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This study presents a strategy to reduce the capacitance of the submodule (SM) capacitor of a modular multilevel converter-based medium-voltage wind power converter. The design of the SM capacitor of the modular multilevel converter (MMC) should consider the actual operating conditions, especially the influence of wind speed, because wind speed will affect the voltage ripple and voltage amplitude of the SM capacitor. In the traditional method, the capacitance design of the SM capacitor will be based on relatively high wind speed and leave a certain safety margin. However, in most cases, the system operates at the highest-frequency wind speed (HFWS). For the MMC-based wind energy conversion system, a constant capacitor voltage ripple (CCVR) control method is proposed. Using this method, the SM capacitor voltage ripple can be significantly reduced by injecting the second harmonic component of circulating current. In this way, the SM capacitor with smaller capacitance can be used. Finally, the effectiveness of the proposed method is validated in RT-Lab Platform.
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1 INTRODUCTION
Energy and environmental problems are tied to human development. Conventional energy is non-renewable and can cause environmental pollution. The development of renewable energy, especially wind energy, has attracted more and more attention (Li et al., 2018; Ghosh et al., 2020; Yang et al., 2022). With the continuous progress of wind power generation technology, the capacity of wind energy conversion systems is also gradually increasing. At present, the mainstream wind power generation system of offshore wind farms has reached the megawatt level (Cortes-Vega et al., 2021; Xue et al., 2021). Compared with small-capacity wind turbines, large-capacity wind turbines have obvious advantages, such as low maintenance cost and stronger ability to capture wind energy. During the past 30 years, the size and capacity of the wind energy conversion system have exponentially increased. Some manufacturers have even started to develop wind energy conversion systems with a capacity of 10MWs (Rebello et al., 2019).
Permanent magnet synchronous generators (PMSGs) and full-scale power converters have been widely adopted in the megawatt wind power generation system (Tao et al., 2019; Khan et al., 2019). The gearbox, which is a part of a wind turbine, can be gotten rid of. It is known that the gearbox is prone to overload and has a high damage rate. Therefore, this kind of wind energy conversion has many advantages, such as high efficiency, low noise, long lifetime, low maintenance cost, and so on (Hu et al., 2020).
However, with the continuous increment of the capacity, the traditional two-level and three-level converter cannot meet the needs of high-capacity wind power generation systems. The increment of capacity promotes the development of the voltage level, and the medium voltage level has become the mainstream voltage level for turbines with rated power greater than 3.0 MW (Khanzadeh et al., 2021).
Compared with the traditional two voltage source converters, MMC has the following significant advantages (Xiao et al., 2021; Dekka et al., 2017).
(1) The change rate of bridge arm voltage and current is low, which reduces the impact of IGBT and other semiconductor devices in the switching transient process and ensures their safe and stable operation.
(2) For MMC with high voltage and large capacity, the number of SMs is large, the waveform of voltage step wave is good, the quality is high, the harmonic component is very low, and there is no need for filter.
(3) The modular structure is easy to expand and transform and can meet the needs of increasingly complex power systems and various engineering needs in practice.
With the progress of related technologies, MMC has been widely used in offshore wind power generation and high-voltage direct current (HVDC) technology (Ronanki and Williamson, 2018).
However, different from the traditional two-level and three-level converters, the capacitor of the MMC is not directly connected to the DC bus. Its capacitor is installed in the submodule (SM) (Li et al., 2022). During the operation of the MMC, the arm current will pass through the SM capacitors. This will cause the fluctuation of the capacitor voltage. Normally, the capacitor voltage ripple should not increase 10% of the nominal capacitor voltage; otherwise, the overvoltage can result in the breakdown of semiconductors and capacitors (Liu et al., 2019). As a result, the capacitor with large capacitance is usually required in the MMC. The large capacitor can increase not only the cost but also the space of the converter.
In this study, a constant capacitor voltage ripple (CCVR) control for MMC-based medium-voltage wind power converters is proposed. It is found that the SM capacitor voltage ripple can be suppressed by injecting the second harmonic component of circulating current; in this way, the capacitance of the SM capacitor can be reduced. Therefore, the following work is done in this study.
