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Abstract: In this paper, a novel approach to realize the carrier-based pulse width modulation (CBPWM) method for 

indirect matrix converter (IMC) is presented. The advantage of the proposed CBPWM method is that only one 

triangular carrier signal with constant gradient falling and rising edges is used to generate the PWM to the power 

switches in both the rectifier and the inverter stages of IMC. The analysis of the proposed CBPWM method is based 

on the space vector approach and the relationship between CBPWM and space vector pulse width modulation 

(SVPWM) methods is provided. In this paper, four CBPWM methods called: sinusoidal PWM, third harmonic 

injection PWM, symmetrical PWM and discontinuous PWM are presented. These different CBPWM schemes are 

established according to the distribution of zero vectors and the switching pattern of the SVPWM method. The 

comparison of output voltage performance with different CBPWM schemes are investigated. Compared to the 

conventional method the calculation time of the proposed method is reduced around 50%. Concretely, the calculation 

time of the SVPWM method is 45 μs, while the calculation time of the proposed method is 22 μs. The experiments 

have been carried out to show the effectiveness of the proposed method. 

Keywords: Direct matrix converter, Indirect matrix converter, Space vector modulation, Carrier-based PWM 

modulation, DSP. 

 

 

1. Introduction 

The matrix converter (MC) provides many 

advantages: sinusoidal input and output currents, 

simple and compact power circuit due to the lack of 

electrolytic capacitors, bidirectional power flow, and 

controllable input power factor [1]. Recently, it has 

been proposed in many different application, i.e. 

motor drives, wind-energy conversion systems, 

electric aircraft systems, variable-speed diesel-

generation systems [2-5].  

The MC can be divided into two kinds such as 

direct matrix converter (DMC) and indirect matrix 

converter (IMC) [6]. The DMC consists of nine 

bidirectional switches, which are used to connect any 

output phase to any input phase as shown in Fig. 1. 
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Figure. 1 DMC topology 

 

The IMC comprises of a separated four-quadrant 

current source rectifier and a conventional two-level 

voltage source inverter, which is shown in Fig. 2. The 

IMC has received more attention because it has some 

advantages as compared to the DMC such as: 



Received:  June 2, 2020.     Revised: August 25, 2020.                                                                                                     308 

International Journal of Intelligent Engineering and Systems, Vol.13, No.6, 2020           DOI: 10.22266/ijies2020.1231.27 

 

Input filter

ia

ib

ic

3
-p

h
a

s
e

 lo
a

d

iA

iB

iC

A

B

C

Sap Sbp Scp

San Sbn Scn

SA SB SC

Rectifier stage Inverter stage

va

vb

vc

p

n

D
c
-lin

k
 v

o
lta

g
e

iai

SA SB SC

 
Figure. 2 IMC topology 

 

- Simple commutation [7].  

- The possibility of reducing the number of 

 power switches [8]. 

- The possibility of constructing an ac-ac 

 converter to supply multi-phase load 

 from three-phase power supply [9]-

 [11]. 

- The possibility of supply electrical energy to 

 an unbalanced or non-linear three-phase 

 load by adding one more leg into the 

 inverter stage [12]. 

- The possibility of improving the voltage 

 transfer ratio by inserting the Z-source 

 network between the rectifier and the 

 inverter stages [13-14]. 

In order to produce high quality output voltage 

with the specific IMC topologies proposed in [8-14], 

the PWM strategies have received much attention 

recently. The PWM strategies for IMC can be divided 

into two groups: SVPWM and CBPWM methods. 

The SVPWM approach has some disadvantages. It 

needs complex calculations and tables to synthesize 

the reference input current and the reference output 

voltage. The implementation of SVPWM method 

needs to do some steps [7, 8, 15-17]: The adjacent 

active and zeros vectors are needed to synthesize the 

reference input current and reference output voltage 

vectors. Then, the duty cycles of these active and zero 

vectors are calculated and the switching patterns are 

arranged according to the input current and voltage 

vectors. In order to remove the disadvantages of the 

SVPWM, the CBPWM method is adopted by 

researchers in recent years [18, 19]. 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 an unsymmetrical triangular signal with 

different slope in the rising and falling edge is used 

for the inverter stage. Moreover these rising and 

falling slopes are changed in every sampling period 

due to the variation of the dc-link voltage. And also, 

the type of offset voltage and its effects on the 

input/output performance of IMC are not explored. 

