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Abstract—Maultilevel inverters have attracted much industry
and research concerns in photovoltaic (PV) applications.
Although, it is demonstrated that power switching devices are
subjected to unequal distribution of power losses and the
reliability of multilevel inverters becomes low in accordance.
Therefore, a new pulse width modulation (PWM) method is
proposed in this paper for loss balancing in single phase five level
inverters. The proposed method swaps the utilization of power
components through the line period using the redundancy
property between the switching states of T-type multilevel
inverters. In addition, natural balance of voltages over DC link
capacitors is achieved using the proposed method. The superiority
of the proposed method is verified using simulation and
experimental prototypes.
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L INTRODUCTION

Recently, improving the reliability of multilevel inverters
has become of great importance with the increased penetration
levels of photovoltaic (PV) sources in electrical grids [1]-[3].
The field operating statistics of installed PV systems have
reported that power inverters possess the highest failure rates
[4]-[6]. One main disadvantage of multilevel inverters is the
power losses dissimilarity among power switching devices [7],
[8]. These unequal power losses result in unbalanced junction
temperatures in the switching devices. In addition, lifetime and
power ratings of the whole converter are determined by the
number of cycles to failure of the most stressed device [9].

The active neutral point clamped (ANPC) inverter has been
developed to solve the unbalanced thermal stresses on power
insulated gate bipolar transistors (IGBTs) devices in multilevel
inverters [10]. In [11], the double frequency pulse width
modulation (DFPWM) is applied to the ANPC inverter so as to
balance power losses among power devices through utilizing the
redundancy offered by the additional switches. The effective
switching frequency of switching devices is doubled in DFPWM
method. In [12], an adaptive type of DFPWM method is
introduced to improve the conventional DFPWM method.

However, from the cost and size point of views, the T-type
version of NPC inverters has become preferred in PV industry
[13]-[15]. The T-type NPC leg has four IGBT switches
compared to the six IGBTs in ANPC leg. Similar to other
multilevel inverters, the problem of unbalanced power losses in
power switching devices shortens the lifetime of the T-type
inverter.
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Stimulated by the abovementioned reliability problems in T-
type inverters, this paper introduces a new PWM method for
balancing the power losses in power IGBT devices. The
proposed method swaps the utilization of power IGBTs during
the line period so as to equalize the effective duty cycle and the
root mean square (rms) currents through the IGBT switches.

The paper is organized as follows: Section II overviews the
operation of single phase five level inverters and the
conventional PWM methods. The proposed PWM method is
presented in Section III. Simulation and experimental
verifications of the proposed method are shown in Section IV to
show the superiority of the proposed method. Lastly, the paper
is concluded in Section V.

II.  THE T-TYPE INVERTER AND CONVENTIONAL
PWM METHOD

A. Five Level T-Type Inverter

Fig. 1 shows the circuit diagram of PV system integrated
with single phase five level T-type inverter. The T-type inverter
consists of four switches in the H-bridge part and each leg is
connected to the neutral point (NP) O of the DC link capacitors
through bidirectional switches. Each leg can generate three
level, and the combination of the two legs can generate five
levels at the output. Table I summarizes the different output
levels and switch combinations to generate these levels and their
effects on DC link capacitor voltages. It can be seen that there
are some redundant switching states that can generate the same
output voltage levels. The redundant switching states utilize
different switches combinations and they have distinguished
charging/discharging effects on the DC link capacitors.
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Fig. 1. PV system integrated with five level T-type inverter.
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B. Conventional PWM Method

The basic operation of level shifted PWM of five level
inverters and the corresponding output voltage V45 and output
current /4 are shown in Fig. 2. It can be seen that the line period
is divided into six regions R1-R6, wherein two levels are
normally generated in each region. The corresponding effective
duty cycles of conventional PWM methods for each of the H-
bridge switches and NP switches are shown in Fig. 3.

From Fig. 3 (a), it is clear that the H-bridge switches of leg
A (S41, and Sas) have different effective duty cycles than that
those of leg B (Sp1 and Sgs). The same difference exist in the NP
switches. Therefore, different values of rms currents flow in
power IGBTs that result in mismatched power losses. Thence,
mismatched junction temperatures and lifetime are existing as
follows (1)-(3):

Fig. 2. PWM controlled five level inverter: (a) carrier based PWM, and (b)
Output voltage and output current.
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Fig. 3. Effective duty cycles of power IGBTS in conventional PWM method:
(a) H-bridge switches, and (b) NP switches.

