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Abstract  
 

This paper presents Pulse Width Modulation (PWM) control technique for three to seven-phase ac-

to-ac power converters. These proposed PWM techniques are based on Indirect Space Vector 

Modulation (ISVM), which model the converter as two independent stages perform rectification 

and inversion stages. Two schemes of ISVM are proposed. The first scheme maximizes the voltage 

transfer ratio (VTR) of the converter but it produces unwanted low order harmonics. The second 

scheme generates sinusoidal output voltage waveforms; the cost is a reduction in the VTR of this 

configuration in linear mode. The viability of the proposed technique is proved using experimental 

results. 
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I.  Introduction  

The application of power electronics converters in electric drives enables utilization of multiphase 

AC motors with a phase number higher than three. Such motor drives are nowadays considered for 

various applications due to their several advantages [1]-[3]. These advantages are inherent to the 

own structure of the machine, such as reducing the amplitude and increasing the frequency of 

torque pulsations and reducing the rotor harmonic current losses [4].The multiphase power 

converters delivered the required power to such motors. A two-level or multilevel multiphase 

inverter is the standard solution [5]-[8]. However it has the disadvantage of needing large storage 

elements. This disadvantage is avoided by using the direct ac-to-ac converter. This converter is 

called Matrix Converter (MC).The MC is a direct m-phase to n-phase converter, was firstly 

investigated as a direct three- to three-phase converter in [9] and it steadily growth, pushed by the 

progress of the power electronics technology.After almost three decades of intensive research, the 

development of MC has been involved in industrial applications. The most common configuration 

of the MC discussed in the literature is the three- to three-phase, little attention has been aid on the 

development of MC with output more than three, such as [10]–[14].  

This paper concerns with seven-phase MC. It is connects the three-phase power supply with the 

seven-phase load directly. The advantages of this converter, when compared with the standard 

seven-phase VSI are the absence of dc-link, sinusoidal input and output currents, possible power 

factor control, four-quadrant operation, compact design, regeneration capability and it has no limit 

on output frequency. However, its disadvantages are reduced maximum VTR, many switches 

needed, increased complexity of control and sensitivity to input voltage disturbances. These 

drawbacks are the same for three-phase MC, there are many published research work to solve such 

problems [15]-[16] and it can be extended to seven-phase MC. In all, the progress of MC has 
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significantly improved its performance, rendering it an acceptable choice for compact and 

integrated converter-motor drives. 

This paper proposes two SVPWM schemes of the seven-phase converter based on the direct 

and indirect modulation. The direct SVM utilizes 2187 permitted switching combinations; it is 

classified into eight groups. However, 1011switching vectors are suitable for the implementation. 

The indirect SVM also presented. It is based on the indirect equivalent topology of the direct 3×7 

phase MC, which model the converter as a three-phase rectifier followed by a seven-phase inverter. 

Both of the two stages are space vector modulated. Two SVPWM schemes of the inverter stage are 

introduced; one by considering only the outermost (two active) space vectors and the second is 

considering six-active space vectors in each sector. The maximum voltage transfer ratio (VTR) of 

this converter is 0.939 in linear mode using large space vectors only in the inverter stage. While, 

the output phase voltages and currents contain a consider amount of third and fifth harmonics. 

Sinusoidal output voltages and current are generated in use of six-active vector in the inverter 

stage. The cost is a reduced VTR. It reduces to 0.7694. The modulation technique has been 

implemented using Simulink. Then, the algorithm is compiled to real time system based on 

DS1104 dSPACE GmbH card. The generated signals from the card are applied to the implemented 

switching matrix through an interface circuit. Finally, the experimental results are presented and 

discussed. 

 

II.  Seven-Phase Matrix Converter Topology 

 

The seven-phase MC utilizes 21th switches, as shown in Fig. 1. Each of the switches depicted is 

a bidirectional switch (BDS), which are connected so that, any of the input phases (A, B & C) can 

be connected to any of the output phases; (a, b, c … and g) for a given switching. The output 

voltages (va tovg) are therefore derived directly from the input voltages (vAtovC) using the 

modulation matrix of the switches, S as follows: 

             (1a) 

On the other hand, the relation between the three-phase input currents and the seven-phase 

output currents can be written as: 

                   (1b) 

where S represents the switching states modulation matrix which can be written as: 
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Fig. 1 The topology of 3×7 MC 

 

III.  Space Vector Modulation Algorithm 

 

The SVM technique constructs the desired sinusoidal output voltage by selecting the valid 

switching states of the converter and calculating their corresponding durations. In this paper the 

SVM techniques for controlling the 3×7 MC are classified into Direct Space Vector Modulation 

(DSVM) and Indirect Space Vector Modulation (ISVM). In the next sub-sections; only the valid 

switching combinations of DSVM scheme are presented. However, the detailed analysis and 

implementation of ISVM scheme are introduced.  

