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Abstract: This paper proposes a new method to reduce the ripple current of the DC-link capacitor in
a two-level voltage source inverter (VSI), with a discontinuous pulse-width modulation (DPWM).
In real applications, a capacitor block is very bulky, due to the parallel connection of several capacitors
that share the value of the ripple current. Hence, it contributes significantly to the volume and weight
of the whole system. Conventional DPWM is used to minimize the amount of switching for
the power transistors, therefore, reducing stress and power loss. This leads to increased efficiency
and reliability of the system. Nevertheless, the reduction of the DC link ripple current is still not
optimal. Therefore, the proposed method introduces a PWM phase-shift technique to provide further
reduction of the DC-link ripple current in a DPWM-based VSI. The efficacy of the proposed method
is confirmed by simulation and experimental results.
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1. Introduction

The reliability of electronic power converters is a very important feature in industrial
applications. Nevertheless, conversion systems used in industry are subject to different stress types,
including temperature variation, vibration, radiation and humidity [1–6]. The capacitor is the weakest
component in power converters and is responsible for approximately 30% of failures during power
conversion [7].

Generally, there are various types of power converters that exert voltage vectors into the load
application, such as single voltage source inverters (S-VSI) [8,9], two-level voltage source inverters
(2L-VSI), multilevel inverters (MLIs) [10,11], and matrix converters (MCs) [12–14]. Among them,
the 2L-VSI, shown in Figure 1, is the most common topology used in industry [15]. The DC-link
capacitor is a vital component in this topology as it compensates for the power difference between
the input and the output. It also maintains the DC voltage around a necessary level. However, due to
the high-frequency ripple current flowing through the DC-link, the capacitor endures constant stress,
resulting in a decreased life-span. To overcome this issue, several capacitors in real applications are
paralleled, allowing them to share the ripple current and decrease the stress on each component.
As a result, the volume of the whole system is influenced mainly by the bulky DC-link capacitor block.
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Figure 1. Grid-tied two-level voltage source inverter (VSI).

The power transistors are also vulnerable parts of power converters. Switching over the intervals
with high current rates causes the power loss of each transistor. Selection of a modulation strategy to
synthesize output voltages relies on switching losses, ease of numerical implementation, desired linearity,
and modulation range. There are two common carrier types: Continuous based modulation (CPWM),
such as sine pulse-width modulation (SPWM) and space vector pulse-width modulation (SVPWM)
and discontinuous based modulation, namely discontinuous pulse-width modulation (DPWM).
Among these two types, the DPWM has higher capability of diminishing the stress on transistors
and minimizing power loss. Moreover, the DPWM is advantageous regarding improved system
efficiency [16]. For conventional DPWM schemes [17–20] power loss is reduced by 33%.

The main idea of the DPWM is to stop operating each power transistor sequentially during
a certain amount of time, usually equal to 60 electrical degrees or 1/3 of the fundamental period,
to reduce the stress on the power transistors. Moreover, implementing the DPWM into different systems
can also solve other problems common for power electronics. In References [21,22], novel DPWM
methods were respectively used for the neutral-point voltage control of the Neutral-Point Clamped
(NPC) converter and the Vienna-rectifier. Additionally, some DPWM methods can be used to reduce
the common-mode voltage (CMV) of power converters [23]. However, the aforementioned methods
do not minimize the stress on DC-link capacitors. A system with reduced power loss of the switches
and minimized DC-link ripple would result in increased stability and reliability.

There have been several studies done to reduce the ripple current of the DC-link capacitor in
systems using DPWM. Several works [24–26] found a novel DPWM algorithm for the back-to-back
converter. In addition, Zhang et al. [27] introduced the carrier interleaving method between two
paralleled VSIs. Moreover, in [28] an optimal switching pattern was proposed for the T-type MLI with
the CPWM. Despite the outstanding performance of these methods, they can only be used in particular
configurations utilizing a few converters and thus, cannot be applied to a single 2L-VSI.

This paper proposes a PWM phase-shift method to reduce the DC-link ripple current in a single
two-level VSI with the conventional carrier-based DPWM. The efficacy of the proposed technique is
verified via simulations and experiments.

The paper is organized as follows: The lifetime model of the DC-link capacitor is presented in
Section 2. Section 3 concentrates on the discussion of the conventional DPWM, whereas Section 4
provides the details on the proposed method. Simulation and experimental results are given in
Sections 5 and 6, respectively. Conclusions are drawn in Section 7.

