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ABSTRACT Switched Reluctance Machines (SRM) are considered promising rare-earth free candidates for
the next generation electrified vehicles. One of the main drawback of this technology is the need of a large
DC-link capacitor to balance the energy transferred back and forth between the DC source and the SRM.
There are interesting novel modulations to reduce the current of the DC bus, focused on the capacitor size and
cost reduction but leaving aside the thermal analysis and lifetime improvements. Carrying out the required
dynamic multi-physics simulations for that purpose becomes highly time consuming and complex, especially
when standardized or real driving conditions are needed to be taken into account. This article proposes
a simulation methodology, simple to implement and with a relatively low computational cost, to estimate
the lifetime of an automotive DC-link capacitor, with the current load it delivers as the starting point. The
presented methodology has also been used to validate a novel SRM modulation technique and to compare
it, in terms of reliability, with the conventional torque sharing function.

INDEX TERMS Switched reluctance motors, capacitor current reduction, electrothermal analysis, reliability,

capacitor lifetime.

I. INTRODUCTION

The Electric Vehicle (EV) and the Hybrid Electric Vehicle
(HEV) are attracting close attention of consumers, policy-
makers and the automotive sector in response to the growing
concern and societal awareness over the global warming of
our planet and the need to protect the environment.

The electric machine of an EV is one of its most rele-
vant components. Permanent Magnet Synchronous Machines
(PMSMs) have been traditionally considered as appropriate
candidates for EVs and, specially, for HEVs applications, due
to a number of features such as high power density, high effi-
ciency and reliability [1]-[3]. However, these technologies
require high density magnetic materials to produce the rotor
flux [4], usually sintered neodymium-iron-boron (NdFeB)
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alloys, and other rare-earth materials, such as dysprosium
(Dy), leading to high price risk of depletion and resource
monopoly issues [5], [6]. All this makes it necessary to
address rare-earth free alternatives.

Among the existing rare-earth free electric machine tech-
nologies, the Switched Reluctance Machines (SRMs) are
considered promising candidates for the next generation elec-
trified vehicles [7]-[9], due to their flexibility of control, high
efficiency, simple structure, low cost and robustness to run
under failure conditions [10]-[12].

Nonetheless, some factors are still conditioning a more
widespread adoption of SRM-based traction systems [14],
such as the complex control due to its no-lineal features
and the pulsed nature of its excitation current (derived in
torque ripple, vibrations and noise), affecting negatively in
the performance of the electric machine. Above all these,
the large amount of magnetic energy stored in the windings
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FIGURE 1. Distributions of (a) faults in power converter (b) stress sources
[13].

(which is transferred back and forth between the DC source
and the SRM through the power converter, causing consider-
able current peaks [15]) is an important pitfall to overcome.
This fact calls for larger DC-link capacitors, increasing the
costs and volume of the system and, consequently, negatively
affecting the power density. As shown in Fig. 1, DC-link
capacitors are one of the main reasons why power converters
fail (30 %), being the high temperature the main stress source
(50 %) [13]. In consequence, the correct dimensioning of the
capacitors is one of the main key issues to designing power
converters.

In this context, the automotive industry and political and
social agents are forcing the current technology of electric
drives to its limits. Within this respect, the technological
targets proposed by Horizon 2020, the United States Council
for Automotive Research (USCAR), the U.S. Department of
Energy (DoE) and the United Nations Economic and Social
Commission for Asia (UN ESCAP) regarding the power
electronics are stringent. Specifically, the DoE goals for
2020 propose the development of power converter technolo-
gies with power density of more than 13.4 kW/I, efficiencies
greater than 97 % and a significant cost reduction up to
3.3 $/kW [16].

Indeed, nowadays most SRM-related research focuses on
new converter topologies or control improvements. One key
method to improve the DC-link performance is to employ a
more complex converter topology [17]-[19]. However, these
topologies require more devices, reduce the fault tolerance
and increase the total volume. A way to reduce the DC-
link current with no changes in either the converter or the
machine is by means of the control, e.g. just as is done in
[20], [21] or [22]. Nonetheless, these proposals use FEM
non-linear magnetic models (not considering the degrada-
tion or construction errors) or/and need a large computational
capability.

Likewise, [23] proposes a method to take advantage of
a phenomenon which favors the magnetic energy exchange
between phases, and [24] applies the method to develop a
technique which aims to maintain a constant average DC-
link current over a switching cycle. An enhanced modulation
scheme has been published in [14], named Synchronized
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Switching Modulation (SSM), which takes advantage of the
phenomenon synchronizing the phases during the overlap
which favors the magnetic energy exchange between phases,
thus decreasing the DC bus — SRM energy transfer.

