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Reliability-aware Control of Power Converters in Mobility Applications
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Abstract— The large scale adoption of Battery Electric Ve-
hicles (BEVs) is still limited by cost, reliability and lifetime
considerations. The power converters of a BEVs, and more
specifically the semiconductor switching devices, are the second
most likely component to fail due to the damage caused by the
current-induced temperature cycling. In this paper we address
the active mitigation of damage in e-mobility power converters,
by introducing a novel frequency-domain speed controller for
the power train that reduces the thermal stress on the power
electronic Insulate Gate Bipolar Transistors (IGBTs), while
simultaneously ensuring effective speed tracking performance.
We integrate the multi-objective problem in an 7., control
framework, which embeds the semiconductor reliability model
in the weights functions. The method is tested using standard-
ised driving cycles in two different scenarios: reliability-aware,
and performance-oriented cases. Finally a lifetime analysis
of the IGBTs, in both scenarios is performed leveraging the
Rainflow algorithm and temperature data.

I. INTRODUCTION

BEVs hold the potential for a sustainable alternative to
traditional Internal Combustion Engine Vehicles (ICEVs).
Today, major automotive manufacturers such as Toyota, Mit-
subishi, Ford, Renault, and Nissan are transitioning towards
full-electric vehicle lineups. Together with the scientific and
technical communities, they face the challenge of advanc-
ing the power conversion technology required for enabling
the transition towards the next generation of BEVs. These
power converters are expected to reduce COs emissions
(e.g., when considering tank-to-wheel performance), enhance
energy efficiency, and boost reliability for a wide range of
BEVs and Hybrid Electric Vehicles (HEVs) while main-
taining affordability to encourage widespread BEV adop-
tion [1]-[4]. These challenges become even more critical
when considering future Autonomous Mobility-on-Demand
(AMoD) services utilizing BEVs, as they demand significant
computational and energy resources [5, 6].

Despite their numerous advantages, electric vehicles still
fall short in terms of reliability and longevity compared
to their combustion engine counterparts. Addressing these
sustainability issues is the primary focus of this work.

Conventionally electric vehicles are designed and operated
to optimize performance and efficiency. Reliability aspects
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Fig. 1: Ho control scheme to operate a BEV integrating
vehicle and reliability models. Control objectives are speed
tracking and enhanced lifetime of the vehicle.

are considered in order to assesses a system’s ability to with-
stand failures over time, estimates its expected lifespan, and
predicts time-to-failure [7]- [8]. This information is used to
design components, to plan maintenance and replacements,
but it is not considered during the operation phase. However,
responsible system operation contributes to minimize long-
term damage and increase the system’s lifespan by utilizing
reliability information about components, systems, and fleets.
In this research, we apply the concept of reliability control
to electric vehicle power converters, where the converter’s
operation is optimized to minimize damage and maximize
the vehicle’s lifetime and availability.

Our focus is on an automotive power converter that uses
standard Silicon Insulated-Gate Bipolar Transistor (IGBT)
technology.

Those devices are the technology at the core of BEV
drivetrain [9, 10], they drive the motors enabling power
conditioning and adaptation to driving requirements across
a wide range of conditions [11]. However, they are also
identified as the component most likely to fail after the
battery pack [12]. The performance of a power converter
depends, to a large extent, on the control of its semiconductor
switches under various applications and electrical loads.
Properly optimizing their operation can lead to increase
the lifespan for the whole converter. Reliability of power
semiconductor devices is typically studied [13]-[18], for
analysis purpose in lifetime prediction applications using
well established, empirically-based damage models.

In our research, we employ reliability models to design
an H., controller that operates the BEV power converter
efficiently and reliably for each driving cycle and operating
condition (see Fig.1).

While reliability studies typically are dedicated to observe
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and characterize system longevity and failure resistance, we
propose a reliability control approach to actively operate the
system to increase its resistance to failure. This is achieved
by integrating reliability objectives into a multi-objective
optimization control problem, such that the performance and
degradation aspects of system operation are balanced.

