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The Multi-Motor Vehicle: Modern EVs are not just one motor; they contain dozens!

Examples:

Windshield Wipers

Doors glass, mirrors, doors
Seat Actuation/Adjustment
Braking

Power steering

Air conditioning

Water, oil, fuel pumps
Traction and drive systems

https: //www.st.com/en/applications/automotive.html https://ev-database.org Paulo Abreu ®
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The Multi-Motor Ecosystem: A modern EV can contain over 50 individual motors

Classification by Function

= Auxiliary Systems (Low Voltage 12V/48V): intermittent or continuous duty
(Wipers, seats, pumps)

= Traction Systems (High Voltage 400V/800V): high-power propulsion

Classification by Control
= Open-Loop: Brushed DC, Steppers (Simple, low-cost)
* Closed-Loop: BLDC, PMSM, IPMSynRM (High-performance, requires Inverters)

4 Paulo Abreu ®
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Auxiliary Actuators (Intermittent Duty)

Brushed DC Motors:
= Applications: power windows, trunk latches, side-mirror adjustment

= Engineering Logic: high starting torque and very low system cost. Simple PWM
control is sufficient

Stepper Motors:
= Applications: headlight leveling/swiveling, HVAC flap control, HUD positioning

* Engineering Logic: provides precise "digital" positioning without the need for an
expensive encoder (sensorless positioning)
Paulo Abreu ®
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High-Duty Auxiliaries & Thermal Management

BLDC Motors (Brushless DC):
= Applications: electric water pumps, oil pumps, and HVAC blowers

= Engineering Logic: used where high reliability and continuous operation are
required. Removing brushes eliminates wear and electromagnetic interference
(EMI)

E-Compressors: high-voltage BLDC motors with integrated inverter driving a compressor
used for cabin climate control and battery thermal management. These are critical for
maintaining battery health during rapid charging

Paulo Abreu ®
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Traction Motor Topologies
Traction motors are characterized by high torque density and wide speed ranges

* Induction Motors (IM): high reliability, no magnets (Tesla Model S/X front)

= Wound Rotor Synchronous (WRSM): no magnets; uses copper coils on the rotor.
Allows for "flux weakening" at high speeds (BMW i4, Renault Zoe)

= |PMSynRM (Internal Permanent Magnet Synchronous Reluctance): combines
magnetic torque and reluctance torque for maximum efficiency (Tesla Model 3/Y)

= PMSM (Permanent Magnet Synchronous): the industry standard for high
efficiency and compact packaging (Audi e-tron, VW ID series)

Paulo Abreu ®
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Performance Geometries: Radial vs. Axial Flux

Radial Flux (Standard)
= Flux travels perpendicular to the shaft
= The "workhorse" of the industry due to mature manufacturing processes

Axial Flux (Performance)
= Flux travels parallel to the shaft ("Pancake” shape)
= Advantage: Highest torque density and compact axial length
= Usage: Hypercars (Ferrari SF90, Koenigsegg) and in-wheel motor applications

Paulo Abreu ®
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Every traction motor in a modern EV is essentially a giant, high-voltage servomotor

Feature Industrial Servomotor EV Traction Motor

Primary KPI Positioning Precision Efficiency and Range (km/kWh)
Dynamic Priority High bandwidth; instant start/stop High torque density; smooth acceleration
Voltage Range Typically 230V - 400V AC High Voltage (400 V- 800V DC Bus)

Rugged Resolver

Feedback Device Optical/Magnetic Encoder or Resolver (high vibration resistance)

Cooling Strategy Natural convection or forced air Liquid cooling (Water/Glycol or Oil-path)

Control Logic Field-Oriented Control (FOC) Field-Oriented Control (FOC)
Paulo Abreu ®
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Electric
power steering motor

Electric active -
=7 Automatic hatch
stabilizer motor open/close motor

\ Door lock motor
Electric oil pump l
@ Door open/close
veadlight optical | ey
axis drive motor

Seat cooling fan motor
| Electric parking brake motor |

https://www.nidec.com/en/technology/capability/brushless/
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Powertrain Configurations

= Single motor, dual motor, triple motor,
and four motor

Single motor (ex.: Tesla Dual motor configuration
Core Components of a BEV Powertrain Model 3 Standard range) (ex.: Tesla Model 3)
= Electric Motor types
= Transmission systems (fixed ratio)

= Motor Control Unit (MCU) and Vehicle
Control Unit (VCU)

= Battery Management Systems and Triple motor configuration Four individual motors,
charging (ex.: Tesla Model X Plaid) Ex.: Rimac Nevara Model

= Regenerative braking systems https://ev-database.org/

https://afdc.energy.gov/

12 Paulo Abreu ®
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The Co'nc.ept of In.tegratiop: Comt?ining th_e mMOotor,  Eully integrated - Sl Commacior
transmission, and inverter into a single unit Power Elactronics —__o 3¢ — (underside)