For the conventional two-level voltage source 

inverter (VSI), which is supplied by the fixed dc- 

 
Figure. 3 Space vector diagram of the rectifier stage 

 

 
Figure. 4 Space vector diagram of the inverter stage 

 

source, the complete correlation between SVPWM 

and the carrier-based PWM (CBPWM) has been 

deduced in [20]. However, in the IMC topology, the 

dc-link voltage generated by the rectifier stage is not 

constant. The average value of the dc-link voltage 

vacillates with the frequency of six times of input 

voltage frequency. 

In this paper, a simple approach to realize the 

CBPWM method for IMC is investigated based on 

space vector analysis, which uses only one 

symmetrical triangular carrier signal to generate 

PWM signals for all switches of both the rectifier and 

the inverter stages, which we have already introduced 

succinctly in [22]. The several possibilities by adding 

an offset voltage to the reference output voltages in 

the CBPWM method are discussed according to the 

particular disposition and distribution of zero vectors 

in the SVPWM method. Three continuous CBPWM 

and two discontinuous CBPWM methods are 

presented in this paper. The effects of the offset 

voltage on the converter output performance are 

quantified.  

This paper also describes the realization of 

proposed CBPWM method based on the cooperation 

of digital signal processing (DSP) TMS320F28335 

and complex programmable logic device (CPLD) 

Alera-EPM7128. Herein, 3-bit encoded data and 10 
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PWMs, which are the output signals of DSP, are 

transmitted to the CPLD. The function of CPLD is to 

generate 12 gating pulses for 6 bidirectional switches 

in the rectifier stage and 6 unidirectional switches in 

the inverter stage. It is shown that the proposed 

CBPWM could easily be implemented due to only 

one up/down counter in DSP is used. Compared with 

the SVPWM method, the proposed method is much 

simpler, and the calculation time reduction is 

obtained. The sinusoidal waveforms of the input 

current/output voltage of the IMC are obtained with 

the proposed method. 

This paper is organized as follows: the paper 

firstly reviews the operational principles and the 

space vector analysis of the IMC in Section II. 

Section III describes the proposed CBPWM and the 

relationship between CBPWM and SVPWM 

methods. The results of performance analysis in term 

of output voltage distortion with different CBPWM 

schemes are provided in section IV. The prototype 

experiments and experimental results are shown in 

section V to verify the validity of the proposed 

method. Finally, Section VI offers some conclusions. 

2. Space vector modulated indirect matrix 

converter 

2.1 Operation principle 

As shown in Fig. 2, IMC topology consists of a 

rectifier stage at ac source side and an inverter stage 

at the load side. The rectifier stage is similar to the 

traditional one except that all the six switches are 

bidirectional switches. The purpose of the rectifier 

stage is to maintain sinusoidal input currents as well 

as to supply the positive dc-link voltage. In the 

inverter stage, the arrangement of switches as the 

same structure as the conventional two-level VSI. 

The output voltage with variable frequency and 

amplitude can be synthesized by controlling the 

inverter stage. The SVM for the IMC, was introduced 

in [7, 15, 17], is based on the space vectors analysis 

of input current and output voltage under the 

constraint of unity input power factor. The SVM 

produces a combination of vectors to synthesize the 

input current and output voltage vectors in the 

rectifier and inverter stages, respectively. Once the 

vectors and their duty cycles are determined, the 

switching pattern of the converter is obtained by 

combining the switching states from two stages in 

order to keep balanced input and output currents.  

2.2 Space vector modulation 

It is assumed that balanced three-phase supply 

voltages are given as:  

 

                      𝑣𝑎 = 𝑉𝑖𝑛 𝑐𝑜𝑠(𝜔𝑖𝑛𝑡) 

 𝑣𝑏 = 𝑉𝑖𝑛 𝑐𝑜𝑠 (𝜔𝑖𝑛𝑡 − 2
𝜋

3
)                 

                      𝑣𝑐 = 𝑉𝑖𝑛 𝑐𝑜𝑠 (𝜔𝑖𝑛𝑡 − 4
𝜋

3
)             (1) 

 

where Vin is the input voltage magnitude and in is the 

input angular frequency.  

To explain the SVM method for rectifier stage control, 

it is convenient to define the input current and output 

voltage space vectors as follow: 

 

𝑖𝑖𝑛 =
2

3
(𝑖𝑎 + 𝑖𝑏𝑒𝑗

2𝜋

3 + 𝑖𝑐𝑒𝑗
4𝜋

3 ) = 𝐼𝑖𝑛𝑒𝑗𝜃𝑖𝑛   (2) 

 

�⃗�𝑜𝑢𝑡 =
2

3
(𝑣𝐴 + 𝑣𝐵𝑒𝑗

2𝜋

3 + 𝑣𝐶𝑒𝑗
4𝜋

3 ) = 𝑉𝑜𝑢𝑡𝑒𝑗𝜃𝑜𝑢𝑡   

(3) 

 

The space vector of the rectifier stage is 

composed of six active current vectors with fixed 

directions and three zero vectors as shown in Fig. 3. 

