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Abstract

:

This article presents a carrier-based pulse-width modulation (PWM) template for a 5-level, H bridge-based cascaded multilevel inverter (MLI). The developed control concept generates adequate modulation template for this inverter topology wherein a sinusoidal modulating waveform is modified to fit in a single triangular carrier signal range. With this modulation approach, classical multiplicity and synchronization of the triangular carrier signals criterion for the extension of sinusoidal pulse-width modulation, SPWM, to several cascaded 5-level, H-bridge-based MLI topology are removed. The proposed template can be used on the inverter configuration of any level with no further control modification. Nearly even distribution of switching pulses and equalized individual cascaded cell output power were achieved with the proposed modulation scheme. Three 5-level, H-bridge-based MLI units were cascaded for 1-phase, 13-level inverter operation; simulation and experimental results are adequately presented.
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1. Introduction


The green energy revolution [1], has prompted great improvements in the power-processing circuit configurations and their respective control schemes in the field of power electronics. This technological revolution aims at achieving sustainable electrical power generations and uses. Regarding this, dc to ac converters (inverters) are essential power electronics components used in many important areas such as high-voltage direct-current (HVDC) transmission [2,3], Flexible AC Transmission Systems (FACTS) [4,5], renewable energy grid integration [6,7], railway and vehicle traction [8,9], energy storage systems [10], marine propulsion [11], etc. Specialized kinds of inverters, called the multilevel inverters (MLIs), for these applications are precisely configured and designed to meet the operational output power quality requirements of the targeted applications [12].



MLI power circuit configurations have been the dominant research topic in the literature [13,14], as a reflection of the innate capabilities of this type of inverters and their influences on many industrial applications. These newly evolved MLI configurations have their operational concepts from those of the traditional MLIs: cascaded H- bridge (CHB), diode-clamped and capacitor-clamped (flying capacitor) multilevel inverters. Among these three, the CHB MLI is the only configuration that did not involve split capacitor banks. Most used configurations of the diode-clamped and capacitor-clamped multilevel inverters have been restricted to the synthesis of three-level output voltage waveforms because of input voltage deviations. These 3-level inverter configurations have reached industrial maturity and are mass-produced to serve needs of varying degrees. Comparably, the CHB MLI does not have this output voltage level restriction. Hence, modular and scalable design approach are the most cherished features of this type of inverter. Its improved output power quality makes it the best candidate for high-voltage/power deployment [12].



In Figure 1, phase legs of the two-variant configuration of the 3-level diode-clamped (Neural-Point-Clamped, NPC) MLI are shown. The traditional diode-clamping conceptual topology of the inverter output voltage is depicted in Figure 1a. Quest for active-clamping of the inverter output voltage to the neutral point, n, resulted in the power circuit configuration in Figure 1b. This power circuit is popularly called the T-type NPC inverter. Both power circuit variants have same number of active power switches, but the blocking voltage rating of two switches is compromised in the diode-free T-type topology.



In recognition of the topological features of CHB MLI that made it a better option for medium and high-voltage applications, T-type 3-level phase-leg configuration was extended to a single-phase system where optimization of the inverter switch count was achieved [15]. The supposed two bidirectional clamping switches for the 2-phase legs were reduced to one. This results in the power circuit of Figure 1c where a bidirectional clamping switch is attached to the normal H-bridge inverter. In effect, instead of generating 3-level output voltage waveform, the modified H-bridge inverter synthesizes 5-level output waveform per cycle. The works in [16,17] extended this 5-level inverter power circuit to cascaded configurations for single- and three-phase inverter systems, respectively. The single-phase cascaded structure is shown in Figure 2.



For the control of H-bridge unit cell derived MLI topologies, the triangular carrier-based sinusoidal pulse-width modulation, SPWM scheme is the popularly used modulation strategy [18]. The modulation principles entail comparing a triangular carrier wave (at high frequency) with a sinusoidal modulating signal (at fundamental frequency). As a result, this modulation scheme does not involve intricate computational requirement. Additionally, its extension to multilevel and/or multiphase systems demands only a multiplicity of the carrier and modulating waveforms.



