Multilevel inverters for unconventional energy conversion systems
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Abstract: In view of the decrease of the natural fuel reserves and in order to reduce pollution, it was and it is still necessary to develop new types of energy sources. Wind energy sources are among the most efficient unconventional energy sources and, therefore, this paper presents a comparative analysis and an optimal implementation solution of high power inverters within these systems. 
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Introduction:
The inverter aims to transform direct electrical energy into alternating electrical energy. According to the inverter performances, philters can also be connected in order to get alternating voltages as close to the sinusoidal wave as possible. If it is fitted out with thyristors, along with the philters, we can also use reactive power compensation circuits [1]. For IGBT inverters, compensation of reactive power is no longer necessary with an adequate control technique, and the filtering circuits are smaller in size.
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Figure 1 presents a complete wind energy conversion system, which allows the connection of alternating energy consumers at its output [2,10].

Fig. 1. Wind energy conversion system
Using such systems at high powers supposes a special architecture of the converters within these systems, therefore of inverters too. Static power converters for high voltages generally need switches (semiconductor devices) that can function at these voltages. If these switches are not available, different converter topologies must be developed, where only a voltage fraction is applied to each switch. An optimal solution, that fulfils quite well these requirements, consists in using multilevel voltage inverters with imbricated switching cells. These inverters bring about certain advantages, such as: the decrease of the total harmonic distortion factor, limiting the du/dt stress due to reducing the switched voltage, output waveforms close to sinusoidal wave, etc.

The topology of multilevel voltage inverters with imbricated switching cells:
 
One of the possible solutions to obtain a high voltage switch is connecting in series several synchronously-controlled switches. They must start commutation at the same time, otherwise there may be voltage balance problems, control 

problems and du/dt stress, generated for each commutation. Figure 2 presents two circuits illustrating how switches can be connected in series.
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Fig. 2. Switches connected in series

The static or dynamic balance of voltages on the switches is difficult to obtain and needs special techniques. 

In most cases, commutations cannot be synchronized by the mere synchronization of the control signals. The semiconductor devices must be selected as pairs with identical conduction/blocking moments; otherwise, special command circuits are needed in order to compensate for the differences between these moments. 

 
Supposing that switches commutate at the same time, the du/dt stress generated on each commutation represents the sum of the du/dt stress generated by all commuting switches. This increased stress can induce important noise, which influences the proper functioning of the low signal circuits nearby and, particularly, the control circuits for the power switches. Whatever the number of switches connected in series, the output switched voltage has got only two levels: 0 and Ud. The increase of the number of switches connected in series does not have a major influence on the situation. However, in practice, du/dt stress and synchronizations raise more serious problems.   
 In order to obtain a better distribution of voltage on each switch, new converter structures were developed. The basic structure of a three-level bridge arm is presented in Figure 3.a, and the general structure of an arm with n+1 levels is illustrated in Figure 3.b. In the first case, the bridge arm is made up of two imbricated switching cells: (A1, B1) and (A2, B2). Within each switching cell there are two complementary switches, bidirectional in current and unidirectional in voltage (transistor + diode, connected in antiparallel). One can easily notice that, in this configuration, the voltage applied on each switch in blocking state is Ud/2.
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Fig. 3.  Structure of an arm of the voltage inverter with imbricated switching cells :a) 2 cells - 3 levels, b) n cells - n+1 levels

The switches that make up different switching cells can be controlled at different points in time. Thus, the du/dt stress values are within an acceptable range. If the voltage applied on a switch is Ud/2 (and assuming the conduction voltage is zero), the voltage supplied by the switching cell (B1, B2) can be 0, Ud/2 or Ud according to the number of switches turned on (0, 1 or 2), which is similar to the classic case of the three-level inverter. In practice, the voltage supply Ud/2 must be replaced by a capacitor C charged at Ud/2.