The approach of [14] has two main benefits. On the
one hand, the current peaks that DC-link capacitors must
sink/source are significantly mitigated, which makes it pos-
sible to use lower capacitance, i.e. smaller capacitors, thus
increasing power density and reducing costs. On the other,
Joule-effect conduction losses drop, which relaxes cooling
requirements and improves overall system efficiency. This
novel modulation algorithm yields an average reduction of
the current of 16 %, allows a capacitance reduction of 20.8 %
and improves the overall efficiency of the system up to 6 %.
Furthermore, the SSM scheme lets to easily apply it to any
kind of current control and is independent of the structural
design.

Nevertheless, there is still another aspect not taken into
account in [14]. This current reduction, provided by the use
of the SSM, decreases the thermal stress and affects directly
to the life-cycle of the capacitor. As mentioned (see Fig. 1),
the lifetime of a capacitor is very important and necessary to
be considered in the design of the complete system, and ther-
mal stress caused by current is a critical stressor to capacitor
wear out [25].

Within this context, it is fundamental to define a methodol-
ogy to predict the lifetime of a capacitor from the current load
profile it delivers. A way to quantify the reliability is through
the mean time to failure ratio [26]-[28]. Although it is based
on the part count method, it can also use information of the
application environment. However, it does not consider the
real thermal stress.

In the literature, different studies to evaluate the life-cycle
can be found on how the DC-link is affected by the temper-
ature and other stresses [29], [30]. Reference [31], e.g., pro-
poses a method to determine reliability issues in automotive
power modules combining real-time simulations with elec-
trothermal characterization. Even so, the capacitance and the
life-cycle are not taken into account in the analysis, moreover,
dynamic multi-physics simulations are highly time consum-
ing and applying them into standardized driving conditions is
very complex.

Reference [32] validates a lifetime model for different
capacitor technologies (widely used by industry), which uses
the two main stressors to capacitor wear out: the hot-spot tem-
perature and the operational voltage. This model is applied
within an interesting damage model for a statistical lifetime
prediction in an adjustable speed drive [25], a wind power
converter [33] and a metro traction drive system [34]. How-
ever, these analyze the electrical and thermal behaviour of
the capacitor at various static loading conditions, but not at
a dynamic real operation cycle. In addition, they need data
obtained from repeatedly lifetime testing (of several hun-
dred or thousands of hours, until the failure of the device) with
different loading conditions. In consequence, it is a difficult
and a too long method to be used in other applications. All
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FIGURE 2. Phase equivalent circuit of an SRM.

these methodologies fail in some respect; consequently, they
must be combined with other strategies.

Taking the above into account, this article presents two
contributions. First, a methodology to estimate the lifetime
of a capacitor-pack set into a power converter, starting from
the current load that a DC-link delivers into a dynamic load
condition. This methodology simplifies the electrothermal
simulations taking advantage from the large thermal-inertia
that capacitors have, making it simple to implement and with
a relatively low computational cost. In addition, the scheme
allows to easily apply the methodology to analyze any control
which affects the DC-link current. Secondly, the enhanced
methodology is employed at the same time to complete the
SSM analysis from [14] in a lifetime point of view. The
methodology has been developed together with TDK, who
has also collaborated in this work providing the automotive
DC-link model and its electrothermal simulations.

This article is organized as follows: Section II analyzes the
particularities of an SRM, both mathematical modelling and
relevant control aspects. Section III exposes the novel SSM
scheme in detail, as well as the used validation platform to
simulate it. Sections V studies the most suitable capacitor
technology for EV application together with the electrother-
mal and lifetime models used. Then, Section IV presents
the standardized driving cycle and the vehicle model used
for the simulations. Sections VI-VII describe the proposed
methodology and the results obtained of applying it on the
SSM, respectively. Finally, Section VIII draws the main con-
clusions of the work.

