
 

Electrical gearbox equivalent by means of dynamic machine
operation
Citation for published version (APA):
Gerrits, T., Wijnands, C. G. E., Paulides, J. J. H., & Duarte, J. L. (2011). Electrical gearbox equivalent by means
of dynamic machine operation. In Proceedings of the 14th European Conference on Power Electronics and
Applications (EPE 2011), 30 - 1 September 2011, Birmingham, United Kingdom (pp. 1-10). Institute of Electrical
and Electronics Engineers.

Document status and date:
Published: 01/01/2011

Document Version:
Publisher’s PDF, also known as Version of Record (includes final page, issue and volume numbers)

Please check the document version of this publication:

• A submitted manuscript is the version of the article upon submission and before peer-review. There can be
important differences between the submitted version and the official published version of record. People
interested in the research are advised to contact the author for the final version of the publication, or visit the
DOI to the publisher's website.
• The final author version and the galley proof are versions of the publication after peer review.
• The final published version features the final layout of the paper including the volume, issue and page
numbers.
Link to publication

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

            • Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
            • You may not further distribute the material or use it for any profit-making activity or commercial gain
            • You may freely distribute the URL identifying the publication in the public portal.

If the publication is distributed under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license above, please
follow below link for the End User Agreement:
www.tue.nl/taverne

Take down policy
If you believe that this document breaches copyright please contact us at:
openaccess@tue.nl
providing details and we will investigate your claim.

Download date: 24. May. 2023

https://research.tue.nl/en/publications/118657f6-02eb-456f-939c-fa2472988ea4


Electrical Gearbox Equivalent by means of Dynamic Machine
Operation

T. Gerrits, C.G.E. Wijnands, J.J.H. Paulides, and J.L. Duarte
Eindhoven University of Technology

P. O. Box 513
5600MB Eindhoven The Netherlands

Phone: +31 (0) 40 247-3504
Fax: +31 (0) 40 243-4364

Email: t.gerrits@tue.nl
URL: http://www.tue.nl

Acknowledgments
The authors would like to thank all members of the High Tech Automotive Systems, Electrical Vehicle
Technology, Powertrain group, and Agentschap NL for their technological and financial support.

Keywords
�Highly dynamic drive�, �Multiphase drive�, �Power converters for EV�,
�Fault ride-through�, �Dynamic Machine Operation�, �Electrical Gearbox Equivalent�.

Abstract
A dynamic propulsion system using variable torque/speed characteristics, designed to realize a machine
integrated equivalent of a gearbox is presented. This is achieved through adaption of the machine char-
acteristics, and driven by specialized power electronics, leading to a reconfigurable stator coil arrange-
ment. The concept can for example be used to minimize the overall weight of an electric vehicle (EV)
powertrain, and to allow for flexible, fault-tolerant operation of the machine and power electronics. The
dynamic machine operation is explained for various torque/speed combinations, and a number of power
electronics solutions to execute the principle is proposed. Simulations of the topologies and fault opera-
tion are performed and a comparison is undertaken.

Introduction
The characteristics of commercially available electric machines (EMs) are generally not optimized for a
broad operating range, as required in e.g. vehicle traction applications. The required mechanical angular
velocity ωm of the wheels for electric vehicle propulsion (EVP) is low (0− 230 radians per second),
while the torque demand is high. This combination requires special machine types or high, preferably
continuously variable, transmission ratios, implying high manufacturing costs or high friction torque,
respectively.