For the control of H-bridge derived cascaded MLI configurations, two variants of the SPWM control strategy are mostly used [18]: Level-shifted, LS, and Phase-shifted, PS, PWMs. Sub-variants of the LS PWM include in-phase disposition (IPD), alternative phase-opposite-disposition (APOD), etc. The best harmonic profile of the inverter output voltage waveform is provided by the in-phase disposition, IPD, PWM. The harmonic performance of the APOD is same with that of PS SPWM [19,20]. The PS PWM scheme provides nearly equal gating signals to all the power switches in the series inverter units. Consequently, nearly equal power is delivered from each of the cascaded cells. In attempts to combine these good control characteristics in IPD and PS PWM techniques, the works in [21,22,23] presented modulation approaches for this PWM combinational concept.



Appropriate arrangement of many carrier waves is the base concept for extending SPWM to a series of output voltage levels in each inverter phase. Each carrier wave is responsible for the generation of an output voltage level in all phases of the inverter. In an application where there is the need for the synthesis of many inverter output voltage levels, marching number of carrier waves in both conventional LS and PS SPWM techniques for this MLI configuration is unavoidable. Moreover, proper synchronization of this number of carrier waves dictates the quality output voltage waveforms from the MLI system. The synchronization is impeded by memory limitations of the control platform, sampling issues, and computational delays. In real-time SPWM digital control of CHB MLI, these issues lead to poor dynamic performance [24,25,26].



In a research effort to remove this traditional need for many carrier signals in SPWM, Ronanki and Williamson in [27] presented a SPWM strategy whereby the modulating wave is made to fit in a positively single carrier range. With this modulation waves arrangement, generation of multi-level output voltage waveforms at the inverter output is feasible. This modulation approach was targeted to the control of the modular multilevel converter, MMC. Particularizing this control approach to CHB MLI adaptation, the work in [28] proposed a modified SPWM scheme. In this work, it was shown that IPD SPWM scheme could be used in the control of CHB MLI with a single carrier signal; independent of the number cascaded H-bridge cells. However, it is obvious that this modulation scheme still possesses the undesirable features of IPD SPWM: non-distribution of switching signals among the power switches and uneven power delivery from the inverter units. In view of these drawbacks, a single carrier-based pulse-width modulation template for cascaded H-Bridge multilevel inverters was proposed in [29]. Therein, a generalized modulation approach that uses a carrier signal was presented. This is easily adaptable to any number of cascaded H-bridges without modification of the logic control circuit.



Considering the 5-level switch-clamped inverter in Figure 1c, the work in [30] modified the classical level-shifted SPWM in the synthesis of 5-level output voltage waveform. The modification is seen in the use of two off-set rectified sine waves and a single carrier. The offset has the effect of reducing the supposed two positively carrier signals to one in the positive half-cycle; and the rectification eliminates the supposed two negatively carrier signals in the negative half-cycle. If this approach is extended to many single-phase T-type inverters in series, the inherent characteristic of multiplicity of carrier signals and non-equalization of gating pulses to the corresponding semiconductor switches in the cascaded units are inevitable.



In view of these, this paper presents a simplified pulse-width modulation template for five-level switch-clamped H-bridge-based multilevel inverter shown in Figure 2. Its operational concept, as in [27,29], is obtained from the principle of IPD PWM. Herein, the modulating signal is changed to be in a positively single carrier waveform range so as to synthesize the required output waveform template for the control of the MLI configuration. The drawbacks of this IPD PWM are removed from the modulation scheme by a reverse-voltage-sorting algorithm. Consequently, this control approach can be viewed as a hybrid modulation scheme that is in-between the phase- and level-shifted carrier-based SPWM techniques. It inherits the good characteristics in these two modulation schemes. Demonstrations in simulation and experimental results are shown for a three-cell cascaded configuration of Figure 2.



The rest of this article is organized as follows. Section 2 presents the inverter configuration and switching scheme. A step-by-step presentation of the proposed single carrier sinusoidal pulse-width modulation scheme for 5-level switch-clamped multilevel inverter is given in Section 3. Simulation and scaled-down experimental results are presented in Section 4. Finally, Section 5 concludes this article.