1) Through the analysis of the wind farm, it is found that there exists the most-frequency wind speed (MFWS) in the wind farm, and the MMC-based wind energy conversion system operates at this wind speed most of the time (Groch and Vermeulen, 2019). However, the capacitance of the SM capacitor is selected and designed under the maximum wind speed, which will cause a waste of cost and volume. Based on this, a new method regarding the capacitance of SM capacitor selection and design is proposed, that is, the capacitance of the SM capacitor will be selected under the MFWS. But, when the wind speed increases, the voltage ripple of the SM capacitor will also rise, so there exists a certain risk.
2) Injecting the second harmonic component of the circulating current into the MMC can reduce the voltage ripple of the SM capacitor, and the effect will be affected by the circulating current amplitude and phase angle. On the premise that the amplitude of the injected circulating current is fixed, the injection angle of the circulating current is changed, and it is found that under different wind speeds, each injected circulating current amplitude has an optimal angle. Under this optimal injection angle, the weakening effect on the SM capacitor voltage ripple is the largest.
3) Based on the above research conclusions, CCVR control for the MMC-based wind energy conversion system strategy is proposed. On the premise of the optimal injection phase angle, injecting the corresponding circulating current amplitude can keep the capacitor voltage ripple of the SM constant. Compared with the traditional method, the proposed method significantly reduces the SM capacitor voltage ripple. On the premise of the proposed method, the capacitance of the SM capacitor will be designed and selected under the MFWS, which greatly reduces the cost and volume of the equipment, and there is no need to worry about the SM capacitor damage caused by too high voltage ripple.
The rest of the article is organized as follows. The foundations of the MMC-based wind energy conversion system are explained in Section 2. The operation of wind farms is analyzed, and the concept of the most-frequency wind speed is put forward in Section 3. The relationship between circulating current injection and capacitor voltage fluctuation is analyzed in Section 4. Section 5 analyzes the influence of the amplitude and phase angle of the circulating current on the SM capacitor voltage ripple. Section 6 proposes a CCVR control for the MMC-based wind energy conversion system, and the effectiveness was analyzed using RT-Lab. The conclusions are summarized in Section 7.
2 FOUNDATIONS
Figure 1 shows the diagram of the MMC-based wind energy conversion system. Under the action of blades, wind energy is converted into mechanical energy, which is then converted into electric energy through the PMSG. Finally, under the rectification of MMC, AC power is converted to DC power, and the electrical power is transferred from the PMSG to the DC bus (Singh et al., 1947; Ronanki and Williamson, 2018; Priya et al., 2019).
[image: Figure 1]FIGURE 1 | Diagram of the MMC-based wind energy conversion system.
In Figure 1, vwind is the wind speed. The wind energy determines the mechanical torque Tm and rotor speed ωm of the PMSG. The output voltage and current of the PMSG are denoted by ua(t) and ia(t), respectively. The currents in the upper and lower arms of the MMC are denoted by ip,a(t) and in,a(t), respectively, and ucap.ap(t) and ucap.an(t) are the capacitor voltage in the upper and lower arms, respectively.
In Figure 1, the wind speed is denoted by vwind. The wind energy determines the mechanical torque Tm and rotor speed ωm of the PMSG. Phase A is taken as an example. The output voltage and current of the PMSG are denoted by ua(t) and ia(t), respectively. The currents in the upper and lower arms of the MMC are denoted by ip,a(t) and in,a(t), respectively. The capacitor voltage in the upper and lower arms is denoted by ucap.ap(t) and ucap.an(t), respectively.
The frequency of the MMC connected to the PMSG is affected by the number of poles in the generator and is also affected by the mechanical angular speed, that is,
[image: image]
where ω is the angular speed of the MMC; ωr is the electrical angular speed of the rotor in the PMSG; p is the number of pole pairs.
The AC-side voltage and current of the MMC can be expressed as follows:
[image: image]
where Us is the amplitude of the output voltage and α is the phase angle of the output voltage; Is and β are the amplitude and the phase angle of the phase current.
In the wind energy conversion system, the relationship between the output current of the MMC and the electromagnetic torque of the PMSG can be expressed as in Eq. 3.
[image: image]
where id(t) and iq(t) denote the AC-side phase currents in the d-q frame.