Various electrical and mechanical solutions were previously researched, aimed at reaching a good agree-
ment between the required and delivered system dynamics. Examples are a gearbox [1], and the star-delta
winding arrangement transition [2]. The technological challenge is illustrated in [3], where the required
machine power is calculated as a function of the speed ratio. Within EVP, this dissimilarity is usually
resolved by choosing the appropriate machine power for a given application, after which the speed and
torque range are adapted to the required dynamics by means of field-weakening in combination with a
mechanical solution. Hence, the machine power and system weight are minimized, and the machine be-
comes suitable for EVP. This, however, introduces an electrical and a mechanical loss factor. Extensive
field-weakening ratios, which are common in EVP drives, require a highly over-dimensioned inverter to



provide the magneto motive force (MMF) used for suppression of the magnetic field caused by the rotor
structure above the base speed. This implies that the ratio between the torque producing current and the
total stator current decreases, causing high conduction losses in both the power electronics (PE), and the
EM. An additional downside of extreme field-weakening is the risk of successive device breakdown. In
case of a semiconductor gate drive error, the field generated by the EM at high speed is not properly
suppressed anymore. Consequently a back electro motive force (EMF) with a higher magnitude than the
voltage breakdown rating of the semiconductors is generated, resulting in multiple device failures. The
major part of the mechanical loss is caused by friction loss in the gearbox, which is a result of the friction
torque between the gearwheels.

Dynamic machine operation (DMO) is proposed in this paper. With DMO the electrical machine charac-
teristics can be directly adapted to those required for EVP by means of modular PE. This is achieved by
splitting each of the stator phases of the machine into multiple (i.e. Nc) coils, which can be driven indi-
vidually and electrically floating with respect to each other without the need of an isolation transformer.
This, furthermore, makes the system suitable for fault handling strategies in case of module failure.
By increasing Nc, numerous different torque/speed combinations can be obtained without resorting to a
greater the machine power and size. Accordingly, the dynamic operating range can be accommodated to
fit the desired EVP specifications.

The most basic form of operating range variation by winding configuration adaptation is the star-delta
transformation used in three phase machines. Another method is the winding changeover technique [4],
in which two series connected coils are used. The downside of this technique, however, is that in the
high speed range only one of the coils is used, which drastically reduces the winding utilization and
thus efficiency. In [5], this idea is extended towards rearranging the winding configuration from series to
parallel and thereby continuously using all the coils. However, it is not clear in which way the transition
should be accomplished. A switching method to ensure smooth transitions from series to parallel coil
arrangements is proposed in [6], applying thyristors. A standard three-phase inverter can be used as a
result of that, downside is the scalability of the switching matrix with an increasing Nc.

Modular design is frequently used in PE application areas, e.g. multilevel [7], and interleaving converters
[8]. The basic idea of modular PE design is to increase its flexibility, reliability or operating range with
respect to current or voltage. In this paper the principle is applied to increase all three features. Flexibility
and operation range are extended to generate a high machine torque or speed; the reliability is increased
to allow for multiple breakdowns without the risk of a full system failure.

Vehicle reliability and a "limp home" functionality are important considerations for the automotive in-
dustry. Within the PE this topic is covered in fault-tolerant strategies. A clear distinction can be made
between systems equipped with redundant components and systems that adapt the control of correctly
working modules such that the total system starts working in a new optimal point. In [9] various fault-
tolerant strategies are compared, based on redundant component count. In [10], it is shown that correct
machine operation is still possible with a defective inverter leg. A control method per module is presen-
ted in [11], aiming to optimize the use of the floating modules still functioning, providing a fault-tolerant
solution with maximum reliability. As a result of the DMO system principle, not every module is required
for EVP, providing numerous fault ride through options with a minimum loss of performance.

In this paper, the idea of splitting the windings will be extended towards a floating and individually driven
solution, in which no intermediate switching matrix between the inverter and the machine is required.
The theoretical background of DMO will be analyzed, and a comparison between various suitable PE
topologies, required to drive the EM, will be made. Based on the requirements for a specific application,
the most suitable topology can be chosen. Furthermore, the fault-tolerant capabilities of DMO are shown
with one of the proposed PE topologies.

Dynamic Machine Operation
In an optimal EVP powertrain configuration, the system delivers a high torque at low speeds, and can
reach a high final speed [12], [13]. A nominal to maximum overall powertrain speed ratio, xt of ten or
higher is favorable, ensuring a very broad speed range in which the full machine power is available. All
the components within the powertrain should work with a close to unity efficiency to ensure that the total
battery-to-wheel power transfer is as efficient as possible. The idea proposed here aims at maximizing
the battery-to-wheel efficiency by applying an alternative direct-drive method.

