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Abstract- The efficiency of the Module multilevel converter (MMC) is strongly dependent on the on-state conduction and 

switching power losses of the semiconductors of its submodules. The conduction power losses of the submodule of an MMC 

depend on the load current, duty cycle, and power factor whereas switching power losses depend on switching frequency, dc-

link voltages, and load current. It is nevertheless crucial to take into account the influence of converter operating points on the 

overall system efficiency in order to determine an accurate estimate of semiconductor losses in the submodule. In this paper, we 

evaluate the on-state power loss characteristics of a submodule when it is subjected to changes in the switching frequency, 

modulation index, and power factor. The power losses of MMC have been presented for the four-quadrant operations i.e. inverter 

(inductive), rectifier (inductive), rectifier (capacitive), and inverter (capacitive). The evaluation of the power losses has been 

carried out employing PLECS® to examine the losses of the MMC. 

Keywords MMC, Steady-state power losses, IGBT Losses, Switching power loss, Freewheeling diode, Voltage source 

converter. 

 

1. Introduction 

Power grid systems use voltage source converters (VSC) 

for converting AC - DC and DC - AC power. The advantages 

that have been claimed for VSC technology are their smaller 

site foot-mark, capability to feed the passive loads, and control 

of the reactive and active power. Voltage source converters 

that are used in commercial service are based on 2-level, 3-

level, and 5- level converters [1]. The operation of these 

converters relies on comparatively higher switching 

frequencies, typically 1-2 kHz, for switching of IGBTs to 

suppress the higher contents of harmonic distortion [2]. 

However, the switching frequencies in this range lead to 

higher switching losses in the IGBTs' transistor and anti-

parallel diodes of the converter [3]. VSC has relatively higher 

steady-state power losses than that of the thyristor-based line 

commuted converters (LCCs) [4], [5]. The power losses of the 

VSC are in the range of 2% - 4%, excluding the line or cable 

losses. These power losses of VSC are higher than that of the 

LCC's power losses, which are about 0.75 %. Higher power 

losses and harmonic distortion of the VSC have reduced the 

conversion efficiency of the converter when interfaced with 

the electrical grid system [6]. Recent developments in power 

electronics have greatly benefited the use of modern 

converters in many industrial applications. The modular 

structure of the voltage source converter has dramatically 

changed this scenario. Modular multilevel converters are well-

established advanced technology first introduced in 2001 [7]. 

It has promising features for use in medium/high voltage 

applications. Implementation of this technology has several 

advantages, including voltage scalability, increased reliability, 

reduced harmonic distortion, low power losses, and better 

efficiency [8], [9].  The growing popularity of MMC is due to 

their lower total harmonic distortion (THD), fault tolerance, 

redundancy [10], [11], [12] higher quality of output voltage, 

low power losses in their semiconductor switches, and 

reduced size of their filters [13], [14]. It is an ideal converter 

for electric railways and also applicable for industrial motors 

because of its capability of extending several hundred voltage 

levels, as well as high-voltage transmission networks [15], 

[16]. Modular multilevel convert has the capability of the DC 

and AC fault ride-through capabilities to reduce the cost of the 

DC circuit breakers [17]. MMC is also a potential converter to 

deal the power quality problems such as voltage sag and swell 

mitigation. All these factors allow it a promising future in 

medium and high voltage AC and DC network systems such 

as large wind turbines and AC and DC transmission networks. 

However, although the modular multilevel converter is 

gaining a new competitive position in the field of energy 

transmission, one of the most critical aspects turns out to be 

the power losses of this converter. 
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Fig. 1. Three-phase Modular multilevel converter. 

Three-phase MMC is shown in fig 1. Each phase of it has the 

same number of submodules and an inductor “L” is in series 

with both the lower and upper arms. Each submodule consists 

of IBGTs, free-wheeling diodes, and series loop capacitors, 

which do not consume energy during the charging and 

discharging process but it is energy storage components [18]. 

Therefore, the power losses of the modular multilevel 

converter are the power losses of insulated-gate bipolar 

transistors (IGBTs) and free-wheeling diodes (FWDs) of 

submodules i.e. on-state conduction power loss of IGBT, free-

wheeling diode,  switching power losses of IGBT and reverse 

recovery power loss of anti-parallel diode. 