From Eq. 3, the electromagnetic torque of the PMSG can be realized by controlling the output current of the MMC. To remove the coupling between the d-axis and q-axis currents, the d-axis current is controlled to be zero. Then Eq. 3 can be simplified to Eq. 4.
[image: image]
In Eq. 4, the electromagnetic torque is determined by the wind speed and the parameters of the wind turbine. Their relationship is shown in Eq. 5 (Jae-Jung Jung et al., 2015):
[image: image]
where ρ is the air mass density; A is the area covered by the wind blades; vwind denotes the wind speed; and Cp is the performance coefficient, which is determined by the pitch angle βpit and the tip-to-speed ratio λ.
To realize the maximum power point tracking (MPPT) of the wind energy system, Cp should be its maximum value, which is denoted by Cp.max. Thus, the reference value of output currents in the d-q frame can be derived, which is shown in Eq. 6.
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where
[image: image]
where rwind is the radius of wind blades, and λopt is the optimum tip-to-speed ratio, which is a constant value and can be obtained from the manufacturer’s data.
The arm current of the MMC is composed of the DC component, phase current component, and circulating current component, which is shown in Eq. 8:
[image: image]
and
[image: image]
where Is and φ are the amplitude and the phase angle of phase current, respectively. Ic and θc are the amplitude and the phase angle of the second harmonic circulating current, respectively.
The modulation signal of the MMC is as follows:
[image: image]
where Adc is the DC component in the modulation signal; A1 and θ1 are the amplitude and the phase angle of the 1ω component in the modulation signal; and A2 and θ2 are the amplitude and the phase angle of the 2ω component in the modulation signal.
Taking the upper bridge arm as an example, the capacitor voltages can be derived by integrating the capacitor currents, which is as follows:
[image: image]
where Ucap.0 is the DC component in the capacitor voltage and CSM is the SM capacitor.
3 MECHANISM OF THE CONSTANT CAPACITOR VOLTAGE RIPPLE CONTROL METHOD
The design of the SM capacitor for the modular multilevel converter should consider the actual operating conditions, especially the influence of wind speed, because wind speed will affect the voltage ripple and voltage amplitude of the SM capacitor. In the traditional method, the design for the capacitance of the SM capacitor will be based on relatively high wind speed and leave a certain safety margin.
Figure 2 shows the wind speed fitting Weibull curve of a wind farm. It can be seen from the figure that the wind speed in this area is maintained at about 8 m/s most of the time. The wind speed with the highest frequency is defined as MFWS. In the traditional method, the capacitance of the SM capacitor is designed at the highest wind speed, but in the actual operating situation, the equipment operates at the MFWS most of the time, which will cause a waste. Based on this, a new capacitance of the SM capacitor design scheme is proposed, that is, the capacitance of the SM capacitor is selected under the MFWS instead of the highest wind speed, which will greatly reduce the volume and cost of the SM capacitor. However, doing so will create some problems.
[image: Figure 2]FIGURE 2 | Wind speed–frequency distribution.
Figure 3 shows the change of SM capacitor voltage under different wind speeds. From Figure 3, the voltage ripple of the SM capacitor will rise with the increase in wind speed. Suppose the maximum wind speed of a wind farm is 12 m/s and the most-frequency wind speed is 8 m/s. In the traditional method, the capacitance of the SM capacitor is selected and designed under the working condition of vwind = 12 m/s, which can ensure the safe and reliable operation of the equipment. The proposed method is to select and design the capacitance of the SM capacitor under the working condition of vwind = 8 m/s. However, it can be seen from the figure that if it is designed according to the working condition of 8 m/s, the voltage ripple of the SM capacitor will increase and the risk of capacitor breakdown will occur at the high wind speed. Therefore, certain measures need to be taken to avoid the risk of breakdown of the SM capacitor due to high voltage ripple.
[image: Figure 3]FIGURE 3 | Capacitor voltage under different wind speeds.
Injecting the second harmonic component of the circulating current into the MMC can reduce the voltage ripple of the SM capacitor under certain conditions, so that the SM capacitor breakdown caused by the increase in voltage ripple can be avoided under the proposed method. The specific influence of the frequency doubling component of the injected circulating current on the capacitor voltage ripple will be discussed in the next section.