An idealized, balanced, three-phase, symmetrical machine configuration with a non-salient, alternate
teeth wound, fractional slot, PMSM structure is chosen in this analysis. The machine, as depicted in Fig.



2c, has 12 stator slots, 10 rotor poles, and the EMF waveforms are assumed sinusoidal as a result of that.
In [14] it is shown that an alternate teeth wound machine configuration has negligible mutual inductance
between the coils, which is preferred for fault-tolerant operation because only then the other modules are
not affected by the fault. Furthermore, it is assumed that no saturation occurs, and that no flux leakage
occurs within the machine. The minimum required Nc to allow for DMO and demonstrate the principle,
is two. This is also the amount of coils per phase used in this paper as depicted in Fig. 2.

Combining direct-drive with optimal use of the machine power, requires a power shift from low-speed/high-
torque towards high-speed/low-torque, which is achieved here using DMO. Considering a required velo-
city range of 0− 150 km/h and a rim size of 36 cm (14 inches) or larger, this results in an approximate
required maximum speed ωm of 230 rad/s (2200 rpm). The accompanying torque and power depend
on the specifications of the particular application. In this paper the principle is applied to a non-salient
permanent magnet synchronous machine (PMSM). Equations and pictures are, therefore, also devoted to
this configuration. The method however, is not restricted to this machine, but can be generally applied to
electrical machines. The electrically developed torque (Tel) in a PMSM, is a function of the quadrature
current component (iq) of the applied stator current (is) with mutual angle θ, and the EMF generated by
the rotation of the magnets, if no field weakening is assumed. It can be formulated as

Tel =
3
2

pλmis cos(θ) = 1
ωm

Nc

∑
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eT
j i j, with e j =

⎛
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eb, j
ec, j

⎞
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⎛
⎝
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ib, j
ic, j

⎞
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in which p represents the number of pole-pairs on the rotor, and λm is the magnetic flux linkage. The
EMF of the machine (e j), and the per coil current (i j) are assumed to be sinusoidal in the calculation and
verification of the presented analysis.

The power electronics system must be configured such that the EMF generated by each coil at the highest
base speed (ωb(Nc), Fig. 1a) is lower than the AC voltage generated by the PE, from the supply voltage
(Vdc). In other terms, the required total Nc for a given application, depends on the chosen Vdc, xt , and the
EM configuration. The idealized per phase inductance

Lph =
N2

ph

Rph
=

Nc

∑
j=1

Ls, j =
Nc

∑
j=1

N2
s, j

Rs
, (2)

with Nph, and Ns being the number of turns per phase, and per individual stator coil respectively, Ls is
the per stator coil per phase inductance, and Rph, and Rs, are the reluctance of the flux path of that phase
and coil respectively. The inductance (2), and as a result of that, the resistance Rs of each stator coil,
increases quadratically with the number of windings. The machine constant Ke, which is a measure for
the back EMF generated per rotation of the machine, is equal to Ke = λmNph, and varies linearly with the
number of windings as a result of that. Correspondingly, to generate a high torque (1), analogous to the
point (1,Nc) in Fig. 1a, various design considerations exist.

Parallel operation with Npa coils, is assumed as individually driven modules are being switched simul-
taneously. Series operation with Nse coils, is assumed as series connected modules. Equal currents are
assumed as a result of that. For the described principle, the total number of coils per phase Nc should
comply with:

Nc = 2ν, ∀ ν ∈ Z, ν > 0. (3)

The requirement described in (3) ensures that for any given point (Npa,Nse) in, Fig. 1a, the speed capab-
ility is doubled, and the torque capability is halved when compared to the preceding point (Npa/2,2Nse).

