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Chapter II:  

 

 

PWM techniques for 
multilevel converters  

 
 
 
 
 
 
 
 
 
 
II.1. Introduction 
Multilevel diode-clamped converters (DCCs) have gained significant attention in recent 
years due to their ability to generate high-quality output voltages with reduced harmonic 
distortion, making them ideal for medium- and high-power applications such as renewable 
energy systems, motor drives, and grid-connected inverters [4], [5]. However, the 
performance of these converters heavily depends on the modulation techniques employed, 
which directly influence the output voltage quality, switching losses, and overall system 
efficiency. Among the various modulation strategies, Phase Disposition (PD), Phase 
Opposition Disposition (POD), and Alternative Phase Opposition Disposition (APOD) 
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are widely used due to their simplicity and effectiveness. However, these techniques often 
face challenges in achieving optimal harmonic performance, particularly as the number of 
converter levels increases [6]. 
To address these challenges, Space Vector Modulation (SVM) has emerged as a promising 
alternative, offering superior harmonic performance and better utilization of the DC-link 
voltage [7]. However, the high computational complexity of traditional SVM techniques 
often restricts their practical implementation, particularly in real-time systems. To 
address this limitation, several simplified SVM (SSVM) algorithms have been proposed in 
the literature, aiming to reduce complexity and generalize the SSVM approach for 
converters of any level [8], [9]. 
 
In this chapter, carrier-based PWM techniques—including Phase Disposition (PD), Phase 
Opposition Disposition (POD), and Alternative Phase Opposition Disposition (APOD)—
as well as the simplified Space Vector Modulation (SVM) method presented in [9], have 
been synthesized and simulated using the MATLAB/Simulink environment for multilevel 
converters. 
 
II.2. Carrier based PWM techniques for multilevel DCC 
 
II.2.1. PD modulation technique 
In carrier-based PWM techniques, the n-level multilevel DCC requires n−1 carrier signals 
to properly synthesize the output voltage waveform. Fig II.1 illustrates the three-phase 
voltage references ( * * *, ,a b cv v v ) and carrier waveforms for a 5-level DCC operating in PD 
technique. In the PD modulation technique, all carrier waveforms have identical frequency 
and amplitude, ensuring uniform voltage step transitions. Furthermore, the n−1 carriers 
( 1 2 ( 1), ,...,c c c nv v v  ) are aligned in phase with each other, meaning they share the same zero-

crossing points and maintain a fixed phase relationship throughout the modulation process 
(see Fig II.1). This configuration helps maintain symmetry in the generated output 
waveform and reduces harmonic distortion by ensuring effective voltage level transitions 
[4]-[6]. 
 
The pulses for the n-level converter shown in Fig. II.2 are generated using the PD 
modulation technique, based on the comparison defined in Equation (II.1) as follows: 

*1,  when: ,   else 0ix x ci ixS v v S                                             (II.1) 
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where: x = a, b, or c, j=1, 2, …, n-1. 

 

Fig II.1: Reference voltages and carrier waveforms of the 5-level DCC for the PD modulation technique 

vdc

Cn-1

Cn-2

C2

C1

S1a

S2a

S(n-2)a

S(n-1)a

S(n-1)a

S(n-2)a

S1a

S2a

     

Fig II.2: Leg-a of the multilevel DCC 

 

For better clarity, the 5-level DCC is taken as an example. The phase-a pulses are 
generated using the PD modulation technique, based on the condition given in equation 
(II.2): 
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*
1 1 1

*
2 2 2

*
3 3 3

*
4 4 4

1,  when: ,   else 0
1,  when: ,   else 0
1,  when: ,   else 0
1,  when: ,   else 0

a a c a

a a c a

a a c a

a a c a

S v v S
S v v S
S v v S
S v v S

  

  

  

  

                                               (II.2) 

I.2.2. POD modulation technique 
As the PD technique, for an (n-1)-level inverter, there are (n-1) carrier signals that are 
compared with three-phase reference voltages. As shown in Fig II.3 for 5-level DCC, the 
POD technique arranges these carrier signals so that [4]-[6]: 
 

- Carriers above the zero-reference axis are in phase with each other. 
- Carriers below the zero-reference axis are in phase with each other but 180° out of 

phase with the carriers above the zero axis. 
 
This means that all carriers are shifted in opposite polarity across the zero-axis, ensuring 
phase opposition between the upper and lower halves of the carriers [4]-[6]. 
 

 
Fig II.3: Reference voltages and carrier waveforms of the 5-level DCC for the POD modulation technique 

 
The phase-a pulses for the 5-level DCC are generated using the POD modulation 
technique, based on the same condition as given in (II.2). 
 
I.2.2. APOD modulation technique 
For an n-level DCC, there are (n-1) carrier signals, in APOD (see Fig. II.4 for 5-level 
DCC): 
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- Each adjacent carrier is phase-shifted by 180° relative to its neighbor. 
- This means that no two consecutive carriers have the same phase, leading to an 

alternating phase arrangement [4]-[6]. 

 

 

Fig II.4: Reference voltages and carrier waveforms of the 5-level DCC for the APOD modulation 
technique 

 
The phase-a pulses for the 5-level DCC are generated using the POD modulation 
technique, based on the same condition as given in (II.2). 
 

II.3. Space vector modulation  
 
II.3.1. Conventional SVM Algorithm for n-level DCC 
As we stated in chapter II, the n-level DCC offers n3 possible switching combinations, 
which can be arranged into n-1 centered hexagons within the αβ plane, as illustrated in 
Fig II.5. 

The space vector diagram is divided into six sectors, with each sector further subdivided 
into (n-1)2 triangular regions. The three-phase reference voltages in αβ plane can be 
represented by one reference voltage vector *v which rotates in the space vector diagram 
of Fig II.5 and cross all sectors [9]. 

To build the reference voltage vector using the conventional SVM The reference voltage 
vector *v is approximated by the time-averaged effect of the nearest switching voltage 
vectors within each switching period. To achieve this, the first step is to determine the 
sector and triangle in which the reference voltage vector is located [9].  
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Fig II.5: Space vector diagram of n-level DCC including the reference voltage vector  

 

Once the corresponding triangle is identified, the time intervals for the adjacent switching 
vectors are computed using the following equation: 

*
1 1 2 2 3 3

1 2 3

s

s

v t v t v t T v
t t t T

  

  
                                                              (II.3) 

 

Here, sT  represents the switching period, while 1 2,v v and 3v are the switching vectors 

closest to the reference voltage vector *v . Their corresponding time intervals are denoted 
as 1 2,t t and 3t  respectively [9]. 