4 EFFECT OF CIRCULATING CURRENT ON CAPACITOR VOLTAGE RIPPLE
The basic wind power control can be realized based on Eq. 6 and the proportional-integral (PI)-based current controller (Qingrui Tu et al., 2011), which is shown in Figure 4.
[image: Figure 4]FIGURE 4 | CCVR control for the MMC-based wind energy conversion system.
From the control block diagram shown in Figure 4, the CCVR control for the MMC is composed of two parts. They are the traditional wind power control and an additional circulating current injection control. The traditional wind power control is used to make the wind energy conversion system operate at the MPPT point to maximize conversion efficiency. The additional circulating current injection control is exclusive. Different from two-level converters, the arm current will pass through the SM capacitors in the MMC. With the effect of circular interaction, circulating currents will occur. These currents circulate inside the MMC, and they flow out from neither AC nor DC sides. Thus, the circulating current can provide a new control variable for improving the performance of the converter. The control of circulating current is similar to the control of output current. The reference value of the circulating current can be followed by using the PI-based current controller. Then, the problem is to calculate the appropriate value of the injected circulating current.
The reference value of the second harmonic component of circulating current will be calculated using the method proposed in the study by Liu et al. (2018). Figure 5 and Figure 6 show the variation of capacitor voltage ripple Uc,rip under the influence of different factors. Tables 1, 2 show the parameters of the MMC and the PMSG used in the numerical analysis. In Figure 5, the amplitude of circulating current, denoted by Ic, is 100A; the z-axis shows the values of Uc,rip with respect to the phase angle of circulating current and the wind speed. From Figure 5, changing the phase angle of the injected circulating current will have a great impact on the value of Uc,rip. This is because the injected circulating current can affect the phase angle of the harmonic components in capacitor voltage ripples. When the fundamental, 2nd, and 3rd harmonic components of the capacitor voltage reach the maximum at the same time, Uc,rip will be large. On the contrary, when the fundamental component reaches its maximum and the 2nd and 3rd harmonic components reach their minimum at the same time, the 2nd and 3rd harmonic components can offset part of the fundamental component; hence, Uc,rip can be smaller.
[image: Figure 5]FIGURE 5 | Values of capacitor voltage ripple under the different wind speeds and the different phase angles of circulating current.
[image: Figure 6]FIGURE 6 | Values of capacitor voltage ripple under the different phase angles and different amplitudes of circulating current.
TABLE 1 | Parameters of the PMSG.
[image: Table 1]TABLE 2 | Parameters of the MMC.
[image: Table 2]In Figure 6, vwind = 12 m/s, and the z-axis shows variation of capacitor voltage ripple Uc,rip under different phase angles and amplitudes of circulating current. With the increase in current amplitude, the influence of the circulating current on Uc,rip becomes greater. In addition, there always exists a phase angle in every circulating current amplitude, which can make Uc,rip smallest. In this study, this angle is defined as the optimum angle.
From Figure 5 and Figure 6, the following two conclusions can be made.
1) The injected circulating current can either reduce or increase the fluctuation magnitude of the capacitor voltage ripple. Thus, there can be numerous reference values of circulating current for suppressing capacitor voltage ripples. There should be a rule to choose the appropriate reference value.
2) The value of θc is the key to determining the effect of the injected circulating current. It can be seen from Figure 6 that the suppression effect occurs in a narrow interval. In other words, the angle of reference circulating current should be chosen precisely.
5 PHASE ANGLE AND AMPLITUDE ANALYSIS
5.1 Phase Angle Analysis
As mentioned earlier, every amplitude of circulating current has an optimum angle, which can make the injected circulating current have the best suppression effect on capacitor voltage ripples; hence, this optimum angle should be chosen as the phase angle of the reference circulating current.
This angle can be accurately obtained by following two steps. First, based on the steady-state analysis method proposed in the study by Liu et al. (2018), the values of Uc,rip are calculated when the circulating current angle is changed from 0 to 2π. Second, the minimum value of Uc,rip can be found, and the corresponding angle is the optimum angle.