Modular Power Electronics
In typical power electronics solutions devices are used that are capable of dealing with worst case currents
and voltages. Recently, various converter topologies have been proposed [7], [8] in which devices with
lower voltage and current ratings are combined to meet the specifications set by the application. It is
shown that such a solution can meet the requirements with better dynamics, higher reliability, and smaller
passive components. A downside of such a topology is the higher component count and with that more
extensive control and driving requirements. This trend also applies in the paralleled, multiple modules
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Fig. 1: Dynamic machine operation electrical torque (Tel) and power (Pel) versus mechanical speed (ωm) charac-

teristics at the indicated static operating points, (Npa, Nse). Both Npa and Nse vary from 1 to Nc, Npa increases,

and Nse decreases with an increasing ωm, according to (3). (a) General characteristics for the indicated number of

individually driven coils with (dotted line), and without (solid line) field-weakening. (b) Two windings per phase

characteristics, with indicated static operating points, used in the simulations.
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Fig. 2: (a) Representation of a series connected star configuration. The polarity of the sources is a consequence of

the definition of the winding direction. (b) Equivalent space vector representation of the stator windings, and (c)

possible corresponding physical structure of the proposed 12 slot/10 pole machine.

per phase concept presented here. This section aims to demonstrate how the proposed topologies differ
from the single coil per phase configuration with the minimum number of modules required, i.e. two
modules per phase. Each of the topologies can be extended to a higher coil count per phase without
affecting the behavior of a single module or the total system. Considering a minimum battery voltage,
and low device voltage rating to be favorable due to safety issues and cost, some sort of interleaved
solution could be advantageous. This will maximize the available voltage for each of the machine coils,
and with that the efficiency. In the following, different PE solutions to drive a multiple coils per phase
machine, required for DMO are proposed and tested in simulations.

Various interleaved topologies, capable of powering the increased number of coils are proposed in this
section. The main design considerations with which the configurations must comply are:

1. The layout of the topology must be modular.
2. In case of a single device or coil failure, the system must be capable of continuing operation, and

the performance loss should be minimized.
3. The output voltage per coil must be maximized to minimize the required current.



4. The input, or battery, current variation (Δiin) should be minimized to decrease the required energy
buffering capacity and filter size, and to optimize the battery lifetime.

5. The peak pulse width modulation (PWM) index (m̂ f ) over the full speed range should be maxim-
ized to optimize the usage of the active devices.

6. The overall efficiency should be maximized.

The full required driving range can be provided using DMO. This, however, would imply that the nominal
electrical power (Pel) for which the machine and electronics are designed, is only being used at speeds
that coincide with the thick dots in Fig. 1a. The maximum required speed ratio per configuration is
defined as

xs =
ωb(Npa)

ω̂m(Npa)
, (4)

in which ωb(Npa) and ω̂m(Npa) are the base and maximum speed per configuration respectively, and Npa is

the number individually driven coils per phase in that configuration. By applying xs equal to 2, the dots
will be exactly connected by the dashed line, which represents the torque produced in field-weakening
mode for that configuration. If the machine is accelerated from ωm = 0 to ω̂m(Nc), constant torque is
applied until operating point (1,Nc), at speed ωb(1) is reached. Continuing towards operating point

(2,Nc/2), field weakening is used to reach ω̂m(1), which is equal to ωb(2), while making full use of
the available machine power. In standard three-phase inverters a higher field weakening current, and
with that xs, is applied to accelerate to ω̂m(Nc) above this point.

In the circuit implementation applied in the following, all coils per phase have a reduced machine con-
stant, Ke, and are driven individually. The per coil EMF can be reduced. As a result, the same torque
level can be generated at speed ω̂m(1) = ωb(2), without field weakening, reducing the required reactive
current. Put differently, the apparent power, and supply voltage requirements of the inverter can be re-
duced by increasing the total number of coils per phase. This speed dependent stator coil configuration
is compared to two other topologies in this section, in which the coils are driven individually in a fixed
configuration.

