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Abstract 

Recently, the use of multilevel converters is on the rise for medium and high voltage applications. Multilevel converters (MLCs) have the 

merit of clamping the voltages thereby preventing the need for fast switching, in addition to providing cleaner output waveform for effective 

switching. As wind turbines are increasing in power ratings, MLCs could be well suited with regard to this application. This paper investigates 

the performance of a neutral point clamped three-level converter system and a two-level parallel interleaved MLC system in a DFIG variable 

speed wind turbine during transient. The space vector modulations, switching sequences and strategies of both MLCs were analyzed. The 

DFIG-based wind turbine system was subjected to a severe grid fault to test the strength of both MLC systems. Furthermore, a braking 

resistor connected to the stator of the DFIG was used to improve the performance of both MLC systems. Simulations were run using power 

system computer aided design and electromagnetic transient including DC platform. Results obtained using both MLCs were compared 

based on the performance index of some of the DFIG variables. Also, the responses of the MLCs were compared to the traditional two level 

DFIG converter topology.    

Keywords: renewable energy, DFIG, power converters, grid fault, multilevel converters 

__________________________________________________________________________________________ 

 

Introduction 

Due to the continuing depletion of non-renewable 

energy sources and environmental concerns, 

renewable energy resources have become an ever-

increasing part of power generation worldwide, such 

as energy production using wind turbines [1]. 

Consequently, with the increasing penetration of wind 

power in the grid system in recent years, the grid 

operators are facing challenges to ensure secure and 

reliable operation of the utility. One of these 

challenges is that wind turbines must be able to stay 

connected to the grid during fault, like other 

conventional plants. This operational feature is 

referred to as the fault ride-through (FRT) capability 

[2]. Nowadays, doubly fed induction generator (DFIG)-

based wind energy conversion systems (WECSs) are 

widely used because of many salient features mainly 

for applications above 1 MW [3]. DFIG based wind 

energy conversion system (WECS) is sensitive to grid 

faults due to utilizing small scale rotor side converter 

(RSC). Basically, the stator of the DFIG wind turbine is 

directly connected to the utility and only the rotor 
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circuit is linked to the network via partially- scale back-

to-back connected voltage source converters (VSCs) 

typically of rating 20-30%. In the case of grid faults, 

transient over-currents flow from the rotor circuit 

towards rotor side converter. These over-currents can 

either trip out the DFIG or damage its power electronic 

components [4, 5].  

Therefore, keeping the DFIG connected to the utility 

during grid fault would be a great challenge.   

With the continuing rise of wind power generation 

within the grid, more in-depth research into variable 

speed wind turbines (WTs) has become necessary. 

There are currently some research topics related to 

wind turbine generator systems (WTGSs), e.g., DFIG 

control strategies under distorted-grid conditions [6, 

7], FRT of wind power systems [8]. Several FRT 

approaches have been introduced in the literature to 

improve the FRT capability of the DFIG. These methods 

basically range from the use of various protection 

schemes [9, 10], employing additional external 

hardware [7-11], using advanced control techniques 

[18-24]. Some recent research implements the DFIG 

FRT control strategies by changing the configurations 

of the wind turbine. These approaches, however, may 

increase the cost of the entire system and their control 

strategies may not be simple to implement, thus, may 

not have economic justification for practical 

implementation.  

Traditional solution to medium and high voltage power 

application requires connection of semiconductors in 

series to withstand the high voltages. This involves fast 

switching to avoid unequal voltage sharing between 

the devices, which may lead to a breakdown. 

Multilevel converters (MLCs) have gained popularity 

lately as a good choice for medium and high voltage 

applications [25]. MLCs can mitigate surge voltages 

and rate of voltage rise in addition to providing cleaner 

output waveform for effective switching frequency 

twice that of the actual switching frequency. Another 

merit of MLCs is that they possess the ability to clamp 

the voltages which thereby prevents the need for fast 

switching. Besides, they increase the power rating as 

well as reduce the stress on the IGBTs switches and 

therefore enhance the voltage waveforms, in addition 

to reducing the harmonic content [26, 27]. Based on 

the above points, the MLCs are gradually finding their 

way in variable speed wind turbine system due to 

increase in power ratings of the wind turbines.   

