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Abstract— In power conversion applications, the DC-link
capacitor is a critical component prone to degradation and its
reliability affects the whole converter lifespan. Two-levels con-
verters are commonly operated using pulse patterns designed
according to conventional modulation schemes to generate
a desired AC voltage. The effect of the switching on the
DC-link capacitor current is not considered in the planned
pulse pattern. This work proposes an alternative modulation
strategy where the patterns are optimized to minimize the
RMS current and thus reduce the degradation effect of current
ripples on the capacitor. A comparative performance analysis
of the reliability-based modulation scheme with respect to
the standard practice is carried out based on simulation.
The analysis results demonstrate that the proposed method
generates the desired voltage output with low levels of harmonic
distortion, while significantly decreasing RMS current values
and thus enhancing capacitor lifetime.

I. INTRODUCTION

Power electronic converters enable power control and
adaptation for a wide spectrum of process needs at good
energy efficiency levels. The ubiquitous employment of
power converters in all energy, industry and mobility sectors
led to increased research attention on various modulation
techniques [1]–[6] to optimally operate those devices. Mod-
ulation techniques generate switching patterns to control the
output voltage of a converter. The inherent discrete nature of
these pulses however, introduces undesired harmonic content
in both the converter output and the DC-link currents.

The capacitor connected to the DC side of the converter
as in Fig. 1, is referred to as DC-link and is typically sized
to reduce the voltage ripples and provide sufficient energy
storage for transient operations [7, 8]. The Aluminum Elec-
trolytic Capacitors (Al-Caps), widely employed in various
power electronic applications [7], are the components with
highest failure rate [9, 10] and limited lifespan [11, 12]. The
main factor contributing to the degradation of electrolytic
capacitors is electrolyte evaporation and electro-chemical
reactions, which are influenced by electro-thermal stresses
caused by temperature and current ripples. Additionally, high
levels of ripple currents increase the power losses in the
Equivalent Series Resistor (ESR) of the capacitor, those lead
to an increased hot-spot temperature and further accelerate
the aging process [12, 13].
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Fig. 1. Schematic diagram of a 2-level power conversion system

Increasing the converter switching frequency reduces the
current harmonics and therefore the heat generated in the
capacitor. On the other hand, it also leads to higher switching
losses in the power semiconductors. To optimize the overall
system efficiency and reliability, it is necessary to minimize
both the current harmonics and the switching losses. To
reduce harmonic distortion in the output of the converter,
optimized pulse patterns (OPPs) [6, 14]–[17] are computed
offline and applied as switching strategy. However, these
OPP methods do not directly minimize the stress on DC-
link capacitors. The main idea of this work is controlling
the switching patterns to reduce current ripples and the
associated stress factors, thus contributing to extend the
lifetime of the capacitor [18]. Other less standard modulation
methods [19]–[25], rely on heuristic approaches to reduce the
DC-link capacitor current. In [26], the authors developed a
look up table based on a mathematical optimization problem
with the objective of minimizing the RMS value of the
current in the DC-link. The problem is then solved by the
fmincon function in MATLAB.

In this work, to address the reduction of heat generated
in the DC-link capacitor, we rely on the relation between
thermal losses and current RMS value, i.e. Ploss = ESR×
I2RMS , and choose the RMS value of the DC-link current
as the optimization criterion. We formulate the current RMS
minimization problem in a convex optimization framework
based on SVM technique, while considering minimal switch-
ing loss patterns. Specifically, we propose two different
methods. In the first method, a binary optimization problem
is formulated to determine the optimal pulse patterns such
that the RMS value of the DC link current is minimized.
In the second method, a linear optimization problem (LP)
is proposed where the optimal dwell times of the space
vectors is determined, and the vectors are selected to achieve
minimum switching losses.
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TABLE I
SPACE VECTORS WITH CORRESPONDING STATE

Space Vector Magnitude Angle Sa Sb Sc

V0 0 0 0 0
V1 2VDC/3 0◦ 1 0 0
V2 2VDC/3 60◦ 1 1 0
V3 2VDC/3 120◦ 0 1 0
V4 2VDC/3 180◦ 0 1 1
V5 2VDC/3 240◦ 0 0 1
V6 2VDC/3 300◦ 1 0 1
V7 0 1 1 1

The rest of this paper is organized as follows. In section II,
the standard modulation technique as well as the capacitor
lifetime model are described. Section III introduces the
optimization-based space vector modulation algorithms. The
simulation results and the discussion are given in section IV,
followed by concluding remarks.

