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GLOSSARY
Abbreviation/ acronym | Description
AC Alternative Current
BEV Battery Electric Vehicle
DC Direct Current
DM Differential Mode
CM Common Mode
COP Coefficient of Performance
EMC Electro Magnetic Compatibility
EU European Union
EV Electric Vehicle
FFT Fast Fourier Transforms
GBD Grain Boundary Diffusion
HEV Hybrid Electric Vehicle
HV High Voltage
IGBT Insulated Gate Bipolar Transistor
OBC Onboard Charger
OEM Original Equipment Manufacturer
PMSM Permanent Magnet Synchronous Motor
PPE Premium Platform Electric
Si Silicon
SiC Silicon Carbide
SOC State Of Charge
V2G Vehicle-to-grid
V2L Vehicle-to-load
WP Work Package
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1 EXECUTIVE SUMMARY

Climate change has created an increased need for innovation in various sectors, including the
automotive industry. Many corporations are striving to fulfil this need by developing and producing
electric cars. However, the production process remains inefficient and environmentally harmful.
The EU-funded HEFT project will reverse this trend by introducing a revolutionary synchronous
motor for electric cars, which will be recyclable, cost-efficient and require fewer materials while
producing fewer emissions and creating novel European circular economies.

HEFT Project proposes a set of innovation challenges on electric synchronous motor
configuration based on SiC inverters (direct cooling of rotor and stator, advance insulation for high
voltage, multibarrier rotor topology, wave windings) and advanced materials (advanced GBD
magnets, epoxy for magnet fixation, composite for motor housing, insulation resin). These
innovations will result in a high-efficient and low-cost solution that will be validated on 2 motor
topologies.

e Motor topology type C: Motors for C-D-E vehicle segments.
e Motor topology type A: Motors for A-B vehicle segments.

In this document the work carried out in Task 3.1 of HEFT project has been summarized. a
modular, high-efficient and cost-oriented 800V powertrain architecture is defined. Electrical,
thermal, mechanical and control architectures will be analysed to deal with the challenges of
increasing system voltage. Moreover, some simulations have been carried out to deal with high
dv/dt effect due to SiC devices propagation models to avoid motor degradation, high switching
frequency effect influence on EMC analysis, to comply with automotive standards, current versus
voltage trade-offs: considering powertrain, batteries and recharge infrastructure optimization in
order to improve EV range, advanced shared cooling in the powertrain, to reduce losses and
improve EV range.

In this document the following issues will be covered:

1. A state of the art of 800V architecture EV.

2. Electrical, thermal, mechanical & control modular, high-efficient and cost-oriented
architecture proposal.

High dv/dt motor degradation simulation model.

Influence on EMC analysis, to comply with automotive standards.

Current versus voltage trade-offs simulation to improve EV range.

Advanced shared cooling in the powertrain, to reduce losses and improve EV range.

oasw
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2 DRIVE SPECIFICATIONS

In this section, drive specifications considered for this task will be described. On the one hand,
there are two segments of vehicles considered (A+B and C+D+E), leading to two different motors.
On the other hand, silicon carbide (SiC) inverter will be detailed.

Two different motors specifications are detailed in Table 1 and Table 2, resulted values come
from a market analysis.

Table 1 Motor Specifications for A+B segment.

A + B Segment

Units Peak | Continuous
Duration of operation point S 30 1800
Shaft power kw 110 55
Max Shaft torque - example Nm 163
Corner speed rpm 6.444
Maximum speed - example rpm 20.000
Maximum speed - market constraint rpm 20.000
Maximum overspeed rom +10%
Nominal DC Voltage Vdc 650
Maximum phase current Arms 350
Power Density - Continuous :%22?%}1(&&5?1?
Torque Density - Continuous - Option B ~35,~8545l\’l€r5n7/kl\é|n(1(<LP?‘4.2)
Motor losses - Mean over WLTP Wh/km 11,4
Maximum temperature on winding °C 180 180
Maximum rotor temperature °C 150 150

D3.1. Modular, high-efficient and cost-oriented 800V powertrain architecture 6



Table 2 Motor specifications for C+D+E Segment

C + D + E Segment

Units Peak [ Continuous
Duration of operation point S 30 1800
Shaft power kw 170 111
Max Shaft torque - example Nm 260
Corner speed rpm 6.250
Maximum speed - example rpm 19.914
Maximum speed - market constraint rpm 20.000
Maximum overspeed rom +10%
Nominal DC Voltage Vdc 650
Maximum phase current Arms 350
Power Density - Continuous :278017%)/\///';(5}(&3? 1‘;‘
Torque Density - Continuous ~32,~159?\’l:n8/kl\é|n(1(<LP?‘4.2)
Motor losses - Mean over WLTP Wh/km TBD'
Maximum temperature on winding °C 180 180
Maximum rotor temperature °C 150 150

SiC inverter specifications are described in Table 3.

Table 3 SiC inverter specifications

SiC inverter

?r\rfgc)l(toség:f: r?o‘lﬁ/dt) = risetime) [kVius] | S typical | 10 stretch
Max Switching Frequency [Hz] 20.000
Fundamental Frequency max [Hz] ~1000

Number of phases [-] 3

max. DC-Bus-Voltage Vdc 800

PDIV Phase-Phase Vpk-pk 3726

PDIV Phase-Ground Vpk-pk 2381

D3.1. Modular, high-efficient and cost-oriented 800V powertrain architecture
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Among these two vehicle segments, there are many design decisions regarding the powertrain
architecture that can be reconfigured to be used in both cases. Therefore, the following section
covers the different EV architectures that are found in the state of the art, finding out the most
adequate for this project based on their advantages and disadvantages.

" Motor losses - Mean over WLTP. To Be Defined according to fulfil at least 20% reduction over baseline
eMotor
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3 800V POWERTRAIN ARCHITECTURE

Up until mid-2022 most of EV available in the market operate with 400V batteries. OEM already
realised the advantages of moving towards 800V architecture: reduce charging time by half,
reduce charging current and overheating, increase component efficiency, reduce power losses,
etc. Thus, the transition towards 800V is expected to be quite fast. As is stated in [1], by 2027-
2030 more than 90% of EV will probably have 800V battery system.

Some OEMs already sell 800V EVs: Hyundai, Audi, Porsche and Kia. Lucid motor has integrated
a 900V battery into its vehicle model Lucid Air. Hyundai has promised to launch 23 EV models
with 800V architecture by 2025 [1].

800V electrical architecture will be based on SiC technology. It is well known that SiC devices
have lower losses, can reach higher temperatures, can switch much faster, reduce weight and
volume, etc. As it said in [2], SiC technology will achieve cost effectiveness with low losses for
mass production. As it can be seen in Figure 1, most 800V EV use SiC devices.

Shift from Si IGBT (400 V) to SiC MOSFETs (800 V) Architecture ‘ Technology Trends for EV Power Electronics System
| sicmosreT Pr———
Tesla Model 3/Y GWM Mecha Mercedes EQA
Tesla Model $/X Dragon BYD Han SERE
Nio ET7 ) Cadillac Lyrig Xpeng G9
i Lucid Air IONIQS Feiaget vl
1200 V (for 800 V
Ford Mach E 650 V (for 400 V system) Stal
Smart #1 EV BrightDrop EV600 . RIT/RIS 7‘
GMC Hummer Kia EV6 Packaging

o e e o Double-side water

[ wov |

Porsche Taycan
) Audi e-tron GT SYSUERE BN SN
Other BEVs in Individual sub-systems

the market
Aion V Plus

Non-exhaustive
list <L

= Higher power efficiency
= System cost reduction and range extension

= Space and weight savings

Figure 1. 400V to 800V architecture shift implies shift from Si IGBT to SiC Mosfets [2].
3.1 State of the Art of 800V EV

In this section 800V architecture EV characteristics will be analysed. Hyundai, Audi-Porsche and
Lucid Air platforms have been analysed.

3.1.1 Hyundai: E-GMP platform

Hyundai 800V platform is called E-GMP (Electric-Global Modular Platform) and is also used by
other OEM like Kia or Genesis.

E-GMP HYUNDAI MOTOR GROURP

Figure 2. Hyundai E-GMP 800V platform [3].
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One of the main characteristics of E-GMP platform is that it is prepared to be used with two
motors. One on the front and another one, more powerful, on the rear. The power devices of both
inverters are different: front inverter uses Si IGBT power modules, and the rear inverter uses SiC
MOSFET power modules [3].

Other important characteristic is that it is a multi-charging system. It supports both 800V and 400V
charging. For 800V charging high voltage battery is directly connected. However, for 400V
charging the drive is used to boost charger 400V to battery 800V, as it is shown in Figure 3.

] |
' J
Chargeable 400V~ 800V Chargeable 4
\ OO0 Q- j
Boost conversion
Drive motor High-voltage

Inverter Battery

400V Charger 800V Charger
Figure 3. Hyundai multi-charging system [3].

IONIQ 5 Hyundai EV 800V architecture is shown in Figure 4 [4]. As can be seen, it has two motors,
one on the front (PMSM 70kW) and the other on the rear (PMSM, 155kW). Comparing with HEFT
motors, the front motor could be Segment A+B motor and rear motor Segment C+D+E motor.

AC Charging gin
Vehicle to Los®

Charge
A/C Plug
Compr. ICCU DC Charging:
(Integrated 400V & 800V
Charging Control
Unit)
Cabin o HY B -
Heater Junction attery unction
Box Front 72.6 kWh On-Board Box Rear — Rear
Charger
Inverter
Battery Front = 5
Heater Inverter DC/DC StepUp | Lo
. . Converter -'_._.‘
Front Motor 400V 3800V / 30
(PSM, 70kW) LV-consumers R Mot
ear Motor
LV BENE v (PSM, 155kW)
Battery
High Voltage Wiring Harness (DC)
— High Voltage Wiring Harness (AC) High Voltage System Low Voltage System Propulsion
— Low Voltage Wiring Harness Component Component Component

Figure 4. IONIQ 5 Hyundai EV 800V electrical architecture [4].

Moreover, with 800V charging system (250kW), battery charging from %10 of the State of Charge
(SOC) up to 80% is achieved in 18min. One full charge offers a driving range of 500km. Battery
capacity is 72.6kWh.

Regarding the OBC, it can be chosen between 11kW and 22kW. This car is also equipped with
Vehicle-to-Load (V2L) technology. Thus, external devices can be supplied with the electricity
stored in the EV battery.

Concerning the drive, in [3] it is stated that 93% of efficiency is achieved considering SiC inverter.
Hyundai uses Vitesco SiC inverters, which improve the extended range by %5. Front drive adopts
three -in-one (motor + inverter + differential) assembly and rear drive five-in-one (motor + inverter
+ differential + OBC+DC/DC converter), as shown in Figure 5. Both motors are PMSM and have
hairpin windings and are oil spray cooled (oil is also used for lubrication).

D3.1. Modular, high-efficient and cost-oriented 800V powertrain architecture 9
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Figure 5. IONIQ 5 Hyundai front (left) and rear (right) drives assembly [3].

Finally, Figure 6 shows IONIQ 5 800V EV thermal architecture. As can be seen, batteries are
cooled on a different channel than the inverters and the motors.

Battery

Battery
NNEWP #1

Reservoir

Reservoir

lojeipey Aieneg
10jeIpeY J0JO

Main Condenser
Heat Exchanger
(Water Cooling Type)

Motor
(4WD Only)
y

3-Way Valve
(Motor Coolant)

3-Way Valve
(Battery Coolant)

Figure 6. IONIQ 5 Hyundai EV 800V thermal architecture [4].

3.1.2 Porsche Audi PPE platform

In 2019 Volkswagen group presented the Premium Platform Electric (PPE) that is used in Audi,
Porsche [5]. This flexible platform allows variable ground clearance, variable wheelbase and
variable axle track, as it is shown in Figure 7. Thus, a wide range of models can be built using
PPE between B and D segments.