The control policies are then tested on realistic case
studies, where standard drive cycles are used as vehicle
desired speed profiles. The resulting trajectories and damage
accumulation are compared a-posteriori in various scenarios
to assess the energy efficiency and lifetime performance.
The paper is structured as follows: Section II describes the
automotive power train, its mathematical models and states
the control design problem. Section III introduces models for
sustainability metrics, it details the semiconductor character-
istics and its losses and damage models used to estimate the
device efficiency and reliability. Section IV presents the main
result, the H., controller, whose performance results are
validated in Section V. Section VI is dedicated to concluding
remarks and future research directions.

II. PROBLEM STATEMENT

This paper considers an BEVs powertrain consisting of
a battery supplying power to a three-phase voltage source
converter, which controls the operation of Permanent Magnet
Synchronous Motors (PMSMs), as shown in Figure 2. The
rotor angle, #, measured by an encoder is used to estimate
the mechanical speed, w;,, and in the Park dq0-transformation
[19] to rotate the reference frames of the AC current wave-
forms such that they become DC signals. The reference
speed, wref, Wy, and the dg-components of the motor current,
iq and 74, are used by the controller K(s) to design the
desired d- and g-components of the stator voltage, i.e. uy
and u,, respectively. Using Park’s inverse transformation,
these values are converted back to the static coordinate frame
where the Space vector Pulse Width Modulation (SVPWM)
determine the switching patterns required to produce the
desired voltage.

In the family of electric motors for mobility applications,
PMSM are characterized by high power density, stable output
torque, low noise, and good speed regulation performance,
making them suitable for EV propulsion [20]-[22]. A math-
ematical model of PMSMs is described in the d-q reference
frame by:

uq(t) = Rgiq(t) + Lq (’%git) — weLygiq(t), (1)
ug(t) = Reiglt) + £, 20 i) +wer, @

where Rj is the stator resistance, Ly and L, are d-axis and
g-axis inductances, w, is the rotational speed of the electrical
field and ®p is the magnetic flux of the permanent magnet
which we assume to be constant. Moreover, the induced EMF
is assumed to be sinusoidal and hysteresis and eddy currents
loss are neglected.

The produced electrical torque is given by:

3 3
T = 5pPrig(t) + 3p(La — Lolia(t)ig(t), ()
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Fig. 2: The PMSM system drive with speed tracking and
IGBT semiconductors reliability control scheme.

where p is the number of pole pairs. The rotor mechanical
speed is governed by the following inertial equation:

O ()
ot

Te—T=J + Brw (1), )
where 71 denotes the load torque, J is the moment of inertia,
B is the viscous friction coefficient, and wy, = we/p is the
rotor mechanical speed.

The control objective is to design a suitable stator voltage
to control the current and produce the torque required to
track the reference speed, while minimizing converter losses
and damage. The motor dynamics described above include
bi-linear terms, to linearize those dynamics we define the
following auxiliary control inputs:

Uq(t) = ua(t) + welqiq(t), Q)
ﬂq (t) = Ug (t) — weLdid(t) — wefl)p. (6)

With these auxiliary control variables, the PMSM voltage
equations become linear:

a &;t(“ = @q(t) — Reia(t), (7)
.
Ly Zgit) = Gy (t) — Raig(t). (8)

Furthermore, we consider a surface-mounted type of
PMSM where Lq ~ L, and neglect the reluctance torque
term, so the speed equation becomes linear:

Ponll) — 2 ey t) -

Jat 2

T — By (1), )

Once the required 4(t), @q(t) are determined by the con-
troller, the actual desired stator voltage is then calculated as:

walt) = walt) — weLig0),
ug(t) = tg(t) + welLaiq(t) + wePr,

(10)
(11)
assuming precise measurement of wy,, and knowledge of

motor parameters ®g, Ly and L,. The notation - is omitted
in the following for the sake of brevity.
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III. MODELING AND RESPONSIBILITY METRICS