II. PROBLEM DEFINITION

A. System Description

A 2-level converter consists of six power semiconductor
switches arranged in three pairs, which each form a leg
corresponding to one phase of the three-phase AC output.
The schematic of a 2-level converter system, composed of
a DC-link capacitor, power converter, and inductive load is
depicted in Fig. 1. To prevent short circuits, the lower switch
of a pair is required to always be in the opposite state from
its upper switch. The state of a leg Sa, Sb, and Sc is hence
binary, defined to be 1 if the upper switch is on and 0
otherwise.

Given a DC input voltage VDC , the voltage vector at the
output of the 2-level converter is given by

V =
2

3
VDC(Sa + aSb + a2Sc), (1)

where a = ej
2π
3 .

Since Sa, Sb, Sc ∈ {0, 1} are all binary, V can take 8
discrete values, six of which are equally spaced around the
origin on the unit circle in the complex plane, while V equals
zero for the two cases where all legs have the same state 0
or 1. The eight resulting vectors V are called space vectors
and are numbered according to Table I.

B. Space Vector Modulation

Space vector modulation (SVM) is a standard modulation
technique used to define the switching pattern to obtain
desired output waveforms with high efficiency and low
harmonic distortion [27]. Whereas conventional pulse width
modulation (PWM) methods work by switching between
scalar voltage values, SVM uses a similar idea for the two-
dimensional space vectors. Assume the converter is supposed
to output a desired voltage V ∗ which can be decomposed as
a weighted average of the space vectors Vi. SVM determines
for how long each space vector should be active over the du-
ration of a switching period Tsw such that the average voltage

output over time, V̄ , approximates the desired voltage

V ∗ ≈ V̄ =
1

Tsw

7∑
i=0

TiVi with
7∑

i=0

Ti = Tsw. (2)

Note that (2) is not a well-posed problem since generally
multiple combinations of space vectors are possible to reach
V ∗. While conventional SVM schemes compute a switching
pattern by following some predefined rules on which space
vectors are active and in what order they are applied, this
additional degree of freedom can be exploited to optimize
the operation according to additional desired criteria.

C. DC-Link Capacitor Lifetime Model

The equivalent series resistance (ESR) of a capacitor
determines the power loss resulting from a given RMS
capacitor current. This power has to be dissipated as heat and
thus leads to a local hot spot temperature Th. To calculate
this temperature, let Ta be the ambient temperature and Rha

the thermal resistance between the hot spot and ambient. [12]

Th = Ta +Rha × Ploss = Ta +Rha × ESR× I2RMS (3)

The hot spot temperature Th in combination with the operat-
ing voltage V allows an estimation of the capacitor lifetime
L based on a rated lifetime L0 at test voltage V0 and test
temperature T0. The lifetime model is given as follows [7]

L = L0

(
V

V0

)−n

exp

(
Ea

KB

(
1

Th
− 1

T0

))
, (4)

where KB = 8.62 · 10−5 eV/K is the Boltzmann constant
and the activation energy Ea and n are hardware-dependent
parameters that have to be determined.

As can be inferred from (3) and (4), the expected capacitor
lifetime decreases for high capacitor current RMS values.
The lifetime of the system can thus be increased by con-
trolling the 2-level inverter in such a way that the resulting
RMS current through the capacitor is minimized.

III. OPTIMIZATION-BASED MODULATION

To design a switching pattern that produces a low RMS
current over the entire cycle, we consider each switching
period separately and want to find optimal switching pat-
terns that approximate the instantaneous desired complex
voltage vector, and produce minimal RMS current within
the considered switching period. If a switching period is
chosen to be sufficiently small, then one can assume that the
phase currents Ia, Ib, and Ic determined by the load on the
output remain approximately constant over its duration and
fluctuations in the total current I are hence only caused by
the switching pattern. Further, we assume that the capacitor
current is the AC component of I such that minimizing
the RMS capacitor current is equivalent to minimizing the
RMS value of I . Since the RMS value of the current over
a full cycle is a strictly monotonically increasing function
of the RMS currents of all the individual switching periods,
this approach is guaranteed to lead to a lower overall RMS
current than any other method using the same switching
periods under the stated assumptions.
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A. Optimization in the Time Domain

