25 - 10
Thermal resistance, Ry, o [W/°C] - 0.7 0.83

! Highest operating temperature with maximum attanaible load current (T a.0pmad
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3.2 Circuit Design

This section depicts the MOSFET power switch design and addresses the key components

of the generic circuit breaker architecture.

3.2.1 Power MOSFET

A conventional silicon power MOSFET technology is the most attractive candidate for low-
end of low voltage applications (Figure 4). Prospecting different MOSFET technologies or
product families, a figure of merit (FOM) methods can be exploited (Eq. (27) and (28)).

Nevertheless, the method is not applicable selecting the device itself. (Brown, J. et al., 2003)

K=t (27)
QgRDS(on)
Its
K, =— 28
0, (28)

MOSFETSs designed for higher breakdown voltages, tend to have also larger on-state
resistances (Eq. (4)). Power MOSFET product line-up is typically optimized either for low
Rps(on) OF high-speed switching applications. In battery switching applications, the fault
current occurrence is rare, hence a low Rpg,n) device is a primary objective. Moreover, low

Rps(on) devices tend to have higher current handling capabilities, due to lower self-heating
(Eq. (7)).

The power MOSFET controls high currents with large inductive load. Hence, the power
MOSFET must be protected from the excessive magnetic field energy (Eq. (21)). In generic
circuit breaker topology, the transient current is diverted through a surge protective device
(SPD). Therefore, the avalanche energy (E 5s) dissipated upon avalanche, remains minor and
almost independent of the load inductance itself. Some automotive or safety-critical
applications may require, that power MOSFET never enters avalanche mode (Toshiba,

2021). Such requirement may be very difficult to realize and lead to expensive and



33

unfavorable trade-offs in the design. However, a power MOSFET particularly designed for

hard switching applications must provide substantial avalanche current ruggedness.

The power MOSFET is the key component to be addressed, as most of the other design
parameters are almost purely based on the MOSFET attributes. A 100 V AEC-Q101
qualified n-channel power MOSFET (IAUT300N10S5N014) was selected for the battery
switch application. Four parallel current channels (Figure 18) are composed of two common
sources connected MOSFETSs (Figure 16).

ate_driver

(=)

=g}

Rpre-charge

Rshunt Fuse

Vload- S . B Vbat-
> (L) (= ]) i
Gate_driver ate_driver

Figure 16. A circuit diagram of a single bidirectional power MOSFET switch. The pre-charging
circuit is used to avoid inrush currents during the DC-bus connection.

3.2.2 Voltage Clamp

In clamped inductive switching, the released energy may become relatively large, and the
transient current must be diverted through a surge protective device (SPD). The SPD must
be capable dissipating the collapsing magnetic field energy (Eq. (21)) and maintain the
voltage below the MOSFET breakdown voltage. High turn-off currents in conjunction with
low losses, require high nonlinearity from the protective device. The Zener (TVS) diodes
introduce highest degree of nonlinearity (y ~ 35) of all surge protective devices. Therefore,
a high power TVS diode (LTKAK3-066C) is selected for the application. The SPD is rated
for 66 V stand-off voltage (Vsg) at 10 uA leakage current. The nominal reverse breakdown

voltage (Vgr) is 79 V and the maximum peak pulse current (Ipp) is 3 kA applied with
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standard 8/20 us surge pulse waveform. According to Rodrigues, R. (2021), a circuit breaker
clamping to operating voltage ratio is typically from 1.5 to 2.5, depending on the applied
protection method. The ratio of selected SPD (1.6) is well in line with the reference values
proposed in the research literature. The MOSFET breakdown to SPD clamping voltage ratio
is on average 1.5. This figure is describing the maximum available voltage drop with given

turn-off current (Vgr < Vgrass))-

Surge protective devices are specified and qualified by the peak pulse current (I,,,) for given
standardized test pulse. The background of this method is lightning induced surge currents,
which typically characterize a rapid front edge and long decaying tail. The 8/20 us pulse
waveform represents an indirect and the 10/350 ps pulse waveform direct lightning
strike. The first number signifies the rise time (90%) and the latter the decay time (50%) of
the peak value. LTKAK series device specifications are presented in Table 4. For the non-

standardized surge pulses, the manufacturers provide also maximum peak pulse power

(P,pm) 9raph as a function of surge decay pulse width (t,).3

Table 4. LTKAK-series peak pulse current rating.

Maximum peak pulse current, 1, Breakdown voltage, Vggss)
Part number 8/20 us 10/350 us  10/1000 us Min. Max.

[A] [A] [A] V] I\
LTKAK3-066C 3000 800 500 75 83
LTKAKG6-066C 6000 900 430 72 80
LTKAK10-066C 10000 1400 - 72 80

3.2.3 Gate Driver

Power MOSFET requires a gate driver circuit to supply stable bias voltage to retain low
ohmic conduction channel and pulse current to control the switching trajectories. The
minimum achievable turn-off time (t ,¢) of @ MOSFET is defined by the turn-off delay
(t acofy) and the fall time (t¢). The flow of gate current for each MOSFET must be limited

by separate gate resistor (Rg). The gate driver peak current is determined by the MOSFET

3 Decay pulse width is the time instant, where the peak value has dropped to half value.
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gate charge and the turn-off time. MOSFET having a lower Rpg (o, denotes also higher gate

charge. Moreover, the turn-off time affects the electromagnetic interference (EMI), gate
ringing (oscillation) and parasitic turn-on (Infineon, 2015). In circuit breaker applications,
the device is not expected to have any impact on the electromagnetic compatibility (EMC)
under normal operating modes. The turn-off switching is always random, nonrecurring

safety event and any EMC disruption is expected to precede the abnormal safety event.

The minimum gate loop resistance (R,) is commonly determined based on second order RLC
circuit characteristics (Liang, S. et al., 2021). The damping ratio (¢;) and voltage overshoot

(o) of a second order RLC circuit are given as

E — & Ciss (29)
& 2 |Lg+Lg
__mé
0. = e V1€ (30)

According to Zhang, W. (2018), stable gate drive circuit (g = 0.707), the minimum Ry is

given by

+ L (31)

iss

L
>14 |-

Ry >

MOSFETs with inherently low threshold voltage, are also more likely to suffer from
parasitic turn-on effects. The probability of capacitive parasitic turn-on can be mitigated by
reducing the switching speed (Eg. (18)), but at the cost of other side effects, e.g., overcurrent
and excessive let-through energy. This is also not a major challenge in circuit breaker type

of applications.