2. Five-Level Switch-Clamped Inverter


With the 5-level switch-clamped inverter unit cell of Figure 1c, the cascaded MLI under study is configured as shown in Figure 2. All the cascaded inverter units have a split capacitor bank with isolated dc-link. Appreciable high output voltages can be generated from this power circuit by just raising the number of cascaded unit cells; the voltage rating of the components remaining the same. In Figure 1c, g1, g2, g3, g4 and g5 are the gating pulses of the power switches. These pulses are of value 1 if their corresponding switches are closed and 0 otherwise. They are the switching states of the active power devices. With reference to node z, the output voltage (vxz) of the first leg of the inverter (node x) is pulse width modulated; while a square wave output voltage (vyz) with 0.5 duty-cycle, amplitude of    v  d c     and at the fundamental frequency is synthesized at the output terminal of the second inverter leg (node y). This implies that g2 and g3 have 1 and 0 values, respectively, in the positive half-cycle and 0 and 1 otherwise. With reference to node z and in both half-cycles,   0 ,   0.5    V  d c     a n d    V  d c     voltage levels are synthesized at node ‘x’. The possible five binary combinations of g1, g2, g3, g4 and g5 and corresponding synthesized output voltages of the 5-level inverter in Figure 1c are typified in their logic truth-table representation in Table 1. It is obvious in this Table that at any switching instant only two switches are turned on.




3. Proposed Single Carrier SPWM for 5-Level Switch-Clamped Multilevel Inverter


In this proposed modulation strategy, the multi-carrier signals in IPD PWM are virtually represented by a single carrier. In such arrangement, the contiguous bands occupied by these multi carriers in the conventional LS SPWM is still conserved. The concept of this modulation scheme is anchored on the generation of multilevel waveform template, MWT, from which the gating pulses of the power switches in each inverter units are derived. Herein, it is acknowledged that the synthesis of this MWT involves already known facts about this inverter configuration; as documented in the literature. In the following subsections, detailed information on the MWT creation is given by referring to Figure 3.



3.1. Reference Waveform Generation


The base sinusoidal signal of the modulation scheme is generated in blocks 1 and 2 in Figure 3. Two complementary unity-off-set sine signals are generated in block 1; whose frequency is the base/fundamental output frequency. The work in [31] gave the expression for the highest number of possible inverter leg voltage levels, Nmax, in a MLI configuration in terms of two indices. In this referred work and also in [32], this concept was demonstrated. A recap of this expression is given in Equation (1),


   N  m a x   =   ∑   y = 1  z   V y   (   m y  − 1  )     



(1)







Vy is the per unit voltage step; my is the number of voltage levels generated by the yth series unit, for each half-cycle. Referring to Figure 2, it is obvious that all the cascaded inverter units generate waveforms with the same voltage step since they are symmetrically connected. Hence,    V 1  =  V 2  = ⋯    V z  = 1  . Moreover, the number of voltage levels    (  0 ,   0.5 ∗  V  d c   ,    V  d c    )    generated in any of the cascaded inverter cell per half cycle is equal (   m 1  =  m 2  = ⋯    m z  = 3 )  . Therefore, Equation (1) becomes


   N  m a x   = 2 ∗   ∑      (      Number   of   cascaded         five − level   inverter   cells      )     



(2)







The output of block 1 is multiplied by this factor, which is generated in block 2, giving the expression in Equation (3).


   A  p o s   =  N  m a x   ∗  [  1 + m s i n  (  ω t  )   ]   



(3)






   A  n e g   =  N  m a x   ∗  [  1 − m s i n  (  ω t  )   ]     



(4)




m is the modulation index and ω is the angular frequency of the reference waveforms; pos and neg indicate the positive and negative half cycles, respectively; Apos and Aneg are the positive and negative reference signals with unity offset. A common reference signal, A, for both half cycles is obtained by taking the minimum function value of Apos and Aneg, as given in Equation (5),


  A = min  (   A  p o s   ,    A  n e g    )   



(5)







In block 2, Equation (5) is implemented.




3.2. Generation of the Virtual Carrier Bands


Virtual carrier band creation is the main issue at stake in the concept of single carrier SPWM technique. Understanding of the virtual carrier band creation concept was detailed in [29] for CHB MLI. The sequential constant levels of comparisons form the virtual carrier bands in this modulation scheme for cascaded 5-level MLI. For the inverter configuration shown in Figure 2, the inverter leg reference signal is given in Equation (5). This signal is compared with specified number of constants; the xth comparison level for the zth cascaded inverter units, Cz, is given by


    C z  =  {   [    ∑   y = 1   z − 1    (   m y  − 1  )  ∗  V y   ]  +  (  x − 1  )  ∗  V z   }     x = 1 , 2 ,   …  m z  − 1   



(6)







As mentioned previously,    m y  =  m z  = 3  ; this necessitates the comparison level, x, to have value of 1 and 2. Explanation of Equation (6) can be done by taking only two 5-level inverter units, per phase in Figure 2, for an instance. In Equation (6), it is obvious that    C 2  = 2   a n d   3   a n d    C 1  = 1  . In [31,32], step modulation within the virtual bands formed by these constants was deployed; herein, the floor function is used on the common reference waveform, A. This operation yields a stepped waveform, VB; this waveform provides information on the virtual carrier bands in terms of numerical integers (1, 2, 3…).