~ Variable

. axle track
(... 1641 - 1714mm ...)

Variable
. wheelbase
Variable (... 2890 - 3080mm ...)
ground clearance
enabling Sedans & SUV
(..152-217mm ..))

Figure 7. Porsche -Audi PPE platform [5].

Audi A6 etron is the first 800V EV based on PPE platform. This EV has two motors, one on the
front and the other on the rear. In total 350kW with a torque of 800Nm. Concerning the axle drive,
3 in 1 assembly and cost-oriented approach is considered. Reduced variance combined with
flexibility in key components, highest efficiency and performances are achieved [5] (see Figure
8).

D3.1. Modular, high-efficient and cost-oriented 800V powertrain architecture 10
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Gear box Power electronics

> flexible gear ratios ' > flexible semiconductor
> accoustics optimization technology

E-motor

> flexible motor technology
> fixed diameter, variable length
> accoustics optimization

Castings

> separate small castings ensure procurement flexibility

Figure 8. Cost-oriented PEE drive [5].

PPE drive component modularity is shown in Figure 9. Regarding the motor, 4 different options
can be used, all of them with the same motor diameter: 200mm length PMSM motor, 150mm
length PMSM motor, 100mm length PMSM and 100mm length asynchronous motor. Concerning
the inverter, the same converter is used but devices can be either Si or SiC. Finally, at gearbox,
4 different gear ratios can be used via one reduction stage (from 8.5 up to 11).

L Electric motors ———— Power electronics—— Gearbox
same diameter / 3 different lenghts semiconductors Si & SiC up to 4 different gear ratios
realized via 1t reduction stage
200mm Silicium Silicium
" Carbide
PSMD
i=8.5
PSMD
— " i=11.0
PSM" & ASM2

Figure 9. PPE drive modularity [5].

Motor and gearbox use oil systems with electric oil pump and dry sump lubrication, to reduce
friction and improve efficiency. Stator and rotor direct oil cooling and hairpin windings are used to
improve power density and the reduction of rare earths [5].

Comparing PPE drive with previous e-tron drive, motor dimensions are reduced 35%, drive weight
has been reduced 20% and drive losses have decreased 50%. Overall system performance has
increased 33% and drive costs have decreased 15% and energy consumption has decreased
30%.

Moreover, with 800V charging system (270kW), battery charging from %5 of the SOC up to 80%
is achieved in less than 25min. In 10min charge a driving range of 300km is achieved. Battery
capacity is 93kWh. OBC is 22kW and is located at the rear axle.

D3.1. Modular, high-efficient and cost-oriented 800V powertrain architecture 11
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Porsche Taycan also uses 800V PPE platform. This EV is a sport car that can generate up to
560kW, using two liquid cooling PMSM motors (one on the front axle and other in the rear-axle).
These drives modules have the highest power density (kW per litre) of all electric powertrain on
the market today [6].

Both axles’ inverters maximum current is 300A (in Taycan Turbo) and 600A (in Taycan Turbo S).
Both inverters have very high efficiency, almost 98%. Concerning the gearbox, a single speed
ratio 8:1 is used in the front axle. However, in the rear axle a double speed transmission (also
ratio 8:1) system is used.

Regarding the fast charging capability, with 800V charging system (270kW), battery charging from
5% of the SOC up to 80% is charged in 22.5min. In 5min charge a driving range of 100km is
achieved. Battery capacity is 93.4kWh. OBC is 11kW and is located at the rear axle.

Figure 10 shows the Porsche Taycan thermal architecture. As can be seen, two different loops
are considered. One for the motor and the converters and the other for the battery system.
Moreover, additional cooling via a radiator is proposed for high load [4].

*A/C circuit avallable but not shown within the graphic

== "standard"” operation mode

- Additional cooling via radiator for high load

Figure 10. Porsche Taycan thermal architecture [4].

3.1.3 Lucid Air

Lucid Motor presented a 900Vdc Lucid Electric Advanced Platform (LEAP). Lucid Air is the luxury
car based on this platform, which has three PMSM motors: one on the front and two on the rear,
achieving 500kW, all of them have hairpin windings. 1200V/ 450A SiC devices are used in the
inverters. Moreover, OBC is bidirectional, allowing Vehicle-to-Grid (V2G) operation [7].

Concerning the fast charging, 300kW can charge in 12 min a range of 320km. This EV has 88kWh
battery system.

Figure 11. 900Vdc Lucid Electric Advanced Platform [7].

D3.1. Modular, high-efficient and cost-oriented 800V powertrain architecture 12
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3.1.4 SoA conclusions

It can be concluded that 800V architecture is already a reality. There is a clear trend to move to
higher voltage EV. There are also some new EU calls for 2024 dealing with this topic, “Integration
and testing of next generation post-800V electric powertrains” [8]. Dedicated electric vehicle
platforms are usually used and front and rear axles are the most common solution. PMSM motors
and SiC based inverters are dominant at this moment, due to their best performances.

3.2 Global 800V architecture

The EV system architecture is divided into four different parts: electrical, thermal, mechanical and
control. Nowadays, six different configurations (see Figure 12) are proposed for EVs, which
impact on the sizing and configuration of the whole architecture.

p _

Fromnt 1 f'r?nr_ e-Anle |
afxle + 2'e-Wheels |
i . N,

LY . LY
Rear 1 Rdar e-Axle
edxle + 2'e-Wheels
" . r
™ . iy
‘Al Wheel Drive . Four ..
u
|1:"l'\'|'|tt'-:.
Soft Coupling . .
r

L4

Figure 12 Configurations for EV's [9].

In this project, front eAxle, rear eAxle and all-wheel drive configurations have been selected based
on the state of the art. In this context, different proposals of inverter and motor integration can be
found in the literature and commercial products, where motor mounted or integrated solutions
show to be the path to follow in future EVs architectures, although offset mounted solutions are
the path to follow in present years (see Figure 13). The advantages of this offset solution are cost
optimization (HV cables and connector eliminated, reduced radiated EMI and combining motor
and inverter cooling) and design for manufacturing (compact design, motor-inverter becomes a
single tested element). However, this offset solution has a challenge, as mechanical and thermal
stress increase [9].

Electromechanical integration is a key trend

Separated Difset mounted Maotor mounted . Motor integrated
ﬂ — =
<2020 2025 2030
. Offset mounting in BEV, PHEV Co-axial designs provide
n?;g:"g:?:::::f and series hybrid becoming potential to become a
the main trend! standard solution

Figure 13 Different electro-mechanical integrations [9].

These solutions provide advantages regarding the elimination of HV wiring, electromagnetic
compatibility (EMC) and integrated thermal solution for inverter and motor. An overview of the e-
vehicle configuration selected for this project is given in Figure 14. In this case, there is an offset
mounted motor and inverter, where both as well as the battery package are refrigerated with liquid

D3.1. Modular, high-efficient and cost-oriented 800V powertrain architecture 13
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cooling systems. Furthermore, Compatible Connector Systems provide the possibility to charge
the battery package from AC (slow charge) and DC (fast charge) grids.

DC/AC charging

‘i

il + Water-Glyco
Tanks

Liquid-Cooling Systems )

\.

§

Figure 14 General overview of the e-vehicle architecture.

In following subsections, the global architecture of an e-vehicle is proposed, including the
electrical, thermal, mechanical and control architectures. This architecture must be scalable and
modular for the EV segments aimed in this project. Furthermore, cost is another parameter to be
targeted in this document, since it will help to reach a competitive solution compared to market
products.

3.3 Electrical architecture

The electrical architecture proposed is shown in Figure 15. A 650V battery system is connected
to 11/22kW OBC. The DC link has three possibilities: a) one drive for Segment A+B EV, b) one
more powerful drive for C+D+E segment and c) an all-wheel drive considering both motors, where
Si devices could be a cost-oriented solution for the secondary drive.

Therefore, the electrical architecture of this application is mainly composed of a battery package,
a three-phase inverter as the motor drive and an e-Motor, as presented in Figure 16. The battery
package will provide the specified bus voltage, while the three-phase inverter feeds the required
current to meet the e-motor specifications. Furthermore, the electrical system must include two
sources (AC and DC) to charge the battery system. DC charging commonly comes from electrical
stations, providing fast charging profiles. This case implies that a high-power converter is
required, which is not included in the car due to the weight and volume impact. Nevertheless,
AC/DC stage must be included inside the car to provide a slow-charging option. AC charging
gives versatility to the final user, allowing them to charge their own car at home during the night.
This AC charge is possible thanks to the On-Board Charger (OBC) included in the car. OBC is
composed of an AC/DC rectifier and a DC/DC converter, providing isolation between battery
system and grid.

D3.1. Modular, high-efficient and cost-oriented 800V powertrain architecture 14
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Primary (rear) e-axle Pmax=110 kW Primary (rear) e-axle Pmax=170 kW

[ ] | Pcont=55kW [ | | Pcont=111kW
Battery OBC _ | |sicInv Segment Battery OBC — ;IE;N:]/
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| [ ] l [ ]

(a) (b)
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Battery OBC 1 |SiICINV Segment
650V 11/22kWM | T |2L3ph C+D+E
I I |
Secondary (front) e-axle Pmax=110 kW
| Pcont=55kW
—1 | sicssi Segment
=TI M A+B
2L-3ph
|

(c)

Figure 15 Electrical architecture proposal for Segment A+B EV (a), one more powerful drive for C+D+E segment (b)
and an all-wheel drive considering both motors (c).
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Figure 16 Power electronic schematic for EV electrical architecture.

The power devices selected for the OBC are SiC based, allowing switching at higher frequencies
while improving system efficiency. Since the voltage level of the DC bus reaches up to 800V,
1200 SiC devices are considered due to their better performance when switching at higher
frequencies. Depending on the power level, both discrete (low power) and power modules (high-
power) are viable options to design these power electronic converters. Hereinafter, a cost
evaluation of the different possible solutions is presented to select the most appropriate for each
stage (OBC and motor drive). To give a fair comparison, Infineon semiconductors given in Table
4 are aimed for this analysis. The power modules (FSO3MR12A6MA1LB and FF3MR20KM1H)
are chosen since they are rated for the same voltage and current ratings in different module
packages.
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Table 4 Infineon Power Semiconductors. Cost analysis performed based on [10] prices.

V2.1

Infineon Power Semiconductors

Semiconductor Type Vds [V] Id [A] | Rds[mQ] | Price [€]
FS03MR12A6MA1LB Three-Phase Module 1200 400 2.75 3325
FF3MR20KM1H Half-Bridge Module 1200 375 26 1051
IMW120R007M1H Discrete 1200 225 7 7

Discrete devices are a good choice for OBC power converter (see Figure 16) due to the power
level managed (11-22kW). However, the number of discrete devices that would be required for
three-phase inverter in comparison to power modules is huge, impacting on both efficiency and
power density. This fact makes the system more complex, making it difficult to develop a modular
architecture based on discrete devices. Therefore, half-bridge and three-phase modules are
selected for this topology. Both have similar characteristics, but there is a trade-off between the
price and on-board weight.

Considering the topology of each device, three half-bridge power modules are needed, while just
one three-phase module is required for the motor drive. In this case, the total cost reduction (200€)
by including 3 half-bridge modules is not enough to deal with the on-board weight and volume
increment. Due to this fact, a three-phase module (FS03MR12A6MA1LB) is selected for the three-
phase inverter. In the case of the OBC, the cost reduction obtained by parallelizing SiC discrete
devices is large enough to consider these devices. In this converter, the total power is above 11-
22kW, which can be obtained by parallelizing from 2-4 discrete devices. Nowadays, considering
the market prices for both module and discrete devices, discrete seems to be the most cost
optimal solution. Nevertheless, the price of power modules is decreasing as years go by, making
them a suitable option for future EV OBCs.