1.1 Contributions 
 

• This paper examines the power loss of 

semiconductor devices within the submodule of 

MMC. 

• The losses of the IGBT module and the free-

wheeling diode is analyzed when switching 

frequency, modulation index, and the power 

factor are changed. 

• The power losses of MMC have been examined 

for the four-quadrant operations i.e. inverter 

(inductive), rectifier (inductive), rectifier 

(capacitive), and inverter (capacitive). 

 

2. Power Losses Evaluation 

In literature, several methods have been proposed to estimate 

the power losses of semiconductors [19],[20]. However, 

these methods are computationally intensive when applied to 

a large number of SMs, as is typically the case with MMCs. 

The methodology used in this research article is carried out 

using PLECS®, a simulation platform for power electronics 

systems. First, the complex structure of the modular 

multilevel converter has been designed, taking into account 

the parameters of table 1. The evaluation of the power losses 

has been carried out employing specific block diagrams 

present in the PLECS® library. The modular multilevel 

converter has therefore been able to evaluate the conduction 

and switching losses associated with the switching devices. 

Calculating the losses generated depends on which 

semiconductor device is adopted. It is proposed that the 

MMC would be more robust if it were composed of IGBTs 

operating at 3.3 kV blocking voltage. Therefore, the ABB- 

5SNA 1500E330305 (3.3 kV/1.5 kA chip) appears to be a 

viable option to quantify the losses incurred because of 

MMC. 

 

 
 

Fig. 2.  Power losses classification of a cell of Modular     

Multilevel Converter.  

2.1 Categories Of Submodules Losses 

The submodule losses can be divided into the following 

categories: 

• Conduction losses of IGBT. 

• Conduction losses of the diode. 

• Conduction losses of submodule. 

• Switching losses of the IGBT. 

• Turn-on/switching losses of the diode. 

• Switching losses of the submodule. 

• Snubber losses. 

 

Fig. 3. Loss distribution of IGBT. 

The main loss of power during semiconductor device 

operation is due to conduction and switching losses [21]. In 
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submodules with a snubber circuit, snubber losses can be quite 

high, but MMC submodules usually do not use them [22]. 

Therefore, they can be neglected. Other losses that should be 

considered in a modular multilevel Converter are: 

• Ohmic losses of an arm inductor. 

• Losses of the cooling system. 

These losses will be analyzed summarily. 

2.2 IGBT Power Losses 

    IGBT modules suffer conduction loss and switching loss 

during operation. Conduction power losses depend on both 

the converter load current and duty cycle while switching 

power losses depend on junction temperature, load current, 

and dc-link voltages. 

 

Fig. 4.  Switching characteristics of IGBT. 

 

An increase in junction temperature is being a critical 

situation for the converter, so it needs a suitable heat sink 

system for protection. The switching characteristics of the 

IGBT module are illustrated in Fig 4, which illustrates the 

voltage, current, and power losses when the power is turned 

on and turned off. Fig 3 illustrates the power loss distribution 

of the IGBT module. The operation time during turn-on and 

turn-off of the switch is divided into delay td rise time tri and 

fall time respectively. During both the turn-on and turn-off 

phases, a delay time td is absorbed during the practical 

operation. During the switching operation, current rises, tri is 

current rise time, from zero point to a specific point whereas 

voltage falls is represented by tfv . The same can be seen 

during the off operation time of the switch. In an IGBT 

module, switching power loss is represented by the following 

equation. 

                         𝐸𝑠𝑤 = 𝐸𝑜𝑛 + 𝐸𝑜𝑓𝑓  (1) 

Where, Eon is a turn-on and E off is turn-off energy losses of 

the IGBT module. The total conduction power loss of the 

IGBT module can be calculated by the following equation 

 𝑃𝐶𝑜𝑛𝑑(𝑇𝑜𝑡𝑎𝑙) = 𝑃𝐶𝑜𝑛𝑑(𝐼𝐺𝐵𝑇) + 𝑃𝐶𝑜𝑛𝑑(𝐷𝑖𝑜𝑑𝑒)     (2) 

 

2.3 Conduction Loss 

     In the on-state or active condition of a submodule of the 

converter, both the transistor and free-wheeling diode of the 

IGBT of a submodule have power losses. Current times of the 

voltage drop are measured as the power dissipation and 

conduction current with a constant voltage drop. As a result of 

the conduction period, power is dissipated by the resistive 

element based on RMS current squared times the resistance. 

