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 Wind power generation is an increasing trend worldwide. Multilevel 

converters in this regard are playing an essential role in high power system 

applications due to various features. In this paper, multi-objective optimization 

based multilevel matrix converter (MOMMC) is proposed for wind energy 

conversion system. The assessment of feasibility through the discussion of two 

objectives: reliability and cost have been considered in this study. Initially, the 

model of the two objectives is assessed against redundancy configuration and 

power loss. Then a multi-objective function is defined for achieving low cost 

and high reliability. The optimal topology for the matrix multi-level converter 

is determined using the membership function, and the solution is selected from 

the Pareto-optimal set. The reliability and cost analysis of the proposed 

MOMMC is performed. Simulation is carried out for the proposed multi-

objective optimization based multilevel matrix converter using the PSIM 

software. To establish the validity of the proposed method, two different cases: 

1) fixed and 2) variable speed of 9 MW doubly-fed induction generator-based 

wind energy system are considered. Finally, a comparison is carried out for the 

two cases of the proposed method. The results show the superiority of the 

proposed method and are suitable for wind energy conversion systems. 
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1. INTRODUCTION 

Among the widely used induction generator types, the doubly-fed induction generator (DFIG) has been 

proven to be the best for the variable speed wind energy conversion system. The prospects of low maintenance 

and cost efficiency make DFIG superior to others [1]. The direct power conversion method, without passive 

components in the DC-link, has been studied by Wheeler et al. by incorporating all power electronic systems 

for getting sinusoidal output current [2]. Another topology of matrix converter called indirect matrix converter 

contains current-source rectifier and voltage-source inverter. The performance characteristics of this topology 

are similar to that of the direct matrix converter [3,4]. But the DC-link provides options like multi-switching 

frequencies in the input and output thereby reducing losses, changing the magnitude of the DC-link voltage, 

achieving a multi-drive operation, and enhancement of the output voltage level [5].              

The half and full-bridge submodules (FBS) present in the hybrid type modular multilevel converters can 

manage the DC fault problem [6]. So the rate of failure and the cost of hybrid type modular multilevel 

converters (MMC) are higher under normal conditions as compared with half-bridge MMC [7]. On the other 

hand, the performance of alternate arm converter is better in terms of DC fault ride-through capability, as 
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compared with half-bridge MMC. The advantages are multiple: smaller capacitor sizing, less power loss, and 

fewer FBS [8,9]. Conversely, the alternate arm converter has few disadvantages such as the over-utilization of 

power devices vis-à-vis the hybrid MMC and also that it requires DC filter with complex control method [10]. 

As a result, hybrid MMC is widely used as a converter topology in a wind energy conversion system. Due to 

the DC-fault ride-through capability and low harmonic rate, hybrid MMC, as compared to conventional three-

level converters, has various benefits. However, the rate of failure and the cost are higher. The power converters 

situated in remote areas require high-reliability systems [11]. Medium voltage applications are used in active 

redundancy configurations because pre-charging is not required during faulty conditions and fewer harmonics. 

Two different redundancy configurations namely: 1) voltage-sharing and 2) fixed level are used. The voltage 

sharing offers high reliability, less voltage stress, and high efficiency [12]. With increased reliability, saturation 

effect is guaranteed which then increases the total cost. The reliability and cost of the various submodules 

should be computed and the optimal topology of the hybrid MMC for wind energy conversion has to be derived 

using a multi-objective model [13,14]. 

Numerous articles have paid researched into wind energy generation based on DFIG. A part of them have 

delved into the performance and control study of generation system [15] while the rest have focused on energy 

storage systems [16]. However, few research articles have studied the plausibility of matrix converters in wind 

energy conversion [17]. The matrix converter with direct topology is extensively used due to its well-defined 

structure. Nevertheless, the multi-level matrix converter (MLMC) using indirect topology is also introduced in 

the wind energy generation system [18,19]. This approach is utilized at two-level construction one at the 

inverter stage and the full structure at the rectification stage.       

The redundancy configuration of MMC is optimized using various techniques. Xu et al. proposed a single 

objective function-based optimization method for setting a weighting factor for the redundancy configuration. 

The analysis of the redundant submodules under reliability conditions was carried out for the HVDC 

application [20]. To study the redundancy of hybrid MMC, an optimal design was proposed. Similarly, to 

analyze the interaction of the cost and reliability model of the same, Lagrange multiplier was used in the study 

[21]. However, a lack of proper cost-feasibility model can increase the total build expense. For the same, the 

optimal design is attained by incorporating the constraints of reliability and cost function. As a result, the 

performance of the system is boosted [22]. Kim and Lee proposed the relationship between the redundant 

module and the availability of half-bridge MMC. The experiment was conducted for the IGBT modules by 

considering different voltage ratings [23]. Diaz et al. suggested a vector control of a Modular MMC for a full 

operating frequency range. This method focused on the half-bridge MMC with a fixed number of submodules. 

Numerical analysis has been done for the hybrid MMC with active redundancy [24]. A comparison between 

half and full-bridge submodules has been drawn by Xie et al [25]. 

The reliability and cost analysis of the converters using multi-objective optimization takes the redundant 

submodules into consideration along with the determination of number of parallel modules is determined for 

the power system [26,27]. The multi-objective function used in the above literature does not provide rigorous 

results, particularly the maintenance cost, which cannot then be accessed in MMC used in wind turbines as 

they are not implicated on wind turbine applications. Therefore, earlier optimization techniques are not suitable 

to MLMC applications. The redundant submodules are thus seldom cogitated on cost and reliability analysis. 