To include efficiency and reliability requirements in the
control design, we need to define damage models that enable
us to estimate the health status of the converter semiconduc-
tor components. These serve as basis to define responsibility
metrics that determine how components, and systems should
be operated. Starting from individual components, we use
mathematical reliability models to estimate the damage ex-
perienced as a function of the environmental and operating
conditions. Here we focus on bond wire fatigue, as it is one
of the dominant failure modes in IGBT modules under cyclic
stresses. Specifically, in a power BEV converter energy losses
and damage can be modeled as a function of the current
and therefore of the driving conditions [23, 24]. In a second
step, we consider physically interconnected components in a
system and define new resulting estimates of reliability for
the whole converter based on the drive-cycles and operation.

Once we have defined models and measures for reliability,
we can proceed to integrate sustainability objectives in the
control design process.

A. Lifetime model of IGBTs

A major reason for the failure of IGBTs in power con-
verters is bond wire lift-off and stress cracks which links the
various components of the IGBT [16]-[18, 25]. Such damage
is due to the recurring thermal fluctuations experienced by
the device during its operation. As the device’s junction
temperature fluctuates, the discrepancy in the thermal expan-
sion properties between the two materials results in stress
at the bonding interface between the wire and the silicon.
Consequently, the bond wires become disconnected, leading
to an open-circuit failure.

The number of cycles to failure can be anticipated based
on a specific lifetime model.

In this study, we use the following empirical lifetime
model for IGBT modules [26]:

_ E, C +ton”
_ [’3 16} [’3 a on A
Ny = Ag.A7.AT; 7. exp (HBTJ‘)' Cron Kthick,
(12)
with AT — T
8= exp w

where N is the number of cycles to failure which is inversely
dependent on several factors, including the medium junction
temperature, 7}, the magnitude of the temperature cycle,
ATj, and the duration of the cycle, ¢,,. The remaining
factors are constant parameters: F, and xp are, respectively,
the activation energy and the Boltzmann constant, Kinick
is the chip thickness factor, and Ag, A1, Ty, A, «, C, ~
are constants empirically determined by the semiconductor
device manufacturer.

Using standard values detailed in the components data-
sheet [26], we observe an inverse relation between the
magnitude of the temperature fluctuation and the number of
cycles to failure. For example, when an IGBT is subjected
to a temperature stress of AT; = 40° in the process, it can

endure approximately 922k cycles at the average junction
temperature of 7; = 150° and duration of ¢,, = 10s.
However, at the same temperature and cycle duration but
with a higher temperature stress of AT; = 80°, the expected
number of cycles is only about 30k. It can also be observed
that as the duration of temperature cycles t,, increases, the
number of cycles to failure slightly decreases.

B. Thermal model of junction temperature

The IGBT junction temperature 7j and its fluctuation ATj
can be simulated using a first order thermal model [27]:

TJ (t) - T

Ry
where P(t) denotes the power dissipated by the IGBT, T,
is the ambient (heatsink) temperature, and Ry and Cjy are,
respectively, the thermal resistance and capacitance of the
IGBT specified in the datasheet.

For simplicity, we study only the impact of the conduction
loss on the IGBT junction temperature. The conduction loss
is computed by multiplying the on-state conducting current
and the voltage scaled by the duty factor:

P(t) ~ Veeolon(t) + TCEIgn(t)v

CoTi(t) = P(t) — (13)

(14)

where Voo is the Collector-Emitter on-state voltage thresh-
old, rcg is the on-state resistance, and I, denotes the on-
state current.