The most popular MLC is the neutral point clamped 

(NPC) three-level converter system. The major 

challenge with the NPC topology is the increased 

intricacies and complexities of its control. The 

conventional DFIG system uses 2 level back-to-back 

power converters, which are hardly used for high 

power applications. Consequently, a multilevel 

converter using pulse width modulation (PWM) is 

highly preferred for wind power generation 

applications. A lot of reports on the control of 

converter current have been proposed in recent years. 

In [28-30], various current controller classifications of 

the power converter system were reported of which 

some have been developed ranging from hysteresis, 

linear proportional integral and predictive dead-beat 

control strategies [31, 32]. The major disadvantages of 

this conventional controller are the limit cycle 

oscillations, switching at a random rate, and 

interaction of phase currents [33, 34]. The application 

of three level NPC voltage source converter for DFIG 

and a vector hysteresis current control were reported 

in [32] and [35] respectively for effective power control 

of the variable speed wind turbine.   

It was reported in [36-39], that the harmonic quality of 

the resultant voltage waveforms in high power 

applications could be improved by interleaving the 

carrier signals of the parallel connected voltage source 

converters. In [40, 41], an evaluation of the reliability 

and robustness of IGBT module under transient 

conditions was carried out. The production of high 

harmonic contents in the conventional two-level DFIG 

system because of low switching frequency reduces 

the performance of the variable speed wind turbine 

system [42]. Therefore, interleaving the converters in 

parallel configuration could help improve the wind 

generator performance.  

This paper investigates the performance of the NPC 

and the parallel interleaved MLC topologies for a DFIG 

variable speed wind generator system. A comparative 

study of the space vector modulation (SVM) PWM, 
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switching tables, switching sequences and switching 

strategies for both systems were analyzed. The near 

state PWM (NSPWM) scheme that has three nearest 

active voltage vectors to synthesize the reference 

voltage vector was used for the parallel interleaved 

MLC scheme. A braking resistor is used to limit the high 

rotor current and the DC link charging current of the 

DFIG wind generator for both MLC systems. This work 

is organized as follows. Sections 2 and 3 present the 

DFIG converter topologies for both MLC schemes 

respectively. Sections 4 and 5 present the simulation 

results in power system computer aided design and 

electromagnetic transient including DC 

(PSCAD/EMTDC) [43] for the MLCs and their 

improvement using braking resistor, while section 6 

concludes the paper. 

DFIG neutral point clamped 

multilevel converter topology 

Figure 1 shows the model system for the DFIG wind 

generator NPC MLC topology. The NPC has three legs, 

A, B, C, with three different voltage states. Switches 1 

and 3 are complementary on each leg, therefore, when 

switch 1 is on, switch 3 is off and the other way round. 

Similarly switch 2 and 4 are complementary. From Fig. 

1, each of the capacitors has a constant voltage of 

0.5Vdc, therefore having the two upper switches on 

will lead to an output voltage of Vdc compared to 0 

level. Also, switch 2 and 3 be on will lead to 0.5Vdc and 

having the two lower switches on, leads to an output 

voltage level of 0. There exists a forbidden state whose 

scenario is when the first switch is on and the second 

is off, in addition to the three states. Table 1 shows the 

bridge leg voltages at different combinations of the 

switch states. The excitation parameters of the DC 

circuitry and the DFIG wind generator parameters are 

given in [44]. 

 

Figure 1: DFIG model system with NPC MLC
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Table 1: DFIG NPC MLC bridge leg voltages for different 
combinations of switch scheme states 

State of 

Leg 
Va0 TA1 TA2 TA3 TA4 

2 Vdc On On Off Off 

1 0.5Vdc Off On On Off 

0 0 Off Off On On 

 

The DFIG bridge leg voltages for different 

combinations lead to the space vector pulse width 

(SVPWM) modulation shown in Fig. 2. The theory 

behind the space vector is that the phases A, B, and C 

are permanent in their positions to each other in the 

vector space with a phase shift angle of 120 degrees 

apart. The reference voltage is given by [45]: 