Main Components
= Electric Motor: the traction source
= Transmission: reducer system
= Inverter: power electronics handling input

voltage B &~ park-Lock System
. . tional
= Cooling System: water or oil-based Hectrical il
thermal management Machine Driveshaft Output

= Hardware Interface: features signal
connectors, high voltage connectors, and

optional park-lock systems Example: BorgWarner Integrated Drive Module (iDM)

video
— Paulo Abreu ®
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Voltage Range: 400 V to 800 V
Peak Performance

=  Power: 115 kW to >500 kW

= Torque: 1700 Nm to 5000 Nm
Flexible Machine Architecture

= Supports Permanent Magnet, AC Induction, and Wound Rotor Synchronous
machines

Inverter Technology
= Utilizes Silicon IGBTs and Silicon Carbide MOSFET

Example: BorgWarner Integrated Drive Module (iDM)

14 Paulo Abreu ®
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https://youtu.be/Tj-CMlHTew4?si=3F9TKqzb5nO6fXbU
http://www.borgwarner.com/
https://d1c96hlcey6qkb.cloudfront.net/89fabced-d43f-4899-8f1a-3631233e4bb0/c46288cff04642bfa1185deb161a7546?response-content-disposition=inline; filename*%3DUTF-8''Integrated Drive Module (iDM).pdf&response-content-type=application/pdf&Expires=1705622400&Signature=D-76HTiw11lNlnEZe8EuifTLl4T5IThH1sTCGn1WqdosL0ARSHAsvCqdAPu~dUM8uJ7qWRi6PJARWfOT60VJixlPwBzqn4iiwtHqr7elk~P2Guo60iVU1CtrWcAasnxgD0uX~4yB2AyIql1d1pP8njSifRp6zvnKs-bZi4sBrEROnEgtLq6pfcUCJuUSFGeO9Z~2HHqyI4oRmqc3gBh~-2GD~OrcajkMc6cqkKA8ReRLGgkij5KX7TAA-UAKG7xETpQaKd36tEWE6FLIstygpRA3zVKc-2HqD0LhW7j9BNNB4ZEXhydkxdRC1lyk3fKY05ur2HeFrb6kfMrLrN3MjQ__&Key-Pair-Id=APKAI33AGAEAYCXFBDTA
http://www.borgwarner.com/
https://d1c96hlcey6qkb.cloudfront.net/89fabced-d43f-4899-8f1a-3631233e4bb0/c46288cff04642bfa1185deb161a7546?response-content-disposition=inline; filename*%3DUTF-8''Integrated Drive Module (iDM).pdf&response-content-type=application/pdf&Expires=1705622400&Signature=D-76HTiw11lNlnEZe8EuifTLl4T5IThH1sTCGn1WqdosL0ARSHAsvCqdAPu~dUM8uJ7qWRi6PJARWfOT60VJixlPwBzqn4iiwtHqr7elk~P2Guo60iVU1CtrWcAasnxgD0uX~4yB2AyIql1d1pP8njSifRp6zvnKs-bZi4sBrEROnEgtLq6pfcUCJuUSFGeO9Z~2HHqyI4oRmqc3gBh~-2GD~OrcajkMc6cqkKA8ReRLGgkij5KX7TAA-UAKG7xETpQaKd36tEWE6FLIstygpRA3zVKc-2HqD0LhW7j9BNNB4ZEXhydkxdRC1lyk3fKY05ur2HeFrb6kfMrLrN3MjQ__&Key-Pair-Id=APKAI33AGAEAYCXFBDTA
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Great variety of motors
= Induction motors (IM) (asynchronous motors)
*  Tesla Model S, Mercedes EQC, Audi
= Permanent Magnet Synchronous Motors (PMSM)
e Audi, Polstar
= Internal Permanent Magnet Synchronous Reluctance Motors (IPMSynRM)
*  Tesla Model 3
= Wound Rotor Synchronous Motors (WRSM) (brushed motors)
*  BMW iX4, Renault Zoe
Performance Metric

* Speed range, from 9000 rpm up to 18000 rpm see video
* Torque: high values, up to 600 Nm
5 » Battery pack voltage: 300 V DC up to 800 V DC Paulo Abreu ®
I
I 4 [ °
[MPORTO Comparative Analysis of Traction Motors
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Vehicle Motor Type Battery Other data
Tesla Plaid AWD, 3 motors IPMSynRM 100 kWh, 400 V 20k rpm,

2 in Rear, 1 in Front 750 kW, 1420 Nm ref.

13-14 k rpm,
Jaguar I-Pace AWD, 2 motors PMSM 90 kWh, 400 V 249 kW /696 Nm  ref.
BMW iX3 50 AWD 4607 rpm /5000 rpm

xDrive (6" gen.)  Front: IM, Rear: WRsM 108 KWh, 800V 345\ 645 Nm, 6.6 ka/kW  ref.