Each vector represents the connection of the input 

voltage to the dc-link bus. For example, the active 

current vector Iab represent the connection of input 

phase “a” to the positive pole and input phase “b” to 

the negative pole of the dc-link bus, respectively. The 

zero vectors Iaa, Ibb, Icc represent that there is no 

connection between the input voltage and the dc-link 

bus.  

The SVM for the inverter stage is based on the 

representation of the three phase quantities as vectors 

in a two dimensional plane. The SVM comprises 

eight space vectors V0~V7, where V1~V6 are active 

vectors and V0, V7 are zero vectors as shown in Fig. 

4. Each space vector refers to the connection of the 

output phase voltage to the dc-link. For example, the 

space vector V1(100) represents the connection of the 

output phase “A” to the positive pole and “B”, “C” 

to the negative pole of dc-link bus, respectively. 

For the sake of explaining the SVM method, we 

assume that both the reference input current and 

reference output voltage vectors are located in sector 

1 without missing the generality of the analysis           

(-π/6inπ/6 and 0outπ/3). 

As illustrated in Fig. 3, the reference input current 

𝑖𝑖𝑛can be derived from the combination of two active 

vectors Iac and Iab. The duty cycles d, d of two active 

vectors Iac, Iab are given by: 

 

𝑑𝛿 = 𝑚𝑟𝑒𝑐 𝑠𝑖𝑛 (𝜃𝑖𝑛 +
𝜋

6
)                  (4) 

 

𝑑𝛾 = 𝑚𝑟𝑒𝑐 𝑠𝑖𝑛 (
𝜋

6
− 𝜃𝑖𝑛)                 (5) 



Received:  June 2, 2020.     Revised: August 25, 2020.                                                                                                     310 

International Journal of Intelligent Engineering and Systems, Vol.13, No.6, 2020           DOI: 10.22266/ijies2020.1231.27 

 

where mrec is the rectifier stage modulation index and 

in is the angle of the reference input current vector 

𝑖𝑖𝑛. 

In the modulation of the rectifier stage, the zero 

vectors are not considered in order to obtain the 

maximum dc-link voltage. Hence, the duty cycles of 

two active vectors Iab, Iac in Eqs. (4) and (5) are 

recalculated as follows: 

 

𝑑𝑥 =
𝑑𝛿

𝑑𝛾+𝑑𝛿
= −

𝑣𝑐

𝑣𝑎
                     (6) 

 

𝑑𝑦 =
𝑑𝛾

𝑑𝛾+𝑑𝛿
= −

𝑣𝑏

𝑣𝑎
                      (7) 

 

The average value of dc-link voltage in the sector 1 

is: 

 𝑉𝑑𝑐 = 𝑑𝑥(𝑣𝑎 − 𝑣𝑐) + 𝑑𝑦(𝑣𝑎 − 𝑣𝑏) =
3

2

𝑉𝑖𝑛
2

𝑣𝑎
   (8) 

 

By similar approach, the duty cycles of 

modulated switches, the instantaneous and average 

values of dc-link voltage are obtained in Table 1 

(Appendix) according to the input current sector. The 

minimum and maximum values of the average dc-

link voltage are: 

 

𝑉𝑑𝑐(𝑚𝑖𝑛) =
3

2
𝑉𝑖𝑛                        (9) 

 

𝑉𝑑𝑐(𝑚𝑎𝑥) = √3𝑉𝑖𝑛                     (10) 

 

In the inverter stage, two active voltage vectors 

V1, V2 are used to synthesize the reference output 

voltage vector�⃗�𝑜𝑢𝑡 . The duty cycles of two active 

vectors are given by: 

 

 𝑑1 =
√3

2
𝑚𝑖𝑛𝑣 𝑠𝑖𝑛 (

𝜋

3
− 𝜃𝑜𝑢𝑡)                (11) 

 

𝑑2 =
√3

2
𝑚𝑖𝑛𝑣 𝑠𝑖𝑛(𝜃𝑜𝑢𝑡)                   (12) 

 

Two zero vectors V0, V7 are applied to complete 

the control sampling period, and the duty cycles for 

each zero vector are: 

 

𝑑7 = 𝑘(1 − 𝑑1 − 𝑑2)                    (13) 

 

𝑑0 = (1 − 𝑘)(1 − 𝑑1 − 𝑑2)                (14) 

 

where minv is the inverter stage modulation index; out  

is the angle of the reference input current vector �⃗�𝑜𝑢𝑡;  

d1, d2, d0, and d7 are the duty cycles of voltage space 

vectors V1, V2, V0, and V7, respectively; k is the 

distribution factor of two zero vector V7 and V0 (0  k 

 1). 