The following equation can be used to calculate IGBT 

conduction losses within a submodule of a converter. 

 𝑃𝐶𝑜𝑛𝑑(𝐼𝐺𝐵𝑇) = 𝑉𝑜𝑛 . 𝐼𝑎𝑣𝑔 + 𝑅𝑐 . 𝐼𝑟𝑚𝑠
2   (3) 

Type ABB- 5SNA 1500E330305 module  is used as a switch 

of submodules of converter where Von is the on-state voltage 

of IGBT and its value is taken from typical on-state 

characteristics, Ip is the peak current, ABB- 

5SNA1500E330305 has typical output characteristics in 

which Rc is the on-state resistance found by dividing the 

change in voltage over the change in current, ma is the 

modulation index, cos is the power factor and for Irms, 

integrate the current square duty cycle and take the square 

root of the result. 

 

                𝐼𝑎𝑣𝑔 = 𝐼𝑝 (
1

2𝜋
+

𝑚 𝑎.𝑐𝑜𝑠𝜃

8
)  (4) 

 
               𝐼𝑟𝑚𝑠 = 𝐼𝑝√

1

8
−
𝑚 𝑎.𝑐𝑜𝑠𝜃

3𝜋
 

 (5) 

 

We can calculate IGBT's conduction power losses, switching 

losses, and conduction power losses of free-wheeling diode 

based on switching and on-state characteristics given in the 

datasheet of ABB- 5SNA 1500E330305 module. Based on the 

diode forward characteristic, Rd can be calculated by dividing 

the change in voltage by the change in current. The 

mathematical equation for calculation of conduction power 

loss of diode is given by 

 

{
  
 

  
 
𝑃𝐶𝑜𝑛𝑑(𝐷𝑖𝑜𝑑𝑒) = 𝑉𝑑 . 𝐼𝑎𝑣𝑔 + 𝑅𝑑. 𝐼𝑟𝑚𝑠

2

𝐼𝑎𝑣𝑔 =  𝐼𝑝 (
1

2𝜋
+
𝑚 𝑎. 𝑐𝑜𝑠𝜃

8
)

 𝐼𝑟𝑚𝑠 = 𝐼𝑝√
1

8
−
𝑚 𝑎. 𝑐𝑜𝑠𝜃

3𝜋

 

 (6) 

 

2.4 Switching Power Loss 

      Switching power losses occurs during on and off intervals 

of the device. The turn-on and turn-off energy losses of IGBT 

can be calculated from the following mathematical equations. 

The values of turn-off switching energy Eoff, nominal voltage 

Vnom, turn-on switching energy Eon, nominal current Inom, tc(on), 

tc(off)  switching energies per pulse against collector current, 

current fall time, and typical switching times Vs collector 
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current can be found from data-sheet of IGBT given in 

datasheet of IGBT. 

 

{
 
 

 
 𝐸𝑜𝑛 =

1

2
𝑉𝑛𝑜𝑚𝐼𝑝𝑡𝐶(𝑜𝑛)

𝐸𝑜𝑓𝑓 =  
1

2
𝑉𝑛𝑜𝑚𝐼𝑝𝑡𝐶(𝑜𝑓𝑓)

 𝐸𝑇𝑜𝑡𝑎𝑙 =  𝐾𝑔(𝐸𝑜𝑛 + 𝐸𝑜𝑓𝑓).
𝑉. 𝐼

𝑉𝑛𝑜𝑚 . 𝐼𝑛𝑜𝑚

 

  

(7) 

Where  𝑡𝐶(𝑜𝑛) 𝑎𝑛𝑑  𝑡𝐶(𝑜𝑓𝑓) are 

                    𝑡𝐶(𝑜𝑛)  =  𝑡𝑟𝑖 + 𝑡𝑓𝑣 

                  𝑡𝐶(𝑜𝑓𝑓)  =  𝑡𝑟𝑣 + 𝑡𝑓𝑖 

 