. 11160 rpm (Model R135)
Renault Zoe Front: WRSM 21 kWh, 400 V 100 KW, 245 Nm  ref

Audi Q6 e-tron quattro AWD: 2 motors, - 14k rpm
quattro Front: IM, Rear: PMsM 100 KW, 800V 315 "e55Nm ref
Mercedes CLA 350 é)C\/?A;\ Frontand Rear: 55 \wh gooy 1618k rpm

260 kW, 515 Nm  ref

16
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https://youtu.be/6H5vtu5_SF4?si=pNfsJD_MC-4gP6L_
https://www.evspecifications.com/en/model/df813e7
https://www.jaguar.com/en-xi/jdx/jaguar-range/i-pace/specifications/index.html
https://www.press.bmwgroup.com/global/article/attachment/T0451998EN/636975
https://www.renaultgroup.com/en/magazine/energy-and-motorization/the-renault-zoe-motor-energy-efficiency-and-power/
https://www.ultimatespecs.com/car-specs/Audi/155873/Audi-Q6-e-tron-quattro.html
https://arstechnica.com/cars/2025/07/2026-mercedes-benz-cla-feels-like-a-real-car-not-a-science-experiment/
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Tesla Electric Motors Overview

Two Key Motor Types

= |PMSynRM, Internal Permanent Magnets Synchronous Reluctance Motor

= |M, Induction Motor

Tesla Model 3's IPM-SynRM electric motor explained ¢ Tes'-a Model S (AWD dual motor), 3.25 (0'100
® o km/h), 250 km/h

Y T - Tesla Model 3 RWD, 6.1s (0-100 km/h, 225

[MOTOR DEVELOPER]

km/h, 239 kW/420 Nm
https://ev-database.org

+  Tesla Model S Plaid Motor (Munro Live
Youtube channel)

« Tesla Model 3 and Y Modular Motors:
Webberauto Youtube channel

Tesla Model-3-electric-motor-explained (Dec. 2020)

Tesla rear motor and drive unit  https://youtu.be/MQV3D8F6gvw Paulo Abreu ®
17
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Tesla Electric Motors Overview

Tesla Model 3 and Model Y motors
= Rear motor: AC PMSynRM, liquid-cooled
=  Front motor (AWD vehicles): AC induction motor (IM), liquid-cooled
= Transmission type: gearbox with a fixed ratio of 9:1
= Battery - High Voltage: liquid-cooled lithium ion (Li-ion), 345 V DC

Tesla Model S and Model X motors
= Front and rear motor: AC PMSynRM, liquid-cooled
= Transmission type: gearbox with a fixed ratio of 7.56:1 (front) and 9.04:1(rear)
=  Battery - High Voltage: liquid-cooled lithium-ion (Li-ion), 400 V DC

Tesla Model S Plaid and Model X Plaid motors
=  Front and rear motor: AC PMSynRM, carbon-fiber-wrapped rotor, liquid-cooled, twQ.,.!
motors at the rear and one at front s
= Transmission type: gearbox with a fixed ratio of 7.56:1 (front and rear)

= Battery - High Voltage: liquid-cooled lithium-ion (Li-ion), 400 V DC

Tesla Model 3 Motor Tear Down video Tesla Model S Plaid Motor video

18
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https://uk.motor1.com/news/462107/video-tesla-model-3-electric-motor-explained/
https://youtu.be/MQV3D8F6gvw
https://youtu.be/esUb7Zy5Oio
https://youtu.be/esUb7Zy5Oio
https://youtu.be/4lGVimLK58g
https://www.youtube.com/watch?v=SRUrB7ruh-8
https://ev-database.org/
https://youtu.be/bNgB5z4MWRI
https://youtu.be/bNgB5z4MWRI
https://www.tesla.com/ownersmanual/model3/en_us/GUID-E414862C-CFA1-4A0B-9548-BE21C32CAA58.html
https://www.tesla.com/ownersmanual/modely/en_us/GUID-E414862C-CFA1-4A0B-9548-BE21C32CAA58.html
https://www.tesla.com/ownersmanual/models/en_us/GUID-E414862C-CFA1-4A0B-9548-BE21C32CAA58.html
https://www.tesla.com/ownersmanual/models/en_us/GUID-E414862C-CFA1-4A0B-9548-BE21C32CAA58.html
https://www.youtube.com/watch?v=oVge8I6kxPY
https://youtu.be/4lGVimLK58g
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IPMSynRM, Internal Permanent Magnet Synchronous Reluctance Motor

Internal permanent

magnets
.

https://youtu.be/wFZZ5PICQeo?si=pnVvgu9SelU2ZwQG stator rotor Paulo Abreu ®

[@PORTO Electric Motors in Mercedes EQ series

FEUP FACULDADE DE ENGENHARIA
UNIVERSIDADE DO PORTO

Series EQA, EQC, (2019) use IM  (out of production)

