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Abstract 

The intent of this document is to help develop a baseline, intuitive understanding of Traction 
Drives in battery electric vehicles (BEV).   
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EXECUTIVE SUMMARY 

Consumers are increasingly accepting hybrid and battery electric vehicles (BEV) as attractive alternatives to 

vehicles based on internal combustion engines (ICE).  However, the industry is facing some difficult challenges to 

ensure that electric vehicle adoption continues at its presently torrid pace.  Some of these include: 

• Cost – the battery is a very expensive component; and to help offset the perception that EVs come at too 

much of a premium, the US DOE introduced the term “levelized cost”.   Levelized cost includes the sum of 

the initial purchase price of the vehicle and the difference in the cost of energy between an ICE and an EV 

over some period. 

• Critical material availability – newer EV designs rely on the use of permanent magnet-based electric 

motors in which the magnetic material comprises rare earth elements.  While rare earth based motors 

seem to deliver promising performance (particularly in efficiency), it also comes at a higher cost.  

Moreover, the supply of rare earth materials could be less reliable in the future. 

• Efficiency – vehicle range per charge and charge time are performance-oriented factors that are subjects 

of comparison between EV and ICE vehicles.   

While some of these challenges are being addressed through innovation and evolutionary design practice, many 

industry experts believe that there also needs to be some technological breakthroughs if EV is to reach cost parity 

with ICE based vehicles. 

The traction drive is the muscle of an electric vehicle in that it takes energy (produced by fuel cells or stored in 

batteries) and converts it into motion.  The traction drive includes an inverter (the electronics piece), an electric 

motor, and some mechanical interfaces (e.g. a gearbox or differential).  To address the challenges mentioned 

above, the effectiveness of a new traction drive design is governed by Key Performance Indicators (KPIs) as follows: 

• Peak Power – how large of a vehicle can be moved and/or what is the performance (acceleration, top 

speed, etc.) like? 

• Power density (kW/l) – how much physical space does the traction drive require? 

• Specific Power (kW/kg) – how much does the traction drive weigh? 

• Vehicle Life Expectancy – is the traction drive reliable? 

• Vehicle Range – how efficient is the traction drive? 

• Cost 

STMicroelectronics offers innovative silicon and packaging solutions to help engineers optimize these KPIs.  The 

balance of this document will explain the traction drive in more detail.   
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TERMINOLOGY 

 

Term/Acronym Definition 

ABS Anti-lock Braking System 

ASIL Automotive Safety Integrity Level 

Battery Cell A device that converts chemical energy into electrical energy 

Battery Pack A collection of connected battery cells 

BEV Battery Electric Vehicle 

BLDC Brushless DC  

BMU/BMS Battery Management Unit/Battery Management System 

Commutation The process of switching current between different motor phases to 
generate motion. 

ETDS Electric Traction Drive System 

EVSE Electric Vehicle Service/Supply Equipment 

FOC Field Oriented Control 

Fuel Gauging The state of charge of the battery 

HEV Hybrid Electric Vehicle 

KPI Key Performance Indicator 

Li-Ion Lithium Ion 

MaaS Mobility as a Service 

Magnetic Permeability The quality of a material to promote the formation of a magnetic field 

OBC On-Board Charger 

PEV Plug-in Electric Vehicle 

PHEV Plug-in Hybrid Electric Vehicle 

PM Permanent Magnet 

PMSM Permanent Magnet Synchronous Motor 

Power Density The power (in W) delivered by an element divided by the volume it occupies 

Reluctance The quality of a material to resist the formation of a magnetic field 

Specific Power The power (in W) delivered by an element divided by its weight 

SPI Serial Peripheral Interface 

Torque A twisting force that tends to promote rotation 

Torque Ripple Usually undesirable perturbation of torque over time 

VOC Vector Oriented Control 
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COMMERCIAL OVERVIEW 

Traction Drives convert electrical energy (stored in batteries) into torque that can be used to perform work (e.g. 

move a vehicle).  They are a key component of vehicles that employ an electric motor as part of the drive system 

including HEVs, PHEVs, and BEVs.  Traction Inverter is a term applied to the Power Converter functional block in 

Figure 1.  A traction inverter1 converts energy stored in batteries in the form of direct current (DC) into alternating 

current (AC) that is used to drive the motor.  The traction inverter is subject to significant R&D investment as it 

plays a key role in delivering vehicle performance, safety, and service life.   

 Energy
Source

Power
Converter

Electric
Motor

Mechanical
Interface

Wheels

AC TORQUE MOTION

TRACTION DRIVE

DC
 

Figure 1  Electric Vehicle:  Drive Functional Elements 

As the commercial attractiveness and utility of electric vehicles continues to improve, their sales will become a 

more significant part of the overall automotive market going forward as Bloomberg predicts (NEF, 2019):    

 

 

Figure 2  Electric Vehicle Adoption  

  

 
1 “Inverter” is a generic term for a device that converts DC to AC.  When used to drive a motor in an electric 
vehicle, the term “traction inverter” is used. 
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Allied Market Research believes that certain technological advancements coupled with government regulations 

will drive the electric vehicle market (Allied Market Research, 2017).   Aside from government influence on market 

adoption, technological advancements are making widespread deployment of BEVs and PHEVs feasible.  These 

advancements greatly influence vehicle characteristics, specifically vehicle performance, range, and service life to 

name a few.   

 

Figure 3  Impacting Factors on Electric Vehicle Market 

As Allied Market Research mentions, technological developments will cause a tipping point that will accelerate the 

adoption of electric vehicles.  If we consider the cost of the major components comprising a BEV today, the battery 

is the most expensive component.   The battery of a popular BEV in production today costs over $11,000 per unit; 

therefore, the battery pack must deliver value in terms of service life, charge time, and range per charge (Journal, 

2019).  To do that the vehicle design must be optimized.  Aside from the battery, the traction drive (comprising the 

motor, the traction inverter, and mechanical interfaces) greatly influences vehicle performance and range, as well 

as cost.  The relative cost of the traction drive is captured in Figure 4; however, because it has so much influence 

on efficiency and performance, it dictates the size of the battery required to meet vehicle range and acceleration 

targets.  This also contributes to the overall cost of the vehicle. 

 

Figure 4  Electric Vehicle Major Component Costs 
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TRACTION INVERTER KEY PERFORMANCE INDICATORS 

In 2012, President Obama initiated the “EV Everywhere Grand Challenge” in association with the Department of 

Energy (D.O.E) and Argon National Labs.  This effort included contributions from Automotive OEM, several national 

laboratories, and component suppliers.  In addition, the D.O.E spearheads the U.S DRIVE Partnership that focuses 

on electrification and is a “voluntary, non-binding, and non-legal partnership among the U.S. Department of 

Energy, USCAR (representing FCA US LLC, Ford Motor Company, and General Motors); five energy companies – BP 

America, Chevron Corporation, Phillips 66 Company, Exxon Mobile Corporation, and Shell Oil Products US; two 

utilities – Southern California Edison and DTE Energy; and the Electric Power Research Institute.” (U.S. Drive, 

October 2017).   The overriding motivation for these activities is to establish viable roadmaps that will achieve 

economic and functional parity between electric vehicles and Internal Combustion Engine (ICE) platforms.   

Targets for key performance indicators of the traction inverter were established by U.S DRIVE Partnership in 

accordance with Table 1 (U.S. Drive, October 2017).  While this specific initiative focuses on improving certain 

characteristics of PHEV targeted at larger vehicle platforms, examining the parameters aligned with electric vehicle 

drivetrains provides insight into what’s important regardless of the use case (it fundamentally identifies the 

parameters that comprise the KPIs).   The columns address the Electric Traction Drive System (ETDS) as well as the 

Power Electronics (PE) portion of the ETDS. 

  Traction Drive Power Electronics 

Parameter Units 2020 2025 2020 20252 

Peak Power kW 55 100 55 100 

Power Density  kW/l 4 33 13.4 100 

Specific Power kW/kg 12/173    

Vehicle Life 
Expectancy 

miles 150K 300K 150K 300K 

years 15 15 15 15 

BEV Range miles 200 300 200 300 

Cost kW/$ 8 6 10 2.7 

Table 1:  Traction Inverter Key Performance Indicators 

• Power - The initial focus of the 2020 targets was PHEV platforms; however, new power level targets were 

established based on the market trend to support heavier vehicles like trucks and SUVs.  US Drive notes 

that, “as vehicle size increases, PHEV models seem to dominate due to lower incremental costs without 

compromising the driving range in comparison to BEVs.” (U.S. Drive, October 2017)  In any case, power 

determines the size of the vehicle that is propelled and that vehicle’s performance. 