   V B  = f l o o r  ( A )  = f i x  ( A )   



(7)







VB can be seen as a calculated stack of the virtual carrier bands wherein the actual real carrier signals are absent. With such perception, the cascaded inverter system needs to be modulated; the modulating waveform, Rrem, is obtained by subtracting VB from A.


   R  r e m   = A −  V B   



(8)







Comparison of Rrem with a single triangular carrier signal, T, yields pulse train, Scom.


   S  c o m   =  R  r e m   > T  



(9)







The multilevel waveform template for the 5-level inverter system, MWT, is generated by adding the two waveforms, VB and Scom.


  M W T =  V B  +  S  c o m    



(10)







The flowchart that shows all the necessary steps for generating MWT waveform is depicted in Figure 4.



Step-by-step derivation of the gating signals to the power switches is given in the flowchart of Figure 5.



Positive and negative half cycles of the reference signal, Sref are considered in the input capacitor voltage balancing. The upper and lower capacitor voltages in each cell are sorted in ascending order of magnitude and indexed accordingly in the order of the cells notations in Figure 2, (that is: cell k has switches g1k, g2k, g3k, g4k, g5k; and its sorted upper and lower capacitor voltage are denoted as vUk and vLk, respectively). The sorted indexed lower and upper capacitor voltages, vUk and vLk, from each cell are compared with the derived MWT waveform in the positive and negative half cycles of the reference signal, Sref. These comparisons generate the respective half cycles gating pulses g1kp, g2kp, g3kp, g4kp, g5kp and g1kn, g2kn, g3kn, g4kp, g5kn; where p and n denote positive and negative half cycles. Then, the half cycles gating pulses g1kp, g2kp, g3kp, g4kp, g5kp and g1kn, g2kn, g3kn, g4kp, g5kn are combined with the logical OR to generate the corresponding full-cycle switching signals to the power switches





4. Simulation and Experimental Results


Simulation and experimental studies on the presented modulation scheme for a 13-level, multilevel inverter are carried out in this section. In the simulation study, the three 5-level inverter units are series-connected and controlled by the conventional SPWM strategies and then the proposed single carrier modulation scheme, in turn. Their respective performances in terms of the number of modulation signals requirement, THD value of the synthesized output voltages, and the sharing of gating pulses among the power switches in the cascaded inverter units are comparatively viewed. The resulting deductions from the proposed modulation model of the proposed modulation approach are experimentally verified with a laboratory prototype of the MLI inverter.



4.1. Simulation Results


The MATLAB/SIMULINK and PLECS simulation models of the power circuit shown in Figure 2 were created following the modulation outlines in Figure 4 and Figure 5. Three cascaded 5-level inverter units in Figure 2 have been selected for the simulation study. Each unit has dc-link voltage of 100 V; with splitting capacitor banks of capacitance 2200 µF each. Series 35 Ω resistor and 20 mH inductor form the inverter load. The inverter switching frequency is 5 kHz.



Shown in Figure 6a,b are the procedural modulation waveforms of the control schemes used in [16,17] for three cascaded 5-level inverter units. Both are modified traditional in-phase disposition and phase-shifted SPWM techniques wherein rectified modulating signal is used to reduce the number of triangular carrier waves. The proposed single carrier SPWM waveform template for the same inverter configuration is displayed in Figure 6c. It is obvious in Figure 6a,b that the control pulses to the power switches are obtained by fixed referential comparison of the modulation waveforms in order to generate the output voltage waveform. However, in Figure 6c, the reverse is the case. The output voltage waveform template is first generated and the gating pulses are obtained by referring to this generated template. Certain control options can be built in while such a reference is made. The two-fold advantage of this SPWM approach is: first, the single triangular carrier wave used in creating the MWT is insensitive to the number of cascaded inverter units, as detailed earlier in Figure 3; secondly, the input split capacitor bank voltages can be controlled since their dynamic value variations can be optional inputs while referring to the modulation template. Comparison of this modulation strategy with the traditional SPWM schemes is given in Table 2.