2. DC-Link Capacitor Lifetime

The lifetime is one of the most important parameters for DC-link capacitors. It depends on factors
such as temperature, humidity, and vibration. [2–5]. The lifetime model of an electrolytic capacitor,
used in this paper, is shown in Equation (1):

L = Lnom ·
(

Vapp

Vnom

)n
· 2

(Tnom−Tcor)
10 (1)
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where Lnom, Vnom, and Tnom are the nominal values of the lifetime, voltage, and temperature,
respectively. Vapp is the applied voltage and Tcor is the core temperature of the capacitor. n is a voltage
stress coefficient.

In 2L-VSI, the voltage is maintained around a certain level and its fluctuations are relatively small,
the lifetime is mainly determined by the core temperature:

Tcor = Tamb + ∆ T = Tamb + PdRth (2)

where Ta is the ambient temperature, Rth is the case-ambient resistance of the capacitor, Pd is the power
dissipation or the thermal loss, caused by the ESR of the capacitor and estimated as follows:

Pd = RESR · I2
RMS (3)

where IRMS is the RMS value of the ripple current, flowing through the capacitor.
Obviously, the lifetime of the capacitor is influenced by the ripple current, which results in power

loss and temperature rise of ∆T. Therefore, the lifetime of the capacitor can be increased by reducing
the ripple current flowing through it.

3. Conventional DPWM

To operate the VSI, there are two commonly used carrier-based methods, the CPWM
and the DPWM. The former is advantageous in terms of implementation simplicity and stable
AC-current quality, despite the change of the modulation index (MI). However, when the current of
each phase reaches the maximum value, the power loss of the corresponding power switch is drastically
increased. The DPWM allows one to diminish the power loss by stopping the operation of the power
switches during the intervals with the maximum current. At that moment, the AC-current is modulated
by the other two phases. Although there are several different DPWM methods, the conventional
60◦ DPWM is the most commonly used for the systems with the unity power factor.

The offset signal and the reference voltages of all three phases for the 60◦ DPWM are given in
Figure 2. The reference voltages are obtained by adding the offset voltage (Voffset) to the sine signal.
As can be seen from the figure, each phase is sequentially attached to the DC-bus at the moment when
its instantaneous value is close to peak magnitude. The duty cycle of the clamped phase always 1 or 0,
and therefore, the switches of the appropriate leg are contrarily locked ON or OFF.

Therefore, the pole reference voltages to be applied to the VSI are described by:

V∗an = V∗as + Vo f f set
V∗bn = V∗bs + Vo f f set
V∗cn = V∗cs + Vo f f set

(4)

where V*an, V*bn and V*cn are the instant pole reference voltages to be applied to the VSI, whereas V*as,
V*bs and V*cs are the instant reference voltages of each phase, respectively. Voffset is the instant offset
voltage used in the DPWM.

To obtain the offset voltage necessary for the DPWM, it is assumed that the pole reference voltages
do not exceed Vdc/2 as in:

−Vdc
2 < V∗an < Vdc

2
−Vdc

2 < V∗bn < Vdc
2

−Vdc
2 < V∗cn < Vdc

2

(5)
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Figure 2. AC-currents, offset voltage, reference voltages, and pole reference voltages of the conventional
60◦ discontinuous pulse-width modulation (DPWM).

Therefore, with this degree of freedom, the offset voltage is estimated:

− Vdc
2
−Vmin < Vo f f set <

Vdc
2
−Vmax (6)

where Vmax and Vmin are respectively the maximum and the minimum values among the phase
reference voltages.

Then, the direction of the extremum phase is estimated as the sum of Vmax and Vmin, the offset
voltage is calculated as follows [10]:

Vo f f set =
Vdc
2 −Vmax,

Vo f f set = −Vdc
2 −Vmin,

(Vmax + Vmin > 0)

(Vmax + Vmin < 0)

(7)

Evidently, the pole reference voltages of each phase are obtained by changing the zero-sequence
component, which is usually referred to as an offset voltage. As one of the phase references is being
clamped to either bus of the DC-link, the power switches of the corresponsive leg do not operate
and therefore there is no switching losses. Obviously, it is preferred that each phase is clamped when
the maximum current passes through it.