Series EQB (Front axis: IM, rear axis: PMSM)

Series EQE, EQS, use PMSM

Series CLA (2026)[ref], use PMSM

Common platform (EVA) supports one or two motors, depending on the version (EQE, EQS, EQS SUV)

20 Paulo Abreu ®
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https://youtu.be/wFZZ5PICQeo?si=pnVvgu9SeIU2ZwQG
https://www.mbusa.com/en/vehicles/model/eqb/suv/eqb300w4
https://www.mbusa.com/en/future-vehicles/2026-mercedes-benz-cla-sedan

FEUP FACULDADE DE ENGENHARIA
UNIVERSIDADE DO PORTO

[@PORTO Electric Motors in Audi Q4 50 e-tron Quattro

-

Permanent Magnet Synchronous motor (PMSM) on the rear axle

= water-cooled, maximum speed of 16000 rpm, one-speed transmission
ratio 11.5:1; overall weight 90 kg

Induction motor (IM) on the front axle

= maximum speed of 14 000 rpm, combined cooling with coolant and oil; Rear axle
one-speed transmission with a ratio of 10.0:1; overall weight 60 kg

Two three-phase AC motors, that combine to produce a maximum output of
220 kW and 460 Nm of torque. The rear motor generates 150 kW and 310
Nm, the front motor 80 kW and 162 Nm

Reference link Audi e-tron s VIDEO Front axle

21
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Audi has a new electric motor for =R ITVZ-W. (:2510)
the Q4 e-tron for 2024 hsures for greater efficiency

Optimis:
and rot

The Q4 e-tron, with rear and all-
wheel drive, receives a new
permanent magnet synchronous
motor (PMSM) on the rear axle,
produced by VW, also used in the
ID7 (Model APP550)

Temperatt

verter

nd motor housing Stator Heat sink Gearbox § Gearbox housing

22
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https://www.audi-mediacenter.com/en/technology-lexicon-7180/drive-system-7227#asynchronmotor
https://www.audi-mediacenter.com/en/electric-suvs-in-the-premium-compact-segment-the-audi-q4-e-tron-and-the-q4-sportback-e-tron-13887/electric-motors-and-electric-all-wheel-drive-13900
https://youtu.be/S3af6hnPsdc
https://electrichasgoneaudi.net/models/q4-e-tron/drivetrain/motor/
https://electrichasgoneaudi.net/models/q4-e-tron/drivetrain/motor/
https://www.electrive.com/2023/09/21/audi-fits-q4-e-tron-with-new-electric-motor/
https://www.electrive.com/2023/04/12/vw-reveals-first-details-of-new-meb-drive-system-app550/
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Electric Motors in Audi e-tron Models

Multiple Models: A6 e-tron, S6 e-tron, S e-tron GT, RS e-tron GT, Q4 e-tron, Q6 e-tron, SQ6 SUV e-tron
Multiple versions: e-tron, e-tron performance, e-tron quattro
Common building platform PPE (Premium Platform Electric)

Use PMSM and IM in A6 e-tron Models

Example: A6 Avant e-tron versions:
* e-tron (210 kW, 435 Nm, Battery 76 kWh), single motor PMSM, rear
» e-tron performance (270 kW, 565 Nm, Battery 95 kWh), single motor PMSM, rear

« e-tron quattro (315 kW, 275 Nm front, 565 Nm rear, Battery 95 kWh), two motors, PMSM
rear, IM front (ref.)

Paulo Abreu ®
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Model

Audi Q4 e-tron 35 (2024)

Audi Q4 e-tron 55 quattro

Audi Q6 SUV e-tron

Audi Q6 SUV e-tron
quattro

Audi Q8 S e-tron quattro
(2023) *production canceled
in January 2025

Electric Motors in Audi e-tron Models

Motor
Configuration

Single Rear Motor

Dual Motors (Front
and Rear)

Single Rear Motor

Dual Motors (Front
and Rear)

Triple Motors (Two
Rear, One Front)

Motor Type

PMSM [ref]

PMSM rear
IM front [ref]

PMSM [ref]

IM front , PMSM rear
[ref]

One IM front, two IM
rear, [ref]

Total Power
Output [kW]

125

250

185

285

370

Total Torque
[Nm]