Il. SRM
A. MATHEMATICAL MODEL
Fig. 2 shows the per-phase equivalent circuit of an SRM,
where phase mutual inductances have been neglected for
simplicity [35].
From Ohm’s and Faraday’s laws
. dy 0,0
V=Ri+ ———, 1
i+ ()
where R and i are the phase resistance and phase current, and
¥, the magnetic flux, equals

v =L, @

which emphasizes that L, the phase self-inductance, depends
on both i and 6, the angular position of the rotor. Now, putting
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together (1)-(2) yields

V=Ri+L(® ')di+dL(9’i) ' 3)
- 7 do "
EMF

where w is the angular velocity of the rotor.
Finally, from coenergy considerations, the instantaneous
per-phase electromagnetic torque can be expressed as

L 1 ,dL 6, i)

9
Tow=— [ wai= | Eigi=- .«
em ae/w’ 30 T2 a0 @

B. CONTROL PARTICULARITIES

Although there are many topologies which meet the require-
ments of SRM driving, such as phase independence and
de/magnetization promptness, the asymmetric H-bridge con-
verter exhibits, above all others, a good controllability over
most of the speed range and a high fault tolerance [15], [36],
[37]. Fig. 3-® shows a simplified view of the chosen SRM
drive, including the power converter stage and the electric
machine.

Some control particularities affect to the SRM drive. The
most outstanding is that its phases are independent of each
other and they must be able to deliver the full rated power
to the load individually. Thus, the huge amounts of energy
stored in the windings, which are transferred back and forth
between the DC bus and the SRM, cause significant current
peaks.

A popular way to suppress this fluctuation is to apply a
relatively large DC-link capacitor [15], larger than would oth-
erwise be required, in order to act as a buffer that balances the
difference of the instantaneous power. However, this solution
increases the volume and cost of the converters. Yet the DC
bus is, by itself, rather a bulky part, and a major source of
faults in modern power converters [13], as well as one of the
elements with shortest service of life [2]. Moreover, having
to have exceedingly large capacitors makes thing ever worse.

IIl. SSM - SYNCHRONIZED SWITCHING MODULATION
The enhanced modulation scheme presented in [14], named
SSM, takes advantage of a phenomenon which favors the
magnetic energy exchange between phases synchronizing
them during the overlap, thus decreasing the DC bus — SRM
energy transfer. This novel modulation is built ‘on top of” a
Torque Sharing Function (TSF), and both are implemented
into an Indirect Torque Control (ITC).

A. TSF-BASED ITC

The ITC stands out because of its ease of implementation
and good cost-to-effectiveness ratio [36], [38], that is why
it was chosen as a base to both SSM and TSF modulations.
In addition, the following cubic TSF patterns were chosen as a
complement because of real-time computation efficiency and
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FIGURE 3. Overview of the used automotive electric drive system with its main components.
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X

B. SSM DEVELOPMENT

All commutation logic are mutually independent, each fol-
lows its own reference and they switch depending on the
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hysteresis window applied. In spite of that, sometimes
commutations do coincide in time (see Fig. 4), and the
capacitance current icap that the DC bus must sink/source,
equals

iCap = ilnv - iSource = iin - iout - iSource, (7)

where iy, is the current provided by the inverter to the phases,
isource the current supplied by the energy source, and #;;, and
iour are the phase magnetizing and demagnetizing currents,
respectively.

In order to harness this phenomenon, the SSM forces the
synchronization of phase commutation. Hence, one phase
must obey the other, i.e. act on a master-slave scheme. Fig. 5
shows the flowchart explaining the SSM logic in detail, only
the phase designated as master, i, is controlled to which the
slave phase, ij,, is synchronized.

Into the flowchart, i}, and i}, are the phase magnetizing
and demagnetizing reference currents, respectively, Hyst is
the hysteresis window considered and m is a parameter intro-
duced at the beginning as a tool to let the hysteresis know
about the previous state of the master phase in each iteration
— freewheeling or demagnetization.

This scheme allows to easily apply the SSM to any
kind of current control. And this approach has two
benefits: greatly reduce the capacitance requirements
of the DC bus (lower system cost and higher power
density and reliability), and improve overall system effi-
ciency (lower cooling requirements). However, the objec-
tive of this work is to analyze the effect of the icy
reduction on the lifetime of the DC-link capacitor. For
this purpose, it is essential to define the capacitor’s
technology.
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D. Cabezuelo Romero et al.: Methodology to Determine the Effect of a Novel Modulation

IEEE Access

SSM

m=0

]

Measures

Tins lout

!

Calculus
£n(8), 15 igue, Hyst

FIGURE 5. SSM flowchart [14].

C. VALIDATION PLATFORM

Fig. 3 displays a general overview of the automotive electric
drive system employed to validate by simulation the thermal
consequences of the SSM in the lifetime of the DC-link.
Fig. 3-@ shows the control diagram of the ITC based TSF
in which the SSM has been implemented.

The SSM is particularly suitable for a in-wheel SRM with-
out gearbox, where speed is especially low [14]. Therefore,
the powertrain is divided into two identical in-wheel SRMs,
directly connected to each wheel (see Fig. 3-® and Table 1)
and controlled by the same converter (see Fig. 3-@). Each
electric machine phase has its own asymmetric H-bridge;
however, they all share the same capacitor.