To surmount the cited problems, a multi-objective optimization-based multilevel matrix converter 

(MOMMC) is proposed for the wind energy conversion system. This paper introduces a model for reliability 

and cost for different numbers of redundant submodules. The model can handle DC fault conditions. Using 

this model the investigation is conducted for reliability and cost consideration. A multi-objective function is 

defined which generates the optimal topology for MLMC. Hence, the proposed multi-objective technique, 

notably, is an appropriate choice for MMCs with other submodule configurations. It is also suitable for alternate 

arm converter topology because the component counts and adjusts the loss in power. The studied system 

including the doubly-fed induction generator (DFIG) is shown in Fig. 1. In this research, two different case 

studies: fixed speed and variable speed have been considered. Furthermore, the active and reactive power of 

DFIG, rotor current, and voltage using a three-level matrix converter is presented. The paper is organized into 

three further headings: Section 2 describes the basic operation of a multilevel matrix converter for a wind 

energy generation system. The active redundancy configuration in the hybrid MMC along with reliability and 

cost model is explicated in Section 3. Likewise, in Section 4, two different case studies for analyzing the 

reliability and cost with various sub-modules are described.  
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Figure 1. Diagram of the studied system 

 

2. MODELLING OF WIND ENERGY CONVERSION SYSTEM 

2.1. Multilevel matrix converter 

The model of multi-level matrix converter is expressed using the Power-Capacitor Voltage model and 

Voltage-Current model. The structure of the matrix converter is shown in Fig. 2. The obtained values are then 

articulated using double αβ0 transform based on the articles in [28, 29]. It is defined as:  

[𝑋𝛼𝛽0] = [𝐶][𝑋𝑎𝑏𝑐][𝐶]
𝑡      (1) 

where [C] and the subscript represent the Clarke transform and natural coordinates, respectively. Double αβ0 

transform offers advantages, like the decoupling of converter current and voltage and also reduction of 

complexity [30,31]. 

The main advantage of the voltage- and current-model of MLMC is to allow control of the active and reactive 

power independently owing to the uncoupled input and output of MLMC [31]. The application of double αβ0 

transform on the voltage and current of this model is based on [30] is given as: 

  √3 [

0 0 0
0 0 0
𝑣𝑚𝛼 𝑣𝑚𝛽 0

] = 𝐿𝑐
𝑑

𝑑𝑡
[

𝑖𝛼𝛼 𝑖𝛽𝛼 𝑖0𝛼
𝑖𝛼𝛽 𝑖𝛽𝛽 𝑖0𝛽
𝑖𝛼0 𝑖𝛽0 𝑖00

] + [

𝑣𝛼𝛼 𝑣𝛽𝛼 𝑣0𝛼
𝑣𝛼𝛽 𝑣𝛽𝛽 𝑣0𝛽
𝑣𝛼0 𝑣𝛽0 𝑣00

] + √3 [

0 0 𝑣𝑔𝛼
0 0 𝑣𝑔𝛽
0 0 0

] + [
0 0 0
0 0 0
0 0 3𝑣𝑛

]                                                                         

(2) 

where the subscripts ‘m’ and ‘g’ represent the voltage related to the machine and grid side respectively. The 

currents: 𝑖𝛼𝛼, 𝑖𝛽𝛼, 𝑖𝛼𝛽, and 𝑖𝛽𝛽 are the circulating currents, also called the internal current of the converter. 

Likewise, the currents  𝑖0𝛽 and 𝑖0𝛽 dependent only on the output currents while  𝑖𝛽0 and 𝑖𝛼0 dependent on input 

currents. Furthermore, the voltages 𝑣𝛼𝛼, 𝑣𝛽𝛼 , 𝑣𝛼𝛽, and 𝑣𝛽𝛽 internal variables, are related to the circulating 

current. 𝑣𝑛 is the common-mode voltage. 
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Figue 2. Basic arrangement of matrix converter 

 

2.2. Power-voltage model of MLMC 

This model permits to relate the power flow of MLMC and the capacitor voltages. The cluster capacitor 

voltage is the sum of all capacitor voltages inside the cluster. If the capacitor with a continuous voltage 𝑣𝑐
∗ has 

a low ripple than the voltage of cluster capacitor, Vcmn is close to 𝐾𝑣𝑐
∗. The total power of the cluster Pmn (since 

voltage of all the capacitors is equal) is defined as: 

𝑃𝑚𝑛 = 𝐾𝑣𝑐
∗ 𝑑

𝑑𝑡
𝑉𝑐𝑚𝑛                              (3) 

Double αβ0 transformation is employed to transform the system. But, as the, cluster capacitor voltage 

consists of various frequency terms [29] another transform is required: the ∑∆ transform which is utilized to 

express the power-cluster capacitor voltage with one oscillating component. Thus, the Double αβ0-∑∆ 

transform applied to power-voltage (cluster capacitor voltage) for the proposed MLMC is expressed as: 

  

[
 
 
 
 
 𝑋1𝛼

∑𝑣

𝑋1𝛽
∑𝑣

𝑋2𝛼
∑𝑣

𝑋2𝛽
∑𝑣
]
 
 
 
 
 

=
1

2
[

1 0 0 1
0 1 −1 0
1
0

0
1

0 −1
1 0

]

