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Abstract 

 

This paper proposes a carrier-based pulse width modulation (PWM) method to control an indirect matrix converter (IMC) by 
analyzing the relationship between the space vector PWM (SVPWM) and the carrier-based PWM. The complexity of the 
SVPWM method for an IMC can be reduced by using an equivalent carrier-based PWM method. The advantage of the proposed 
algorithm is its ability use only one symmetrical triangular carrier signal to generate the gate signals for all of the power switches 
in both the rectifier and inverter stages as compared to the conventional method where the carrier signal used in the rectifier stage 
is different from that of the inverter stage. In addition, by using a suitable offset voltage component in the modulation signals, the 
output voltage magnitude reaches 0.866 of the input voltage magnitude. Simulation and experimental results are provided in 
order to validate the proposed method. 
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I. INTRODUCTION 

 
Fig. 1.  DMC topology. 

 
 

Fig. 2.  IMC topology. 

 

 Matrix converters (MCs) were first mentioned in the early 
1980’s by Alesina and Venturini [1]. In recent years, these 
converters have become more attractive because of the 
evolution of power device technologies and the development 
of large power integrated circuits. MCs are devices used for 
converting directly from AC power to AC power without any 
intermediate energy storage component. These topologies 
have some advantages such as high quality input/output 
current waveforms, a controllable input power factor, 
operation in all four quadrants of the torque-speed and a long 
life-time due to the absence of bulky electrolytic capacitors as 
compared to back-to-back converters.   

MCs have two kinds of topologies: direct matrix converters 
(DMC) and indirect matrix converters (IMC) [2]. As shown 
in Fig. 1, a three-phase DMC includes nine bidirectional 
switches [3], [4]. The IMC has two stages: the rectifier and 
the inverter stages, as shown in Fig. 2 [5]. DMC and IMC 
have the same number power switches and they are able to 
generate input/output waveforms with the same performance. 
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However, the IMC has recently received more consideration 
because it has shown several advantages such as a simpler 
commutation, the possibility of reducing the required number 
of power switches and the possibility of modifying the 
topology. Up to now, many researchers have been interested 
in the development of IMC, and there are many research 
publications which focus on the development of the IMC 
topology. A novel sparse matrix converter topology with a 
reduced number of power switches in the rectifier stage is 
proposed in [6]. The possibility of constructing the IMC 
topology with a dual-output for multiple drive system 
applications is presented in [7], [8]. A hybrid IMC is 
proposed in [9] to increase the maximum transfer voltage 
ratio from 0.866 to 1. 

On the other hand, some papers have concentrated on the 
modulation technology for MCs’ control [10]-[19]. Generally, 
the modulation strategies have been developed based on 
space vectors. The SVPWM method for the IMC was 
originally introduced in [20]. Another study on SVPWM with 
a reduced common mode voltage was presented in [21]. From 
these results, the sinusoidal waveforms of the input 
current/output voltage and the maximum voltage transfer 
ratio of the IMC are obtained with the SVPWM method. 
However, the SVPWM approach has some disadvantages. It 
needs complex calculations and tables to synthesize the 
reference input current and the reference output voltage. 
Therefore, recently, a carrier-based PWM method has been 
considered for the control of the IMC in order to overcome 
the drawback of the SVPWM method. In the carrier-based 
PWM method, the high frequency triangular carrier is 
compared with the modulation signals to create the gating 
pulses for the switches in the power circuit. 

Carrier-based PWM techniques for the IMC have been 
proposed in [22], [23]. However, the carrier signal used for 
the rectifier stage is different from that of the inverter stage. 
The carrier signal used for the rectifier stage is a symmetrical 
triangular signal, while the carrier signal used for the inverter 
stage is an unsymmetrical triangular signal. Furthermore, the 
slopes of the rising and falling edges of the unsymmetrical 
carrier signal change in every sampling period due to the 
variation of the dc-link voltage. These slopes depend on the 
duty cycles of the active vectors in the rectifier stage control. 