 
In order to determine the voltage steps that can be obtained in the general case, we considered in Figure 3b that voltages on the capacitors fulfill the following condition:
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The voltage applied to the blocked switch within the switching cell k depends only on the voltage on the capacitor Ck and Ck-1, and is calculated as:
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Knowing that the voltage on a blocked switch is Ud/n (and assuming that voltage on the switch in conduction state is zero), one can easily understand how the converter works: the voltage released by a multilevel switching cell (B1, B2,…, Bn), whatever the point in time, is calculated by multiplying the voltage step Ud/n by the number of switches blocked. This shows that there are n+1 possible voltage levels: 0, Ud/n, 2Ud/n,…, Ud. 


Therefore, this topology solves the problem of the static and dynamic balancing of voltages when switches are blocked, which is specific to structures connected in series.

Strategies for multilevel inverter control:

The control of multilevel switching cells must fulfill simultaneously two important requirements:


- compatibility with voltage UCk=kUd/n=const., k=1,...n;

          - optimization of the harmonic spectrum.


Each capacitor Ck is connected between the pairs of switches k and k+1, Figure 4.     
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Fig. 4. Connecting capacitor Ck


According to their state, the current through the capacitor can be: -IA, 0 or +IA (we assumed IA=iA =const. for the duration of a switching period Tp). Thus, the current through the capacitor can be expressed as:
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where fCk and fCk+1 stand for the connection functions for Ak and Ak+1 switches and can only have two values: 0 or 1 (according to the state of the switches)[3,9]. For instance, if fCk =1 when the Ak switch is off and fCk=0 when the Ak switch is on. Starting from equation (3), we can define the permanent stability condition for the voltage on the capacitors UCk(k=1,...,n):
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The obvious solution of equation (4) corresponds to the classic structure of switches connected in series, where the control systems are identical. If there is one control signal for all switches, the current through the capacitor will permanently be 0 (in theory), therefore they are no longer necessary. More generally, the stability condition is fulfilled if control signals fCk, fCk+1 have the same conduction duration during a switching period, even if they are out of phase.

For multilevel converters, in order to obtain equal conduction durations for all the cells of an arm, it is necessary to use “n” carrier waves dephased by Tp/n and, thus, stability for capacitors C1, ...,Cn is attained.

The power circuit of the three-level inverter with imbricated cells and the control strategy are presented in Figure 5.
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Fig. 5. Three-phase voltage inverter with three-level imbricated switching cells and sinusoidal PWM control strategy.

The PWM control strategy adopted for an arm consists in comparing a reference (sinusoidal) wave to two carrier (triangular symmetric) waves dephased by 180º[4]. These comparisons lead to two connection functions for arm fc1 and fc2 defined as follows: 
   vu  > vp1 , therefore fc1 = 1; vu  > vp2, therefore fc2 =1

    vu < vp1 , therefore fc1 = 0; vu < vp2, therefore fc2 = 0      (5)

 The power circuit of the four-level inverter with imbricated cells and the control strategy are presented in Figure 6. 
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Fig. 6. Three-phase voltage inverter with four-level imbricated switching cells and PWM control strategy 
The PWM control strategy adopted for an arm consists in comparing a reference (sinusoidal) wave to three carrier (triangular symmetrical) waves dephased by 120º. These comparisons lead to two connection functions for arms fc1, fc2 and fc3, defined as follows: 

vu  > vp1 →fc1 = 1;  vu  > vp2→fc2  =1; vu  > vp3→ fc3  =1

 
vu  < vp1 →fc1 = 0;  vu < vp2→ fc2 = 0; vu  > vp3→ fc3  =0    (6)


The control strategies presented above, destined to three-phase inverters with imbricated switching cells, are well known in the specialty literature. Moreover, studies were performed, which have highlighted the benefits and drawbacks of their use[8]. We shall now focus on studying the functioning of these inverters if, as part of the control strategy, the reference sinusoidal wave is replaced by a modified sinusoidal wave (discontinuous command techniques DPWM)[5,6,7], described by equation (7) 
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Figure 7 presents the control strategy applied to the inverter illustrated in Figure 4, using the modified sinusoidal wave s1 and its waveform vus1, vvs1, vws1, for the given situation.
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Fig. 7. Control strategy of the three-phase voltage inverter with three-level imbricated switching cells, using signal s1
Simulation  Results:
Starting from the study presented and using the simulation environment Pspice, we shall present a compared analysis of the functioning of the three-level three-phase inverter and of the four-level three-phase inverter, respectively. For the simulation of the three-level inverter, we used the sinusoidal PWM and the DPWM control strategies; on the other hand, for the simulation of the four-level inverter, we used only the PWM control strategy. In all situations, we took into account the following values: inductive load R=10Ω, L=10mH, amplitude modulation index ma=0.95, carrier wave frequency 50Hz, switching frequency 5kHz, and supply voltage amplitude Ud= 310V.