 
2 It is understood that technological breakthroughs are needed to address 2025 targets completely (Fuad Un-Noor, 
2017) 
3 Delphi Electronics exceeded the specific power target of 12 kW/l (established by the DOE) on their first iteration 
(achieving 17 kW/l).  Specific power for the traction drive has not been emphasized as a target for improvement 
going forward. 
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• Power Density – this parameter measures traction drive 

space effectiveness and is driven by two factors.  For 

PHEV platforms, the ETDS must be incorporated 

alongside the conventional ICE components and space is 

at a premium.  For BEVs, OEMs are developing 

‘skateboard’ configurations, with significant space 

constraints.  Compounding the issue is the volume that 

the battery pack and motor(s) requires.  This parameter 

is the subject of intense development effort as 

improvement targets are aggressive.   Power density challenges present trade-offs between packaging, 

reliability, thermal performance, and cost.      

• Specific Power – this parameter is concerned about the traction drive’s contribution to vehicle weight.  

• Reliability – traditional automotive reliability targets are 15 years/150kmiles.  It is anticipated that electric 

vehicles will be employed widely in MaaS applications in which the use case requires an increase in target 

life expectancy due to higher duty cycle.  From a power electronics point of view, this has implications in 

terms of allowable component stress and thermal design. 

• Vehicle Range (Efficiency) – while the range of a BEV is expressed as miles/kilometers per charge, 

efficiency at the component level is expressed as a percent (power out/power in). 

• Cost is an important factor in determining adoption and sales.   Let’s consider the Power Electronics 

portion of the Power Converter block shown in Figure 1.  It is understood that in the near-term, the cost 

of hybrid vehicles and battery electric vehicles will be at a premium.  The current thinking is that this 

incremental cost must not exceed the sum of 3 years of fuel cost savings.   Oak Ridge National Laboratory 

modelled the cost of the power electronics for an inverter that would meet 2025 design and cost targets 

(see Figure 5 and Table 1) (Shajjad Chowdhury, 2019).  The modelling was based on data that was 

developed by the Delphi High Temperature Inverter project funded by the U.S. Department of Energy 

(DOE).    This document discusses these functions in more detail in upcoming sections.   

Figure 5  Inverter Power Electronics Cost Breakdown4 

  

 
4 Costs for inverter meeting 2025 design target shown in Table 1; Assumes 100K EAU; $270 total cost;  source:  Oak 
Ridge National Laboratory  (Shajjad Chowdhury, 2019) 
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TRACTION DRIVE BASICS 

The purpose of a traction drive is to convert electrical energy into rotational motion (with sufficient torque/power) 

in order to produce movement (Figure 6).  The energy source is usually a battery pack (although fuel cells present a 

potentially attractive alternative for the future).  A traction drive is present regardless of if the vehicle is a hybrid 

(ICE + Electric Motor connected to the mechanical interface) or a battery electric vehicle (BEV).  Some traction 

drives include circuitry that supports kinetic energy recovery (also known as regenerative braking).  In this case, a 

slowing vehicle applies its momentum to turn the electric motor.  This generates electrical energy that is 

transferred to the battery thus recovering energy and storing it rather than dispersing it in the form of heat. 
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Figure 6  Electric Vehicle Drivetrain Elements 

Electric vehicles employ the elements shown in Figure 6 in different configurations as shown in Figure 7.    The 

implication is that an electric vehicle contains at least one traction inverter, and perhaps more than one traction 

inverter and motor. 
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Figure 7  Electric Vehicle Drivetrain Configurations 
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Figure 8 shows a high-level functional view of the electrical system of a Battery Electric Vehicle (BEV) including the 

charging infrastructure, battery, and electrical distribution.  Functionally, different subsystems reside on specific 

electrical buses as shown.  However, sometimes subsystems are collocated physically to save cost, space, or 

improve performance.  For example, often the traction inverters are in the same enclosure as the compressor 

motor drive, the on-board charger, other motor drives, and DC-DC converters that transfer power from one 

electrical bus to another.  By locating these subsystems together wiring is simplified, thermal management 

apparatus is shared, and the mechanization is streamlined.  
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Figure 8:  BEV Electrical System – Functional Perspective 
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TRACTION DRIVE MOTORS 

Drivers are accustomed to the characteristics of their ICE-based vehicles.  Moreover, the dynamics and desired 

attributes of a vehicle dictate the operational qualities of the traction drive and hence the choice of electric 

motor(s).  This leads to a definition of the desired characteristics of the traction drive (and the motor comprising 

it).  Two dynamic parameters of interest are torque-speed and power-speed.  In this context, speed is measured in 

revolutions per minute (rpm) – but eventually (via the mechanical interfaces and the wheels) translates into 

vehicle speed.  When the vehicle accelerates from a stop, ideally the traction drive should deliver constant torque 

to the wheels to facilitate smooth acceleration.  Traction drive controls must also ensure that this can be 

performed as the load varies (e.g. over uneven terrain).   Once the vehicle reaches its target speed, the traction 

drive must deliver high power at high speed as well as support a wide range of speed at constant power.  This is 

illustrated by the following graph: 
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Figure 9  Power/Torque-Speed Characteristics of Traction Motor 

 

Notice there is a constant torque and a constant power region in Figure 9.  The line of demarcation between these 

regions is called the base speed; and the constant power region is bound on the upper end by the maximum 

vehicle speed (Merve Yildirim, 2014).   There are different types of motors used in the traction drive.  The type(s) 

of motor(s) chosen depends on the  drivetrain configuration (Figure 7) and the vehicle attributes that are being 

optimized by the traction drive designers.   Even so, the type of motor used is the subject of much discussion and 

speculation on the part of the public and research on the part of vehicle manufacturers. 
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MOTOR FUNDAMENTALS 

As shown in Figure 9, the electric motor provides torque and power (Figure 10a) that is applied to the mechanical 

interfaces and ultimately to the tires of the vehicle.  Suppose the driver of a stationary BEV presses on the 

accelerator to start moving down a road.  The motor must quickly and smoothly generate a constant torque to 

accelerate the car.  As a review, torque is a rotational force generated when a linear force is applied to a lever such 

as pulling on a wrench to turn the nut on a screw.  It is this rotational force that is needed to drive the mechanical 

interfaces and wheels. 

Electric
Motor

ELECTRICAL
ENERGY

MECHANICAL
ENERGY

TORQUE

POWER

(a) (b)
 

Figure 10 Electric Motor Torque and Power Delivery 

Torque comprises force (expressed in Newtons) and distance (expressed in meters).  Force is generated in an 

electric motor through the interaction of magnetic fields.   Consider Figure 11.  A magnetic field is generated by the 

motion of a charged particle.  If a wire is carrying a current, then a magnetic field is generated via the movement of 

electrons through the wire.  The magnetic field direction is illustrated by the ‘right hand rule’ (Figure 12).   
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Figure 11  Lorentz Force 

If the current-carrying wire is introduced to another magnetic field source (say a permanent magnet), then the two 

magnetic fields interact and generate a force on the wire (Figure 11) in accordance with Equation 1. 

𝐹 = 𝐵 ∗  𝑙 ∗  𝑖           Equation 1 

F (Force in Newtons)  

B (magnetic field strength in Teslas) 

l (length of wire exposed to the magnetic field in meters) 

i (current in the wire in Amperes) 

Figure 12  Right Hand Rule 
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MOTOR TYPES 

Electric Motors perform the critical function of converting electrical energy 

supplied by the battery via the traction inverter to mechanical energy.  Motors 

must be rugged, safe, powerful, small, light, and low cost.  Electric motor types 

most common in traction drives include permanent magnet (PM) DC machines 

(the PMSM in particular) and induction motors.   Like battery technology in 

electric vehicles, traction drive development has been the target of intense 

research.  For example, over a 10-year period General Motors improved the 

power to weight ratio by over 5X and power density by over 8X (lighter and smaller).    To electric vehicle 

manufacturers, the motor is not viewed as a commodity; because if it were so then they would not bring motor 

research, development, and production in-house.  