4. Proposed DPWM

As previously mentioned, in the DPWM the pole reference voltage of the phase with the maximum
amplitude is attached to the DC-bus and the corresponding power transistor is locked either ON or
OFF. The DC-link ripple according to the switching pattern is shown in Figure 3a. The A-phase is
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clamped to the negative DC-bus and the switching function of the corresponsive power switch is equal
to 0. Since the switching frequency is much higher than the fundamental frequency of the VSI, the pole
reference voltages are assumed to be constant values.

Figure 3. Detailed switching waveforms of the VSI: (a) Conventional method with no phase-shift;
(b) proposed method with 180◦ phase-shift between two phases.

As can be observed from the figure, the instantaneous value of the DC-link current is determined
by the superposition of the phase currents ia, ib, ic and the dc source current idc1:

idc = Sa · ia + Sb · ib + Sc · ic − idc1 (8)

where Sa, Sb and Sc are the switching functions of the corresponding phases, defined as:

Si =

{
1, (if top switch is turned ON)

0, (if bottom switch is turned ON)
(9)

where i represents one of the phases a, b or c. Thus, according to Equation (5), the DC-link current is
the product of three switching functions and three corresponding AC-currents.
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In a conventional DPWM method with a single PWM, shown in Figure 3a, the instantaneous
value of the DC-link ripple current is described as

idc = |ia| − idc1,
idc = |ic| − idc1,
idc = −idc1,

(T1)

(T2)

(T3)

(10)

Obviously, with a switching function equal to 0, the corresponding current does not affect
the DC-link current. Moreover, the maximum value of the ripple current is reached when all
the switching functions are equal, Sa = Sb = Sc, and the DC-link current is determined by the load
current (idc1) only. The root-mean-square (RMS) value of the DC-link current is evaluated as:

I2
dc.rms =

1
Ts

∫ TS

0
i2dcdt (11)

Considering the instant position of each phase, the time intervals T1, T2 and T3 are estimated as:

T1 = 1
2

(
1− 2 · Va

Vdc

)
T2 = 1

2

(
Vc−Vb

Vdc

)
T3 = 1

2

(
1 + 2 · Vb

Vdc

) (12)

where Va, Vb and Vc are the pole reference voltages of the corresponding phases and Vdc is the DC-link
voltage. These components are represented as:

Va = M · sin(ω t) + Vo f f set
Vb = M · sin

(
ω t− 2 π

3
)
+ Vo f f set

Vc = M · sin
(
ω t + 2 π

3
)
+ Vo f f set

(13)

Then, the RMS of the DC-link current is evaluated as:

Idc.RMS = 2 ·
√

T1 · (|ia| − idc1)
2 + T2 · (|ic| − idc1)

2 + T3 · (−idc1)
2 (14)

From Figure 3a and Equation (14), it can be clearly seen that the DC source current (idc1) contributes
the most to the RMS value of the DC-link current. This issue can be solved if the switching functions
of the three phases are not equal during T3. From Figure 3b, it is evident that this condition can be
achieved by introducing a phase-shift between two non-clamped phase references. Thus, the idc1

component can be removed from the RMS of the DC-link current, as illustrated in Figure 3b.
Then, the instantaneous values of the DC-link are:

idc = |ib| − idc1,
idc = |ia| − idc1,
idc = |ic| − idc1,

(T1)

(T2)

(T3)

(15)

the DC-link RMS is calculated as:

Idc.RMS = 2 ·
√

T1 ·
(
|ib| − idc1

)2
+ T2 ·

(
|ia| − idc1

)2
+ T3 ·

(
|ia| − idc1

)2 (16)

Obviously, for all the time intervals T1, T2 and T3, the idc1 component, which contributes the most
to the DC-link current RMS, is subtracted from the phase currents. Therefore, the RMS is decreased by
a simple phase shift between the non-clamped phases.

Hence, for the proposed method, there is always a 180◦ phase-shift between two active phases,
e.g., when A-phase is being clamped to any of the DC-link buses, there is no PWM switching for
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the corresponding leg of the VSI, however, the phases B and C should have a 180◦ phase-shift between
the PWM carriers.

