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Converter-Fed Electric Vehicle (Car) Drives — A Critical Review

Abstract In this paper the basic requirements and current developments of converter-fed drives for electric vehicles, particularly for electric
cars, are reviewed and compared. The basic parts of the powertrain have been presented in the following sequence: electric traction
motors, power electronic converters and traction control methods. Possible future developments of this components are discussed and
summarized.

Streszczenie W artykule omoéwiono i poréwnano podstawowe wymagania oraz aktualne rozwigzania napedéw przeksztaftnikowych dla
pojazdéw elektrycznych, w szczegolnosci dla samochodow elektrycznych. Podstawowe cze$ci uktadu napedowego przedstawiono w
nastepujgcej kolejnosci: elektryczne silniki trakcyjne, przeksztattniki energoelektroniczne i metody sterowania momentu i strumienia
silnikow trakcyjnych. Zaprezentowano Kierunki przysztych zmian i tendencji rozwojowych poszczegdinych czesci takich napedow.
Omoéwienie i poréwnanie podstawowych wymagan oraz aktualnych rozwigzan napedoéw przeksztaftnikowych dla pojazdéw elektrycznych

Keywords: Electric vehicles (EV), Electromobility, powertrain, traction motors, power electronics propulsion.
Stowa kluczowe: Pojazdy elektryczne, Elektromobilno$¢, napedy pojazddw, silniki trakcyjne, przeksztaitniki energoelektroniczne.

1. Introduction
Recently, the fast development of plug-in hybrid electric

(PHEV) and battery electrical vehicles (BEV) is observed.

This trend was accelerated by American Tesla Motors and

currently is strongly continued by most of Asian (Toyota,

Nissan, Honda, Hyundai) and European (VW, Renault,

PSA, Audi, BMW) car producing companies [1]. Among

most important advantages of BEV are:

e no exhaust,

e low exploitation costs
combustion engines 1: 3),

¢ high efficiency of electric motors > 90% (combustion

engine 35-40%),

e simple construction, no gearbox and clutch,

e |ow noise,

e energy recovering during braking and recharging the
batteries from 5 to 20% (depending on the driving
style),

e further cost reduction charging batteries during periods
of lower demand for electricity (at night and at noon).

However, despite of significant advances in BEV

technology, there are still restrictions on their mass use.

These include, above all:

¢ high price (about 30-50% higher than equivalent cars
with combustion engine),

e small range based on one battery charging,

¢ long time of battery charging,

e lack of developed battery charging infrastructure,

e charging infrastructure requires production of an
additional energy (power).

Many of these problems help to solve advanced and
modern power electronics. Therefore, the Power Electronics
systems has broadly entered Electromobility in the area that
can be divided into three specific groups [1, 2, 3
architecture of the power supply of charging station (in
particular ultra-fast charging), battery charger systems

(compared to cars with

themselves, and powertrain with AC motors. In this paper,
due to the space limitation, we discuss only the powertrain
systems for BEV. Typical components of a BEV powertrain
are (Fig. 1): electric motor, power electronic system and
traction control system. These components will be
discussed below.

EV

Powertrain

Monitoring

Power

Traction control
converter EENCHICOE

Electric motor

Fig. 1. Typical components of an EV powertrain

2. Electric traction motors
2.1 Types and characteristics

When analyzing the drives currently used (or will be
used) in electric vehicles, particularly in BEV cars, one can
conclude that they can be divided in three main groups:
synchronous motors, induction motors, switched reluctance
motors [1, 4, 11]. Synchronous and reluctance switched
motors have various variants related to the construction and
use of permanent magnets (Fig. 2).

Squirrel-cage induction motors (IM) (Fig. 3a) are
machines with well-controlled technology and the
introduction of rotors with copper casted cages increased
their efficiency. Methods for determining the efficiency of
induction motors are also developed and refined [5, 6, 7].
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However, the IM have a lower power density (power/weight
parameter) than the synchronous motors (SM) [2, 8].

EV Motors
| |
| | | |
AC Motors DC Motors
I_I_I |
Synchronous Induction Switched
SM M SRM
I_
PMSM SynRM PMSRM
IPMSM ||— PMSynRM
SPMSM

Fig. 2. Classification of motors used in electric vehicles. In the filled
frames are motors discussed in this article.

Synchronous motors with permanent magnets placed on
the surface of the rotor (SPMSM) (Fig. 3b) have high
efficiency due to practically zero losses in the rotor and less
mass. Motor design should take into account the heat
dissipation from the motor, so that the magnets do not work
at too high temperature as they may be exposed to
demagnetisation.