Presently, PM-based motors are prevalent in new EV designs; however, manufacturers are concerned about the 

availability of rare earth magnets and their associated costs going forward.   Alternatives include Induction Motors 

(IM), Switched Reluctance Motors (SRM), Synchronous Reluctance Motors (SynRM), and PM-assist SynRMs [7]. 

Table 2 lists some of the characteristics for motors used in production in electric vehicles today.    Early HEV 

developments commonly employed induction motors; however, Brushless DC Motors are the de facto standard 

today. Some vehicles incorporate two types (e.g. a Brushless DC Motor driving one axle and a Switched Reluctance 

Motor driving the other).  These vehicles attempt to exploit the strengths of different motor types (i.e. a BLDC for 

acceleration due to its wide constant torque region and the SR for efficiency due to its wide constant power 

region). 

 Brushless DC 
(BLDC) 

Perm Magnet (PMSM) Induction Switched 
Reluctance 

Efficiency 5 5 4 4.5 

Weight 4.5 4.5 4 5 

Power Density 5 5 4 4.5 

Cost 3 2 4 4 

Torque Ripple 3 5 2 3 

Vibration 3 4 3 3 

Control Complexity 4 2 4 3 

Control Exec Time Shorter Longer Longer Longer 

Sensor-less Control Simple Complex Complex Complex 

Kinetic Recovery Simple Simple Complex Complex 

Heating 3 4 4 4 

Production Scooters, 
Motorcycles 

Toyota, Nissan, Kia, Chevy, 
Honda, Ford, Tesla  

Tesla, GM Tesla 

Table 2  Characteristics of Common Traction Motors5 

 
5 Scores shown in the table presented as 1 – 5 with 1 representing the worst score while 5 represents the best. 
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PERMANENT MAGNET SYNCHRONOUS MOTOR (PMSM)  

The Permanent Magnet Synchronous Motor (PMSM) is a brushless DC motor that typically employs magnets on 

the rotor assembly and windings on the stator.   The stator windings are evenly 

distributed; and, because of the distributed windings the PMSM delivers very low 

torque ripple and vibration.  However, its construction makes it more expensive 

than induction motors, switched reluctance motors, and the BLDC.   Moreover, 

for high performance models, the rotor magnets comprise rare earth materials 

adding to the cost.  Because of its smooth torque and power delivery performance, 

the PMSM is sometimes used in electric vehicles without a fixed gear or a gearbox.  

Motor position feedback is achieved either by a resolver or an encoder depending on the need for precise control 

over the entire speed envelope.   

Rotor:  Permanent Magnet 
Stator:  Distributed Windings 
Sensors:  Sinusoidal Back EMF, Encoder, Resolver 
Control:  Sinusoidal, FOC 
Performance:  Ultra-low torque ripple, very smooth power delivery. efficient, torque performance falls off quickly 
with speed increase. 
Power Density:  Excellent 
Relative Cost:  High (distributed winding assembly, magnets) 
Production Cars: Toyota Prius, Nissan Leaf, Kia Soul EV, Chevy Bolt, Honda Accord, Ford Focus, Tesla Model 3 (Rear) 
 
 

BRUSHLESS DC MOTOR (BLDC) 

The Brushless DC (BLDC) Motor employs permanent magnets on the rotor assembly and 

windings on the stator; and, in some respects this is like the PMSM.   Unlike the PMSM, 

the stator windings are concentrated at discrete locations around the stator.  Because of 

the concentrated windings, the BLDC develops higher torque ripple and vibration than 

the PMSM; however, its construction makes it less expensive than the PMSM motor.   

Because of its relatively low cost and good reliability, the BLDC is used in many 

smaller vehicle platforms (e.g. delivery robots) as well as motorcycles.  However, its shorter 

constant power envelope has precluded its use in most production electric vehicles.  Motor position feedback is 

typically achieved using back EMF (due to cost); however, resolvers are sometimes chosen.   

Rotor:  Permanent Magnet 
Stator:  Concentrated Windings 
Sensors:  Trapezoidal Back EMF, Resolver 
Control:  Synchronous Trapezoidal, FOC 
Performance:  Acceptable torque ripple, shorter constant power range, torque falls off quickly with speed increase. 
Power Density:  Good 
Relative Cost:  Medium (magnets) 
Production Vehicles:  2005 Prius 
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INDUCTION MOTOR (IM) 

While PMSM and BLDC motors are DC Motors, induction motors are AC motors that 

operate differently than their DC counterparts.   DC Motors and the Induction Motor 

both have stator windings that produce a rotating magnetic field.  The fundamental 

difference is how the rotor fields are produced.  As discussed already, PMSM and BLDC 

motors employ permanent magnets in the rotor.  Conversely, the rotor in an induction 

motor incorporates distributed coils instead of permanent magnets.  The stator fields 

produce currents in the rotor coils in much the same way that a transformer works.  

These rotor currents produce magnetic fields which interact with the stator fields and produce torque.   Because 

the rotor has no permanent magnets, an induction motor can be produced at extremely low cost.  

Induction motors have been in use since the late 1800’s.  The first three-phase induction motors were invented by 

Ferraris and Tesla in the late 1880’s.  The induction motor required no inverter as a poly-phase AC electrical 

connection is all that is needed to spin the motor smoothly.   In electric vehicles (where a DC supply is available) an 

inverter is required.   

Rotor:   Distributed coils, Cu Cage (Tesla) 
Stator:  Distributed or concentrated coils/windings 
Sensors:  Resolver/Encoder.  Back EMF is possible; however, the feedback has considerable lag. 
Control:  Sinusoidal, FOC 
Performance:  Poor efficiency,  
Power Density:  Average 
Relative Cost:  Low 
Production Vehicles:  Tesla Model S AWD (front and rear), Tesla Model 3 (front), Tesla Model X, Toyota RAV4, GM 
EV1 
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SWITCHED RELUCTANCE MOTOR (SRM) 

The switched reluctance motor (SRM) has a stator configuration like a BLDC motor in that 

the stator windings are concentrated at fixed locations around the stator perimeter.  The 

rotor has no windings or magnets; rather it comprises laminations shaped to form salient 

poles comprising material such as steel.  The material chosen for the rotor is typically high in 

magnetic permeability.  SRMs operate on the principle that the magnetic reluctance6 of the 

rotor generates a force (called magnetomotive force – mmf) that aligns a rotor pole to a 

stator pole.  Magnetic reluctance is analogous to electrical resistance in that it offers opposition to magnetic flux.   

So as a field is produced by a stator coil, the protrusions on the rotor (the salient poles) tend to line up with the 

stator field due to mmf and their strong magnetic permeability (the air gap between these protuberances has 

weak magnetic permeability).  SRM motors produce torque (even when stalled) and produce no back emf; 

therefore, sensor-less feedback must be accomplished by sensing changes in phase inductance as the rotor’s poles 

traverse the stator fields. 

The machine is robust and inexpensive.  The SRM can operate at very high speeds (although this advantage is not 

particularly important for traction drive applications).  The SRM also has several drawbacks.  Like the BLDC, the 

torque ripple on an SRM is very high and they are noisy as well.   They typically exhibit poor efficiency and are 

larger in size and heavier than comparable PM alternatives. While they are simple to construct, they are more 

difficult to design and control [6]. 

Rotor:   Laminations of magnetic materials forming salient poles 
Stator:  Concentrated coils/windings to form salient poles 
Sensors:  Resolver/Encoder.   
Control:  Complex 
Performance:  Poor efficiency, high torque ripple. 
Power Density:  Poor - Average 
Relative Cost:  Low 
Production Vehicles:  Tesla Model S AWD (front and rear), Tesla Model 3 (front), Tesla Model X, Toyota RAV4, GM 
EV1 

 

  

 
6 The inverse of permeability. 
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SYNCHRONOUS RELUCTANCE MOTOR (SYNRM)  

From the perspective of the stator, the synchronous 

reluctance motor (SynRM), is not much unlike a 

switched reluctance motor.  The main difference is 

how the rotor is configured and constructed.  The 

switched reluctance motor’s rotor comprises 

laminations of materials with high magnetic 

permeability, shaped to form salient poles.  The 

synchronous reluctance motor uses a different rotor 

architecture.  Often the high reluctance material is 

air and the rotor is constructed from layers of 

stamped material (usually steel) that include slots or holes as shown to reduce the permeability of the rotor along 

specific axes.  This characteristic means that the stator/rotor phase angle is known, and this eliminates the need to 

sense rotor position.  When a stator magnetic field is applied, the rotor will align a high permeability axis with the 

stator field producing torque/rotation.  In addition, unlike an induction motor that has windings (and consequently 

energy loss which produces heat); the SynSR motor is more efficient and runs cooler which improves reliability.  