In the VSI, the sudden change of a PWM carrier phase can cause disturbances to the AC-current
quality. However, in a DPWM-based VSI, the phase-shift of a carrier can be fulfilled when there is no
actual switching. In other words, when the corresponding phase is being clamped. As is evident from
Figure 2, the state of the clamped phases of the VSI is always in the same order. The next clamped
phase after the phase A is phase C, then phase B followed by the phase A again. Thus, when the A
phase of the VSI is being clamped, the initial phase of the corresponding PWM carrier should be
different from the initial phase of the PWM carrier for the B phase. When ϕpwm.A = ϕpwm.B, it means
there is no phase-shift between phases A and B. The flowchart of the proposed method is given in
Figure 4. ϕpwm indicates the initial phase-shift angle of the corresponding phase.

Figure 4. Flowchart of the proposed method.

5. Simulation Results

To confirm the validity of the proposed method, a simulation has been conducted
via the MATLAB/SIMULINK environment using the PLECS toolbox. The circuit used for the simulation
is the same as that given in Figure 1. The simulation parameters are given in Table 1.
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Table 1. Simulation Parameters.

Parameter Value Units

Grid Voltage 220 VRMS
Grid Frequency 60 Hz
Grid Inductance 2 mH
DC-link Voltage 600 V
DC-link Capacitance 2.2 mF

Figure 5 illustrates the simulation results for the conventional CPWM method. The RMS of
the DC-link ripple current is 10.2 A, the AC-current Total Harmonic Disturbance (THD) is 2.3%
and the CMV is the highest compared to the other methods. The conventional DPWM method,
given in Figure 6, has the same profile of the DC-link current, but with better performance of the CMV.
Obviously, when the proposed method is applied as shown in Figure 7, the RMS value of the DC-link
ripple current is decreased to 7.4 A, which is approximately 30% of the conventional method. The DC-link
current reaches the load current gradually, as one of the non-clamped reference voltages reaches its
maximum value. Moreover, with the proposed method, the CMV is also significantly improved as
can be observed from Figure 7. However, there is a drawback as the AC-current THD is increased
from 2.9% of the conventional DPWM method to 3.7% of the proposed method. According to the IEEE
standard 519-2014, the THD limit for systems with bus voltage less than 1 kV is 8%, thus, the proposed
method can be applied in well-designed systems without exceeding the maximum THD [29].

Figure 5. Simulation results of the conventional CPWM.



Energies 2018, 11, 3008 9 of 16

Figure 6. Simulation results of the conventional DPWM.

Figure 7. Simulation results of the proposed DPWM.

For the efficiency estimation, the switching losses (PQ.sw) for all the methods are calculated as:

PQ.sw = fsw · (EON + EOFF) (17)
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where fsw is the switching frequency, EON is a turn-on energy loss and EOFF is turn-on energy loss.
The switching losses of the diode (PD.sw) are estimated considering the reverse-recovery energy loss Err:

PD.sw = fsw · Err (18)

Figure 8 provides the switching losses comparison between the CPWM, DPWM and the proposed
DPWM methods. The IGBT data used for the switching losses analysis was taken from
the datasheet of the SK75MLI066T module and used in the experimental setup. EON = 1.7 mJ/pulse,
EOFF = 2.8 mJ/pulse and Err = 1.1 mJ/pulse.

Figure 8. Switching losses of the CPWM, DPWM and the proposed method at junction temperatures
25 and 125 ◦C.

The switching losses were evaluated for two different junction temperatures, 25 and 125 ◦C.
From the figure, it is evident that the proposed method has identical performance with the conventional
DPWM in terms of the switching losses. The switching losses of the two discontinuous methods were
lower than those of the CPWM.

The frequency spectrum (FFT) of the DC-link ripple current and the CMV for the conventional
and the proposed methods are shown in Figure 9. As can be noticed, the amplitudes of the 1st
and the 3rd harmonic components of the DC-link were reduced with the proposed method
and the dominant 1st order harmonic was significantly diminished when the proposed method
applied. Moreover, the 1st order harmonic of the CMV was also considerably reduced compared to
that of the conventional method.



Energies 2018, 11, 3008 11 of 16

Figure 9. Simulation results. Frequency spectrum (FFT) of the common-mode voltage and DC-link
ripple current: (a) Conventional method; (b) proposed method.