Table I. Output levels and switch combination of T-type inverter.
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III. THE PROPOSED METHOD

The proposed PWM method is based on using swapped
gating pulses of IGBT switches within the line period so as to
achieve balanced power losses through the IGBTSs devices in T-
type inverters. The main idea of the proposed PWM is utilizing
the redundant switching states as in Table I through using each
DC link capacitor for swapped n/4 period during the whole line
cycle. Fig. 4 shows the effective duty cycles of the power
switches under the proposed PWM method. It can be seen that
balanced effective duty cycles are achieved in the power IGBTs
and the freewheeling diodes as well. In addition, the system
efficiency is kept the same under the proposed PWM. Thence,
the proposed PWM method balances the rms currents of the
IGBT switches and the thermal stresses are balanced in
accordance. This is advantageous over the conventional PWM
methods, which suffer from unequal distribution of thermal
stresses among the power IGBT switches.

The proposed PWM swaps the H-bridge switches (S41 and
Sua) of leg A with (Sz1 and Sps) in leg B to make the rms currents
through the four switches identical and balanced power losses
can be achieved in accordance. Thence, the most thermally
stressed devices are alleviated using the proposed method and
better lifetime expectancy can be achieved.
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Fig. 4. Effective duty cycles of power IGBTS in the proposed PWM method:
(a) H-bridge switches, and (b) NP switches.

IV. SIMULATION AND EXPERIMENTAL RESULTS

Table II shows the system parameters for simulation and
experimental results. The FF225R17ME4 IGBT/Diode module
is used for calculating the power losses and thermal behavior in
simulation results [16]. The power losses are calculated based
on numerical simulation using the selected power IGBT device
datasheet and the power losses calculation method in [11].

The output voltage, output current and voltages over DC link
capacitors are shown in Fig. 5 (a). The proposed PWM method
maintains the same output power ratings. It can be seen that the
output current is preserved the same under conventional and the
proposed PWM method. In addition, the output voltage V45 has
the same number of output voltage levels under both of the
conventional and the proposed PWM methods. Thence, the
proposed PWM does not deteriorates the output performance
nor the output ratings of the inverters. The voltage balance over
DC link capacitors is highly needed for longer lifetime of DC
link capacitors, and for enhanced performance of the output
current and voltage waveforms. The voltages of DC link
capacitors shown in Fig. 5 (a) are balanced under conventional
and proposed PWM methods with small ripple as a result of
swapping in part of line period.

The balancing of the effective gating pulses of H-bridge and
NP power switches are shown in Fig. 5 (b), and (c), respectively.
It is clear that there are unbalance between the power switches
under the conventional PWM method. This in turn results in
unequal distribution of power losses and thermal stresses among
the power switches. In contrast, it can be seen from Fig. 5 (b)
and (c) that the gating pulses of power switches are balanced
under the proposed PWM method. Thence, balanced power
losses and thermal stresses can be obtained.
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Fig. 5. Simulation results: (a) Vg, Lis, Ve, Va2, (b) Gating pulses of H-bridge
switches, and (c) Gating pulses of NP switches.
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Fig. 6 (a) shows the power losses of NP switches under
conventional and proposed PWM methods. It can be seen that
there are unbalanced power losses among the power switches
under the conventional PWM method. The NP switches of leg
B have higher power losses than NP switches in leg A. In
addition, the NP diodes of leg B possess higher power losses
than those of leg A. In contrast, it is clear that the proposed
PWM method achieves balanced power losses among switches.
The NP switches of leg A and leg B have the same power losses.
Moreover, there are equal power losses among the diodes of
both legs.