IV. NEDC AND VEHICLE MODEL

In the last decades, some standardized driving cycles have
been proposed to evaluate EVs ensuring realistic results
under real operation conditions [39]. Even if the use of the
Worldwide Harmonized Light-Duty Vehicles Test Procedure
(WLTP) is spreading [31], it is the New European Driv-
ing Cycle (NEDC) which is still most widespread, mainly
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TABLE 1. Most significant parameters of the SRM machine.

Parameter Symbol Value Units
Outer diameter D, 269 mm
Axial length len 155 mm
Peak power Pp 70 kW
Nominal torque Tn 400 Nm

Nominal speed
DC side voltage
Maximum efficiency

WN 1200  rpm
Vbe 400 v
Nmaz 95.2 %

No of stator poles Pst 18 -
No of rotor poles Drt 12 -
No of phases ph 3 -
@ T T T
g 100 - Urban cycles Extra—ullban cyc/lc_/'\ -
= 50 B
H
0 200 400 600 800 1000 1200
Time (s)
(a) Wywheel PrOﬁle-
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FIGURE 6. NEDC profiles for one wheel obtained from the vehicle model.
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of Driving Cycle Vehicle's Parameters Vehicle's Dynamics wheel)

FIGURE 7. Vehicle model for NEDC torque driving cycle profile generation.

because it is more easy to apply [4]. Therefore, the NEDC
was chosen to carry out the simulations. The total duration of
the NEDC profile is 1220 s and it is divided into 5 parts (see
Fig. 6(a)): 4 repeated ECE-15 Urban Driving Cycles (UDC)
and 1 Extra-Urban Driving Cycle (EUDC).

The same backward looking vehicle simulation model as in
[4] is used in this work to estimate the required electromag-
netic torque. Fig. 7 presents the diagram of this simplified
vehicle model, which is divided into two main tasks: the
NEDC model generates the vehicle speed profile while the
simplified vehicle model uses this reference to obtain the
required torque and speed in the wheel. Each electric machine
will apply the final transmission torque in order to fulfil the
NEDC driving cycle.
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TABLE 2. Vehicle parameters used for SRM torque estimation according
to the NEDC.

Parameter Symbol Value Units
Vehicle total mass M,or 2800 kg
Rotating mass Mo 5 %
Vehicle cross section Ay 341 m?
Wheel radius Twheel 0.3 m
Gravity acceleration ag 9.81 m/s?
Rolling friction coefficient W 0.007 -
Air density p 1.225  kg/m?
Drag coefficient Ca 1 -

The required wheels speed and axle torque are given as

Sdc
Wyheel = —» (8)
Twheel
Taxie = Twheel (FRoll + Faero + FInertia)7 (9)

where, ryheer 1S the wheel radius; sge is the lineal speed of
the NEDC driving cycle; and, Froii, Facro, and Fiepiq are the
rolling resistance, aerodynamic resistance, and inertia forces,
respectively. These last three can be defined as [4]

Frou = MagMcar» (10)
2
ps5 . CqaA
Faen = =4, (11)
Flnertia = [Mcar(l + Mrot)] Acar (12)

where M., is the total vehicle mass; a, is the gravity acceler-
ation; u is the rolling friction coefficient; p is the air density;
Cy is the drag coefficient; Ay is the vehicle cross section;
M, is the equivalent mass of the rotating parts of the car
(expressed in %); and, a4, is the car acceleration defined as
dsgc/dt. The grade force was considered in this simplified
vehicle model.

Two in-wheel SRMs were used to traction the vehicle,
so each wheel must provide only half of the total torque

Taxte
2

As the selected in-wheel motor does not need a gearbox,
equations (8) and (13) give directly the speed and torque
needed in the wheel. This also avoids gearbox and idling
losses, making the system more efficient. Regarding the
model vehicle parametrization, an electric big van full loaded
was defined (Volkswagen e-Crafter), where the most signifi-
cant parameters are shown in Table 2. The brake blending law
in this application is defined as 100 % electric braking. This
vehicle model was run offline to obtain the torque and speed
curves shown in Fig. 6.

Tywheel = ( 1 3)

V. AUTOMOTIVE CAPACITOR ANALYSIS

A. CAPACITOR TECHNOLOGY FOR EV APPLICATION

Three types of capacitors are generally used in high voltage
DC-link applications, which are the Aluminum Electrolytic
Capacitor (Al-Cap), Multi-Layer Ceramic Capacitor (MLC-
Cap) and the Film Capacitor (F-Cap). The last one is a wide
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FIGURE 8. Performance comparison of the main types of capacitors for
DC-link applications [32].