By increasing the number of coils, with adequate control of the complete system of PE switches, an
equivalent of a multi-ratio gearbox integrated in the machine can be realized. The main drawback of
the proposed solution is the large increase in the number of semiconductor devices, and with that of a
potential single device failure. Below, in the fault-tolerance section, it is explained how the increased
system complexity can be advantageously used to increase the system reliability and cope with device
and winding failures. For convenience, the following notation is applied to refer to the switches within

the circuits; SGH � Sg,h ,∀ g ∈ G, ∀ h ∈ H.

Separated Three Phase Modules Topology
The first topology considered is an extension of the standard three phase inverter, i.e. the three phase
modules (TPM) circuit. Each of the PE modules of the system consists of a three phase inverter, e.g.
S{a,b,c}{1,2} as depicted in the schematic of Fig. 3a. There are NT PM modules in total. The main draw-
backs of this topology are the poor fault-tolerance capability, and, on average, the low and non scalable
value of m̂ f = 1/2 over the full speed range of the system if no field-weakening is applied. In case
of a single device failure, a full three phase module must be disconnected to restore proper operation,
resulting in a power and torque decrease by a factor 1/NT PM . Furthermore, the voltage range usage of
the inverter is solely based on the speed of the EM, because no transmission is used, and the DC supply
voltage (Vdc) is equal for all topologies. This results in an overall increase in the required current for a
given output power. The current rating per module is considered to be equal for all modules. Devices
with the same ratings can therefore be used for all three phase module switches.

Separated Full Bridge Modules Topology
The full bridge module (FBM) per coil topology, shown in Fig. 3b, is capable of driving each coil of each
phase individually with four devices, e.g. La1 with Sa{1..4}. As such, there are NFBM = 3NT PM modules
in total, increasing the fault handling capabilities, compared to the TPM topology. In case of a fault,
the system derating is therefore only 1/NFBM if the fault handling scenario presented in this paper is
applied. The topology however, has the same disadvantage as the three phase modules topology, namely
that m̂ f = 1/2. An advantage is that unipolar switching can be applied in this configuration, decreasing
the switching losses. The power rating per module is considered to be constant and equal for all modules.
Therefore, devices with the same ratings can be used for all switches in this configuration.
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Fig. 3: Schematic representation of the two coils per phase, DMO three phase inverter circuits.

Series Connected Full Bridge Modules Topology
In order to optimize the usage of the available supply voltage, and thereby maximizing the system ef-
ficiency, a topology with output voltage scaling is considered. The series full bridge modules (SFBM)
topology shown in Fig. 4 is designed for that purpose. As shown in (1), a high starting torque can be
generated as a result of a high flux linkage produced by all the coils. The downside of this high flux
linkage is that already at a relatively low speed, the EMF voltage of each phase (e{a,b,c}) equals the
voltage supplied by the inverter. Therefore the machine has a low base speed, and field-weakening will
be required to further increase ωm. If at the point (1,Nc) in Fig. 1a, SSS is opened, the phase flux linkage,
and with that e{a,b,c} will decrease by a factor 2, allowing a factor 2 increase of ωm analogous to the

point (2,Nc/2). Accordingly, for a configuration with Nc−1 series switches, a shift from (1,Nc) via each
intermediate point (Npa,Nse) towards (Nc,1) corresponding to the maximum speed, can be achieved by
adequately switching the series connection switches between the coils of each phase. Simultaneously
with opening SSS, the inner bridge leg switches, S{3..6} must start switching synchronously with S{1,2,7,8}
to ensure equal currents through the different coils of each phase.

An additional advantage of the use of SSS is the lower switching loss due to the reduced number of active
devices. If SSS in Fig. 4 is closed, only S{1,2,7,8} are active, reducing the switching losses by a factor
2. The higher average overall PWM modulation index over the full speed range, enabling the voltage
scaling, is also an advantage. Furthermore, devices with a lower current rating can be applied at the
inner positions, i.e. S{3..6}. This is a result of the reduced torque, and with that current requirement at
higher speeds, which is the only speed range where these devices are active. Another option would be to
apply devices with an identical current rating, and to increase the number of devices paralleled outwards.
Additionally the solid state switches can be selected based on forward conduction voltage exclusively,
and have lower conduction losses, as a result of that. The full bridge (FB) devices are selected to obtain
a minimum of the combined switching and conduction losses for a specified switching frequency ( fsw)
and current rating.