The electrical architecture presented in this section is scalable for both motor segments aimed in
HEFT project. In this context, modularization and low-cost solution have been aimed to reach a
solution able to be utilized in both motors, considering the same thermal, mechanical and control
architectures given in following subsections.

3.4 Thermal architecture

Thermal management in electric vehicles is one of the most important points in the design stages.
Future motor integrated solutions include the thermal management system in a 4-1 solution. Then,
the coolant circuit is implemented together with the battery system, three-phase inverter and
eMotor. There are two coolant liquids considered for thermal management, which are glycol-water
and oil. Nowadays, oil coolant motors are dominant in the market, meanwhile both water-glycol
and oil are considered for the inverter stage. Due to the optimal operating temperature in each
part of the system, the battery system is water-coil refrigerated. Both oil and water-glycol coolant
liquids coexist in the thermal architecture, enabling them to interact to optimize the system
efficiency. These solutions are depicted in Figure 17 and Figure 18, being a representation of a
thermal system management example. The main drawback of water-glycol solutions in the
inverter heatsink is its electrical conductivity, making the mechanical distribution more complex
since it cannot be in contact with electrical components.

In a future context, full oil solutions are considered [11] (see Figure 19). These solutions seem to
reduce the complexity of the thermal architecture, as well as the number of integrated components
for the cooling systems, while maintaining the operating temperature on desirable values. This
fact not only reduces the complexity of the system but also improves its safety and flexibility.
However, battery, inverter and motor oil cooling is a trend research topic and industrial
implementation is seen as a long-term solution, as there are still a lot of challenges.
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Battcery System

Water-Glycol Tank

Oil Tank

Figure 17 Cooling system concept: motor oil cooling, inverter and battery water glycol cooled, solution 1.

Battery System

Water-Glycol Tank

Figure 18 Cooling system concept: motor and inverter oil cooling and battery water glycol cooled, solution 2.
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Figure 19 Cooling system concept: motor, inverter and battery oil cooling, solution 3.

An example of these configurations is the integrated Thermal Management Module developed by
Marelli [12]. The system they propose allows to combine the different circuits into one single
component, reducing the system complexity while improving safety and flexibility. This idea is
also taken by other manufacturers such as Bosch since it also provides a considerable cost
reduction regarding classical thermal architectures [13].

3.5 Mechanical architecture

Regarding mechanical architecture, most OEMs already have dedicated electric vehicle platforms
for 400V architecture. In Figure 20, an example of Volkswagen mechanical architecture is shown,
the battery system is located in the bottom center of the EV, and at the front and the rear the axle
drives.

Figure 20 Mechanical distribution concept of Volkswagen EV [3].
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Most of the surface is occupied by the battery system, which is also linked to the wheel axis. Each
wheel axis is composed of a 3 in 1 motor, inverter and gearbox connected to the side shaft, as
seen in Figure 21.

Figure 21 GKN'’s eaxle drive [14].

Where the motor, inverter and cooling systems are integrated in the axis center as shown in
Figure 22.

Figure 22 GKN’s 3 in 1 integrated system with Inverter, motor and gearbox [14].

3.6 Control architecture

There are no differences from 400V control architecture. EV powertrain is composed of different
control units: one for the OBC, another for the drive and another for the Battery Management
System, and there is a higher-level control unit to manage all of them.

Regarding communications, CAN communication is usually used between the different control
units. However, there is a new trend at research level to use Ethercat communication to achieve
a faster communication between the battery and the EV control unit, as it can be seen in 2024
EU call [15], where one of the scope deals with “enhanced communication between battery and
vehicle control units for a more efficient battery operation by synchronizing ECUs of the BMS and the
EV”.
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3.7 800V architecture conclusions

Regarding 800V electrical architecture, multiple powertrain configurations are possible, axle
drive being the most promising solution at present. There is a tendency to have a primary axle
drive (in the rear) and some EV also have a secondary axle drive (in the front). Moreover, using
SiC based inverters drive’s efficiency is improved considerably. These SiC devices have less
losses, reducing inverter losses, and have higher switching frequency, that can be used by the
control to reduce motor harmonics and thus, to reduce motor losses. Modularity is achieved by
the possibility to use different battery packs or OBC. The architecture is scalable to achieve
different power level using different motor lengths but same rotor diameter, using the same
inverter and paralleling devices, using different gear ratios, etc. Finally, cost oriented solution can
be achieved by using Si devices for the secondary axle drive, where less powerful systems are
usually required.

Concerning 800V thermal architecture, there is a tendency to use oil cooling, not only for the
motor but also for the inverter and even for the battery system. However, this is long term research
and for HEFT drive oil cooling will be considered for motor and, inverter and battery system will
be cooled using water-glycol.

800V mechanical architecture and control architecture are quite similar to 400V architectures.
No differences have been found.
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4 800V SIC-BASED EV DRIVE SIMULATION & ANALYSIS

In this section different 800V SiC based EV drive simulations and analysis have been done to
study the following aspects:

SiC device high dv/dt effect propagation model simulation.

High switching frequency influence on EMC to comply with automotive standards analysis.
400V-800V EV performance comparison simulation.

Advanced shared cooling in the powertrain analysis and simulation

4.1 High dv/dt effect propagation models
4.1.1 Introduction

With the aim to illustrate the dynamics of the expected waveforms in an 800V SiC based driver
train, a dynamic characterization of a suitable 1200V SiC module is presented in Figure 23 under
a 600V and 800V DC bus voltage, with a current of 300A.
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(© (d)

Figure 23. Experimental waveforms obtained with a 1200V Wolfspeed SiC module. (a) Double-pulse schematic, with

the variables measured: drain-to-source voltage, vas; and drain-to-source MOSFET current, ias. (b) Wolfspeed module

used for the test: CAS325M12HM?2. (c) voltage and current waveform at 600V DC bus voltage, and 300A. (d) voltage
and current waveform at 800V DC bus voltage, and 300A.

The FFT of the voltage waveform is plotted on Figure 24 for the 800V case (Figure 23.d). This
waveform corresponds with the voltage generated by the converter (phase to -DC terminal
voltage). And this is the “perturbation” seen by all the elements connected to the converter (i.e.
cables/copper bars, motor, etc...). The voltage harmonics have a high bandwidth (up to 27MHz,
that corresponds with the ringing frequency).
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Figure 24. FFT of the 800V voltage waveform

This FFT of the “systems perturbation” is the responsible of the current and voltage oscillations
that are going to appear on the drive-train, and are totally dependent of the voltage rise-a and fall-
time, as can be seen on Figure 25.

The fall- and rise-times achieved with the 1200V SiC devices used as example here, are creating
important frequency harmonics up to 30MHz, so this is the bandwidth that is going to be
considered in the main of the simulations presented in this document, that corresponds with the
main frequency ranges considered in EMC topics.

In addition, the dv/dt that will be seen by the motor terminals will be, at least, around the values
achieved in the converter (27 and 28 kV/us), that have a direct impact in the isolation requirements
of the motor. These aspects are deeply analyzed in the next sections of the document.
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Figure 25. (a)FFT of a (b) trapezoidal waveform as function of the rise & fall time.

The electrical architecture involves large complexity since electromagnetic compatibility (EMC)
must be analyzed in detail. In this context, the connection between the three-phase inverter and
motor, as well as the returning path between motor and inverter must be characterized to ensure
that no large common-mode currents are originated.

In last years, SiC power devices have set in the market as one of the most popular choices when
aiming high-voltage applications due to their large breakdown voltage and good switching
performance. The switching behavior enables achievement of higher switching frequencies.
Nevertheless, there is a main drawback when considering EV applications, which falls on the
larger dV/dtthanlassic silicon (Si) based power converters. This fact has a huge impact on the DM
and CM noise, and thus in the motor degradation.

In this context, there are two factors that play an important role, which are the connections
between each phase of the inverter and the motor, as well as between the motor housing and the
ground reference of the system.
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4.1.2 Frequency domain modelling

First, the frequency domain modelling is divided into common mode and differential mode. In this
way, the models will provide the components that have larger impact on the converter behavior.
In Table 5, the main parameter values that are employed in the simulations are listed. The bode
diagrams obtained in this section help to determine not only the resonant frequencies that arise
from the implementation of these systems, but also to explore which current paths create them.

Table 5 Reference parameter values utilized in EV.

SR Description
Parameters
Ve DC voltage source 800 Vv
fow Switching frequency 20 kHz
fred Fundamental frequency 1 kHz
Cem Common mode capacitors 50 nF
Description
L,/C, Wiring parasitics [290/90] *Length nH/pF
Length Wire length 0.1 m
Motor Parameters Description Value Units
L Motor inductance 40 uH
R, Motor parallel resistance 1100 Q
Parasitic Parameters Description Value Units
Chs Heatsink capacitance 0.1 nF
Ry Heatsink-source resistance 20 mqQ
Ly Heatsink-source wiring inductance 1 uH
00 Motor-chassis capacitance 4 nF
Cm> Phase-chassis capacitance 2 nF
L Chassis-heatsink wiring inductance 100 nH

It is important to note that some parameters, i.e., V., fowVacfrea fsw @re only considered for time
domain modeling since they do not impact on the frequency domain. Here in after, both models
are presented together with the simulation results.

4.1.2.1 Common mode:

The simulation model developed for common mode characterization is presented in Figure 26. It
is composed of a common mode voltage source that feeds the wiring of the converter as well as
the three-phase motor. Furthermore, a returning path is included, which consists of the parasitic
capacitors between the motor (C,, and C,,,) and the chassis, as well as the parasitic inductance
of the wire, that connects the motor chassis with the heatsink/cold plate (cooling element for the
SiC semiconductors). Moreover, the cold plate is connected to the negative terminal of the
common mode voltage source, where the parasitic inductance, resistance of the wire and
common mode bus capacitances are considered.
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Figure 26 Common model schematic in LTSpice for EV application.

First parameter to be sweep is the length of the wiring between the three-phase inverter and the
motor. The resulting bode diagrams of the common-mode current and phase-chassis voltage
when varying the wiring length are presented in Figure 27 and Figure 28.

Analyzing these diagrams, we can see the resonant frequencies that are present when
considering the parameters listed in Table 5 over green figure. The value of these frequencies
lies at 0.67, 3.6 and 26.7 MHz, which will be referred to as A, B and C respectively. These
frequencies will be repeated in every picture on the green plot, which is a reference to determine
the impact of each parameter on converter performance.

The variation of the wiring length modifies the values of the Lw and Cw parasitic elements, Figure
27and Figure 28. These parameters have almost no impact on the resonance A, while B and C
move to lower frequencies. Considering that this frequency is lower as higher is the wiring length
set this parameter as one of the most critical on the system. Aiming to move B and C resonant
frequencies to larger values, the wiring between three-phase inverter and motor must be as
compact as possible.
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Figure 27 Bode diagram of the common mode current when varying the wiring length. Top: 1kHz-100MHz and Bot:
1kHz-10MHz. Length=0.25m (green), 1m (blue) and 10m (red).
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Figure 28 Bode diagram of the phase voltage when varying the wiring length. Top: 1kHz-100MHz and Bot: 1kHz-
10MHz. Length=0.25m (green), 1m (blue) and 10m (red).

In Figure 29 and Figure 30, we have varied the motor inductance. It can be seen that this
parameter does affect the lowest resonant frequency (A) of the common mode current. The
amplitude of this resonance becomes insignificant as larger is the motor inductance. However,
this parameter does not play an important role on the phase-chassis voltage, since the bode
diagram in each step is almost identical.
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Figure 29 Bode diagram of the common mode current when varying the motor inductance. Top: 1kHz-100MHz and
Bot: 1kHz-10MHz. Lm= 40uH (green), 400uH (blue) and 4mH (red).
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Figure 30 Bode diagram of the phase voltage when varying the motor inductance. Top: 1kHz-100MHz and Bot: 1kHz-
10MHz. Lm= 40uH (green), 400uH (blue) and 4mH (red).