TABLE 3. icqp and Cpj, estimations for a complete NEDC cycle.

icap (ArRMS) | Crmin (UF)
TSF 10.65 529
SSM 9.27 401

family that offers multiple options, but within this one the
most used technology is the Metallized Polypropylene Film
Capacitor (MPPF-Cap) [32].

MPPF-Caps have a superior performance Fig. 8 shows a
performance qualitative comparison, exhibiting the specific
advantages and shortcomings of each technology. MPPF-
Caps have a superior performance, they provide a well-
balanced performance for high voltage applications (above
500 V) in terms of cost, ESR, capacitance, current ripple and
reliability [32]. The cost of MPPF-Caps is about 1/3 of Al-
Caps [2]. All this and the possibility to achieve higher power
density DC-link designs in high ripple current applications,
make the MPPF-Cap technology the preferred to automotive
application [2].

B. ELECTION OF THE CAPACITOR

Once the most suitable technology has been chosen,
it remains to define the capacitor used to evaluate the two
modulations tested. By means of a preliminary simulation
in Matlab of the vehicle’s speed and torque profiles (see
Fig. 6(c)) in a complete NEDC cycle, the ic,y profiles for
both modulations have been obtained (see Table 3).

This drop in ic,, makes it possible to also reduce the
required capacitance value. However, the selected capacitor
should satisfy the needs of the most adverse modulation for
a better comparison. The theoretical minimum capacitance
value can be quantified by [17]:

2
Lalcap
2
0.1V5

where L, is the inductance with alienated poles, and Vpc is
the rated DC bus voltage. The application of the TSF-based
ITC resulted in Cy,;, = 529 uF, whereas the SSM-enhanced
ITC yielded Cyi, = 401 uF, i.e. a reduction of 24.2 %.

For the capacitor-selecting task, TDK has collaborate pro-
viding information of a MPPF-Cap solution specially fitted

Chin =

; (14)
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FIGURE 9. 3D outline of TDK's automotive MPPF-Cap.

to the vehicle’s power specification. It is a complete DC-link
solution as it is made by a capacitor + busbar and connections
with the DC battery part and the three-phase inverter (see
Fig. 9). Its main parameters are: 550 uF and 450 V of rated
capacitance and voltage, respectively.

C. ELECTROTHERMAL MODEL
For the electrothermal simulations two different simulation
software were used, depending on the simulation type:

o For electromagnetic simulations, Flux PEEC 2018.1.3
from Altair were used. This is a software which uses Par-
tial Element Equivalent Circuit (PEEC) as the method
of its solver, which is a partial inductance calculation
method widely used for modelling in Electromagnetics
since 70s.

o Thermal simulations were done with ANSYS Mechan-
ical 2019 R3. This is a worldwide leader software,
especially for thermal and mechanical simulations. It is
based in the Finite Element Method (FEM), which is
a numerical technique used to perform Finite Element
Analysis (FEA) or any given physical phenomenon.

To transfer results from one to the other, Microsoft Excel
was used.

Fig. 10 shows the workflow for the whole (electromagnetic
+ thermal) capacitor simulations. Stablishing the Boundary
Conditions (BC) is essential, both thermal and electrical:

o Thermal BC (see Fig. 10-®). It is mandatory to define
always the ambient temperature 7, [40], which rep-
resents the temperature of capacitor’s surroundings.
To improve the simulation, the temperature of certain
part of the capacitor can be also defined (e.g. the ter-
minals, or a face by cooling).

o Electrical BC (see Fig. 10-®@). Includes the currents
that the capacitor is undergoing in the simulation (i.e.
iCap» iSource and phase currents in RMS values, and the
spectrum of the first one).

« Structural design (see Fig. 10-®). The structural design
of the capacitor is another initial input; in this case it was
modelled by CAD.

Electromagnetic simulation block (see Fig. 10-®) refers to
the Flux PEEC solver, in the same way as the thermal simu-
lation block (see Fig. 10-®) refers to the ANSYS Mechanical

VOLUME 8, 2020

solver. The first one has three main outputs: losses distribu-
tion (given in volumetric losses W/m? for the conductive parts
of the capacitor), current distribution (given in A/m?) and the
electrical model as its equivalent circuit (C, R, ESR and ESL,
see Fig. 10-®).