Figure 7 shows the effect of the circulating current phase angle on capacitor voltage ripple under different wind speeds. In Figure 7A, A1, B1, C1, and D1 are the optimal injection phase angles at different wind speeds when the amplitude of injection circulating current is 135 A, respectively; A2, B2, C2, and D2 are the optimal injection phase angles at different wind speeds when the amplitude of injection circulating current is 165 A, respectively, in Figure 7B. The variation trend of capacitor voltage ripple under different circulating current phase angles can be seen from Figure 7, and there is an optimal injection phase angle under each wind speed and circulating current amplitude. Injecting circulating current under this phase angle can minimize the capacitor voltage ripple of the SM, and the phase angle is defined as the best phase angle under the corresponding wind speed and circulating current amplitude.
[image: Figure 7]FIGURE 7 | Capacitor voltage ripple under different circulating current phase angles. (A) Ic = 165 A. (B) Ic = 135 A.
Figure 8 shows the capacitor voltage ripple under different circulating current phase angles at the wind speed of 12 m/s, when the circulating current amplitude is 165 A. It can be seen that the angle of injecting circulating current has an obvious influence on the capacitor voltage ripple. In Figure 8, when the circulating current phase angle is 5.783, the capacitor voltage ripple is suppressed to 208.524 V. Therefore, under the condition of vwind = 12 m/s, when the circulating current amplitude is 165A, the corresponding optimal phase angle is 5.783.
[image: Figure 8]FIGURE 8 | Capacitor voltage ripple under different circulating current phase angles when vwind = 12 m/s.
Based on the steady-state analysis method described in the study by Liu et al. (2018), the variation of capacitor voltage ripple can be analyzed by changing the amplitude and phase angle of circulating current at different wind speeds. In this way, the optimal circulating current phase angle under different operating conditions can be determined.
Figure 9 shows the corresponding optimal phase angle under different wind speeds when the circulating current amplitude is 135 and 165 A. Figure 9 also shows the variation trend of the circulating current phase angle; the change trend of the optimal phase angle decreases slowly at first and then increases to a certain extent. With the increase in circulating current amplitude, the wind speed at the corresponding turning point will also increase.
[image: Figure 9]FIGURE 9 | Optimal circulating current phase angle under different wind speeds.
Figure 10 shows the change of capacitor voltage ripple when injecting circulating current at the best phase angle. It can be seen from the figure that with the increase in wind speed, the effect of circulating current injection on the reduction of SM capacitor voltage ripple becomes more and more obvious, and the amplitude of circulating current will affect this effect. The effect of circulating current amplitude will be analyzed below.
[image: Figure 10]FIGURE 10 | Capacitor voltage ripple at optimal phase angle under different wind speeds.
5.2 Amplitude Analysis
The optimal phase angle of the circulating current injection under different wind speeds and amplitudes is analyzed. After determining the optimal phase angle, the difference of the amplitude of the injected circulating current will also affect the capacitor voltage ripple.
Figure 11 shows the variation of capacitor voltage ripple with the amplitude of injected circulating current at different wind speeds under the optimal circulating current injection angle. It can be seen from the figure that at low wind speed, if the amplitude of injected circulating current is too large, it will cause an increase in capacitor voltage ripple; this also explains why increasing the amplitude of the circulating current will increase the SM capacitor voltage ripple at the wind speed of 6 m/s in Figure 10.
[image: Figure 11]FIGURE 11 | Capacitor voltage ripple under different circulating current amplitudes.
Based on the phase angle analysis and amplitude analysis of injection circulating current, the following conclusions can be obtained:
1) Injecting appropriate circulating current will suppress the voltage ripple of the submodule capacitor. The variation of amplitude and phase angle of circulating current will affect the capacitor voltage ripple.
2) Each circulating current amplitude will have and only have a corresponding optimal injection phase angle at different wind speeds. When injecting circulating current at this phase angle, the capacitor voltage ripple will be minimized.
3) The variation of circulating current amplitude will affect the capacitor voltage ripple. By changing the amplitude of the injected circulating current, the desired capacitor voltage ripple of the SM will be obtained.
6 VERIFICATIONS
It can be seen from the previous section that the voltage ripple of the SM capacitor is affected by the phase angle and amplitude of the injection circulating current. The submodule capacitor voltage ripple can be controlled by changing the amplitude and phase angle of the injection circulating current. Based on this, a constant capacitor voltage ripple control method is proposed in this study. That is, on the premise of the optimal injection phase angle, the corresponding circulating amplitude is calculated to keep the capacitor voltage ripple constant.