310
134/545
450

275/580

973

Paulo Abreu ®
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https://www.audi-technology-portal.de/en/drivetrain/electric-drives/audi-q4-e-tron-permanent-magnet-synchronous-motor-psm-en
https://www.motortrend.com/reviews/2025-audi-a6-s6-etron-first-drive-review/
https://www.audi-mediacenter.com/en/q4-e-tron-784/technical-data#motorization-40-e-tron-150-kw
https://www.ultimatespecs.com/car-specs/Audi/139447/Audi-Q4-e-tron-35.html
https://www.audi-mediacenter.com/en/q4-e-tron-784/technical-data#motorization-55-e-tron-quattro-250-kw
https://www.ultimatespecs.com/car-specs/Audi/137168/Audi-Q4-e-tron-55-quattro.html
https://www.audi-mediacenter.com/en/audi-q6-suv-e-tron-897/technical-data#motorization-185-kw
https://www.motor1.com/reviews/744639/2025-audi-q6-etron-first-drive-review/
https://www.audi-mediacenter.com/en/audi-q6-suv-e-tron-897/technical-data#motorization-quattro-285-kw
https://www.audiusa.com/en/models/q6-e-tron/q6-e-tron/2025/overview/
https://www.carsdirect.com/automotive-news/green-technology/audi-q8-e-tron-canceled-for-2025
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The (VW) MEB (Modularer E-Antriebs-Baukasten)
platform is a modular electric vehicle (EV) platform  yessase: wechnical highiights
developed by VW Group (VW, Audi, Seat, and

Skoda), allowing to power vehicles ranging from
small city cars to large SUVs, incorporating distinct
number and type of motors. It is used by VW
ID3/4/5, Skoda Enyaq, Cupra Born, Audi Q4 etron. It
is a 400 V system, while the Audi PPE is 800 V

The D4 dual motor (AWD ) uses

= Rear axle: PMSM motor, one-speed
gearbox, inverter, 150 kW

VW MEB base Volkswagen ID.4: Electric
= Front axle: IM (asynchronous) motor, one- W Motor Teardown and
speed gearbox, inverter, 80 kW Analysis video
25
l L] L]
[PORTO Electric Motors in VW Models
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Motor Total Power  Total Torque

R Configuration RElOVEE Output [kW] [Nm]
Volkswagen ID.3 Pro 58kWh .
204 HP (2023) Single Rear Motor PMSM [ref] 150 310
Volkswagen ID.4 Pro 4MOTION  Dual Motors (Front o> ¥ 210 1347545
77kWh 286 HP (2023) and Rear) [r'ef]
Volkswagen ID.5 Pure 52kWh .
170 HP (2024) Single Rear Motor PMSM [ref] 125 310
Volkswagen ID.7 GTX Dual Motors (Front Front: IM 250 679
4MOTION (2024) and Rear) Rear: PMSM [ref]
Volkswagen ID Buzz LWB Pro Single Rear Motor PMSM [ref] 210 560
Volkswagen ID. EVERY1 (2027)  Single front Motor 70 310

26
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https://www.volkswagen-newsroom.com/en/press-releases/volkswagen-offers-additional-all-wheel-drive-version-for-the-id4-8001
https://youtu.be/3Bab6CttkEY
https://modo.volkswagengroup.it/en/vision/increased-range-and-charging-speed-the-evolution-of-the-meb-platform
https://www.ultimatespecs.com/car-specs/Volkswagen/134128/Volkswagen-ID3-Pro-58kWh-204HP.html
https://www.ultimatespecs.com/car-comparator/134128/Volkswagen-ID3.html
https://www.ultimatespecs.com/car-specs/Volkswagen/137336/Volkswagen-ID4-Pro-4MOTION-77kWh-286HP.html
https://www.ultimatespecs.com/car-specs/Volkswagen/137336/Volkswagen-ID4-Pro-4MOTION-77kWh-286HP.html
https://www.ultimatespecs.com/car-specs/Volkswagen/139510/Volkswagen-ID5-Pure-52kWh-170HP.html
https://www.ultimatespecs.com/car-specs/Volkswagen/139510/Volkswagen-ID5-Pure-52kWh-170HP.html
https://www.ultimatespecs.com/car-specs/Volkswagen/139521/Volkswagen-ID7-GTX-4MOTION.html
https://www.ultimatespecs.com/car-specs/Volkswagen/139521/Volkswagen-ID7-GTX-4MOTION.html
https://www.ultimatespecs.com/car-specs/Volkswagen/139502/Volkswagen-IDBuzz-LWB-Pro-86kWh-286PS.html
https://www.ultimatespecs.com/car-specs/Volkswagen/139502/Volkswagen-IDBuzz-LWB-Pro-86kWh-286PS.html
https://www.volkswagen-newsroom.com/en/press-releases/mobility-for-everyone-with-the-id-every1-volkswagen-is-providing-a-preview-of-an-entry-level-electric-model-19039
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The 6th Generation of BMW electric motors (Gené eDrive), debuting with the "Neue Klasse" platform in
2025/2026, represents a shift from the previous Gen5 units found in the i4 or iX

= Instead of using the same motor type on both axles, BMW now uses two different technologies:
WRSM (rear axle) and IM (front axle)

= 800-Volt Architecture: this is the first BMW generation to move from 400V to 800V, allowing
for thinner wiring (less weight) and much faster charging