 

A.  DirectSpace Vector Modulation 

 

With the 21th BDS, the MC has 221 (2,097,152) different switching states. Some of the basic 

rules must be regarded at any switching time. These rules are: input phases must never be shorted 

and output phases must not be left open, due to the inductive nature of the load. Observing these 

rules, the states reduce to 37 (2187) different switching combinations. These switching 

combinations can be classified into eight groups. The switching combinations are represented as 

{P, Q, R}, where P, Q, and R represent the number of output phases connected to input phases A, 

B, and C, respectively. 

Group 1:All of the output phases are connected to the same input phase (A or B or C). 

This group consists of three possible switching combinations. {7, 0, 0} represents the 

switching conditions when all of the output phases connect to input phase A. {0, 7, 0} 

represents the switching conditions when all of the output phases connect to input phase B. 

{0, 0, 7} represents the switching conditions when all of the output phases connect to input 

phase C. These vectors have zero magnitude and are called zero vectors. 

Group2: Six of the output phases are connected to the same input phase, and the seventh 

is connected to any of the other two input phases. In this manner, there exist six different 

switching states ({6, 1, 0}, {1, 6, 0}, {1, 0, 6}, {0, 1, 6}, {0, 6, 1}, and {6, 0, 1}). Out of 

these, one switching state can have further seven different combinations. This group hence 

consists of 6 ×7 = 42 switching combinations in all. These vectors have variable amplitude at 

a constant frequency. 

Group 3: Five of the output phases are connected to the same input phase, and the two 

other output phases are connected to any of the other two input phases. As such, there exist 

six different switching states ({5, 2, 0}, {2, 5, 0}, {2, 0, 5}, {0, 2, 5}, {0, 5, 2}, and {5, 0, 

2}). Out of these, one switching permutation can have further twenty-one different 
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combinations. This group hence consists of 6 × 21 = 126 switching combinations. These 

vectors also have variable amplitude at a constant frequency in space. 

Group 4: Four of the output phases are connected to the same input phase, and the three 

other output phases are connected to any of the other two input phases. As such, there exist 

six different switching states ({4, 3, 0}, {3, 4, 0}, {3, 0, 4}, {0, 3, 4}, {0, 4, 3}, and {4, 0, 

3}). Out of these, one switching permutation can have further thirty-five different 

combinations. This group hence consists of 6 × 35 = 210 switching combinations. These 

vectors also have variable amplitude at a constant frequency in space. 

Group 5:Four of the output phases are connected to the same input phase. Moreover, two 

of the output phases are connected to the other input phase and the remaining output phase is 

connected to the remaining input phase. As such, there exist six different switching states 

({4, 2, 1}, {2, 4, 1}, {2, 1, 4}, {1, 2, 4}, {1, 4, 2}, and {4, 1, 2}). Out of these, each switching 

state can have further 105 different combinations. This group hence consists of 6 × 105 = 630 

switching combinations. These vectors have variable-amplitude variable frequency in space. 

Group 6:Five of the output phases are connected to the same input phase, and the two 

other output phases are connected to the other two input phases, respectively. As such, there 

exist three different switching states ({5, 1, 1}, {1, 5, 1}, and {1, 1, 5}). Out of these, each 

switching state can have further 42 different combinations. This group hence consists of 3 × 

42 = 126 switching combinations. These vectors have variable-amplitude variable frequency 

in space.  

Group 7:Three of the output phases are connected to the same input phase, and the other 

three output phases are connected to the other input phase. Moreover, the remaining output 

phase is connected to the other input phase. As such, there exist three different switching 

states ({3, 3, 1}, {3, 1, 3}, and {1, 3, 3}). Out of these, each switching state can have further 

140 different combinations. This group hence consists of 3 × 140 = 420 switching 

combinations. These vectors have variable-amplitude variable frequency in space.  

Group 8:Three of the output phases are connected to the same input phase, and the other 

two output phases are connected to the other input phase. Moreover, the remaining two 

output phases are connected to the other input phase. As such, there exist three different 

switching states ({3, 2, 2}, {2, 2, 3}, and {2, 3, 2}). Out of these, each switching state can 

have further 210 different combinations. This group hence consists of 3 × 210 = 630 

switching combinations. These vectors have variable-amplitude variable frequency in space.  

There are 2187 permitted switching combinations of the three-phase to seven-phase matrix 

converter. However, in the proposed SVPWM strategy the switching vectors used for the SVPWM 

technique are 1011. Only the switching states of groups 1, 2, 3, 4 and 5 have been utilized and it 

can divided into the following: 

Group 1: {7, 0, 0} consists of 3 vectors. 