The gate driver must be placed in the near proximity of the MOSFET to minimize parasitic
inductance. In a printed circuit board (PCB) layout (Figure 17), the gate conductor
inductance follows the calculation of a microstrip transmission line (Eq. (32)) or a stripline.
The length of the trace is governing, but the width of the trace is also affecting the overall

inductance to a certain extent.
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Figure 17. The parasitic inductance of the PCB layout is commonly obtained from the (a) microstrip
or (b) stripline TL inductance calculation formula. Figure modified from the reference. (Rui, R. et
al., 2018, p. 24)

w+h

) + 0.5 + 0.2235 (—l )

(32)

21
Lmstrip = 2lln (W n A

Where w [cm] is the conductor width, | [cm] the conductor length, h [cm] the dielectric

material height and Ly,srip [NH] the inductance.

Voltage overshooting occurs as a result of high-speed turn-off (Eg. (12)). The risen drain-

source voltage (vgs) is coupled into the gate drive line through the Miller drain-gate (Cgq)
and the gate-source (Cgs) capacitances ((Eg. (33)). Hence, the gate coupled drain-source

voltage may cause undesired parasitic turn-on of the power MOSFET (Infineon, 2008).

C
v =84 (33)

(4
gs ds
Coq + Cgs

where v [V] is the voltage and C [F] the capacitance.

3.2.4 Cooling Solution

The power dissipation of the MOSFET is directly related to the volume of the silicon die.

When utilizing parallel MOSFETS the concentrated power is dispersed to a larger area. The
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MOSFET package is chosen based on the cooling concept. There are two basic cooling
concepts, the bottom side cooling (BSC) and the top side cooling (TSC). The distinction
between the two cooling concepts are the conduction paths. In TSC concept, the thermal and
electrical conduction paths are decoupled, whereas in BSC concept the thermal and electrical
paths are common. (Infineon, 2021)

The MOSFET cooling solution is pre-defined and based on BSC concept. Thick copper
busbars are embedded in the printed circuit board (PCB) and MOSFETSs are mounted directly
on the copper bars. The copper bars are mechanically attached to aluminum cold-plate via
electrically isolated thermal interface material (TIM). The interface material for this
application is based on a solid gap filler pad or liquid gap filler. The solid gap filler material
is based on silicone or acrylic and require high contact pressure to ensure reliable thermal
path. For the liquid-based interface material, the upsides are the non-pressurized contact and

the automatic dispensing alternative.

3.3 System Modeling

In this section, power switch SPICE models and electromagnetic and circuit simulation
methods are introduced.

3.3.1 Electrical Models

The initial power switch design is modeled using LTspice freeware circuit simulation
program. The power switch is comprised of two common sources connected series
MOSFETSs in four parallel branches (Figure 18). The power MOSFET behavior is described
by an electrothermal SPICE model including the package parasitic elements.
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Figure 18. Four bidirectional power switches (SPICE level 3 models) and a surge protective device
(SPD). Lumped parasitic elements of SPD package added in the power circuit model.

Two external thermal nodes, the junction (7j) and the junction-case (Tjc) provide the linkage

to thermal properties (Figure 19). The Tj. node is connected to external thermal network,

describing the 3D properties of a cold-plate cooling system in a simplified equivalent circuit

model.

Rth_tim
Tcase_load
Rth_tim
Tcase_bat
Vth Ta | Cth_bar | Cth_bar
N

Figure 19. Example of a simplified thermal network of a single MOSFET device.
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The power switch tripping is initiated by an analogous current sensing circuit. The current
sensing circuit is modeled using an ideal equivalent circuit (Figure 20) and the effects of

time lag are investigated separately.

Rshunt Rfuse
Vbat-_ sw——= Vbat-

=0
i)

S5

Gate_control

Figure 20. Ideal model of the bidirectional current sensing circuit.

The current sensing circuit is driving the logic circuits controlling the gate driver. The power
circuit layout is modeled using electromagnetic solver. The solution is extracted to RLC
netlist used to synthesize the SPICE macro model. The macro model interface is combining

the power circuit components into a complete circuit model.
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Figure 21. The electrical equivalent model of 3D busbar structure combining the four bidirectional
MOSFET switches, gate drivers and current sensing equivalent circuit.

The optimization of the busbar is an electromagnetic problem, but the effects analyzed in the
circuit level. The load inductance is originated from the power cables and calculated
according to Grover (1973, p. 35). Mutual coupling between the positive and negative side

cables is assumed negligible. The inductance of a stranded wire is not very different from a
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solid wire of the same diameter as the calipered diameter of the stranded wires. However,
the inductance is decidedly less than that of a solid wire filament having the same cross-
sectional area. The formulae for self-inductance of a non-magnetic straight conductor and

resistance of a solid wire are given as
21 3
L = 0.0021 (1n (—) - —) (34)
T 4

where [ [cm] is the length, r [cm] radius, A [cm?] the cross-sectional area of conductor and

L [uH] inductance.

l
R = p, Z (35)

where [ [m] is the length and p,. [Q2-m] the resistivity

The electrical equivalent model of electrochemical battery cell is presented in Figure 22. The
values for the electrical equivalent model are obtained from the LTO cell characterization

measurements by Aaltonen, (2022).

C1 C2
H H
RO R1 R2
AN AN A AN

A

Figure 22. Equivalent circuit model of a LTO electrochemical battery cell, modified from the
reference. (Madani, S. et al., 2019, p. 3)

The MOSFET power switch is examined in static (on-state) and transient (short circuit and
overcharging) states. To simulate transient states, a voltage-controlled switch is used to

simulate the normal operation and the fault current states. The short circuit and overcharge
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protection is examined using 0.1 mQ fault resistance, the ideal voltage source is used to
divert the flow of current in the charging mode. The load inductance (Eg. (34)) and resistance

(Eq. (35)) are determined by the product of load cable length and unit value.

Lcable
Loadt =iy DClink+
Fault_current_sw
C T
+ .
C) Charging_voltage
Lcable
Load- "y DClink-

Figure 23. Load inductance and fault current switching model.