= Weight Reduction: the integrated drive unit (motor + inverter + transmission) is roughly 10%
lighter than Genb, with some motor variants weighing around 125 kg

= Efficiency: overall drivetrain efficiency is improved by 20%, contributing to a claimed 30%
increase in total driving range (BMW claim)

BMW Gené Motors: A Deeper Look at the Power Behind the Neue Klasse (Feb. 2025)

Video on BMW electric
motors production line Paulo Abreu ®
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Wound Rotor Synchronous Motors (WRSM) (brushed motors)
= Single motor on rear axle (iX3 40 (RWD) (235 kW/500 Nm)
= Dual engine AWD (iX3 50 xDrive) (345 kW/645 Nm)

Current and future developments:
= The start of a new era. The all-new BMW iX3 (Sept. 2025)
= M eDrive First Look (Jan 2026)

Video on BMW electric BrUSh.MOdUle for
motors production line BMW iX / MK60 /
xDrive40/50 / iX3

28 Paulo Abreu ®
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https://www.bmwblog.com/2025/02/20/bmw-gen6-electric-motors-neue-klasse-powertrain/
https://youtu.be/nxiwgWdKsnU
https://www.press.bmwgroup.com/canada/article/detail/T0452404EN/the-start-of-a-new-era-the-all-new-bmw-ix3?language=en
https://www.motortrend.com/news/bmw-m-edrive-first-look-review
https://youtu.be/nxiwgWdKsnU
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close-up of the slip-ring assemEly that powers the rotor of the motor used in BMW's iX-M60 ele}g:tqicAgUV@
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Motor Type (BMW  Total Power Total Torque

Model Motor Configuration official) Output [kW] [Nm]

BMW G26 i4 eDrive35 :
(2024-2026) Single rear motor 1x WRSM (rear) 210 400

Rear WRSM + Front

BMW G26 i4 xDrive40 ( Dual motors (front + rear) M 295 600
l(')’zN(\)VzV;? cinEd) (€At Single rear motor 1x WRSM (rear) 335 650
?ZA:\)VZV()]X)?’ AT e Ao Single rear motor & G(err:;;/)VRSM 235 500
?me Vx;)ﬁazge);')(%; 6-) Dual motors (front + rear) Rear Erec?n(:c YXARSM " 345 645
Note: WRSM - Wound Rotor Synchronous Motors are also known as
30 Electric_Excited Synchronous Motor (EESM) Paulo Abreu ®
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Trend Direction

Modular motor families 1 Strategic priority

800-V motor design 1 Universal

SiC + advanced control 1 Enabler

Permanent magnets | Decreasing

WRSM ( EESM ) 1 Rapid growth

Induction motors 1 Return as secondary motors
Axial-flux 1 Niche / performance

Paulo Abreu ®

[@PORTO Emerging Trends in Electric Motors for BEVs
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New Technologies

In-Rotor Inductive-Excited Synchronous Motors (12SynM) - no brushes, no slip rings, no
rare-earth magnets

Dual-Rotor Motors: electric motors featuring a U-shaped rotor design that leverages
magnetic fields more effectively, reducing production costs and enhancing efficiency

Hub-Motors, i.e., in-wheel electric motors

Axial Flux Motors - high torque density, used in hypercars

Paulo Abreu ®
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[BAPORTO In-Rotor Inductive-Excited Synchronous
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Introduced in September 2023

In-rotor Inductive-excited Synchronous Motor (I12SM) (Motor from ZF Friedrichshafen AG)
= Synchronous motor, with wound stator and wound rotor, but without brushes or slip rings
= The energy to the rotor is induced, via an inductive exciter inside the rotor shaft
= Rotor cooled by circulating oil

Video ZF’s 5SM 2023 Synchronous motqr without rare earth

. _tZ3 - magnets! Alternative to Permanent

NEWS sept 2> Magnet Synchronous Motor (PMSM), with
similar performance

See also Magnet Free Motor
By Mahle, with similar structure

[MPORTO In-Rotor Inductive-Excited Synchronous

FACULDADE DE ENGENHARIA M
FEUP UNIVERSIDADE DO PORTO Otors

Close-up of the inductive power
transmission system used to
energize the rotor in Inductive-
excited Synchronous Motor (I2SM)

il SN
24 https://www.mahle.com/en/about-mahle/ Paulo Abreu ®

SETP


https://www.zf.com/mobile/
https://youtu.be/SXNFRwIRFes
https://youtu.be/SXNFRwIRFes?si=pRn35sqmaMLJCZB7
https://youtu.be/SXNFRwIRFes?si=pRn35sqmaMLJCZB7
https://insights.globalspec.com/article/21092/video-electric-motor-design-eschews-magnets?uid=-1830664319&uh=f5410d&md=231024&mh=8a2aeb&Vol=Vol8Issue10&Pub=129&LinkId=2148128&keyword=link_2148128&itemid=391892&frmtrk=newsletter&cid=nl
https://youtu.be/nB-SNGKVlBI?si=Ds84lv7BRyFQCiQ9
https://www.mahle.com/en/about-mahle/
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A Dual-Rotor electric motor is a machine that uses two rotors interacting with a single stator. This
architectural change is not a new motor “type” in the electromagnetic sense, but a topology that can
be combined with PMSM, induction, reluctance, or electrically excited machines