Synchronous motors with permanent magnets placed
inside the rotor (IPMSM) (Fig. 3c) are characterized by high
efficiency and the possibility of flux weakening to a limited
extent. As in SPMSM, proper cooling of the motor should be
ensured so as not to demagnetize of magnets.
Synchronous reluctance motors (SynRM) (Fig. 3d)) operate
on the principle of using the reluctance torque present in the
machine due to the difference of conductivity in the d-axis
and the g-axis. The greater their difference, the greater the
torque of the motor. These are motors in which there are no
permanent magnets. They have high efficiency, but a large
mass and low power factor [9].

Synchronous  reluctance motors with permanent
magnets (PMSynRM) (Fig. 3e) differ from the previous ones
by additionally using permanent magnets in the rotor. It
definitely improves the motor parameters, particularly its
power factor.

00

©
Fig. 3. Types of motors used in electric vehicle drives: (a) squirrel-cage induction motor (IM), (b) surface PMSM, (c) internal PMSM, (d)
Synchronous reluctance motors (SynRM), (e) Synchronous reluctance motors with permanent magnets (PMSynRM), (f) Switched
reluctance motors (SRM), (g) Switched reluctance motors with permanent magnets (PMSRM)
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Switched reluctance motors (SRM) (Fig. 3f) are
characterized by a very simple construction. The
concentrated windings used in them, compared to the
distributed windings (usually used in alternating current
motors) allow to reduce the amount of copper and the mass
of the motor. SRMs have high efficiency, but very high
torque ripple, high levels of noise and vibration. The
advantage of them is the possibility of continuing work even
when there is no power supply for one phase.

Switched reluctance motors with permanent magnets
(PMSRM) (Fig. 3g) placed in the stator have better
parameters than SRM, less torque ripple, less noise and
vibrations. Since the magnets are placed in the stator,
cooling is easy. Hybrid excitation motors (HEPMSRM) are
the variant of these motors, in which there is an additional
excitation winding in the stator in addition to the armature
winding and permanent magnets [10, 11]. Control is more
complicated, but the motor's parameters are better.

2.2 Price of rare-earth magnets

Motors that use rare-earth magnets (Fig. 3 (b), (c), (e), (9))
may be uncompetitive in relation to motors without such
magnets, because of the magnets price. Fig. 4 (based on
[12]) shows the prices of this kind of magnets within last 10
years. Characteristics feature of the diagram is the fast
growth in the period 2010-2013. It was caused by price
increases by the monopolist (China). It was only the
intervention of the World Trade Organization that caused a
drop in prices. However, this problem can be repeated in
the case of massive development of Electromobility and the
related demand for rare-earth magnets.
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Fig. 4. Estimated prices of rare-earth neodymium magnets within
10 years

How prices of rare-earth magnets affect the price of the
motor can be seen in Fig. 5 [4]. In the critical year 2012, the
share of rare-earth magnets in motor cost amounted to
53%, with their share in the motor weight of only 3%. After
recalculation for 2018, the share of rare-earth magnets in
the motor cost has dropped to 18%, but it is still high.

2,3 Requirements and rankings

The general requirements for electric machines intended
for BEVs are much more demanding than those for
industrial applications. The requirements are following [13]:
high efficiency in a wide range of torque and speed, high
reliability and robustness, high torque and power density,
low mass, low cost, low acoustic noise and vibrations.

In early works (1991) [14] there were taken into

consideration only three types of motors: induction (IM),
permanent magnet (PMSM) and switched reluctance
(SRM).
The type of motor to be used in BEVs is generally
determined by three main factors: weight, efficiency and
cost, and these are compared in the Table 1. In this ranking
the best motor was IM in both individually and summed with
power electronics.
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Fig. 5. Percentage of PM motor components (rated power 80 kW)
in total weight and their share in the total cost in 2012 year, when
the price of rare-earth magnets was the highest 500 $/kg and in
2018 year, when the price of rare-earth magnets was 100 $/kg