 

The conventional SVM algorithm for an n-level DCC follows three key steps: 

1. Reference voltage vector location: identify the specific triangle containing the 
reference voltage vector among the 26( 1)n   possible triangles across all sectors. 

2. Time intervals calculation of for adjacent switching sectors: solve 26( 1)n   
equations similar to equation (II.3) to determine the duration of each switching 
vector. 

3. Design of switching sequences: develop appropriate switching sequences for all 
26( 1)n  triangles to ensure smooth operation. 
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Clearly, the computational complexity of the conventional SVM algorithm grows 
exponentially with the increase in the number of levels in the DCC [9]. 

 
II.3.2. Simplified SVM algorithm for n-level DCC 

The core concept of the simplified SVM (SSVM) algorithm is to execute the conventional 
SVM steps within a single sector, significantly reducing computational complexity and 
arithmetic load. 

As illustrated in Fig II.5, the reference voltage vector *v  rotates counterclockwise, 
traversing all sectors of the space vector diagram. To simplify calculations, the SSVM 
algorithm introduces a new reference voltage vector *U which remains confined to the first 
sector while encapsulating all necessary information from *v  as it moves across other 
sectors [9]. 

II.3.2.1. New Reference Voltage Vector 
The new vector *U is established based on the old vector *v . As given in [9], each triangle 
of the first sector has an equivalent triangle in the other sectors. This equivalence resides 
in the possibility of changing the phase orders of the switching states in the first sector 
to deduce all the switching states in the other sectors. As shown in Fig II.5, each triangle 
in the other sectors takes the same number of its equivalent triangle in the first sector [9]. 

Consider the case where the reference voltage vector *v  traverses through triangles 5, 6, 
7, 8, and 9 as it moves from sector 1 to sector 6 (see Fig II.5). If *v  originates from triangle 
5 in the first sector, it follows the sequence 5 → 6 → 7 → 8 → 9 within the first sector. 
This same sequence is maintained when *v  moves through the odd-numbered sectors (3 
and 5). However, in the even-numbered sectors (2, 4, and 6), *v  follows a reverse order, 
passing through triangles 9 → 8 → 7 → 6 → 5 [9]. 

Although the new reference voltage vector ( *U ) is constrained to rotate solely within the 
first sector, its rotational direction must still correspond to the position of the original *.v
To ensure that *U  traverses the triangles in the same order as *v  across all sectors, its 
direction of rotation should be adjusted accordingly (see Fig II.6) [9]. 

 Counterclockwise rotation when *v  is located in odd-numbered sectors (1, 3, and5). 
 Clockwise rotation when *v  is in even-numbered sectors (2, 4, and 6). 
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432
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431
320

441
330

Direction of U* 
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Direction of U* for 
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Fig II.6: Direction of the new vector U* in the first sector [9] 

The new vector *U  can be efficiently constructed in abc coordinates using straightforward 
instructions. Table II.1 provides a concise summary of the selection process for its abc 
components, which are determined based on the components of the original vector *v  and 
the sector number where its tip is located [9]. 

Table II.1. Selection of the new vector components in abc coordinates system [9] 

 S1 S2 S3 S4 S5 S6 

*
aU  

*
av  

*
bv  

*
bv  

*
cv  

*
cv  

*
av  

*
bU  

*
bv  

*
av  

*
cv  

*
bv  

*
av  

*
cv  

*
cU  

*
cv  

*
cv  

*
av  

*
av  

*
bv  

*
bv  

 
Fig II.7 illustrates the components of both the original reference vector and new vector 
within the abc coordinate system. 
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Fig II.7: Components of original reference vector and new one in abc coordinates [9] 

 

II.3.2.2. Sector Number Identification 

To construct the new reference voltage vector, it is essential to determine the sector 
number containing *v . The sector number is determined through a straightforward 
comparison of the components of the reference voltage vector *v  in abc coordinates, as 
illustrated in Table II.2.  

Table II.2: Sector identification [9] 
Condition Sector number (Si) 

* * *
a b cv v v   1 

* * *
a c bv v v   6 

* * *
b a cv v v   2 

* * *
b c av v v   3 

* * *
c b av v v   4 

* * *
c a bv v v   5 

 

II.3.2.3. Triangle Number Identification 

In the first sector, the new reference voltage vector ( *U ) can reside within one of 2( 1)n 

possible triangles. These triangles are classified into two distinct types: upper triangles 

1( ) characterized by a vertex pointing upward, and lower triangles 2( ) , with a vertex 
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directed downward, as illustrated in Fig II.8. This structured categorization facilitates 
efficient identification and computation within the sector [9]. 

G

H+1

H

G+1 g

2v

3v 1v3v

2v

h

1v *U
*
hU

*
gU

(Δ1) 
(Δ2) 

o
 

Fig II.8: Upper and lower triangles Δ1 and Δ2 [9] 

The simplified algorithm requires only the identification of whether *U  is within an upper 
or lower triangle, making it unnecessary to determine all possible triangles where *U  may 
be located. This simplification enhances computational efficiency without compromising 
accuracy. 

To simplify the calculation of the new reference vector's location and duration, the g–h 
coordinate system is employed [9]. 

The components of the new reference vector U* in g-h coordinate system are given as:  

 
 

* * *

* * *

( 1) /

( 1) /
g a b dc

h b c dc

U n U U v

U n U U v

  

  
                                                          (II.4) 

Where: n is the number of the DCC level. 

Based on the new components of the reference voltage vector   * *, ,g hU U the triangle type 

can be easily identified as follows: 

  
* * *

1
* * *

2

if 1   is in ( )

if 1   is in ( )
g h

g h

U U G H U

U U G H U

     

     
                                             (II.5) 

Where: G and H correspond to the integer parts of * * and g hU U , respectively, and are 

defined as follows: 

 
*

*

integer( )

integer( )
g

h

G U

H U




                                                                                   (II.6) 
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II.3.2.4. Duration Times Calculation 

By substituting the new reference voltage vector in place of the old one in expression 
(II.3) and decomposing it in the g-h coordinate system, equation (II.3) transforms into 
the following form: 

*
1 1 2 2 3 3

*
1 1 2 2 3 3

1 2 3

g g g s g

h h h s h

s

v t v t v t TU

v t v t v t TU
t t t T

  

  

  

                                                                      (II.7) 

The coordinates of the adjacent switching vectors can be derived as follows: 

2 2 1 2

3 3 1 2

1 1 2

( , ) ( 1, ),      for  or 

( , ) ( , 1),      for  or 

( , ) ( 1, 1),  for 

g h

g h

g h

v v G H

v v G H

v v G H

   

   

   

                                                      (II.8) 

Note that 2 3and v v  in 1  are identical to 2 3and v v  in 2  (see Fig II.8), sharing the same 
coordinates. 

