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Abstract: The direct-drive permanent magnet synchronous generator (PMSG) and modular multilevel 

converter (MMC)-based offshore DC wind turbine has emerged as a strong contender for the large-

capacity wind energy conversion system (WECS). Few technical challenges exist for MMC when used 

in medium potential WECS for PMSG. The important one is the enormous submodule (SM) voltage 

fluctuation brought on by the PMSG phase current, which has a high amplitude and low frequency. But 

because this topology's capacitor voltage is floating, a larger capacitor is needed, which raises the 

project's cost. This research suggests a minimum voltage ripple control across the capacitor for an 

MMC-based wind energy conversion systems. For wind energy conversion systems based on MMC, a 

different control method known as CCVR (Constant Capacitance Voltage Ripple) is suggested. The 

voltage ripple on the CM capacitor can be greatly reduced by using this method since it allows for the 

inclusion of the propagating current's second harmonic component. Because of this, smaller SM 

capacitors can be used. This paper introduces a constant capacitance voltage ripple (CCVR) control 

strategy and an ANFIS-based controller to address these challenges, aiming to reduce SM capacitor size 

while maintaining optimal system performance. 
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1. Introduction 

Full DC wind power parks using DC parallel connection and high-voltage DC transmission 

have drawn a lot of attention recently as a result of the growth in power generating capacity of 

wind power parks and the expansion of offshore distance. attention. Both types of lines can be 

connected to and converted by the high voltage alternating current HVDC converter. There are 

currently two distinct converter topologies. The interoperability challenges of new modular 

voltage source converter (VSC) topologies HVDC systems should be addressed concurrently 

with the rapid growth of power systems brought on by the demand for more interconnected 

networks. The diversity of modern distributed energy supplies and the rising need for 

worldwide energy consumption are what are forcing dc power systems to give more 
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sophisticated capabilities than ever before. From systems based online-commutated converters 

(LCC), via VSC, to systems based on MMC, HVDC technology has improved recently [1]-[3]. 

The MMC still requires sizable, large DC storage capacitors to balance off the massive power 

pulsations caused by the single-phase AC to DC conversion process in its arms. Due to its 

distinct notable features that make it perfect for VSC-based HVDC, the modular multilevel 

converter, one of the existing classes of high-power converter topologies, has attracted a lot of 

study interest recently [4]. Due to its benefits including modularity, high efficiency, and 

flexible expandability, the MMC, which was first presented in 2003, has emerged as the 

topology with the greatest potential for next-generation medium/high-voltage applications. The 

MMC has gained popularity in recent years for medium-voltage drive applications [5]. 

Voltage changes are inversely related to the MMC's operating frequency. Hoist, conveyor, and 

mill applications—all zero/low speed, high torque scenarios—cannot withstand significant 

voltage changes. Overmodulation and decreased system dependability may result from this. 

The most popular technique for reducing the voltage fluctuation of low-speed MMC capacitors 

is the current injection-based approach [6]. Low-frequency capacitor voltage variations can be 

minimized [7], but the device is subjected to more current stress.For MMC, a better 

implantation method is suggested to lessen the strains already present in the device. Still needed 

is high amplitude current injection.  

This is due to the fact that subunit IGBTs are frequently produced with maximum voltage 

ratings that are twice as high as the subunit capacitor's DC voltage rating. Two further methods 

for reducing voltage ripple on the MMC submodule capacitors during low-speed operation [9] 

- [12]. However, because the loop current component has high peak values and is given to make 

up for the subunit capacitor's huge ripple voltage during machine startup, there is severe 

overcurrent in the MMC arms. 

Current injection-based solutions call for the injection of high-amplitude circulating currents 

because device current stress is quite high, particularly at low speeds and high torque 

circumstances. Alternative methods to lessen voltage variations on MMC capacitors at low 

speeds include using variable DC voltage approaches [13] through [15]. Large amounts of SM 

capacitance are required for medium voltage low speed drives, which is more than the variable 

DC voltage approach can handle in terms of regulating MMC capacitor voltage swings. The 

following are some of the main benefits of MMCs over conventional two-voltage source 

converters.  

(i) Because of the low bridge arm voltage and current change rates of semiconductor 

devices like IGBT, switching transients are not easily influenced by them, assuring 

their stable and secure operation.  
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(ii) In high-voltage, large-capacity MMC, there are a lot of SMs, a good voltage step 

waveform, high-quality components, and very little harmonic content, so no filter 

is necessary. 

(iii) The modular structure can readily be expanded and altered to accommodate 

changing engineering requirements as well as the demands of more sophisticated 

power systems [16]-[18]. 