Figure 8 presents the waveforms of the carrier signals vp1, vp2, of the sinusoidal modulating signals on 50Hz, vu, vv, vw, and of the control signals on switches A1, A2, implemented with the transistors of the three-level inverter, using the sinusoidal PWM control strategy.
[image: image11.png]=
=





Fig. 8. Waveforms of carrier, modulating and command signals using PWM sinusoidal control

Figures 9, 10 and 11 present the main waveforms resulting from the simulation of the three-level inverter using the sinusoidal PWM strategy. 
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Fig. 9. Phase- and line voltage waveforms using PWM sinusoidal control
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Fig. 10. Phase- and line-voltage spectrum using sinusoidal PWM control 
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Fig. 11.  Load current using sinusoidal PWM control 


Figures 12, 13 and 14 present the main waveforms resulting from the simulation of the 4-level inverter using the sinusoidal PWM control strategy, the phase voltage, the line voltage, their spectral diagram and the load current. 
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Fig. 12. Phase- and line voltage waveforms using PWM sinusoidal control
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Fig. 13. Phase- and line-voltage spectrum using sinusoidal PWM control
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Fig. 14.  Load current using sinusoidal PWM control 


The results of the simulation of three- and four-level inverters controlled by sinusoidal PWM show their main benefits and drawbacks. Although, in the last topology, the waveform is much closer to the sinusoidal waveform and the harmonic spectrum due to commutations shifts to high frequencies, with reduced amplitudes, these inverters are difficult to implement, at both power and control level, and they also involve high costs.

Our alternative, namely using a DPWM-controlled three-level inverter with imbricated switching cells represents an optimal solution. The simulation results are presented below.   
Figures 15, 16, 17 and 18 present the main waveforms resulting from the simulation of the three-level inverter using the DPWM control strategy.
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Fig. 15. Waveforms of carrier, modulating and command signals using DPWM control
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Fig. 16. Phase- and line-voltage waveforms using DPWM control 
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Fig. 17. Phase- and line-voltage spectrum using DPWM control
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Fig. 18.  Load current using DPWM control 
The convenient choice of the switching moments for the semiconductor device within the inverter allows the elimination of certain harmonics from the output voltage waveform, the reduction of the number of commutations, the decrease of the total harmonic distortion (THD) (the increase of the fundamental harmonic amplitude), the placing of the harmonics spectrum at higher frequencies, etc. Most modern modulation techniques rely on calculating these moments according to the voltage desired and need digital control systems or microcontroller systems. Figure 19 presents the evolution of THD% (iload) function to the control strategy implemented.
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Fig. 19.   THD% (iload) function to the control strategy implemented.
Conclusions:
By analyzing the simulation results, we can make the following remarks: 1) although each switch (transistor) is controlled under a switching frequency of 5kHz, no harmonics occur around this frequency in the phase- and line-voltage spectrum; they appear at a double switching frequency (10kHz) for the three-level inverter and at a triple switching frequency (15kHz) for the 4-level inverter; 2) the use of the DPWM control strategy allows the increase of the fundamental harmonic amplitude and the decrease in amplitude of the harmonics that occur at a double switching frequency; 3) the output voltage waveform of the DPWM-controlled three-level inverter is much closer to the sinusoidal waveform, it resembles the four-level inverter waveform, but it is much easier to implement and involves lower costs; 4) THD% has the lowest value for the DPWM-controlled inverter. Based on these remarks, we can conclude that our solution, namely using DPWM-controlled multilevel inverters with imbricated switching cells, is viable and adequate for solving the problem of designing a wind energy conversion system with improved performances [11]. 
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