Using this method, the SM capacitor can be designed and selected under the MFWS without worrying about the capacitor breakdown caused by the excessive voltage ripple of the SM capacitor, which can save the cost of the device and improve the reliability of the operation.
Simulations are conducted using RT-Lab to verify the effectiveness of the proposed method. The parameters of the PSMG and the MMC are shown in Tables 1, 2, respectively. The rated capacity of the wind generation system is 5 MVA.
Figure 12 shows the calculation results of the required injection circulating current amplitude under the optimal phase angle. According to the method mentioned in the study by Liu et al. (2018), the circulating current amplitude to be injected and the optimal phase angle can be calculated quickly.
[image: Figure 12]FIGURE 12 | Calculation results of circulating current amplitude.
Figure 13 is the waveform diagram of the second harmonic component of circulating current icir.j(t).
[image: Figure 13]FIGURE 13 | Actual injection circulating current waveform.
It can be seen that when vwind is large, it is necessary to inject a large amplitude of circulating current to keep the SM capacitor voltage ripple constant, which is consistent with the results of Figure 12.
Figure 14 shows the wind speed and system frequency. The wind speed is 6 m/s at 2 s. Then, the wind speed is increased from 6 m/s to 12 m/s during t = 2 s to t = 6 s.
[image: Figure 14]FIGURE 14 | Wind speed and system frequency.
Figure 15 shows the capacitor voltage waveform under the traditional method. In Figure 15, the injected circulating current amplitude Ic is set to 0. This means that the circulating current is not injected. It can be seen that with the increase in wind speed, the voltage amplitude and voltage ripple of SM capacitor voltage will increase. When the wind speed reaches 12 m/s, the voltage amplitude and voltage ripple of the SM capacitor will also reach the maximum.
[image: Figure 15]FIGURE 15 | Capacitor voltage under the traditional method.
Figure 16 shows the capacitor voltage waveform under the proposed method.
[image: Figure 16]FIGURE 16 | Capacitor voltage under the proposed method.
In Figure 16, when the wind speed reaches 8 m/s, the second harmonic component of circulating current is injected to keep the capacitor voltage ripple constant. It can be seen from the figure that from 8 m/s, with the increase in wind speed, the amplitude of the capacitor voltage of the SM decreases to a certain extent, and the voltage ripple always remains a constant value.
Figure 17 shows the specific variation of the SM capacitor voltage ripple under the two methods. It can be seen from the figure that in the traditional method, the injected circulating current amplitude Ic is set to 0. This means that the circulating current is not injected. It can be seen that the capacitor voltage ripple is 203.09 V when the wind speed is 8 m/s. The capacitor voltage ripple increases with the increment of wind speed. The capacitor voltage ripple is 266 V when the wind speed is 12 m/s, and it reaches the maximum at this time. In the proposed method, the circulating current is injected at 8 m/s to keep the capacitor voltage ripple at a constant value. From the figure, the capacitor voltage ripple is effectively reduced. The capacitor voltage ripple is 203.09 V when the wind speed is 8 m/s; when the wind speed increases to 12 m/s, the capacitor voltage ripple is also 203.09 V, which is reduced by 23.65% compared with the traditional method (Wang et al., 2016). It is obvious that the proposed method is effective.
[image: Figure 17]FIGURE 17 | Comparison of SM capacitor voltage ripple under the two methods.
In conclusion, based on the method proposed in this study, the capacitance of the SM capacitor can be designed and selected at the MFWS, and the damage of the SM capacitor caused by too high capacitor voltage amplitude and capacitor voltage ripple can be avoided. Compared with the traditional method, SM capacitors with smaller capacitance will be used, so it can save the cost and reduce the volume of equipment.
In order to highlight the improvement of the work done in this study, similar work in the relevant literature is selected for comparison, which is divided into four cases. Case 1 is a two-level voltage source converter (Lachichi et al., 2019), case 2 is a traditional MMC system (Wang et al., 2016), and case 3 is the method proposed in this study. The comparison results are shown in Table 3.
TABLE 3 | Comparison of different situations.