The inverter stage modulation index is expressed 

by 

 

𝑚𝑖𝑛𝑣 =
2𝑉𝑜𝑢𝑡

𝑉𝑑𝑐
                          (15) 

 

The voltage transfer ratio of IMC is defined as 

follows: 

 

𝑚 =
𝑉𝑜𝑢𝑡

𝑉𝑖𝑛
                             (16) 

 

According to (8) - (16), the voltage transfer ratio 

m cannot be higher than 0.866 because all duty cycles 

should be positive. 

To obtain the balanced output voltages in the 

same sampling period, the switching pattern of the 

IMC should produce all combination of the rectifier 

and the inverter switching states. There are two 

switching states in the rectifier stage. Hence, the 

switching states in inverter stage should be divided 

into two groups. The duty cycle of active vectors and 

zero vectors of the output voltage space vectors in 

each group are calculated as follows: 

During the first switching state Iab is applied in 

the rectifier stage, the duty cycles of the V1, V2, V0, 

and V7 are determined as shown in (17). 

 

𝑑1x = 𝑑1𝑑𝑥;𝑑2x = 𝑑2𝑑𝑥;𝑑0x = 𝑑0𝑑𝑥;𝑑7x = 𝑑7𝑑𝑥 

(17) 

 

During the first switching state Iac is applied in the 

rectifier stage, the duty cycles of the V1, V2, V0, and 

V7 are determined as shown in (18). 

 

𝑑1y = 𝑑1𝑑𝑦;𝑑2y = 𝑑2𝑑𝑦;𝑑0y = 𝑑0𝑑𝑦;𝑑7y = 𝑑7𝑑𝑦 

(18) 

2.3 Switching sequence 

In order to simplify the current commutation, the 

zero dc-link current commutation is applied to 

control the rectifier stage of the IMC. The inverter 

stage should operate in the zero vectors when the 

switches in the rectifier stage are commutating. 

Therefore, all of currents in the rectifier stage are zero 

during the commutation time. The switching 

sequence of the IMC is arranged as shown in Fig. 5 

in case that both the rectifier stage and inverter stage 

are operated in sector 1. It can be seen that the state 

transitions of two switches Sbn and Scn in the rectifier 

stage occur during the time when the zero vector V0 

is applied in the inverter stage. 



Received:  June 2, 2020.     Revised: August 25, 2020.                                                                                                     311 

International Journal of Intelligent Engineering and Systems, Vol.13, No.6, 2020           DOI: 10.22266/ijies2020.1231.27 

 

Sbn

Scn

1

0

Ts

SA

SB

SC

Inverter stage
dx dy

d
7

x

d
2

x

d
1

x

d
0

x

d
0

y

d
1

y

d
2

y

d
7

y

Rectifier stage

Figure. 5 Switching sequence of the IMC 

3. Proposed CBPWM methods 

3.1 The proposed CBPWM method 

As presented in Section 2, 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 CBPWM method. 

In the CBPWM method, the PWM signals are 

generated by intersection between the modulation 

signals and the carrier signal. In order to find the 

relationship between the SVPWM and CBPWM, it 

had to find a set of modulation signals which are 

compared with the carrier signal to generate PWM 

signals same as the SVPWM method. 
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Fig. 6 explains the switching sequence and timing 

of the rectifier stage when the reference input current 

vector is located in sector 1 as shown in Fig. 3. In Fig 

6 (a), the upper switch of phase “a”, Sap, is always on 

state, while two lower switches of two input phases 

“b” and “c”, Sbn and Scn, are modulated. In half of 

one sampling period, the application time of the 

switch Sap is Ts/2 and the application time of the two 

switches Scn, Sbn are Tcn/2, Tbn/2, respectively. Fig. 6 

(b) shows the intersection of the modulation signals 

and the carrier signal: The symmetrical triangular 

carrier signal is described by 

 

  𝑣𝑡 = (
4

𝑇𝑠
𝑡 − 1) 𝑉𝑖𝑛                     (19) 

 

where 𝑣𝑡 is the instantaneous value of the carrier 

signal, and Ts is the control sampling period. 