Same conclusions are extracted in the case of the parasitic capacitance between the motor
neutral point and its chassis (see Figure 31 and Figure 32). The variation of this capacitance just
impacts on the lowest resonant frequency (A) of the common mode current bode diagram.
Nevertheless, it is important to note that the amplitude of this frequency becomes slightly larger.
In the phase-chassis voltage diagram there is not a significant difference between each case.
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Figure 31 Bode diagram of the common mode current when varying the motor-chassis capacitance. Top: 1kHz-
100MHz and Bot: 1kHz-10MHz.Cm=4nF(green), 20nF (blue) and 40nF (red).
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Figure 32 Bode diagram of the phase voltage when varying the motor-chassis capacitance. Top: 1kHz-100MHz and
Bot: 1kHz-10MHz. Cm=4nF(green), 20nF (blue) and 40nF (red).

However, there are also three additional parasitic capacitances between each phase of the motor
and its chassis, whose bode diagrams are presented in Figure 33 and Figure 34. This capacitance
mostly modifies A and B resonant frequencies. In both common mode current and phase voltage
bode diagrams, it is especially noticeable that B resonant frequency moves to lower values, which
may be a problem depending on the rising and falling times of the power devices (see 4.1.3). Up
to this point, it is concluded that design and parasitic parameters of the motor do not modify C
resonant frequency but can determine whether A or B lies at.
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Figure 33 Bode diagram of the common mode current when varying the phase-chassis capacitance. Top: 1kHz-
100MHz and Bot: 1kHz-10MHz. Cm2= 4nF (green), 20nF (blue) and 40nF (red).
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Figure 34 Bode diagram of the phase voltage when varying the phase-chassis capacitance. Top: 1kHz-100MHz and
Bot: 1kHz-10MHz.Cm2= 4nF (green), 20nF (blue) and 40nF (red).

Other parameters to be swept (see Figure 35 and Figure 36) are the capacitances between the
semiconductor case and the heatsink (Cjs). These parasitic capacitances must be carefully
determined in the design steps, since they modify B resonant frequency which, as we will see in
time domain modelling simulations, may have a huge impact on the resulting dv/dt.
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Figure 35 Bode diagram of the common mode current when varying the power device-heatsink parasitic capacitance.
Top: 1kHz-100MHz and Bot: 1kHz-10MHz. C,s= 0.1nF (green), 1nF (blue) and 10nF (red).
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Figure 36 Bode diagram of the phase voltage when varying the power device-heatsink parasitic capacitance. Top:
1kHz-100MHz and Bot: 1kHz-10MHz. Cys= 0.1nF (green), 1nF (blue) and 10nF (red).

The resulting bode when varying the parasitic inductance between the source DC bus and the
heatsink is presented in Figure 37 and Figure 38. As with the heatsink parasitic capacitance, this
variation modifies C resonant frequency, although the impact on that frequency is lower than
modifying the parasitic capacitance of the heatsink. However, it also slightly modifies the value of
B resonant frequency. Even though the impact seems not to be large, it is important to reduce the
parasitic inductance of the connection between the heatsink and the source negative point.
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Figure 37 Bode diagram of the common mode current when varying the heatsink-source parasitic inductance. Top:
1kHz-100MHz and Bot: 1kHz-10MHz. L,;= 100nH (green), 200nH (blue) and 400nH (red).
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Figure 38 Bode diagram of the phase voltage when varying the heatsink-source parasitic inductance. Top: 1kHz-
100MHz and Bot: 1kHz-10MHz. Lys= 100nH (green), 200nH (blue) and 400nH (red).

Finally, the DC bus capacitance included to improve the common mode behavior of the system
is analyzed. In this case, we can see in Figure 39 and Figure 40 that the impact of varying this
capacitance is not large, although a minor variation is observed in B resonant frequency in both
common mode current and phase voltage.
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Figure 39 Bode diagram of the common mode current when varying the heatsink-source capacitors. Top: 1kHz-
100MHz and Bot: 1kHz-10MHz. C,,= 10nH (green), 100nH (blue) and 500nH (red).
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Figure 40 Bode diagram of the phase voltage when varying the heatsink-source capacitors. Top: 1kHz-100MHz and
Bot: 1kHz-10MHz. C.,,,= 10nH (green), 100nH (blue) and 500nH (red).

Along this subsection, we have provided the common mode resonances that arise from the
connection of a three-phase inverter with a motor. Furthermore, the resonant frequencies that are
present in this converter have been characterized, as well as which parameters, parasitic and
non-parasitic, modify the resonant values.

4.1.2.2 Differential mode:

The simulation model utilized for differential mode characterization is presented in Figure 41. It is
formed by a single differential mode voltage source that feeds one phase of the system, the wiring
equivalent inductance and capacitance, the motor model and the heatsink parasitic capacitances.
In this case, a return path is not included since it does not have any affection this model.

Since the parameter variation mainly influences the phase-to-phase voltage, the bode of this
electrical variable is presented for different parameter variation. The bode diagram when varying
the wiring length is given in Figure 42. First, it is noticed that the differential mode resonant
frequencies lie at 9 and 32 MHz, which are named as A and B hereinafter.
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lib C:\Users\alejandro.fernandez\OneDrive - IKERLAN S5.COOP\05_HEFT\01_LTSpice\Control\Controllib

lin 1e3 1e3 100e6
.param Fsw=20e3; .param Vgs=20; .param Lw=555e-9*Length; o it s -

.param Tsw=1/Fsw; .param Ron=5; .param Cw=5.31e-12%Length; -step param Chs list 0.1e-9 1e-9 10e-9
.param Fred=1e3; .param Roff=5; .param Cw2=1.32e-12*Length;
.param Tred=1/Fred; .param Ls=4.7n; .param Length=20; Longitud del cable en metros.
.param m=0.1; param Cds=2n; .param Lm=4e-5;
.param Vhigh=5; .param Rds=100k; .param Re=1100;
param Viow=0; .param Chs=1e-9;
.param Td=10e-9; .param Cm=4e-9;
param k=0.2; .param L 100n
hi L7 L4 L1
—( I P
30n iw} l fim}
R1
AC1 cL
{Cw} {Re}
LE LS L2
T =
30n {lw} {im}
R2
2 L)
fow} fow) {Re}
LS L6 o L3
T T T A
30n {lw} iLm}
R3
{Re}

{Chs}

I Je L
j

1e-005-

: ‘ e - ; : : : : g
1 1 1 1 1 L) ] 1 Ll
10MHz 20MHz 30MHz 40MHz 50MHz 60MHz 70MHz 80MHz 90MHz 100MHz

Figure 42 Bode diagram of the phase-to-phase voltage when varying the wiring length. Length= 0.25, 1 and 10 m.

As can be seen, as the wiring length increases, B resonant frequency is slightly modified.
However, the impact on A is larger considering that this frequency lies to 1.5 MHz when the length
is set to 10m. This fact implies that the harmonic content up to this frequency will considerably
increase.

However, there is no variation on the bode diagram when modifying the motor inductance, as
shown in Figure 43. This is because this parameter is not involved on the resonant frequency that
is presented on the system behavior in differential mode.
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Figure 43 Bode diagram of the phase-to-phase voltage when varying the motor inductance. L,,= 40 uH, 400 uH and 4
mH.

The bode diagram of the phase-to-phase voltage when varying the heatsink capacitance is
depicted in Figure 44. In this case, this parameter mainly modifies the high-frequency resonance
(B), which is lower when the capacitance value increases. Since the value of this capacitance
also increases the amplitude of the resonance, it is important to maintain this value as low as
possible since the impact on the system may become problematic for large values.
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Figure 44 Bode diagram of the phase-to-phase voltage when varying the heatsink capacitance. Cps= 0.1, 1 and 10 nF.

Finally, the impact of the phase-to-chassis capacitance (C,,,») is given in Figure 45. It can be seen
that this capacitance has a huge effect on A resonant frequency. To enhance the converter

behavior, it is important to maintain this capacitance as low as possible, which must be analyzed
during the motor design.
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Figure 45 Bode diagram of the phase voltage when varying the phase-chassis capacitance. C,,,= 4nF (green), 20nF
(blue) and 40nF (red).

4.1.3 Time domain modelling

Once the bode diagrams of the system give us the idea of the system behavior, a time domain
model of a three-phase inverter for a motor drive application has been developed (see Figure 46).
This model is useful since it enables the analysis of the resulting Fast Fourier Transforms (FFT).

Figure 46 LTSpice model for time domain simulations.

The realization of this analysis helps to correlate the resonant frequencies given in previous
subsections with the FFT of the real waveform. Furthermore, the importance of the rising and
falling times of the power devices in the turn-on and off transitions is analyzed, since it is the main
problem that arises from the implementation of SiC power devices.

In Figure 47 the phase-to-chassis temporal waveforms are presented when varying the rising and
falling times. As detailed in the beginning of this section, faster switching transitions lead to higher-
frequencies present in the voltage and current waveforms due to the resulting bode (see Figure
25). These voltage waveforms correspond to the rising times listed in Table 6, showing that large
rising times lead to low cutting frequencies, and thus to smaller oscillations on the voltage
waveforms. This can be seen in the FFT presented in Figure 48 for each waveform, where the
attenuation over voltage waveforms with large rising times starts at lower frequencies.
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Table 6 Rising times and corresponding cutting frequencies.

Parameters T, [ns] f [MHz]
Red 30 10.610
Blue 265 1.201
Green 1000 0.318

V2.1

B0V T T T T T T T T T T
59ps 60ps 6lps 62ps B3ps bdps 65ps 66ps 67ps 68ps 69ps
Figure 47 Phase-chassis voltage (top) and drain-source voltage in power devices (bottom).
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Figure 48 FFT of the phase-chassis voltage.

Finally, the frequencies found in the bode diagrams previously presented are matched with the
FFT voltage waveform when considering a rising time of 100 ns. In this figure, the CM and DM
resonant frequencies, which are at 3.5, 9, 26 and 33 MHz are present, which reflects that the
simulation model presented is useful for the determination of the most important frequencies of

the system when considering an electrical model close to the reality.
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Figure 49 FFT of the phase-to-chassis waveform for t,.=100ns.

Conclusions

The conclusions obtained after this dv/dt model developed in this section are:

The dv/dt are affected by common mode and differential mode perturbations.

The main contribution is due to differential model perturbations (higher gain), however the
common model paths and their resonances cannot be neglected.

In the time domain, the model developed makes possible the change the rise & fall time
of the inverter's output waveforms, to evaluate the whole harmonic content of the
variables.

The influence of the main variables (wiring length and parasitic components) is evaluated
in the AC domain, to see the frequency range affected by each parameter.

The influence of the main variables (wiring length and parasitic components) can be also
evaluated in the time domain model, to see the frequency range affected by each
parameter.
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4.2 High switching frequency influence on EMC to comply with automotive standards.

The new 800V standard (doubles the 400V typical HV rating for EVs) is possible with the use of
new SiC modules with high-switching speeds.

As has been commented before in this deliverable, the use of high dv/dt switches represents an
increment on the dv/dt seen by the motor terminals. High-voltage EMC Standards/regulations for
the EV powertrain modules are not focused on the dv/dt seen by the motor because the standards
are focus on, for example:

- RF Conducted & radiated emission and immunity.
- Electric and magnetic field generation.

- HV transient emissions and immunity.

- Human exposition to magnetic field.

Despite that, it must be considered by the designer that although it is not directly related, the
resonance frequencies that appear on the motor voltage correspond also with frequencies seen
previously in the model and simulation sections.