To optimize over the state of the converter as a function of
time, we discretize a switching period into N time steps and
then define Sa, Sb, Sc ∈ {0, 1}N as optimization variables.
Given the phase currents, the total current I over time can
then be expressed in vector form as a linear combination of
the optimization variables and its RMS value is given as

IRMS =
1√
N

∥I∥2 =
1√
N

∥SaIa + SbIb + ScIc∥2. (5)

Due to the discretization effect, the average voltage can
no longer be assumed to outright equal the desired voltage.
Instead, we introduce a soft constraint that requires the
absolute difference between the desired and average voltage
not to exceed some defined limit η ≥ 0. The voltage error
tolerance η is an important design parameter that can be
chosen a priori or can be defined as an optimization variable
and included in the cost function to penalize large values.∣∣V ∗ − V̄

∣∣ = ∣∣∣∣V ∗ − 2

3
VDC

(
S̄a + aS̄b + a2S̄c

)∣∣∣∣ ≤ η. (6)

Additionally, to prevent over switching, which would lead
to increased power losses, we introduce an additional set of
constraints that require each leg to be switched on and off
at most once per switching period. This can be enforced as
a constraint on the difference between the state vector and
state vector shifted by one position:∥∥∥Si −

[
S
[2:N ]
i S

[1]
i

]∥∥∥
1
≤ 2 for i ∈ {a, b, c}. (7)

Using the resulting RMS current as an objective function
and requiring satisfaction of the voltage and switching con-
straints leads to the following constrained optimal control
problem:

min
Sa,Sb,Sc∈{0,1}N

∥SaIa + SbIb + ScIc∥2

subj. to
∣∣∣∣V ∗ − 2

3
VDC

(
S̄a + aS̄b + a2S̄c

)∣∣∣∣ ≤ η∥∥∥Si −
[
S
[2:N ]
i S

[1]
i

]∥∥∥
1
≤ 2

(8)

Since the leg states are inherently constrained to be binary,
(8) is a non-convex problem. A feasible solution satisfying
the constraints can be found by using iterative methods as
described in [28], but they only converge to a local optimum
which may not be a good solution. [26] aims to solve a
similar problem by initializing the search with a starting point
near the global optimum.

B. Optimization in the Space Vector Domain

To prevent the practical issues caused by the binary
constraint in (8), we propose a space vector modulation
approach. Since a space vector captures the entire state of the
inverter and the resulting RMS current is independent of the
order in which different space vectors are applied, one can
view the set of space vectors as the domain and optimize
over the time Ti of how long any space vector Vi should
be active. Thus, instead of dividing a switching period into

N time steps, it is divided into eight sections of variable
length corresponding to the space vectors. Both the RMS
current and the voltage constraint can easily be reformulated
as functions of the space vector on-times Ti:

T ∗ = arg min
Ti≥0

7∑
i=0

TiI
2
i

subj. to
7∑

i=0

Ti = Tsw∣∣∣∣∣V ∗ − 1

Tsw

7∑
i=0

TiVi

∣∣∣∣∣ ≤ η

(9)

The solution of the optimization problem (9) is not an
actual switching pattern but rather a property that an optimal
switching pattern should fulfill. Hence, such a switching
pattern has to be computed after solving (9). Therefore,
the optimal T ∗ must be rounded to comply with a chosen
discretization and the order in which the space vectors are
applied has to be decided. This task can be formulated as
a shortest path problem to minimize the switching losses
resulting from applying the pattern. For this, interpret the
space vectors that are active according to T ∗ as nodes and
set the distance between two nodes to equal the number
of switches necessary to flip between the space vectors.
Then, find the shortest distance to visit all nodes and return
to starting node. This problem is known as the symmetric
traveling salesman shortest path problem and there exist
efficient algorithms to solve it, especially for this case with
only eight nodes, [29].

C. Optimization in SV Domain with Limited Switching
If we want to strictly limit switching, the optimization

problem (9) can be modified slightly to restrict the set of
space vectors used in the optimization in such a way that
one leg is guaranteed to remain in a constant state during
the switching period. Three neighboring space vectors always
have one leg which is in the same state for all three of them.
If this leg is in state 0, then also admit to use the zero space
vector V0, otherwise use the zero space vector V7. With this
constraint, there are always two possible combinations of
four admissible space vectors. Let the sets I1 and I2 contain
the respective indices of these allowed space vectors that
depend on the desired. For example, if 0◦ ≤ ∠V ∗ < 60◦,
we have I1 = {0, 1, 2, 3} and I2 = {1, 2, 6, 7}.

