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Abstract: The bad effect of zero sequence current in unbalanced load when connected to three-leg inverter, is the 

main challenge leading to add fourth leg and using three dimensional space vector pulse width modulation (3-D) 

SVPWM technique to handle this problem. The paper presents an analysis and study of this technique, depending on 

the average large signal model. This technique simulated by using Matlab/Simulink and the results shows good 

performance with low THD for different operating conditions. 
 

Keywords: Three-dimensional space vector modulation (3-D SVM), three-phase four-leg voltage source inverter 

(3P4L-VSI), Inverter-based distributed generation (IBDG), Zero Switching Vectors (ZSV), Non- Zero Switching 

Vector (NZSV). 

 

لمبدل زباعي الأزجل ذو تعديل عسض النبضة بأستخدام الموجه الفضائي وتحليل النمرجة  

 

 انشاتع انزساع ضااةحلأ انشئيسي انسثة يعرثش سجمالأ ثلاثي من عاكس مرٌاصنح غيش أحمال ذغزيح عنذ انصفشي انرراتع نرياس انسيئ انرأثيش الخلاصة:

 ذحهيهيح دساسح ىزه انٌسقح انعهميح قذوذ. انمشكهح ىزه نمعانجح (D SVPWM-3) الأتعاد ثلاثي اننثضح عشض ضمينرن انمرجو انفضائي ذقنيحاعرماد ً

نهعاكس  جيذ أداء نرائجان أظيشخ قذسميٌننك(. ن-ذمد نمزجح ىزه انرقنيح تاسرخذاو تشمجياخ )ماذلاب .كثيشجان شااسجالأ عذلم نمٌرج أعرمادت نيزه انرقنيح

 .مخرهفح ذشغيم ظشًف ةي مقثٌل (THD) نهرٌاةقياخ كهي ذشٌه تمسرًٌٍ

 

1. Introduction 
     

     In the last decades and due to the development in the power electronics sector and the 

increase of renewable energy utilization to produce electricity, the challenge is to design and 

improve an inverter-based distributed generation (IBDG) unit. Such a unit is able to produce 

high quality AC output three-phase voltages for a stand-alone or a grid tied systems [1]. 
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      The need of three-phase four-Leg voltage source inverter (3P4L-VSI) arises to handle the 

neutral current in a non-linear and unbalanced load. The ultimate goal of the four-leg inverter is 

to have a stable three-phase output voltage with a low harmonic content under different 

operating conditions. 

     Several studies about modeling and control of 3P4L-VSI are presented in industrial 

application and distributed generation such as the usage of 3P4L-VSI as uninterruptible power 

supply in reference [2], or as a stand-alone system in reference [3]. The recent studies focused on 

the practical use of 3P4L-VSI as a power quality improvement as an active power filter [4]. 

   This paper characterized by the previous work dealt with the subject; it is providing a study of 

multiple cases of pure resistive load, enhanced by mathematical calculations that compared with 

the waveforms of output voltages, line currents and neutral current. 

 
2. Technical Approach to Supply Unbalanced Load 
 

      For any inverter fed star-connected 3-phase system, the neutral point problem arises when 

unbalanced and non-linear loads connected to such system. To maintain neutral point voltage 

equal to zero and to keep the supplied three phase voltages constant at a desired level for the 

limited extent of unbalanced load, there are many techniques adopted to deal with this problem 

by feeding it through [5]: 

a) A delta/star (Δ/Y) transformer, 

b) A split DC link capacitor with three-phase three-leg inverter, 

c) A three-phase four-leg inverter using SVPWM technique shown in Fig. (1) 

 

 
Fig. (1) Four-leg inverter configuration. 

 

     The delta/star transformer is often avoided due to cost, weight and efficiency considerations. 

For the split DC link capacitor approach, the three-phase converter essentially becomes three 

single-phase half-bridge converters, thus it suffers from an insufficient utilization of the dc link 

voltage. In addition, large and expensive DC link capacitors are needed to maintain an 
acceptable voltage ripple level across the dc link capacitors in case of a large neutral current due 

to unbalanced and/or nonlinear load [6]. Hence, the most preferred solution is the (4L-VSI). 

 
3. Large-signal Average Model of Four-Leg Inverter 
 

      The large-signal average model of the four leg voltage source inverter (4L-VSI) is used to find 

a trajectory of reference voltage vector in 3-D SVM when operated in steady state condition and 
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design of the control loop. The large-signal average model is obtained by replacing the four-leg 

inverter switching network in figure (1) by average model. The AC output voltages     ,     and 

    are pulsating with sample period     .  