However, power factor of the induction motor is better than the SynRM.  

Rotor:   Laminations of stamped steel with slots forming high and low reluctance axes. 
Stator:  Distributed coils/windings  
Sensors:  Sensor-less   
Control:  Complex 
Performance:  Poor efficiency, high torque ripple, noisy, larger and heavier than PM designs, low power factor 
Power Density:  Poor - Average 
Relative Cost:  Low 
Production Vehicles:   

PM ASSISTED SWITCHED RELUCTANCE MOTOR  

The permanent magnet assisted synchronous 

reluctance motor employs a slightly different 

rotor architecture than the Synchronous 

Reluctance Motor.  Its rotor includes permanent 

magnets in addition to the slotted rotor design 

used in the SynRM.  This has similar attributes as 

the SynRM with improved power factor 

performance.  Obviously if the objective is to 

reduce a dependency on rare earth based 

permanent magnets, the SynRM is not a viable 

approach. 

Rotor:   like SynRM, however augmented with permanent magnets. 
Stator:  Distributed coils/windings  
Sensors:  Sensor-less   
Control:  Complex 
Performance:  Poor efficiency, high torque ripple, noisy, larger and heavier than PM designs 
Power Density:  Poor - Average 
Relative Cost:  Low 
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MAKING THE MOTOR SPIN 

Figure 13 depicts a 3-phase Brushless DC motor (BLDC).  The motor comprises a stator (the portion of the motor 

that remains stationary) and a rotor (the part that rotates).  The image on the left pictures a motor with the cover 

and the rotor removed. The stator has three sets of coils (also called phases), each of which is offset by 120o; and 

these are represented by three different colors.  These coil windings are concentrated which characterizes a BLDC 

motor when compared to a PMSM.  The rotor is typically connected to a shaft that is suspended by bearings.  This 

shaft delivers the mechanical energy that ultimately propels the vehicle. 
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Figure 13  Brushless DC Motor 

Recall from Equation 1 that a force is generated when magnetic fields interact; and this force is proportional to the 

current applied to the stator coil.  A motor is analogous to a merry go round in which a parent standing alongside 

represents the stator function because he stands next to ‘the rotor’ pushing it at the appropriate time.  Force is 

applied by pushing on the handles as the handle lines up with his position.  The force in the motor is generated by 

the interaction of the stator and rotor magnetic fields.  Imagine six parents, each offset by 60o surrounding the 

merry go round and it would be a reasonable representation of a three-phase BLDC machine. 

 

If the current to each stator phase is applied at the appropriate time, then the motor rotates.  This process is called 

commutation.    Figure 14 shows this function and illustrates how rotation is achieved. 
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Figure 14  Three-Phase BLDC Motor Commutation 

 

When energized, each coil/winding in the BLDC motor shown in Figure  generates a field.  These field can be 

represented by a vector; and the sum of the vectors represent the stator field.  The stator field interacts with the 

rotor field.  So, the inverter energizes the rotor coils in sequence such that the vector sum of the three phases is a 

rotating field over time.  The inverter controls parameters like motor speed, direction, and torque by controlling 

the angle and magnitude of the aggregate magnetic field generated by the stator windings.   
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OPTIMIZING MOTOR PERFORMANCE  

Suppose there are six individuals surrounding a merry go round whose job it is to spin the ride.  Also, let’s assume 

that these individuals are children under 6 years of age.  Also, there are six 200-pound adults sitting on the merry 

go round and there is the possibility of gaining or losing one or two riders on occasion as the ride spins.  Finally, 

let’s suppose that the children tasked with propelling the merry go round are blindfolded.   In this specific instance, 

the task of spinning the merry go round successfully is in doubt.  This mental illustration emphasizes the point that 

smooth and efficient motor operation depends on precise commutation.   

The inverter must have adequate drive strength to support the load (over temperature).  It must have accurate 

sensing of rotor position relative to the stator at all times to be able to properly control the switching of the FETs 

comprising the bridge circuit.  It must have a control circuit capable of determining the correct commutation 

sequence, current vector values, and other control parameters over varying load conditions and speeds. 

Motor performance can be defined in different ways.  From a vehicle perspective, the more important EV 

attributes include: 

• Safety – a traction drive is an ASIL-D application 

• Drivability – it must deliver smooth, predictable acceleration over varying road and load conditions and 

provide power over a wide vehicle speed envelope. 

• Efficiency – it must help optimize vehicle range per charge of the battery pack. 

• Reliability – 300,000 miles or 10 years. 

These electric vehicle prerequisites translate directly to traction drive design requirements.   

 

Electric Vehicle Prerequisites Traction Drive Design Requirements/Methods 

Safety ASIL-D Design 

Drivability Wide range of constant, low jitter torque.  Suitable to accelerate the vehicle 
per performance targets.  The traction drive must have adequate control 
bandwidth and support smooth power delivery over a wide range of speeds. 

Efficiency Minimize electro-magnetic loss mechanisms.  Efficient commutation (vector-
oriented control) 

Reliable Robust design, thermal management, packaging 

Table 3  Traction Drive Design Requirements 
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TORQUE EFFICIENCY OPTIMIZATION 

It may or may not be intuitive, but if we ponder the fundamental operating principles of a motor, then the method 

of optimizing efficiency and torque ripple becomes more apparent.    Since the function of the motor is to convert 

electrical energy to mechanical energy, efficiency is concerned with the ability to perform mechanical work (via 

torque) and the electrical power (current) applied to do so (i.e. the more torque that is generated by a motor at 

the application of a given current, the more efficient it is).   A motor rotates due to the interaction of magnetic 

fields.  For a PMSM or a BLDC motor, the rotor field is provided by a permanent magnet.  The stator field is the 

vector sum of the magnetic fields produced by stator poles.  This vector-summed field is electronically ‘rotated’ 

performing commutation which causes the rotor to spin.   

Consider Figure 15a.  The direct axis (D) shown is coincident with the axis of the rotor magnetic field.  The 

Quadrature axis (Q) represents the aggregate stator field (Figure b).  Figure 5c shows the relationship between the 

torque delivered by the motor for a given current and the phase angle between the Q and the D axis.  Notice that 

the torque delivered is maximum when the phase angle between the Q and D axis is exactly 90o (i.e. orthogonal).   

Another way to state this principle is that at any instantaneous point in time, the Q axis represents the direction of 

travel of the rotor.  The best way to spin the rotor is to push/pull in its direction of travel.  Any other vector 

direction produced does not apply force that contributes 100% to the production of torque. 
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Figure 15  Direct and Quadrature Axis and Torque Optimization via Lorenz Force Peak 
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The effectiveness of generating Q axis (the stator field) and maintaining orthogonality with the rotor field is 

determined by: 

1) The ability to precisely sense rotor position (relative to the stator). 
2) The ability to precisely control the magnitude of each stator pole. 
3) The number of stator poles (more stator poles are better than fewer). 

a) Concentrated windings are less ideal than distributed windings to minimize torque ripple. 
4) The controller must respond to changes in control settings and changes in load. 
5) The controller must deliver sufficient control bandwidth to support the operational range desired. 

 

VECTOR/FIELD ORIENTED CONTROL 

Part of optimizing motor performance is how the motor is controlled.  This embodies the microcontroller, 

software/hardware partitioning, motor construction, sensor feedback, and the algorithms executed to perform 

commutation and control.  The benefits of Vector Oriented Control (VOC) or Field oriented control (FOC) are 

beyond simply ensuring orthogonality of the rotor and stator fields.  This relationship can be achieved without FOC 

by employing ‘sinusoidal control’ (and to some extent trapezoidal control).  This may be adequate for slow speeds 

but problematic as speed increases beyond the point at which the bandwidth of the P-I current controller is 

exceeded.  Another way to state it is that at higher speeds, the control has less time to perform: 

• Commutation 

• Speed Control 

• Torque Control 

• Safety Processing 

• Communications 

• Diagnostics 

As motor speed increases, the microcontroller can struggle to keep up with phase angle and magnitude 

calculations.    This is because controlling a synchronous 3-phase machine involves a complex environment in 

which parameters vary over both time and space.   If this happens, motor efficiency decreases, and torque jitter 

increase significantly.  Field/Vector Oriented Control simplifies the processing of commutation, speed control, and 

torque control algorithms.  A common analogy used to explain how FOC works is to imagine the difference in 

difficulty in counting the number of passengers on a moving train if you perform the count from a train station 

platform versus counting individuals while on the train with them.  Let’s explore how VOC/FOC accomplishes this. 