[image: Table 3]It can be seen from Table 3 that the MMC can be more suitable for medium- and high-voltage DC technology scenarios and has lower switching loss compared than the two-level converter; the method proposed in this study has lower requirements than the traditional MMC operation mode for the capacitance of submodules, which can reduce the operation cost of equipment.
7 CONCLUSION
This study proposed a CCVR control for the MMC-based wind energy conversion system. This method reduces the ripple of SM capacitor voltage by injecting the second harmonic component of circulating current into the MMC so that the capacitance of the SM capacitor can be selected and designed under the MFWS. The specific conclusions are summarized as follows:
(1) It is found that under the existing operating conditions, the capacitance design of the SM capacitor needs to be optimized. In this study, it is found that the voltage ripple of the SM capacitor can be significantly reduced by injecting the second harmonic component of circulating current. In this case, the design and selection for the capacitance of the SM capacitor will be carried out under the highest-frequency wind speed, and the cost and volume of the SM capacitor will be optimized.
(2) The second harmonic component of circulating current injection will affect the voltage ripple of the submodule capacitor, and at different wind speeds, the amplitude of each injected circulating current has the corresponding optimal phase angle, so that when the circulating current is injected at this phase angle, the capacitor voltage ripple of the SM will be minimized.
(3) A constant capacitor voltage ripple control method for the MMC-based wind energy conversion system is proposed; this method can significantly reduce the voltage ripple of the SM capacitor. The results show that the voltage ripple of the capacitor of the SM is significantly reduced by using the proposed method, that is, by 23.65%, compared with the traditional method under the working condition of vwind = 12 m/s.
Based on the method proposed in this study, the SM capacitor with smaller capacitance will be used, so the cost, volume, and weight of the capacitor will be reduced.
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NOMENCLATURE
MMC Modular multilevel converter
CCVR Constant capacitor voltage control
SM Submodule
MFWS Most frequency wind speed
PMSG Permanent magnet synchronous generator
HVDC High-voltage direct current
Symbols
vwind Wind speed
Tm Mechanical torque of PMSG
ωm Rotor speed of PMSG.
ua(t), ia(t) Output voltage and current of PMSG
ip,a(t), in,a(t) Instantaneous value of the upper and lower arm currents in phase A, respectively
ucap.ap(t), ucap.an(t) Instantaneous value of the upper and lower capacitor voltages in phase A, respectively
ω Angular speed of MMC
P Number of pole pairs
Us Amplitude of the output voltage
α Phase angle of the output voltage
Is Amplitude of the phase current Amplitude of phase current
β Phase angle of the phase current
id(t), iq(t) Instantaneous value of the ac-side phase currents in d-q frame
Te(t) Electromagnetic torque of PMSG
Ld, Lq D-axis and q-axis inductance
Ρ Air mass density
A Area covered by the wind blades
Cp Performance coefficient
βpit Pitch angle
λ Tip-speed ratio
id.ref, iq.ref Reference value of output currents in the d-q frame
rwind Radius of wind blades
λopt Optimum tip-speed ratio
Is Amplitude of the phase current Amplitude of phase current
φ Phase angle of phase current
abrIc Amplitude of the second harmonic circulat-ing current
θc Phase angle of the second harmonic circulat-ing current
Adc Dc component in the modulation signal
A1 Amplitude of 1ω component in the modulation signal
θ1 Phase angle of 1ω component in the modulation signal.
A2 Amplitude of 2ω component in the modulation signal
θ2 Phase angle of 2ω component in the modulation signal
Ucap 0 Dc component in the capacitor voltage
CSM Submodule capacitor of MMC
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Parameter Value

Rated capacity 5MVA
DC-ine voltage Uy +4000V
Number of SMs per am N 4
SM capacitor Cou 5,000 UF
Arm inductance L, 3mH

Carrier frequency 1, 2,500 Hz
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Parameter

Rated power

Rated electrical frequency
Rated wind speed

D-axis inductance Ly
Q-axis inductance L,
Maximurm fiux A,
Number of pole-pairs p
Rated wind speed

Value

5 MVA
25 Hz
12m/s
53mH
12.5mH
20 Wb
100
12m/is