Three reference standards have been considered in the deliverable as the most connected with
the dv/dt model depicted in this deliverable [16]:

Standard Title

ISO/TS 7637-4 Road Vehicles — Electrical disturbance by conduction and coupling —
Part 4: Electrical transient conduction along shielded high voltage
supply lines only

CISPR 25 Limits and methods of measurement of radio disturbance
characteristics for the protection of receivers used on board vehicles

CISPR 36 Electric and hybrid electric road vehicles — Radio disturbance
characteristics — Limits and methods of measurement for the protection
of off-board receivers below 30 MHz

4.2.1 ISO/TS 7637-4 [17]:

This standard exposes the test methods and procedures to ensure the compatibility to conducted
electrical transients along shielded high voltage supply lines of equipment installed on electrical
vehicles with voltages higher than 60Vdc and lower than 1500Vdc and a power supply isolated
from the vehicle body. It describes bench tests for both, injection and measurement of transients.
It is applicable to all types of electrical independent driven, road vehicles (e.g. battery electrical
vehicle (BEV) or hybrid electrical vehicle (HEV), plugin hybrid electric vehicle (PHEV)).
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Figure 50. ISO/TS 7637-4: Transient emission test set-up to measure voltage ripple along high voltage supply lines.
1-high voltage power supply (optional: shielded and / or filtered). 2-load for high voltage battery. 3-high voltage artificial
network (HV-AN). 4-Device under test. 5-ground plane. 6-high voltage supply line. 7-ground connection. 8-50 Q
termination. 9-oscilloscope or waveform acquisition equipment. 10-high voltage differential probe.

Therefore, this standard specifies, with the diagram presented on Figure 50 how the disturbances
emitted are measured between HV+ and HV-. During this test, the voltage measurement seen on
the oscilloscope/acquisition equipment (element 9 in Figure 50) is affected by frequency
harmonics around the resonances presented previously on Section 4.1.2 defined by the parasitic
components.

4.2.2 CISPR 25 [18]:

This standard defines the limits and procedures for measurement for radio disturbances in the
frequency range of 150kHz to 1GHz, and applies to any electrical or electronic component to be
used in vehicles.

The testing and limits are split into two separate types of emissions: conducted and radiated.
Conducted emissions are coupled onto supply lines directly through conductors (such as traces
or wires), and radiated emissions are emitted as EM waves and can be picked up by intentional
and unintentional antennas on other systems.

Considering the frequency range of the disturbances generated by the converter, the limits to be
considered are presented in the CISPR 25 Standard.
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LEVELS IN dV (V)
%DOR FREOI..ENCY CLASS 1 CLASS 2 CLASS 3 CLASS 4 Class §
o e e (|| SRRt Mo | RSeS| mpsaac | FSIOAES ] mpauc| | SRR
Broadcast
LW 01510030 | 110 | 97 100 87 20 77 80 67 70 57
MW 0531018 | 86 73 78 65 70 57 62 49 54 41
SwW 59106.2 77 64 71 58 65 52 59 46 53 40
FM 76 to 108 62 49 56 43 50 a7 44 31 38 25
TV Band 1 4110 88 58 52 46 40 34
TV Band 3 174 to 230
DAB 3 171 t0 245
TV Band 4 468 10 944 _
and 5 Conducted emission. Voltage method is not applicable.
DTTV 470 10 770
DAB L Band | 1447 to 1494
SDARS 2320 to 2345
Mobile services
) 26 to 28 68 55 62 49 56 43 50 a7 44 3
VHF 30 to 54 68 56 62 49 56 43 50 a7 44 31
VHF 68 to 87 62 49 56 43 50 a7 44 31 38 25
Figure 51.CISPR 25. Peak and quasi-peak limits [18].
LEVELS IN dV (uV)
ssmon F"E&‘,’s’“‘" CLASS 1 CLASS 2 CLASS 3 CLASS4 | CLASSS
AVERAGE AVERAGE AVERAGE AVERAGE | AVERAGE
Broadcast
W 0.15 t0 0.30 %0 80 70 60 50
MW 053t0 1.8 66 58 50 42 a4
SwW 591062 57 51 45 39 a3
M 76 to 108 42 6 30 24 18
TV Band 1 411088 48 42 36 30 24
TV Band 3 174 to 230
DAB 3 171 to 245
TVBand4and 5 468 to 944 o )
DTTV A0 770 Conducted emission. Voltage method is not applicable.
DAB L Band 1447 to 1494
SDARS 2320 to 2345
Mobile services
) 26 to 28 48 a2 36 30 24
VHF 30 to 54 48 42 36 30 24
VHF 68 to 87 42 6 30 24 18

Figure 52. CISPR 25. Average limits [18].
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LEVELS IN dV (uV per m)
SERVICE | FREQUENCY | CLASS 1 CLASS 2 CLASS 3 CLASS 4 CLASS 5
O QUASI QUASI QUASI QUASI QUASI
peak | QEax |Peak| QIAR! | peak | QEAR' | Peak | SZag | PEAK | SZaR
Broadcast
w 01510030 | 86 73 76 63 66 53 56 43 46 33
MW 053018 | 72 50 | 64 51 56 a3 8 35 20 27
SW 591062 | 64 51 58 45 52 39 46 33 40 27
M 7610108 | 62 | 49 56 43 50 37 44 31 38 25
TVBand1 | 411088 | 52 6 20 % 28
TVBand3 | 17410230 | 56 50 44 38 32
DAB 3 17110245 | 50 44 38 2 26
TVBand 4
ik 46810944 | 65 59 53 47 41
DTTV 47010770 | 69 63 57 51 45
DAB L
Band 1447 to 1494 52 46 40 34 28
SDARS | 232010 2345 | 58 52 46 40 34
Mobile services
) 261028 | 64 51 58 45 52 39 46 33 40 27
VHF 0t54 | 64 51 58 45 52 39 46 33 40 27
VHF 681087 | 50 | 46 53 20 a7 34 41 28 35 22
VHF 14210175 | 50 | 46 53 40 47 34 41 28 35 22
ey 38010512 | 62 | 49 56 43 50 37 44 31 38 25
RKE 30010330 | 56 50 44 38 32
RKE 42010450 | 56 50 44 38 32
e 82010960 | 68 | 55 | 62 49 56 43 50 37 44 31
GSM800 | 86010895 | 68 62 56 50 44
EGSM and
com 00" | s2st0960 | 68 62 56 50 44
GPSL1 | 456710 1583
civil
GSM 1800
PN 180310 1882 | 68 62 56 50 44
GSM 1900 | 1850 to 1990 | 68 62 56 50 44
3G and
o000 | 1900101992 | 68 62 56 50 44
3G and
e | 2010102025 | 68 62 56 50 44
3G and
00 | 2108102172 | 68 62 56 50 44
Bluetooth
Bluetooth . | 2400102500 | 68 62 56 50 44

Figure 53. CISPR 25. Peak and Quasi-Peak Limits for Radiated Emissions Testing [18]
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LEVELS IN dV (uV per m)
e K FRE(?‘:?CY CLASS 1 CLASS 2 CLASS 3 CLASS 4 CLASS 5
AVERAGE AVERAGE AVERAGE AVERAGE AVERAGE
Broadcast
W 0.15 10 0.30 66 56 46 36 26
MW 0531018 52 44 36 28 20
SW 501062 7 38 2 26 20
M 76 10 108 42 36 30 24 18
TV Band 1 411088 22 36 30 24 18
TV Band 3 174 10 230 26 0 3 28 2
DAB 3 171 10 245 20 3 28 2 16
;N Band4and | 4054 944 55 49 43 37 31
DTTV 470 10 770 59 53 47 41 35
DAB L Band 1447 to 1494 2 36 30 24 18
SDARS 2320 to 2345 28 22 36 30 2
Mobile services
CcB 261028 a4 38 32 26 20
VHF 301054 a4 38 32 26 20
VHF 68 1o 87 39 33 27 21 15
VHF 142 10 175 39 3 27 21 15
Analog UHF 380 10512 2 3 30 2 18
RKE 300 to 330 42 36 30 24 18
RKE 420 to 450 22 36 30 2 18
Analog UHF 820 to 960 T 2 36 30 24
GSM 800 860 to 895 28 2 36 30 24
EGSM and
e 925 to 960 48 42 36 30 24
GPS L1 vl 1567 to 1563 N 28 2 16 10
GSM 1800
i 1803 to 1882 48 42 36 30 24
GSM 1900 1850 to 1990 28 2 36 30 2
3G and IMT
pos 1900 to 1992 48 42 36 30 24
3G and IMT
Do 2010 to 2025 48 42 36 30 24
3G and IMT
. 2108 to 2172 48 42 36 30 24
Bluetooth and
g 7 2400 to 2500 48 42 36 30 24

Figure 54. CISPR 25. Average Limits for Radiated Emissions Testing [18].

The test procedures and limits are different for both types of emissions: conducted and radiated.
In both cases the device under test is placed in an isolated room or chamber and set up in a well-
defined, reproducible-electrical setup.

All other possible emitters are removed from the chamber and the system is turned on. The
system is powered through an artificial network (LISN) and loaded through its normal operation.
A spectrum analyzer is used to measure the emissions across different frequencies (through the
LISN or from an antenna) and compares the emissions against the CISPR 25 limits.

4.2.3 CISPR 36 [19]:

This standard defines the limits for 3 m measurement distance and methods of measurement that
are designed to provide protection for off-board receivers (at 10 m distance) in the frequency
range of 150 kHz to 30 MHz when used in the residential environment.
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This standard applies to the emission of electromagnetic energy which might cause interference
to radio reception, and which is emitted from electric and hybrid-electric vehicles propelled by an
internal traction battery when operated on the road.

This document applies to vehicles that have a traction battery voltage between 100V and 1000V.

The standard presents the limits of the quasi-peak detector magnetic field strength when the
converter is driving the motor (in “Propulsion” mode).

The test is an outdoor test with a loop antenna to measure the magnetic field, placed at 3 m
distance from the car, following Figure 55.

Vehicle axis positioned .
on normal from antenna Vehicle under test
midpoint

Centre of 20 m radius
clear area at midpoint
between reference antenna

3 0,05

Loop antenna

\

Permitted region for
measuring equipment
(in hut vehicle)

1EC

Figure 55. CISPR36: Measuring outdoor test site (OTS) for vehicles [19].

The limits of the emission are presented in Figure 56. It must be highlighted that the frequency
range of the limits are between 100kHz and 30MHz. This range corresponds with the range
influenced by the converter and motor parasitic explained and simulated in Section 4.1.2. Due to
that, having a representative model of the EV power train, with a good definition of the resonance
frequencies is mandatory to anticipate the EMC magnetic field frequencies.
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Figure 56. CISPR 36: Limit of magnetic field disturbance (quasi-peak detector) at 3 m antenna distance [19].

4.2.4 Conclusions

This section explains the connection between voltage frequency harmonics obtained in simulation
models and the frequency ranges and amplitudes defined in the standards. This is a crucial step
in understanding the potential electromagnetic interference (EMI) issues and ensuring
compliance with EMC standards.

By correlating the voltage frequency harmonics from the simulation model with the frequency
ranges and amplitudes outlined in EMC standards, it is possible to assess the potential impact of
dv/dt on electromagnetic emissions and susceptibility. This understanding allows the anticipation
of any EMI problems and take appropriate measures to mitigate them, such as implementing
filtering techniques or optimizing the motor drive system design.
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4.3 Current versus voltage trade-offs to improve EV range

A simulation in Matlab/Simulink has been developed to compare 400V and 800V architecture
characteristics: charging time and range (see Figure 57). Starting from a defined driving cycle and
considering vehicle dynamics, electric motor power is calculated. Then inverter and auxiliary
power are considered. Based on these power needs and considering the battery module
characteristic, battery SOC is calculated.