A downside of the presented topology is the increased number of series connected devices, which can
bring about two problems. One is the increased risk of system malfunction due to a single device failure
in the string of active devices. The other is a potentially decreased efficiency due to the overall voltage
drop of all the conducting devices. A tradeoff with higher switching losses in the other topologies should
therefore be considered. To verify which of the presented topologies is the most suitable driving config-
uration for DMO, the three proposed topologies are compared in simulations based on the predetermined
criteria.

Fault-Tolerance Scenarios
An effective fault-tolerant circuit utilizes all components and has no redundant parts during faultless
operation. In case of failure of one or more system components, only the faulty parts should be deac-
tivated. Ideally all functioning components should keep working, ensuring a satisfactory performance
rating after isolating the fault. The goal after appearance of a fault is therefore to continue operation with
a maximum torque, while keeping the ripple as small as possible. The electrical drive must be designed
for fast detection and response to various open-circuit and short-circuit fault conditions to ensure correct
operation of the remaining modules. The electrical angle between current phasors (ϕ, Fig. 5c) must be
changed to restore the energy balance within the system after breakdown of one or more modules. In
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case of failure of a PE module, the angles between the phase currents such that the combined a′ b′ c′-
current phasors can be adapted to obtain a balanced A′ B′ C′- MMF phasor representation (Fig. 5c). As
a result of that, the machine is re-balanced, and satisfactory operation for the EV can be guaranteed.

The fault-tolerant scenario explained here is based on the three phase, 2 coils per phase configuration
with a non-faulty current space vector contribution of the winding phases (is, Fig. 5a). A fault occurring
in either the driving PE or the windings of one coil results in an uneven current distribution and with that
Tel . The current through the remaining coils must be adapted such that the torque is optimized for that
scenario, and the losses in the remaining coils are minimized. For illustration it is assumed that switch
Sa1 of the FBM topology (Fig. 3b) is faulty. As a consequence, coil La1 is disconnected by opening
the other three non-faulty switches of that module, i.e. Sa{2,3,4}. As a result, ia1 ≡ 0, and the module is
no longer driven, as suggested in Fig. 5a. Operation without field weakening is demonstrated, the anti-
parallel diodes of the faulty module are therefore not conducting and will be neglected. Because of the
fixed mechanical displacement between the phase windings, the phase currents must be adapted to keep
the torque constant over time. The maximum attainable resultant current space vector with decreased
magnitude (is−f, Fig. 5a) is determined based on a nominal current phasor amplitude for the remaining
coils.

Simulations
Simulations are performed to examine which of the presented topologies is most suitable for driving the
dynamically operated electrical machine. The presented fault-tolerance scenario is only simulated with
the FBM topology. Operation with only one of the (in this case) two TPM circuits, is equal to a standard
three phase inverter, and the SFBM configuration with only one working module in the faulty phase, is