  

the values of Eon (turn-on switching energy), Eoff (turn-off 

switching energy), nominal voltage Vnom, nominal current I 

nom, tc(on), tc(off)  switching energies per pulse against collector 

current, current fall time, and typical switching times Vs 

collector current can be found from data-sheet of IGBT given 

in datasheet of IGBT. The correction factor is Kg and its value 

can be considered 1.1-1.2. Total energy loss due to switching 

can be calculated by 

 
𝐸𝑇𝑜𝑡𝑎𝑙 =  𝐾𝑔(𝐸𝑜𝑛 + 𝐸𝑜𝑓𝑓). (

𝑉. 𝐼

𝑉𝑛𝑜𝑚 . 𝐼𝑛𝑜𝑚
) 

 (8) 

The product of energy loss and switching frequency 

throughout 
2

𝜋
  is power loss which is given by 

 
𝑃𝑠𝑤𝑖𝑡(𝐼𝐺𝐵𝑇) = 

𝐸𝑇𝑜𝑡𝑎𝑙
𝜋

. 𝑓𝑠 
 (9) 

2.5 Reverse Recovery Power Loss of The Diode 

Power loss occurs in the free-wheeling diode of IGBT of the 

submodule of the converter due to reverse recovery. The time 

during which the diode stops current to flow through it is 

known as the reverse recovery time (RRT) of the diode. The 

time is needed to discharge the diode and reverse recovery 

losses that occur during this period is 

 
𝐸𝑅𝑒𝑐𝑜𝑣𝑟𝑦(𝐷𝑖𝑜𝑑𝑒) = 𝐸𝑅𝑒𝑐(𝑔𝑖𝑣𝑒𝑛). (

𝑉. 𝐼

𝑉𝑛𝑜𝑚 . 𝐼𝑛𝑜𝑚
) 

 (10) 

Where V is the operating voltage across each switch and I is 

the peak current value of the operating current. The power loss 

of the reverse recovery of the diode can be found in the 

equation 

          𝑃𝑅𝑒𝑐(𝐷𝑖𝑜𝑑𝑒) = 
𝐸𝑅𝑒𝑐𝑜𝑣𝑟𝑦(𝐷𝑖𝑜𝑑𝑒)

𝜋
. 𝑓𝑠  

 (11) 

2.6 The Total Power Loss of A Cell 

Total power losses of the converter's cell are the total power 

losses of IGBTs in a cell and losses of the free-wheeling diode. 

Each cell of the converter is composed of IGBTs and anti-

parallel free-wheeling diodes. The losses of IGBT and anti-

parallel free-wheeling diode of a cell of MMC also depend on 

the system's power factor, modulation index of the converter, 

and their switching frequencies. In this article, section 

simulation, the losses have been simulated only for one 

submodule and the results are multiplied by the total number 

of submodules, reducing the total simulation time and 

obtaining a good accuracy of results. 

2.7 Additional Losses 

The additional power losses of the MMC are given below  

2.7.1 Ohmic losses of an arm inductor:- The ohmic losses of 

an arm inductor, also called the outdoor air-core reactor, of the 

MMC, are given by 

              𝑃𝑖𝑛𝑑 = 𝑅𝑖𝑛𝑑
𝜃 − 𝐼𝑎𝑟𝑚,𝑟𝑚𝑠

2   (12) 

Here 𝑅𝑖𝑛𝑑
𝜃  is the AC and DC resistance of the inductor of the 

MMC at 𝜃0 C and I (arm,rms) is the arm current of the MMC. 

• Losses of the cooling system: Since large converters 

use a complex cooling system to properly carry out 

their operation, it is necessary to take into account 

also the losses generated by this cooling system. 

Pumps and heat exchangers are used to increase the 

reliability of the converter and to provide it with good 

electrical isolation. The evaluation of these losses is 

not quite simple. Using the coefficient of 

performance of the cooling system is one way to 

determine its performance. The COP measures the 

heat extracted over the power needed to carry out this 

extraction. 