𝑉𝑟𝑒𝑓
⃗⃗ ⃗⃗ ⃗⃗  ⃗ = 𝑉𝑎(𝑡)𝑒

𝑗𝑜 + 𝑉𝑏(𝑡)𝑒
𝑗2𝜋 3⁄ + 𝑉𝑐(𝑡)𝑒

𝑗4𝜋 3⁄  (1) 

Where:  

𝑉𝑎 = 𝑚𝑎cos(𝜔𝑡) (2) 

𝑉𝑏 = 𝑚𝑎cos(𝜔𝑡 − 2𝜋 3⁄ ) (3) 

𝑉𝑐 = 𝑚𝑎cos(𝜔𝑡 − 4𝜋 3⁄ ) (4) 

In equations (1) to (4), 𝑉𝑎 , 𝑉𝑏 , 𝑉𝑐 are the bridge leg 

voltages that are desired on the alternating current 

side of the converter system,  𝑚𝑎 are the value of the 

amplitude of the bridge leg voltage compared to 

0.5𝑉𝑑𝑐. 

 

Figure 2: Space vector for the NPC MLC 

Vector 210 in Fig. 2 means that bridge leg A is in state 

2 and legs B and C are in state 1 and 0 respectively. It 

should be noted that for a two-level conventional 

converter, there are eight switching states, two of 

which are zero vectors leading to seven different 

states that can be used to generate the desired output 

voltage. When all the bridge legs are connected to the 

same point with all line-to-line voltages being zero, 

then a zero vector would exist.  The six non-zero 

vectors have the same amplitude but different angles.  

However, for a three-level converter system, there 

exist 27 vectors that can be used to generate the 

wanted voltage, with 19 different states as shown in 

Fig. 2.  Consequently, the vectors can be divided into 

four different groups shown in Table 2, with a 

magnitude of the vectors the same within each group. 

Table 2: Space vector grouping for the NPC scheme. 

Zero Vectors Small Vectors Medium Vectors Large Vectors 

(000) (100), (211), (110), (221) (210), (120) (200), (220) 

(111) (121), (010), (011), (122) (021), (012) (020), (022) 

(222) (001), (112), (101), (212) (102), (201) (002), (202) 

𝑉 𝑏 

𝑉 𝑎 

𝑉 𝑐   
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The small, medium and large vectors are expressed as 

follows, where 𝑉𝑑𝑐 is the DC-link voltage [46]:  

𝑉𝑠𝑚𝑎𝑙𝑙 =
1

3
𝑉𝑑𝑐𝑒

𝑗𝜃 (5) 

𝑉𝑏 = 𝑚𝑎cos(𝜔𝑡 − 2𝜋 3⁄ ) (6) 

𝑉𝑐 = 𝑚𝑎cos(𝜔𝑡 − 4𝜋 3⁄ ) (7) 

Due to many choices of vectors to choose for the 

three-level converter system, in a bid to obtain the 

lowest harmonics, a better way could be to choose the 

three vector states closest to the reference vector 

when using the space vector modulation. This 

topology would give rise to 24 different sectors. 

Hence, the DFIG converter system for rotor side 

converter (RSC) and grid side converter (GSC) vector 

space can be divided into six new hexagons 

respectively as shown in the switching table of Fig. 3. 

 

Figure 3: Switching table for the NPC MLC 

The switching sequence of Fig. 3 is done in a way that 

it minimizes the number of switching transitions.  If the 

reference vector is inside the first sector among the six 

hexagons in Fig. 3, then a total of 7 vectors would be 

available, with a switching sequence shown in Fig. 4 for 

each converter system.  

 

From Fig. 4, for a reference vector inside sector 1 in the 

six inner hexagons, a commencing vector 000 is 

developed and moves on to 100 and the next, in such 

a way that only one switching transition between 

every new vector is obtained. This switching pattern 

ensures all the vectors are utilized. However, the 

shortcoming of using all the vectors is that the 

switching losses would 

be more, thus, since 

000 or 222 gives the 

same state, one set could be removed. Modified space 

vector modulation is a method that could give the least 

number of commutations with the reference vector in 

sector 1, with switching sequences 222, 221, 211, 221 

and 222. Another approach is the classical method 

  

  

  

  

  

  

  

  

Figure 4: Switching sequence for NPC MLC scheme 
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with the following switching pattern 222, 221, 211, 111 

and 110 in order to improve the balancing possibilities. 