In order to overcome the limitation of the conventional 
carrier-based PWM method, which is presented in [22], [23], 
this paper presents a novel carrier-based PWM method to 
control the IMC. When compared to the conventional method, 
the proposed method uses only one symmetrical triangular 
signal with a fixed slope rising and falling to control both the 
rectifier and the inverter stage. The proposed scheme can be 
implemented easily by using only one up/down counter, 
which is available in most digital signal processors (DSP). 
When compared to the conventional SVPWM, which takes a 
long time to determine the duty cycle of the effective vectors 

and to make the switching pattern according to the position of 
the reference output voltage vector and the reference input 
current vector, the proposed method demands less 
computational complexity for DSP. Nevertheless, the 
proposed carrier-based PWM method does not provide the 
CMV reduction when compared to the reduced CMV-PWM 
method introduced in [21] because it is based on the 
conventional SVPWM method, which is presented in 
[18]-[20].  

This paper is organized as follows. The operation principle 
and the space vector analysis of the IMC are described in 
section II. The proposed carrier-based PWM method is 
presented in section III. The simulation and the experimental 
results are provided in section IV and section V, respectively. 
Some conclusions are given in the last section. 

 

II. THE OPERATION PRINCIPLE AND SPACE 
VECTOR ANALYSIS OF THE IMC 

 

In this section, the operation principle and the space vector 
analysis of the IMC are presented. The IMC topology 
consists of two stages as shown in Fig. 2. The rectifier stage, 
which is composed of six bidirectional switches, is directly 
connected to an inverter stage. The arrangement of the power 
switches in the inverter stage is the same as that of a 
conventional two-level voltage source inverter. The function 
of the rectifier stage is to maintain the maximum positive 
voltage in the dc-link as well as to maintain the sinusoidal 
waveform in the input currents. Output voltages with a 
variable frequency and amplitude can be synthesized by the 
inverter stage control. The basic control strategy for the IMC 
is based on a space vector analysis of the input current and 
output voltage.  

As shown in Fig. 2, the voltage and current at the 
input side of the IMC are denoted by a, b and c while 
those of the output side are denoted by A, B and C. It is 
assumed that the IMC is connected to a balanced 
three-phase power supply, which is given as follows: 

 1 1cosav V t    

 1 1 1cos 2 3bv V t              (1) 

 1 1 1cos 4 3cv V t    

 

The desired three-phase output voltages are described by: 

 2 2cosAv V t 2    

 2 2 2cos 2 3Bv V t              (2) 

 2 2 2cos 4 3Cv V t    

 ω1 and ω2  are the input and output angular frequencies, 
respectively. 

where, V1 and V2  are the amplitude of the input and output 
phase voltages, respectively. 

  1 and 2 are the initial phase angle of the input and output 
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phase voltages, respectively. 
 For the sake of explaining the modulation technique of the 

IMC, it is assumed that both the reference input current and 
the reference output voltage vectors are located in sector 1 

( 6 6i
     and 0 3o

  ) without missing the 

generality of the analysis, where αi and αo are the angles 
within their respective sectors of the input current and the 
output voltage reference vectors. 

 
A. Rectifier stage 

The space vector diagram of the rectifier stage includes six 
active current vectors and three zero current vectors as shown 
in Fig. 3(a). Each current vector expresses the connection of 
input phase voltages to the dc-link bus. For example, the 
vector Iab represents the connection of the input voltage phase 
a to the positive terminal (p) and the input voltage phase b to 
the negative terminal (n) of the dc-link bus. If it is assumed 
that the reference input current vector Iref is located in sector 1, 
it can be synthesized by using the two active vectors Iab and 
Iac. The duty cycles of the two active current vectors Iab and 
Iac are determined as follows: 
 

sin / 6id m i                 (3) 

 sin / 6i id m   
             (4)

 

TABLE I 
MODULATED SWITCHES AND DUTY CYCLES OF ACTIVE VECTOR ACCORDING TO THE INPUT CURRENT SECTOR 

 

Duty ratio Input 

sector 
1t+1 

ON 

switch 

Modulated 

switches dx dy 

dc-link voltage 

(Vdc) 

1 -π/6 .. π/6 Sap Scn Sbn -vc/va -vb/va vac   vab 

2 π/6 .. π/2 Scn Sap Sbp -va/vc -vb/vc vac   vbc 

3 π/2 .. 5π/6 Sbp San Scn -va/vb -vc/vb vba   vbc 

4 5π/6 .. 7π/6 San Sbp Scp -vb/va -vc/va vba   vca 

5 7π/6 .. 9π/6 Scp Sbn San -vb/vc -va/vc vcb   vca 

6 9π/6 .. 11π/6 Sbn Sap Scp -va/vb -vc/vb vab vcb 
 

 
Fig. 3.  (a) The diagram space vector of the rectifier stage (b) 
The diagram space vector of the inverter stage. 