2.7.2 The Total Power Loss of MMC 

Assuming that the number of submodules in the upper arm of 

an MMC is H and in the lower arm is L. Where N is the sum 

of the total number of the sub-modules per phase of MMC in 

the lower and upper arms is given by 

                                  𝑁 =  𝐻 + 𝐿     (13) 

Therefore, according to equations 2, 9, and 11, the total power 

losses of the modular multilevel converter per phase is PTOTAL 

given by  

      P Total = [ H.( 𝑃𝑐𝑜𝑛𝑑(𝐼𝐺𝐵𝑇)+  𝑃𝑐𝑜𝑛𝑑(𝐷𝑖𝑜𝑑𝑒)) +                            

L ( 𝑃𝑐𝑜𝑛𝑑(𝐼𝐺𝐵𝑇)+𝑃𝑐𝑜𝑛𝑑(𝐷𝑖𝑜𝑑𝑒))+N (𝑃𝑆𝑤𝑖𝑡(𝐼𝐺𝐵𝑇)             

+𝑃𝑅𝑒𝑐(𝐷𝑖𝑜𝑑𝑒))]  

(14) 

For the three-phase system, the total loss power losses of 

MMC is PTOTAL given by 

 

      P Total = 3.[ H.( 𝑃𝑐𝑜𝑛𝑑(𝐼𝐺𝐵𝑇)+  𝑃𝑐𝑜𝑛𝑑(𝐷𝑖𝑜𝑑𝑒)) +                            

L ( 𝑃𝑐𝑜𝑛𝑑(𝐼𝐺𝐵𝑇)+𝑃𝑐𝑜𝑛𝑑(𝐷𝑖𝑜𝑑𝑒))+N (𝑃𝑆𝑤𝑖𝑡(𝐼𝐺𝐵𝑇)             

+𝑃𝑅𝑒𝑐(𝐷𝑖𝑜𝑑𝑒))]  

(15) 
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2.8 Analysis of the Loss Characteristics of the Cell Of MMC 

The theoretical analysis for conduction and switching power 

losses of the IGBT and diode of a submodule is as follows 

• Loss characteristics of the IGBT and diode of a 

submodule of MMC when the switching frequency 

of the system is changed. 

• Loss characteristics of the IGBT and diode of a 

submodule of MMC when the modulation index is 

changed. 

• Loss characteristics of the IGBT and diode of a 

submodule of MMC when the power factor of the 

system is changed. 

2.9 Results of Analysis 

The switching losses in a converter are mainly because of 

switching frequency. The switching losses occur in the 

transistor and diode of IGBT during the period of turn on and 

turn off. The main components of the switching losses of a cell 

of the converter are diode reverse recovery losses, IGBT turns 

on and turn off losses. Fig 5, shows that increase in the 

switching frequency of the cell's switches as per equations 10 

and 11, switching losses of the IGBTs and reverse recovery 

power losses of its free-wheeling diode are also increased. 

 

Fig. 5.  Switching losses  (W) of IGBT and diode (W) of a 

cell of the converter with changing switching frequency. 

Though an increase in switching frequency stables the power 

output of the converter and reduces the harmonic distortion it 

also increases the junction temperature which is not favorable 

for the converter. Similarly, Fig 6 is obtained while changing 

the modulation index as per equations 3 and 6 which shows 

the conduction losses of the IGBT and diode of a cell of the 

converter. An increase in the modulation index reduces the 

conduction power losses of the IGBT and diode of a cell. 

 

Fig. 6. Conduction losses (W) of IGBT diode (W) of a cell 

of the converter with changing modulation index. 

Fig 7 shows the conduction power loss of the IGBT and free-

wheeling diode of a cell of the converter. It is obtained while 

changing the load phase angle of the system as per equations 

8 and 6. The conduction power loss of the IGBT and anti-

parallel diode was reduced but the IGBT module has more 

power loss than that of the anti-parallel diode. 

 

Fig. 7. Conduction losses (W) of IGBT and free-wheeling 

diode (W) of a cell of the converter with changing power 

factor. 

3. Simulation Results 

The simulation performed for power loss analysis of MMC is 

conducted in a PLECS® system. The switching and 

conduction losses of each device and their impact are 

evaluated over a broad range of active and reactive power flow 

combinations. The parameters of the IGBT module ABB- 

5SNA 1500E330305 and the system that has been used in the 
simulation are shown in table 1. The ambient temperature has 
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been defined as equal to 250 C. The losses have been simulated 

only for one submodule and the results are multiplied by the 

total number of submodules, reducing the total simulation 

time and obtaining a good accuracy of results. 