IV. CONTROL DESIGN

Equipped with the electro-mechanical system, the effi-
ciency and the reliability models, we can now proceed to
design the controller. The control objective is to optimize
the speed tracking, while minimizing power losses, functions
of the current, and maximising the semiconductors lifetime,
function of the average junction temperature and its variation.
We propose a frequency domain approach, where accumula-
tion of damage as function of thermal cycling can be captured
best. We specify the performance and reliability requirements
in frequency domain as weighting transfer functions, and
the controller is designed through a one step linear matrix
inequality (LMI) optimization.

Mathematically, the closed-loop system can be represented
as

Z = FZ(P(S)vK(S))w’ (15)

where Fy(P(s),K(s)) denotes the lower linear fractional
transformation of plant P(s) closed by controller K (s), w is
the exogenous input which includes reference speed profiles
and load torque, and z represent error signals which we want
to minimize:

We(s)etrack
w = {w:’f} , 2= Wi(s)ig |,
! Wi(s)ia

where W, and W; are, respectively, frequency dependent
weights on speed tracking error and current consumption,
and eg;ack 1S the speed error signal.
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Fig. 3: Weights on the current consumption profile and

tracking error in the frequency domain.

The control design objective is to minimize the H., norm
of the closed-loop transfer function from w to z, defined as:

[ Ee(P, K)loo = sup o (Fy(P, K)(jw)), (16)
w
where ¢ denotes the maximum singular value operator.

Figure 3 depicts the weight transfer functions used to
design the H ., controller. W, (jw) is the weight penalizing
the speed tracking error at all frequencies. For the given
thermal model time constant RyCy, as the frequency of the
current fluctuation increases, the impact on the temperature
on damage decreases. Therefore, to lower the thermal stress
experienced by the IGBTs, the weight on the current, W7y, is
chosen as a first-order transfer function to penalize current
and therefore temperature oscillations particularly in the
frequency range below the thermal response bandwidth.

In the following, we compare two control modes: one
with lower penalty on current consumption which results
in a Performance-Oriented controller, and the other with
significant importance on the current profile that leads to
a Reliability-Aware control policy. Figure 2 illustrates the
closed-loop system. The inputs ug4 and u, are the auxiliary
inputs defined previously in Equations (5) and (6), and the
controller output is modified by adding a decoupling module
according to Equations (10) and (11).

V. SIMULATION RESULTS

Standardized drive cycles are examples of real-world
driving conditions and are frequently employed by vehicle
manufacturers to determine fuel efficiency and emissions for
their vehicles. Specifically, the Worldwide harmonized Light
vehicles Test Cycles (WLTC) represent a series of chassis
dynamometer tests specifically designed to measure COo
emissions and fuel consumption in light-duty vehicles.

They are a suitable testing framework for comparing the
performance of different control policies and evaluating the
expected lifetime of power modules. We have chosen the

TABLE I: Simulation parameters.

Quantity Value Description

R 1Q Stator resistance

(o3 Ve 0.03 Wb Permanent magnet flux linkage
J 0.5 kg.m—? Rotational inertia

By 0.05 N.m.s Viscous friction coefficient

Lg and Ly 10 mH d- and g-axis inductance

p 8 Number of pole-pairs

Ry 06 °Cw1 Semiconductor thermal resistance
Cy 4 NmK-1 Semiconductor thermal capacitance

Vee0 2V IGBT collector-emitter on-state voltage

TCE 8 mS IGBT On-state resistance

WLTC, depicted in Figure 4, as the speed profile to assess
the expected lifetime of the IGBTs in this research study.
The simulation parameters are presented in Table 1.

Figure 4 compares the performance of the two differ-
ent control strategies. When employing the Performance-
Oriented controller, the simulated speed closely matches the
reference trajectory, with a minimal root mean square devia-
tion error (RMSE) of 0.02 km/h. In contrast, the Reliability-
Aware controller yields a higher speed tracking RMSE of 7.0
km/h, as expected.