FOC/VOC employs a few mathematical transforms than changes the system from a complex one where multiple 

differential equations must be solved in real time to a simple system in which linear algebra is all that is required.   

This changes the commutation problem from a 3-phase AC motor into a single-phase DC motor. Before presenting 

a summary of FOC, some definitions are required.  Figure 146 shows the definition and orientation of various axes 

for a three-phase motor including the individual axis for each magnetic pole as well as the D-axis and Q-axis 

already discussed.   
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Figure 14  Three Phase Motor Polar Coordinate System 

Figure 157 provides an overview of FOC/VOC.  It lists the various transforms and shows graphically the role each 

one plays in changing the frame of reference for the control system. 
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Figure 157  Field Oriented Control Overview 

 

Figure 168 shows a traditional PI torque control that includes FOC.    
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Figure 168  PI Torque Control Loop Employing FOC 
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INVERTER MODULATION TECHNIQUES 

The power switches are controlled via the isolated gate drivers employing Pulse Width Modulation (PWM) to 

control the current flow through each phase of the motor (John Reimers, 2019).    Given that the microcontroller 

generates the control signals for the power stages, the specific form that these signals take can have influence the 

hardware provided by the microcontroller.  Specifically, these can include techniques such as: 

• Sinusoidal PWM (SPWM) was first used in the analog world 

by combining a sinewave and a triangle wave via a 

comparator.  Sinusoidal PWM has two major drawbacks:  the 

maximum peak amplitude of the output is limited to the link 

voltage VDC/2; and, the output waveform is high in harmonic 

content.  

• Space Vector PWM (SVPWM) delivers improved efficiency 

over SPWM because it produces lower harmonics and hence better THD.  The maximum output amplitude 

is VDC/√3 which is 15% greater than SPWM.  SVPWM has greater computational requirements than 

SPWM; however, this is not an issue with modern microcontrollers or DSPs.  The desired positon and 

intensity of the stator magnetic field can be represented by a vector around a polar coordinate plane.  A 

polar coordinate systems maps well into the physical implementation of a motor as the stator coils are 

arranged in a circle at specific angles/offsets.  The stator magnetic field is simply a combination of the 

fields generated by the stator windings at these fixed/known offsets.  To synthesize any stator field 

vector, the modulator simply alternates between adjacent stator field vectors by timing the ON and OFF 

times of the switches that 

control the current 

through the stator 

windings affected.   

SVPWM is perhaps the 

most prevalent 

modulation approach 

used in inverter designs 

today because it is 

relatively efficient and 

because it lends itself 

well to FOC. 
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• Six-Step Modulation approximates a ‘sine-like’ waveform by using the power switches to create six 

distinct line voltage steps.    The peak phase voltage is the DC link voltage VDC which improves torque; 

however, it does create low order harmonics which ultimately affects efficiency.   
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TRACTION INVERTER FUNCTIONS 

Component selection is part of the solution for optimizing the design of the traction drive for a HEV or BEV.  

Different motor types and their trade-offs have already been discussed.  In later sections of this document, we will 

touch on other components, especially the bridge circuits.    Figure 1919 depicts a single inverter incorporating a 

DC Boost block.  Also shown is the control system diagram employing a PI loop for speed and position control and 

FOC for motor commutation.    Most of the major elements listed in Figure 5 are shown in Figure 19. 
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Figure 19  Traction Inverter with DC Boost Block Diagram 

 

The ‘traction inverter’ physical unit sometimes contains functions related to driving motors exclusively, but not 

always.  For example, some implementations include multiple motor drives as shown in Figure 17 but the traction 

inverter unit can include other power electronics functions as listed in Table 4. 
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Figure 170  2016 Cadillac CT6 Electric Drive Mechanization 
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Power 
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(kW/l) 

Specific 
Power 
(kW/kg) 

2014 Chevy Volt PHEV  Dual IGBT   460 180 17.3 21.7 

2016 Cadillac CT6 PHEV  Dual IGBT   360 215 22.6 16 

2016 Toyota Prius HEV Y Dual IGBT Y  6007 162 11.5 8.6 

2012 Nissan Leaf BEV  Single IGBT   375 80 5.7 4.9 

2016 BMW i3 BEV  Single IGBT Y Y 355 125 18.5 14.1 

2016 Audi A3 e-Tron BEV  Single IGBT Y  396 75 9.4 7.4 

2015 Tesla Model S70D BEV  Single IGBT   400 193 30.1 33.3 

Table 4  Traction Inverters in production 

 

While traction inverter designs have employed IGBTs in the past, wide band gap technologies (i.e. silicon carbide) 

have become an attractive alternative for the power stage of the inverter.   This enables higher efficiency because 

silicon carbide operates at higher voltages and switching speeds.  And while silicon carbide switches often carry a 

cost premium over alternate silicon-based switches, their support for higher temperature operation negates much 

of this component cost differential because the inverter cooling system required is often less elaborate (and 

expensive).  

 
7 After the DC boost function.  Nominal battery voltage is 201.6V. 
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TRACTION INVERTER SUBSYSTEMS 

INVERTER TOPOLOGY 

Inverters can be classified into one of several architectures depending on cost/performance targets (John Reimers, 

2019): 

• Voltage Source Inverter (VSI):  Most EVs in production incorporate a VSI providing three phases 

employing isolated gate bipolar transistors (IGBTs).   Switches are typically bidirectional and can therefore 

be used to supply energy to the battery (regenerative braking) or to the motor.  Voltage Source Inverters 

store energy via a voltage and hence use a DC-link capacitor to store energy and regulate ripple from the 

battery.  A VSI is relatively inexpensive and efficient, making it a prevalent choice for traction inverter 

designs in production today; however as switching frequency increases above 10 kHz, the efficiency of VSI 

starts plummeting.  

• Current Source Inverter (CSI):  A current source inverter relies on a DC-link inductor to provide a low 

ripple link current to the inverter.  The power switch section typically comprises six switches with 

bidirectional voltage blocking and unidirectional current flow (e.g. IGBTs in series with diodes).    If a CSI is 

chosen, then a DC Boost block is not necessary because a CSI can intrinsically boost the input voltage and 

provide a higher peak value than the DC input voltage applied to the link inductor.  Generally, the CSI is 

lower in efficiency and higher in cost than VSI. 

• Z-Source Inverter (ZSI):  The ZSI is a ‘hybrid’ approach between a CSI and a VSI in that a voltage or a 

current is applied to its input.  For a 3-phase system, it requires six switches that block voltage uni-

directionally and conduct current bi-directionally.  A ZSI can operate in buck-boost mode (no DC boost is 

required).   

• 3-Level/Multi-Level Inverter:  A standard VSI presents two levels to the load (+VDC/2 and –VDC/2).   This is 

inexpensive as it requires two switches per leg; however, it produces higher harmonic content at the 

output and higher dV/dt.    Multi-level inverters generate more than two output voltages (and requires 

more power switches as well).   Multi-level inverters can be a cascade of H-Bridges (Figure 181a), it can 

employ diode clamps, or use a ‘flying capacitor’ topology.  Commonly, three level inverters are being 

developed for traction drive applications; either a Neutral Point Clamped (NPC) configuration (Figure 

181b) or a T-Type NPC (TNPC).  Multi-level inverters deliver superior efficiency at higher switching 

frequencies (above about 30 kHz), lower harmonic content, but at considerably higher cost and control 

complexity. 
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Figure 181  Three-level Inverter Architectures 

DC BOOST 

Sometimes the traction drive includes a DC Boost between the battery pack and the inverter.  Its purpose is to 

boost the battery voltage and supply the inverter with a highly controlled DC voltage.  Designs incorporate a DC 

Boost to help reduce voltage ripple and relax the requirements for the DC-link capacitor (which is usually an 

expensive component - Figure 5).  