Further simulations were implemented to estimate the behavior of the proposed method for
different conditions depending on the power factor (PF) and the modulation index (MI). As can be
seen from Figure 10a, the proposed method deteriorated the THD of the AC-current in the whole
range of the MI and the PF. However, with the higher values of the MI, the difference in the THD
between the proposed and the conventional methods decreased. Moreover, it is obvious from
Figure 10b that the DC-link ripple current can be reduced in a wide range of the PF and the MI.
Nonetheless, the trade-off of the DC-link current reduction and the AC-current THD can be achieved
at high MI with the PF close to unity.
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Figure 10. Simulation results for different power factor (PF) and modulation index (MI): (a) Total
Harmonic Disturbance (THD) of the ac-current; (b) DC-link ripple current.

6. Experimental Results

The experiment has been conducted to evaluate the performance of the proposed method.
The experimental setup is given in Figure 11. The experimental circuit was identical to that
given in Figure 1. A utility grid with the frequency 60 Hz and line-to-line voltage 110 V with
the impedance 0.1 Ω was connected to the VSI through a 930 mH L-filter. The DC-link voltage was set
to 300 V. To verify the THD of the AC-current, the power analyzer GT3000 by Yokogawa (Tokyo, Japan)
was used.
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Figure 11. Experimental setup.

Figures 12–14 show the experimental results of the conventional method and the proposed
method. As can be seen from Figure 12a,b, the profile of the DC-link ripple current RMS was
reduced and the RMS value was decreased from 6.41 A in the conventional method, to 5.2 A in
the proposed method. Moreover, as it is evident from the figures, the AC-current THD was
slightly deteriorated by less than 1%. Furthermore, the proposed method was superior in terms
of the CMV, as can be observed from Figure 13a,b. Finally, the FFT of the DC-link ripple current
is shown in Figure 14a for the conventional method and Figure 14b for the proposed method.
Obviously, the 1st harmonic component was greatly reduced with the proposed algorithm compared
to that of the conventional method.

Figure 12. Experimental results for ac-currents and the DC-link ripple current: (a) The conventional
method and (b) the proposed method.
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Figure 13. Experimental results for common mode voltage: (a) The conventional method
and (b) the proposed method.

Figure 14. Experimental results for the DC-link ripple current FFT: (a) The conventional method
and (b) the proposed method.
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7. Conclusions

This paper proposes a DC-link ripple current reduction method for a DPWM-based 2L-VSI.
The proposed algorithm was implemented by changing the phase-shift angle between the PWM
carriers of phase legs of the VSI. The performance of the proposed method was verified
via simulation and experimental results. The ripple current of the DC-link capacitor was reduced
by 30% and the amplitude of the first order harmonic component was considerably reduced.
Moreover, the CMV of the inverter was significantly diminished after the implementation of
the proposed method. The highest performance could be achieved at higher MI with the PF close
to the unity. The drawback of the proposed method is that the THD of the AC current is distorted,
however in well-designed systems the THD of the proposed method can still satisfy grid-requirements.

Author Contributions: Conceptualization, Methodology and Formal Analysis A.T., I.M.A. and I.-Y.S.;
Software and Validation I.-Y.S.; Writing-Original Draft Preparation A.T.; Writing-Review & Editing, A.T., I.M.A.
and K.-B.L.; Resources, Supervision K.-B.L.

Funding: This research was funded in part by “Human Resources Program in Energy Technology” of
Korea Institute of Energy Technology Evaluation and Planning (KETEP), granted financial resource from
the Ministry of Trade, Industry & Energy, Republic of Korea. (No. 20174030201660) and in part by KEPCO
Research Institute under the project “Design of analysis model and optimal voltage for MVDC distribution system
(R17DA10)”.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Bose, B.K. Modern Electronics and AC Drives; Prentice-Hall: Upper Saddle River, NJ, USA, 2001;
ISBN 0-13-016743-6.

2. Wang, H.; Reigosa, P.D.; Blaabjerg, F. A humidity-dependent lifetime derating factor for DC film capacitors.
In Proceedings of the IEEE Energy Conversion Congress and Exposition (ECCE), Montreal, QC, Canada,
20–24 September 2015; pp. 3064–3068.

3. Shrivastava, A.; Azarian, M.H.; Pecht, M. Failure of Polymer Aluminum Electrolytic Capacitors under
Elevated Temperature Humidity Environments. IEEE Trans. Compon. Packag. Manuf. Technol. 2017,
7, 745–750. [CrossRef]

4. Parler, S.G., Jr. Deriving life multipliers for electrolytic Capacitors. IEEE Power Electron. Soc. Newsl. 2004,
16, 11–12.