where mi is the modulation index in the rectifier stage control. 
In the rectifier stage, the zero vectors are eliminated 

because they are redundant with the inverter stage. Therefore, 
only positive line-to-line input voltages exist in the dc-link 
bus. In order to complete one sampling period, the duty 
cycles of the two active current vectors are recalculated as 
follows: 

c
x

a

d v
d

d d v


 

  


            (5) 

b
y

a

d v
d

d d v


 

  


            (6) 

By a similar analysis, the modulated switches and the 
duty cycles of the active vectors in all six of the input sectors 
are summarized in Table I.  

In one sampling period, the dc-link voltage has two 
values vab and vac with the duty cycles dx and dy, respectively. 

Therefore, the local average value of the dc-link voltage is 
determined by: 

 
1

1 1

3

2 cosdc x ac y ab

V
V d v d v

t 
  


        (7) 

The minimum value of dcV is:  

(min) 1

3

2dcV  V                (8) 

 The average of the dc-link voltage is used to calculate the 
duty cycles of the active and zero vectors in the inverter 
stage. 

 
B. Inverter stage  

Once the switching states of the rectifier stage have been 
decided, the traditional SVPWM is applied to control the 
inverter stage. For calculating the duty cycles of the active 
and zero vectors in the inverter stage, it is necessary to refer 
to the local average dc-link voltage. The eight space vectors, 
including the six active vectors (V1~V6) and the two zero 
vectors (V0, V7), are used in the SVPWM method. According 
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to the sampled reference voltage vector Vref and the angle αo 
in sector 1, as shown in Fig. 3(b), the two active vector 
(V1,V2) and the two zero vectors (V0,V7) are used to synthesize 
the reference output voltage vector. In one sampling period Ts, 
the two active vectors V1 and V2 are applied during the times 
T1 and T2, respectively. Meanwhile, the zero vectors are 
applied during the times Ts – T1 – T2. The application time of 
the two active and the two zero vectors are determined as 
follows: 

Fig. 4.  The coordination between switching states of the rectifier 
and inverter stages. 

 
1 1 3 sin 3

ref s o s
dc

V
T d T T

V
   



      (9) 

 
 2 2 3 sin

ref

s o
dc

V
T d T T

V
 



s

2

         (10) 

 
where, d1 and d2 are the duty cycles of the vector V1 and V2, 

respectively. is the reference output voltage vector, 

which can be described by

0 7 1sT T T T T                  (11) 

refV


2
oj

refV V e 


. 

The distribution of the two zero vectors V0 and V7 

influences the output voltage performance. The analysis 
results from [24], [25] show that the balanced distribution of 
the two zero vectors is superior due to the low harmonics 
distortion characteristic. Therefore, the application time of 
the two zero vectors can be written as: 

0 7 1 2

1

2 sT T T T T         (12) 

To obtain the balanced input currents and output voltages, 
the switching pattern should produce effective combinations 
for the rectifier and the inverter switching states. As in the 
above analysis, in one sampling period Ts, the dc-link voltage 
has two values vab and vac with the times dxTs and dyTs, 
respectively. Therefore, the switching states at the inverter 
stage should be divided into two groups. The application time 
of the two active and the two zero vectors in each group is 
calculated as follows: 

  1( ) 1 2( ) 2 0( ) 0 7( ) 7; ; ;x x x x x x xT T d T T d T T d T T d    x    (13) 

1( ) 1 2( ) 2 0( ) 0 7( ) 7; ; ;y y y y y y yT T d T T d T T d T T d    y   
(14) 

 
C. Switching patterns for safe commutation 

In order to ensure the zero dc-link current commutation in 
the rectifier stage, the inverter stage should work in the zero 
vectors when the rectifier stage is commutating. Therefore, 
all of the currents in the rectifier stage are zero during the 
commutation time. It results in a reduction in the power 
switching loss in rectifier stage and the complex multi-step 
commutation is avoided. According to the principle of 
selecting the zero vectors in the inverter stage, the switching 
pattern is arranged as shown in Fig. 4, when both the rectifier 
and inverter stage are operated in sector 1 [18]-[20]. It can be 
seen that the state transitions of the active switches (Sbn, Scn) 

in rectifier stage occur during the time where the zero vectors 
are applied in the inverter stage. Fig. 4 shows the switching 
states and the timing of all the switches during half of a 
sampling period (Ts/2). 