'
A w_whool [adis] —___,,
=i - L P_BAT
ST L Ims2)  dw_wheet s ‘ 1 ‘ 81 S0C_next
bl | i
WUVl — 2 —— T . vor
Driving Cycle Vehicle Dynamics Electric Motor re— Power Balance

I

o

Battery module

Figure 57. Matlab/Simulink model for obtain range and charging time comparing different EV architectures 400V-
800V.

It is important to notice that battery system energy is based on Vdc voltage and battery capacity.
If Vdc is doubled, from 400V to 800V and battery capacity is maintained (installing more batteries),
stored energy and thus, EV range is doubled. However, another option can be to use 800V
architecture but maintain battery system energy (connecting more cells in series but less in
parallel), reducing battery system capacity. In this case, no changes in range and charging time
from 400V to 800V would be achieved. For this study, it has been considered that not only DC
bus voltage, but also battery capacity is increased with 800V technology, as it is a trend shown
during the state of the art.

Three different cases have been analyzed. Firstly, 400V project baseline Fiat 500e has been
considered with a battery system of 37.3kWh. Secondly 800V Segment A+B EV has been
considered, assuming a battery system of 72.6kWh. Finally, 800V Segment C+D+E EV with a
battery system of 93.4kWh has been proposed. Moreover, two different driving cycles: UDDS and
WTLP and three different charger powers: 50kW, 150kW and 250kW have been considered for
this study.

Figure 58 shows UDDS driving cycle speed time profile considered in this study.
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Figure 58. UDDS driving cycle speed time profile.
Figure 59 shows the range and the charging time of the three cases considering the three

charging options. As it is known, more range is achieved with 800V architecture VE (as more
battery capacity is integrated) and charging time decreases if higher power charger is used.
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UDDS Driving cycle

Charging time Charging time Charging time

Range [km] (50 kW) (150 kW) (250 kW)
400V Baseline (Fiat 500¢) 194.25 "00:37:46" "00:13:23" "00:08:27"
800V Segment A+B 378.84 "01:14:16" "00:25:35" "00:15:50"
800V Segment C+D+E 460.79 "0D1:32:30" "00:31:41" "00:19:30"

Figure 59. Range and charging time considering different powers with UDDS driving cycle.

Regarding the discharge, from 90% up to 5% discharged has been simulated considering UDDC
driving profile for three different cases. see Figure 60. 400V baseline EV needs more than six
hours, 800V segment A+B case 12 hours and 800V segment C+D+E almost fifteen hours.
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Figure 60. SOC and battery power for baseline at 400V (a), 800V Segment A+B (b) and 800V Segment C+D+E (c)
for UDDS driving cycle.
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On the other hand, Figure 61 shows WLTP driving cycle speed time profile considered in this

study.
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Figure 61. WLTP driving cycle speed time profile.

Figure 62 shows the range and the charging time of the three cases considering the three
charging options. As can be seen, the same charging time as in the previous case has been
achieved, as charges do not depend on the profile (as no regenerative charging has been
considered in this study). As it is known, more range is achieved with 800V architecture EV (as
more battery capacity is integrated) and charging time decreases if higher power charger is used.

WLTP Driving cycle

Charging time Charging time

Riiigia [kiti] et e Charging time
400V Baseline (Fiat 500e) 133.66 "00:37:46" "00:13:23"
800V Segment A+B 259.5 "01:14:16" "00:25:35"
800V Segment C+D+E 320.13 "01:32:30" "00:31:41"
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Figure 62. Range and charging time considering different powers with WLTP driving cycle.
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Figure 63. SOC and battery power for baseline at 400V (a), 800V Segment A+B (b) and 800V Segment C+D+E (c)
for WLTP driving cycle.
From this study, it can be concluded that, increasing voltage, as it is related with increase battery
capacity, extends EV range. Moreover, 800V fast chargers (250kW) allow a considerably
decrease in charging times.
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4.4 Advanced shared cooling to reduce losses and improve EV range

Efficiency improvement means that wasted thermal energy is reused at maximum, sharing
heating and cooling among different elements of the systems (such as passenger cabin, inverter,
motors and battery pack) depending on the operation conditions. That means the coolant loops
that go through the elements can be linked or separated to combine the thermal energy sources
and sinks depending on operation conditions of each element to take profit of the maximum
available waste energy in each situation. The efficiency of the overall thermal management
system of EV implies many operation modes with different boundary conditions; many
combinations for sharing heating and cooling; and many options for transferring heat from/to
different elements of the systems [20].

The scope of this study is limited to shared cooling in the powertrain (motor, inverter and also
considering the battery pack) and the re-use of their waste-heat to heat the passenger’s cabin to
reduce the losses and improve EV range. The sharing of heating at the passenger’s cabin, as
element that also requires thermal management, is out of the scope of this analysis, even if the
heating of the cabin is an important element in the overall EV thermal management system as it
is described later.

After this introduction, an EV thermal management system state of the art has been carried out
to obtain the components technical requirements and the operating conditions to be used later in
the simulation model. Finally, two different case studies simulation results are shown, and
conclusions are highlighted.

4.4.1 STATE OF ART OF EV THERMAL MANAGEMENT SYSTEM

Even if an air-cooled system was used for long time in Renault Zoe, most EV manufactures use
liquid cooled system for the thermal management. Both systems are getting old fashioned respect
to the efficiency that is being achieved in the most innovative EV thermal management systems.

Concerning liquid cooling, modern EV thermal management system has two independent circuits:
a coolant circuit that runs through the powertrain elements (engine, inverters, converters and
battery pack), and a coolant circuit of a vapour compression system used to cool the passenger
compartment and the battery pack. In this refrigerant circuit there are two evaporators: one is for
cooling the cabin and the second is for cooling the battery pack. The last one, also called chiller,
thermally connects the coolant circuit and the refrigerant circuit.

The modes of operation are closely related to the ambient conditions:

¢ At mild ambient temperatures (also called “cool condition”), the coolant circulates in one
unique circuit through all the powertrain elements (motor, inverters, and battery pack). The
waste heat of all of them is dissipated to the ambient by a radiator-fan system located in
the coolant loop. The battery pack keeps its optimal temperature being heated by the
motor and inverters waste heat; or heated by an auxiliary electrical resistance in case it is
necessary.

¢ At hot ambient temperatures (“hot condition”), the coolant circulates through two separate
loops. One loop cools the motor, the inverters and the on-board charging system, and
their waste heat is dissipated to the ambient by the radiator-fan system located in the
coolant loop. The second loop cools the battery pack by the above-mentioned chiller that
thermally links the coolant loop with the refrigerant circuit of the air conditioning system.

e At cold conditions (winter mode), there is also a closed coolant loop that goes through the
battery pack (the rest of elements do not require heating) and that is heated by the auxiliary
electrical resistance (see Figure 64) .
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Figure 64. Winter mode operation (cold condition)

Main handicap of the EV thermal management and heat pump

While the waste heat available for heating the cabin is high in a combustion engine vehicle, the
waste heat available in an EV is much lower because the efficiency of the powertrain elements is
much higher (approximately around of 95%) than a combustion engine (approximately around of
30%). In an EV the rest of the required heating energy is fed by the battery pack and, therefore,
the thermal management has a direct impact in the driving range of the EV.

Most of the EVs are provided by an air conditioning system to cool down the cabin and by
electrical heaters to heat it (PTC heaters, positive temperature coefficient heating element) as the
available waste heat is not enough to meet the heating needs of the cabin. The Norwegian
Automobile Federation (NAF) recently compared 20 EVs in cold and warm weather conditions to
identify models with the most consistent driving range and charging performance. The test
monitored each vehicle's performance deviation in cold weather conditions compared to the
manufacturer's cited figures. The Kona Electric took first place, covering 405 km in bitter cold,
compared to the 449 km cited in WLTP combined cycle test conditions (23°C). In severe cold
weather conditions, the electric Kona offered 91 percent of its WLTP combined-cycle range,
deviating only 9 percent from its all-electric driving range [21]. As can be seen in Figure 65,
Hyundai Kona and Kia Niro EV, that have a heat pump system for heating, consume much lower
battery energy than other EV at cold weather conditions.

@ HYUNDAI

A Comparison of
Reduction in Driving Range from
Heating

Hyundai Kia Chevrolet . BMW Renault
Kona Niro Tesla Bolt Jaguar Nissan Tesla i3 Samsung
Range Electric EV ModelS EV [-PACE Leaf Model3 94Ah SM3ZE

w/ Heating

OFF -10% |-10% I _1g%;
(%) = 100
% % Wl 82%

Figure 65. EV driving range reduction at cold weather [20].
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One solution to this problem that most of EV manufacturers are adopting, is to replace the heating
resistance (and even the heating resistance of the battery) with a heat pump system. The
Coefficient of Performance (COP), defined as the ratio of cooling capacity to consumed electricity
power, of a heat pump is higher than one (COP>1) and higher than electric heaters efficiency
(COP = 1 maximum). However, the minimum operation temperature of heat pumps is limited
(around -4°C, although there are being many improvements and some heat pumps could operate
even at -20°C) and its efficiency decreases if temperature goes down. Hence, the heating system
needs an auxiliary heater too. In addition, heat pump is a more complex system than an electrical
resistance.

Nevertheless, manufacturers of several EVs currently available in the market (for example, BMW
i3, Nissan Leaf, Jaguar I-Pace, Audi E-tron, Toyota Prius Prime, Volkswagen e-Golf, etc.) indicate
that 20-30% driving range increase can be obtained using heat pump heating.

Advanced thermal management solutions

All EV manufacturers aim to maximise their driving range, and the first step for that is the liquid
cooling system. Most of EV manufacturers have adopted liquid cooling (instead of air cooling) for
battery thermal management. Liquid cooling makes possible the increase of battery pack capacity
(and the driving range of the EV) without increasing the physical dimensions of the battery pack.
Liquid cooling channels take less space than air cooling channels and allow increasing battery
density by up to 35%.

The heat pump is also a technology that improves the EV's range. In addition to its higher
efficiency (COP>1), the capture and reuse of waste heat from different elements (engine, inverter,
on-board charging) to heat the passenger compartment reduces the temperature differential
between which the heat pump works, to further improve the COP.

The heat management assisted by a heat pump enables significant improvements in energy
efficiency and EV range. It is a complex but interesting technology. The heat pump is an
innovation that is being gradually introduced throughout the EV sector. Introduced more than 10
years ago by Hyundai/Kia, it is currently being expanded to the entire EV market.

Hyundai Kona. Heat pump Technology.

The last Hyundai heat pump system collects waste heat from a wider variety of components to
heat the cabin more efficiently. Previous models collected waste heat from motor, inverter and
on-board charging; and the newest model, collects heat also from the battery pack. Figure 66
shows the scheme of the system in Heating mode operation and Figure 67 shows a 3D
representation of the heat pump system.
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Figure 66. Hyundai heat pump. Cabin heating mode re-using motor and inverter heat [22].

Figure 66 shows the following components:

1.

Electric air conditioner compressor: It is operated by an electric motor and converts the
gas refrigerant of low-temperature/low-pressure into the gas of high-temperature/high-
pressure and sends it to the indoor condenser.

Evaporator: It cools air by using the vaporizing effect of the refrigerant

EXV: In heating mode, it converts the liquid refrigerant of high-temperature/high-pressure
into the low-temperature/low-pressure to facilitate phase change.

R/D water-cooled condenser: It expands the liquid refrigerant of low-temperature/low-
pressure into the gaseous refrigerant of low-temperature/low-pressure.

3-way valve: It controls the refrigerant to move it to the accumulator.

Accumulator: It separates the gas/liquid of the refrigerant so that only the gaseous
refrigerant can flow into the compressor.

