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Abstract- In this paper phase-shift PWM technique (PS-PWM) is applied to reduce total harmonic distortion (THD) of PEC-9 

inverter and the results have been compared with the level-shift PWM method (LS-PWM). PEC-9 inverter consists of one voltage 

source, seven active devices and one DC-link which contains two capacitors where each of them must be balanced to one-quarter 

of Dc source to achieve nine output level. Active balancing method for capacitors was integrated with PS-PWM and the 

regulation was carried out through redundant switching states of PEC-9. Each output level of the inverter is produced via 

comparing a set of carrier waveforms with one reference signal. The PS-PWM and LS-PWM techniques have been applied for 

PEC-9 using MATLAB/SIMULINK program. With 5mH L-filter, the THD of LS-PWM was determined as 2.28%, while THD 

for PS-PWM was 0.34%. 
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1. Introduction 

These days, multilevel inverters (MLIS) are becoming 

more utilized and more investigated because of their amazing 

characteristics. They produce step-wave output voltage using 

DC sources and active power devices and they have been 

applied for wide range of high, low, and medium power 

applications. Increasing the number of output levels makes the 

form of output signal smoother and closer to sinusoidal shape, 

therefore decreasing the THD of output signal and minimize 

the size of the output filters. Moreover, MLIS not only 

enhance the output quality but also reduce voltage stress on 

active devices. In spite of the fact that, there are some 

drawbacks for multilevel inverters, such as more elements that 

increase the overall complexity and cost of the system. 

However, with recent progressions in this field, these 

drawbacks can be handled [1-3].  

From the three most common traditional topologies NPC, 

FC, and CHB, many inverters have been introduced. A lot of 

studies concentrated on obtaining more output levels with 

minimum circuit complexity by proposing new topologies [4]. 

In [5-6] for asymmetrical multilevel inverters, an envelope E-

type and a square T-type have been proposed. With two 

sources, K-type has also been presented in [7]. However, they 

have large number of voltage sources, so they are limited for 

some applications. In [8-10] several creative MLIs have been 

reported to generate various levels, but they suffer from a large 

number of elements. The single voltage source and compact 

topology for MLIs have been extensively studied as a practical 

and economical compared to other inverters [11-13].  

Packed U-Cell (PUC) inverter was proposed in [14], it can 

produce seven output-levels by regulating the DC-Link 

voltage to one-third of Dc source, or five output-levels 

generated by self-capacitor balancing to half of the DC input 

source [15-16]. In [17] the PEC-9 inverter was proposed to 

achieve nine output-levels with one DC source and one DC-

Link which actively regulated to half of input Dc source. Thus, 

each capacitor in the DC-Link naturally regulated at one-

quarter of the main source. Seven and five output-levels can 

also be obtained from PEC-9 inverter. 

Various modulation strategies with a large frequency 

range have been reported for MLIs. Lately LS-PWM and PS-

PWM techniques are most widely used in switching strategy. 

In these methods many carrier waves compared with a 

reference signal and produce desired switching gate signals. 

In PS-PWM, switching harmonics contents is shifted to higher 

orders, making it possible to improve harmonic performance 

compared to LS-PWM [18]. In this paper, the LS-PWM and 

PS-PWM are implemented for PEC-9 to achieve a minimum 
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THD for the output waveform. Section II demonstrate the 

PEC-9 switching states and its basic configuration. In section 

III, explains the switching strategy methods for PEC-9. The 

results of the simulation of the modulation methods used are 

shown in section Ⅳ. 

 

2. Single Phase PEC-9 Topology and Active Voltage 

Balancing 

The nine level PEC-9 inverter shown in Fig. 1. It consists 

of six active devices, a four-quadrant switch, single DC source 

and one DC-Link contains two capacitors placed in row, 

which both can be accordingly charging and discharging. 