3.3.2 Electromagnetic structures

Physical models are based on analytical equations or numerical simulations, or combination
of the two methods. In numerical electromagnetic simulations, the 3D geometries are solved
analytically using electromagnetic equations. Constructing the properties of a physical
structure into reduced order model of resistance, inductance and capacitance (RLC). RLC
networks can be used to model the parasitic properties of an electrically small structures,
that are smaller than one tenth of the smallest wavelength of interest. A partial RLC solver
is a specialized electromagnetic solver, that can be used to calculate RLC equivalent circuit
parameters. The equivalent RLC circuit parameters are extracted into SPICE netlist and used
to build an equivalent SPICE models. The electromagnetic solution is then examined using
circuit level simulation tools, where the parallel circuits have their intrinsic parasitic

properties, simulating the parallel current imbalance.
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3.3.3 Simulation and Reliability Constrains

The SPICE circuit model was created with LTspice to examine the behavior of the system.
The main advantage of circuit simulation is the relatively easy modeling of complex circuits.
The SPICE analysis can be only as accurate as the circuit models. Thus, the high-fidelity
models are necessity to avoid inconsistencies with the actual physical circuits. The main
concern is the validity of the SPICE models, while the results rely largely on the
manufacturer models. The SPICE was not originally designed for extremely nonlinear
components. In power electronics, SPICE like tools may cause major difficulties in terms of
convergence. The SPICE resolves all voltages and currents in fine time steps in accurate
detail. If great currents occur, sharp transient edges require extremely small time steps, thus
resulting gravely conditioned matrices. With standard simulation parameters this is often
leading to convergence errors in the calculation. This property restricts the simulations in

terms of total number of devices and quality of the models.

When a MOSFET is operated outside the safe operating area (SOA), it may lead to
diminished reliability over the lifetime or permanent destruction. Silicon power MOSFET

maximum junction temperature (Tjmax) is typically 175 °C, whereas the destruction

temperature (T qest) IS around 400 °C#. When considering the reliability (inside SOA) the
absolute temperature is not decisive, but the temperature fluctuation. The fluctuation is
exposing the semiconductor devices to mechanical stress, particularly on the solder and
bonding joints. According to Geiling (1961, quoted in Mérz, p. 20) aging of a MOSFET is
roughly proportional to the fourth power of the temperature deviation. As the reliability
depends rather on the temperature fluctuation, the load profile and the environmental
conditions are decisive. Thus, the reliability is considered only in the requirement definition,

in terms of maximum junction temperature.

4 For the selected MOSFET technology, the destruction temperature is typically near to 400 °C. (Green, P.B.,
Infineon, 2022)
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4 Results

In this section, the static and dynamic performance characteristics are presented. The main

results are derived from the numerical simulations.

4.1 Steady State characteristics

The on-state performance of the designed model is investigated. The main performance is

examined on worst-case conditions.

4.1.1 On-state Performance

The MOSFET package thermal time constant determines when the junction temperature
reaches thermal equilibrium. The thermal network is a reduced two element RC-model
(Cih = 0.6 F and Ry, = 0.825 Q) to describe the governing characteristics of copper bar,
TIM and liquid cooled cold-plate. Simulation results indicate junction-case thermal time
constant of 690 ms (99% of the peak value). To ensure stable thermal pre-condition for

transient simulations, 3 s steady state period is applied.

The MOSFET is voltage-controlled device and the on-state efficiency (Table 5) is mainly
determined by the on-state losses. With 200 A steady state load current, the overall on-state
efficiency remains within 99.5% (T, = 40 °C). The efficiency drops approximately 0.25%
as per 100 A increase in load current, until the load current reaches its maximum steady state
current (600 A).
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Table 5. Power MOSFET efficiency, normal operating range limited to 600 A and 40 °C.

Load current [A]

200 A 400 A 600 A 800 A
Efficiency (20 °C) 99.6 % 99.1 % 98.5 % 97.7 %
Efficiency (40 °C) 99.5 % 99.0 % 98.4 % 97.4 %
Efficiency (60 °C) 99.5 % 99.0 % 98.2 % 97.1 %

As there are no specific requirements for the power MOSFET switch efficiency, the design

optimization is based on the cost and performance within the permissible SOA range and

junction temperature targets. The power loss as per single MOSFET is presented in Table 6.

Table 6. Steady state power loss of a single power MOSFET.

Load current [A]

200 A 400 A 600 A 800 A
Power loss (20 °C) [W] 5.1 20.8 49.9 97.3
Power loss (40 °C) [W] 5.5 22.3 54.2 109.5
Power loss (60 °C) [W] 5.9 24.1 59.4 126.0

The average MOSFET junction temperature characteristics are presented in Table 7. The

thermal margin refers to MOSFET’s maximum available heat loss during the turn-off

transient. The pre-condition determines thermal floor for the turn-off transient.

Table 7. Steady state characteristics and turn-off transient SOA margin.

Load current [A]

200 A 400 A 600 A 800 A
Junction temperature, limit (20 °C) [°C] 150 150 150 150
Junction temperature, peak (20 °C) [°C] 22.6 30.9 47.3 77.6
Safety margin (20 °C) [°C] 127.4 119.1 102.7 72.4
Junction temperature, peak (40 °C) [°C] 43.0 52.4 71.6 109.9
Safety margin (40 °C) [°C] 107.0 97.6 78.4 40.1
Junction temperature, peak (60 °C) [°C] 63.4 74.1 96.8 146.9
Safety margin (60 °C) [°C] 86.6 75.9 53.2 3.1
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4.2 Dynamic Characteristics

4.2.1 Short Circuit Turn-off

The short circuit turn-off depicts the dynamic performance in terms peak current turn-off
capability, thermal performance and resilience to inductive load energy. In the analysis, all
SOA limits must be examined independently. With the initial number of parallel devices, the
maximum attainable turn-off current is theoretically 1.2 kA and 300 A as per single
MOSFET device. Due to several imperfections, mainly from the MOSFET parameter
mismatch, parasitic element inductance, parallel imbalance and partially ideal circuit
models, the fault current threshold level must be considerably lower. Hence, a critical
investigation of parameter sensitivity and current overshoot effects on the performance of a

typical device is also required.