5. Vogelsberger, M.A.; Wiesinger, T.; Ertl, H. Life-cycle monitoring and voltage—Managing unit for DC-link
electrolytic capacitors in PWM converters. IEEE Trans. Power Electron. 2011, 26, 493–503. [CrossRef]

6. Zorn, C.; Kaminski, N. Acceleration of temperature humidity bias (THB) testing on IGBT modules by high
bias levels. In Proceedings of the IEEE International Symposium on Power Semiconductor Devices & IC’s
(ISPSD), Hong Kong, 10–14 May 2015; pp. 385–388.

7. Wang, H.; Liserre, M.; Blaabjerg, F. Toward reliable power electronics: Challenges, design tools, and opportunies.
IEEE Ind. Electron. Mag. 2013, 7, 17–26. [CrossRef]

8. Lee, J.-S.; Lee, S.-J.; Lee, K.-B. Novel switching method for Single-phase NPC three-level inverter with
Neutral-Point Voltage Control. Int. J. Electron. 2018, 105, 303–323. [CrossRef]

9. Petkova, M.P.; Antchev, M.H.; Gourgoulitsov, V.T.; Bartoszewicz, A. Investigation of single phase inverter
and single phase series active power filter with sliding mode control. In Proceedings of the 2011 11th
International Conference on Electrical Power Quality and Utilisation, Lisbon, Portugal, 17–19 October 2011;
pp. 25–44.

10. Nguyen, N.V.; Nguyen, B.X.; Lee, H.H. An optimized discontinuous PWM method to minimize switching
loss for multilevel inverters. IEEE Trans. Ind. Electron. 2011, 58, 3958–3966. [CrossRef]

11. Hou, C.C.; Shih, C.C.; Cheng, P.T.; Hava, A.M. Common-mode voltage reduction pulse width modulation
techniques for three-phase grid connected converters. IEEE Trans. Power Electron. 2013, 28, 1971–1979.
[CrossRef]

12. Kazmierkowski, M.P.; Franquelo, L.G.; Rodriguez, J.; Perez, M.A.; Leon, J.I. High-Performance Motor Drives.
IEEE Ind. Electron. Mag. 2011, 5, 6–26. [CrossRef]

http://dx.doi.org/10.1109/TCPMT.2017.2658446
http://dx.doi.org/10.1109/TPEL.2010.2059713
http://dx.doi.org/10.1109/MIE.2013.2252958
http://dx.doi.org/10.1080/00207217.2017.1357202
http://dx.doi.org/10.1109/TIE.2010.2102312
http://dx.doi.org/10.1109/TPEL.2012.2196712
http://dx.doi.org/10.1109/MIE.2011.942173


Energies 2018, 11, 3008 16 of 16

13. Bak, Y.; Lee, K. Constant Speed Control of a Permanent-Magnet Synchronous Motor Using a Reverse Matrix
Converter Under Variable Generator Input Conditions. IEEE J. Emerg. Sel. Top. Power Electron. 2018,
6, 315–326. [CrossRef]

14. Bak, Y.; Lee, K.B. Discontinuous PWM for Low Switching Losses in Indirect Matrix Converter Drives.
In Proceedings of the 2016 IEEE Applied Power Electronics Conference and Exposition (APEC),
Long Beach, CA, USA, 20–24 March 2016; pp. 2764–2769.

15. Falck, J.; Andresen, M.; Liserre, M. Active methods to Improve the Reliability in Power Electronics.
In Proceedings of the 43rd Annual Conference of the IEEE Industrial Electronics Society, Beijing, China,
29 October–1 November 2017; pp. 7923–7928.