The junction temperature comparisons of NP switches are
shown in Fig. 6 (b). Applying the proposed PWM method results
in balancing the junction temperature of the switches of both
legs. Thence, the feasibility of the proposed method to preserve
longer lifetime of the power devices is clear as a result of lower
thermal stresses on devices. A higher reliability of PV systems
is obtained in accordance.
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Moreover, a scaled down prototype is set in the lab. The
parameters of the experimental setup are summarized in Table
II. The output voltage, output current and DC link voltages are
shown in Fig. 7 (a). It is clear that the proposed PWM method
preserves the same output ratings and levels as in conventional
PWM. In addition, no derating operation is required for the
output currents of the inverter. The output voltage waveform has
five levels in its output.

In addition, the voltages over DC link capacitors are
balanced under the proposed PWM method. Thence, no
additional voltage stresses exist under the proposed PWM
method. The experimental results match the simulation results
regarding the preservation of same output voltage, current, and
balanced DC link capacitors’ voltages with smaller ripples.

The gating pulsed under conventional and the proposed
algorithm are shown in Fig. 7 (b) and (c) for H-bridge and NP
switches, respectively. It can be seen that the conventional PWM
method possesses unbalanced gating pulses for H-bridge
devices of leg A and leg B. In addition, the gating pulses of NP
switches have different switching patterns among leg A and leg
B. From another side, the proposed PWM offers balanced gating
pulses for the H-bridge switches. Thence, the same gating
patterns are applied for the switches of leg A and leg B. The
same benefit exists for the NP switches and diodes. Hence,
redistribution of thermal stresses is obtained.

The proposed algorithm can effectively balance the effective
gating pulsed of power switches. Therefore, thermal stresses can
be reduced from the most stressed power semiconductor
devices. In accordance, the reliability of the whole PV inverter
system is improved and longer lifetime of the power components
is achieved.

V. CONCLUSIONS

A new PWM method is proposed for loss balancing between
IGBTs in five level T-type inverters in PV applications. The
conventional PWM methods suffer from unequal distribution of
thermal stresses between power IGBT devices. The proposed
method utilizes the redundancy between switching states in
multilevel inverters to swap the power devices equally during
the line period. Thence, the proposed PWM method can balance
the thermal stresses over the power switches in multilevel
inverter. The simulation and experimental results verify the
ability of proposed method to balance the power losses. A great
improvements in thermal stresses reduction and lifetime
extension have been obtained. Therefore, the reliability of the
whole PV inverter system can be improved using the proposed
PWM method.

Table II. Parameters for simulation and experimental results.
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Fig. 7. Experimental results: (a) Vs, Lis, Vac1, Vaca, (b) Gating pulses of H-bridge
switches, and (c) Gating pulses of NP switches.

2534



(1

(2]

(4]

[3]

(8]

REFERENCES

A. Anurag, Y. Yang, and F. Blaabjerg, “Thermal performance and
reliability analysis of single-phase PV inverters with reactive power
injection outside feed-in operating hours,” IEEE J. Emerg. Sel. Top.
Power Electron, vol. 3, no. 4, pp. 870-880, Dec. 2015.

M. Aly, E. M. Ahmed, and M. Shoyama, “Thermal and reliability
assessment for wind energy systems with DSTATCOM functionality in
resilient microgrids,” IEEE Trans. Sustain. Energy, vol. 8, no. 3, pp.
953-965, Jul. 2017.

M. Mosa, R. Balog, and H. Abu-Rub, “High performance predictive
control of quasi impedance source inverter,” IEEE Trans. Power
Electron., vol. 32, no. 4, pp. 3251-3262, Apr. 2017.

G. T. Klise et al., “PV reliability operations and maintenance
(PVROM) database initiative: 2014 progress report,” Sandia National
Laboratories, Albuquerque, NM, SAND2015-0587, Dec. 2014.

M. Aly, E. Ahmed, and M. Shoyama, “Developing new lifetime
prolongation SVM algorithm for multilevel inverters with thermally-
aged power devices,” IET Power Electron., vol. PP, no. 99, pp. 1-10,
Aug. 2017.

M. Mosa, M. B. Shadmand, R. S. Balog, and H. Abu Rub, “Efficient
maximum power point tracking using model predictive control for
photovoltaic systems under dynamic weather condition,” IET Renew.
Power Gener, vol. 11, no. 11, pp. 1401-1409, Sep. 2017.