    By applying pulse width modulation control, different values of output voltages according to 

the mathematical formula (1) of the moving average operand [6-7] can be obtained. 

   
 

  
 ∫   

 

    

                                                    

     Then the average AC output voltage of three phases      ,          and         are 

expressed as: 

[           ]
    [          ]

                    
 

   [           ]  [          ]
                            

 

where                 are line-to-neutral duty ratios based on (2) and (3), the average large-

signal circuit model of the four-legged switching network is shown in Fig. (2) [8]. 

 

 
Fig. (2) average large-signal model of the four-legged switching network. 

 

      Replacing the four-leg switching network shown in Fig. (1) with the averaged switching 

network model, the large-signal average circuit model of the four-leg inverter in the (     ) 

coordinate is shown in Fig. (3). 
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Fig. (3) Average large-signal model of four-leg inverter. 

 

    From the large-signal average circuit model of the four-leg inverter shown in Fig. (3), the 

following equations derived using KVL and KCL [7]. 
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   Where                 are load three phase currents and      is the neutral current. 

     The reference control voltage in the (     ) coordinate [                       ]
 
 can be 

calculated from (4) and (5) for a given load [9]. 

 
4. Analysis of Space Vector Modulation in Four-Leg Inverter Technique. 
 

   At 1998, Richard Zhang made a new approach for three-dimensional space vector modulation 

(3-D-SVM) to control voltage output of four-leg voltage source inverter supplying three phase 

unbalance or non-linear loads [10, 11]. 

   According to this approach after adding the fourth leg to the three-leg inverter, the switching 

states increase from eight states in three-leg inverter to 16 switching states in four-leg inverter 

[6]. 

   This approach depends on the transformation of variables in       coordinates       into an 

orthogonal        coordinate in a three dimensional space. 

Let   represent voltage or current for three-phase four-leg inverter 
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The transformation to      coordinate derived as below: 

 

[                      ]
 
   [                      ]

 
           

    

The operation of three-leg inverter (3LI) divided into six sectors depending on the magnitude 

value of        to determine the angle of the reference vector as explained in the equation 

below. 
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     In three-legged inverter of an eight        switching states combination, 

                                  two of them             called zero switching vectors 

(ZSV) and another six states non-zero switching vector (NZSV).  

   On the other hand, in the Four-Leg Inverter (4LI)       ) there are sixteen switching states, 

which expressed in the tables (1&2) below and graphically as shown in Fig. (4). 

   The two switching states             are called zero switching vectors ZSV's located at the 

origin point of the         coordinate and the other fourteen active none zero switching vectors 

are located in different six layers depend on the level of γ as shown Fig. (4) . 

 

Table (1) Equivalent voltage in        corresponding to switching state 

                                         

  (-2/3)                    

                     

  (2/3)                    
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Table (2) Equivalent voltage in       corresponding to switching state 

                                         

(-2/3)E (-2/3)E (-1/3)E (-1/3)E (-1/3)  (-1/3)         

    (1/√3)E (1/√3)E (-1/√3)E (-1/√3)E        

(-1/3)  (2/3)  (-2/3)  (1/3)  (-2/3)  (1/3)          

        

                                         

    (1/3)  (1/3)  (1/3)  (1/3)  (2/3)  (2/3)     

    (1/√3)  (1/√3)  (-1/√3)  (-1/√3)         

    (-1/3)  (2/3)  (-1/3)  (2/3)  -2/3   (1/3)     

 

     When unbalanced load connected with output of four-leg inverter then 

 

                                                             
 

                                                         
 

                                                     
 

   Apply transformation equation (7) on the load voltage results as:  
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]          

    

    That's produce (γ) axis arise with different values in a positive and negative direction which 

depend on the zero sequence component of      , this officiates to assign vector have three 

dimensions in         coordinates, each vector has spire which graphically represented as 

shown in Fig. (4). 

 
5. Space Vector Modulation in Four-Leg Inverter Technique. [6,9,12,13] 
 

    For the sake of achieving balanced 3-phase output voltages feeding an unbalanced load at 

steady state, the following steps must be implemented: 

a. Selection of adequate switching vector sequence pattern. 

b. The transformation of the reference vector (    )  from      coordinate to      

coordinate. 

c. Determine of prism and tetrahedron. 

d. Determine duty ratios of all four legs. 
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Fig. (4) (a) 4LI switching vector distribution and (b) Middle layer in SVM-4LI. 

 
5.1 Sequencing of the Switching Vectors 
 

      The sequence pattern of the 3D-SVM classified into two classes as same as 2D-SVM as 

follows: 

Class I: This pattern uses both the two zero switching vectors            . 