Table I: System Parameters used for DMO & Fault Scenario Simulations

Description Variable Value Description Variable Value

Output power Pel 60 kW Torque @ (1,2) Tel(1,2) 1091 Nm

DC input voltage Vdc 300 V Angular velocity @ (1,2) ωb(1) 55 rad/s

Pole pair number p 5 Torque @ (2,1) Tel(2,1) 545 Nm

Stator slots s 12 Angular velocity @ (2,1) ωb(2) 110 rad/s

PWM triangular freq. ftri 10/20 kHz Torque before fault Tel 1091 Nm

Peak device voltage V̂CE 600 V Torque after fault Tel− f 883 Nm

Junction temperature Tj 150 oC Angular velocity at fault ωb( f ) 55 rad/s

Table II: Machine Parameters used for DMO with Indicated Topologies

Topology TPM FBM SFBM

Description Unit Abbreviation Value Abbreviation Value Abbreviation Value

Machine constant � Ke(T PM) 450 Ke(FBM) 900 Ke(SFBM) 788

Coil self inductance mH Ls(T PM) 1.0 Ls(FBM) 4.0 Ls(SFBM) 3.1

Coil resistance mΩ Rs(T PM) 25 Rs(FBM) 100 Rs(SFBM) 77

equal to the FBM circuit. The most important parameters used throughout the simulations are listed in
Tab. I. The machine parameters Ke, and with that Ls and Rs used for each presented topology (Tab. II)
are chosen differently, such that the machine of fixed size can be powered by each topology and applying
the specifications in Tab. I.

An important requirement in the automotive industry is that the audible noise produced by the vehicle
is minimized. The harmonics produced by the switching frequency ( fsw) of the inverter and machine
should therefore be equal to or greater than 20 kHz. This implies that the frequency of the PWM tri-
angular carrier signal ( ftri) must be 20 kHz if bipolar switching sine-triangle PWM is used, as in the
TPM configuration, and 10 kHz if unipolar switching is applied, as in the FBM and SFBM topologies.
The control of the circuits in the simulations is realized by feed-forward: the machine is accelerated
towards the indicated operating points (Tab. I), after which the simulations are performed in steady state
operation.

The DC supply voltage of the PE circuit (Vdc, Tab. I) is chosen equal to the peak device voltage divided
by the applied speed ratio (V̂CE/xs) to minimize the risk of a single device breakdown. If a gate drive
error occurs at speed ω̂m(Nc) (Fig. 1a) while field-weakening is applied, the maximum EMF that can be

generated by the machine is equal to V̂CE , preventing device breakdown.

Dynamic Machine Operation Simulations
To make a fair comparison between the presented topologies, the machine parameters are varied accord-
ing to Tab. II so that each circuit operates with a peak modulation index of one, at each of the steady
state operating points. In this way, each topology provides Pel , with a minimum current requirement, and
the full potential of the circuit in the linear operating region is used. The machine sizes, and with that
available winding area, are chosen to be identical, resulting in an equal current density J. The explained
mutual dependencies of Ke, Ls, and Rs, the inductance and resulting resistance of the FBM and SFBM
coils are scaled according to (2), as is clear from Tab. II. The simulations make use of IGBT models
with on-state resistance, forward conduction voltage drop, and switching energy specifications, depend-
ent on the conducted current as specified in the data sheets. For the TPM, IGBT device models with a
400 A nominal current rating (SEMiX402GB066HDs) are used. For the FBM and SFBM circuits models
devices with a 200 A nominal current rating (SEMiX202GB066HDs) are applied. Two simulations per
topology are executed at the speed/torque points, indicated in Fig. 1b. A fixed reference value for Pel is
applied at both the operating points. The actual output power, and all obtained results are indicated in
Tab. III.

Fault-Tolerance Simulations
Simulations were executed to verify if the presented fault handling scenario is a correct method to com-
pensate for a single module fault. Since the goal of these simulations is only to verify that fault com-
pensation is feasible, ideal switches are used.



Table III: Simulation Results for DMO with Indicated Topologies

Description Unit Operating point (1,2) Operating point (2,1)