For each switching period, two convex optimization prob-
lems analogous to (9) are solved for I1 and I2, and the
solution with minimum RMS current is selected. With the
additional constraint, it is easy to arrange the four active
space vectors in such a way that only four switches are
required at most. In theory, this approach may lead to a better
solution in terms of RMS current no longer being feasible,
but simulations show this is not a big issue in practice.

IV. SIMULATION RESULT

A. Parameter Values and Methods
We consider the exemplary task of inverting a 700V

DC voltage into a three-phase sinusoidal AC voltage at a
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TABLE II
DEFAULT PARAMETER VALUES IN SIMULATIONS

Parameter Symbol Value
DC input voltage VDC 700V
AC frequency ω0 50Hz
Desired AC amplitude |V ∗| 300V
Current phase shift ϕ 0◦

Low-pass filter resistance R 5Ω
Low-pass filter inductance L 5mH
Low-pass filter capacitance C 400 µF
Voltage error tolerance η 0.01× 2

3
VDC

Switching period Tsw 100 µs
Resolution of discretization N 40

frequency of 50Hz with an amplitude of 325V. We assume
that the resulting phase currents can be approximated as a
sine wave of the same frequency ω0 and some phase shift ϕ.
The amplitude of the current is normalized to 1 since it does
not influence the optimal switching pattern but only scales
the optimal value of the objective. An RLC low-pass filter
is applied to the raw output voltage to eliminate the high
frequencies caused by switching and produce a sinusoidal
AC voltage. Unless stated otherwise, all results are obtained
in simulations with the default parameter values listed in
table II.

To provide a baseline to compare against, we con-
sider software-determined and hardware-determined switch-
ing patterns from a standard space vector modulation scheme
presented in [30]. These reference patterns are abbreviated
as “SVPWM P1” and “SVPWM P2” respectively. They only
focus on producing the desired output and do not take into
account the resulting RMS current.

Next, we use the alternating direction method (ADM) from
[28] to solve the binary optimal control problem (8). This
approach is named “Binary Iteration” in the following plots.

Finally, we perform two optimizations in the space vector
domain. The first method solves the unrestricted optimization
problem (9) and then computes a switching pattern from
the optimal T ∗ as a shortest path problem to minimize
switching losses. The second method instead restricts the
set of admissible space vectors to limit switching losses as
described in section III-C. Let these respective approaches
be called “Shortest Path” and “Limited Switching”.

B. RMS Current and Switching Losses

With a fundamental frequency of 50Hz and switching
period of 100 µs, there are 200 distinct points per cycle
at which a switching pattern has to be computed with the
procedure given by the chosen method. Here, we consider
these points individually and focus on how much RMS
current and switching they cause locally. These values are
plotted in Fig. 2 for all the considered control methods. Since
a cycle is simply chaining together the resulting switching
patterns, such a local comparison also allows us to draw
conclusions about how well the methods perform over a
larger time horizon.

It becomes clear that the binary iteration approach can

Fig. 2. RMS current and number of switches resulting from applying the
computed computed switching patterns

not reliably converge toward a solution close to the global
optimum. Meanwhile, the methods based on optimization in
the space vector domain yield overall lower RMS current
without a noticeably difference between them.

It appears that enforcing a hard limit on the permitted
switching may be unnecessary since excessive switching can
be prevented by solving the shortest path problem from the
solution of (9). For our exemplary parameter values, this even
is more effective resulting in a total of 788 switches over
a full cycle compared to 792 from solving the switching-
constrained problem.

C. Capacitor Lifetime Analysis

To give an estimate of the achievable lifetime enhancement
of the DC-link capacitor, we compare the “Shortest Path”
approach with the “SVPWM P2”, which we consider as a
benchmark method. According to Fig. 6, we expect approx-
imately 7.5% decrease in the RMS value of the capacitor
current. Let IRMS denote the baseline RMS capacitor current
achieved by the standard space vector modulation scheme.
From (3) the hot spot temperatures T1 and T2, corresponding
to the SVPWM P2 and Shortest Path methods respectively,
can be calculated. We assume the ambient temperature to
be 20◦ C, the activation energy Ea of 0.94 eV, the ESR of
12mΩ and the thermal resistance of 40W/K are the same
in both cases. Then, we use (4) to find an expression for the
ratio between the lifetimes for both methods.