Using (II.6), (II.7), and (II.8), the time intervals 1 2 3,  and t t t  corresponding to the adjacent 

switching vectors 1 2 3,  and v v v , respectively can be determined as follows: 

For 1  : 

 
 

*
2

*
3

1 2 3

s g

s h

s

t T U G

t T U H

t T t t

 

 

  

                                                                           (II.9)  

For 2  : 

 
 

*
2

*
3

1 2 3

1

1
s h

s g

s

t T H U

t T G U

t T t t

  

  

  

                                                                  (II.10) 

It is evident that the proposed expressions for the time intervals are straightforward and 
can be generalized to apply to any triangle within the first sector and any DCC level. 
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II.3.2.5. Switching Sequences Definition 

Since capacitor voltage balancing is not incorporated into the SSVM algorithm in this 
work, only the first redundant state of each switching vector is utilized. The switching 
states are organized to generate symmetrical PWM signals, following a specific sequence 
(illustrated using Triangle 8 from Fig. II.6 as an example for the 5-level DCC):  

 

- Ascending orders for the first-half period: 431→432→442. 
- Descending orders for the second-half period: 442→432→431 
 

                                           

431 432 442 442 432 431 






Phase a















Phase c

2v 1v3v
3v1v 2v
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3aS
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    1         1         1         1         1         1         

    1         1         1         1         1         1                  

    1         1         1         1         1         1                  

    1         1         1         1         1         1                  

    1         1         1         1         1         1         

    1         1         1         1         1         1         

4bS

3bS
2bS
1bS

    0         1         1         1         1         0                  

    0         0         0         0         0         0                  

    0         0         0         0         0         0                  

4cS
3cS
2cS
1cS

2

2
t

2
3t

2
1t

2
3t1

2
t 2

2
t

    1         1         1         1         1         1         

    0         0         1         1         0         0                  

    1         1         1         1         1         1                  

Phase b

 

Fig II.9: Symmetrical PWM gate signals in Triangle 8 for 5-level DCC 



Chapter II:                                               PWM techniques for multilevel converters 

 
27 

When the PWM pulses of phases a, b and c are generated in the first sector, the adopted 
interchanging between phases proposed in [9] is adopted to generate the PWM pulses in 
other sectors (2, 3, 4, 5 and 6) as clarified in Table II.3.  

Table II.3: Switching states interchanging in all sectors [9] 
S1 S2 S3 S4 S5 S6 
a
b
c

 

a b
b a
c c





 

a b
b c
c a





 

a c
b b
c a





 

a c
b a
c b





 

a a
b c
c b





 

 
Finaly, the detailed flowchart of the presented SSVM algorithm is illustrated in Fig II.10, 
where the steps of the SSVM are: i) Sector identification, ii) new reference voltages, iii) 
Triangle type identification, iv) Duration time calculation and v) Pulses generation. 

 
Fig II.10: Block diagram of the SSVM for n-level inverter 

 
II.4. Simulation results  

This section presents detailed simulation results for the proposed carrier-based PWM 
techniques, as well as the simplified space vector modulation (SSVM) method, applied to 
3-level, 5-level, 7-level, and 9-level DCC. The simulations were conducted using 
MATLAB/Simulink to evaluate and compare the performance of the modulation 
strategies under consistent operating conditions. In all cases, the carrier signals were 
configured with a switching frequency of 5 kHz, while the DC-link voltage was maintained 
at 200 V. The amplitude of the reference signal was set to 80 V to ensure appropriate 
modulation index levels for accurate waveform generation and system analysis. 

Figs II.11, II.13, II.15, and II.17 present the output voltages of the 3-level, 5-level, 7-level, 
and 9-level DCC, respectively, using PD, POD, and APOD modulation techniques. 
Correspondingly, Figs II.12, II.14, II.16, and II.18 display the harmonic spectra of these 
output voltages. 

The output voltage waveforms in Figs II.11, II.13, II.15, and II.17 clearly demonstrate 
how increasing the number of levels in the DCC leads to a more refined staircase 
approximation of the sinusoidal reference. This improved waveform quality directly 
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contributes to reduced total harmonic distortion (THD), as evidenced in the harmonic 
spectra shown in Figures II.12, II.14, II.16, and II.18. 

     
Fig II.11: Output voltage for 3-level DCC, (a): using PD modulation technique, (b): using POD 

modulation technique 

  

Fig II.12: Harmonic spectrum of the output voltage for 3-level DCC, (a): using PD modulation 
technique, (b): using POD modulation technique 
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Fig II.13: Output voltage for 5-level DCC, (a): using PD modulation technique, (b): using POD 
modulation technique, (c): using APOD modulation technique 

 

 

    
Fig II.14: Harmonic spectrum of the output voltage for 5-level DCC, (a): using PD modulation 

technique, (b): using POD modulation technique, (c): using APOD modulation technique 
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Fig II.15: Output voltage for 7-level DCC, (a): using PD modulation technique, (b): using POD 
modulation technique, (c): using APOD modulation technique 
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Fig II.16: Harmonic spectrum of the output voltage for 7-level DCC, (a): using PD modulation 

technique, (b): using POD modulation technique, (c): using APOD modulation technique 

 

 

  

Fig II.17: Output voltage for 9-level DCC, (a): using PD modulation technique, (b): using POD 
modulation technique, (c): using APOD modulation technique 
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Fig II.18: Harmonic spectrum of the output voltage for 9-level DCC, (a): using PD modulation 

technique, (b): using POD modulation technique, (c): using APOD modulation technique 

Fig II.19 presents the output phase voltage waveforms of the 3-level, 5-level, 7-level, and 
9-level DCC using the SSVM technique, with a switching frequency of 5 kHz and a DC-
link voltage of 200 V. Correspondingly, Fig II.20 illustrates the harmonic spectra of these 
output voltages. 