[
 
 
 
𝑋𝛼𝛼
𝑋𝛼𝛽
𝑋𝛽𝛼
𝑋𝛽𝛽]

 
 
 

                             (4) 

Equation 3 rewritten yields the relation below as a new component which expresses power-voltage model 

of MLMC in ∑∆ double-αβ0 coordinates: 

𝐾𝑣𝑐
∗ 𝑑

𝑑𝑡
[

𝑣𝑐1𝛼
∑∆ 𝑣𝑐1𝛽

∑∆ 𝑣𝑐0𝛼

𝑣𝑐2𝛼
∑∆ 𝑣𝑐2𝛽

∑∆ 𝑣𝑐0𝛽
𝑣𝑐𝛼0 𝑣𝑐𝛽0 𝑣𝑐00

]  ≈ [

𝑃1𝛼
∑∆ 𝑃1𝛽

∑∆ 𝑃0𝛼

𝑃2𝛼
∑∆ 𝑃2𝛽

∑∆ 𝑃0𝛽
𝑃𝛼0 𝑃𝛽0 𝑃00

]             (5) 

In equation (5) all the terms except 𝑣𝑐00 internal oscillation or voltage variances of cluster capacitor. 

These oscillations are eliminated by properly regulate the internal power flow of the MLMC and turning the 

system into a balanced state. The power vectors 𝑃1𝛼𝛽
∑∆

, 𝑃2𝛼𝛽
∑∆

, 𝑃𝛼𝛽
00 , and 𝑃00

𝛼𝛽
 are expressed  based on [31, 32] as: 

𝑃1𝛼
∑∆ =

(𝑣𝑘𝛼𝑖ℎ𝛼−𝑣ℎ𝛼𝑖𝑘𝛼)+(𝑣𝑘𝛽𝑖ℎ𝛽−𝑣ℎ𝛽𝑖𝑘𝛽)
⏞                          

𝑁𝐶𝐶

6
+
(𝑣𝑘𝛼𝑖2𝛼

∑∆
−𝑣𝑘𝛽𝑖2𝛼

∑∆)+(−𝑣ℎ𝛼𝑖2𝛼
∑∆
−𝑣ℎ𝛼𝑖2𝛽

∑∆)
⏞                            

𝑆𝐶𝐶

√6
− 𝑣𝑛𝑖1𝛼

∑∆⏞  
𝐹𝐶𝐶

         (6)   

𝑃1𝛽
∑∆ =

(𝑣𝑘𝛼𝑖ℎ𝛽−𝑣ℎ𝛽𝑖𝑘𝛼)−(𝑣𝑘𝛽𝑖ℎ𝛼−𝑣ℎ𝛼𝑖𝑘𝛽)

6
+
(𝑣𝑘𝛼𝑖2𝛽

∑∆
−𝑣𝑘𝛽𝑖2𝛼

∑∆)+(−𝑣ℎ𝛼𝑖2𝛽
∑∆
−𝑣ℎ𝛼𝑖2𝛼

∑∆)

√6
− 𝑣𝑛𝑖1𝛼

∑∆
    (7) 

  𝑃2𝛼
∑∆ =

(𝑣𝑘𝛽𝑖ℎ𝛼−𝑣ℎ𝛼𝑖𝑘𝛽)+(𝑣𝑘𝛽𝑖ℎ𝛽−𝑣ℎ𝛽𝑖𝑘𝛽)

6
+
(𝑣𝑘𝛼𝑖1𝛼

∑∆
−𝑣𝑘𝛽𝑖1𝛽

∑∆)+(−𝑣ℎ𝛼𝑖2𝛼
∑∆
+𝑣ℎ𝛼𝑖1𝛽

∑∆)

√6
− 𝑣𝑛𝑖2𝛼

∑∆
            (8)         

𝑃2𝛽
∑∆ =

(𝑣𝑘𝛽𝑖ℎ𝛽−𝑣ℎ𝛽𝑖𝑘𝛽)+(𝑣𝑘𝛽𝑖ℎ𝛼−𝑣ℎ𝛼𝑖𝑘𝛽)

6
+
(𝑣𝑘𝛼𝑖1𝛽

∑∆
−𝑣𝑘𝛽𝑖1𝛼

∑∆
)+(𝑣ℎ𝛼𝑖1𝛽

∑∆
+𝑣ℎ𝛽𝑖1𝛼

∑∆
)

√6
− 𝑣𝑛𝑖2𝛽

∑∆
           (9)   
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Where * represent the complex conjugate of the sinusoidal variables. Similarly, NCC, SCC, and FCC 

represent the non-controllable components, semi-controllable components, and full controllable components, 

respectively. 