Redundant switching states allow the voltage of the DC-Link 

to be balanced to one-half of the Dc source. Therefore, each 

capacitor balanced to one quarter of the source to generate 

nine output levels. Active balancing of the DC-Link illustrated 

in Fig. 2. Half of the DC source is compared with the  

 

Fig. 2. Active balancing algorithm [20] 

measured DC-Link voltage, and therefore selects the 

appropriate switching states. In this way, the balancing 

approach was integrated with the PWM technique to adjust the 

voltage of the capacitor. Table I lists the possible switching 

states, as well as the charging and discharging for each 

capacitor [17].  

 

3. PWM Switching Strategy  

3.1. Phase Shift-PWM (PS-PWM) 

PS-PWM is one of most popular modulation techniques 

for MLIs. Compared to other modulation strategies, PS-PWM 

allows to increase the inverter’s switching frequency and 

consequently reduce the size and cost of the output filters. 

Additionally, PS-PWM minimize the total harmonic distortion 

THD in output signal by moving harmonic components away 

from the fundamental frequency. For output level m, the PS-

PWM need to use (m-1) carrier waves with equal amplitudes 

and the same frequency. The carrier signals placed close to 

each other and shifted horizontally by phase displacement 

given in Eq. (1) 

∆𝜑 =
2𝜋

𝑚 − 1
                                                                         (1) 

To generate nine output levels, eight carriers having 𝜋/4 phase 

shift are used to modulate the reference wave as shown in Fig. 

3. The modulation index for PS-PWM expressed in Eq. (2)  

𝑚 =
𝑉𝑟𝑒𝑓

𝐶𝑟𝑖

                                                                               (2) 

Where Cri specified for carrier waveforms and Vref 

referred to reference signal. There are four pair of carriers each 

pair shifted by 𝜋. If the reference signal is larger than all pairs, 

+E is generated by activating corresponding switching states. 

If Vref is less than one carrier pair, and is more than three other 

pairs, then +3E/4 is produced. By following this process, the 

other positive output levels are obtained. Zero level is 

produced when reference wave more than one carrier and 

fewer than the other one in pair. Moreover, the negative levels 

are achieved when the inverted conditions of positive levels 

No. S1 S2 S3 S4 S5 S6 S7 C1 C2 Vout 

 Vdc = +E ـــ ـــ 0  1   1   0   0   0   1 1

 Vdc – V1 = +3E/4 ـــ ↑ 1  0   1   0   0   0   1 2

3 1   0   1   0   1   0  0 ↑ ↑ Vdc – V1 – V2 = +E/2 

4 1   1   0   0   0   1  0 ↓ ↓ V1 + V2 = +E/2 

 V2 = +E/4 ↓ ـــ 1  0   0   0   0   1   1 5

 0 ـــ ـــ 0  1   1   1   0   0   0 6

 0 ـــ ـــ 0  0   0   0   1   1   1 7

 V1 = -E/4- ـــ ↓ 1  0   1   1   0   0   0 8

9 0   0   1   1   1   0  0 ↑ ↑ -Vdc + V1 + V2 = -E/2 

10 0   1   0   1   0   1  0 ↓ ↓ -V1 – V2 = -E/2 

 Vdc + V2 = -3E/4- ↑ ـــ 1  0   0   1   0   1   0 11

 Vdc = -E- ـــ ـــ 0  0   0   1   1   1   0 12

Fig. 1. PEC-9 topology [17]  

 

Table 1. The PEC9 switching states and voltage levels (‘ـــ’ 

means neutral, ‘↑’ means charging, and ‘↓’ means discharging) 

[19] 
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are used. That means when Vref is less than all pairs, -E is 

produced by activating its switching state [18,20].  

 

3.2. Level Shift-PWM (LS-PWM) 

There is many methods of multi-carrier SPWM, the 

simple one is phase disposition level shifted PWM (PDLS-

PWM). For m output level inverter, m-1 triangular carrier 

signals with the similar amplitude Ac and frequency fc should 

be ordered. In PDLS-PWM, sinusoidal reference signal has 

amplitude Am and frequency fm compared with each carrier 

signal, if the sinusoidal signal greater than one of carriers then 

the switches identical to that carrier are turned on, where each 

carrier related with appropriate output voltage level, and if the 

sinusoidal wave lower than one carrier then the switching 

devices according to that carrier are turned off. As shown in 

Fig. 4, this method has carrier signals shifted in level and they 

are in the same amplitude, frequency, and all of them are in 

phase [21].  