Main dual-rotor configurations

= (a) Stator between two rotors (most common in EVs):
* One inner rotor; One outer rotor; Stator sandwiched between them
» Both rotors may be mechanically coupled or fixed to the same output
+ This is the configuration used by DeepDrive

= (b) Axial-flux dual-rotor
« Stator disc between two rotor discs (used by YASA)
» Extremely high torque density; used in some axial-flux machines, though mechanically

. demanding Paulo Abreu ®
I
J
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Advantages
= Higher Efficiency - the interaction of both rotors with the stator’s magnetic field results in better
energy use and reduced losses
= Increased Torque Density - the dual-rotor setup effectively doubles torque production surfaces,
leading to improved performance
= Lower magnetic and iron losses: less electrical steel; shorter magnetic flux paths; lower iron losses
in driving cycles
= Optimized Material Use - the design maximizes magnetic field utilization and minimizes reliance on
rare-earth materials
= Enhanced Performance - it provides better power delivery, making it suitable for high-performance
electric systems, applicable to EV traction and direct-drive concepts
Example DeepDrive dual-rotor motor, that uses dual-rotor PM, radial flux
36 Paulo Abreu ®
I
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https://www.deepdrive.tech/technology
https://www.deepdrive.tech/technology

PORTO Hub-Motors

FEUP FACULDADE DE ENGENHARIA
UNIVERSIDADE DO PORTO

Hub motors, integrated directly into the wheels of a vehicle, eliminate the need for traditional
drivetrain components like axles, differentials, and transmissions. This design offers several
advantages:

Improved Efficiency: reduces energy losses associated with mechanical components, leading to
higher overall efficiency

Enhanced Handling: allows precise control of each wheel independently, improving traction,
stability, and handling through torque vectoring

Space Savings: frees up space within the vehicle, enabling more flexible and innovative designs

Simplified Design: integrates power electronics and digital control within the motor, simplifying the
vehicle's architecture and potentially reducing manufacturing costs

Paulo Abreu ®

[@PORTO Hub-Motors Suppliers

FEUP FACULDADE DE ENGENHARIA
UNIVERSIDADE DO PORTO

= Protean Electric (UK / Global): known for their in-wheel motor
technology, Protean Electric offers hub motors that are designed to
improve vehicle efficiency and performance. Recently (September 25 )
unveiled a 220 kW / 2500 Nm per-wheel hub motor (Model Pm18) targeting
sports cars

Elaphe Propulsion Technologies (Slovenia): specialization in high-
performance in-wheel electric propulsion systems, providing solutions for
various types of electric vehicles. Motors capable of >1,500 Nm per wheel.

= DeepDrive Company (Germany): provides dual-rotor electrical motors
configured as hub motors ( see series 16” RM1250)

DeepDrive 16” RM1250

Renault R5 T3E uses two Protean rear-wheel motors, boasting an output of

over 410kW, 800 V battery, [ref, 3/2025]
38 Paulo Abreu ®
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https://www.proteanelectric.com/
https://www.proteanelectric.com/technology/#proteandrive
https://www.proteanelectric.com/protean-showcasing-iwm-technology-at-iaa/
https://in-wheel.com/en/
https://www.deepdrive.tech/technology
https://www.deepdrive.tech/in-wheel-drive/
https://media.renault.com/renault-5-turbo-3e-the-legend-returns-in-the-form-of-the-very-first-electric-mini-supercar/?lang=eng
https://www.deepdrive.tech/in-wheel-drive/

[MPORTO High-power density integrated motor drive
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H3X Technologies launch HPDM-180R
= Highly integrated system — Electric motor + inverter + planetary gearbox

= Simultaneous cooling of the power electronics and stator with a single
additively manufactured cooling jacket

= 80 kW in a 16 kg package (11 kW/kg)

= Continuous torque of 576 Nm, 3000 RPM shaft speed
= Scalable core technology from 30 kW to 30 MW

= Peak system efficiency of 94.6%

= Suitable for airborne applications, as a propeller-driven
aircraft

H3X defines the extreme end of electric motor performance

39
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Design and Operation:

«  Structure: axial flux motors are typically flatter and more
compact, resembling a disc or frisbee. This design allows
them to be smaller and lighter while still providing high
power output
Magnetic Flux Direction: in axial flux motors, the magnetic
flux travels parallel to the axis of rotation, unlike radial
flux motors where the flux travels perpendicular to the
axis
Operation as a PMSM
Example of a dual-rotor axial-flux motor!