 

III. PROPOSED CARRIER-BASED PWM TECHNIQUE 

From the above analysis, the implementation of the 
conventional PWM strategy for the IMC is complex. First, 
the selection of the effective vectors in the two stages is 
implemented independently, and the duty ratios of the 
effective vectors in the rectifier and inverter stage are 
determined by calculating some equations. Then, the 
switching states of the rectifier and the inverter stage are 
coordinated in order to achieve balanced output voltages and 
zero current commutation at the rectifier stage. In order to 
overcome this problem, the gating signals in the proposed 
method are easily made by the carrier-based PWM method.  

A carrier-based PWM modulator is comprised of 
modulation signals and a carrier signal. The PWM signals are 
generated by comparing the modulation signals with a 
symmetrical triangular carrier signal. The frequency of the 
carrier signal is much higher than that of the modulation 
signals. To correlate the carrier-based PWM with the 
SVPWM, it has to find a set of modulation signals, which 
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Fig. 5.  (a) The timing of modulated switches. (b) Carrier-based 
PWM technique for rectifier stage in sector 1. 

when compared with the carrier signal produce the same 
PWM signals as the SVPWM technique. The 
implementations of the carrier-based PWM technique for the 
rectifier and inverter stages are independent. 

 
A. Rectifier stage 
  Assume that the reference input current vector is located in 
sector 1, as shown in Fig. 3(a). The application time of the 
upper switch of phase a (Sap) and the two lower switches of 
phases b and c (Sbn and Scn) are shown in Fig. 5(a). In a half 
sampling period Ts/2, the application time of the switch Sap is 
Ts/2 and the application time of the switch Scn is dxTs/2. Fig. 
5(b) shows the intersection of the modulation signals and the 
carrier signal, which make the gate signals for the switches 
Sap and Scn.  

The symmetrical triangular carrier signal, which is 
shown in Fig. 5(b), can be described by:  

1

4
1t

s

v t
T

 
 
 

V

V
V

                  (15) 

where, vt and V1 are the instantaneous and the peak 
values of the carrier signal, respectively. 

The modulation signals, which are used to generate the 
gate signals for all six of the bidirectional switches in the 
rectifier stage, are given as follows: 

1apv V
                   

(16) 

 12 1cn xv d                 (17) 

1bpv V  ; v V ;           (18) 1cp   1anv  

The gate signal for the switch Sbn is complementary to 
that of the switch Scn. 

B. Inverter stage 

 

Fig. 6.  (a) The switching state of three upper switches in the 
inverter stage. (b) The waveform of modulation signals and 
carrier signal. (c) The generation of gate signal for the switch SA.

 
 

Fig. 6(a) illustrates the switching pattern of the inverter 
stage when the reference output voltage vector is located in 
sector 1. It can be seen that the inverter switching frequency 
is twice the carrier signal frequency. Therefore, to generate 
the gate signal for each of the switches in the inverter stage, 
two modulation signals are needed. For example, to generate 
the gate signal for the upper switch of phase A (SA), the two 
modulation signals vA1 and vA2 are needed. The waveforms of 
the modulation signals vA1 and vA2 and the carrier signal vt are 
shown in Fig. 6(b). The pulses SA1 and SA2 are obtained from a 
comparison of the two modulation signals vA1 and vA2 with a 
symmetrical triangular signal, respectively. Thus, the gate 
signal for the switch SA is determined by using the XNOR 
function, as shown in Fig. 6(c). 

1 2 1A A A A AS S S S S   2            (19) 

By substituting the application time of the zero vectors 
and the active vectors from (13) and (14) into (15), the two 
modulation signals vA1 and vA2 are obtained as follows: 

1 1 2 A offset
A y

dc

v v
v V d d

V

 
    

 
x         (20) 

2 1 2 A offset
A x

dc

v v
v V d d

V

 
   

 
y          (21) 

By a similar calculation, the couple of the modulation 
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Fig. 8.  The simulation results of dc-link voltage and dc-link 
current. 