 

2.3. Model of DFIG 

Nowadays, wind energy conversion systems with doubly-fed induction generator (DIFG) are common 

[33,34]. The rotating frame called the dq frame of DIFG (stator and rotor) is given in equations (1) & (2). The 

stator voltage is noted as (Vsdq) and the direction of flow as (𝜑𝑠𝑑𝑞). The rotor dq frame corresponding to current 

and voltage are termed as 𝑖𝑟𝑑𝑞  and 𝑉𝑟𝑑𝑞. The other machine parameters namely the stator inductance (SL), stator 

resistance (Sr), rotor resistance (Rr), rotor inductance (RL),  mutual inductance (ML), the time constant of the 

stator (τ), and leakage coefficient of the stator (σ), are also noted. The slip angle (𝜑𝑠𝑙) obtains the vector 𝑉𝑟𝑑𝑞 =

(𝑉𝑟𝛼𝛽)𝑒
−𝑗𝜑𝑠𝑙while the stator angle (𝜃𝑠) is used to obtain 𝑉𝑠𝑑𝑞 = (𝑉𝑠𝛼𝛽)𝑒

−𝑗𝜃𝑠  which then is furthered: 

          [
𝑉𝑠𝑑
𝑉𝑠𝑞
] =

𝑅𝑠

𝐿𝑠
[
𝜑𝑠𝑑
𝜑𝑠𝑞

] +
𝑑

𝑑𝑡
[
𝜑𝑠𝑑
𝜑𝑠𝑞

] + 𝜔𝑠 [
−𝜑𝑠𝑑
𝜑𝑠𝑞

] − 𝑅𝑠
𝐿𝑚

𝐿𝑠
[
𝑖𝑟𝑑
𝑖𝑟𝑞
]                    (10) 

[
𝑉𝑟𝑑
𝑉𝑟𝑞
] = 𝑆𝑅 [

𝑖𝑟𝑑
𝑖𝑟𝑞
] + 𝜎𝑅𝐿 [

𝑖𝑟𝑑
𝑖𝑟𝑞
] +

𝑀𝐿

𝑆𝐿

𝑑

𝑑𝑡
[
𝜑𝑠𝑑
𝜑𝑠𝑞

] + 𝜔𝑠𝑙𝜎𝑅𝐿 [
−𝑖𝑟𝑞
𝑖𝑟𝑑

] + 𝜔𝑠𝑙
𝑀𝐿

𝑆𝐿
[
−𝜑𝑠𝑞
𝜑𝑠𝑑

]                  (11) 

The electrical torque of the DFIG is solved using the Clarke Transformation: 

𝐸𝑇 = 𝑑(𝛼𝛽)𝑝𝑙
𝑀𝐿

𝑆𝐿
(𝜑𝑠𝑞𝑖𝑟𝑑 − 𝜑𝑠𝑑𝑖𝑟𝑞)                     (12) 

 

 

3. POWER LOSS, COST AND RELIABILITY MODEL OF MLMC 

3.1. Model of power loss 

The power devices used in the submodules produce power loss. It has been classified into switching loss 

and conduction loss. The average power loss for a particular duration is expressed based on [38] as:   

PLCI = VFIIACI + rIIACI
2            

PLCD = VFDIACD + rDIACD
2       

PLSI = fS(ELN + ELO) +
VCIASI

IRVR

PLSD = fSERD.
VCIASD

IRVR
                

     

}
 
 

 
 

                                (13) 

Where PLCI and PLCD represent the conduction loss at IGBT and diode, and PLSI & PLSD are switching loss 

of IGBT and diode, respectively. Likewise, VFI and VFD are the zero current forward voltage drop in IGBT and 

diode: IACD and IACI are the average current in conduction mode of diode and IGBT; and IASD and IASI are the 

average currents in switching mode of diode and IGBT. Similarly, rD and rI are the on state resistance of diode 

and IGBT; fs is the switching frequency; ELN and ELO are the energy loss in the ON and OFF state of IGBT; 

ERD is the reverse energy recovery of the diode; IR and VR are the rated current and voltage of the power 

module; and VC is the capacitor voltage.  

The right and left arm of the bridge used in the MLMC are shown in Fig. 3. The output voltage of the 

full-bridge under conduction mode is shown on the right side of Fig. 3(b). Similarly,the output characteristics 

of the full-bridge submodule used in MLMC is listed in Table 1. The conduction of the complementary arm is 

defined as mode 0 (Vcap) and mode 1 (Vcap). To generate two voltage levels, two modulating signals 𝑆𝐿(𝜔𝑡) =
(1 − 𝑚𝑎sin (𝜔𝑡))/2 and 𝑆𝑅(𝜔𝑡) = (𝑚𝑎 sin(𝜔𝑡) − 1)/2 are assigned for the full-bridge module used in the 

MLMC thereby achieving additional even loss distribution [38].        

 

Figure 3. Full bridge submodule and the corresponding output 
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The duty cycles of the devices used in the full bridge module is expressed based on [37] as:   

𝐷1(𝜔𝑡) = [1 − 𝑚𝑎𝑠𝑖𝑛(𝜔𝑡)]/2

𝐷2(𝜔𝑡) = [1 + 𝑚𝑎𝑠𝑖𝑛(𝜔𝑡)]/2

𝐷3(𝜔𝑡) = [3 − 𝑚𝑎𝑠𝑖𝑛(𝜔𝑡)]/4

𝐷4(𝜔𝑡) = [1 + 𝑚𝑎𝑠𝑖𝑛(𝜔𝑡)]/4

       

}
 

 

                            (14) 

Table 1. Output characteristics of full bridge submodule used in MLMC 

Full Bridge submodule VSM 

Left arm Right arm 

0 

0 

1 
1 

0 

1 

0 
1 

0 

-Vc 

Vc 
0 

 

Where d1 and d2 are the duty cycles of the power devices T1 and T2 used in the full-bridge module. D3 is 

used for T1 or T4, and D4 is used for T2 or T3, respectively. Based on equations (13) and (14) the simplified 

power loss model is expressed as:   

PLCI =
1

2π
∫ {[VFIia(ωt) + rIia

2(ωt)]dI(ωt)}
β2
β1

 dωt          

PLCI =
1

2π
∫ {[VFDia(ωt) + rDia

2(ωt)]dD(ωt)}
β4
β3

 dωt          

PLSI =
fSVdc(ELN+ELO)

2πNIRVR
∫ ia(ωt)dωt
β2
β1

PLSD = 
fSVdcERD

2πNIRVR
 ∫ ia(ωt)dωt
β4
β3

              }
  
 

  
 

                  (15) 

Where β1, β2, and  β3, β4 represent the IGBT conduction interval and diode conduction interval, 

respectively. The total power loss is estimated using equation (10) for the full-bridge module used in MLMC. 