Stator coils

Rotor plates with
Article on Axial Flux permanent magnets
motors - The new hope

40 Paulo Abreu ®
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https://www.linkedin.com/company/h3x-technologies/posts
https://youtu.be/8EEVPVNJHjM?si=5j77ku25KG-YEtVE
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Manufacturers:

YASA Motors, acquired by Mercedes-Benz in 2021, with motors used in high-performance vehicles,
including Mercedes-Benz's AMG, Ferrari SF90, Koenigsegg Regera

eHelix , has developed the SPX177, an electric motor for hypercar projects. The SPX177 motor
weighs only 28 kg and delivers 650 kW of continuous power

Magnax motors specializes in yokeless axial flux motor technology. Their motors are designed for
various applications, including eMobility and aerospace. Magnax's axial flux motors promise up to 8%
efficiency, making them highly attractive for electric vehicle manufacturers

Traxial motors, a subsidiary of Magnax, focuses on high-performance yokeless axial flux motors for
ground e-mobility

Paulo Abreu ®
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Manufacturers: YASA Example Electrical Performance with 800V controller
Detail on YASA P400 motor BT RodE
= yp to 370 Nm and 160 kW @700 V
= axial length of just 80.4 mm

Characteristics:
PMSM with axial flux
High torque density, >
Low cogging torque 000 2000 3000 4000

High efficiency, 24/7CONtNUOUS 700V mmm 400V mm
. Power — 550V mmm — 250V mmm
Integrated into the wheel hubs

Motor YASA P400R

Paulo Abreu ®
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https://yasa.com/
https://www.ehelix.com/
https://www.magnax.com/
https://insideevs.com/news/361185/magnax-axial-flux-electric-motor/
https://traxial.com/
https://yasa.com/
https://www.yasa.com/wp-content/uploads/2021/05/YASA-P400RDatasheet-Rev-14.pdf
https://www.yasa.com/wp-content/uploads/2021/05/YASA-P400RDatasheet-Rev-14.pdf
http://www.yasa.com/
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sre . -
YASA YM720 Specification New Yasa Motor - Oct 2025 (prototype motor)

Peak Torque: 700 Nm

Peak Power: 750 kW

Continuous power 350kW-400kW
Mass: 2.7 kg

Peak power density: 59 kW/kg !!!

Peak Torque (30s): 700 Nm
Peak Power (30s): 350 kW
Continuous torque: 350 Nm
Continuous power: 180 kW
Max speed: 10,000 rpm
Mass: 33 kg

Size: 345 x 123 mm
Cooling medium: dielectric oil
Peak power density: 10.6 kW/kg
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Ferrari SF90 Stradale (780 HP) uses 3 YASA motors - 220 cv (two in the front axle and one in rear),
plus 4L V8 motor - 780 cv ( total of 1000 cv)

Koenigsegg Regera hybrid hypercar (1500 HP) uses 3 YASA motors - 400 cv (two YASA 750 on the rear
axle and a YASA 400 on the front axle), plus twin-turbo V8 motor -1100 cv (total 1500 cv) (ref)

Koenigsegg Gemera hybrid hypercar (1100 HP) uses three
PMSM with axial flux (Quark motors 250 kW/600 Nm each,
plus a 2L V8 motor) (video) (video Il)

Mercedes Concept AMG GT XX ( 1360 cv) fully electric, two
High Performance Electric Drive Units (HP.EDUs) - one at the
front with one axial flux motor, and one at the rear with two
axial flux motors

The Quark e-motor was introduced in 2022, developed by
Koenigsegg. It uses radial and axial flux (Raxial). It weighs
around 28.5 kg and has a volume of 8 liters. The Quark motor
produces a peak power of 250 kW and a peak torque of 600 Nm
with a maximum RPM of 9000

Quark Power/Torque spec curves
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https://yasa.com/yasa-series-motors/
https://yasa.com/news/yasa-smashes-own-unofficial-power-density-world-record-pushing-state-of-the-art-electric-motor-to-staggering-new-59kw-kg-benchmark/
https://www.ferrari.com/it-IT/auto/sf90-stradale
https://insideevs.com/news/352364/ferrari-sf90-stradale-yasa-electric-motors/
https://www.koenigsegg.com/model/regera
https://www.drive.com.au/news/koenigsegg-gemera-design/
https://yasa.com/applications/koenigsegg/
https://www.drive.com.au/news/koenigsegg-gemera-design/
https://www.koenigsegg.com/quark-emotor
https://youtube.com/watch?v=fDmO5e-xQS0&feature=shares
https://youtu.be/_HCvDjTuYKE?si=2QwVvLEdSjI1XE5f
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Key Trends:
= Higher power density with compact designs
= Reduced reliance on rare-earth materials
= Integrated motor-inverter-gearbox solutions

= |n-wheel motors

Paulo Abreu ®
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