Class II: This pattern uses only one of zero switching vectors      , or     . 

Each class has four sequencing schemes: 

a. Rising edge alignment 

b. Falling edge alignment 

c. Symmetrical alignment 

d. An alternative sequence alignment 

     In this study, the symmetrical alignment sequencing scheme with class I adopted as shown in 

Fig. (5). 

 
Fig. (5) Symmetrical switching sequence aligned in first tetrahedron.  
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5.2 Transformation of Output Voltages to a Stationary Reference Frame 
 

   Transformation of reference voltages [                      ]
 
 into the     coordinate, the 

reference voltage is expressed  as [                      ]
 
, the transformation is achieved by 

applying Clark's equation no. (12).  

 
5.3 Projection Matrix  Identification. 

 

5.3.1 Prism Identification 
 

   The standard method used in 3D-SVM is the same as in 2D-SVM. It depends on the value of  

       and        as describe in equation No. (8) and shown in Fig. (4-b). There are six 

triangular prisms obtained (triangular prism 1 to triangular prism 6) as shown in Fig. (6) the 

angle of each triangular prism section is equal to 60 degrees, each triangular prism contains eight 

switching vectors, two of them is zero switching vectors             and others six non-zero 

switching vectors are distributed  according to the value of        .  

 

 
Fig. (6) Representation of six prism triangle. 

 

5.3.2  Tetrahedron Identification 
 

   After prism identification, it is then divided into four regions with four faces called 

tetrahedron. Each tetrahedron contains three NZSV and two ZSV  as shown in Fig. (7). The 

selection of adjacent switching vectors in tetrahedron occurs according to the minimum 

circulating energy and non-conflicting line to neutral voltage. Each tetrahedron has a particular 

matrix, which means there are 24 matrices as depicted in table (3 and 4) which cover all 

switching states for different operation condition. 
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5.3.3. Duty cycle calculation 
 

   After determining the projection of       in any tetrahedron, this means one can resolve           

into three components  [                   ]. Each component represents switching vector in 

the same tetrahedron, for example, take prism No.1 and tetrahedron No.1 which have three 

NZSV      ,       ,        and two ZSV              . 

   The calculation of the corresponding duty ratio of each switching vector can be done after 

matrix determination for the tetrahedron contain      and apply equation (12). 

 

                                                                

 

[

  

  

  

]  
 

 
 

[
 
 
 
   

 

 
 

√ 

 
  

 √  ]
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]                                

 

                                                                        

 

 

Fig. (7) Tetrahedron representation in prism No.1.   

 

      When the reference vector located in other tetrahedron, one must replace projection matrix in 

equation (14) for this calculation and use table (3) which shows 24 cases for non-zero switching 

vectors and table (4) which represents 24 projection matrices corresponding to          state. 
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Table (3) Non-zero switching vectors sequence          

4 3 2 1 Tetrahedron 
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Table (4) Matrices projection 

4 3 2 1      
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6 

 

6. Three-phase Four-Leg Inverter Model in Matlab/Simulink Model 
  

  Matlab/Simulink software models shown in Fig. (8) represent all the required stages to produce 

SVPWM, the control and the power stage. 

 
Fig. (8) Matlab/Simulink model of four-leg inverter. 

 

   Subsystem (4) that is illustrated in Fig. (9) receives the data of    and    that produce after the 

transformation of the output voltages   ,    and   . This will lead to determining the prism 

number as explained in section (5.3.1). 

   Subsystem (3) illustrated in Fig. (10). It receives data from subsystem (3) with output 

voltage   ,    and   , handles these data according to paragraph (5.3.2) to determine the 

tetrahedrons that corresponds each prism as explained in the tables (3 and 4). 

   Subsystem (2) in Fig. (8) process the data from subsystem (2 and 3) that contain the sampled 

data          , prism No., tetrahedron number, sequence pattern, sample time (  ). Then handle 
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this data as explained in section (5.3.3) to determine the durations                 to produce 

pulses for upper transistor                    of the inverter. On the other hand, these pulses 

inverted to energize the lower transistors                  respectively with take dead time 

effect in the account, to prevent short circuit across the DC supply at any interval. 

 

 
Fig. (9) Prism identification. 

 

 

Fig. (10) Tetrahedron identification of each prism. 