In all the modulation schemes deployed, the same power circuit and modulation parameter values were used. The depth of modulation was 0.95. First, the IPD and PS traditional SPWM schemes were applied in turn. The expected respective inverter output waveforms are shown in Figure 7a,b. Secondly, the proposed PWM approach was applied and the generated inverter input and output variable waveforms are displayed in Figure 7c. In this figure, it is clear that nearly evenly distributed output voltage pulses were obtained in each of the three cascaded inverter units.



The synthesized individual cell 5-level output voltages stacked appropriately to yield the overall 13-level output voltage and the corresponding sinusoidal load current waveforms. Considering an unbalanced situation at star-up with different initial voltage conditions of the splitting capacitor banks:    v  C 11   = 10   V ,  v  C 21   = 0   V ,    v  C 12   = 70    V  ,    v  C 22   = 60   V ,  v  C 13   = 0   V ,    and     v  C 13   = 0   V .  



Figure 8a displays the dc-link capacitor voltage variations in the three cells of the inverter with the generated output voltage and current waveforms. These waveforms show that all capacitor voltages in the series inverter units are balanced by the deployment of the switching strategy algorithm in Figure 5. This effective balancing is irrespective of the different initial voltages on the dc-links of the cascaded inverter cells at start-up.



The pictorial view of the individual cascaded cells output powers are given in Figure 8b. Therein, the overall inverter output power is also shown. Since the same load current flows through the three cascaded cells, this figure reveals also that the powers in each of the cells are balanced. The output voltage FFT analyses of the three considered modulation schemes are displayed in Figure 8c. In this figure, total harmonic distortion (THD) values of 10.46%, 10.52%, and 10.50% were obtained for IPD, PS and proposed modulation approach, respectively.




4.2. THD of the Inverter Output Voltage


Train of pulses in one step of inverter output voltage waveform is shown in Figure 9. Higher a and lower b voltage levels are considered; but without loss of generality, other voltage levels can be considered provided that a voltage step is realized (  a ,   b = 0 ,   1 ,   2 ,   … ,   m − 1 ) .    H  t 1   ,    H  t 2   ,    H  t 3     and    H  t 4     are the time durations of the pulse-width of the pulse trains at higher voltage level a;    L  t 1   ,    L  t 2     a n d    L  t 3     are the corresponding time durations at lower voltage level b. The total time durations of the pulse-width of the pulse trains at these two voltage levels are functions on a and b, given as


  N  H a   (  a , b  )  =  H  t 1   +  H  t 2   +  H  t 3   +  H  t 4    



(11)






  N  L b   (  a , b  )  =  L  t 1   +  L  t 2   +  L  t 3    



(12)







For a given modulation index, Ma, the reference sine wave at fundamental frequency,    ω 0   , is correspondingly equal to the magnitudes of the per unitized voltage levels a and b, then


   t a  =  1   ω 0    s i  n  − 1    (    2 a    M a   (  m − 1  )     )   



(13)






   t b  =  1   ω 0    s i  n  − 1    (    2 b    M a   (  m − 1  )     )   



(14)







The time interval ta − tb is equal to the sum of the total time durations of the pulse-width of the pulse trains; hence


  N  H a   (  a , b  )  + N  L b   (  a , b  )  =  t b  −  t a   



(15)






    N  H a   (  a , b  )    2 a    (  m − 1  )     V  d c   + N  L b   (  a , b  )    2 b    (  m − 1  )     V  d c      t b  −  t a    =    M a   V  d c     ∫    t a     t b    sin  (   ω 0  t  )  d t    t b  −  t a     



(16)







From Equations (15) and (16),   N  H a     and   N  L b    are obtained as


  N  H a   (  a , b  )  =  {       (     M a   (  m − 1  )   2   )   {  cos  (   ω 0   t a   )  − cos  (   ω 0   t b   )   }        + a  {   ω 0   t a  −  ω 0   t b   }       }   



(17)






  N  L b   (  a , b  )  =  {       (     M a   (  m − 1  )   2   )   {  cos  (   ω 0   t b   )  − cos  (   ω 0   t a   )   }        + a  {   ω 0   t b  −  ω 0   t a   }       }   



(18)