The MMC's capacitors are not, however, coupled to the DC bus in the same way as traditional 

2-level and 3-level converters. The submodule (SM) contains its capacitor. The SM capacitors 

will experience arm current flow when the MMC is in operation. The capacitor voltage will 

fluctuate as a result of this, the MMC often needs a capacitor with a high capacitance [19]-[20]. 

The converter's size as well as price may increase due to the huge capacitor. 

For the MMC-based medium voltage wind converters, we suggest CCVR (constant capacitance 

voltage ripple) regulation in this study. To balance the fundamental voltage component, the 

capacitor's second harmonic voltage component is changed.  

The modelling equations of the MMC based WECS are also presented in this section.  Section 

4 analyses the proposed ANFIS controller details in brief. 

2. Description of the MMC structure Methods 

The MMC topology's primary building blocks are depicted in Figure 1. Arms of the 

converter are formed by stacked converter cells called sub-modules. To get the appropriate 

number of levels and rated voltage, SMs can be stacked on top of one another. The converter 

leg is constructed from two stacked arms. To get the appropriate number of stages, more legs 

can be piled. The most crucial component of the MMC is the topology of the SM, which 

establishes the fundamental characteristics of the converter.  

SM is the fundamental part and component needed to implement the modularization of the 

MMC topology. When several SMs are connected in series, an MMC arm that serves as a 

regulated voltage source is produced. The voltage (varm) is dependent on the number of SMs 

connected or bypassed within the arm as well as the number of voltage levels on each SM 

output. In addition to the MMC's high-level functionality, the topology of each individual SM 

further specifies a number of converter properties, including the converter's capacity for error 

isolation, its level of dependability and redundancy, and its need for internal voltage 

balancing.The primary internal properties of the MMC, including capacitor voltage, switching 

frequency, conductance, and switching loss, are similarly impacted by the SM structure. 
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3. Proposed control methodology 

3.1 MMC Based WECS 

Figure 2 depicts the usual layout of an MMC-based WECS.  

 

 

Figure 1 Structure of MMC 

 

Figure 2 General Block Diagram of the Proposed Method 
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 It shows the proposed system's overall control architecture. The control block diagram of 

Figure 2 illustrates how the CCVR control of the MMC is split into two sections. In addition 

to conventional wind control, there is a different kind of circulation injection control. Wind 

energy conversion systems operate at MPPT sites utilizing traditional wind control to increase 

conversion efficiency. Circulating current can only be controlled by further injection. The arm 

current in the MMC will travel via the SM capacitors, unlike two-level converters. Circulating 

currents will develop due to circular interaction. These currents move around inside the MMC 

and exit through neither both the AC and DC sides. So, new control parameters can be provided 

by circulating current. To enhance converter performance. Like controlling output current, 

circulating current can also be controlled. The ANFIS-based current controller is used to 

monitor the circulating current's reference value 

 

 

Figure 3 Control Structure of MMC 

 

3.2  Modelling of MMC Based WECS 

The mechanical angular velocity and the number of generator poles both have an impact on 

the MMC's associated PMSG frequency. 

ω =  ωr = p ωm (1) 

 

The following equations express the MMC's AC-side voltage and current, 

vac(t) = VAC Cos(ωt +  α)  (2) 

 

iac(t) = IAC Cos(ωt +  β)  (3) 

Equation Figure 4 illustrates the connection between the MMC's output current and the PMSG's 

electromagnetic torque. 

Te(t) =
3

2
 𝑝 [𝜆𝑚iq(t) − (𝐿𝑑 − 𝐿𝑞)id(t)iq(t)] (4) 
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The q-axis and d-axis coupling is broken by controlling the d-axis current to zero. Following 

that, Eqn. 4 can be shortened in Eqn. 5. 

 

{
id = 0

iq =  
2 Te

3 p λm

      (5) 

 The details of the wind speed and wind turbine are as follows in Eqn. 5 to include in the 

electromagnetic torque. In Eqn. 6, their relationship is depicted. 

Te =  
ρ A νwind

3

2 ωm
Cp(λ,   βp)    (6) 

Cp should be at its maximum value, shown by Cp.max, for the wind energy system to achieve 

MPPT. Consequently, equation (1) can be used to get the reference value of the dq frame 7's 

output current. 

    {

id,ref = 0

iq,ref =  
 ρ π rwind

3 Cpmaxνwind
2

3  p λmλopt

  (7)    

 Eqn. 8 states thatthe three components: DC, phase current, and circulating current make up 

the arm current of the MMC. 