Finally, thermal model (see Fig. 10-@) and temperature
distribution (see Fig. 10-®) are obtained from the thermal
results, and it is represented as the thermal resistance

AT

,
Piosses

R = (15)
where AT is the temperature increase from the 7, to the
hot-spot temperature Tj;, and Pjyses is the total amount of
losses that the capacitor bears.

D. LIFETIME MODEL

Lifetime models [25], [32]-[34] are important for lifetime
estimation, online condition monitoring and benchmark of
different capacitor solutions.

The estimation of the lifetime of a F-Cap depends on the
rate of self-healing events and the energy of each one as the
number of operating hours increases [41]. Each self-healing
event is followed by a slight drop in the capacitance due to
the loss of internal metal surface. The end-of-life criterion of
an F-Cap, defined by the IEC61071 standard, is established
at the point where the capacitor has lost 3 % of its initial value
of capacitance [42].

For F-Caps, a widely used lifetime model is [25], [32]

\% —ki Tamb—Ths
L:Lo( ””) 27k (16)
Vo

where L, Ly, V,p and V) are the lifetime under testing condi-
tions, rated lifetime, operation voltage and rated voltage of the
capacitor. For film capacitors, the exponent k1 is from around
7 to 9.4, which is used by leading capacitor manufacturers,
and k is a coefficient around 10 [25].

The accumulated damage D is the lifetime complement on
ascale of 0 to 1, i.e. a D of 0 would be equivalent to the rated
lifetime and an D of 1 would mean that the device has reached
its theoretical useful lifetime. The nonlinear D model of [25]
is used to describe the real damage progress

D=r1, a7

where r is the ratio /;/L;, being [; and L; the instantaneous
equivalent operating time and total lifetime under the same
loading condition, respectively; and ¢ is a function of lifetime
which represents the degradation speed of the capacitor under
operating condition.

The mayor manifestation of damage into a capacitor is the
increase of ESR over time, mainly by the dielectric degra-
dation, naturally caused or by stress (with Ty, and V,), as
the principal stressors (16)). In consequence, the nonlinear
damage curve is represented by the ESR increasing curves
in the lifecycle, which are obtained from several lifetime
testing (until device failure) with different loading conditions.
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FIGURE 10. Graphical description of the multiphysics simulation workflow.

Because these data are a valuable industrial know-how, man-
ufacturers do not provide this data. In this situation, the linear
model-miner rule can be used for fast evaluation making
g = 1in (17).

VI. PROPOSED ENHANCED METHODOLOGY

Fig. 11 shows the general diagram of the proposed reliability
analysis methodology. The left hand blocks shows the steps to
be carried out by Matlab model simulations, while the right
hand represent the steps to be carried out by multi-physics
simulations. Besides, there are some data processing steps
between both groups of blocks. The proposed methodology
is divided in the following 8 steps:

1) First, the real driving conditions must be determined
(see Fig. 11-®). To do this, the vehicle model and
the standardized driving model have been defined in
Section IV.

Carrying out a long dynamic multi-physics simulation
would require extremely high computational capacity; there-
fore, it is not feasible to implement it. Further, capacitors
have a large thermal-inertia, this means that in the case of
applying an operation point (e.g. the maximum power point)
it would take hours to achieve thermal stability and would not
represent the real operating condition at all (i.e. the capacitor
will not operate in high torque areas for hours). This allows
to discretize the driving cycle in different points and consider
them as a group of static conditions, making possible to
simulate them individually.

2) For all this, the selected standardized driving cycle is
divided (see Fig. 11-®@). 22 different operation regions
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are defined based on the speed profile of the NEDC
(11 dividing the UDC and another 11 dividing the
EUDC, as it can be seen in Fig. 12).

Then, each region is represented as an operation point
(P;,V i € [1,22]) and their mean torque Tyheel,,,, and
mean speed @ypeel,,,, are calculated (see Fig. 11-®).
All the operation points are simulated, each one with
its Tywheelpeqn AN Wywheelean» With both modulation tech-
niques to obtain the corresponding icap, isource and
phase currents profiles (see Fig. 11-@).

4)

The electrothermal simulation of all the operational points
would still take an unbearable amount of time. Simulating
and obtaining the thermal model of the two most exigent
operational points (Pyg; and Pyga from now on) is enough
to extrapolate the result to the rest of the points, thus, next
two steps are only applied on these.

5) As has been mentioned in Subsection V-C, the elec-
trothermal model needs the iy, spectrum, so it must
be calculated in an intermediate step (see Fig. 11-®).
Electrothermal simulations are carried out as explained
in Subsection V-C (see Fig. 11-® and Fig. 10).