Therefore, the two modulation signals, vap and vcn, 

which are used to generate the gate signals for two 

switches Sap and Scn, are given as follows: 

 

𝑣𝑎𝑝 = 𝑉𝑖𝑛                           (20) 

 

𝑣𝑐𝑛 = (2𝑑𝑥 − 1)𝑉𝑖𝑛                  (21) 

 

The gating pulse for the switch Sbn is 

complementary to that of switch Scn while all 

remaining switches (San, Sbp, Scp) are off state. 
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Fig. 7 illustrates the switching sequence of the 

inverter stage when the reference output voltage 

vector is located in sector 1. In one control sampling 

period, the dc-link voltage has two values. For 

example, when the reference input current vector is 

located in sector 1, the dc-link voltage is modulated 

between vac and vab. Therefore, the switching 

sequence is separated two groups with different duty 

cycle. From Fig. 6 (a) and Fig. 7 (a), we can see that 

the inverter switching frequency is twice of rectifier 

switching frequency. Therefore, to generate the gate 

signal for each switch in the inverter stage, two 

modulation signals are needed. Fig. 7 (b) shows the 

waveforms of two modulation signals, vC1 and vC2, 

and the carrier signal to produce the gate signal for 

upper switch SC. The pulse SC1 and SC2 are obtained 

from the comparison of two modulation signals vC1, 

vC2 with the symmetrical triangular signal vt. In order 

to have the same switching sequence as SVPWM 

shown in Fig. 7 (a), the gate signal for the switch SC 

can be obtained by using XNOR function as shown 

in Fig. 7 (c).  

 

𝑆𝐶 = 𝑆𝐶1 • 𝑆𝐶2 + �̄�𝐶1 • �̄�𝐶2               (22) 

 

From Fig. 7(a) and (b), the turn-on time of two 

pulses SC1 and SC2 are obtained as follows: 

 

𝑡𝐶1 = (1 − 𝑑7𝑦)
𝑇𝑠

2
                       (23) 

 

𝑡𝐶2 = 𝑑7𝑥
𝑇𝑠

2
                          (24) 

 

Substituting (21) and (22) into (17) for variable t 

yield: 

 

𝑣𝐶1 = 𝑉𝑖𝑛 (−2𝑑𝑦
𝑣𝐶+𝑣𝑜𝑓𝑓𝑠𝑒𝑡

𝑉𝑑𝑐
+ 𝑑𝑥)         (25) 

 

𝑣𝐶2 = 𝑉𝑖𝑛 (2𝑑𝑥
𝑣𝐶+𝑣𝑜𝑓𝑓𝑠𝑒𝑡

𝑉𝑑𝑐
− 𝑑𝑦)           (26) 

 

By similar calculation, two modulation signals 

vA1, vA2 used to generate the gate signal for the switch 

SA and two one vB1, vB2 used to generate the gate 

signals for the switch SB are given as follows 

 

𝑣𝐴1 = 𝑉𝑖𝑛 (−2𝑑𝑦
𝑣𝐴+𝑣𝑜𝑓𝑓𝑠𝑒𝑡

𝑉𝑑𝑐
+ 𝑑𝑥)           (27) 

 

𝑣𝐴2 = 𝑉𝑖𝑛 (2𝑑𝑥
𝑣𝐴+𝑣𝑜𝑓𝑓𝑠𝑒𝑡

𝑉𝑑𝑐
− 𝑑𝑦)             (28) 

 

𝑣𝐵1 = 𝑉𝑖𝑛 (−2𝑑𝑦
𝑣𝐵+𝑣𝑜𝑓𝑓𝑠𝑒𝑡

𝑉𝑑𝑐
+ 𝑑𝑥)           (29) 
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𝑣𝐵2 = 𝑉𝑖𝑛 (2𝑑𝑥
𝑣𝐵+𝑣𝑜𝑓𝑓𝑠𝑒𝑡

𝑉𝑑𝑐
− 𝑑𝑦)              (30) 

 

where the offset voltage voffset is determined in (31) 

and vA, vB, vC are three reference output voltages. 

 

𝑣𝑜𝑓𝑓𝑠𝑒𝑡 = − [(1 − 2𝑘)
𝑉𝑑𝑐

2
+ 𝑘𝑣𝐴 + (1 − 𝑘)𝑣𝐶]  

(31) 

 

Eqs. (25)–(30) are obtained when the reference 

output voltage vector is located in sector 1. Generally, 

when the offset voltage is chosen as (32), these 

equations are valid in case that the reference output 

voltage vector is located in other sector. 

 

𝑣𝑜𝑓𝑓𝑠𝑒𝑡 = − [(1 − 2𝑘)
𝑉𝑑𝑐

2
+ 𝑘𝑣𝑚𝑎𝑥 + (1 −

𝑘)𝑚𝑖𝑛 ]       (32) 

 

where vmax, vmin are the maximum and minimum value 

of three reference output voltages. 