AUXILIARY POWER MODULE (APM) 

The APM (Auxiliary Power Module) is a DC-DC converter that serves as a bridge between the high voltage (HV) bus 

and the low voltage (LV) bus (traditionally at 12 VDC).  It provides power to accessory loads as well as electronic 

control modules.    The APM is often integrated into the traction inverter (Table 4) to leverage access to the HV bus 

as well as the electrical and cooling infrastructure that are already present to support traction drive functions. 

ON-BOARD CHARGER (OBC) 

The OBC (On-Board Charger) is an AC-DC converter that provides energy conversion to/from the electric power 

grid and the battery via the BMU.  For the same reasons that the APM is sometimes integrated into the traction 

drive module, the OBC can be integrated as well (Table 4). 

TRACTION INVERTER PHYSICAL PARTITIONING 

A typical traction inverter comprises a control board on which the low voltage side of the system and vehicle 

interfaces reside.  The control board connects to a gate driver board that accommodates the gate drivers and 

sometimes the phase current sensors.  This serves as the bridge between the low and high voltage domains.  The 

high voltage side includes the power switches (multiple switches in parallel) as well as the DC-Link Capacitors.  The 

power switches are interconnected via bus bars.  The power switches could be individually packaged power 

devices (e.g. IGBTs or SiC), or they could be power modules comprising multiple power switch devices.  Thermal 

management is generally implemented using liquid coolant with the associated plumbing and pump.  Figure 192 

provides a rough sketch of the physical partitioning of a traction inverter while Figure 5 provides a cost breakdown 

of these components. 
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Figure 192  Traction Inverter Typical Physical Layout 

TRACTION INVERTER SEMICONDUCTOR CONTENT 

MICROCONTROLLER 

The computational requirements for the traction inverter given the control algorithms described with its 

associated bandwidth, the switching speeds that need to be supported, and the modulation schemes that are used 

dictate that a machine that supports 32-bit floating point processing at >100 MHz is warranted.  Furthermore, the 

system must have advanced security features and be certified to comply with ASIL-D component requirements as 

well as code development tool flow.  The processor should ideally incorporate hardware security as the traction 

drive is mission critical and factors into autonomous architectures going forward as well.  The complexity of the 

algorithms coupled with the fact that innovation in traction drives is progressing at a revolutionary pace means 

that support for over the air programming is preferred.   Finally, the traction inverter must comprise components 

that have stringent automotive qualification. 

EIGER AND BERNINA FAMILY 

ST Microelectronics offers automotive qualified microcontrollers 

called Eiger (SPC58NE) and Bernina (SPC58NN) that address mission-

critical applications like the traction inverter. Some outstanding 

features of products include: 

• Power Architecture with Floating Point Unit, DSP Block, and 

Lock Step for safety applications.  Eiger:  3 cores @180 MHz; 

Bernina: 3 cores @200 MHz 

• Generous FLASH memory (4M, 6M) and RAM (768K, 448K), 

both with ECC 

• Hardware Security Module (HSM) 

• Generous complement of peripherals including timer 

modules, CAN and LIN interfaces, PSI5 interfaces, and 

Analog to Digital Converters 
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STELLAR SR5E1 SNEAK PEEK 

Stellar SR5E1 is in definition with samples scheduled to be available in Q2, 20218.  The functionalities shown are 

tailored for electric vehicle traction drive designs, with hardware specifically designed to optimize traction drive 

safety and performance while minimizing development complexity.  The device offers high resolution PWM 

channels coupled with the appropriate analog circuitry for traction motor control to optimize traction drive KPIs.  It 

offers OTA support enabling our customers to release future-proof algorithms and is being developed with ASIL-D 

requirements in mind.  

 
8 Features and product schedule are subject to change. 
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PROTECTION DEVICES 

H-BRIDGE AND SAFETY DISCONNECT PROTECTION (VDS) 

Transient protection devices afford protection for many different types of events.  For example, over current 
protection mechanisms can play a role in creating voltage transients that must be clamped properly.  For traction 
drives, the control must detect short circuits between the battery, ground(s), and/or various motor phases; and 
respond accordingly by shutting the switch(es) off to protect the circuit.   However, this event can cause significant 
transients due to high di/dt.  This can be due to load inductances or even because of parasitic inductance in the 
cable harness.  TVS devices address this issue by clamping the drain to source (or collector to emitter) voltage to a 
level less than the rated maximum switch voltage (e.g. VDSMAX).    

Another common switch point in the traction drive is the battery disconnect function.  S1 and S2 shown in Figure 
20 provide this function and are toggled in the case of an overcurrent condition.  If the overcurrent is due to an 
issue with the load, then S1 is opened; while if it is due to charging overcurrent, then S2 is opened.  Opening S1 or 
S2 due to overcurrent will cause an overvoltage condition due to parasitic inductance.   

Q5

Q6

Q3

Q4

Q1

Q2

 

   

 

  

N

N

SS

CURRENT
SENSE

 

   

 S1 S2

 

Figure 203  TVS Traction Inverter Use Cases 

GATE PROTECTION (VGS) 

MOSFET and IGBT VGSMAX must not be exceeded to avoid damage to the switch which can 

cause either failure or reliability issues.  Applying a TVS between the Gate and Source 

prevents an overvoltage condition on the gate.  If the switch is controlled by a positive voltage, 

then a unidirectional TVS is recommended.  If a positive and negative voltage controls the 

switch, then a bidirectional TVS is required. 

 

  

Part Number Power (W) Package 

SM4TY 400 SMA 

SMA4FY 400 SMA FLAT 
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POWER RAIL TRANSIENT VOLTAGE SUPPRESSOR (TVS)  

ST’s TVS clamping diodes, or Transil™, are 
designed to protect sensitive automotive circuits 
against overvoltage surges defined in ISO 7637-2 
and against electrostatic discharges according to 
IEC 61000-4-2 and ISO 10605.  The broad range of 
devices addresses all the protection sockets in 
automotive applications, from infotainment, 
navigation, communication, audio and video to 
battery charging systems, smart junction boxes, 
and relay and power-line protection.  The family is 
AEC-Q101 qualified, supports an extensive range 
of voltages and temperature, and protects 
automotive systems for transients ranging from 
400W – 3 kW. 

  

Part Number Power (W) Package 

SM4TY 400 SMA 

SMA4FY SMAFLAT 

SMA6FY 

600 

SMA FLAT 

SMA6TY SMA 

SM6TY SMB 

SMB15FY 1500 SMBFLAT (IN DEVPT) 

SM15TY SMC 

SM30TY 3000 
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ESDCANX PROTECTION DEVICES  

CAN-type interfaces need bidirectional protection devices to meet 
automotive requirements.   STMicroelectronics series of ESD protection 
ICs are offered in an SOT23-3L package and are designed for passenger 
cars.  ST offers a second series for higher voltages in an SOT323 package 
for both cars and trucks.   The Original devices were rated at 30 pF for 
CAN, while the new series is rated at approximately 15 pF and even as 
low as 3.5 pF to be compatible with CAN-FD and Flexray requirements.   
The entire family is compliant with AEC-Q101 and ISO 16750-2 (Jump start test and reverse battery connection) 
specifications. ESDCAN devices are referenced on SAE J2962™-2 “Communication Transceivers Qualification 
Requirements – CAN“ 
 

Part Number Application Breakdown (V) Compatibility Package 

ESDCAN01-2BLY 12V 25 CAN, CAN-FD SOT23-3L 

ESDCAN24-2BLY 27 CAN, CAN-FD 

ESDCAN04-2BLY 27.5 CAN, CAN-FD 

ESDCAN06-2BLY 38 CAN, CAN-FD 

ESDCAN02-2BWY 28.5 Flexray, CAN-FD SOT323-3L 

ESDCAN03-2BWY 26.5 Flexray, CAN-FD 

ESDCAN04-2BWY 27.5 CAN, CAN-FD 

ESDCAN03-2BM3Y9 28 CAN-FD, Flexray DFN1011-3L  

ESDCAN06-2BLY 24V 38 CAN, CAN-FD SOT23-3L 

ESDCAN05-2BWY 39 CAN-FD, Flexray SOT323-3L 

ESDCAN06-2BWY 38 CAN, CAN-FD 

Table 5  ESDCAN Product Offering 

LIN AND SENT PROTECTION 

LIN and SENT interfaces require bidirectional protection devices to meet automotive requirements.  

STMicroelectronics series of ESD protection devices are offered in SOD323 and SOT323-3L packages.  These 

devices are compliant with AEC-Q101, ISO16750-2, ISO10605, and ISO-7637-3 specifications. 