From the results of the two most exigent operational
points, the rest are calculated by extrapolation (see
Fig. 11-®). The effect of the frequency in the thermal
losses is not negligible; however, in this case most of
the current of each operational point is in the same fre-
quency range. This way, the overheating (represented
as AT) for the rest of the operational points that have
not been simulated can be calculated by thermal extrap-
olation, as shown below.

6)

7
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FIGURE 11. General diagram of the proposed methodology to determinate the effect of a modulation in the reliability of a DC-link.

Firstly, the Ry, for Pyg1 &PumE? is calculated indepen- TABLE 4. General data of P20 and P22.
dently for the TSF and the SSM as seen in (15). Then,
for each remaining operational point, their losses are

Z'Cap (Arms) Wwheelmean T’wh,eelmean

calculated as TSF  SSM | (rad/s) (Nm)
in 2 P20 | 106.6 883 101.4 137.9
Piossespec = Plossesp . <ZTL) , (18 P22 | 1072 955 66.2 -164,1

OlPyE

where Pjossesp,, and iy, are the losses and the total
current in RMS (i.e. the sum of icgp, isource and phase

currents in RMS values) for each operational point, VIL. LIFETIME ANALYSIS OF THE SSM

respectively. At last, having each operational point’s The enhanced methodology will now be applied to complete
losses, AT is obtained directly multiplying those losses the SSM analysis. As was justified in Section VI, in order
by the Ry, of the corresponding modulation. to further simplify the computational load to an assumable
8) Finally, to determine the lifetime change with each  simulation time, from the 22 operation points that have been
modulation technique, all the operation points are tak- defined (see Fig. 12), only the two most exigent were sim-

ing into account considering the time period of each one ulated electrothermally (P20 and P22). The 20 remaining
(see Fig. 11-®). As well as the periods with the vehicle  points were calculated by extrapolation from the result of the

at standstill. two simulated ones.
This scheme allows to easily apply the simulation method- In Table 4, general results of steps @ and @ (see Fig. 11)
ology to any kind of control. can be seen for P20 and P22. Fig. 13 shows the discrete
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FIGURE 13. icqp spectrum for both TSF-based and SSM-enhanced ITC.

current spectrum of step ® used in the electrothermal model
for these operational points.

A. TEMPERATURE RESULTS AND THERMAL
EXTRAPOLATIONS
The electrothermal simulations and extrapolations have been
carried out with the collaboration of TDK.

Common automotive capacitor materials have been used
for these simulations: metallized polypropylene film for the
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TABLE 5. Temperatures for each operational point. In bold the simulated
ones.

TSF SSM AT reduction

Ths °C) AT (°C) | Ths (°C) AT (°C) (%)
PO1 100.8 10.8 97.6 7.6 -29.4
P02 90.12 0.12 90.07 0.07 -45.6
P03 94.2 4.2 92.9 2.9 -31.9
P04 97.5 7.5 95.1 5.1 -31.0
P05 90.09 0.09 90.05 0.05 -44.3
P06 96.0 6.0 94.0 4.0 -34.4
P07 94.9 4.9 93.1 3.1 -36.2
P08 90.2 0.21 90.1 0.13 -40.9
P09 91.9 1.9 91.1 1.1 -39.3
P10 90.05 0.05 90.03 0.03 -44.5
P11 100.9 10.9 97.1 7.1 -34.7
P12 94.9 4.9 93.1 3.1 -37.9
P13 90.4 0.43 90.3 0.26 -40.4
P14 94.8 4.8 92.8 2.8 -41.0
P15 90.14 0.14 90.08 0.08 -40.7
P16 96.6 6.6 94.0 4.0 -38.4
P17 90.4 0.43 90.3 0.26 -40.8
P18 95.2 52 93.2 32 -38.8
P19 92.0 2.0 91.1 1.1 -43.3
P20 104.3 14.3 100.2 10.2 -28.7
P21 95.3 53 93.1 3.1 -41.7
P22 105.3 15.3 100.1 10.1 -34.0

capacitive elements, copper for the stripes that joint these
capacitive elements, polymer case and epoxy resin potting.
For the simulation, the following thermal BC have been
established (common in automotive application):

« Phase terminals temperature: fixed at 90 °C.

« Convection: a typical natural convention air coefficient

of 10 W/(m?K) is assumed, with a T,,,; of 90 °C.