Table 1. Comparison of different motor types (range of
evaluation1-the worst, 3—the best)
Factor Device IM | PMSM | SRM
Weight Motor only 2,00 | 1,00 1,50
Motor&Power 3,00 | 2,00 2,50
Electronics
Efficiency Motor only 1,08 | 1,00 1,03
Power Electronics | 1,00 1,00 1,03
Motor&Power
Electronics 1,07 | 1,00 1,06
Cost 1,33 | 1,00 1,17
Total Motor only 3,08 | 2,00 2,53
Motor&Electronics | 5,40 | 4,00 4,73
In the following years there was development and

improvement of the construction of motors designed for EV.
This mainly applies to PMSM with variously placed magnets
(IPMSM and SPMSM) [15-18], synchronous reluctance
motors (SynRM) [9, 19] as well as with permanent magnets
(PMSynRM) also referred to as Permanent Magnet
Assisted Synchronous Reluctance Motor [9, 20-25]. The
use of both rare earth and ferrite magnets is considered in
PMSynRM constructions [23]. The construction with ferrite
magnets is characterized by a much higher weight of
magnets compared to rare earth (more than twice), but
ferrite magnets are more than 100 times cheaper (!) in the
considered motor design and their maximum working
temperature is more than twice higher as rare-earths
magnets. It should be noted that the other parameters of
both motors are comparable.

Many developments are also apply to switched reluctance
motors (SRM). Some constructions have parameters not
much worse than SPMSM, for example [26]. There are also
constructions (similar to PMSynRM) that contain permanent
magnets PMSRM also referred to as Permanent Magnet
Assisted Switched Reluctance Motor [9, 27-32].

Usually, the efficiency of the various types of motors used in
the EV is shown as a map of efficiency (see Fig. 6) [33, 34].
It depends on the speed and torque. Depending on the
required parameters, different types of motors can work in
different operating ranges. Therefore, the entire drive
system should be properly designed depending on the
motor used.
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Fig. 6. Efficiency maps of different machines. The areas of every
kind of motor have the efficiency >85%

Detailed calculations of the three types of motors were
carried out in [15]. Fig. 7 shows their characteristics and
they are generally consistent with the characteristics shown
in Fig. 6.
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Fig. 7. Characteristics of efficiency for different motor types versus
(a) output power P_out and (b) speed

On the basis [15, 9, 35, 36], individual types of motors
were evaluated (Table 2). The most points were received by
PMSRM and PMSynR. It should be emphasized that these
are motors that are currently undergoing intensive research
and have a great future potential. It seems that they will
dominate EV drives in the near future. There is a certain
margin of uncertainty related to technology and practical
testing, but rather there should be no problems with it.
Table 3 presents AC motors used in EV, taking into account
additionally such parameters as power factor and field
weakening ability. Formulas for torque and losses in
windings were also shown. There are visible in IM the
losses occurring in the winding of the rotor, which are not
present in other types of motors. Hence, the lower efficiency
of the IM. The PMSynRM engine received the most points,
which is consistent with the results from Table 2.

Table 2. Motors for electric cars (range of evaluation 1-the worst,

3—the best)
Parameter/ IM | PM | SRM | PM | Syn | PMSyn
Motor type SM SRM | RM RM
Weight 2 2 2 2 1 2
Efficiency 1 3 2 3 2 3
Cost B) 1 2 2 3 2
[Total 6 6 6 7 6 7

Table 3. AC motors with three-phase stator windings and different
rotors

Parameter/ IM PMSM SynRM PMSynR
Motor type M
Torque M, 3 3 3 M. +

g ¢ Ep(Ls EpLPPMISq zp(Lsd IVZ:’S'C:F’;AA)/I)

- Lsa)Isdlsq - qu)lsd
Copper 3 3 3 3
Iosggs Py ER;(ISZd L+ ) 2 Ry(la 27 (5 7fs (I
+5 R (L_:n) E Iszq) + Iszq) + Iszq)
Efficiency 1 3 2 &
Power 2 3 1 2
factor
(COSPmax)
Flux & 2 2 3
weakening
(HS)
Cost 2 1 3 2
Total 8 9 8 10
Where

p number of pole-pairs

Ly stator phase self-inductance

Lgy stator phase leakage inductance

Isq d-axis component of stator current

Lsq g-axis component of stator current

WYou permanent magnet flux linkage

Lgg d-axis stator phase self-inductance

Lsq g-axis stator phase self-inductance
M, emsm) electromagnetic torque

+ Me(SynRM)

R, stator phase resistance

R, rotor phase resistance

Ly main phase inductance

3. Power electronic systems
Basic requirements for power electronic systems used in
BEV (and HEV) can be formulated as follows:
e bidirectional power flow for motor and regenerative
operation,
e high efficiency and power
dimension and weight,
¢ high capacity (continuous, overvoltage, overload),
e ruggedness against vibration, shock, and extreme
temperatures,
compact design and high reliability,
e low price (for given output) and low EMI.

density for minimizing

Costs of 100kW Traction Inverter

W Power module

W Gate drivers

= DC bus capacitor

m Controller board

® Bus bars/Terminal block
Current sensors
Others

0,
Yy

10%

Fig. 8. Typical percentage division of the traction inverter costs for
BEV [37]

The example of typical costs distribution of traction
inverter is presented in Fig. 8, which shows clearly that the
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most expensive elements are power modules, gate drivers
and DC bus capacitors. Therefore, the type of power
modules and topology used have the decisive influence on
the inverter's cost. So the problem of development of
traction inverters will be discussed below in two main parts:
components and topologies.