Fig II.19 clearly demonstrates the impact of increasing the number of voltage levels on 
the output waveform quality when using the SSVM technique. For the 3-level converter, 
the waveform exhibits distinct steps and moderate deviation from the ideal sinusoidal 
reference. As the number of levels increases to 5, 7, and 9, the output waveforms become 
progressively smoother and more sinusoidal. This enhanced waveform fidelity is a key 
benefit of multilevel converters, as it reduces harmonic distortion and improves power 
quality. 
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Fig II.20 supports this observation by showing the corresponding harmonic spectra. The 
spectral analysis reveals a significant reduction in lower-order harmonics as the number 
of levels increases.  

 

 

Fig II.19: Output voltage using the SSVM technique for, (a): 3-level DCC, (b): 5-level DCC, (c): 7-level 
DCC, and (d): 9-level DCC 
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Fig II.20: Harmonic spectrum of the output voltage using SSVM technique for, (a): 3-level DCC, (b): 5-
level DCC, (c): 7-level DCC, and (d): 9-level DCC 

 

II. 5. Comparative study 
This section presents a comparative analysis based on the THD of the output voltage. 
Initially, all the proposed PWM techniques are compared in terms of THD performance 
for 5-level, 7-level, and 9-level diode-clamped converters, using a fixed modulation index 
of 0.9 (Fig II.21). Subsequently, the variation of THD is examined as a function of both 
the modulation index and the switching frequency (Fig II.22). 
   
Fig II.21 illustrates the THD of the output voltage for 5-level, 7-level, and 9-level 
DCC under different modulation techniques PD, POD, APOD, and SSVM. The analysis 
is conducted at a modulation index of 0.9. The results demonstrate that the THD 
decreases as the number of converter levels increases, with the 9-level DCC exhibiting the 
lowest THD across all modulation techniques. Among the modulation 
strategies, SSVM consistently achieves the lowest THD for all converter levels, 
highlighting its superior harmonic performance. In contrast, APOD tends to produce 
higher THD values compared to PD and POD, particularly for lower-level converters. 
 
Fig II.22.a presents the THD of the output voltage for a 9-level DCC controlled 
using PD, POD, APOD, SSVM. The analysis is conducted over a modulation index range 
of 0.3 to 0.9, with a fixed switching frequency of 5 kHz. The results reveal that THD 
decreases significantly as the modulation index increases, with SSVM consistently 
achieving the lowest THD across the entire range. In contrast, APOD exhibits the highest 
THD, particularly at lower modulation indices. This highlights the superior harmonic 
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performance of SSVM in reducing output voltage distortion, especially at higher 
modulation indices. 

Fig II.22.b examines the output voltage THD for the same 9-level DCC under PD, POD, 
APOD, and SSVM control, with a fixed modulation index of 0.9 and a switching 
frequency varying from 1 to 10 kHz. The results demonstrate that THD decreases as the 
switching frequency increases, with SVM again outperforming the other modulation 
techniques. Notably, APOD shows the highest sensitivity to switching frequency 
variations, with a more pronounced reduction in THD as the frequency increases. This 
suggests that SVM is not only effective in minimizing THD but also more robust across 
a wide range of operating conditions. 

 

Fig II. 21: Comparative study between the PWM techniques for 5-level, 7-level and 9-level DCC based 
on output voltage THD 
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(b) 

 

Fig II.22: Comparative study between the PWM techniques for 9-level DCC, (a): THD versus 
modulation index, (b): THD versus switching frequency 

 

II.6. Conclusion 

This chapter has presented a comprehensive study on the simulation and performance 
evaluation of various modulation techniques for diode-clamped converters (DCCs), 
including PD, POD, APOD, and the simplified space vector modulation (SSVM) 
technique. The SSVM approach was examined for its potential to reduce computational 
complexity while maintaining high output voltage quality. 

The presented techniques were simulated and analyzed for 3-level, 5-level, 7-level, and 9-
level DCCs, with performance evaluated primarily based on the total harmonic distortion 
(THD) of the output voltage. The simulation results demonstrated that the SSVM 
technique consistently outperformed the carrier-based methods (PD, POD, and APOD) 
in terms of harmonic performance, especially for converters with a higher number of levels. 
Furthermore, the comparative analysis confirmed the robustness of SSVM under 
variations in both modulation index and switching frequency, highlighting its effectiveness 
for applications requiring high-quality voltage output and reliable control performance. 

The next chapter will focus on the FPGA-based implementation of the presented PWM 
techniques for the multilevel DCC. 
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library IEEE; 

use IEEE.STD_LOGIC_1164.ALL; 

use IEEE.numeric_std.all; 

entity Voltages_Generation is 

                     port (clk: in std_logic; 

                             reset: in std_logic; 

                             va: out std_logic_vector(7 downto 0); 

                             vb: out std_logic_vector(7 downto 0); 

                             vc: out std_logic_vector(7 downto 0)); 

end Voltages_Generation; 

architecture Behavioral of Voltages_Generation is 

signal i:integer:= 0; 

signal j:integer:= 199; 

signal k:integer:= 99; 

signal clk_div: std_logic:='0'; 

signal a : integer:=0; 

signal xa: unsigned (7 downto 0):=(others=>'0');--"00000000" 

signal xb: unsigned (7 downto 0):=(others=>'0');--"00000000" 

signal xc: unsigned (7 downto 0):=(others=>'0');--"00000000" 

type memory_type is array (0 to 299) of integer range 0 to 200; 

constant sin_a: memory_type :=(80, 82, 83, 85, 87, 88, 90, 92, 93, 95, 97, 98, 100, 102, 103, 105, 106, 

108, 109, 111, 113, 114, 116, 117, 119, 120, 121, 123, 124, 126, 127, 128, 130, 131, 132, 134, 135, 136, 

137, 138, 139, 141, 142, 143, 144, 145, 146, 147, 148, 148, 149, 150, 151, 152, 152, 153, 154, 154, 155, 

156, 156, 157, 157, 157, 158, 158, 159, 159, 159, 159, 160, 160, 160, 160, 160, 160, 160, 160, 160, 160, 

160, 159, 159, 159, 159, 158, 158, 157, 157, 157, 156, 156, 155, 154, 154, 153, 152, 152, 151, 150,149, 