The root mean square,    v  o ,   r m s    , and total harmonic distortion,    v  o ,   T H D     expressions of the inverter output voltage are given in Equations (19) and (20), respectively.


   v  o ,   r m s   =  2 π     {       {    ∑  a = 0    a m  − 1     [      N  L a   (  a , b  )     (    2 a   m − 1    V  d c    )   2        + N  H b   (  a , b  )     (    2  (  a + 1  )    m − 1    V  d c    )   2       ]   }        + N  L b   (   a m  ,    M a   (  m − 1  )   2   )     (    2  a m    m − 1    V  d c    )   2        + N  H a   (   a m  ,    M a   (  m − 1  )   2   )     (    2  (   a m  + 1  )    m − 1    V  d c    )   2       }     1 2     



(19)






   v  o ,   T H D   =      V  r m s     2  −    (     M a   V  d c      2     )   2         M a   V  d c      2       



(20)







Please note that    a m  = 0 ,   1 ,   2 ,   3 ,   …   should satisfy the following condition regarding the modulation index,    M a  ,  


     M a   (  m − 1  )   2  − 1 ≤  a m  <    M a   (  m − 1  )   2   



(21)








4.3. Experimental Results


The laboratory setup of the cascaded three units of 5-level MLI is shown in Figure 10a. PWM gating pulses for the power switches were generated using an on-board Digital signal processor, ADSP21363L and Altera Cyclone II FPGA. In Table 3, the laboratory inverter setup parameters are specified.



As in the simulation study, each of the three inverter units has dc-link voltage of 100 V. Operational modulation index value of 0.95 was chosen. In Figure 10, measured experimental inverter input and output voltages, powers and the corresponding load current waveforms are displayed. In comparison with the inverter simulated input and output waveforms in Figure 7c, the inverter experimental waveforms in Figure 10 are correspondingly are at par with the those from the simulation study. As shown in each of the experimental output voltages of the cascaded inverter cells, the proposed modulation approach impacts nearly equal gating pulses to the comprising power switches in each of the cells. This, as indicated in the introductory section, results in almost equal output voltage waveforms. Since same load current flows through these cells, nearly equal distributed power is handled by each of the cascaded cells. Moreover, the proposed dc-link voltage balancing algorithm in Figure 5 is experimentally demonstrated and shown in the overall output voltage waveform of the inverter. Each of the 5-level output voltages of the cells stacked appropriately to yield the 13-level inverter output voltage.



Experimental input and output powers of the inverter prototype were measured with Fluke-434-435 power-quality-analyzer and power analysis application module MDO3PWR in MDO3034 oscilloscope. Figure 11 shows the measured capacitor bank voltages and the overall inverter output voltage; output and input powers of the inverter. It is apparent in Figure 8a and Figure 11a that the simulated and experimental dc-link voltages follow the same trend. The ratio of the real output and input powers is 0.9866.



The response of inverter system to variation of the operating modulation index value: 0.95 to 0.5 and 0.5 to 0.95 was investigated. It was observed that the splitting capacitor bank voltages were properly balanced during these dynamic operations. Similar variation in the dc-link voltages were made: 200 V to 100 V and 100 V to 200 V. Peak value of the load current remained unchanged during these input voltage variations. Correspondingly, the resulting waveforms of these inverter dynamic responses are shown in Figure 12.