The system current is restricted when operating above 40 °C and driven linearly to zero as
approaching 60 °C temperature. The maximum steady state thermal floor is reached at 40 °C,
but the worst-case fault current condition remains at 60 °C temperature. For this reason, the
600 A pre-condition current at 60 °C operating temperature is chosen to determine the steady
state thermal floor prior turn-off event. A rapid turn-off transient drives the MOSFET
unavoidably into avalanche mode for a short period of time as shown in Figure 24.
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Figure 24. Short circuit turn-off transient voltage (red) and current (blue) waveforms. The MOSFET
operates in avalanche mode as a result of parasitic layout inductances. As the MOSFET channel is
closing, the current starts to flow through the SPD. The SPD remains conductive until the voltage
across the device drops below the breakdown threshold voltage. The remaining energy starts to
oscillate in the parasitic RLC-circuit, until completely vanished.

The parasitic RLC-elements in the layout and semiconductor devices result in decaying turn-
off oscillation. With some of the power MOSFETS, the turn-off oscillation excited repetitive

parasitic turn-on. The probability of MOSFET inherent turn-on is determined by the Cgs and
Cgq ratio (Eq. (33)). Thus, the higher the Cgs to Cgq ratio, the lower is the probability for
repetitive parasitic turn-on. With the MOSFET, the Cgs to Cyq ratio is well above 100 and

probability for parasitic turn-on is thus negligible. The simulation results also indicate stable

operation over the operating range (Figure 25).
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Figure 25. The frequency and the duration of the turn-off oscillation is dependent on the parasitic
RLC-elements and the load inductance. Simulation results indicate oscillation frequency from 0.43
MHz to 2.35 MHz (10 m to 0.25 m power cables). In addition to oscillation frequency, the load
inductance impacts the total energy and the decay characteristics. The load inductance is also
delaying the fault current build up and the turn-off instant of the two curves.

The short circuit resilience of the power MOSFET switch unit is examined in different fault
current threshold levels (Figure 26) and the results are presented in Table 8. The results
indicate junction temperature to remain within the required Tj,.. A typical current and
junction temperature characteristic are shown in Figure 27. Moreover, the results indicate
MOSFET thermal capabilities to remain well above the requirements. Thus, the maximum
fault current is eventually limited by the MOSFET safe operating area, but in terms of

thermal stability.
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Figure 26. The load current through the MOSFETS (blue) and the transitory fault current through the
SPD (green). The fault current diagram represents current waveforms with 1, 1.2, 1.4 and 1.6 kA®
turn-off threshold limits.

Table 8. Short circuit event turn-off characteristics.

Short circuit current threshold limit [A]

1000 A 1200 A 1400 A 1600 A
Peak current [A] 1031 1228 1425 1623
Overcurrent [A] 31 28 25 23
Turn-off time [us] 0.78 1.12 1.72 2.54
Junction temperature limit [°C] 150 150 150 150
Peak junction temperature [°C] 112 117 124 132
Safety margin [°C] 38.5 32.6 25.8 18.0

5 The thermal stability limit as per single MOSFET is 300 A
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Figure 27. The diagram represents short circuit junction temperature characteristics for 1, 1.2, 1.4
and 1.6 kA peak turn-off currents. The junction temperature® (red) rises rapidly during the avalanche
mode. The voltage across the MOSFET is shown in blue.

4.2.2 Overcurrent Turn-off

The power switch protection scheme is bidirectional, to protect fault currents in charging
and discharging modes. In practice, the charger is rarely capable of supplying currents that
may well appear during a short circuit. The tripping threshold limits are often different
depending on the operation mode, but from the circuit architectural perspective the two
modes are similar. The short circuit load in the simulations is 0.1 mQ for both modes, with
the exception of external supply voltage in charge mode. The results indicate reciprocal
characteristics of the two operating modes (Table 8 and Table 9). An overcharge turn-off

waveform is presented in Figure 28.

® The temperature unit (V) given in the diagram corresponds the value in Celsius degree (C°)



Table 9. Overcurrent turn-off characteristics.

o1

Overcharge current threshold limit [A]

1000 A 1200 A 1400 A 1600 A
Peak current [A] 1032 1229 1426 1623
Overcurrent [A] 32 29 26 23
Turn-off time [us] 0.78 1.12 1.72 2.54
Junction temperature limit [°C] 150 150 150 150
Peak junction temperature [°C] 112 117 124 132
Safety margin [°C] 38.5 32.6 25.8 18.0
) V(N049,N038) Ix(U6:S)
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Figure 28. The overcharging turn-off transient current (red) and voltage (blue) of a single MOSFET.

The relative SPD current of a single power MOSFET (green).
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4.2.3 Resilience to Load Inductance

The power MOSFETSs must endure the inductive energy released from the power circuit
parasitic elements, but the energy resilience for the inductive load, is determined in the surge
protective device (SPD). The maximum peak pulse power of a SPD is given as a function of
decay to half value time (t4). The simulation result indicates SPD type LTKAKS fulfilling
the maximum peak power requirements up to 10 m power cables with 15% safety margin.
The time of decay to half value (tg) of the simulated pulse is at worst 216 ps. Increasing the
inductance beyond this limit, requires higher rated device (LTKAKG6 or LTKAK10) or two
parallel LTKAK3 devices. Having two parallel devices has several advantages, but the high-
power TVS diode is by far the most expensive single component in the system. Hence,

substantially greater inductive load requirements favor eventually alternative protection
methods (MQOV).

Table 10. MOSFET power switch turn-off characteristics in different load conditions. Note, that the
total load inductance (power cable length) is composed of positive and negative power cables.

Battery to load distance [m]

0.25 0.5 1 2 4 8 10 16
Eg. inductance [uH] 0.3 0.5 1.1 2.1 4.2 8.5 10.6 17.0
Peak current [A] 1230 1218 1210 1205 1202 1201 1201 1201
Fault current limit [A] 1200 1200 1200 1200 1200 1200 1200 1200
Overcurrent 25% 15% 08% 04% 02% 01% 01% 0.1%
Time in avalanche [ps] 1.12 1.19 124 127 131 1.31 1.31 1.32
Decay time (tq), SPD [us] 8.7 141 25,0 470 90.0 173.0 216.0 345.0
Pmppp: SPD [kKW] 121 125 128 129 130 131 131 131
LTKAKS, limit [kW] 600 600 555 435 330 213 150 90
Margin 396% 380% 334% 237% 154% 63% 15% -31%
LTKAKS limit [kW] 720 720 666 522 396 256 180 108
Margin 495% 476% 420% 305% 205% 95% 37% -18%
LTKAK10 limit [kW] 1200 1200 1110 870 660 426 300 180

Margin 892% 860% 767% 574% 408% 225% 129% 37 %
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4.2.4 Switching Delay

The turn-off transient time affects the current overshoot and the MOSFET power dissipation.
The sensing circuit delay is not considered in the ideal circuit model and the effects are
examined separately. Based on the simulation results (Table 13), greater than 46 A / ps
current rise rates are not expected. Hence, 46 A / us correction factor must be applied to

protect from worst case overcurrent as a result of sensing circuit delay.