Group 2: {6, 1, 0} consists of 42 vectors. 

Group 3: {5, 2, 0} consists of 126 vectors. 

Group 4: {4, 3, 0} consists of 210 vectors. 

Group 5: {4, 2, 1} consists of 630 vectors. 

The digital implementation of this technique is difficult due to large number of the resulting 

switching vectors. To avoid this difficulty, the indirect SVM (ISVM) technique has been used. This 

technique is based on the indirect modulation of the MC and was firstly proposed in [17] for three- 

to three-phase MC and extended to three- to five-phase MC in [10]-[11]. In the following, this 

technique has been applied to the three- to seven-phase MC. 
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B.  Indirect Space Vector Modulation 

This method to control the seven-phase MC actually corresponds to regard it as a combination 

of virtual rectifier and inverter stages without any DC-Link as shown in Fig. 2. The rectifier stage 

has the same topology of a three-phase rectifier with six switches (S1-S6), and the Inverter stage has 

a standard seven-phase VSI topology consisting of fourteen switches (S7-S20). The basic idea of 

this technique is to decouple the control of the input current (control of rectifier stage) and the 

control of output voltage (control of inverter stage). This is done by splitting the modulation 

matrix, S for the converter into the product of a rectifier transfer function, R and an inverter 

transfer function, I as follows; 

 

                                                                              (2) 

              (3) 
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Fig. 2 Indirect equivalent model of Seven-Phase MC 

1. Space Vector Rectifier (SVR): 

 

The rectifier switchescan have only possible nine allowed combinations (active vectors, I1 - I6 

and zero vectors, I7 - I9) as represented in Fig. 3 [18]. The reference input current vector (Ii*) is 

synthesized by impressing the adjacent switching vectors Iγ and Iδ with the duty cycles dγ and dδ, 

respectively as follows; 

                                                    (4) 

Thus, the duty cycles are written as; 
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                                                                      (5) 

The duration of the zero-vector is calculated by; 

                                                                 (6) 

where, θC indicates the angle of reference current vector within the actual hexagon sector, mC is 

the current modulation index and defines the desired current transfer ratio such as; 

                                                     (7) 

The virtual average DC-link voltage (VDC) is calculated by using the fact that there are no 

reactive elements in the MC. This means, the input power flow, the virtual DC power flow and the 

output power flow are equal at any instant. Therefore, the VDC expression as a function of peak 

input phase-voltage ( ), mc and input current displacement angle (φin) is; 

                                                         (8) 

2. Space Vector Inverter (SVI)  

 

SVM techniques in the standard seven-phase inverter are reported in many researcher works 

such as [19-22]. However, it has reproduced here to modulate the inverter stage of the indirect 

equivalent model of a seven-phase MC.  

The seven-phase inverter switches have only 128 (27) allowed switching states. These states 

produce 126 active voltage vectors (V1 to V126) and two zero vector Vz (V0 and V127) as represented 

in the fourteen sided polygons (tetra-decagon) of Fig. 4 [22].  

The voltage vectors shown have eight levels. While, the space vectors plane can be divided into 

14 sectors (each spanning π/7). The reference voltage vector (Vr*) is synthesized by impressing the 

adjacent voltage vectorsVα, Vβ and Vz with the duty cycles dα, dβ and d0v respectively as follows;  

                                                     (9) 
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Fig. 3 Rectifier current hexagon 
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Fig. 4 The tetra-decagonof inverter stage 

 

Assuming that, only space vectors with the largest magnitude are involved in the PWM pattern 

(Fig. 5).  

Such an approach, used on [10] for a five-phase MC. Thus, the duty cycles in sector 1 are 

defined as; 

 

                                                                  (10) 

The duration of the zero-vector is calculated by; 

                                                            (11) 

where, θv indicates the angle of reference voltage vector within the actual tetra-decagon sector, 

mv defines the desired voltage modulation index such as; 

                                                       (12) 

wherevl =0.642Vdc represents magnitude of the largest space vectors. From the inverter stage 

tetra-decagon of Fig. 4, the maximum allowable length of reference vector Vr* which provides 

linear modulation (circle inscribed in tetra-decagon ( )) is equal to; 

(13) 

π/7

Vr*

Vα

Vβ

dβVβ

dαVα
d

q

θv

 
Fig. 5 Only space vectors with the largest magnitude are involved in sector 1 
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However, the maximum peak fundamental output in fourteen-step operation mode is 2/πVDC. 