 

𝑣𝑚𝑎𝑥 = 𝑚𝑎𝑥(𝑣𝐴, 𝑣𝐵, 𝑣𝐶)               (33) 

 

𝑣𝑚𝑎𝑥 = 𝑚𝑖𝑛(𝑣𝐴, 𝑣𝐵, 𝑣𝐶)                (34) 

Fig. 8 shows a block diagram of the CBPWM for 

the IMC. It can be seen that the implementation of 

generation of gating pulse in the rectifier and the 

inverter stages are independent. All required 

functions are easily implemented without complex 

calculations, and there is no need to coordinate the 

switching state of the rectifier and the inverter stages. 

3.2 Relationship between SVPWM and CBPWM 

Eqs. (11)-(18) and (25)-(30) represent the 

relationship between the SVPWM and CBPWM 
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methods. In the SVPWM method, the duty ratio of 

effective vectors which are used to synthesis the 

reference vectors are calculated based on the position 

of reference vectors and different distributions of two 

zero vectors V0 and V7 lead to different SVPWM 

schemes. By choosing suitable offset voltage, the 

CBPWM can be matched with the SVPWM method. 

Distribution of two zero vectors can be determined by 

using (32) for arbitrary offset voltage. There are 

typical four kinds of offset voltage, which are 

described as follows: 

1) Sinusoidal PWM  

voffset=0 leads the sinusoidal carrier-signal PWM 

(SPWM). According to the (31), its equivalent 

distribution of two zero vectors is 

 

𝑑0 =
1

2
(1 − 𝑚𝑖𝑛𝑣 𝑐𝑜𝑠 𝜃𝑜𝑢𝑡)               (35) 

 

𝑑7 = 1 − 𝑑0 − 𝑑7                             (36) 

 

Considering the fact that d00, the maximum 

modulation index in the inverter stage is inferred to 

be 1. Therefore, from (9), (15) and (16), the 

maximum voltage transfer ratio of the IMC with the 

SVM method is 0.75. 

2) Third harmonic injection PWM (3rdHPWM) 

This is the results of 𝑣𝑜𝑓𝑓𝑠𝑒𝑡 =

−
𝑚𝑖𝑛𝑣

6

𝑉𝑑𝑐

2
𝑐𝑜𝑠(3𝜃𝑜𝑢𝑡) leads to third harmonics 

injection PWM (3rdHPWM). The equivalent 

distribution of two zero vectors is obtained using (31) 

as 

 

 𝑑0 =
1

2
(1 − 𝑚𝑖𝑛𝑣 𝑐𝑜𝑠 𝜃𝑜𝑢𝑡 −

1

6
𝑐𝑜𝑠(3𝜃𝑜𝑢𝑡)) (37) 

 

 𝑑7 = 1 − 𝑑0 − 𝑑7                 (38) 

 

Due to the positive of duty cycles of zero vectors, 

(37) determines the maximum modulation index in 

the inverter stage to be 
2

√3
. Therefore, the maximum 

voltage transfer ratio of the IMC with the 3rdHPWM 

is 0.866. 

3) Symmetrical PWM (SYPWM) 

The distribution is equal for two zero vectors, 

k=0.5. Therefore, the result of offset voltage 

is 𝑣𝑜𝑓𝑓𝑠𝑒𝑡 = −
1

2
(𝑣𝑚𝑖𝑛𝑚𝑎𝑥)  and the obtained 

maximum voltage transfer ratio is 0.866. The 

corresponding of d0 and d7 is given as 

 

𝑑0 = 𝑑7 =
1

2
(1 − 𝑑1 − 𝑑2)              (39) 

 

4) Discontinuous PWM (DPWM)  

In this method, only one zero vector is chosen in 

the switching pattern. The DPWM method is 

classified into two types. In the first DPWM method 

(DPWM1), the sequence of the switching is selected 

as V0–V1–V2–V2–V1–V0. In the second DPWM 

method (DPWM2), the sequence of the switching is 

selected as V7–V2–V1–V1–V2 –V7. 

For the DPWM1, the duty cycles of the two zero 

vectors are: 

 

𝑑7 = 0                                 (40) 

 

𝑑0 = 1 − 𝑑1 − 𝑑2                           (41) 

 

The SVPWM method with the distribution of 

zero vectors shown in (40), (41) equivalents the 

CBPWM method when the offset voltage is given as 

 

𝑣𝑜𝑓𝑓𝑠𝑒𝑡 = −
𝑉𝑑𝑐

2
− 𝑣𝑚𝑖𝑛                      (42) 

 

For the DPWM2, the duty cycles of the two zero 

vectors are: 

 

 𝑑0 = 𝑑7 =
1

2
(1 − 𝑑1 − 𝑑2)                   (43) 

 

The SVPWM method with the distribution of 

zero vectors shown in (40), (41) has matched the 

CBPWM method when the offset voltage component 

is chosen as (44) 

 

𝑣𝑜𝑓𝑓𝑠𝑒𝑡 =
𝑉𝑑𝑐

2
− 𝑣𝑚𝑎𝑥                      (44) 

4. Experimental setup and results 

4.1 Experimental setup 

The block diagram of the implementation of 

CPWM based on DSP and CPLD is shown in Fig. 9. 