Table 1. Characteristic parameters of the MMC and power 

System. 

Characteristic Parameter              Value               Unit 

AC grid voltage                                320                 kV 

Power factor                                     0.95                Capacitive 

Rated power                                     526                  MVA 

Phase Reactor Impedance               J0.05                (p.u) 

Arm Reactor Impedance                 0.01+j0.2         (p.u) 

Sub-module Capacitance                 8                       mF 

Average Submodule voltage           1.6                     kV 

 

 

3.1 Possible States of the Submodule 

The losses generated by a submodule depend on the direction 

of the arm current flowing through it and the state of the 

submodule of the converter. To evaluate the losses of the 

submodule, it is necessary to identify which device is involved 

and which device is in conduction mode at a given time 

instant. Four possible states have to be considered: 

• State I: When the arm current is positive, D1 conducts 

and current flows through the capacitor, charging it. 

However, when the arm current is negative, IGBT1 

conducts, and the capacitor discharges.  

• State II: When the arm current is positive, IGBT2 

conducts, and the capacitor is bypassed. However, 

when the arm current is negative, D2 conducts, and 

the capacitor is also bypassed. 

 

Fig. 8. Possible states of the submodule depend on the 

direction of the arm current. 

The switching losses depend on the changes in the switching 

states of the submodule (from 0 to 1 and vice versa) and the 

direction of the arm current. When the arm current is positive 

and the SM state changes from 1 to 0, the diode D1 stops 

conducting resulting in energy lost E rec and the IGBT2 starts 

conducting dissipating the energy Eon. Instead, if the SM state 

changes from 1 to 0, the IGBT2 stops conducting dissipating 

the energy E off and the diode D1 starts conducting dissipating 

energy negligible. The same reasoning can be applied when 

the arm current is negative. In the Figures below, taking into 

account the arm upper current of phase a is shown the path of 

the current of each device involved for each submodule state. 

The simulations shown below are performed when P = 500 

MW and Q = 0 MVAR. 

 

• When the arm current is positive 
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Fig. 9. Upper arm current and state of submodule with 

positive arm current. 

When the direction of the current is positive; in state 1, S1 is 

ON and S2 is OFF, diode D1 conducts, and the current flows 

through 

 
            Fig. 10.  IGBT-2 current, Diode-D1 current. 

the capacitor of the submodule, consequently it charges the 

capacitor of the submodule. In-state 2, S2 is ON and S1 is OFF, 

the arm current flows through the IGBT2 and the capacitor of 

the submodule is bypassed. Arm current and state of the 

submodule are illustrated in Fig 9 and Fig 10. 

• When the arm current is negative 

When the direction of the current is negative; in state 3, S1 is 

OFF and S2 is ON, diode D2 conducts, the current flows 

through the anti-parallel D2 and the capacitor of the 

submodule is bypassed. 

 

 

Fig. 11. Upper arm current and state of submodule with 

negative arm current. 

 

 

Fig. 12.  IGBT1 current and Diode2 current. 

In-state 4, S1 is ON and S2 is OFF, the arm current flows 

through the IGBT1 and the capacitor of the submodule is 

charged. Arm current and state of the submodule are 

illustrated in Fig 11 and Fig 12. 

3.1 Power Flow Simulations 

The simulations are performed to analyze the conduction and 

switching power losses of the semiconductor devices of a 

submodule using PLECS®. The parameters of Table 6.1 and 

the IGBT module ABB- 5SNA 1500E330305 have been used 

in the simulations. Conduction power and switching losses of 

each semiconductor device and their impact are evaluated over 

a broad range of active and reactive power flow combinations. 

• When P = 500 MW Q = 0 MVAR 

Fig 13, illustrates that the average conduction loss of the 

IGBT2 and Diode1 is more than that of the average conduction 

loss of IGBT1 and Diode2 receptively. When modular 

multilevel converter operates in inverter mode transferring 

active power of 500 megawatts from DC grid side to AC grid 

network. The conduction power losses of the semiconductor 

devices of the modular multilevel converter are simulated for 

analysis. 