In this paper, the switching pattern for the NPC MLC 

scheme in Fig. 4 was used with 222 skipped in order to 

optimize the switching sequence. 

DFIG parallel interleaved multilevel 

converter topology  

Figure 5 shows the model system for the DFIG wind 

generator parallel interleaved MLC topology. The 

switching table is shown in Fig. 6, where the number 

represents the switching sequence involved in the 

near state pulse width modulation. The formulation of 

a reference space vector Vref by the geometrical 

summation of the three nearest voltage vectors in 

region 1 is shown in Fig. 7. The passive grid side filters 

and their connections to the parallel interleaved MLC 

are shown in the model system. Harmonics can be 

mitigated by the common mode inductor and the grid 

filters of value 9.6mH. The IGBT switches are 

enumerated for both RSC and GSC systems. 

 

Figure 5: DFIG model system with parallel interleaved MLC

 

Figure 6: Switching table for the parallel interleaved MLC 
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Figure 7: Reference voltage SV formation for parallel 
interleave MLC scheme 

For the operation of the two-level conventional SV 

modulation earlier discussed in section 2, the 

converters cycles through a four switch states in each 

switching cycle. However, for the 180 degrees parallel 

interleaved MLC scheme, its SV modulation gives 

maximum value of the change in common mode 

voltage to ±𝑉𝑑𝑐  whereas for the clamped 

discontinuous pulse width modulation (DPWM) 

schemes, this value is ±
2𝑉𝑑𝑐

3
. The flux in the common 

leg can be reduced by reducing the time integral of the 

change in the common mode voltage. This is achieved 

by avoiding the use of zero voltage vectors. In this 

paper, the near state PWM scheme having three 

nearest active voltage vectors to synthesize the 

reference voltage vector 𝑉𝑟𝑒𝑓
⃗⃗ ⃗⃗ ⃗⃗  ⃗  is used. The switching 

table sequence in Fig. 6 for the parallel interleaved 

MLC is based on the sequence of numbers in which the 

corresponding voltage vectors are applied considering 

the space vector diagram in Fig. 7, which is divided into 

six regions like the NPC MLC scheme earlier discussed. 

However, in the parallel interleaved MLC scheme, the 

switching sequence 612 is used in both sub-sector 1 

where the 0o ≤φ ≤ 30o and sub-sector 12 where         

330o ≤ φ ≤ 360o. Theoretically, these two sub-sectors 

together make up region 1 and the geometrical 

formation of the reference voltage 𝑉𝑟𝑒𝑓
⃗⃗ ⃗⃗ ⃗⃗  ⃗ in this region 

is shown in Fig. 7. The active voltage vectors 𝑉1
⃗⃗  ⃗, 𝑉2

⃗⃗  ⃗ and 

𝑉3
⃗⃗  ⃗  in the switching table and their respective dwell 

times are given as [36, 47]: 

𝑇1 = (√3
𝑉𝛼,𝑟

𝑉𝑑𝑐

+
𝑉𝛽,𝑟

𝑉𝑑𝑐

− 1)𝑇𝑠  (8) 

𝑇2 = (1 −
2

√3

𝑉𝛼,𝑟

𝑉𝑑𝑐

) 𝑇𝑠 (9) 

𝑇6 = (1 −
1

√3

𝑉𝛼,𝑟

𝑉𝑑𝑐

−
𝑉𝛽,𝑟

𝑉𝑑𝑐

) 𝑇𝑠  (10) 

Where, 𝑇1 and 𝑇3 are the respective dwell times of the 

active voltage vectors, 𝑇𝑠 is the switching time, 𝑉𝛼 , 𝑉𝛽 

are the α,β components represented in Fig. 7 and  𝑉𝛼,𝑟 

and 𝑉𝛽,𝑟  are the αandβ components at the start of 

the region and these are given for region 1 as: 

V𝛼,r1 =
√3

2
V𝛼 −

1

2
V𝛽 (11) 

V𝛽,r1 =
1

2
V𝛼− −

√3

2
V𝛽 (12) 

T1 =
2

√3

|V⃗⃗ ref|

Vdc

Tssin(60∘ − 𝜑) (13) 