148, 148, 147, 146, 145, 144, 143, 142, 141, 139, 138, 137, 136, 135, 134, 132, 131, 130, 128, 127, 126, 

124, 123, 121, 120, 119, 117, 116, 114, 113, 111, 109, 108, 106, 105, 103, 102, 100, 98, 97, 95, 93, 92, 

90, 88, 87, 85, 83, 82, 80, 78, 77, 75, 73, 72, 70, 68, 67, 65, 63, 62, 60, 58, 57, 55, 54, 52, 51, 49, 47, 46, 

44, 43, 41, 40, 39, 37, 36, 34, 33, 32, 30, 29, 28, 26, 25, 24, 23, 22, 21, 19, 18, 17, 16, 15, 14, 13, 12, 12,11, 

10, 9, 8, 8, 7, 6, 6, 5, 4, 4, 3, 3, 3, 2, 2, 1, 1, 1, 1, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 1, 1, 1, 1, 2, 2, 3, 3, 3, 4, 4, 5, 

6, 6, 7, 8, 8, 9, 10, 11, 12, 12, 13, 14, 15, 16, 17, 18, 19, 21, 22, 23, 24, 25, 26, 28, 29, 30, 32, 33, 34, 36, 

37, 39, 40, 41, 43, 44, 46, 47, 49, 51, 52, 54, 55, 57, 58, 60, 62, 63, 65, 67, 68, 70, 72, 73, 75, 77, 78); 

begin 

process (clk) 

begin 

       if (rising_edge(clk)) then          

       if a=3332 then -- a=(Ts/T_clock)/2-1 



 

 

             a<=0; 

             clk_div<=not clk_div; 

         else 

             a<=a+1; 

       end if; 

       end if; 

 end process; 

 process (clk_div,reset) 

begin 

      if reset='1' then 

xa<=(others=>'0'); 

xb<=(others=>'0'); 

xc<=(others=>'0'); 

i<=0; 

j<=199; 

k<=99; 

  else 

     if (rising_edge(clk_div)) then 

                xa<=to_unsigned (sin_a(i)+20,8); --xa=to_unsigned(sin_a(i),8) 

                xb<=to_unsigned (sin_a(j)+20,8); 

                xc<=to_unsigned (sin_a(k)+20,8); 

if (i<299) then 

    i<=i+1;   

                else 

                   i<=0; 

                end if; 

if (j<299) then 

 j<=j+1;   

                else 

                   j<=0; 

                end if; 

if (k<299) then 

 k<=k+1;   

                else 

                   k<=0; 

                end if; 

 end if; 

end if; 

end process; 

va<=std_logic_vector(xa); 

vb<=std_logic_vector(xb); 

vc<=std_logic_vector(xc); 

end Behavioral; 
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library IEEE;use IEEE.STD_LOGIC_1164.ALL; 
use IEEE.numeric_std.ALL; 
entity up_down_counter1 is  
   Port ( clk : in STD_LOGIC; 
          reset : in STD_LOGIC;     
          vb1,vb2,vb3,vb4 : out STD_LOGIC_VECTOR (7 downto 0)); 
end up_down_counter1; 
architecture Behavioral of up_down_counter1 is 
signal clk_div,dir: std_logic:='0'; 
signal a,d1,d2,d3,d4,b: integer:=0; 
begin 
process (clk)begin 
       if (rising_edge(clk)) then    
              if a=150 then -- a=(Ts/T_clock)/2-1 
                 a<=0;   
                 clk_div<=not clk_div; 
              else  
                 a<=a+1; 
              end if;              
      end if; 
 end process;  
     process (clk_div,reset) begin 
              if reset='1' then 
                 b<=0;       
                 d1<=0; 
              else        
               if rising_edge (clk_div) then       
               
                if   b=49 then            
                     dir<=not dir; 
                     b<=0;          
                else      
                     b<=b+1;    
                end if;       
              
                  if dir='0'  then 
                     d1<=d1+1;  
                  else  



 

 

                     d1<=d1-1;        
                  end if;  
                  end if; 
           end if;    
   end process; 
   d2<=d1+50; 
   d3<=d1+100; 
   d4<=d1+150;  
 vb4<=std_logic_vector(to_unsigned (d1,8));            
 vb3<=std_logic_vector(to_unsigned (d2,8)); 
 vb2<=std_logic_vector(to_unsigned (d3,8)); 
 vb1<=std_logic_vector(to_unsigned (d4,8)); 
end Behavioral; 
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library IEEE; 
use IEEE.STD_LOGIC_1164.ALL; 
use IEEE.numeric_std.all; 
entity comparision1 is 
    Port ( va,vb,vc : in STD_LOGIC_VECTOR (7 downto 0); 
           vb1,vb2,vb3,vb4 : in STD_LOGIC_VECTOR (7 downto 0); 
          Sa1,Sa2,Sa3,Sa4,Sb1,Sb2,Sb3,Sb4,Sc1,Sc2,Sc3,Sc4 : out STD_LOGIC); 
end comparision1; 
architecture Behavioral of comparision1 is 
begin 



 

 

Sa1<='1'when (unsigned(va)>unsigned(vb1)) else    '0'; 
Sa2<='1'when (unsigned(va)>unsigned(vb2)) else    '0';     
Sa3<='1'when (unsigned(va)>unsigned(vb3)) else    '0'; 
Sa4<='1'when (unsigned(va)>unsigned(vb4)) else    '0';     
     
Sb1<='1'when (unsigned(vb)>unsigned(vb1)) else    '0'; 
Sb2<='1'when (unsigned(vb)>unsigned(vb2)) else    '0';    
Sb3<='1'when (unsigned(vb)>unsigned(vb3)) else    '0'; 
Sb4<='1'when (unsigned(vb)>unsigned(vb4)) else    '0';     
  
Sc1<='1'when (unsigned(vc)>unsigned(vb1)) else    '0'; 
Sc2<='1'when (unsigned(vc)>unsigned(vb2)) else    '0'; 
Sc3<='1'when (unsigned(vc)>unsigned(vb3)) else    '0'; 
Sc4<='1'when (unsigned(vc)>unsigned(vb4)) else    '0';     
 
end Behavioral; 
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library IEEE; 
use IEEE.STD_LOGIC_1164.ALL; 
use IEEE.numeric_std.ALL; 
entity v_abc_out is 
    Port (Sa1,Sa2,Sa3,Sa4,Sb1,Sb2,Sb3,Sb4,Sc1,Sc2,Sc3,Sc4 : in STD_LOGIC; 
           va_out,vb_out,vc_out   : out STD_LOGIC_VECTOR (7 downto 0)); 
end v_abc_out; 
architecture Behavioral of v_abc_out is 