However, the redundant modules of the converter also increase the total conduction loss.  

Table 2. Rate of failure of components of converter module 
Circuit Component Rate of failure No. 

Submodule Capacitor 

IGBT module 

0.0000876 

0.0003504 

1 

2/4 

Power circuit Custom ICs and circuit 0.0014279 1 

 

3.2. Model of reliability 

The reliability of the converter depends on the rate of failure of the devices in the submodule and the 

operating time. The failure probability of MLMC is given as: 

𝑅(𝑡) = 𝑒−𝛾𝑡                                                   (16) 

Where ‘t’ is the operating time, and ‘γ’ is the rate of failure. The rate of failure of the components of the 

submodule presented in the converter (refer to Fig. 1), contained in a driver PCB board. The rate of failure of 

the components is presented in Table 2 [13]. More to it, the rate of failure of the capacitor and IGBT due to 

voltage fluctuation and thermal stress are articulated in the acceleration factor and is defined as:  

   

  𝛾𝐼𝐺 = 𝛾𝐼𝐺𝑇𝐼𝐺𝐴𝐹𝐸𝑆𝐹𝐸𝑃𝐹       (17) 

𝛾𝑐 = 𝛾𝑐𝑇𝑐𝐴𝑐𝐸𝑐𝑃𝑐       (18) 

Where 𝛾𝑐and 𝛾𝐼𝐺 are the rates of failure of the capacitor and IGBT module at rated running condition. 𝑇𝑐 
and 𝑇𝐼𝐺are the temperature factors of the capacitor and IGBT module. 𝐴𝐹 , 𝐸𝑆, 𝐹𝐸𝑎𝑛𝑑 𝑃𝐹 stand for application 

factor, electric stress factor, environmental factor, and power rating factor respectively. Similarly, 

𝐴𝑐 , 𝐸𝑐 , 𝑎𝑛𝑑 𝑃𝑐  denotes the capacitor factor, series resistance factor, and voltage stress factor respectively. 

The MLMC must have the capacity to manage potential faulty submodules or else it is deemed unreliable. 

Hence, this situation calls for maintenance. Therefore, if the numbers of the faulty half-bridge and full-bridge 

are denoted as ‘a’ and ‘b’ respectively,  ‘a’ may be  more than the number of redundant half-bridge submodules 

per arm (NRH) but ‘b’ should not be exceed the number of redundant full-bridge submodule (NRF). This 

reliability then comprises two elements: 𝑎 ≥ 𝑁𝑅𝐻𝑎𝑛𝑑 𝑏 ≤ 𝑁𝑅𝐹 , the highest value of ‘b’ depends on ‘a’, and is 

represented as bmax(a). Accordingly, HB is the highest value to meet: NFB + 𝑁𝑅𝐹 − bmax(a) ≥

√3
4
⁄ × [M − 𝑎 − bmax(a)] and the reliability of this element is expressed as: 
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𝑟1 = ∑ {∑ 𝐶𝑠𝑚+𝑁𝑅𝐻
𝑎bmax(a)

𝑏=0 [(1 − 𝑟𝐻)
𝑎 . 𝑟𝐻

𝑁𝐻𝐵+𝑁𝑅𝐻−𝑎] × 𝐶𝑠𝑚+𝑁𝑅𝐻
𝑎 [(1 − 𝑟𝐹)

𝑎. 𝑟𝐹
𝑁𝐹𝐵+𝑁𝑅𝐹−𝑏]}

𝑁𝑅𝐻
𝑎=0         (19) 

where M=N+NRH+NRF, N being the number of submodules per arm. Similarly, NHB and NFB are the numbers 

of the half-bridge submodule and full-bridge submodule respectively. 

1) 𝑎 < 𝑁𝑅𝐻𝑎𝑛𝑑 𝑏 ≤ 𝑁𝑅𝐹 + 𝑁𝑅𝐻 − 𝑎. The number of fit submodule should obey the relation: 𝑁𝑅𝐹 ≤
NFB ≤ 𝑁𝐻𝐵. And should be greater than N. The reliability then is again expressed as: 

𝑟2 = ∑ {∑ 𝐶𝑠𝑚+𝑁𝑅𝐻
𝑎𝑁𝑅𝐻+𝑁𝑅𝐹−𝑎

𝑏=0
[(1 − 𝑟𝐻)

𝑎 . 𝑟𝐻
𝑁𝐻𝐵+𝑁𝑅𝐻−𝑎] × 𝐶𝑠𝑚+𝑁𝑅𝐻

𝑎 [(1 − 𝑟𝐹)
𝑎. 𝑟𝐹

𝑁𝐹𝐵+𝑁𝑅𝐹−𝑏]}
𝑁𝑅𝐻+𝑁𝑅𝐹
𝑎=𝑁𝑅𝐻+1

                                                                

(20) 

Finally, the reliability of MLMC is expressed as: 𝑅𝐸𝑀𝐿𝑀𝐶 = 𝑟1 + 𝑟2. 