T2 =
2

√3

|V⃗⃗ ref|

Vdc

Tssin(𝜑) (14) 

T3 = T6 = (TS − T1 − T2)/2 (15) 

The dwell time of the adjacent active vectors (T1, T2) 

for the active zero state PWM is the same as that of the 

conventional space vector modulation as shown in 

equations 13-15. Though in this case, instead of using 

the zero vectors, two near opposing active voltage 

vectors ( 𝑉3
⃗⃗  ⃗, 𝑉6

⃗⃗  ⃗ ) are used. Consequently, the linear 

operation over the entire modulation range (0 ≤ M ≤ 

2 √3⁄ ) is obtained. 

The DFIG parallel interleaved MLC switching sequence 

and common mode (CM) voltages are shown in Fig. 8 
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for both converter sides. The converter two halves are 

tagged A and B respectively with a voltage common to 

each voltage source converter VCM, A and VCM, B and 

their difference ΔVCM is shown in Fig. 8. Since only 

active vectors are used in this topology, the peak CM 

voltage of the individual VSCs is constrained to ±
𝑉𝑑𝑐

6
. 

The application of voltage vectors 𝑉1
⃗⃗  ⃗ and 𝑉2

⃗⃗  ⃗ leads to 

equal and opposite polarity CM voltages for the 

converter system and again because of opposite 

polarity of the individual CM voltages, the joint 

application of 𝑉1
⃗⃗  ⃗ in VSCA and 𝑉2

⃗⃗  ⃗ in VSCB and the other 

way round in sub sector 1 forces the difference in CM 

voltages ΔVCM to constrain its value to ±
𝑉𝑑𝑐

3
. 

Consequently, for a given DC-link voltage, the peak 

value of the flux linkage in a switching cycle 𝜆𝐶𝑀,𝑝 

relies on the overlap time of the voltage vectors as 

shown in Fig. 8. Again, when the 𝑉𝑟𝑒𝑓
⃗⃗ ⃗⃗ ⃗⃗  ⃗ is in sub sector 

12 in the switching table, the overlap time of the 

voltage vectors  𝑉1
⃗⃗  ⃗  and 𝑉6

⃗⃗  ⃗  controls the value of the 

𝜆𝐶𝑀,𝑝, and its value varies with every current state of 

the reference voltage vector 𝑉𝑟𝑒𝑓
⃗⃗ ⃗⃗ ⃗⃗  ⃗  because the 

reference voltage changes with the space vector angle 

φ, possessing different values in each switching 
cycle of the converter system. 

 

Figure 8: Switching sequence for parallel interleave MLC 
scheme 

Simulation results and discussion  

Simulations were run for the DFIG NPC MLC and the 

DFIG parallel interleaved MLC scenarios. The DFIG 

wind turbine was operating at its rated speed during 

the time of fault. A 100ms fault is considered to occur 

at 0.1sec in both DFIG models having the two MLC 

topologies. The circuit breakers on the faulted line are 

opened and reclosed at 0.2 sec and 1.0 sec 

respectively. Some of the DFIG variables attending to a 

severe three line to grid fault are shown in Figs 9a to 

9e.  

In Figs. 9a and 9b, the variable speed wind turbine DC-

link voltage and active power for the  

DFIG interleaved MLC strategy has a better 

performance during transient than the DFIG NPC MLC 

strategy. This is because the space vector modulation 

of the earlier results in maximum value of the change 

in common mode voltage, leading to improved 

switched output voltage of the voltage source 

converter legs. Thus, the wind generator variables 

recover faster after the grid fault considering the 

interleaved MLC system. 

 

Figure 9a: DC-link voltage for both MLC schemes 
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Figure 9b: Active/real power for both MLC schemes 

The responses of the DFIG MLC schemes during 

transient for the rotor current and grid side reactive 

power are given in Figs 9c and 9d respectively. 

Interleaving the wind turbine MLC in parallel 

configuration could help to increase the current 

capability and reactive power production during 

transient conditions. The rotor current of both MLC 

schemes were operating at the same frequency in 

opposite direction before the grid fault as shown in Fig. 