The DSP is the main controller which executes the 

main programs including analog/digital converter, 

communicating with PC through serial 

communication interface (SCI) and with oscilloscope 

through peripheral communication interface (SPI). 

The function of DSP is to generate PWM signals by 

comparing the modulation signals with the triangular 

carrier signal. These PWM signals are fed to the 

CPLD. The pulse signals, which are used to control 

the power devices in the inverter stage, are obtained 

by using XNOR and NOT functions. These functions 

are implemented by CPLD.  

To validate the performance of the CPWM 

method, the experiments are carried out by using the 

balanced three-phase power supply, three-phase RL  
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Figure. 9 The block diagram of the CBPWM 
 

 
Figure. 10 The experimental setup of IMC. 

 

load and LC filter. The parameters of the 

experimental system are given section IV. The 

control system is implemented by a 32-bit DSP 

TMS320F28335 operating with a clock frequency of 

150 MHz and a CPLD EPM7128SLC84-15. The 

power switch IGBTs – G4PF50WD – have been used 

to implement the power circuit in the rectifier and the 

inverter stage. The carrier signal is 10 kHz 

symmetrical triangular signal, which is generated by 

up/down counter in DSP. The laboratory IMC 

prototype is shown in Fig. 10. The system parameters 

are given as following: 

- Three-phase power supply for the IMC is set 

at 100V (Vin=100V) and the input frequency is 60Hz 

(fin=60Hz). 

- Input filter inductance L=1mH, input filter 

capacitance C=25μF. 

- Three-phase RL load: R= 12Ω, L= 10mH. 

- The output frequency: fout = 50Hz. 

- The voltage transfer ratio: m=0.6.  

- Carrier frequency fcarrier=10kHz (Ts =100μs). 

4.2 Experimental results 

Figs. 11-15 show the waveform of input and 

output performances with DPWM1, DPWM2, 

SPWM, 3rdHYPWM and SYPWM, respectively. As 

can be seen, all input and output currents are almost 

sinusoidal waveforms except for the ripple due to the 

switching behavior. There is a small displacement 

angle between the input voltage and input current due 

to the input filter effect. 

From the experimental results, it can be seen that 

the performance of the IMC such as sinusoidal  

 vA

5A/div 50V/div 5ms/div

va

ia

iA

20 dB/div 20 kHz/div

FFT of VA

Figure. 11 Input voltage (va), input current (ia), output 

voltage (vA), output current (iA) with DPWM1 strategy 

 

 vA

5A/div 50V/div 5ms/div

va ia

iA

20 dB/div 20 kHz/div

FFT of VA

 
Figure. 12 Input voltage (va), input current (ia), output 

voltage (vA), output current (iA) with DPWM2 strategy 

 

5A/div 50V/div 5ms/div

 vA

iA
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20 dB/div 20 kHz/div
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Figure. 13 Input voltage (va), input current (ia), output 

voltage (vA), output current (iA) with SPWM strategy 

 

5A/div 50V/div 5ms/div

 vA

iA

va

ia

20 dB/div 20 kHz/div

FFT of VA

Figure. 14 Input voltage (va), input current (ia), output 

voltage (vA), output current (iA) with 3rdHPWM strategy 



Received:  June 2, 2020.     Revised: August 25, 2020.                                                                                                     315 

International Journal of Intelligent Engineering and Systems, Vol.13, No.6, 2020           DOI: 10.22266/ijies2020.1231.27 

 

 vA

5A/div 50V/div 5ms/div
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Figure. 15 Input voltage (va), input current (ia), output 

voltage (vA), output current (iA) with SYPWM strategy 

 

waveforms for both the input and 

output currents can be achieved by using the 

proposed CBPWM methods. 

In DPWM1 and DPWM2 methods, only one 

active vector is used to synthesize the reference 

output voltage in the inverter stage. Therefore, in 

order to guarantee the zero dc-link current 

commutation in the rectifier stage, we have to insert 

a small interval for zero vectors at the sector 

transition. Therefore, the narrow pulses during sector 

transition in the rectifier stage cause some 

unexpected peaks in the input currents, as shown in 

Figs. 12 and 13. In a comparison with the input 

current waveform of DPWM method, input current 

waveforms of SPWM, 3rdHPWM and SYPWM do 

not contains the unexpected peaks. 