 

 

constant Vdc : integer:=96;--Vdc 
signal  Saa1,Saa2,Saa3,Saa4,Sbb1,Sbb2,Sbb3,Sbb4,Scc1,Scc2,Scc3,Scc4 : integer:=0; 
signal Fa1,Fa2,Fa3,Fa4,Fb1,Fb2,Fb3,Fb4,Fc1,Fc2,Fc3,Fc4 : integer:=0; 
signal va_outt_0,vb_outt_0,vc_outt_0 : integer:=0; 
signal va_outt,vb_outt,vc_outt : integer:=0; 
begin 
Saa1<=1 when (Sa1='1') else 0; 
Saa2<=1 when (Sa2='1') else 0; 
Saa3<=1 when (Sa3='1') else 0; 
Saa4<=1 when (Sa4='1') else 0; 
 
Sbb1<=1 when (Sb1='1') else 0; 
Sbb2<=1 when (Sb2='1') else 0;     
Sbb3<=1 when (Sb3='1') else 0; 
Sbb4<=1 when (Sb4='1') else 0;     
 
Scc1<=1 when (Sc1='1') else 0; 
Scc2<=1 when (Sc2='1') else 0; 
Scc3<=1 when (Sc3='1') else 0; 
Scc4<=1 when (Sc4='1') else 0;     
  
    Fa4<=Saa1*Saa2*Saa3*Saa4; 
    Fb4<=Sbb1*Sbb2*Sbb3*Sbb4; 
    Fc4<=Scc1*Scc2*Scc3*Scc4; 
    Fa3<=(1-Saa1)*Saa2*Saa3*Saa4; 
    Fb3<=(1-Sbb1)*Sbb2*Sbb3*Sbb4; 
    Fc3<=(1-Scc1)*Scc2*Scc3*Scc4;  
 
    Fa2<=(1-Saa1)*(1-Saa2)*Saa3*Saa4; 
    Fb2<=(1-Sbb1)*(1-Sbb2)*Sbb3*Sbb4; 
    Fc2<=(1-Scc1)*(1-Scc2)*Scc3*Scc4; 
    Fa1<=(1-Saa1)*(1-Saa2)*(1-Saa3)*Saa4; 
    Fb1<=(1-Sbb1)*(1-Sbb2)*(1-Sbb3)*Sbb4; 
    Fc1<=(1-Scc1)*(1-Scc2)*(1-Scc3)*Scc4; 
va_outt_0<= Fa4*Vdc + Fa3*(3*vdc/4) + Fa2*(vdc/2) + Fa1*(vdc/4);       
vb_outt_0<= Fb4*Vdc + Fb3*(3*vdc/4) + Fb2*(vdc/2) + Fb1*(vdc/4);      
vc_outt_0<= Fc4*Vdc + Fc3*(3*vdc/4) + Fc2*(vdc/2) + Fc1*(vdc/4);     
va_outt<= (2*va_outt_0 - vb_outt_0 - vc_outt_0)/3 ; 
vb_outt<= (-va_outt_0 +2*vb_outt_0 - vc_outt_0)/3 ; 
vc_outt<= (-va_outt_0 - vb_outt_0 + 2*vc_outt_0)/3; 
va_out<=STD_LOGIC_VECTOR(to_signed(va_outt,8)); 
vb_out<=STD_LOGIC_VECTOR(to_signed(vb_outt,8)); 
vc_out<=STD_LOGIC_VECTOR(to_signed(vc_outt,8)); 
end Behavioral; 
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library IEEE; 
use IEEE.STD_LOGIC_1164.ALL; 
use IEEE.numeric_std.all; 
 
entity Switching_Period is 
                     port (clk: in std_logic; 
       reset: in std_logic; 
      Select_Ts: in std_logic_vector(1 downto 0); 
      Vp: out std_logic_vector(15 downto 0));     
end Switching_Period; 
architecture Behavioral of Switching_Period is 
signal v_p:integer:=0; 
signal a,b:integer:=0; 
signal clk_div:std_logic:='0'; 
begin 
with Select_Ts select 
    b <= 24 when "00",   -- for 2  kHz 
            11 when "01",   -- for 4  kHz 
             9  when "10",   -- for 5  kHz  
             4  when others; -- for 10 kHz 
process (clk) 
begin 
       if (rising_edge(clk))then 
          if a=b then 



 

 

             a<=0; 
             clk_div<=not clk_div; 
          else 
             a<=a+1; 
          end if; 
      end if; 
 end process; 
---------------------------------------------------------- 
process (clk_div,reset) 
  begin 
          if reset='1' then 
         v_p<=0; 
         else 
         if rising_edge (clk_div) then 
            if v_p=1000 then 
               v_p<=0; 
            else 
               v_p<=v_p+1; 
            end if; 
           end if; 
           end if; 
end process; 
Vp<=std_logic_vector(to_unsigned (v_p, 16));              
end Behavioral; 



 

 

 



 

 

 

 



 

 

#include <stdio.h> 
#include "platform.h" 
#include "xgpio.h" 
#include "xparameters.h" 
#include "xil_printf.h" 
#include <math.h> // For mathematical operations if floating-point is needed 
int main() { 
    init_platform(); 
 
    XGpio va_in, vb_in, vc_in, Ts_in, V_out,m; 
    int8_t Va, Vb, Vc; 
    int Sector, Delta, SS1a, SS2a, SS1b, SS2b, SS1c, SS2c, S1a, S2a, S1b, S2b, S1c, S2c; 
    float Ug, Uh, d1, d2, d3, Ts; 
    float d_1a_off, d_2a_off, d_1b_off, d_2b_off, d_1c_off, d_2c_off; 
    float va_out, va_out_0, vb_out_0, vc_out_0; 
    const int vdc = 180; 
    const int n = 3; 
    int G, H, Tss,M; 
    int V1_1a, V1_2a, V1_1b, V1_2b, V1_1c, V1_2c; 
    int V2_1a, V2_2a, V2_1b, V2_2b, V2_1c, V2_2c; 
    int V3_1a, V3_2a, V3_1b, V3_2b, V3_1c, V3_2c; 
    int Fa1, Fa2, Fb1, Fb2, Fc1, Fc2; 
    float va, vb, vc, Vaa,Vbb,Vcc; 
 