This is because when the direction of the current is positive 

IGBT2 and Diode1 conducts the arm current, so the conduction 

power losses of both are high. 
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Fig. 13.  The conduction power loss of IGBT1, IGBT2, 

Diode1, and Diode2. 

The switching loss of the semiconductor devices of the 

modular multilevel converter is simulated for analysis. Fig 14, 

illustrates that the average switching loss of the IGBT2 and 

Diode1 is more than that of the average switching loss of 

IGBT1 and Diode2 receptively. This is because when the 

direction of the current is positive IGBT2 and Diode1 perform 

a switching function to conduct the arm current, so the 

switching power losses of both are high. The total power 

losses of the cell of MMC are illustrated in Fig 15. It is clear 

from the above figures that the contribution of conduction loss 

of the semiconductor devices is higher than that of switching 

losses. 

 
Fig. 14.  Switching power loss of IGBT1, IGBT2, Diode1, and 

Diode2. 

 

           Fig. 15.  The total power loss of a cell of MMC. 

3.2 Active Power Flow Injection 

In this section, we have studied and analyzed the conduction, 

switching, and overall power losses of the semiconductor 

devices of the cell of the MMC when different active power is 

injected. 

• When active power (P) = 500 MW and Q=0 MVAR 

• When active power (P) = 600 MW and Q=0 MVAR 

• When active power (P) = 700 MW and Q=0 MVAR 

• When active power (P) = 750 MW and Q=0 MVAR 

The conduction power loss depends on the load current of the 

converter, duty cycle, and junction temperature whereas 
switching power losses depend on dc-link voltages, load 

current, and junction temperature. An increase in switching 

frequency makes the output voltage profile better and reduces 
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converter harmonics but it increases the switching power loss 

and junction temperature. An increase in junction temperature 

is being a critical situation for the converter, so it needs a 

suitable heat sink system for protection. Conduction power 

losses are dependent on load current; reduction of load current 

can be only possible if parallel conduction devices are 

provided. Parallel conduction devices can reduce steady-state 

power loss but their switching operation affects the overall 

efficiency of the converter. The conduction power loss of the 

MMC When the active power is P= 500 MW, P= 600 MW, P= 

700 MW, and P= 750 MW, and reactive power is Q=0 MVAR 

respectively, the power loss of a submodule is calculated and 

presented to analyze the power losses of a cell of the modular 

multilevel converter. Fig 16, 17, 18, and Fig 19 illustrate the 

power losses of a submodule when different active power is 

injected. 

 
Fig. 16.  The power loss of a submodule, Active power 

 (P) =500 MW and reactive power (Q) =0 MVAR 

 

Fig. 17. The power loss of a submodule, Active power  

(P) =600 MW and reactive power (Q) =0 MVAR 

 

Fig. 18. The power loss of a submodule, Active power 

 (P) =700 MW and reactive power (Q) =0 MVAR 

 

Fig. 19.  The power loss of a submodule, Active power 

(P) =750 MW and reactive power (Q) =0 MVAR 

3.3 Quadrant Operations and Power Loss  

To analyze the losses of the converter, it has been examined 

for the four-quadrant operations. For power loss analysis both 

MMC-inverter and MMC-rectifier, leading and lagging power 

factors and mode of modular multilevel converter i.e. inverter 

(inductive), rectifier (inductive), rectifier (capacitive), and 

inverter (capacitive) have been considered. Various operations 

involve different converter losses. The power losses of the 

modular multilevel converter are illustrated in Fig 20, 21, 22, 

and 23 for different active and reactive power injections and 

all the four-quadrant operations. The most evident fact is that 

the various operations involve different converter losses. 
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Fig. 20.  Quadrant I, P = 500 MW, Q = 0 M VAR, PF= 1. 

 

Fig. 21.  Quadrant II, P = -201 MW, Q = 486 M VAR,  

PF = -0.38. 

 
Fig. 22.  Quadrant III, P = -486 MW, Q = -201 M VAR,  

PF = -0.38. 

 

Fig. 23.  Quadrant IV, P = -486 MW, Q = -201 M VAR, 

 PF = 0.38. 