3.1 Power electronic components

The fundamental progress observed recently in the
development of traction converters is due to new
semiconductor materials, component integration, better
cooling, higher packing, cost reduction and increased
reliability. It is strongly related to fast development of new
power semiconductor devices based on wide band-gap
energy (WBG) materials as silicon carbide (SiC) and nitride
gal (GaN) which over classical silicon (Si) devices have
following important advantages:

¢ higher voltage blocking capability,
faster switching speed,
higher temperature range,
higher thermal conductivity,
low internal resistance (100 times as Si),
reduced dimension of devices,
exceptional radiation hardness.
These important properties have decided that SiC becomes
de facto semiconductor technology for modern BEV (and
HEV). Table 4 presents some selected power modules
produced by leading world manufactures dedicated for
Electromobility [38-44]. Currently, most manufacturers still
offer Si power modules, however with a clearly increasing
number of SiC devices.

Table 4. Power modules dedicated for electric cars

Manufactu- Type Current Voltage Packages Power
rer - [A] V] R [kw]
Infineon FS200R07 — 200 - 400- HybridPACK up
FS650R07 (Si) 650 750 ™1 et;‘;idge 100
Infineon FS400R07 — 400 - 680 - HybridPACK up
FS900R12 (Si) 900 1200 ™2 bridge 180

6B
Danfoss DCM™ 1000 350 - 750 - ShowerPowe up
(Si or SiC) 650 1200 ® and 250
SP3D®(6B)
Rohm BSM series SiC 80 — 1200 C, G, E type up
(SBD+MOSFET 300 single leg 250
) (600)
Mitsubishi J1 series 300 - 650 - CSTBT' ™ up
(Si or SiC) 1000 1200 6B+single leg 250
Hitachi SUIJIN Series 400 - 650 - DWC up
(Sior SiC 1000 1200 250
TEDMOS)

Last investigations [45, 46] shows that state-of-the-art

available high power SiC MOSFET (Cree/Wolfspeed:
CAS300M17BM2, 1700V/325A) modules in comparison
with Si IGBT (Infineon: FF200R17KE3, 1700V/310A)
modules have only % switching losses giving in 2-Level
100kW converter 96,2% efficiency at 80kHz switching
frequency, whereas inverter with Si IGBT achieves similar
efficiency already at 10kHz (Fig. 9).
However, the SiC MOSFET modules’ maximum allowed
gate negative voltage (—10V) is lower than that of Si IGBT
(-20V) and the gate threshold voltage is smaller (2.3V
versus 5.8V). Thus, the risk of damage due to the crosstalk’
effect is in SiC MOSFET modules higher than in Si IGBT
modules. Therefore, the gate drivers for SiC MOSFET
modules must be carefully designed [45].

' The induced negative gate voltage due to complementary device
turn-off, also known as “parasitic gate turn-ON”

Efficiency [%]
100
99
98
97
=4=Si Module
96 f
o5 ~#— SiC Module fow [kHz]
0 20 40 60 80

Fig. 9. Efficiency versus switching frequency of 100kW three-phase
two-level converter with Si IGBT and SiC MOSFET power modules.

However, the efficiency of power electronics systems
does not only depend on the innovation in the power and
control circuits, but requires also continuous improvements
in the technology of components assembling on a compact
package creating reliable and durable systems that are
resistant to vibration and heat. An important element of
power modules having an impact on the improvement of
high voltage insulation, thermal management, partial
discharging and EMI is the type of substrate (it constitutes
the backbone of power electronics modules) material. The
ceramic materials used in the power modules compared to
organic ones provide: excellent electrical insulation, very
good thermal conductivity and similar to semiconductor
materials thermal expansion coefficient. In addition, most of
the suppliers (pioneered by Hitachi [44]) have achieved a
significant reduction in the size and weight of the inverter by
developing a double-sided cooling technology that uses
liquid or air cooling to allow direct cooling of the high
voltage module.