    // Initialize GPIO for inputs va, vb, vc and output sector 
    XGpio_Initialize(&va_in, XPAR_AXI_GPIO_0_DEVICE_ID);  // Input GPIO for va Reference voltage va 



 

 

    XGpio_Initialize(&vb_in, XPAR_AXI_GPIO_1_DEVICE_ID);  // Input GPIO for vb Reference voltage vb 
    XGpio_Initialize(&vc_in, XPAR_AXI_GPIO_2_DEVICE_ID);  // Input GPIO for vc Reference voltage vc 
    XGpio_Initialize(&Ts_in, XPAR_AXI_GPIO_3_DEVICE_ID);  // Input GPIO for Ts Switching period 
    XGpio_Initialize(&m, XPAR_AXI_GPIO_5_DEVICE_ID);  // Input GPIO for Ts Switching period 
 
    // Initialize GPIO for output sector 
    XGpio_Initialize(&V_out, XPAR_AXI_GPIO_4_DEVICE_ID); // Output GPIO for output converter 
voltage 
    // Set directions inputs 
    XGpio_SetDataDirection(&va_in, 1, 0xFF); 
    XGpio_SetDataDirection(&vb_in, 1, 0xFF); 
    XGpio_SetDataDirection(&vc_in, 1, 0xFF); 
    XGpio_SetDataDirection(&Ts_in, 1, 0xFFFF); // 16 bit 
    XGpio_SetDataDirection(&m, 1, 0x01); // 16 bit 
    // Set directions outputs 
    XGpio_SetDataDirection(&V_out, 1, 0x00); 
 
    while (1) { 
        // Read input values for va, vb, vc (8-bit each) 
        Va = XGpio_DiscreteRead(&va_in, 1); 
        Vb = XGpio_DiscreteRead(&vb_in, 1); 
        Vc = XGpio_DiscreteRead(&vc_in, 1); 
        Tss = XGpio_DiscreteRead(&Ts_in, 1); 
        M = XGpio_DiscreteRead(&m, 1); 
        Ts = (float)Tss; 
     if(M==0){ 
      Vaa=0.5*(float)Va; 
      Vbb=0.5*(float)Vb; 
      Vcc=0.5*(float)Vc; 
     }else{ 
      Vaa=(float)Va; 
      Vbb=(float)Vb; 
      Vcc=(float)Vc; 
     } 
// Sector Identification -------------------------------------------------- 
        if ((Vaa >= Vbb) && (Vbb > Vcc)) { Sector = 1; } 
        else if ((Vaa >= Vcc) && (Vcc > Vbb)) { Sector = 6; } 
        else if ((Vbb >= Vaa) && (Vaa > Vcc)) { Sector = 2; } 
        else if ((Vbb >= Vcc) && (Vcc > Vaa)) { Sector = 3; } 
        else if ((Vcc >= Vbb) && (Vbb > Vaa)) { Sector = 4; } 
        else { Sector = 5; } 
        // New Reference Voltage Vector identification --------------------------- 
        if ((Sector == 1) || (Sector == 6)) { va = Vaa; } 
        else if ((Sector == 2) || (Sector == 3)) { va = Vbb; } 
        else if ((Sector == 4) || (Sector == 5)) { va = Vcc; } 
        if ((Sector == 2) || (Sector == 5)) { vb = Vaa; } 
        else if ((Sector == 1) || (Sector == 4)) { vb = Vbb; } 
        else if ((Sector == 3) || (Sector == 6)) { vb = Vcc; } 
 
        if ((Sector == 3) || (Sector == 4)) { vc = Vaa; } 
        else if ((Sector == 5) || (Sector == 6)) { vc = Vbb; } 
        else if ((Sector == 1) || (Sector == 2)) { vc = Vcc; } 
        //  G,H components 
        Ug = (va - vb) * (n - 1) / vdc; 
        Uh = (vb - vc) * (n - 1) / vdc; 
        G = (int)Ug; 



 

 

        H = (int)Uh; 
        // select Triangles(1,2,3,4) of sector 1 
        if ((G == 0) && (H == 0)) { 
            if (Ug + Uh < G + H + 1) { 
                Delta = 1; //Triangle 1 
            } 
            else { 
                Delta = 3; 
            } //Triangle 3 
        } 
        else if ((G == 1) && (H == 0)) { 
            Delta = 2; //Triangle 2 
        } 
        else { 
            Delta = 4; //Triangle 4 
        } 
        // select Duration time calculation 
        if (Delta == 1) { 
            d2 = (Ug - G) * 1000; 
            d3 = (Uh - H) * 1000; 
            d1 = 1000 - d2 - d3; 
 
            V1_2a = 1; 
            V1_1a = 1; 
 
            V1_2b = 1; 
            V1_1b = 1; 
 
            V1_2c = 1; 
            V1_1c = 1; 
 
            V2_2a = 1; V2_1a = 1; V2_2b = 1; V2_1b = 0; V2_2c = 1; V2_1c = 0; 
            V3_2a = 1; V3_1a = 1; V3_2b = 1; V3_1b = 1; V3_2c = 1; V3_1c = 0; 
        } 
        else if (Delta == 2) { 
            d2 = (Ug - G) * 1000; 
            d3 = (Uh - H) * 1000; 
            d1 = 1000 - d2 - d3; 
            V1_2a = 1; V1_1a = 1; V1_2b = 1; V1_1b = 0; V1_2c = 1; V1_1c = 0; 
            V2_2a = 1; V2_1a = 1; V2_2b = 0; V2_1b = 0; V2_2c = 0; V2_1c = 0; 
            V3_2a = 1; V3_1a = 1; V3_2b = 1; V3_1b = 0; V3_2c = 0; V3_1c = 0; 
        } 
        else if (Delta == 4) { 
            d2 = (Ug - G) * 1000; 
            d3 = (Uh - H) * 1000; 
            d1 = 1000 - d2 - d3; 
            V1_2a = 1; V1_1a = 1; V1_2b = 1; V1_1b = 1; V1_2c = 1; V1_1c = 0; 
            V2_2a = 1; V2_1a = 1; V2_2b = 1; V2_1b = 0; V2_2c = 0; V2_1c = 0; 
            V3_2a = 1; V3_1a = 1; V3_2b = 1; V3_1b = 1; V3_2c = 0; V3_1c = 0; 
        } 
        else { 
            d2 = (H + 1 - Uh) * 1000; 
            d3 = (G + 1 - Ug) * 1000; 
            d1 = 1000 - d2 - d3; 
            V1_2a = 1; V1_1a = 1; V1_2b = 1; V1_1b = 0; V1_2c = 0; V1_1c = 0; 
            V2_2a = 1; V2_1a = 1; V2_2b = 1; V2_1b = 0; V2_2c = 1; V2_1c = 0; 