The most evident fact is that the various operations involve 

different converter losses. Focusing on the inverter and 

rectifier modes keeping the reactive power equal to zero, the 

increase of the active power ow between the converter and its 

ac grid increases the ac and dc currents that flow on the 

converter arms. As a consequence, it increases the overall 

conduction losses that are being generated. In general, the 

losses generated in the inverter and rectifier modes are quite 

similar to each other, but it is possible to notice that if in the 

inverter mode the arm currents ow mainly in the IGBTs, in the 

rectifier mode the diodes are more stressed. As regards the 

reactive power flow injection, although the conduction losses 

turn out to be evenly distributed among the switching devices, 

the situation for the switching losses is different. The 

switching losses are strongly influenced by the reactive power 

injection. Increasing the reactive power injection increases the 

total power losses of the converter since the submodules are 

turned on more frequently. Moreover, there is a substantial 

difference between the capacitive reactive power injection and 

the inductive one. In the case of inductive reactive power ow 

between the converter and the ac grid, the switching losses are 

higher. 

3.4 The Efficiency of the Converter 

The conversion efficiency of the modular multilevel converter 

depends on the converter’s power loss. A modular multilevel 

converter has a higher conversion efficiency when the total 

power loss of the semiconductor devices inside the submodule 

of the modular multilevel converter is low. The efficiency of 

the MMC is the percentage ratio of the P OUT to Pin. Where P 

loss is the total power loss of the semiconductor devices of 

MMC. Total power loss and efficiency are calculated for a 

modular multilevel converter at different active power as 

shown in fig 24 and 25 receptively. 

                    𝑃𝑖𝑛 = 𝑃𝑜𝑢𝑡 + 𝑃𝑙𝑜𝑠𝑠  (16) 

The efficiency of the MMC converter is given by 

 
𝜂 =  

𝑃𝑜𝑢𝑡
𝑃𝑖𝑛

. 100 =  
𝑃𝑜𝑢𝑡

𝑃𝑜𝑢𝑡 + 𝑃𝑙𝑜𝑠𝑠
. 100 

 (17) 
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Fig. 24.  The power loss of MMC at different active powers. 

 
              Fig. 25.  The efficiency of the MMC. 

Fig 24 shows the total power loss of the MMC at different 

active power, P=600 MW, P=700MW, and P=750MW, 

transmission between AC and DC networks.  Fig 25 illustrates 

the efficiency of the MMC when it delivers different active 

power from the AC network to the DC distribution network. 

4. Conclusion 

Our main focus in this article is on the power losses related to 

the semiconductor devices found in MMC's submodules. The 

power loss classification of the MMC is explained in detail 

along with its mathematical modeling.  To analyze the power 

losses associated with the devices of the submodule, a 
simulation platform for the power electronics system PLECS 

has been used. For theoretical analysis of the conduction and 

switching power losses of the IGBT and diodes of a 

submodule are carried out in MATLAB to analyze the loss 

characteristics of the IGBT and free-wheeling diode of a cell 

when switching frequency, modulation index, and power 

factor of the system is changed. The modular multilevel 

converter has been examined for the four-quadrant operations. 

Inverter and rectifier modes, as well as leading and lagging 

power factors have been considered. The most evident fact is 

that the various operations involve different converter losses. 

Focusing on the inverter and rectifier modes keeping the 

reactive power equal to zero (Figures 16, 17, 18, and 19), the 

increase of the active power flow between the converter and 

its ac grid increases the ac and dc currents that flow on the 

converter arms. As a consequence, it increases the overall 

conduction losses that are being generated. In general, the 

losses generated in the inverter and rectifier modes are quite 

similar to each other, but it is possible to notice that if in the 

inverter mode the arm currents flow mainly in the IGBTs, in 

the rectifier mode the diodes are more stressed. The switching 

losses are strongly influenced by the reactive power injection. 

Increasing the reactive power injection increases the total 

power losses of the converter since the submodules are turned 

on more frequently. Moreover, there is a substantial difference 

between the capacitive reactive power injection and the 

inductive one. In the case of inductive reactive power flow 

between the converter and the ac grid, the switching losses are 

higher. Analyzing the nature of the power factors, it has been 

found that a reduction of the power factors entails an increase 

in the total converter power losses. The same considerations 

above can be done about inverter (I, IV) and rectifier (II, III) 

modes and it is also highlighted that there is a power loss 

asymmetry over the upper/lower switches of the submodule. 
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