4.3 Output voltage quality 

The notion of harmonic flux on per-carrier cycle 

is useful to evaluate the waveform quality.  The 

analysis of harmonic flux produced by the changing 

of the selected input current and output voltage 

vectors is adopted in [22, 23].  

The per-carrier cycle harmonic flux error of the 

output voltage is calculated as follows: 

 

𝜓ℎ = ∫ (𝑣𝑘 − 𝑣𝑜𝑢𝑡)
𝑇𝑠

0
𝑑𝑡                  (45) 

 

where vk is the output voltage vector of the k’th 

state, it changes according to the selected switching 

sequence of the rectifier and the inverter stages within 

the carrier cycle.  

The per-carrier cycle harmonic flux error is 

normalized with respect to fundamental flux which is 

calculated by product the magnitude input phase 

voltage and half of control sampling period. 

 

𝜓𝑛 =
2

𝑇𝑠𝑉𝑖𝑛
𝜓ℎ                        (46) 

 

 
Figure. 16 The RMS value of harmonic flux as a function 

of voltage transfer ratio 

 

The mean square ripple of the harmonic flux of 

output voltage during the carrier cycle can be 

calculated as shown in 

 

𝐹𝜓
2 =

1

𝑇𝑠
∫ 𝜓𝑛𝑟

2 + 𝜓𝑛𝑖
2𝑇𝑠

0
𝑑𝑡                (47) 

 

where nr
and ni

are the real and image 

components of the normalized harmonic flux error 

n
. 

The total RMS harmonic distortion factor is 

defined as the RMS flux ripple over an input sector 

and an output sector, as follows: 

 

 𝜓𝑅𝑀𝑆 = √
9

𝜋2 ∫ ∫ 𝐹𝜓
2𝑑𝜃𝑖𝑛𝑑𝜃𝑜𝑢𝑡

𝜋/6

−𝜋/6

𝜋/3

0
   (48) 

 

Fig. 16 shows the mean square ripple of the 

harmonics flux of output voltage as a function of the 

input current angle in and output voltage angle out 

at the voltage transfer ratio m of 0.6. Fig. 12 shows 

the RMS value of the harmonic flux of output voltage 

with different modulation schemes for various values 

of voltage transfer ratio. As can be seen, the best 

quality of the output voltage can be obtained with the 

SYPWM method.  

5. Conclusion 

In this paper, the novel CBPWM for the IMC is 

presented. The algorithm is easy to implement 

because it uses only one symmetrical triangular 

carrier with the fixed slopes to generate PWM signals. 

Furthermore, the proposed CBPWM is generalized 

by analysing the correlation between the CBPWM 

and SVPWM. The relationship between the 

distribution of zero vectors in SVPWM method and 

the type of the offset voltage in CBPWM method is 

derived and it is proven the proposed CBPWM 

method can generate any kind of the space vector 
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modulation scheme in SVPWM. A comparative 

evaluation of output performance with different 

CBPWM schemes is presented. It is shown that the 

sinusoidal input and output currents are obtained with 

all the CBPWM schemes.  Furthermore, with this 

proposed CBPWM method, the calculation time is 

significantly reduced. The calculation time of the 

SVPWM method is 45 μs, while the calculation time 

of the proposed method is 22 μs. 
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Appendix 
Table 1. Modulated switches, duty cycles of active vector and dc-link voltage according to the input current sector 

Input 

sector 
int 

ON 

switch 

Modulated switches and duty 

cycles 

Instantaneous 

dc-link voltage 

(vdc) 

Average 

dc-link 

voltage 

(𝑽𝒅𝒄) 

1 -π/6 .. π/6 Sap Scn -vc/va Sbn -vb/va vac vab 
23 / 2in aV v  

2 π/6 .. π/2 Scn Sap -va/vc Sbp -vb/vc vac vbc −3𝑉𝑖𝑛
2 /2𝑣𝑐 

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

4 5π/6 .. 7π/6 San Sbp -vb/va Scp -vc/va vba vca −3𝑉𝑖𝑛
2 /2𝑣𝑎 

5 7π/6 .. 9π/6 Scp Sbn -vb/vc San -va/vc vca vcb 3𝑉𝑖𝑛
2 /2𝑣𝑐 

6 9π/6 .. 11π/6 Sbn Sap -va/vb Scp -vc/vb vcb vab −3𝑉𝑖𝑛
2 /2𝑣𝑏 

 