The principal distinction between the reliability model of the proposed MLMC and the model presented 

in [7] is the fault ride-through capacity. The reliability model of [7] does not take fault ride-through capacity 

into consideration. The estimated reliability is almost equal for both the methods: in [7] and the proposed 

technique - provided that the value of NRH is small. However, if the value of NRH becomes greater as a result of 

aforementioned constraints of fault ride-through capacity, the reliability gets affected. 

 

3.3. Model of cost 

The cost of the proposed multilevel matrix converter for the wind energy conversion system is split into 

initial and functional outlays [24]. Fig. 4 shows that the initial cost comprises of the submodule and auxiliary 

cost while the functional cost comprises of power loss cost. The auxiliary cost viz. the cost of the IGBT module 

and the capacitor is considered 10% of the submodule cost [13]. The cost of the bypass switch and grading 

resistor is neglected in the initial cost [19].     

While the initial cost of the MLMC is directly proportional to the power rating of the converter, the 

submodule cost, however, is inversely proportional to N. The reliability increases if N value increases. The 

practical requirement is achieved by limiting the value of N between 7 and 20. Various parameters of the wind 

energy conversion system with an application of N=7 value is listed in Table 3.For the IGBT module, 

SEMIKRON SKiiP 11NAB066V1is preferably selected due to its 50% less requirement of operating voltage 

and voltage margin. The wind speed and cut-in speed of the wind turbine is 14 m/s and 5 m/s with the rated 

frequency of 10Hz. From an engineering point of view, the package of the chip and its size can be owed to the 

thermal and electrical behavior of the device. 

 

 

 
 

Figure 4. Various components of cost of MLMC for wind energy conversion system  

Therefore, the cost of the IGBT module is expressed as: 

𝐼𝐺𝑐𝑜𝑠𝑡 = ∑ 𝐷𝑐ℎ𝑖𝑝𝑃𝑐ℎ𝑖𝑝 + ∑𝑃𝑘𝑛      (21) 

Where Dchip, Pchip, and Pk are the value per chip area, chip area, and price of pack, respectively.  

Table 3. Various parameters of wind energy conversion system by applying N=7 
MLMC Submodule 

Rated voltage VR=10 kV Rated voltage of IGBT VG=4.5 kV 

Active power PA=9 MW Submodule capacitance Csub =20mF 

DC voltage Vdc=17 kV Switching frequency fs=510 Hz 

Inductance of the  
arm 

Larm=4.9 mH IGBT module rated current IGR=0.85 kA 

 

MLMC cost 

Initial cost Operational cost 

Submodule cost Auxiliary cost Auxiliary cost 
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Furthermore, the cost of a film capacitor is expressed as: 

∑𝐶𝑐𝑜𝑠𝑡 = 𝑥 + 𝑦. 𝑉𝑐 + 𝑧. 𝐶𝑠𝑢𝑏                     (22) 

Where x=1.02 Euro, y=0.05 Euro/V, and z=2.43 Euro/mF [38]. Csub and Vc are the capacitance of the 

submodule and the rated voltage of the capacitor. The ripple of the submodule of certain converter topology is 

required to be limited to determine Csub: the voltage ripple affects the energy control method. Furthermore, a 

few precise strategies are developed for limiting the voltage ripple of the converters. It will change the control 

method thereby resulting in the change in power loss. Hence, it should be necessarily implicated in the cost 

estimation. In this paper, the cost framework of a multilevel converter is provided in a standard functionality 

without considering a particular control technique. Therefore, the percentage of ripple (peak-to-peak) of the 

submodule (α) capacitor voltage is expressed as: 

𝛼 =
𝐼𝑚𝑁

2𝐶𝑠𝑢𝑏𝜔𝑟𝑉𝑑
[1 − (

𝑚𝑎𝑐𝑜𝑠𝜑

2
)
2

]
3/2

 (rad/s)                      (23) 

where 𝜔𝑟represents the angular frequency of the doubly-fed induction generator. The value of Vd, for the study, 

is chosen as 18 kV and 𝛼 is limited to 8 %. The capacitance value then is chosen higher than previously 

calculated with N. 𝐶𝑠𝑢𝑏 , 𝜔𝑟 , 𝑎𝑛𝑑 𝑉𝑑 are inversely proportional to 𝛼, but proportional to 𝐼𝑚𝑎𝑛𝑑 𝑁. The total 

loss (TL) of MLMC based on equation (3) along with the wind power cost (WC) is assumed as 0.10 Euro/kWh 

and the Baseline Capacity Factor (BCF)as 0.375. Also, the operating year of the device (OYd) is chosen as 20 

years and the function of the turbine per day (FT) as 9100 h. Then, the power loss cost is expressed as: 

∑𝑃𝐿 = 𝑇𝐿 ×𝑊𝑐 × 𝑂𝑌𝑑 × 𝐵𝐶𝐹 × 𝐹𝑇                                  (24) 

Therefore, the total cost of MLMC is defined as: 

∑𝐶𝑀𝐿𝑀𝐶 = ∑ 𝑖𝑛𝑖𝑡 +∑𝑃𝐿                                (25) 

The initial cost model of the capacitors and IGBT modules are taken from [13,38]. Validation of the power 

loss model is carried out in [24]. 