D. Andler, R. Alvarez, S. Bernet, and J. Rodriguez, “Switching loss
analysis of 4.5-kV-5.5-kA IGCTs within a 3L-ANPC phase leg
prototype,” IEEE Trans. Ind. Appl., vol. 50, no. 1, pp. 584-592, Jan.
2014.

D. Liu, F. Deng, Q. Zhang, and Z. Chen, “Periodically swapping
modulation (PSM) strategy for three-level (TL) DC/DC converter with
balanced switch currents,” IEEE Trans. Ind. Electron., vol. 65, no. 1,
pp. 412423, Jan. 2018.

(9]

[10]

(11]

[12]

[13]

[14]

[15]

[16]

2535

M. Aly, E. M. Ahmed, and M. Shoyama, “An improved model
predictive controller for highly reliable grid connected photovoltaic
multilevel inverters,” in Proc. IEEE INTELEC, Queensland, Australia,
2017, pp. 1-6.

D. Barater, C. Concari, G. Buticchi, E. Gurpinar, D. De, and A.
Castellazzi, “Performance evaluation of a three-level ANPC
photovoltaic grid-connected inverter with 650-V SiC devices and
optimized PWM,” IEEE Trans. Ind. Appl., vol. 52, no. 3, pp. 2475—
2485, May 2016.

Y. Deng, J. Li, K. H. Shin, T. Viitanen, M. Saeedifard, and R. G.
Harley, “Improved modulation scheme for loss balancing of three-level
active NPC converters,” IEEE Trans. Power Electron., vol. 32, no. 4,
pp. 2521-2532, Apr. 2017.

L. Ma, T. Kerekes, P. Rodriguez, X. Jin, R. Teodorescu, and M. Liserre,
“A new PWM strategy for grid-connected half-bridge active NPC
converters with losses distribution balancing mechanism,” [EEE Trans.
Power Electron., vol. 30, no. 9, pp. 5331-5340, Sep. 2015.

M. Schweizer, and J. W. Kolar, “High efficiency drive system with 3-
level T-type inverter,” in Proc. 14th EPE Conf. Appl, Birmingham, UK,
Aug./Sep. 2011, pp. 1-10.

M. Aly, E. M. Ahmed, and M. Shoyama, “Thermal stresses relief
carrier-based PWM strategy for single phase multilevel inverters,”
IEEE Trans. Power Electron., vol. 32, no. 12, pp. 9376-9388, Dec.
2017.

M. Aly and M. Shoyama, “An efficient neutral point voltage control
algorithm with reduced switching losses for three level inverters,” in
Proc. IEEE PECON, Kuching, Malaysia, 2014, pp. 330-335.

Infineon Technologies, “Datasheet FF225R17ME4,” 2017. [Online].
Available:  http://www.infineon.com/dgdl/Infineon-FF225R17ME4-
DSv02_04-en_de.pdf?fileld=db3a30431ddc9372011e1c4df9f53¢3d.



	MAIN MENU
	Help
	Search
	Print
	Author Index
	Technical Papers


 
 
    
   HistoryItem_V1
   TrimAndShift
        
     Range: all pages
     Trim: fix size 8.500 x 11.000 inches / 215.9 x 279.4 mm
     Shift: move up by 12.60 points
     Normalise (advanced option): 'original'
      

        
     32
            
       D:20170126085122
       792.0000
       US Letter
       Blank
       612.0000
          

     Tall
     1
     0
     No
     675
     322
     Fixed
     Up
     12.6000
     0.0000
            
                
         Both
         AllDoc
              

       PDDoc
          

     Uniform
     0.0000
     Top
      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.9
     Quite Imposing Plus 2
     1
      

        
     6
     5
     6
      

   1
  

    
   HistoryItem_V1
   TrimAndShift
        
     Range: From page 1 to page 1
     Trim: none
     Shift: move up by 5.40 points
     Normalise (advanced option): 'original'
      

        
     32
     1
     0
     No
     675
     322
     Fixed
     Up
     5.4000
     0.0000
            
                
         Both
         1
         SubDoc
         1
              

      
       PDDoc
          

     None
     0.0000
     Top
      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.9
     Quite Imposing Plus 2
     1
      

        
     6
     0
     1
      

   1
  

 HistoryList_V1
 qi2base