Part Number Application Breakdown (V) Compatibility Package 

ESDLIN1524BJ 12V 25/17 LIN, SENT SOD323 

ESDLIN03-1BWY 28.5 SOT323-3L 

 

 

  

 
9 In Development 

 

CAN TRANSCEIVER ESDCADxx-xxx
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AUXILIARY MOTOR DRIVE 

BLDC motors are commonly used in automotive applications, particularly those in which torque ripple is not a 

primary consideration.  BLDC motors are less expensive than a PMSM (Permanent Magnet Synchronous Motor) 

and are ideal for pumps, fans, etc.  For electric vehicles, field oriented control (FOC) is employed to control the 

motor for almost all motor control applications (even those not associated with the traction drive); because FOC 

yields maximum efficiency.    Figure 21 depicts the hardware and software associated with FOC for speed control 

showing the various pieces of hardware and software that comprise the solution. 

 

Figure 21  Field Oriented Control:  Hardware/Software Partitioning 

Aside from the microcontroller shown, the control requires a motor driver.    This microcontroller need not be 

dedicated to driving the auxiliary motor/pump; rather the main traction inverter processor could process this 

thread in parallel with other tasks.  Even so, to drive an auxiliary motor like a cooling pump the current is such that 

a FET pre-driver and a three-phase H-bridge comprising N-Channel MOSFETs is used.    Table 6 lists some 

automotive grade motor drivers particularly suitable for auxiliary motor drive applications. 

P/N Application Configuration Motor 
Supply 
(V) 

Control  Diagnostics Features 

O
T 

SC UV OV  

L99ASC03 Pre-driver: 
PMSM, 
BLDC 

3 H-Bridge 6-28 80 kHz PWM X X X X BEMF, Single CSA 

L9907 4.2-54 20 kHz PWM X X X X Dual CSA, 

L9908 4.5-75 X X X X 3 CSA, ASIL-D  
Coming Soon 

Table 6:  BLDC Motor Controllers (Pre-Drivers) 
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MOSFETS 

Auxiliary motors and loads often require MOSFET to handle the heavy lifting.  For 48-V applications like pumps, 

solenoids, and other actuators, engineers pair the L9907/L9908 FET pre-driver with an F7 Series MOSFET.    Table 6 

shows some of the performance characteristics, features, and package options for some of STMicroelectronics’ 

MOSFET families. 

Family VDS (V) TJ 
(oC) 

RDSON 
(mΩ) 

Package Options Features 

F6 Series 40/60/80 175 1-12 H2PAK-2/6, PowerFLATTM, 
5X6,TO-220, DPAK,D2PAK,I2PAK 

Miller Capacity Reduction, High 
avalanche capability 

F7 Series 40/60/80/100 175 1-16 H2PAK-2/6, PowerFLATTM, 
5X6,TO-220,DPAK 

Miller Capacity Reduction, High 
avalanche capability, Soft Capacity 
Ratio, Optimized Body Diode 

NF Series 30-300 175 2.8-280 H2PAK-2/6,TO-220, 
DPAK,D2PAK,I2PAK 

Planar Technology, Avalanche 
Tested, Logic/standard level 

Table 7  STMicroelectronics Power MOSFET Offering 

 

POWER MANAGEMENT 

Power management is often referred to as the ‘system basis chip’; providing a foundation upon which the balance 

of the electronics present are developed.  In electric vehicle applications, integration is one key to addressing 

power density design objectives; and this philosophy is apparent in system basis chip architectures.  Aside from 

addressing power supply requirements for the rest of the system, the system basis chip often provides additional 

mission-critical features including watchdog functions, safety management, and comprehensive diagnostics.   

P/N 

Input Outputs Diag/Protection 

Auxiliary 
Functions Arch 

Range 
(V) 

V A V A V A OV UV OC OT 

L9001 Buck 5.5-18 0.8-5 1.0 0.8-5 1.0 3.3/5 0.1 Y Y Y Y Watchdog 

L5965 BK-BST 4-32 Prog. 2.6 Prog. 1.4 Prog. 1.0 Y Y Y Y OTP Program. 
Spread Spectrum 
Bucks (4) 
Boost (1) 
Linear (2) 
Watchdog 
Processor Reset 
SPI 
Safety Mgmt. 

L9396 BK-BST 4.5-19 Prog 1.0 5 .25 Prog 0.1 Y Y Y Y Watchdog 
SPI 
RSI (4) 
HS Pre-drivers 
LSD w/PWM 
10-Bit ADC 

Figure 22  STMicroelectronics System Basis Chip Examples 
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ISOLATED GATE DRIVERS 

Isolated gate drivers provide a galvanically isolated channel between the microcontroller (in the low voltage 

domain) and the power switches (in the high voltage domain).  They play a critical role in the overall efficiency of 

the inverter because they greatly influence the operational characteristics of the power switches.  A major cause of 

inefficiency in the inverter is switching loss in the bridge circuits.  During the transition phase of a power switch 

(i.e. turn-off and turn-on), they exhibit a considerable amount of current and voltage applied across the collector-

emitter/drain-source.  It is essential that this transition time be minimized to reduce switching loss.  Gate drivers 

accelerate the charge/discharge of gate capacitance, thereby helping to minimize these effects. 

The term ‘gate driver’ implies a simple function; however, bridging between the 

microprocessor on the low side and the IGBT/SiC power switch on the high side to 

control a traction motor is considerably more complex.  The first tenant of an 

isolated gate driver is to provide galvanic isolation between the high and low 

voltage side (i.e. electrically isolated). This is for reasons of both safety and 

implementation.  Silicon that thrives in hundreds of volts does not lend itself to 

complex control and diagnostic circuitry.   The gate driver stages must derive power 

from somewhere; and it cannot be the low side domain or the device is not isolated.  

Therefore, an isolated power supply (e.g. a flyback controller) is necessary.    The 

control/gate drive itself must provide adequate sink/source capability to 

overcome the gate capacitance of the power switch at the switching speeds 

desired to reduce switching losses.  The device must offer diagnostic capability; 

and this entails both the low voltage side and the high voltage side.  The device must offer protection for the 

device itself as well as for the bridge circuits.  For example, a good gate driver should eliminate the possibility of 

shoot through current across the high side/low side power switch by providing a dead time in which both sides are 

turned off during transitions.  Also, it should include a Miller clamp to eliminate excess currents associated with 

Miller capacitance.  Finally, the device needs to facilitate isolated communication back to the host. 

Parameter STGAP1AS L9501 L9502 

Automotive Qual AEC-Q100 

COMING SOON COMING SOON 

ISO26262  

Isolation 1.5kV/4kV 

Power Supply Linear (LS, HS) 

Control 5A sink/source @150 kHz 

Communication 5 MHz SPI, OC Pins 

Diagnostics Extensive 

Protection Dead Time 
PWM Interlock 
UVOL on supplies 
Driver OC/OT 

Availability NOW Q1, 2021 Q1, 2021 

Table 8  STMicroelectronics Isolated Gate Drivers 
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Gate Driver

Isolated Gate 
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POWER SWITCHES 

The optimal power switch technology required for a specific application depends on the use case and 

cost/performance targets expressed by the system specifications.  The use case under consideration determines 

the power levels to be controlled and at what frequency the devices need to switch.    Figure 23 provides 

guidelines for choosing an appropriate switch technology for electric vehicle applications.  As the amount of power 

to be switched or the switching frequency supported by the traction inverter increases, IGBTs become less ideal.  

While IGBTs tend to dominate traction inverters in production today, newer designs are incorporating silicon 

carbide for performance driven designs and IGBTs for smaller inverters and/or cost-driven designs. 

IGBT

GaN

SiC

Si MOSFET
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Aux DC-DC
Converter
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Figure 23  Electric Vehicle Power Switch Technology Use Case and Operational Parameters 

INSULATED-GATE BIPOLAR TRANSISTOR (IGBT) 

IGBTs combine the ability to carry relatively high currents like a BJT with the switching characteristics of a MOSFET 

(voltage driven at relatively fast switching speeds).   It is a three terminal device:  the gate (which is electrically 

insulated from the semiconductor), the collector, and the emitter.   When the gate voltage (VGE) reaches a certain 

threshold, the device conducts current between the collector and the emitter.  For traction drive power switches, 

STMicroelectronics offers the M series with a breakdown voltage of 650V and the H series that breaks down at 

1200V.  
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Figure 247  STMicroelectronics IGBT Families  
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SILICON CARBIDE 

 “Silicon-based devices are so mature 

and inexpensive to manufacture it 

might be hard to believe that any 

material could shake silicon from 

its perch.  But silicon carbide is 

quite special.  Many of the 

material’s most attractive properties 

stem from a single physical feature:  SiC’s bandgap, 

the energy needed to excite electrons from the 

material’s valence band into the conduction band. 