Topology TPM FBM SFBM TPM FBM SFBM

Input power kW 73.5 71.5 71.0 66.3 65.2 65.2

Output power kW 60.5 60.4 60.9 61.3 61.3 61.0

Torque Nm 1099 1098 1106 557 557 555

Efficiency % 82.4 84.7 85.9 92.6 94.0 93.7

Machine loss kW 6.46 6.45 6.52 1.64 1.64 1.64

Bridge legs conduction loss kW 1.45 1.46 1.28 0.59 0.60 0.71

Bridge legs switching loss kW 3.14 1.21 0.69 1.64 0.64 0.73

Series switch conduction loss W 0 0 416 0 0 0

Single device loss W 377 110 129 180 51 59

RMS phase current A 208 104 119 105 52 60

RMS phase EMF V 99 198 173 99 198 173

Peak modulation index � 562 562 983 983 983 860

The simulations start with the healthy configuration, in which six current phasors (Fig. 5b) and the
constant power point (1,2) shown in Fig. 1b, with the fixed angular velocity ωb( f ) = ωb(1) are assumed.
The previously presented FBM topology is used. At t = 0, phase A1 (Fig. 5a) is disconnected and the
machine is re-balanced by adapting the currents of phases b and c according to the presented analysis
(Fig. 5c). Within the simulations, the fault is assumed to be known a priori. No detection is considered
therefore. The results of the simulations are shown in Fig. 6.

Results
Tab. III shows the results of the conducted simulations for comparison of the presented topologies. The
output power and peak modulation index are close to the intended values. The system efficiencies at
operating point (1,2) are relatively low due to the high machine losses. Overall the SFBM topology has
the highest peak modulation index, and efficiency as a result of that. The reduction of the conduction and
switching losses in the SFBM PE is higher than the conduction losses that are added by the series switch.
The FBM circuit is more efficient than the SFBM circuit at operating point (2,1) as a result of the higher
machine constant (Tab. II). The TPM circuit is less efficient than the full bridge configurations at both
the operating points. The switching losses are reduced significantly in both the full bridge topologies,
and are low over the full operating range in the SFBM configuration.

In Fig. 6 the results of the performed simulations with ideal switches are shown. The angles between
the current phasors are adapted at t = 0, as indicated in Fig. 6a. The torque is rebalanced at the intended
level after the fault (Fig. 6b) by adapting the phasor angle ϕ. The output power and torque are reduced
by 19%, mainly as a result of the total stator current derating (5/6 = 83 %). The input power, however,
reduces less as a result of the increased reactive current through the load. This reactive current arises
due to the phase difference between ib & eb, and ic & ec respectively, which is required to smoothen the
torque. The efficiency of the system in these simulations is 85 % during normal operation, and 80 %
during faulty operation.

Higher modulation indices in the non-linear range, and more complex modulation techniques can in-
crease the system efficiencies even further. Nonetheless the efficiency is mainly determined by the
machine parameters in the proposed configuration. The high machine losses are a direct result of the
torque demand. This can be solved by increasing the number of coils per phase. The choice between
FBM PE, and SFBM PE for EVP depends on the chosen drive cycle, and the number of coils per phase.
The powertrain system for each specific configuration should therefore be chosen based on the vehicle
requirements.

Conclusions
An electrically and electromechanically integrated concept is presented for dynamic operation of an
electrical machine, having a very high speed/torque range. This is ideally suited for electrical vehicle
propulsion, for example. In the proposed solution the individual phase coils of an electric machine are
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Fig. 6: Simulation results of the presented fault-tolerance scenario with ideal switches. The time is normalized to

the mechanical angular velocity, ωb( f ). Indicated signals adapt from before (t < 0) to after fault occurrence (t > 0)

in the figures. (a) Winding currents for the indicated phases. Note the mutual phase difference after t = 0. (b)

Actual and reference value of the torque (Tout and Tre f respectively) produced by the machine.

split up in even sections that can each be driven by dedicated power electronics. To this end a number
of topologies have been discussed. The proposed solution is capable of individually driving each of
the coils of the machine phases. This gives the advantage of various combinations of control regimes,
emphasizing the possibilities of the combined EM and PE solution. Furthermore, module breakdown can
be accommodated by adapting the angle between the phase currents, which is beneficial to smoothen the
torque production.

Simulation results on the various presented PE topologies show that different approaches can be chosen.
Full bridge topologies have clear benefits, i.e. a higher efficiency and less derating in case of a fault, over
the more classical TPM topology, and will therefore be investigated further in future research.

The fault scenario simulations prove that a smooth torque can be obtained in case of device failure,
proving that the increased number of semiconductors required for DMO does not increase the risk of a
full system error, but instead can be used to prevent it.
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