Although SiC and GaN converters showed higher
efficiency than based on Si, reliability concerns still limit the
development of the WBG market. Obtaining higher reliability
requires a better understanding of degradation and failure
mechanisms in difficult BEV operation conditions (i.e.
stresses such as high dv/dt and high temperatures,
vibrations) yet long-term research and testing are needed.

3.2 Topologies
Basic topologies of low-voltage converters used in

Electromobility are shown in Fig. 10 (Table 5). With regard
to traction drives, the two-level bridge (2L-6B) converter
topology dominates (Fig. 10a) because is simple and
inexpensive standard solution. However, three-level (Fig.
10b-d) topologies have a great potential to improve two-
level converter parameters by reduction of switching losses
and volume of passive components as well as better quality
of the output voltage [47, 48].

The 3-level topologies (Fig. 10b-d) apply split-capacitor
connection at the DC-link, therefore, contrarily to 2-level
topology, the power switches are exposed only to half of
DC-link voltage. Thus, the higher number but cheaper lower
rated voltage switches can be used for converter
construction. Moreover, the use of additional switches
allows the application of various modulation options
(several discontinuous and modified PWM [47, 48]), so that
individual switches are switched on and off less often, which
leads to reduction of switching stress and losses. A single
leg of 3-level converter generates three different values
output voltages: -Vg/2, 0, Va/2 denoted as [N,O,P],
respectively. So, 27 different vectors can be generated on
the outputs of every leg Vape = [Va, Vb, Vo. All three
topologies have common problem of DC-link capacitor
voltage balancing.
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Table 5. Three-phase converter topologies for electric cars 3L-D-NPC: One of the most popular 3-level topologies is

Parameter/ 2L 3L 3L 3L | Dual 2L the D-NPC converter (Fig. 10b) proposed in 1981 [49].
Topology Bridge D- A- T | 'nver- | Inverter | Each converter leg consists of four transistors with four
(68) NPC | NPC | NPC ter RRect reverse diodes and two clamping diodes. In every of N,O,P

Number of 3 3 3 3 6/3 1/3 e : . . .
I S— SW|tch|n_g state_s two dewges are connected in series which
Number of 6 127 T8 T2 T2 o7 makes it posmblg to split the_ necessary blocking voltage
T 18 18 12 12 and thus reducing the switching stress and losses.
es Therefore, the switching frequency of the D-NPC can be
Number of 1 2 2 2 1 2 increased without much reduction of efficiency. However,
capacitors when comparing to 2L converter, the D-NPC has higher
DC Voltage 300- 400- | 400- | 300- | 400- 300- number of semiconductor devices and requires 6 additional
range 600V | 1000 | 3000 | 600V | 1000 | 400V gate drivers. Also, there is an uneven loss distribution
. _ v v v _ among switches depending on modulation index. The D-
AT high | high d“i"uer;] ;:uer;] dTuer;1 high NPC is widely applied in medium-voltage applications (wind

energy systems, train traction drives).

Fig. 10. Basic topologies of traction converters for electric cars, (a) 2-Level bridge 2L, (b) 3-Level Diode Neutral Clamped Converter D-
NPC, (c) 3-Level Active Neutral Point Clamped Converter A-NPC (d) 3-level Transistor Neutral Point Clamped Converter T-NPC (also
known as T-Type Converter).

- v - 2
@ 250v_ % @ 100w

[4.00ms 2.50MS/5 @ 7
i 100k polnts  40.0mA 115 May 2018

| Value Mean Min Max st Day 18:08:38
{ JAiH 128V 128 128 128 20.0m

(@)
(b)
Fig. 11 (a) View of the 30kVA 3L-T-NPC prototype SiC converter,
(b) typical waveforms under 40kHz switching frequency. From the
top: line-line voltage, filtered voltage, output current, DC link
voltage.
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3L-A-NPC: The active NPC topology (Fig. 10c) has
been proposed in 2005 [50] with the goal to compensate the
unequal loss distribution of the classical D-NPC converter.
The modification consists in adding power transistors
reverse-parallel connected to the clamping diodes to obtain
active switches (Fig. 10c). These active switches create
additional current paths for the DC-link midpoint enabling
equalization of currents and switching losses over switches.
Additionally, the extra switches gives more flexibility for
balancing of DC-link midpoint voltage and also enable their
use to increase fault-tolerant operation [51]. However, more
number of switches introduces more losses and as result
reducing the overall efficiency of converter.
3L-T-NPC: The transistor NPC (T-type) is interesting
topology that in an elegant way combines the advantages of
2- level: low conduction losses, small number of
components and simple principle of operation with
advantages of 3-level converters: low switching losses and
better output voltage quality [52-55]. It consist of six
switches 2-level converter with additional three active lower
voltage rated bidirectional switches connected every leg to
the DC-link midpoint (Fig. 10d). So, this topology eliminates
6 (clamping) diodes from the basic D-NPC converter and
provide 3-level voltage waveform despite of keeping 2-level
topology. Thanks to use of lower voltage rating for
bidirectional switches both the conduction and switching
losses can be reduced [54, 55]. Additionally, the 3L-T-NPC
converter has higher reliability in case of switch faults [56].
The view and typical waveforms in the 30kVA 3L-T-NPC
prototype SiC converter build in Electrotechnical Institute
(IEL), Warsaw are shown in Fig. 11 [57-59].