Table 11. Overcurrent as a function of short circuit time delay at minimum load inductance.

Time delay [us]

0 1 2 3 4
Peak current [A] 1200 1269 1315 1360 1404
Fault current limit [A] 1200 1200 1200 1200 1200
Overcurrent [A] - 46 92 137 181
Current fall time [A/us] - 46 46 46 45

4.2.5 Power Circuit Imbalance

The MOSFET power switch layout is comprised of two PCB embedded copper busbars
(Figure 29 and Figure 30). The Power MOSFETSs are placed symmetrically on both sides of

the surge protective device (SPD). The component placement is primarily based on

minimum impedance path principle.

Figure 29. 3D model of the power circuit layout. Battery and load side terminals are placed center of
the busbar outer edge.
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]\I

Figure 30. Top, bottom and the side view of the power circuit layout. The four MOSFETS aside, are
placed symmetrically on both sides of the SPD.

The simulated results indicate that the effects from the layout increase transient current
imbalance by 1.3% (Table 12). The low number of parallel devices, compact design and
partial symmetry promote parallel circuit balance. In the simulation, the static current
imbalance (0.1%) originates from the resistive losses in the copper busbar. The dynamic
current imbalance remains also relatively low (1.3%), but the junction temperature
imbalance increases notably up to 4.9%. Hence, the effects of parallel imbalance must be
accounted, particularly when using even greater number of parallel devices. The current and
junction temperature waveforms of center MOSFET (2) and outer MOSFET (1) presented
in Figure 31.

Table 12. Static and dynamic current balance of the MOSFET power switch.

MOSFET

1 (outer) 2 (center) 3 (center) 4 (outer)
Steady state current [A] 149.51 149.63 149.63 149.51
Peak current [A] 305.63 309.52 309.54 305.7
Junction temperature [°C] 119.36 113.54 113.52 119.36
Turn-off time [ns] 1120 755 755 1120
Static current balance -0.1% 0.0% 0.0% -0.1%
Dynamic current balance -1.3% 0.0 % 0.0% -1.2%

Dynamic thermal balance 4.9% 0.0% 0.0% 4.9%
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112V —210A
110V —180A
108V— —150A
106V —120A
104V— — 90A
102V — 60A
100V — 30A

98V —7 0A

6V -30A

I I I I I I
2.9980107s 2.9980113s 2.9980119s 2.9980125s 2.9980131s 2.9980137s 2.9980143s

Figure 31. Transient characteristics of MOSFET 2 (center) and MOSFET 1 (outermost). MOSFET
1 current (blue) and junction temperature (red) and MOSFET 2 current (gray) and junction
temperature (pink). The SPD current (green) is shown relative to a single MOSFET.

4.3 Asymmetrical Structures

In this chapter, the effects of the power circuit 3D structures are examined. The parasitic
inductance, parallel imbalance and mitigation methods are discussed by means of
electromagnetic simulation methods. To examine parallel circuit balance, a 3D model of the
power circuit is created (Figure 32). The power circuit layout is composed of the two
identical but opposing copper busbars. For simplification, a reduced power circuit model is
used, neglecting the minor effects of the middle busbar and the gate ground nodes.
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Figure 32. A busbar composed of four parallel bidirectional power switches. A surge protective
device (SPD) is in the center, introducing partial symmetry. The power circuit terminal nodes are
located opposite side of the two busbars.

Inductance is defined in terms of current loop and the partial inductance of an isolated section
of current-carrying conductor. Partial inductance represents a section of a current loop, that
is explicitly being modeled. The self-inductance of a conductor depends only on the
geometrical properties. The flux of a conductor includes the mutual inductance proportion
of the nearby conductor. The power circuit layout structure is decomposed using
interdependent nodes, described by the self and mutual dependencies. A single copper
busbar is decomposed of one entry node and five parallel exit nodes. The power switch
layout is composed of the two identical and opposite copper busbars, sharing and combining

the current flow through the parallel semiconductor switches.

4.3.1 Geometrical Effects

The parasitic inductance and parallel circuit imbalance are undesirable attributes of a busbar
structure. As the inductance is purely geometrical property of a conductor, the asymmetry is
the source for the parallel imbalance. The partial inductance is the sum of self and mutual
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inductances, but only for a specific section of the loop. The mutual inductance can be
additive or subtractive, depending on the current directions of the two conductors. The
geometry of a rectangular busbar is examined by means of different busbar lengths. The
length is a defined as a measure in the direction of current flow. Thus, the length direction

is perpendicular to the face of the terminal node.

When the busbar is short, the current dispersion angle to outermost exit nodes becomes large.
The longer is the busbar, the smaller is the current propagation angle and the relative distance
between the nodes. Thus, a long busbar increases the overall parasitic inductance, but
decreases the imbalance among the parallel circuits. The width and thickness of the bar

remain constant, while examining the effects of different geometries (Figure 33).

Figure 33. Examining busbars of 15 mm, 30mm and 45mm lengths.

The given simulation results (Table 13) indicate 3.4%, 1.4% and 0.7% transient current
imbalance (length of the busbar 15 mm, 30 mm and 45 mm), but 6.8%, 6.4% and 6.5%
transient thermal (junction temperature) imbalance. Based on the obtained results, the

MOSFET imbalance is relatively senseless to the shape of the rectangular copper busbar.

Table 13. Current imbalance of center terminal copper busbars.

MOSFET
1 2 3 4 Imbalance
Bar length: 15 mm [A] 302.5 312.9 312.9 302.4 10.6
-1.7 % 1.7 % 1.7 % -1.7 % 3.4%
Bar length: 30 mm [A] 305.5 309.8 309.8 305.5 4.3
-0.7 % 0.7% 0.7% -0.7 % 1.4%
Bar length: 45 mm [A] 306.4 308.6 308.6 306.6 2.2

-0.4 % 0.3% 0.3% -0.3 % 0.7 %




Table 14. Thermal imbalance of center terminal copper busbars.