    {
iupp(t) =  

𝐼𝐷𝐶

3
 −  

𝑖𝑎𝑐 (𝑡) 

2
 +  icir(t)

i𝑙𝑜𝑤(t) =  
𝐼𝐷𝐶

3
+  

𝑖𝑎𝑐 (𝑡) 

2
 +  icir(t)

  (8) 

{
iac(t) =  IAC Cos(ωt +  φ)

i𝑐𝑖𝑟(t) =  IC Cos(2ωt + 𝜃𝐶)
    (9) 

 The capacitor voltage, for instance, can be calculated, as illustrated below, by integrating 

the capacitor current using the high-side arm. 

     vc(t) =  Vc,0 +  
1

CSM
∫ iap(t)Supp(t) dt (10) 

Here, 
ω – Angular Speed of MMC 

ωr – Electrical Angular speed of PMSG 

p – number of pole pairs 

VAC – Output voltage’s amplitude 

IAC – Output Current’s amplitude 

α – Output voltage’s phase angle 

β – Output Current’s phase angle 

ρ – density of air mass 

A – Wind blade area 

Vwind – Wind speed 

Cp – Coefficient of performance 

βp – Pitch angle 

λ – tip-speed ratio 

λopt – optimum tip-speed ratio 

rwind – Wind blades radius 

Vc,0 – Capacitor voltage’s DC Component 

CSM – Capacitor value of SM 

 

4. ANFIS Controller Structure  
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A popular research topic in the present era is the development of a fuzzy logic (FL) and 

ANN concept for control issues. A reason for this is because a statistical controller design is 

typically required by the theory of classical control. Particularly for nonlinear as well as 

intricate challenges to control, controller concert is typically hampered by the imprecision of 

the plant's mathematical modelling. The introduction of FLCs along with neural controllers 

based on multi-layered NNs inspired new resources for what may ultimately be a better 

knowledge of control as well as more efficient control. Fuzzy NN (FNN) is now suggested and 

progressed in collaboration between FL and NN; typically, this combination is referred to as 

ANFIS.While a neural network has many inputs and many outputs, a FL network only has 

many inputs and one output. As a result, an integration of these two is known as an ANFIS, 

which is recommended for nonlinear applications. 

Artificial neural networks and FLC are used to provide Adaptive Neuro-Fuzzy Inference 

System (ANFIS) controllers. Since they automatically change their parameters in real time for 

the best control, these controllers are preferred for their performance under a variety of 

conditions. 

The Sugeno Model, which comprises two inputs, one output, and five layers, serves as the 

basis for the ANFIS architecture. The inputs are initially fuzzed, and subsequently they are de-

fuzzed using an internal rule knowledgebase. Each rule has a weight assigned to it that 

determines its precedence. The rules and weights can be modified with training to achieve the 

desired controller response while minimising error. It is possible to write the first order Sugeno 

model as, 

 

u1 is the result if inputs e = A1 & Δe= B1. 

u2 is the result if inputs e = A2 & Δe = B2. 

Consequently, output u = w1u1 + w2u2 

 

A and B are the inputs that have been fuzzified, and w is the selected weight.  

 
Figure 4 Structure of ANFIS Model 
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5. Simulation Results and Discussions 

The proposed MMC's suggested ANFIS-based controller has been modelled and analysed 

using a MATLAB/Simulink model, and the results of the examination are reported. Simulation 

parameters for the MMC-based WECS are listed in Table 1. MATLAB/Simulink simulations 

demonstrate the effectiveness of the proposed ANFIS-based control strategy. 

Table 1: Simulation Parameters 

PMSG MMC Values 

Parameter Value Parameter Value 

Power Rating 

Frequency of Supply 

Wind Speed 

SM Capacitance 

Carrier Signal Frequency 

10 kW 

50 Hz 

12 m/s 

10 µF 

5 kHz 

Rated Capacity 

DC Link voltage 

SM’s count per arm 

SM Capacitance  

Inductance of each arm 

Frequency of Carrier Signal 

5 MVA 

± 4000 V 

 4 

 5000 µF 

 3 mH 

2.5 kHz 

 

Simulation results, depicted in Figures 4-10, illustrate significant reductions in SM capacitor 

voltage ripple. Notably, the ANFIS controller outperforms the conventional PI controller, 

achieving a 39% reduction in ripple voltage. 

 

Figures 5-10 represent the waveforms of the WECS. Figure 5 shows the variations of the 

turbine power for different wind speed and the various wind speeds wrt the time is shown in 

the figure number 6.    