L2

L1
= exp

(
Ea

KB

(
1

T2
− 1

T1

))
(10)

Now, we can express the achieved improvement in expected
lifetime as a function of the baseline RMS capacitor current,
whose graph is plotted in Fig. 3. While its exact shape
depends on the used hardware, it is clear that for a high
enough baseline RMS current, the expected lifetime of the
DC-link capacitor can be enhanced considerably.

2769



Fig. 3. Expected lifetime enhancement of DC-link capacitor plotted as a
function of baseline RMS capacitor current

TABLE III
RMS CURRENT AND THD AT DEFAULT PARAMETER VALUES

Method RMS (normalized) THD (filtered)
SVPWM P1 0.6193 2.72%
SVPWM P2 0.6199 1.09%

Binary Iteration 0.6095 3.37%
Shortest Path 0.5769 2.04%

Limited Switching 0.5769 2.71%

D. Quality of Output Voltage

From visual inspection of the output voltage in the time
and frequency domain, all methods seem to provide a decent
sine wave after passing through the low-pass filter. The
frequency spectra show a peak of around 325V at the
fundamental frequency of 50Hz and some further spikes at
the harmonics of the switching frequency at 10 kHz. The
only outlier is the Fourier spectrum for the binary iteration
solution, where the switching spikes look more chaotic.

For a quantitative comparison, consider the total harmonic
distortion (THD) of the low-pass filtered output voltage. The
THD values for all methods are listed in table III. The lowest
THD comes with space vector modulation pattern #2 at
1.09%. For the binary iteration method, the disordered spikes
in its Fourier spectrum cause the highest THD of 3.37%. The
other approaches have a THD around 2% and 2.7% with
the shortest path method being the best-performing of the
optimization-based methods at 2.04%.

E. Dependence on Parameters

The phase currents are determined by the load attached to
them. To account for different possible loads, we can vary
the phase shift ϕ between voltage and current. Since this
parameter is dictated by the electrical system, an optimiza-
tion method that performs consistently well for all phase
shifts is preferable. Fig. 6 shows that the space vector domain
optimization methods clearly deliver the lowest RMS current
across all current phase shift parameter values. On average
this means around 7.5% decrease in RMS current compared
to the conventional space vector modulation schemes. The
THD shows some considerable fluctuations for all optimized
patterns but generally remains in the range between 2% and
3%.

The voltage error tolerance η is a tunable parameter of the
controller. Increasing η corresponds to relaxing the voltage

Fig. 4. Raw (blue) and filtered (orange) output voltage of phase a in time
and frequency domain for method “SVPWM P2”

Fig. 5. Raw (blue) and filtered (orange) output voltage of phase a in time
and frequency domain for method “Shortest Path”

Fig. 6. RMS current and THD vs. current phase shift for all considered
methods

constraint in the optimization problem. Simulations showed
that both of the space vector domain optimization approaches
can exploit the freedom given by relaxed voltage constraints
to achieve an RMS current decrease that is close to linear.
However, this supposed improvement comes at a significant
cost in increased THD.

The switching frequency is another tuning parameter.
Increasing the switching frequency inevitably leads to more
switching losses but can also enable more precise tracking of
the reference voltage causing a lower THD. The optimization
problems themselves are not sensitive to such a modification
and a significant discrepancy in resulting RMS current can
thus not be observed. Also note that increasing the base
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frequency ω0 is computationally equivalent to decreasing the
switching frequency. Hence, a change in ω0 can be compen-
sated by adjusting the switching period length accordingly.

Depending on what THD and switching losses are deemed
acceptable for the respective application, the voltage error
tolerance and switching frequency may themselves be subject
to optimization as hyperparameters in order to meet the
designated demands.

V. CONCLUSION

In this work we propose a modulation strategy to design
switching patterns for a 2-level converter that achieve re-
duced RMS current in order to extend the expected lifetime
of DC-link capacitors.

In particular, optimizing the patterns in the space vector
domain proved to be a good strategy. It avoids the binary state
constraints and results in a convex minimization problem.
Furthermore, the set of active space vectors can be restricted
to guarantee a limit on switching losses without sacrificing
much performance.

The method performance is compared to those of the
standard space vector modulation schemes. As demonstrated
by the simulation results, the reliability-based modulation
achieves a 7.5% reduction of the the RMS current with
respect to the standard method. This leads to a significant
enhancement of capacitor lifetime in various operating con-
ditions while maintaining a high-quality voltage output with
a low THD.
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