2 or 3-level
Inverter

+
{ I|I|I|I|I|

—1 Motor

2 or 3-level
Inverter

(@)

2 or 3-level
Inverter

HHF—

Motor

2 or 3-level
Inverter

(b)
Fig. 12. Dual inverter topologies (a) parallel, (b) cascade

Dual inverter: To increase the power of traction drives, also
dual topologies are used (Fig. 12). Both presented
topologies parallel and cascaded has the same inverter
configuration (2-level or 3-level), but differ only in motor
connection. The parallel topology (Fig. 12a) allows to
increase power by extend current capability using two
converters connected to two sets of three-phase (30 degree
phase shifted) or six-phase isolated motor winding. The
dual cascade topology allows increasing the output power
by doubling the output voltage (Fig. 12b) using two inverters
connected in series with motor phase winding. The
modulation techniques used in parallel and cascade
topology are different. As result of using appropriate phase
shift of carrier signal in the modulator, the DC-link capacitor

current ripple, and thus the DC capacitor volume, are about
30% lower in cascade than parallel connection [60].

Motor
3-\_
| --+
K T =
et oYY
AC Supply
K closed, K; open — motor operation
K, open, K: closed — battery charging
(@)
Motor
- Kz
oY ’ =
1 AC L> T =
Ls / 1"
AC
Supply ‘I;} J@ JQ
1/ DC

(b)

Fig. 13. Integrated motor-charger topology: a) with inverter used as
AC active rectifier, b) inverter used as DC-DC converter

Integrated inverter/rectifier (motor/charger): A
special group creates topologies, which allow using the
same converter and motor for driving and on-board battery
charging operation. As result the size and weight of
chargers can be significantly reduced. Many versions of
such integrated systems have been developed [61-69]. In
Fig. 13 two examples of non-isolated integrated topologies
are shown. The topology presented in Fig. 13a, in battery
charging mode, use two additional switches Ky and K; for
inverter reconfiguration into single-phase AC-DC active
rectifier and the motor winding as grid-side inductors [63]. In
contrast, Figure 13b shows the topology in which the
inverter operates in the charging mode as single-phase DC-
DC converter (only lower switches of the three-phase bridge
are switched creating with motor winding the DC-DC
interleaved converter). In this case the neutral point of the
motor has to be available. There are also more complicated
two-stage [69] and isolated topologies [61].

Losses comparison: The losses of electric drive consist
mainly of inverter and machine losses. The Figure 14
shows a losses comparison of an induction motor drive
supplied from 2-Level 6B and 3-Level T-NPC inverters. The
losses of the inverters include only the dominant switching
losses (conduction loss of power semiconductors are
omitted), while losses in the induction machine take into
account only the losses caused by harmonics under the
PWM voltage supply. The switching losses of 3-Level in
comparison with 2-Level topology is reduced mainly thanks
to halved commutation voltage and better loss distribution
over individual semiconductors [54]. The machine harmonic
losses are difficult to calculate and measure because they
depend on several construction-specific parameters as
winding type, slotting, lamination, etc. In the range of higher
switching frequency (= 10kHz) only eddy current iron losses
are taken into account while harmonics ohmic losses are
neglected. Under this assumption the approximated
harmonic losses can be expressed as proportional to
square of voltage ripple [54] Py, = keddyAVT%ns, where:
keaqy - machine loss constant in [W/V2], V.ms- Machine
phase voltage in [V]. Therefore, the observed in Fig. 14
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reduction of harmonic losses for 3-Level inverter is
independent of machine power rating, the DC-link voltage
and switching frequency giving a simple first approximation.