 

 
Figure 5Wind Turbine Power Characteristics 

 

 
Figure 6Wind Speed Vs Time 
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Figure 7 3-phase Output Voltage of PMSG 

 

 
Figure 8 3-phase Output Current of PMSG 

 
Figure 9 Line Voltage (Vab) before the Rectifier 
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Figure 10 RMS Value of Line Voltage (Vab) before the Rectifier 

 

 
Figure 11 Line Current (IL) before the Rectifier 

 

 
Figure 12 RMS Value of Line Current (IL) before the Rectifier 
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Figure 13 depicts the change in the rotor speed of the PMSG of the WECS with respect to the 

time. The mechanical and electrical torque characteristics are portrayed in the Figure 14. The 

overall power output of the WECS is displayed in the Figure 15.  

 

 
Figure 13 Simulation result of Rotor Speed  

 

 
Figure 14 Mechanical & Electrical Torques of Wind Turbine 

 

 
Figure 15 Output Power of WECS 
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Figure 16 Output Voltage of Rectifier without Filter 

 
Figure 17 Output Voltage of Rectifier without Filter 

 

 
Figure 18 Capacitor voltage of SM (Upper module) 
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Figure 19 Capacitor voltage of SM (Lower module) 

 

Figure 20-22 illustrates how the three-phase circulating currents and upper and lower arm 

currents relate to one another.MMC’s DC link currents and its actual and reference current 

values are all displayed in the Figures 23 and 24 respectively. The pulse generated for the MMC 

and its corresponding reference signal for pulse generation are shown in the figures 25 and 26 

respectively.  

 
Figure 20 MMC’s Arm Currents & Internal Circulating Current of Phase A 

 

 
Figure 21 MMC’s Arm Currents & Internal Circulating Current of Phase B 
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Figure 22 MMC’s Arm Currents & Internal Circulating Current of Phase C 

 
Figure 23 DC-Link Currents all three phases 

 

 
Figure 24Actual & Reference DC Current before MMC 
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Figure 25 Pulse for MMC 

 

 
Figure 26 Reference Signals for Pulse Generation 

Figure 27 shows the capacitor voltage for the upper sub-module and figure 28 for the lower 

sub-module. Also, the circulating currents for the PI and the ANFIS controllers are depicted in 

the figures 29 and 30 respectively. 
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Figure 27 Average Capacitor Voltage of SM (Upper Module) using PI & ANFIS 

Controllers 

 
Figure 28Average Capacitor Voltage of SM (Lower Module) using PI & ANFIS 

Controllers 

 

 
Figure 29 Circulating Current using PI Controller 

 

 

 
Figure 30 Circulating Current using ANFIS Controller 
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Again, here we can infer that the circulating currents for the ANFIS controller are smaller 

for the proposed ANFIS controller. Figure 31 shows the capacitor ripple voltage for the 

different circulating currents under varying airflow rates. The fluctuations of the capacitor 

ripple are shown in Figure 32. voltages with wind velocity under different cases namely, with 

no circulating current injection, with injection of circulating current along with PI controller 

and lastly with the ANFIS controller. Clearly it can be inferred that the ripple voltage in 

minimum in the case with ANFIS controller. 

 

 
Figure 31Variations of Capacitor Ripple Voltage for different Circulating Currents 

generated under various Wind Speeds  

 

 
Figure 32Capacitor Voltage ripples under different conditions 

 

6. Conclusion  

 

In the proposed PMSG based WPCS, the varying wind speed causes fluctuations in the 

PMSG phase current with high amplitude and low frequency which results in SM voltage 

ripple. This study proposes an ANFIS based control strategy for minimal capacitor voltage 

ripple regulation. To eliminate ripple on the SM capacitor, the six-level, three-phase WECS of 
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the proposed control approach, based on MMC, injects the second harmonic component of the 

circulating current. This control method drastically reduces the voltage ripple where the 

injected second harmonic component restrains the fundamental component. According to the 

results, the CM capacitor's voltage fluctuations have been significantly reduced. Results from 

the PI console and the ANFIS console were contrasted. The ANFIS provides better 

performance over the PI controller. It is also observed from the results that the average 

capacitor voltage using ANFIS controller is approximately 100V whereas using the PI 

controller is 165V at the rated wind velocity of 12m/s. the SM capacitor is also greatly 

minimized with circulating current injection method compared to PI controller which 

significantly improve the performance of MMC and reduces the volume and cost of the 

capacitor.  

A new ANN-based MPC controller for a solar power Grid connected system through an 

alternate arm converter has been proposed designed & verified by simulation studies in this 

research paper. Since the trained models are constructed with basic arithmetic operations that 

are unrelated to the complexity of the MPC algorithm, they can effectively minimize the 

computational cost of real-time control. ANN built ML models are trained to simulate MPC 

controllers. The suggested AAC is attractive for HVDC systems, according to the theoretical 

development and given simulation results. When compared to MPC, the suggested ML 

controller will lower the computational requirements of the controller. 
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