Thus, the ratio of the maximum possible fundamental output voltage with SVM using large vectors 

and in fourteen-step mode is 98.3%. The switching pattern for sector 1 is illustrated in Fig. 6, 

showing seven leg voltages. It is important to note that the three legs (a, b and g) have same pattern 

and three other legs (d, e and f) have same pattern. In other word, it can be said that these legs are 

turned off simultaneously. The output voltage generated by this method contains a significant 

amount of lower order harmonic especially third and fifth [22]. 
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Fig. 6 Switching pattern related to sector 1 for SVPWM with large space vectors only 
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Fig. 7 Principle of calculation of times of application of active space vectors 

 

To provide symmetrical PWM pattern with single commutation in each inverter leg over the 

switching period, starting from (0000000) up to (1111111) and vice versa, six active space-vectors 

(n–1 vectors, n is the number of phases) are selected in each sector [19] (Fig. 7). Calculated duty 

cycles of space vectors vα and vβ must be properly distributed among active space vectors, 

satisfying constraints given with; 

 

                                                                    (14) 

Different schemes are used to determine the duty cycles of each vector. Here, a proportional 

subdivision of switching times method is applied. This method is based on the subdivision of total 

time into times for application of the selected space vectors as follows;  
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                                                    (15) 

This yield;  

 

 

                                                                      (16) 

 

The duty ratio of zero vectors is now given as; 

                                  (17) 

Owing to the above sub-division, the reference voltage vector in sector 1 is synthesized by 

impressing the adjacent voltage vectors and Vz with the duty cycles in (16)-(17) as follows;  

                                            (18) 

After substituting the duty ratios expressions (15)-(17) into (18), the output phase voltage (Vo
*) 

of the inverter stage is; 

 
The aforementioned expression indicates that the maximum output fundamental phase voltage 

(|Vo
*| at θv=π /14) only 81.96% of the input reference voltage value (Vr

*). From (13), the maximum 

achievable output fundamental voltage can be obtained from the following; 

(20) 

The ratio of the maximum fundamental using large space vector only to that using six active 

vectors is 122%. Thus, the reference voltage magnitude has to be scaled with the factor 1/0.8196 = 

1.22 in order to get the desired fundamental at the output. The switching pattern for sector 1 using 

this method is illustrated in Fig. 8. 
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3. Maximum VTR of the Seven-phase Matrix Converter 

Based on the indirect modulation, there are two VTRs to be controlled in the matrix converter; 

the inverter side VTR, MI ( )and the rectifier side VTR, MR ( ). The VTR of the  

 

MC, M is the product of these VTRs; 

(21) 

In the case of using two-active space vectors in controlling the inverter side, the maximum 

obtainable VTR is 0.939 for unity input displacement factor and unity input current modulation 

index. While, In the case of using six-active space vectors, the maximum obtainable VTR is 

0.7695. 
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Fig.8 switching pattern related to sector 1 for SVPWM with six active vectors 

 

 

IV.  Experimental Results 

 

To testify the converter behavior, the output phases (a-g) of the converter are connected to the 

passive load (144 Ω and 0.25 H). A small input voltage supply of 100 Volts/line at 50Hz is applied. 

The reference input current displacement angle adjusted to zero, which achieves maximum 

available VTR of the converter. The switching frequency is 1 kHz and the sampling time is 

200µsec due to the controller capability. 

Fig. 9 describes the experimental results of output line voltages waveforms at 20 Hz and its 

spectrum. It is clear to see that, the phase angle between the two voltages is 2π/7.  

However, Fig. 10 shows the experimental results of the load currents waveforms and its 

spectrum analysis. shows the supply voltage and unfiltered input current waveforms. It is clear that, 

the fundamental component of the input current is approximately in phase with the input phase 

voltage. This is owed to adjusting displacement angle to zero.The experimental results prove the 

viability of the proposed SVPWM technique for the seven-phase MC. 
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Fig. 9 Output voltages waveforms at fo = 20Hz. (Upper trace)  line-voltages and (Bottom 

trace) its spectrum. 

 
 

 

 
 

Fig. 10 Experimental results of load currents waveforms at fo = 20Hz. 
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Fig. 11 Experimental results of input voltage and current waveforms. 

V.  Conclusion 

This paper presents the SVM techniques to control the three-phase to seven-phase matrix 

converters. The switching vectors of the direct modulation are introduced and classified into eight 

groups. Five groups only are suggested to implement the direct space vector modulation. The 

indirect space vector modulation is proposed and implemented. Two SVM schemes of controlling 

the seven-phase inverter stage are introduced. One has two active vectors. The maximum 

obtainable voltage transfer ratio using this method is 0.939 for linear modulation. This scheme 

leads unwanted low order harmonic in the output voltages and currents. However, the second 

scheme generates sinusoidal output waveform. The voltage ratio of the converter is reduced to 

0.7695. The converter prototype has been implemented using discrete semiconductors. The 

feasibility of the proposed technique has been verified through experiments. 
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