2-level IM Drive

[w]
200
150
100
50 =
f.,, [kHz]
0
0 10 20 30
~—4—Converter -l=IM Motor Total
(a)
3-level T-NPC IM Drive
(w]

60
50
40 /
30 //
20 \
10 = —m
0 f,, [kHz]

0 10 20 30

~4—Converter =M Motor Total

(b)

Fig. 14. Typical loss division between converter and IM motor in
traction drives for two topologies: (a) 2-Level 6B, (b) 3-Level T-NPC

Table 6. Traction inverters for electric cars

Manufacturer Type, Peak Max DC PWM Effi-
Series power Voltage/ fre- ciency
Cooling Current quency
BRUSA DMC51 52-212kW 450V 24kHz 97%
Elektronik AG 4 EV - Liquid 150-600A
DMC54
4EV
Curtiss-Wright WTI- 160- 425-800V 2-10kHz
Ind. $160 - 530kVA | 375-600A
WTi- Liquid
S530
American ACF-10- 600kW 1000V 2-9kHz
Traction 600 Fan 600A variable
Sys. ATS
Parker Hannifin MA3-40 | 93-325kW | 320-640V | 2-4kHz 97%
— MA3- Liquid 290-500A
80
Siemens SIVETE 200kW car 450V 2-12kHz 98%
C Liquid 340-
600A s
TM4 Motive 40-255kW 450/750V Up to
Bombardier M Liquid 200- 20kHz
CO0150 575Ams
- 200
Semikron SKAI® 100- 450-800V Up to 97%
45A2 — 250kVA 300Ams 15kHz
SKAI® Liquid
90A2

When considering the entire drive system, we see that
with the increase of the switching frequency, the losses of
the machine decrease and the inverter grows. The

minimum total losses are in the range of relatively low
switching frequencies ca 6 - 9kHz. Although the presented
dependencies are considered for two specific types of
inverters, they nevertheless characterize well tendencies to
optimize the efficiency of traction drives. They clearly show
that the high switching frequencies do not reduce total
losses, therefore they should be used only to reduce the
weight and volume of the inverter as well as acoustic noise
and to improve the dynamic properties.

Selected examples of traction inverters offered by global
manufacturers (Table 6) cover almost exclusively 2-Level
topologies confirming their dominant role [70-77].

s

Fig. 15. Constructions examples (a) View of the TM4 traction
inverter/controller CO150; peak power 150kW; dimensions
(WxDxH: 300x110x416mm), weight 11kg; (b) View of AC
PROPULSION integrated traction motor/converter 180kW

4. Traction control systems

The basic requirements for control systems of electric
car drives can be formulated as follows:
¢ High dynamics of torque and flux control,

e Four quadrant (driving and braking) operation,

¢ Wide speed adjustment range at constant torque and
constant power regions,

¢ Minimization of inverter and motor losses,

e Maximum utilization of available battery DC voltage,

¢ High reliability and low costs.

Currently, in traction drives due to high reliability (no
mechanical commutator), AC motors are used which control
methods more complicated compared to DC motors.
Generally, the power of the electric motor can be expressed
as: P = Me Q = k V*® Q, where: Ms — electromagnetic
torque, Q - angular speed, and V — motor volume
(dimensions and weight). Therefore, in order to maintain
small dimensions, power is increased by increasing the
motor speed. Desirable static characteristics representing,
on the example of a squirrel-cage induction motor, ranges
of angular speed regulation of the AC traction drive are
shown in Fig. 16. The IM can operates in basic speed range
at constant torque and high speed range at constant power
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and constant slip regions whereas PMSM operates only in
basic constant torque and high speed constant power
region. This form of static characteristics of AC motors is
compatible with the requirements of traction drive in which
the highest torque is required during start-up and then
reduces with increasing speed.

Basically, the traction control system consist of torque
and flux loops and optionally can include speed control loop
which is added as outer loop for torque controller.

Te Ty
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! Q § base ! Q Critical
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1 1
| |
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Fig. 16. Speed control ranges of AC traction drive: IM can operates
in constant torque, constant power and constant slip regions
whereas PMSM operates only in constant torque and constant
power.

4.1. Torque and flux control methods

Vector Control: Among the control methods of traction
drives, vector control methods predominate, which provide
excellent dynamic properties and decoupled (independent)
torque and flux control. Once the fast flux and torque control
is achieved, the outer loops as speed, position control can
be easy added. These methods are used in both IM and
PMSM drives and are collected in Table 7.