Fig. 7.  The block diagram of the carrier-based PWM generator. 

signals to generate the gate signal for the switches SB and SC 
are determined by: 

 
1 1 2 B offset

B y
dc

v v
v V d d

V

 
    

 
x        (22) 

  2 1 2 B offset
B x

dc

v v
v V d d

V

 
   

 
y        (23) 

  1 1 2 C offset
C y

dc

v v
v V d d

V

 
    

 
x       (24) 

  2 1 2 C offset
C x

dc

v v
v V d d

V


 

 
y


 

v

       (25) 
Fig. 9.  The simulation results of phase input voltage, input 
current of IMC and phase current of power supply. 

where voffset is the offset voltage, which can be written as: 

             (26) 0.5 0.5offset A Cv v  

Equations (20)-(26) are obtained when the reference output 
voltage vector is located in sector 1. Generally, when the 
offset voltage is chosen as (27), these equations are valid 
when the reference output voltage vector is located in the 
other sectors.  

 max min
1

2offsetv v   v

v v

             (27) 

where and   max max , ,A B Cv v v  min min , ,A B Cv v v

The offset voltage component chosen as (27) leads the 
maximum modulation index in the inverter stage which 

is 2 / 3 . Therefore, the maximum voltage transfer ratio of 

the IMC with the proposed carrier-based PWM method can 
be derived as: 

2(max) ( )
max

1 1

2 1

23

dc minV V
q

V V
  

3

2
   (28) 

Fig. 7 shows a block diagram of the carrier-based PWM 
generator for the inverter stage. In the proposed carrier-based 
PWM generator, two separated function blocks named 
“modulation signals generator” and “gate signals generator” 
are implemented to control the inverter stage of the IMC. All 
of the required operations are easily executed without any 
look-up table or complex calculations. In addition, there is no 
need to coordinate the switching state of the rectifier and 
inverter stages. 

IV. SIMULATION RESULTS 
 

Simulation are carried out with Psim 9.0 software to verify 
the proposed carrier-based PWM method. The system is 
simulated with the parameters as follows: 

1) A three-phase input voltage 100V/60Hz 
(line-to-neutral voltage).  

2) The LC input filter parameter is designed with 
L=1.4mH and C=22.5μF.  

3) The three-phase load is an inductive load with R=12 Ω 
and L=10mH.  

4) The load operates with a transfer voltage ratio of 0.75 
(q=0.75) and a frequency of 50Hz (fout=50Hz).  

5) The frequency of the symmetrical triangular carrier 
signal is 10 kHz. 

Fig. 8 shows the dc-link voltage (Vdc) and the dc-link 
current (idc) of the IMC. In the rectifier stage control, the zero 
vectors are eliminated. Therefore, the dc-link voltage does 
not reach to zero. The dc-link voltage is formed by the two 
line-to-line input voltages. Fig. 9 shows the input waveforms 
of the IMC. From Fig. 9, it can be seen that the input current 
of the IMC (iai) is in phase with the phase input voltage (va). 
The presence of the input filter in the input side causes a 
slight displacement angle between the main input current (ias) 
and the input voltage. The simulation results shown in Fig. 10 
are the output waveforms of the IMC. In Fig. 10, the upper 
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Fig. 10.  The simulation results of of line-to-line output voltage 
and phase output current. 

 
Fig. 11. Photograph of the experimental setup. 

trace (vAB) is line-to-line output voltage and the lower trace 
(iC) is the phase output current. It can be seen that the output 
current is a pure sinusoidal waveform. From these results, an 
IMC with the proposed carrier-based PWM method provides 
sinusoidal input and output currents. 

 

Fig. 12. Experimental PWM signals for the modulated switch in 
rectifier stage (Sbn) and three upper switches in the inverter stage 
(SA, SB, SC). 