Silicon carbide electrons need about three times as much energy to reach the conduction band. A property that 

lets SiC-based devices withstand far higher voltages and temperatures than their silicon counterparts.”  (Burak 

Ozpineci, 2011).     

As electric vehicle designs push the limits in energy 

density and efficiency, silicon carbide provides a 

way forward to address challenging design targets.  

SiC can operate at higher voltages and temperatures 

than IGBTs or MOSFETS (Figure 23).  Furthermore, SiC products 

offered by STMicroelectronics (some are shown in Table 9) deliver 

low conduction and low switching losses along with high 

temperature operation.  STMicroelectronics SiC offering 

demonstrates very flat RDSON performance over its operating 

temperature range, affording designers predictable margin when 

designing thermal management systems as well as power switch 

device selection. 

VDS (V) RDSON 
(mΩ) 

ID (A) Packages Part Number Status Automotive 
Grade 

 

 

 

 

1200 

25 80 HIP247, 
H2PAK-7 

SCTW70N120G2V 
SCTH70N120G2V-7 

Production  

52 65 
SCT50N120 
SCTWA50N120 
SCTH50N120-7 

 

70 45 
SCTW40N120G2V 
SCTH40N120G2V-7  

80 45 
SCT30N120 
SCTWA30N120 
SCT30N120H 

 

169 20 
SCT20N120 
SCT20N120AG 
SCT2WA20N120 
SCT20N120H 

YES 

520 12 
SCT10N120 
SCT10N120AG 
SCTWA10N120 
SCT10N120H 

YES 

650 

18 119 
SCTW90N65G2V 
SCTH90N65G2V-7 

 

20 100 
SCTH100N65G2-7AG 
SCTW100N65G2AG YES 

55 45 

SCTH35N65G2V-7 
SCTH35N65G2V-7AG 
SCTW35N65G2V 

YES 

Table 9  Silicon Carbide Power Switches 

Eg (eV) – band gap
Si

SiC

Property SiC Advantage

3x

vsn (eV) – electron saturation velocity
Si

SiC
2x

mh (cm2/Vs) – electron mobility
Si

SiC
--

qr  – dielectric constant
Si

SiC
--

Ec  (V/cm) – critical electric field
Si

SiC
15x

k  (W/cm K) – thermal conductivity
Si

SiC
3x

Performance

89.0%
90.0%
91.0%
92.0%
93.0%
94.0%
95.0%
96.0%
97.0%
98.0%
99.0%

100.0%

0% 20% 40% 60% 80% 100% 120%

Ef
fi

ci
e

n
cy

% load

Efficiency at 10kHz @ % load
Silicon SiC 1200V



AME Automotive Systems Marketing 
ELECTRIFICATION SERIES:  Traction Drive EXTERNAL 1.0 

40 | P a g e  

 

System Cost vs. Component Cost:  From a component perspective, silicon carbide transistors are generally more 

expensive than other power switch alternatives.  However, because of its higher efficiency and operating 

temperature, silicon carbide designs can achieve lower overall system cost and perform better.  Silicon carbide 

based designs require smaller batteries, require less space, and entail a simpler cooling system to deliver superior 

performance. 

SILICON CARBIDE BASED TRACTION INVERTER EXAMPLE 

Let’s look at a ‘paper design’ of a 1200V traction inverter to explore the impact that SiC has on power density 

performance. 

 

 

 

 

 

 

 

 

Losses (efficiency) for a 10 kHz, 1200V traction inverter design: 

 Parameter10 IGBT SiC 

Total Chip Area (mm2) 60011 120 

Conduction Losses (W) 300 307 

Switching Losses (W) 564 143 

Total Losses (W) 864 450 

Junction Temperature (oC) 134.8 132.4 

This performance not only translates into higher efficiency and lower system cost, but also higher power density: 

 

 

 

 

 

Figure 25  Silicon vs Silicon Carbide Traction Inverter Component Size Comparison 

 
10 Typical power losses per switch at peak power:  350 Arms 
11 Includes 400 mm2 for the transistors and 200 mm2 for the diodes 

Parameter Target 

Topology Three Phase 

Modulation Sine PWM 

Rectification Synchronous for freewheeling current 

Peak Current/Power 350 Arms/210 kW 

Nominal Current 200A 

DC-Link Voltage 750 VDC 

Switching Frequency 10 kHz 

IGBT Rthj-f  0.1 oC/W 

SiC Rthj-f  0.167 oC/W 

Tfluid 65 oC 

20%

50% 15% 15%

6
%

15%
10
%

20%

Power
Module

Cooling
System DC-Link PCB

1200V SiC
Space Savings
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PACKAGE TECHNOLOGY 

As designs push the limit of peak power and power density, not only is the silicon driven to new levels of 

performance, but package technology must follow suit.  This must be accomplished on two fronts.  

Even as IGBTs and Silicon Carbide provide very high efficiency, heat must be dissipated due to the 

high currents being switched in power circuits.  Therefore, packages that transfer heat from the die 

to the package effectively are mandatory; and, packages that lend themselves to heat transfer from 

the package to outside of the module must be incorporated in the design.  This can embody making 

use of packaging that facilitates cooling from both top and bottom sides.  From a density perspective, 

single/dual die packages will be replaced by multi-die power packages provided the thermal challenges 

can be addressed.   

DISCRETE PACKAGES 

Assembly Package Form Factor Features 

SMT H2PAK  • Rated at 175 oC 

• H2PAK-7L option with kelvin source 
improves switching performance. 

• 2 or 7 leads 

Through Hole HiP-247TM  • Rated at 200 oC 

• Industry standard TO-247 with 
improvements 

• 4 lead configuration (with Kelvin 
source) in development. 

 

MODULES 

ACEPACKTM : Adaptable, Compact, and Easier PACKage 

 Form Factor Features Configurations 

ACEPACK1TM 

  
ACEPACK2TM 

 

 

• Compact design 

• Very high power density 

• Plug & Play system solution 

• 2500 Vrms isolation 

• Integrated screw clamps 

• CIB 

• Six-pack 

• Three level boost 

•  etc. . . 

ACEPACKTM 

SMIT 

 

 

• SMD Assembly 

• Top sided cooling, low thermal 
resistance 

• 2500 Vrms isolation 

• Bridge rectifier 

• Half bridge 

• Boost 

• etc. . . 

ACEPACKTM 
DRIVE 

 

 

• Optimized for 200 kW inverters 

• 1200V SiC MOSFET Switches 

• Extremely low conduction losses 

• Direct cooled CU base plate with fins 

• Six-pack 
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SUMMARY 

In order to address some of the barriers to adoption referenced in Figure 3, those tasked with innovation must 

address some of the top challenges facing electric vehicle designs today: 

• Cost – manufacturers must have a mindset that encompasses system cost instead of component or sub-

system cost.  Selecting a more expensive component is one area may save significant system cost overall 

(e.g. selecting silicon carbide in the traction inverter saves cost in the inverter itself, in the battery system, 

and the cooling system). 

• Critical material availability – the use of rare-earth magnets in the traction drive motor is thought to be 

problematic.  Motor architecture is an area of investment and innovation going forward. 

• Efficiency – vehicle range per charge and charge time are performance oriented factors that are subjects 

of comparison between EV and ICE vehicles.   The traction drive plays a big role in determining efficiency. 

The effectiveness of a new traction drive design is governed by Key Performance Indicators (KPIs): 

• Peak Power – how large of a vehicle can be moved and/or what is the performance (acceleration, top 

speed, etc.) like? 

• Power density (kW/l) – how much physical space does the traction drive require? 

• Specific Power (kW/kg) – how much does the traction drive weigh? 

• Vehicle Life Expectancy – is the traction drive reliable? 

• Vehicle Range – how efficient is the traction drive? 

• Cost 

STMicroelectronics offers innovative silicon and packaging solutions to help our customers optimize these KPIs.   
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