58

MOSFET
1 2 3 4 Imbalance

Bar length: 15 mm [°C] 120.7 112.7 112.7 120.7 8.0

3.4% -3.4 % -3.4% 3.4% 6.8 %
Bar length: 30 mm [°C] 120.1 112.6 112.6 120.1 7.5

3.2% -3.2% -3.2% 3.2% 6.4 %
Bar length: 45 mm [°C] 120.0 112.5 112.5 120.0 7.5

3.2% -3.2% -3.2% 3.2% 6.5 %

4.3.2 Terminal Location

The sensitivity to the power circuit terminal location of the two, dividing and combining

busbars, is examined. In the initial design, the power circuit terminals are designed based on

the minimum impedance principle. In the context of rectangular busbars, such structure

becomes partially symmetrical by nature. However, for practical reasons the terminals may

need to be placed opposite ends of the busbars (Figure 34). The sensitivity of transient

imbalance in terms of terminal location, is examined in the context of rectangular busbars.

Figure 34. Examining copper busbars of center (left) and end (right) terminals.

The results (Table 15 and Table 16) indicate minor transient current imbalance with 15 mm

busbars but diminishing rapidly as the busbar length increases. The difference in simulation
results is 0.8%, 0.4% and 0.1% (lengths 15 mm, 30 mm and 45 mm). The difference in
thermal (junction temperature) imbalance indicates similar results, respectively 1.3%, 0.5%
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and 0.2%. Based on the result, the effects from different terminal layout are nearly negligible,

particularly with 30 mm and 45 mm busbars.

Table 15. Current transient imbalance of end terminal copper busbars.

MOSFET
1 2 3 4 Imbalance
Bar length: 15 mm [A] 309.6 301.9 305.5 314.9 13.0
0.5% -2.0 % -0.8 % 2.3% 4.2 %
Bar length: 30 mm [A] 306.6 305.3 307.7 310.7 5.4
-0.3 % -0.7 % 0.0% 1.0% 1.7 %
Bar length: 45 mm [A] 306.3 306.7 308.1 308.8 2.5

-0.4 % -0.3 % 0.2% 0.4 % 0.8%

Table 16. Thermal transient imbalance of end terminal copper busbars.

MOSFET
1 2 3 4 Imbalance

Bar length: 15 mm [°C] 120.7 111.9 112.1 121.3 9.5

3.6 % -4.0 % -3.8% 4.2 % 8.1%
Bar length: 30 mm [°C] 120.0 112.3 112.4 120.4 8.1

3.2% -3.4% -3.3% 3.5% 7.0%
Bar length: 45 mm [°C] 120.0 112.4 112.5 120.2 7.8

3.2% -3.3% -3.2% 3.4% 6.7 %

4.3.3 Parasitic Inductance Mitigation

The energy of the collapsing parasitic magnetic field dissipated across the MOSFET tends
to be relatively senseless to the rectangular bar shape or terminal location. The two current
carrying conductors cause either additive or subtractive effects on the magnetic flux,
depending on the directions of the current flow. To reduce the effects of a parasitic
inductance associated with the current bar, a simple current cancelling technique is
examined. In this technique, one of the two copper busbars is turned over and stacked with
the other busbar. This forms a laminated structure, where a thin electrically insulating

material is joining the two copper busbars together. The structure is partially symmetrical,
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where the direction of the return current flow is reversed for cancelling the parasitic effects

(Figure 35).

Figure 35. Laminated copper bar structure.

The results of the given structure indicate improvements in both, the overall parasitic

inductance and the parallel imbalance (Table 17 and Table 18). The center terminal junction

temperature was decreased by 7% with laminated busbar structure (length 15 mm). The

results indicate reduced energy dissipation in the power MOSFET, which implies partial

cancellation of the parasitic fields. The thermal imbalance was within 0.1%, which indicates

outstanding transient current balance. With the asymmetrical end terminal structure, the

deviation in current imbalance (9.1%) is however notable. Nevertheless, the transient

thermal imbalance remains still within the 1.7% range.

Table 17. Current imbalance of laminated copper bars.

MOSFET
1 2 3 4 Imbalance
Center terminals [A] 306.6 308.6 308.6 306.6 2.0
-0.3% 0.4 % 0.4 % -0.3% 0.7%
End terminals [A] 293.3 297.5 316.6 323.4 30.0
-4.6 % -3.2% 3.0% 52 % 9.8 %
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Table 18. Thermal imbalance of laminated copper bars.

MOSFET
1 2 3 4 Imbalance
Center terminals [°C] 112.8 112.7 112.7 112.8 0.1
0.0% 0.0 % 0.0 % 0.0 % 0.1%
End terminals [°C] 112.2 111.9 112.9 113.9 2.1

-0.5 % -0.8 % 0.2% 1.0% 1.8%

4.3.4 Clamping Asymmetry

The transient current from the load collapsing magnetic field is diverted through the surge
protective device (SPD). The power circuit structure introduces parasitic inductance and
parallel imbalance, dissipated in the parallel MOSFETs. The high cost of the Zener
technology based SPD is limiting the number of protective devices in the design. The optimal
placement in the rectangular copper busbar is assumably in the center of the busbar. With
the increasing number of devices, the current and thermal imbalance is expected to increase.
To examine effects, the simulation model is reconstructed, so that the SPD is placed on one
side of the parallel MOSFETSs.

Figure 36. The surge protection device placed asymmetrically in respect to MOSFETS.

The simulation results indicate transient current imbalance to increase from 3.4% to 9.9%
and transient thermal imbalance from 6.8% to 20.5% (Table 19). The effects are becoming
significant and begin to limit the number of parallel devices as well as the utilization rate of

a single MOSFET device. However, when using the laminated busbar structure, the results
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indicate significant improvements in both the overall thermal performance (15%) and

transient imbalance (2%).

Table 19. Current imbalance of center terminal copper busbars.

MOSFET
1 2 3 4 Imbalance
Bar length: 15 mm [A] 289.9 300.2 320.2 319.9 30.3
-5.7% -2.4 % 4.1% 4.0 % 9.9%
Bar length: 15 mm, laminated [A] 304.3 306.2 310.0 309.4 5.7
-1.1% -0.4 % 0.8 % 0.6 % 2%

Table 20. Thermal imbalance of center terminal copper busbars.