 
 

3.4. Multi-objective optimization model 

The main aim of topology optimization of MLMC is to achieve the lowest amount of cost and the highest 

amount of reliability. It is expressed as: 

𝑚𝑖𝑛𝑆1 = 𝐶𝑀𝐿𝑀𝐶(N + NRH + NRF)

𝑚𝑎𝑥𝑆2 = ∑𝑅𝐸𝑀𝐿𝑀𝐶(N + NRH + NRF)
}                       (26) 

The MLMC should have the capability to manage the DC fault ride through and redundant submodules. 

Various constraints are defined to optimize the parameters and are given by 

√3𝑀

4
≤ (NFB + 𝑁𝑅𝐹)

0 ≤ 𝑁𝑅𝐹 ≤ NFB
6 ≤ 𝑁 ≤ 20

0 ≤ 𝑁𝑅𝐻 ≤ 𝑁𝐻𝐵

  

}
 
 

 
 

                                         (27)                   

Likewise, the multi-objective optimization model is given by 

𝑚𝑖𝑛𝑆𝑖(𝑥), 𝑖 = 1,2, … 𝑘

𝑠. 𝑡   𝑑𝑗(𝑥) ≤ 0,   𝑞 = 1,2, …𝑚

 𝑐𝑝(𝑥) = 0,    𝑝 = 1,2, …𝑛

    }                                  (28) 

Where ‘x’ is the decision variable and 𝑆 = (𝐶𝑀𝐿𝑀𝐶 , −𝑅𝐸𝑀𝐿𝑀𝐶). ‘k’ is the number of objective function. ‘D’ 

and ‘m’ are the inequality constraints and ‘c’ and ‘n’ are the equality constraints.   

 

3.5. Optimal topology of MLMC 

The objective functions of the proposed MLMC model have not offeredthe optimal solution 

simultaneously, they seem to be contradictoryto each other. Therefore, the Pareto-optimal set (POS) is the 

optimal solution. POS explicatesa complete relationship between reliability and the cost of MLMC compared 

withsingle-objective function. As a result, the optimal solution is chosen using a fuzzy membership function 

or some definiteconstraints. The optimized topology of the proposed MLMC is shown in Fig. 5.  
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Figure 5. Flow diagram of the proposed multi-objective optimization 

The fuzzy membership function is used to select OS for applications with no special requirement; the 

membership function of the minimum objective is defined as: 

 

𝑈𝑛 = {

1,         𝑓𝑛, < 𝑓𝑛,𝑚𝑖𝑛  
𝑓𝑛,𝑚𝑎𝑥−𝑓𝑛

𝑓𝑛,𝑚𝑎𝑥−𝑓𝑛,𝑚𝑖𝑛
,   𝑓𝑛,𝑚𝑖𝑛 < 𝑓𝑛 < 𝑓𝑛,𝑚𝑎𝑥

0,                                 𝑓𝑛,𝑚𝑎𝑥 < 𝑓𝑛                            

     (29) 

 

4. RESULTS AND DISCUSSION 

The simulation was carried out by setting the active reference power Pact to the optimal mechanical power 

of the turbine, and the reactive power Prea equal to zero. In this study, two different scenarios: fixed speed and 

variable speed operation, of 9 MW turbine, have been implemented using PLECS software. For the first 

scenario, the simulation was conducted with a constant wind speed of 10 m/s. In the second, variable wind 

velocity was employed for 30 s. Various parameters used in the converter and the machine are listed in Table 

4. 

Table 4. Various parameters used for simulation 

Machine parameters Value 

Nominal power  

Nominal speed 
Stator voltage 

Capacitor voltage  

Switching frequency 
Grid frequency  

Rotor resistance 

Stator resistance  
Rotor inductance  

Stator inductance  
Number of cells (per cluster)  

Mutual inductance 

Capacitance 

9 MW 

1310 RPM 
3.8 kV 

900 V 

0.7 kHz 
50 Hz 

25.75 mΩ 

26.84 mΩ 
26.11 mH 

25.13 mH 
20 

24.91 mH 

6000 µF 
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Figure 6. (a) wind speed for the turbine (b) input frequency (c) Speed of the machine 

4.1. Case 1: Constant speed operation 

In this case, the test was carried out with constant wind speed. Fig. 6(a) shows the fixed wind speed of 

12 m/s applied in this experiment. Initial conditions such as machine speed, capacitor voltages, and inertia are 

considered for better converge of the system. Due to the current control of the rotor, the matrix converter tracks 

the maximum power point of the turbine after a transition period.  

 

 

.  

Figure 7. Total, active, and reactive power of generator (a) Total active power of the generator (b) power 

flow of active and reactive power of rotor (c) power flow of active and reactive power of stator 
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Figure 8. The current and voltage of the machine side (a) rotor voltage (b) rotor current 

The frequency of the rotor is shown in Fig. 6 (b) which also indicates that the rotor voltage has a frequency 

of -16.8 Hz under steady-state condition. The negative slip of the machine notably resulted in a negative 

frequency. As a result, it crossed the synchronous speed of 1000 RPM. In this case, the nominal speed of the 

machine was recorded to be1380 RPM at t=3.5 s as shown in Fig. 6 (c). 

The operation of the turbine with a maximum power point and the power flow is illustrated in Fig. 7. Fig. 