9c. However, after the grid fault, the rotor current of 

the interleaved MLC scheme is leading the NPC MLC 

scheme.  

 

Figure 9c: Rotor current for both MLC schemes 

Furthermore, interleaving the DFIG MLCs has the 

influence of enhancing the reactive power of the wind 

generator as shown in Fig. 9d. The NPC MLC has the 

inability to boast the grid side reactive power during 

transient compared to the parallel interleaved MLC 

strategy. Consequently, due to an increase in the 

injected reactive power into the system, the wind 

generator rotor performance is affected during normal 

or steady state operation as shown in Fig. 9e for the 

parallel interleaved MLC. However, during grid fault, 

the rotor speed of the DFIG NPC MLC scheme has 

lesser oscillations but almost the same recovery time 

as the parallel interleaved MLC scheme. 

 

Figure 9d: Grid side reactive power for both MLC schemes 

 

Figure 9e: Rotor speed for both MLC schemes 

Improving the performance of the 

MLCs with braking resistor  

The schematic diagram of the DFIG wind generator and 

the associated braking resistor connected to the stator 

side is shown in Fig. 10. This DFIG and braking resistor 

arrangement is used for both MLCs strategies. Some of 

the wind turbine variables using the small value of 

0.01pu braking resistor for the NPC and parallel 

interleaved converters are shown in Figs. 11a to 11c.  
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Figure 10: Braking resistor system in DFIG 

 

Figure 11a: Real power of DFIG 

 

Figure 11b: Grid side reactive power of DFIG 

 

Figure 11c: Rotor speed of DFIG 

The switching strategy of the braking resistor is based 

on the detection of grid fault in the grid system, when 

the grid voltage is less than 0.9pu, thus, inserting the 

small value of the resistor in series. An addition of 

SDBR to both systems as shown in Figs 11a -11c shows 

that the SDBR can further enhance the performance of 

both inverter schemes.  This is because based on the 

braking resistor switching strategy in Fig. 10, the 

effective power generated is transferred across the 

wind generator system.  At the same time, the dynamic 

power which is in excess is stored in the drive train, 

consequently dissipating heat by the braking resistor.  

The phasor diagram in Fig. 11d for the braking resistor, 

shows that the voltage in the braking resistor could be 

increased during transient, thus, increasing the 

mechanical power extracted and reducing the rotor 

speed of the wind generator as shown in Fig. 11c. The 

accumulation of these effects leads to the improved 

post fault recovery system of the wind turbine real and 

reactive power given in Figs 11a and 11b respectively. 

The response of the 2-level interleave inverter is 

slightly better than the NPC MLC because the SDBR 

limits more the reactive power for the 3-level inverter.  

 

Figure 11d: Phasor diagram of braking resistor 
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Comparing the Performances of the 

Conventional 2-level Converter and the 

MLCs  

Figure 11e shows the performance of the convention 

2-level back-to-back converter and the MLCs. 

 

Figure 11e: DC-link voltage of DFIG 

The coordinated control of the braking resistor with 

the various converter schemes shows that a better 

performance of the wind turbine variable could be 

achieved during transient (Fig. 11e) due to the 

described phasor diagram in Fig. 11d and the earlier 

reasons given considering the merits of using the 

braking resistor for the wind generator system.  

Conclusion  

The performance of doubly fed induction generator 

(DFIG) variable speed wind turbine incorporated with 

neutral point clamped (NPC) and parallel interleaved 

multilevel converter schemes during transient were 

investigated in this paper. The converter topologies of 

both schemes in light of the space vector modulation 

were analyzed for the variable speed wind generator 

system. Both multilevel converter schemes allow for 

more possibilities of appropriate voltage vector 

selection to enhance switching and commutation 

during steady and transient conditions. The DFIG 

schemes were subjected to a severe three-phase fault 

under the same working condition as the wind 

generator. The responses of the variables of the DFIG 

wind turbine using the parallel interleaved multilevel 

converter scheme during transient gave better 

performance because its space vector modulation 

results in maximum value of the change in common 

mode voltage, leading to improved switched output 

voltage of the voltage source converter legs with 

increased current capability. Furthermore, a braking 

resistor of small value connected to the series terminal 

of the wind generator is used to improve the 

performance of both MLCs.
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