MOSFET
1 2 3 4 Imbalance
Bar length: 15 mm [°C] 133.8 128.1 118.6 108.7 25.1
9.4 % 4.7 % -3.0% 111 % 20.5 %
Bar length: 15 mm, laminated [°C] 113.8 113.8 113.2 111.5 2.3
0.7 % 0.6 % 0.1% -1.4% 2%

4.4 Sensitivity Analysis

The MOSFET sensitivity to mismatch is examined using the electrothermal circuit model,
where the effects on current and junction temperature are examined. A typical design
approach is based on robust design, tolerating the parameter spread, parasitic inductance and
parallel imbalance of the circuit. The parameter spread originates largely from the
semiconductor device fabrication inhomogeneities. SPICE models represent device
parameters predicting the behavior of a typical device. The parameter sensitivity is analyzed
by means of a transient simulation, using 1.2 kA fault current threshold limit and minimum
inductive load. The manufacturer provides measurement-based data of MOSFET
transconductance (gm), on-state resistance (Rps(on)), threshold voltage (Viy,), capacitance
(C) and thermal impedance (Z;;,). The mismatch data is given as minimum, maximum or
minimum and maximum data values, depending on the parameter in question. The reference

for the examination is given by the average model, characteristics of a typical (average)
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device. The inherent thermal imbalance, arising from the asymmetrical layout is 5.1%, is the

reference for the parameter spread analysis (Table 22).

The Rps(on) determine the worst-case power dissipation. High currents increase the power
losses rapidly, due to exponential nature of the power equation. The positive temperature
coefficient balances the current sharing in parallel configuration. The sensitivity to Rpg(on)
parameter is examined by parametrizing the maximum Rpgon). This increases MOSFET 1

junction temperature eventually by 13.2%.

High forward transfer admittance (g,,) value makes the power MOSFET more prone to a
catastrophic failure by current concentration and thermal runaway. The temperature
coefficient of g,,, becomes negative in the high current region, which for its part compensates
the current concentration. The g,,, parameter sensitivity is examined by leaving the MOSFET
1 to typical g, value, while the remaining parallel devices are parametrized to minimum g,

value. The parameter indicates MOSFET 1 junction temperature to increase by 6.8%.

The Vy, attribute models the threshold voltage deviation. The parameter is affecting the turn-
off switching characteristics. When the V,;, becomes lower, the MOSFET becomes also more
sensitive to parasitic turn-off oscillation. The MOSFET 1 is parametrized to minimum
threshold voltage, while other parallel MOSFETs remain in maximum Vy,. This results

MOSFET 1 junction temperature to increase by 2.7% when compared to typical value.

Similar as the threshold voltage, the parasitic capacitance (C) variation affects the turn-off
switching characteristics. The MOSFET 1 is parametrized to maximum capacitance, while
the parallel MOSFET are using typical values. The MOSFET 1 junction temperature is
increased by 1.0%.

The transient thermal impedance (Z,) describes the transient pulse power dissipation and
impact on the junction temperature characteristics with guaranteed (maximum) value. The
MOSFET 1 is set to maximum thermal impedance value, which is increases the junction

temperature by 8.1%.

In worst parameter combination (worst params), the MOSFET 1 is modeled with maximum

Rps(on), Zwm and C values, while parallel devices are modeled with minimum g, and
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maximum Z,, values’. In this configuration the MOSFET 1 junction temperature is
increased by 23.7% (Table 22) and the drain current by 12% (Table 21), affecting the

maximum avalanche current safety margin requirement.

Table 21. Maximum transient current deviation from MOSFET parameter spread. Parallel MOSFETs
are parametrized in worst-case combination in respect to MOSFET 1. The reference value is defined

with typical MOSFET parameters.

MOSFET Deviation
1 2 3 4 (worst)
MOSFET, typical parameters [A] 305.6 309.5 309.6 305.7
0.0% 0.0 % 0.0 % 0.0 % 0.0%
MOSFET, worst Ryson) [A] 305.8 309.3 309.3 305.9
0.1% -0.1% -0.1% 0.1% 0.1%
MOSFET, worst g, [A] 344.5 300.4 302.3 298.6
12.7 % -3.0% -2.3% -2.3% 12.7 %
MOSFET, worst Vy, [A] 339.3 306.6 307.1 303.0
11.0% -0.9 % -0.8 % -0.9 % 11.0%
MOSFET, worst C [A] 316.7 307.9 308.3 304.7
3.6 % -0.5% -0.4% -0.3% 3.6 %
MOSFET, worst Zy, [A] 305.6 309.5 309.5 305.7
0.0% 0.0 % 0.0 % 0.0 % 0.0%
MOSFET, worst params [A] 342.3 306.8 307.8 304.2
12.0% -0.9 % -0.6 % -0.5% 12.0 %

" The number of MOSFET parameter combinations is limited.
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Table 22. Maximum transient thermal (junction temperature) deviation from MOSFET parameter
spread. Parallel MOSFETS are parametrized in worst-case combination in respect to MOSFET 1.
The reference value is defined with typical MOSFET parameters.

MOSFET Deviation

1 2 3 4 (worst)

MOSFET, typical parameters [A] 119.4 113.5 113.5 119.4
0.0% 0.0% 0.0% 0.0 % 0.0%

MOSFET, worst Ryson) [A] 134.2 128.5 128.5 134.2
12.4 % 13.2% 13.2 % 12.4 % 13.2%

MOSFET, worst g, [A] 127.5 119.5 120.5 126.1
6.8 % 52% 6.1% 5.6 % 6.8 %

MOSFET, worst Vy, [A] 122.6 111.9 113.0 118.8
2.7% -1.5% -0.5% -0.5% 2.7 %

MOSFET, worst C [A] 120.6 113.2 113.5 119.3
1.0% -0.3% 0.0 % 0.0 % 1.0%

MOSFET, worst Zy, [A] 129.1 122.2 122.2 129.1
8.1% 7.6 % 7.7 % 8.1% 8.1%

MOSFET, worst params [A] 147.7 134.4 135.7 141.4

23.7% 18.4 % 19.6 % 18.5 % 23.7%

The SPD (TVS diode) model is describing only the electrical properties of the device.
Measurement data for the sensitivity examination is not available. Hence, the sensitivity is
investigated using the reverse breakdown voltage (Vgr) specification limits (Vg min,

VBR max)- SPD Vgg must remain below MOSFET Vgg(q4ss) at all times and the surge pulse

decay time within the required specification (Figure 37).
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Figure 37. Voltage across the MOSFET during the turn-off transient. Minimum (red), typical (cyan)
and maximum (pink) clamping voltages, determine the MOSFET time in avalanche and the SPD
time in conduction (power l0ss).