 

 

V. EXPERIMENTAL RESULTS 
 

To validate the proposed theories and simulation, the 
IMC topology was built in the laboratory. Experimental tests 
were carried out using a three-phase power supply 
(60Hz/100V), a three-phase inductive load (R=12 Ω, 
L=10mH), and an input filter with a Y connection (L=1.4mH, 
C=22.5μF) which are identical to the simulation parameters. 
A photograph of the experiment equipment is shown in Fig. 
11. The control system is implemented by a 32-bit DSP 
TMS320F28335 operating with a clock of 150 MHz and a 
complex programmable logic device (CPLD) 
EPM7128SLC84-15. The power switches IGBTs – 
G4PF50WD – have been used to implement the power circuit 
in the rectifier and inverter stages. 

Fig. 12 shows the experimental PWM signals for the 
modulated switch (Sbn) of the rectifier stage and the three 
upper switches (SA, SB, and SC) of the inverter stage. It can be 
seen that the switch Sbn changes the state from high to low or 
from low to high at the time when the inverter stage is 
switched into a free-wheeling stage. Therefore, the zero 
dc-link current commutation in the rectifier stage is 
guaranteed. It is evident that the switching frequency of the 
rectifier stage is the same frequency as the carrier signal 
(10kHz), while the switching frequency in the inverter stage 
is twice that of the rectifier stage.  

Fig. 13 shows the experimental PWM signals for the six 
bidirectional switches in the rectifier stage. It can be observed 
that, in each sector, one of the switches is always in the high 
state and that two of the switches are modulated. For example, 
in sector 1, the switch Sap is in the high state and the two 
switches Sbn and Scn are modulated to generate a dc-link 

voltage with values vab and vac. The other switches are all in 
the low state.          

The waveforms of the dc-link voltage and dc-link current 
are shown in Fig. 14. It can be seen that the dc-link voltage is 
switched to the maximum and medium line-to-line input 
voltage in order to achieve the maximum average dc-link 
voltage. The dc-link voltage has no zero value due to the lack 
of zero vectors in the rectifier stage control. The dc-link 
current reaches to the zero value when the inverter stage 
operates at the zero vectors (V0, V7) and at this time, the 
commutation in rectifier stage occurs.     

The input current of the IMC (iai), the input current of the 
power supply (ias) and its corresponding phase voltage (va) 
are shown in Fig. 15. As expected, the input current of the 
IMC is in phase with the input voltage. There is a 
displacement angle between the input voltage and the input 
current of the power supply due to the input filter. The input 
current of the power supply is a sinusoidal waveform despite 
the fact that the input current of the IMC is discontinuous. 
However, there is the presence of slight oscillatory ripple in 
the input current of the power supply which is due to a 
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hardware limitation.  
The line-to-line output voltage (VAB) and the phase output 

current (iC) are shown in Fig. 16. It can be observed that the 
peak line-to-line output voltage is the same as the line-to-line 
input voltage (173V). From the output current waveform, it 
can be seen that a good sinusoidal waveform is obtained.  

From the experimental results, it can be seen that the 
performance of the IMC such as the near unity input power 
factor and the sinusoidal waveforms for both the input and 
output currents can be achieved by using the proposed 
method. The experimental results are nearly identical to the 
simulation results. 

 

 
 

Fig. 13.  The experimental PWM signals for six bidirectional 
switches of rectifier stage. 

Fig. 14.  The experimental results of dc-link voltage and dc-link 
current. 

Fig. 15.  The experimental results of phase input voltage, input 
current of IMC and phase current of power supply. 
 
 

 
Fig. 16.  The experimental results of line-to-line output voltage 
and phase output current. 

 
 
 

VI. CONCLUSIONS 

A carrier-based modulation scheme for the IMC is 
developed in this paper. Because only one symmetrical 
triangular carrier signal is used to generate the pulses for both 
the rectifier and inverter stage control, it can be implemented 
easily with simpler hardware and software than the 
conventional SVPWM. The proposed method overcomes 
some of the drawbacks of the SVPWM such as the difficulty 
in detecting the position of the reference input current vector 
and the reference output voltage vector, the burden of 
calculating the duty cycles of the effective vectors in the 
rectifier and the inverter stage, and the complexity involved 
in combining the switching state of rectifier and inverter 
stages for making the switching pattern of the IMC. The 
proposed method has been verified by a numerical simulation. 
In addition, an experimental hardware setup has been built 
and the proposed modulation has been implemented by using 
a DSP and a CPLD. The experimental results validate the 
theoretical analysis and simulation results. 
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