The amplitude modulation index is defined as [23] 

ma =
Am

(N − 1)Ac
                                                                     (3) 

Where Am is the peak value of the reference wave, Ac is the 

peak magnitude of each carrier signal, and N is the number of 

converter levels. 

 

4. Simulation and Results 

 MATLAB simulation program has been employed to 

simulate PEC-9 inverter to confirm the performance of the two 

modulation techniques PS-PWM and PDLS-PWM. The 

simulation parameters are provided in Table II. The results of 

applying PDLS-PWM method for PEC-9 involving load 

current, output voltage, and the DC-Link voltage have been 

represented in Fig.5 and Fig.6.  

 

 

DC Voltage Source 315V 

Switching Frequency 25kHz 

L-Filter 5mH 

Capacitor 4700µF 

Fig. 3. Carrier signals for phase shift-PWM 

 

Table 2. Simulation parameters 

(a) 

(b) 

Fig. 5. Output waveforms for PDLS-PWM 

method; a) voltage; b) current  

 

Fig. 4. Carrier signals for PDLS-PWM method [22] 
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As seen the voltage of the DC-Link has been regulated at 

half of the source. Fig. 7 display the FFT analysis for the 

output signal without filter. As indicated, the THD achieved 

by this method is equal to 14.22% and the first notable 

harmonics are begun from 25kHz where the switching 

frequency equal to 25kHz. After insert an inductor as a filter 

for PEC-9, the output signals and the FFT analysis are 

depicted in Fig.8 and Fig.9. It could be notice that the THD is 

reduced to 2.28%. 

 

 

 

 

 

 

The PS-PWM strategy has also been implemented for 

PEC-9 and the output results which contains output voltage, 

current signal as well as the voltage of the DC-Link displayed 

in Fig.10 and Fig.11. The spectrum analysis for the output 

waveform presented in Fig.12. As observed from the FFT 

analysis, the first obvious of harmonic contents has been 

located about 200kHz were shifted to 8-times of the carrier 

frequency. 

 

Fig. 6. The ripple of the DC-link voltage 

 
(b) 

Fig.-8 Output signals for PDLS-PWM 

method with filter; a) voltage; b) current 

 

Fig. 9. FFT analysis for PDLS-PWM 

method with filter 

 

(a) 

(a) 

Fig. 7. FFT analysis of output signal for PDLS-

PWM method 
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Fig. 13 display the effect of adding L-filter for PEC-9 with 

PS-PWM mechanism. The THD of the output waveform is 

reduced as presented in Fig.14 and equal to 0.34%. Has been 

assumed 0.99 modulation index for both modulation methods. 

In comparison with level-shift approach at the same switching 

frequency and with the same parameters, the results indicated 

that the THD of the output signal is much reduced when the 

PS-PWM method is implemented.  

 

 

 

Fig. 10. Output waveforms for PS-PWM method; 

a) voltage; b) current 

 

(b) 

Fig. 11. The ripple of the DC-link voltage 

Fig. 13. Output waveforms for PS-PWM method 

with filter; a) voltage; b) current 

 

(b) 

(a) 

Fig. 14. FFT analysis for PS-PWM method with filter 

Fig. 12. FFT analysis for PS-PWM method 
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5. Conclusion 

To reduce the THD of the nine-level PEC inverter, PS-

PWM scheme has been performed in this paper. The results 

shows that when using PS-PWM technique, the harmonic 

orders shifted to the higher away from the fundamental 

frequency as the multiple order of the switching frequency. 

Therefore, the THD decreased significantly. The dominant 

harmonics of the output signal are around eight-times of the 

switching frequency and hence, this lead to minimize the 

output filter size. The PS-PWM method is better for enhance 

the power′s quality and improve the inverter performance than 

the PDLS-PWM. 
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