Figure 5 illustrates the resulting current profile across the
entire drive cycle, it provides a comparison between the two
control strategies in terms of current, and hence temperature,
fluctuation impacting the damage experienced by the con-
verter semiconductors. Notably, the Reliability-Aware control
strategy demonstrates reduced current fluctuations compared
to the Performance-Oriented control. Figure 6 displays the
junction temperature of a single IGBT, we can observe
that the Reliability-Aware control policy leads to reduced
temperature fluctuations. To analyse the impact on IGBT
lifetime, we compute the number of temperature cycles using
the Rainflow-counting algorithm, a widely employed tool in
fatigue analysis.

A. IGBT lifetime analysis

The concept of linear damage accumulation, originally
proposed by Palmgren and Miner [28, 29], is a well-
established technique for computing the total experienced
damage from the individual damage components caused by
damaging cycles of different stress levels. Specifically, con-
sidering k different stress magnitudes within a spectrum S;
(where 1 < i < k), the total number of experienced cycles
for each stress level, n;(S;), and the number of cycles to
failure for each stress level NN;(.S;), the overall damage is
computes as follows:

k
o na(Ss)
D=2 NG

Failure is often characterized by D =1 [30].

A7)
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Fig. 4: Speed tracking performance for two different control
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Fig. 5: Comparing the g-component of the motor current for
two different control policies.

In our case, the total damage is computed as follows

AT} max Tj,max ton,max

=X X Xy

AT min

n(AT}, T}, ton)

(AT, T} ton) (18)

] min ton,min

where the number of cycles, n(ATj, T}, ton), is obtained from
the Rainflow-counting algorithm.

Figure 7 compares the distribution of the junction temper-
ature cycling data obtained through the Rainflow-counting
algorithm. For better comparison, the sum of cycles is com-
puted across the cycle duration, t,,, to achieve n(ATj7 Tj),
i.e. the number of cycles for different T and ATj. As we
can see, using the Reliability-Aware control policy, results
in a shift of thermal cycles from higher to lower junction
temperatures, and in the reduction of cycles with high
temperature variations.

The damage index of a single IGBT is computed based
on the empirical lifetime model per Equation (12) combined
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Fig. 6: Representation of the IGBT junction temperature
variation, with a particular focus on relevant segments.

with the cumulative damage model in Equation (18):
Dpert = 1.6 X 1074, Dy = 1.1 x 1074

As we can see, with the Reliability-Aware control scheme,
the total damage on the IGBT is reduced by approximately
30% over the entire drive cycle of WLTC. We can conclude
that, under the Performance-Oriented control, the IGBT is
predicted to endure for approximately 6,200 drive cycles,
which is equivalent to approximately 8 years, assuming that
two drive cycles are completed daily (this is equivalent to
1 hour of driving per day). When Reliability-Aware control
is used to operate the IGBT, its estimated lifetime would
correspond 9,000 drive cycles, or an equivalent of 12 years.
Those absolute numbers are highly dependent on the chosen
drive-cycles, therefore those results have to be interpreted as
relative in the context of controller performance comparison.

VI. CONCLUSION

Traditionally, the operation of BEVs, focuses on maximiz-
ing performance and at best efficiency. It is only recently
that the engineering community is becoming aware of the
importance to address sustainability objectives by designing
and operating systems to maximize their lifespan and hence
reduce resource waste and environmental pollution.

Within this context, this paper focuses on the concept
of reliability control, where the operation of BEVs power
converters is optimized to achieve the desired tracking perfor-
mance while minimizing damage to the power semiconductor
switches, thereby increasing the lifetime at the system level.
In particular, we proposed an #., controller to efficiently
and reliably operate BEV power converters under varying
driving conditions.

We provided case studies to illustrate the effectiveness
of the proposed control policies in real-world scenarios,
emphasizing its benefits in terms of energy efficiency and
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lifetime expectations. The proposed approach offers a novel
perspective and insights into the sustainable operation of
BEVs, paving the way for an entire suite of studies toward
a more environmentally friendly and reliable automotive
future.
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