Table 7. Torque and flux control systems

Parameters/Control FOC DTC DTC- MPC-
SVM PTC
Controller PI nonlinear PI optimized
linear linear
Torque control indirect direct direct direct
Flux control indirect direct direct direct
Control dynamics high very high high very high
DC Voltage utilization | linear full linear full
PWM PWM
Computation load middle low middle | very high

Figure 18 shows a block diagram and a simplified space
vector diagram of the popular Field Oriented Control (FOC)
method, which includes the following current regulation
loops: Isq - proportional to the flux, lsq - proportional to the
electromagnetic torque, and space vector pulse width
modulator (SVM) controlling the transistors of the inverter
supplying the motor.

The presence of the SVM modulator is important as it
ensures the operation of the inverter with a constant
switching frequency and low switching losses, especially in
the modulator version realizing two-phase modulation (ie
one of the phases is not switched) so-called flap top
modulation [47, 48]. In addition, the SVM modulator also
provides linearization of the inverter control, what together
with  the coordinate transformations (stationary to
synchronous a-f/d-q and inverse d-g/a-f) allows the use of
Pl linear current regulators. This also applies to the direct

torque control with space vector modulation (DTC-SVM)
method (see Table 7) where instead of current Pl the torque
and flux PI regulators are used [78]. Additionally, the SVM
helps in analyze and reduction of EMI generated by drive
system [79].

Flux [J]
T

Stator

? Flux Isa
- r Speed of la—)
Estimator ABC
ISC| ISd ! IS[}
d-q /| M
of [ 3

Fig. 17. Block scheme and vector diagram of torque and flux
control in the Field Oriented Control (FOC) method.
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Model ~ Speed
Qm(k) Estimator Isﬁ ABC

Fig. 18. Block scheme of model predictive torque and flux control
(MPC-PTC)

Model Predictive Control: Recently, thanks to the rapid
development of the computing power of DSP signal
processors and FPGA circuits, the model predictive control
methods (MPC) are intensively developed [80-84]. An
example of model predictive torque and flux control (MPC-
PTC) scheme is shown in Fig. 18.

The system contains blocks typical for MPC: flux, torque
and speed estimators, predictive discrete model of control
plant (motor + inverter),and in every sampling k calculation
of cost function minimum. Therefore, the system's
properties depend on the accuracy of the predictive model
of the control plant and the formulation of the cost function,
which next to the error between measured and predicted
values of controlled variable can also contain additional
specific components such as the limit of inverter switching
number, range of field weakening, losses, thermal models,
etc.
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This together with the lack of restrictions on the linearity
of the control plant gives a very flexible control in which the
process of selecting linear regulators has been replaced by
the on-line optimization process. The MPC system can work
in the range of over-modulation including square operation,
which ensures maximum utilization of the battery DC
voltage supplying the inverter. The perfect dynamic
behavior of the MPC controlled IM traction drive is
presented in oscillogram of Fig. 19 [80, 81].

The disadvantage of predictive methods is the required
large number of on-line calculations, however, algorithms
that allow their significant reduction are intensively
developed [80].

4. Summary and conclusion

e The current development of electric motors for BEV
powertrain shows the following trends: - increase
efficiency while keeping the motor weight, - limiting the
use of rare-earth magnets and replacing them with
permanent ferrite magnets. The IM lost its dominant
position in EV drives over thirty years and was
substituted by PMSM. It is expected that in the future
will probably be replaced by PMSynRM and PMSRM
Motor.

e Topologies of traction converters reward simple and
proven two- and three-level solutions. Lately, due to
high efficiency and increased reliability, interest in
three-level T-type converters (T-NPC) is increasing.

e The essential development of the converters is based
on the use of SiC power modules, improvement of
cooling methods due to double-sided heat removal
from the structure of the device (Hitachi) and reduction
of passive elements.

e To minimize the losses of the entire electric vehicle
drive, it is not necessary to increase the inverter
switching frequency. However, it is required for
converter size and weight reduction as well as
minimization of acoustic noise and mechanical
vibrations.

e For traction control currently the vector control is
dominating, however modern predictive methods with a
model that uses on-line optimization algorithms have
great potential to replace them.

e To ensure the massive development of Electromobility -
regardless of providing excellent traction parameters -
electric drive costs are expected to be significantly
reduced by 2025, including e-motors 10% and inverters
25%. This requires a lot of effort in the development of

new materials, optimized constructions, thermal
management as well as control and monitoring
methods. That is why it requires engineers to
constantly carry out research and design works.

It is expected that power electronic systems and electric
machines will be the subject of extensive research and
multi-criteria optimization of parameters in connection
with the massive development of Electromobility.
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