Obtained thermal maps, provided by ANSYS Mechanical
software, have the same scale so comparisons are easier and
clearer. The T}, at P22 with the TSF is 105.3 °C (see Fig. 14)
and with the SSM is 100.1 °C (see Fig. 15). As it can be seen,
internally the DC-link is made by paralleling 5 capacitive
elements. In both cases, this T} corresponds to the first one
(from left to right, see Fig. 14(a) and Fig. 15(a)). This is
caused by the internal construction and wiring pattern, more
current is concentrated in the left side and, in consequence,
more thermal losses occur.

Comparing both modulations at the P22 operational point,
the capacitor would be overheated around 5.2 °C less with
the SSM, achieving a AT reduction of a 34 % (see Table 5).
While at P20 it would be 4.1 °C less of overheat and a AT
reduction of a 28.7 %, obtaining a similar thermal map (see
Fig. 16 and Fig. 17).

From the results of P20 and P22, the temperatures of the
rest of the operational points have been calculated by extrap-
olation as defined in step @ (see Fig. 11). For that purpose,
firstly the Ry, for P20 and P22 is calculated obtaining a value
around 0.77 °C/W and 0.74 °C/W for the TSF and the SSM,
respectively. Table 5 summarizes all the results for both TSF
and SSM.
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FIGURE 14. ANSYS thermal simulation of the P22 operational point with
TSF-based ITC.
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FIGURE 15. ANSYS thermal simulation of the P22 operational point with
SSM-enhanced ITC.

B. LIFETIME ANALYSIS

Applying the Ty, data of Table 5 into the lifetime model
(considering V,, = 400 V constant) to calculate L;, and
using it together with the known /; of each operation point
within the linear damage model, it can be estimated how many
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FIGURE 16. ANSYS thermal simulation of the P20 operational point with
TSF-based ITC.
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FIGURE 17. ANSYS thermal simulation of the P20 operational point with
a SSM-enhanced ITC.

NEDC cycles the EV will be able to perform until D reaches
a value of 1 (rated lifetime). Doing this, with both TSF-based
and SSM-enhanced ITCs, and comparing the results allows
to know the real impact of the ic,, reduction.

192723



I EEEACC@SS D. Cabezuelo Romero et al.: Methodology to Determine the Effect of a Novel Modulation

x10*

—TSF
r SSM|

b >
B

Time (h)

>
o

Difference (%)
=
==

e
)

=

7.5 8 8.5 9
k1 (-)

FIGURE 18. Lifetime estimation results for both TSF-based and
SSM-enhanced ITC.

For a correct calculation of the lifetime model, k; must
be defined, but this constant is characteristic for each F-Cap
and, in consequence, manufacturers do not provide it either.
However, as it will be seen, it is not necessary to define it to
make a comparison, since the porcentual difference between
both modulations remains constant for any k; value.

Fig. 18 compares the results obtained. For a k; = 8 the life-
time estimation with the TSF-based ITC resulted in 33940 h,
whereas the SSM-enhanced ITC yielded in 38630 h, i.e. an
increase of 13.83 %. Moreover, this increasing is maintained
in all the k; values.

VIil. CONCLUSION

This article has presented a novel methodology to deter-
mine reliability issues in automotive DC-link capacitors. This
methodology simplifies the complex and long dynamic multi-
physics simulation process to estimate the lifetime of an
automotive capacitor taking into account the current load it
delivers. The NEDC has been used as the standardized driving
cycle, but it could also be implemented with any other driving
test procedure.

The methodology can be also used as a basis for a rapid
method to select the capacitor based on the lifetime target
for a specific application. Capacitors are usually selected by
the maximum DC-link voltage ripple, but the lifetime can
be also added as a selecting factor. Different capacitors can
be analysed comparing their lifetimes under the same load
condition. The electrothermal model of the used capacitor
is still needed, but not the ESR degradation curves, thus
simplifying the whole process.

At the same time, an enhanced SRM modulation, called
Synchronized Switching Modulation (SSM), has also been
validated to test its influence in the hot-spot temperature
and the lifetime of the DC-link, compared with the classic
torque sharing function. Such comparison have shown that
the reduction of ic,, with the SSM was enough to achieve
a 13.83 % of lifetime increasing. Besides that, it would also
allow a reduction in capacitance by 24.23 %, making possible
to choose depending on the objectives.

These results are promising, and make the SSM an interest-
ing modulation technique for SRMs. The SSM is particularly
suitable for heavy-duty applications or in-wheel without gear-
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box, that’s why the employed experimental platform is based
into a two in-wheel powertrain system. However, the SSM
could also be implemented along with other modulation
schemes in central motor-equipped EVs, by combining the
SSM with other modulation schemes in an adaptive fashion.
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