 

7. Simulation Results and Discussion  
 

   A Matlab/Simulink program adopted to simulate the proposed system (the four-leg inverter 

that uses SVPWM technique) to validate the efficient performance and to handle different 

loading conditions described below: 

1- Balanced load  

2- Unbalanced load 

3- Heavy unbalanced load 

These three cases have the following parameters: 
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1- DC link voltage = 650V 

2- Filter capacitor          

3- Filter inductor        

4- Neutral inductor          

5- Switching frequency           

6- Modulation index=0.829 

7- Unbalance load resistance (                        ) 

 

Case 1: Balanced loading 

   If the inverter loaded by a three-phase balanced load, a balanced currents appears in all phases 

(                                         ). Fig. (11) shows the waveforms of line 

and neutral currents and their corresponding output voltages shown in Fig. (12). Fig.s (13) 

illustrate the harmonic distribution spectrum of phase current (a).  

 

Fig. (11) waveforms of the three-phase and neutral currents. 

  

 

Fig. (12) output voltage waveforms. 
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Fig. (13) spectrum of phase voltage (a) using FFT analysis. 

 

    on the other side, Fig. (14) illustrates the trajectory of the reference switching vector in 

(     ) plane. This trajectory is a circular shape; hence, it is the same as that in a 2-D traditional 

three-leg inverter. 

 

 
Fig. (14) a trajectory of the reference switching vector in (     ) plane. 

 

Case 2: Unbalanced loading 
 

   In this case, a three-phase unbalanced load connected to inverter terminals (           

             ). This leads to inject different magnitudes of phase currents in all phases with 

balanced angle displacement of      between these currents (                         

           ). The waveforms of these currents and output voltages are shown in Fig. (15, 16) 

respectively. Fig. (17) illustrates the harmonic distribution spectrum of phase current (a). 
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Fig. (15) the line and neutral current waveforms. 

 
Fig. (16) output voltage waveforms. 

 

 
Fig. (17) output current spectrum of phase (a) using FFT analysis. 

 

     Fig. (18) illustrates the trajectory of the reference-switching vector in (     ) plane under 

unbalance load that appear as an elliptic shape, the shape change from circle shape in case-1 to 

ellipse shape as in case-2 due to the unbalanced loading. 
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Fig. (18) a trajectory of the reference voltage vector in (     ) plane. 

 

Case 3: Heavy unbalanced loading 
 

   In this case, assume phase (c) is in an open circuit condition and the other two phases are 

unbalanced. This will produce different currents in all phases are                       

                     A. The waveforms of these currents                  shown in Fig. 

(19), the output voltages shown in Fig. (20), Fig.s (21) illustrate the harmonic distribution 

spectrum of the current in phase (a) and Fig.s (22) illustrate the trajectory of the reference 

switching vector in (     ) plane. 

 

 
Fig. (19) the line and neutral current waveforms. 
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Fig. (20) output voltage waveforms. 

 

 
Fig. (21) output current spectrum of phase (a) using FFT analysis. 

 

    Fig. (22) illustrates the locus of the reference vector trajectory in (     ) plane under heavy 

unbalanced loading condition. As seen in this Fig. the shape became more elliptic as in the 

previous case, this proven that      axis are proportional with the magnitude of neutral current, 

which means that the angle     depend on neutral current. 

 

 

Fig. (22) a trajectory of the reference voltage vector in (     ) plane. 
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   When the inverter fed an unbalanced load as mentioned in case-3 (the heavy unbalanced 

loading), the output voltage of the inverter when compared with a desired voltage for all phases 

are illustrated in Fig. (23). These Figures shows the capability of this model, performance to 

produce an output voltage same as reference command voltage. 

   on the other side, Fig. (24) show the pure sinusoidal waveform of the fundamental voltage in 

the same graph with the simulated four-legged switching network AC terminal output voltage for 

three phases respectively. 

 

 

Fig. (23) Comparison between reference command voltages (red line) and inverter output voltages (blue line).  

 

(a) Phase-a 

 

(b) Phase-b 
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(c) Phase-c 

Fig. (24) Inverter output phase voltages compared with the simulated four-legged switching network AC terminal 

output voltage. 

  

8. Conclusions 
 

   This paper investigates the proposed three-phase four-leg SVPWM with a large signal inverter 

model in Matlab/Simulink. 

   Three different cases (balanced-unbalanced-heavy unbalanced) of the load operation condition 

are studied. Notice the increase in the load unbalance leads to increase of neutral current value 

and THD content in output voltages for the three cases consequently. The shape and the 

continuity of the reference vector trajectory presented in         plane shows the performance 

change of 3P4L-VSI according to load type for different operation condition. The small 

difference between the desired reference voltage and the output voltage of the inverter for all 

phases approve the efficiency of this technique to handle the unbalanced load.  

     This result leads to the truth that the SVPWM solves the harmonic contents problem in spite 

of solving the unbalance in 3-phase load. This technique is compatible with hybrid power 

networks and it will be the most dominant in the future. 
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