Figure 67 Photo Hyundai Kona EN and 3D of its heat pump system [22].
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TeslaY

Model 3, Model S and Model X of Tesla had an electric resistance for cabin heating. The Model
Y was the first Tesla model equipped with a heat pump. Shortly after, Tesla started to provide
heat pump in all of their vehicles. Today, all of Tesla new EVs are equipped with heat pump as

standard, which makes a huge difference in efficiency and driving range at cold weather
conditions.

Like Kona, Tesla collects waste heat from many components (there are up to 12 heating operation
modes). However, Tesla's system stands out for its compact mechanical design and a smaller

number of components (see Figure 68) that enables to reduce ductwork, simplify the assembly,
and increase reliability.

Figure 68. Tesla Y thermal management system [23].

Tesla's heat pump incorporates two main innovations that characterize it, such as the
"supermanifold" and the "octovalve" (two four-way valves coupled), which help to increase the
efficiency and the integration of the heat pump system (see Figure 69).

Figure 69. Tesla supermanifold; Octovalve and overall assembly set containing several elements: supermanifol,
octovalve. liquid condenser, evaporator, expansion tank etc. [24]

The Tesla thermal management system has up to 16 different operation modes. Figure 70 shows
two of the 12 heating operation modes.
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Figure 70. Two cabin heating modes schemes of Tesla [23].

Heating mode 1a and 1b: Thermal circuit diagram with relative fluid temperatures Mode 1 is the
most efficient cabin heating mode operating in a COP >> 1 state (pure heat pump).

In this mode, energy is sourced by either the ambient air or the battery system/drive unit
(considered to be ‘free’ from a cycle efficiency perspective) shown in the top figure. The heat
pump compressor operates in an efficient mode to maximise vehicle range. Heat can be sourced
from the ambient air if the atmospheric temperature is above —10 °C (coolant thermal energy is
greater than the refrigerant and the chiller). However, the closer to =10 °C, the less effective the
system becomes.

If the drivetrain is above ambient or the battery requires cooling, it is more effective to source
energy from these components as shown in bottom figure. In both instances, the 3-way valve
routing fluid to the LCC is closed, EXV to the cabin evaporator is fully closed, and the chiller and
cabin condenser are active. On the coolant side, the octovalve is set to position 1 for ambient
sourcing and 5 for drivetrain sourcing. In both cases, heat from the coolant side is transferred to
the chiller refrigerant to be rejected at the cabin condenser.
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Volkswagen. CO 2 Heat pump

Volkswagen's new ID.5 model (2022) has a CO2 heat pump. According to the manufacturer, the
energy requirement to heat the cabin at outdoor temperatures below 0°C is up to 40% lower than
in an EV without an energy-efficient heat pump.

The climate impact of the refrigerant R744 (CO2) used in the heat pump is lower than other
fluorinated refrigerants (Global Warning Potential =1; Ozone Warning Potential = 0; very low
warming risk).

The lower power demand reduces the energy consumption and thus increases battery capacity,
which has a positive effect on the vehicle driving range.

State of the art conclusions

Heat pumps are a good option for EVs because, unlike a combustion engine vehicle, the
propulsion components of an EV do not produce enough waste heat to properly heat the cabin
during the winter, and it needs auxiliary heaters. Therefore, obtaining heat from a heat pump
gives an improvement in the driving range compared to EVs without a heat pump.

The heat pump is not a specific component but a set of several components that, together, make
the heat pump "system" capable of heating or cooling the cabin. The complexity increases
because to make it more efficient at low temperatures, manufacturers take advantage of the
waste heat from other power components (inverters, motors, DC/DC converters, and AC/DC
converters) and from the high-voltage battery. This drastically reduces the energy
consumption of the battery and increases the driving range of the vehicle.

4.4.2 TECHNICAL REQUIREMENTS & DEFINED OPERATION CONDITIONS

The temperature requirements and the expected efficiency of the main powertrain elements and
battery pack used in this work are given in [27].

Table 7. Powertrain and battery pack thermal technical requirements.

Element Operation temperature limits Efficiency
Motor <180°C 98%
Inverter [25] <85°C 98.5%
Battery Pack >15°C <35°C 95%

The motor and inverter have only cooling needs to keep them below the maximum operation
temperature. However, the battery pack needs to be cooled or heated to keep it above the
minimum operation temperature and below the maximum operation temperature.

Inertia and thermal losses

In the developed simulation models (described in a later section), the definition of the thermal
performance of the elements is given by an inertia (mass and Cp) and by the thermal losses or
gains. The motor, the inverter and the battery pack are liquid cooled. Coolant goes through
specific channels of the motor, and through cold plates joint to the battery pack and joint to the
inverter.

For this analysis, mass and specific heat values shown in Table 8 have been considered. Heat
transfer coefficients and heat transfer masses have not been considered as in a liquid cooling
system they are of a lower order and require a level of detail of the components not available in
this study.
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Table 8. Considered thermal inertia, Cp.

Element Composition Cp (Jkg/K)
2 (Motor +gearbox) Copper %23, Steel %63, 394-490
housing %7, magnets %6
Inverter + Cold plate Lumped mass 1000
Battery Pack (1) Lumped mass 1000

(1)  Energy density of 175 Wh/kg has been considered.

Average mechanical power and thermal dissipation needs

The power of each element has been defined based on the estimated average electrical power
of an EV model Hyunday loniqg 5 at hard conditions (highway speed, heavy rain, 12-13°C
ambient). This estimated consumption is 30.9 kWh/100 km at a driving velocity of 120km/h [26]
that provides an autonomy of 2.087 hours with a 77.4 kWh battery [27]. Therefore, the average
electrical power is 37.08 kW.

Table 9. Thermal dissipation power.

Element Average Efficiency Average Average
mechanical electrical thermal
power (kW) power (kW) | dissipation (kW)

Battery Pack 37 95% 37 1.9
Inverter 37 98.5% 35.1 0.5
Motor 37 98% 34.6 0.7

Therefore, the motor and the inverter must provide an average of 37 kW mechanical power.
Considering each element efficiency, the average thermal dissipation requirement is calculated
(see Table 9).

Cooling loops and additional considerations

The maximum operation temperatures of motor and inverter are much higher than ambient
temperature. Hence, both elements could be in the same cooling loop.

The waste heat of motor and inverter can be used for passenger’s cabin heating, for battery pack
heating or otherwise, the exceeded waste heat will be dissipated to the exterior air.

Based on a radiator of 610 mm x 410 mm x 16 mm size (loniqg models 2017-2020) and considering
2 mm tube thick, louvered fins and other specific geometry assumptions, the estimated heat
transfer area in the air side of that radiator is 4.96 m? ; and at air speed of 3 m/sec, the estimated
heat transfer coefficient in the air side is U= 62.9 W/m?K.

The battery pack waste heat can be used for passenger’s cabin heating, or it will be dissipated to
the exterior air when the exterior air temperature is lower than 35°C (< battery pack’s maximum
operation temperature). When the ambient temperature is higher than 35°C, the battery pack will
be cooled by an evaporator heat exchanger.

Usually, another additional evaporator of the vapor compression cycle (heat pump) is used to cool
the passenger’s cabin.
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4.4.3 CASE STUDIES

In this study, two different cooling schemes have been analysed: one loop system with water-
glycol (see Figure 71) and two loops system with oil and water-glycol (see Figure 74.). Although
the second is more complex, it has the advantage of being able to cool the engines with dielectric
oil and it is similar to that of the Hyundai Kona.

One Loop Systems Description.

Figure 71. shows the pre-design of an advanced cooling system for an electric vehicle that
improves efficiency over a traditional system by carrying waste heat to the passenger cabin. This
system has only a water-glycol circuit. It is a simpler system, but its increased performance is due
to its ability to use waste heat from most components to heat the passenger compartment.
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Figure 71. One loop system description
Figure 72. and Figure 73 show the main operating modes of the this system.

e Normal mode/Heating mode/By-pass mode: When the outside temperature is below 25 or
30 °C, the normal mode brings the heat from the engine, electronics and batteries to the
outside radiator and is discharged to the outside air. In heating mode, the cab radiator is
used. The by-pass of the external radiator makes possible to accelerate the heating of the
battery by using the heat from the engines and power electronics.
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Figure 72. One loop system description: normal mode (coloured = active).

¢ Winter mode/hot mode: The battery does not dissipate heat to the outside, and the fluid
recirculates over the battery itself. In winter mode, it activates the backup heater if
necessary. In hot mode, on the other hand, the chiller is activated. The motors and
electronics dissipate their waste heat to the outside air through the external radiator.
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Figure 73. One loop system description: Hot mode (coloured = active)

Two Loops Systems Description.

Figure 74. shows the design of an advanced cooling system for an electric vehicle that improves
efficiency over a traditional system. This is the thermal architecture that will be used in HEFT
project. It is a complex system that aims to take advantage of the benefits of water as a heat
transfer fluid and dielectric oil to cool critical electrical components. It is also capable of
transporting all the waste heat to the passenger cabin.
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Figure 74.Two Loops Systems Description.

The system consists of two closed liquid cooling loops, one with oil and one with glycol water.
The oil circuit collects heat from the engines and power electronics and dissipates it to the outside
air through a high-temperature radiator. The water circuit cools and heats the batteries. It includes
an auxiliary electrical resistance, to maintain the temperature of the batteries when the vehicle is
stationary and connected to an external power supply. It also includes a cooler to cool the
batteries when the outside temperature is higher than the battery temperature. The circuit allows
the heat generated in the batteries to be dissipated to the outside air. It also allows it to be carried
to the passenger cabin if heating is required. In the same way, thanks to the heat exchanger
connecting the two circuits, the heat from the oil circuit can be recovered and dissipated. The heat
exchanger also allows both radiators to be used during fast charging. Several 3-way valves allow
the necessary circuits to be configured to supply fluid and heat to the desired component.

From Figure 76 to Figure 80, main operating modes of the thermal system are described. In an
EV, the modes are switched dynamically as the temperatures of the various components, or the
external conditions, change.

e Normal mode (see Figure 75): When the outside temperature is below 25 or 30 °C, the
heat dissipated from the motors, power electronics and batteries, is discharged to the
outside, via the two radiators. The heat exchanger, that links two coolant circuits, is not
used.
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Figure 75.Two Loops Systems: Normal mode (coloured = active).

¢ Winter mode (see Figure 76): When the battery is below optimum temperature, no heat is
dissipated from the batteries and, if necessary, the electric auxiliary heater is activated.
The motors and electronics dissipate their heat to the outside air via the radiator.
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Figure 76.Two Loops Systems: Winter mode (coloured = active).

o Preheat mode (see Figure 77): With the vehicle stationary and connected to the mains,
the heater is activated and the fluid is recirculated through the batteries itself to maintain
its temperature above the minimum operating temperature (e.g. 6°C). The motors and
electronics are switched off.
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Figure 77.Two Loops Systems: Pre-heating mode (coloured = active).

e Hot mode (see Figure 78): Outdoor temperature above 35 °C. Same as winter mode but
the chiller is activated instead of the heater.
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Figure 78.Two Loops Systems: hot mode (coloured = active).
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e Cab heating mode (see Figure 79): All the heat (engines + power electronics + batteries)
is conducted to the cab. The heat exchanger allows heat to be transferred from one circuit
to another.
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Figure 79.Two Loops Systems: Cab heating mode (coloured = active).

e Fast charge mode (see Figure 80): Thanks to the heat exchanger, the heat generated in
the batteries can be dissipated to the outside via the two radiators (possibly also to the
passenger cab).
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Figure 80.Two Loops Systems: Fast charge mode (coloured = active).