7(a) points out that the nominal active power (Pnominal) of DFIG reaches the steady-state around 7 s. The sum 

of active power flow of stator (Pas) and the active power flow of the rotor (Par) is equal to the nominal power 

of the machine under steady-state condition is shown in Fig 7(b) and (c) respectively. . Hence, MOMMC does 

not consume active power as a result of which the flow of reactive power of both the port is zero. The active 

power of the rotor and the stator is defined using the relation: Pas=-slip.Par. Evidently, the active power of the 

stator is higher than that of the reactive power of the rotor in absence of reactive power flow under a steady 

state.       

Fig. 8 shows the machine-side current and voltage on the rotor. It is observed that the rotor voltage 

reached its minimum at t=0.85 with no frequency in the current waveform. This can be attributed to the 

equalization of speed of the shaft and the synchronous machine.The rotor current on the grid in the post-

transient period, on the other side of MOMMC, is shown in Fig. 9. It indicates that the sinusoidal characteristic 

is achieved at the grid side. The outcome exhibits the exact operation of the proposed MOMMC on the grid 

side. 
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Figure 9. The current and voltage of the grid side (a) rotor voltage (b) rotor current 

 
Fig. 10. The harmonic spectrum for gird side voltage (case-1) 

The output voltage of optimized multilevel matrix converter for wind energy conversion system and their 

corresponding Fourier harmonic spectrum for grid side voltage is shown in Fig. 10. The THD of the output 

current is 1.03%.  

 

 
Figure 11. (a) wind speed for the turbine (b) input frequency (c) Speed of the machine 

 

4.2. Case 2: Variable speed operation 

The proposed model is tested under variable wind speed condition as illustrated in Fig. 11. For this 

purpose, wind speed variation for 30 s is taken in Fig. 11(b) signifies that the frequency varied in the range4 

to-20 Hz (machine side) due to wind speed variation. Furthermore, the turbine speed is illustrated in Fig. 11(c) 

which indicates that the machine reached synchronous speed at t=3.5s.  
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Figure 12. Total, active, and reactive power of generator (a) Total active power of the generator (b) power 

flow of active and reactive power of rotor (c) power flow of active and reactive power of stator 

The combination of DFIG and the proposed multi-objective optimization based multilevel matrix 

converter generates active power flow under variable speed operation as shown in Fig. 12. Likewise, the 

nominal power and machine-generated power are shown in Fig. 12(a). The active power flow is always positive 

and hence the machine generates useful power to the grid as shown in Fig. 12(b).  

 

 
 

Figure 13. The current and voltage of the machine side (a) rotor voltage (b) rotor current 

 

 

 Figure 14. The current and voltage of the grid side (a) rotor voltage (b) rotor current 

At t=24s, the minimum amount of power is generated at the rotor port which is small compared to the 

stator port power flow (refer Fig. 12(c)). The performance of the proposed MOMMC against the 

aforementioned model is superior because there is no reactive power flow and the unity power factor is 

maintained.         

The effect on the rotor current and voltage for the proposed MOMMC is shown in Fig. 13. It is observed 

that the rotor voltage reached its minimum at t=0.65 with no frequency present in the current waveform. The 

results drawn for variable wind speed are almost similar to the constant wind speed settings.  
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The rotor current on the grid for the post-transient period, by using the proposed MOMMC, is shown in 

Fig. 14. It indicates that the sinusoidal characteristic is achieved at the grid side even when the wind speed 

varied. The outcome exhibits the predicted operation of the proposed MOMMC on the grid side.   

 

 

Fig. 15. The harmonic spectrum for gird side voltage (case-2) 

The output voltage of optimized multilevel matrix converter for wind energy conversion system and their 

corresponding Fourier harmonic spectrum for grid side voltage is shown in Fig. 15. The THD of the output 

current is 1.03%. 

 

4.3. Comparison results 

 The power rating 9 MW, 1310 rpm is selected for two different cases such as fixed speed operation and 

variable speed operation. Vaious other parameters of PMSG is listed in Table 4. The cost elements for various 

parameters define the total cost are shown in Fig. 16. From Fig. 16 one can easily understand that the two cases 

have some similarities. Despite the choice of transmission technology, purchase, installation, and testing of the 

offshore wind power system consume half of the total cost. Other cost like unavailability cost has the smallest 

percentage, the cost of power loss occupy less than 10 percentage, operation and maintenance (O & M) cost 

slightly less than 20%.    

 

 

5. CONCLUSION 

Multi-objective optimization-based multilevel matrix converter is proposed for wind energy conversion 

system. Reliability and cost: the two objective functions have been considered in this study. The optimal 

solution is taken from the Pareto-optimal set. Two different cases: 1) fixed and 2) variable speed, of 9 MW 

doubly-fed induction generator-based wind energy systems, is considered. Initially, the test is carried out for 

fixed wind speed. The frequency, speed, and active and reactive power flow of stator and rotor is obtained. 

Moreover, the rotor voltage and current of the machine side and the grid side are also measured. Further, the 

variable speed operation of the proposed MOMMC method is carried out for 9 MW doubly-fed induction 

generators. The frequency; speed; active and reactive power; and the rotor voltage and current of the machine 

side and the grid side are also measured. The results obtained indicate that the proposed MOMMC method is 

more suitable for wind energy conversion system. 

 

Fig. 16. Cost comparison of two different case studies carried out for the proposed MOMMC 
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