The simulation results indicate SPD decay time to increase 4%, when applying Vgr min
(Table 23). Moreover, when applying Vggr max MOSFET 1 transient junction temperature

increases by 1.9% (Table 25). The transient current remains unaffected from the Vpg

parameter variation (Table 24).

Table 23. SPD breakdown voltage sensitivity to parameter variation

SPD breakdown voltage [V]

VBR, min VR VBR, max
Time in avalanche, MOSFET [ps] 0.87 1.07 1.42
Margin -19% 0% 32%
Time in conduction (tg), SPD [us] 8.90 8.56 8.10

Margin 4% 0% -5%




Table 24. Transient current deviation with worst MOSFET parameters.

67

MOSFET Deviation
1 2 3 4 (worst)
MOSFET worst, SPD Vg, min [A] 342.0 307.1 307.5 304.3
11.9% -0.8% -0.7% -0.5% 11.9%
MOSFET worst, SPD Var, max [A] 342.2 307.0 307.6 303.9
12.0% -0.8% -0.6% -0.6% 12.0%
Table 25. Transient thermal deviation with worst MOSFET parameters.
MOSFET Deviation
1 2 3 4 (worst)
MOSFET worst, SPD Vg, min [A] 145.7 133.2 134.4 139.6
22.1% 17.3% 18.4% 17.0% 22.1%
MOSFET worst, SPD Var, max [A] 149.9 136.1 137.4 143.6
25.6% 19.8% 21.0% 20.3% 25.6%

The simulation results and sensitivity analysis indicate that the proposed MOSFET power

switch meets the operating requirements of a battery protection switch. The major limitation

arises from maximum avalanche current (MOSFET) and the maximum load inductance

(SPD). These limitations must be addressed to retain the reliability over time. The load

inductance is external parameter and determined purely by the load characteristics. The cable

length is indicative attribute, but the overall inductance of the load, including the cables, is

the decisive parameter. Exceeding the load inductance, results eventually permanent failure

or destruction of the battery protection switch.
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5 Conclusions

In this thesis, a solid-state power switch for 48 V high-power li-ion battery applications was
developed. The design is based on generic circuit breaker architecture, which is well-proven
for its current protection capabilities. Eight high-speed power MOSFETs are used to
comprise four parallel bidirectional power switches. The reciprocity is accomplished by
adding two common source connected silicon power MOSFETS in series. The optimal
number of parallel power switches is mainly determined by the MOSFET current handling

characteristics and the system cooling properties.

The key characteristics comprise normal on-state, fault current turn-off and residual energy
absorption properties. The first two are largely determined in the selected power
semiconductor switch, whereas the latter is more of a surge protective device property. The
simulation results indicate sufficient electrical and thermal performance to encounter
lithium-ion battery system requirements, but within the boundaries given by the avalanche
current and the maximum load inductance. The avalanche current bounds the thermal
stability region and the maximum achievable turn-off current, ensuring high reliability over
the time. The load inductance is an externally defined parameter, determined by the cables
and the load connected to the battery system. Exceeding the maximum load inductance, will

unavoidably lead to permanent damage or destruction.

The main sources of variation in terms of electrical performance are the gate driver
mismatch, power circuit parasitic inductance, parallelization imbalance and semiconductor
parametric mismatch. To consider gate driver imbalance, basic design principles must be
applied. Differential decoupling resistance reduces the differential gate-source voltage and
improve the dynamic current balance. Low gate resistance accelerates the turn-off switching
and diminishes the dynamic switching losses. Moreover, low gate resistor tolerances ensure
negligible variation from the external components. To suppress harmful effects of parasitic
inductance and parallel imbalance, several methods can be exploited. Some of the methods
are based on screening devices, suppressing parasitic elements or controlling the time of
exposure. The relevance of balancing and mitigation methods depend largely on the number

of parallel devices in the circuit.
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Partial inductances are derived from the electromagnetic solver and the effects are analyzed
in the circuit level transient simulations. Asymmetry is a source of systematic imbalance,
unlike random parameter variation. The initial layout is designed partially symmetrical in
respect to surge protective device and the power terminals. The electrical simulation results
indicate peak current imbalance of 1.3% between the symmetrical MOSFET counterparts
and 5.2% imbalance between the asymmetrical MOSFET counterparts. The low number of
parallel devices and partially symmetrical layout promote retaining the balance relatively
low. The effects from the imbalance are nearly negligible, in the context of this work, but

indicate becoming significant as the number of parallel devices increases.

The parametric variation originates from the power semiconductor fabrication process and
is largely built-in property. The device screening is not an economical option, consequently
the parametric mismatch is often addressed with robust design. To understand the level of
robustness required, the parameter variation must be examined in the context of the
application. The parametric variation is examined with worst-case parameters, increasing
the MOSFET junction temperature by 26%. The initial junction temperature derating was
approximately 15%, but the results implicate considerable larger margins to account for
parameter variation. Nevertheless, the worst-case parameter results were well below the
maximum power MOSFET junction temperature (175 C°) limit and indicate 25% safety

margin.

Despite the low parasitic drain-source inductance, the MOSFETs are driven into
instantaneous avalanche breakdown, during the 1.2 kA fault current turn-off. The layout
imbalance and the parameter variation indicate at worst 12% current increase as per single
MOSFET. This current increase is in addition to MOSFET’s turn-off overshoot current and
sensing circuit delay overshoot current. For MOSFET thermal stability reasons, the fault

current threshold limit must be downgraded substantially from the theoretical 1.2 kA value.

For the future deployment, physical prototype verification testing must follow the virtual
verification, to ensure the validity of the simulation results. Physical measurements provide
the linkage between the simulation models and real-life prototype. The uniformity of the
simulation results and real-life prototype measurements can be only improved, when using

the physical measurement results to refine the simulation models.
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Findings of this work provide inspiration for several interesting future research opportunities
in the field of high voltage li-ion battery systems. This includes, but not limited to future
developments in integrated high voltage battery protection circuit topologies, efficient

cooling solutions, and parasitic element mitigation and balancing techniques.
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