5. Conclusions


Presented in this paper is an SPWM multilevel waveform template, MWT, for five-level switch-clamped H-bridge-based cascaded MLI. The single carrier concept that allows the synthesis of desired output waveform template for the MLI has been explained. This concept has its base from earlier established modulation approaches for MLIs. Adapting the synthesized MWT to cascaded 5-level inverter configuration of any level demands only specifying the value of the parameter Nmax. This modulation strategy finds its applications in power-conditioning systems that require large number of cascaded inverter units. This follows from the fact that the inverter control system will become insensitive to the conventional idea of using multiple triangular signals as the inverter level increases. This will greatly simplify the inverter control system; since the additional control effort of carrier synchronization will not be considered in the control algorithm. The presented modulation scheme entrenches even spread of gating signals among the inverter active switches. As a result, the active power variations in the three cascaded 5-level inverter units are kept within a very narrow band. It has been shown in this paper that the proposed modulation approach for five-level switch-clamped H-bridge-based cascaded MLI has much deployment potentials in high-level MLI than the traditional modulation schemes. Simulation and experimental studies/performance of the proposed modulation strategy has been demonstrated with a three cascaded, 5-level single-phase inverter units; results have been adequately presented. The synthesized inverter output voltage waveform has a THD of 10.5% and the experimental inverter prototype delivered power of 1.401 kW to an R-L load at 98.66%. Experimental dynamic responses of the inverter system to variation in the modulation index value at constant input dc-link voltages and variation in the input dc-link voltages at constant output load current were done under the proposed modulation scheme. Very good dynamism was obtained. In all the inverter input and output parameters, simulated and experimental output waveforms are in coherence.
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Figure 1. Phase-leg three-level multilevel inverter power Circuits: (a) Traditional 3-level diode-clamed MLI, (b) T-type 3-level NPC inverter, (c) 5-level single-phase switch-clamp inverter. 
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Figure 2. Cascaded 5-level switch-clamped inverter MLI. 
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Figure 3. Outline of the multilevel waveform template, MWT, creation. 
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Figure 4. Flowchart for MWT waveform generation. 
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Figure 5. Switching signal generation. 
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Figure 6. Conventional and proposed SPWM schemes. (a) IPD SPWM, (b) PS SPWM, (c) Proposed modulation procedure. 
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Figure 7. Simulated output voltages and current waveforms with the conventional and proposed SPWM (a) IPD SPWM, (b) PS SPWM, (c) Proposed SPWM template. 






Figure 7. Simulated output voltages and current waveforms with the conventional and proposed SPWM (a) IPD SPWM, (b) PS SPWM, (c) Proposed SPWM template.



[image: Energies 14 07726 g007]







[image: Energies 14 07726 g008 550] 





Figure 8. Simulated inverter output powers, FFT analyses of the output voltages from the considered modulation schemes. (a) Dc-link voltages for the three cascaded inverter units, (b) Individual cell output powers and overall inverter output power, (c) FFT analyses of the voltage waveforms from IPD, PS and proposed modulation strategy. 
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Figure 9. Pulse train of a voltage step in the inverter output voltage waveform. 
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Figure 10. Experimental results from the laboratory prototype setup of the three cascaded 5-level MLI. (a) Laboratory prototype setup, (b) Individual cell 5-level output voltages and the overall 13-level inverter output voltage waveform, (c) Load current waveform. 
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Figure 11. Experimental measured inverter input and out voltages and powers. (a) Capacitor bank voltages and the overall inverter output voltage (b) measured input power, (c) measured output power. 
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Figure 12. Experimental dynamic responses of the inverter system (a), (b) Variation in the modulation index value at constant input dc-link voltages, (c,d) Variation in the input dc-link voltages at constant output load current. 
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Table 1. Switching states and corresponding synthesized output voltages of 5-level switch-clamped MLI.






Table 1. Switching states and corresponding synthesized output voltages of 5-level switch-clamped MLI.





	s/n
	g1
	g2
	g3
	g4
	g5
	vxz
	vyz
	vxy





	1
	0
	1
	0
	1
	0
	0
	0
	0



	2
	0
	1
	0
	0
	1
	0.5 Vdc
	0
	0.5 Vdc



	3
	1
	1
	0
	0
	0
	Vdc
	0
	Vdc



	4
	1
	0
	1
	0
	0
	Vdc
	Vdc
	0



	5
	0
	0
	1
	0
	1
	0.5 Vdc
	Vdc
	−0.5 Vdc



	6
	0
	0
	1
	1
	0
	0
	Vdc
	−Vdc
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Table 2. Comparison of conventional and proposed SPWM schemes.
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s/n

	
Compared Parameter

	
Modulation Schemes




	

	

	
IPD

	
PS

	
Proposed SPWM






	
1

	
Number of carriers

	
2N

	
N

	
1




	
2

	
Number of sine signals

	
1

	
2

	
1




	
3

	
Algorithm execution time (µs)

	
3.492

	
3.42

	
3.168
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Table 3. Prototype specifications.
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	s/n
	Component
	Specification





	1
	Power switches
	MMG75S120B6



	2
	Fundamental frequency
	50 Hz



	3
	Carrier frequency
	5 kHz



	4
	Capacitor banks
	2200 µF, 200 V



	5
	RL load
	35 Ω and 20 mH



	6
	Dc-link voltage
	100 V



	7
	Power
	1.5 kW
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