16. Dalessandro, L.; Round, S.D.; Drofenik, U.; Kolar, W. Discontinuous Space-Vector Modulation for Three-Level
PWM Rectifiers. IEEE Trans. Power Electron. 2008, 23, 530–542. [CrossRef]

17. Nguyen, T.D.; Hobraiche, J.; Patin, N.; Friedrich, G.; Vilain, J.P. A Direct Digital Technique Implementation
of General Discontinuous Pulse Width Modulation Strategy. IEEE Trans. Ind. Electron. 2011, 58, 4445–4454.
[CrossRef]

18. Asiminoaei, L.; Rodriguez, P.; Blaabjerg, F. Application of Discontinuous PWM Modulation in Active Power
Filters. IEEE Trans. Power Electron. 2008, 23, 1692–1706. [CrossRef]

19. Chung, D.W.; Sul, S.K. Minimum-loss strategy for three-phase PWM rectifier. IEEE Trans. Ind. Electron. 1999,
46, 517–526. [CrossRef]

20. Zhang, Z.; Thomsen, O.C.; Andersen, M.A.E. Discontinuous PWM modulation strategy with circuit-level
decoupling concept of three level neutral-point clamped (NPC) inverter. IEEE Trans. Ind. Electron. 2013,
60, 1897–1906. [CrossRef]

21. Choi, U.-M.; Lee, H.-H.; Lee, K.-B. Simple Neutral-Point Voltage Control for Three-Level Inverters Using
a Discontinuous Pulse Width Modulation. IEEE Trans. Energy Convers. 2013, 28, 434–443. [CrossRef]

22. Lee, J.-S.; Lee, K.-B. Carrier-Based Discontinuous PWM Method for Vienna Rectifiers. IEEE Trans. Power Electron.
2015, 30, 2896–2900. [CrossRef]

23. Zhang, D.; Wang, F.; Burgos, R.; Boroyevich, D. Common-mode circulating current control of paralleled
interleaved three-phase two-level voltage-source converters with discontinuous space-vector modulation.
IEEE Trans. Power Electron. 2011, 26, 3925–3935. [CrossRef]

24. Tcai, A.; Shin, H.-U.; Lee, K.-B. DC-link Capacitor-Current Ripple Reduction in DPWM-Based Back-to-Back
Converters. IEEE Trans. Ind. Electron. 2018, 65, 1897–1907. [CrossRef]

25. Qin, Z.; Wang, H.; Blaabjerg, F.; Loh, P.C. Investigation into the Control Methods to Reduce the DC-link
Capacitor Ripple Current in a Back-to-Back Converter. In Proceedings of the 2014 IEEE Energy Conversion
Congress and Exposition (ECCE), Pittsburgh, PA, USA, 14–18 September 2014; pp. 203–210.

26. Guo, X.; Xu, D.; Guerrero, J.M.; Wu, B. Space vector modulation for DC-link current ripple reduction
in back-to-back current-source converters for microgrid applications. IEEE Trans. Ind. Electron. 2015,
62, 6008–6013. [CrossRef]

27. Zhang, D.; Wang, F.; Burgos, R. DC-link ripple reduction for paralleled three-phase voltage source converters
with interleaving. IEEE Trans. Power Electron. 2011, 26, 1741–1753. [CrossRef]

28. Kim, S.-M.; Won, I.J.; Kim, J.; Lee, K.-B. DC-link Ripple Current Reduction Method for Three-Level Inverters
with Optimal Switching Pattern. IEEE Trans. Ind. Electron. 2018, 65, 9204–9214. [CrossRef]

29. Langella, R.; Testa, A.; Alii, E. IEEE Recommended Practice and Requirements for Harmonic Control in
Electric Power Systems. In IEEE Standard; IEEE: New York, NY, USA, 2014; Volume 519.

© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1109/JESTPE.2017.2715046
http://dx.doi.org/10.1109/TPEL.2007.915160
http://dx.doi.org/10.1109/TIE.2010.2102311
http://dx.doi.org/10.1109/TPEL.2008.924599
http://dx.doi.org/10.1109/41.767058
http://dx.doi.org/10.1109/TIE.2012.2227901
http://dx.doi.org/10.1109/TEC.2013.2257786
http://dx.doi.org/10.1109/TPEL.2014.2365014
http://dx.doi.org/10.1109/TPEL.2011.2131681
http://dx.doi.org/10.1109/TIE.2017.2745453
http://dx.doi.org/10.1109/TIE.2015.2424397
http://dx.doi.org/10.1109/TPEL.2010.2082002
http://dx.doi.org/10.1109/TIE.2018.2823662
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	DC-Link Capacitor Lifetime 
	Conventional DPWM 
	Proposed DPWM 
	Simulation Results 
	Experimental Results 
	Conclusions 
	References