Modelica Simulation Model

A thermal simulation model has been developed using the modelling language Modelica. The
model simplifies the components of the system, considering each of them as a grouped mass
and, from its mass, its specific heat capacity and the energy exchanged with the environment, its
average temperature is calculated. The model does not calculate the temperature dispersion
within each component, nor its maximum temperature; however, it allows the simulation of the
powertrain cooling system and the analysis of the various operating modes (winter mode, normal
mode, etc.) in transient conditions, such as the start-up and initial heating of the battery pack.
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Figure 81 shows the model corresponding to the One Loops System described above. The three
main heat dissipation elements (motors, inverters and battery pack) are considered to have liquid
cooling channels designed to minimise pressure loss and maximise heat dissipation. The pump
and radiator fans operate in constant flow mode. PID type regulators control the battery
temperature and the flow rates of the pumps.
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Figure 81.0ne loop system modelica simulation model.

Figure 82 shows the model corresponding to the Two Loops System described also in the
previous section. The three main heat dissipation elements (motors, inverters and battery pack)
are considered to have liquid cooling channels designed to minimise pressure loss and maximise
heat dissipation. The pump and radiator fans operate in constant flow mode. PID type regulators
control the temperature of the cooling fluid at the entrance of the battery and the flow rates of the

pumps.
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Figure 82.Two Loops System Modelica simulation model.
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Simulation results

Next figures show some of the results obtained with the developed models. These are only a
sample of the results that can be obtained with these models. To achieve more accurate results,
a very detailed description of each thermal system element is needed, which is not possible in
this subtask, as no real hardware of the EV thermal system is going to be develop in this project.

Firstly, one loop circuit results have been analysed. Figure 83 shows the heating of the battery
on a cold day (outside and starting temperature of 6°C) according to four different operating
strategies. In one of them, the coolant circulates through the external radiator, in another one
through the by-pass of the same radiator, and in a third one, it recirculates the coolant over the
battery itself (winter mode, without activating the heater).

The fourth one is the same as the third one, i.e. the cooling fluid circulates over the battery in a
closed loop, but unlike this one, now the control activates the heater (5kW) and the chiller (4 kW)
as needed. It is observed that the battery reaches the setpoint temperature (30 °C) before and
stabilises there. On the other hand, the EV range decreases by 3%, and the SOC reaches zero
after 6984 sec. Figure 84 shows the consumptions of the chiller and heater. Figure 85 shows the
temperatures of the motor, the inverter and the battery in the temperature controlled closed loop
mode.
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Figure 83 Heating of the battery on a cold day according to four different operating strategies. The battery runs out in
7200 seconds (6984 sec for temperature controlled closed loop mode).
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Figure 84 Battery temperature in controlled close loop mode. Cumulative consumption of heater and chiller.
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Battery Temperature (outside temp = 6 °C; driving mode = motorway)
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Figure 85 Battery, motor and inverted temperature in controlled close loop mode.

Figure 86 shows the temperatures of the motor, inverter and battery in warm mode, with an
outside temperature of 45 °C, an initial temperature of 30 °C (garage) and driving on motorways,
and Figure 87 the chiller consumptions (COP = 2 is considered to estimate the electric energy
consumption).

VE Temperatures (°C). Hot Mode (outside temp. =45 °C; Initital temp. = 30 °C)

2}
=]

5]
@

50 #
o /
2 a5 f"
g // tempBattery,T
£ /
E 40 f[i templnverter,T
a |
E 35 | tempMotor,T
£
|}
30
25
20
0 1000 2000 3000 4000 5000 6000 7000 8000

Sec

Figure 86 EV temperature in Hot Mode. Outside temperature: 45 °C, initial temperature: 30 °C.
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Figure 87 Chiller electric power (considered COP = 2) and accumulated energy consumption.

Secondly, two loops circuit results are analysed. Figure 88 shows the temperatures of the
motor, inverter and battery in warm mode, with an outside temperature of 45 °C, an initial
temperature of 30 °C (garage) and driving on motorways.

D3.1. Modular, high-efficient and cost-oriented 800V powertrain architecture 69



V2.1

VE Temperatures. Hot Mode. No Heat exchanger (outside = 45°C; Initial temp. = 30 °C)
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Figure 88 Battery, Inverter and Motor temperatures at Warm Mode.

Figure 89 shows the temperatures of the battery, inverter and motor in cold mode, with an outside
temperature of 6 °C and a starting temperature of 20 °C (garage). Oil circuit dissipates the heat
from the motor and inverter to the outside. However, the water-glycol circuit, after heating the
battery with the 5 kW auxiliary heater, passes through the front radiator by-pass and dissipates
the heat to the passenger compartment. Figure 90 shows the power and energy consumed
(accumulated) by the heater.
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Figure 89 Battery, Inverter and Motor temperatures at Cold Mode and without heat exchanger.
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Figure 90 Auxiliary heater power and consumed energy at Cold Mode and without heat exchanger.
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Figure 91 shows the heat (power) dissipated by the oil circuit to the outside air through the front
radiator, and by the water-glycol circuit to the passenger cabin through the interior radiator. It is
interesting to note that, once the battery is heated, the auxiliary heater consumes 1.2 kW, but 3.2
kW (generated by the auxiliary resistor and the battery) are introduced to passenger compartment
heating. However, 1.4 kW (generated by motor and inverter) are lost through the front radiator,
that is, 3.6 % of the energy stored in the battery pack. The EV range will decrease by the same
percentage.
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Figure 91 Heat power dissipated to outside air and to the cabin. Cold Mode and without heat exchanger.

4.4.4 CONCLUSIONS

Unlike a combustion engine vehicle, the propulsion components of an EV do not produce enough
waste heat to adequately heat the passenger compartment, so auxiliary heaters are needed. A
heat pump allows this heat to be collected and efficiently used to heat the passenger
compartment. However, this requires a complex system of which the heat pump is only one part.
The analysis of the technological situation in the EV market makes it clear that an advanced
cooling system involves incorporating a heat pump into the cooling/heating system and harvesting
waste heat from components with significant energy consumption. This improves efficiency and
significantly increases the EV's range, especially in cold climates.

The worst thermophysical properties of the oil compared with the ethylene glycol water mixture
(i.e. higher viscosity and lower thermal conductance) causes the need of higher heat exchanger
and higher pump energy. However, its lubricant properties and low electric conductivity make it
appropriate for motor cooling application. When motor is cooled by an oil instead of a mixture of
water and ethylene glycol, usually is preferable to design a separate cooling loop (of oil) and link
it with the rest coolant loop (ethylene glycol) by a heat exchanger, instead of using oil as a coolant
in all the elements. In this work, the conceptual schemes of two powertrain cooling systems have
been analysed and compared: a single loop system with water-glycol mixture and a two loops
system with two cooling liquids (water-glycol mixture and oil).

Although the defined schemes of this work do not include the EV vapour compression air
conditioning system, they include a heat exchanger to recover part of the heat to be used at the
passenger compartment. In addition, the corresponding simulation models have been developed
(in the modelling language Modelica), which allow the feasibility and interest of this heat recovery
system to be analysed from a thermal point of view. It also allows the simulation of the powertrain
cooling system and the analysis of the various operating modes (winter mode, normal mode, etc.)
in transient conditions, such as the start-up and initial heating of the battery pack.

The work carried out makes it clear that when the priority is improving efficiency to maximising
EV range, the EV thermal management must be designed from a complete EV perspective, taking
into account all thermal loads of all elements, including passenger compartment, ambient
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conditions and driving modes conditions of the EV, all together. The cooling system must be able
to configure different refrigerant circuit connections to share as much as possible the heating and
cooling alternatives to re-use waste heat at maximum. It is particularly important, especially in
cold climates, to consider the passenger compartment climate control. Heating the passengers
cabin using waste heat is crucial and the use of a heat pump becomes essential.

5 DELIVERY DEVIATIONS FROM THE INITIAL PLANNING

There has been a delay in the delivery of D3.1. Modular, high-efficient and cost-oriented 800V
powertrain architecture

Contractual delivery: 2023-11-30
Deliverable Date: 2024-04-26

This delay is due to a mistake during the proposal writing, as Task 3.1 finished at the end of
February (M15) but the deliverable deadline was in November (M12).

Administrative deviations:

First full version of this document (v1.0) has been uploaded to the TEAMS platform at the mid of
February. Then, the document was shared between all WP3 partners to collect their comments
and correction. After that, a new version (v2.0) was shared to be checked by the coordinator.

Delay effect on overall project planning: This report is only related to WP3 and it does not have
any impact in Task 3.2 which is running. So, it does not generate any delay in the project.
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6 CONCLUSIONS

In this deliverable firstly a state of the art about 800V EV was carried out, where it was concluded
that 800V architecture is already a reality. There is a clear trend to move to higher voltage EV.
There are also some new EU calls for 2024 dealing with this topic, “Integration and testing of next
generation post-800V electric powertrains”. Dedicated electric vehicle platforms are usually used
and front and rear axles is the most common solution. PMSM motors and SiC based inverters are
dominant at this moment, due to their best performances.

Regarding 800V electrical architecture, multiple powertrain configurations are possible, with
axle drive being the most promising solution at present. The tendency is to have a primary axle
drive (in the rear) and some EV also have a secondary axle drive (in the front). Using SiC based
inverters drive efficiency is improved considerably. On the one hand, these devices have less
losses, reducing inverter losses, and on the other hand, SiC devices higher switching frequency
can be used by the control to reduce motor harmonics and those, motor losses. Modularity is
achieved by the possibility to use different battery packs or OBC. The architecture is scalable to
achieve different power levels using different motor lengths but same rotor diameter, using the
same inverter and paralleling devices, using different gear ratios, etc. Finally, cost oriented
solution can be achieved by using Si devices for the secondary axle drive, where less powerful
systems are usually required.

Concerning 800V thermal architecture, there is a tendency to use oil cooling, not only for the
motor but also for the inverter and even for the battery system. However, this is long term research
and for HEFT drive oil cooling will be considered for the motor and, inverter and battery system
will be cooled using water-glycol.

800V mechanical architecture and control architecture are quite similar to 400V architectures.
No differences have been found.

On the other hand, a simulation model to analyze high dv/dt effects that generate SiC devices
have been proposed in this study. The main conclusions are that the dv/dt are affected by
common mode and differential mode perturbations. The main contribution is due to differential
model perturbations (higher gain). However, the common model paths and their resonances
cannot be neglected. In the time domain, the model developed makes possible the change the
rise & fall time of the inverter’s output waveforms, to evaluate the whole harmonic content of the
variables. The influence of the main variables (wiring length and parasitic components) is
evaluated in the AC domain, to see the frequency range affected by each parameter and it can
be also evaluated in the time domain model, to see the frequency range affected by each
parameter.

Moreover, it is important to consider the connection between voltage frequency harmonics
obtained in simulation models and the frequency ranges and amplitudes defined in the standards.
This is a crucial step in understanding the potential electromagnetic interference (EMI) issues and
ensuring compliance with EMC standards. By correlating the voltage frequency harmonics from
the simulation model with the frequency ranges and amplitudes outlined in EMC standards, it is
possible to assess the potential impact of dv/dt on electromagnetic emissions and susceptibility.
This understanding allows to anticipate any EMI problems and take appropriate measures to
mitigate them, such as implementing filtering techniques or optimizing the motor drive system
design.

From this charging time/extended range simulation study, it can be concluded that increasing
voltage, as it is related with increased battery capacity, extends EV range. Moreover, 800V fast
chargers (250kW) allow a considerably decrease in charging times.

Finally, advanced shared cooling system for the powertrain has been analysed and simulated.
From this study can be concluded that when the priority is improving efficiency to maximising EV
range, the EV thermal management must be designed from a complete EV perspective, taking
into account all thermal loads of all elements, including passenger compartment, ambient
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conditions and driving modes conditions of the EV, all together. The cooling system must be able
to configure different refrigerant circuit connections to share as much as possible the heating and
cooling alternatives to re-use waste heat at maximum. It is particularly important, especially in
cold climates, to consider the passenger compartment climate control. Heating the passengers
cabin using waste heat is crucial and the use of a heat pump become essential.
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