 

 

            V3_2a = 1; V3_1a = 1; V3_2b = 1; V3_1b = 1; V3_2c = 1; V3_1c = 0; 
        } 
        // d_a_off=d1/2+d2+d3; 
         //d_b_off=d3+d1/2; 
         //d_c_off=d1/2; 
        d_2a_off = (V1_2a * d1 + V2_2a * d2 + V3_2a * d3); 
        d_1a_off = (V1_1a * d1 + V2_1a * d2 + V3_1a * d3); 
        d_2b_off = (V1_2b * d1 + V2_2b * d2 + V3_2b * d3); 
        d_1b_off = (V1_1b * d1 + V2_1b * d2 + V3_1b * d3); 
        d_2c_off = (V1_2c * d1 + V2_2c * d2 + V3_2c * d3); 
        d_1c_off = (V1_1c * d1 + V2_1c * d2 + V3_1c * d3); 
 
        if (Ts < d_2a_off) { S2a = 1; } else { S2a = 0; } 
        if (Ts < d_1a_off) { S1a = 1; } else { S1a = 0; } 
        if (Ts < d_2b_off) { S2b = 1; } else { S2b = 0; } 
        if (Ts < d_1b_off) { S1b = 1; } else { S1b = 0; } 
        if (Ts < d_2c_off) { S2c = 1; } else { S2c = 0; } 
        if (Ts < d_1c_off) { S1c = 1; } else { S1c = 0; } 
        //  if (Ts<d_b_off) {Sb=1;} else {Sb=0;} 
        //  if (Ts<d_c_off) {Sc=1;} else {Sc=0;} 
        if (Sector == 1) { 
            SS1a = S1a; 
            SS2a = S2a; 
            SS1b = S1b; 
            SS2b = S2b; 
 
            SS1c = S1c; 
            SS2c = S2c; 
        } 
        else if (Sector == 2) 
        { 
            SS1a = S1b; 
            SS2a = S2b; 
            SS1b = S1a; 
            SS2b = S2a; 
            SS1c = S1c; 
            SS2c = S2c; 
        } 
        else if (Sector == 3) 
        { 
            SS1a = S1c; 
            SS2a = S2c; 
            SS1b = S1a; 
            SS2b = S2a; 
            SS1c = S1b; 
            SS2c = S2b; 
        } 
        else if (Sector == 4) 
        { 
            SS1a = S1c; 
            SS2a = S2c; 
            SS1b = S1b; 
            SS2b = S2b; 
            SS1c = S1a; 
            SS2c = S2a; 
        } 



 

 

        else if (Sector == 5) 
        {   SS1a = S1b; 
            SS2a = S2b; 
            SS1b = S1c; 
            SS2b = S2c; 
            SS1c = S1a; 
            SS2c = S2a; } 
        else if (Sector == 6) 
        {  SS1a = S1a; 
            SS2a = S2a; 
            SS1b = S1c; 
            SS2b = S2c; 
            SS1c = S1b; 
            SS2c = S2b; } 
        //--------------------------------------------- Output voltage calculation 
        //va_out=vdc_3*(2*SSa-SSb-SSc)+100; 
        Fa2 = SS1a * SS2a; 
        Fb2 = SS1b * SS2b; 
        Fc2 = SS1c * SS2c; 
        Fa1 = (1 - SS1a) * SS2a; 
        Fb1 = (1 - SS1b) * SS2b; 
        Fc1 = (1 - SS1c) * SS2c; 
        va_out_0 = vdc * Fa2 + Fa1 * vdc / 2; 
        vb_out_0 = vdc * Fb2 + Fb1 * vdc / 2; 
        vc_out_0 = vdc * Fc2 + Fc1 * vdc / 2; 
        va_out = (2 * va_out_0 - vb_out_0 - vc_out_0) / 3 + 125; 
        //   vb_out= (-va_out_0 +2*vb_out_0 - vc_out_0)/3 ; 
        //   vc_out= (-va_out_0 - vb_out_0 + 2*vc_out_0)/3; 
        XGpio_DiscreteWrite(&V_out, 1, va_out); } 
    cleanup_platform(); 
    return 0;} 
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الملخص 

الثنائي المشبك  نوع  المستويات من  متعددة  الجهد  لمبدلات  تعديل مختلفة  تقنيات  وتنفيذ  الرسالة تصميم  هذه  تقدم 

،  تشمل التقنيات المدروسة كلاً من تقنية الترتيب المرحليباستخدام المصفوفات المنطقية القابلة للبرمجة

المعاكس المرحلي  البديلالترتيب  المعاكس  المرحلي  الترتيب  المبسطة،  الاتجاهي  التعديل  وتقنية   ،

، يتم فيه استغلال كل من الجزء المنطقي القابل لتقنيةتم اقتراح تصميم جديد يعتمد على

يتم توليد إشارات الجهد المرجعي ثلاثية الطور في الجزءمن شريحة الـالمعالِج والنظام  للبرمجة

، مما يبسط عملية باستخدام كود بلغةفي الجزء، بينما يتم تنفيذ خطوات حسابباستخدام كود

البرمجة ويعزز الكفاءة الحسابية

مستويات، وتم تقييم أدائها من خلال نتائج تجريبية. كما أجُري   ، و،  ،  ذات  تم تنفيذ التقنيات المقدمة على مبدلات

تحليل مقارن بناءً على جودة الجهد الخارج، مع التركيز على التشوه التوافقي الكلي

الاتجاهي الفضائي، مبدل  ، التعديل  ، تنفيذ باستخدامتقنيات تعديل عرض النبضةالكلمات المفتاحية

متعدد المستويات


