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Abstract

:

In order to reach better results for pulse width modulation (PWM)-based methods, the reference waveforms known as control laws have to be achieved with good accuracy. In this paper, three control laws are created by considering the harmonic components of modular multilevel converter (MMC) state variables to suppress the circulating currents under nonlinear load variation. The first control law consists of only the harmonic components of the MMC’s output currents and voltages. Then, the second-order harmonic of circulating currents is also involved with both upper and lower arm currents in order to attain the second control law. Since circulating current suppression is the main aim of this work, the third control law is formed by measuring all harmonic components of circulating currents which impact on the arm currents as well. By making a comparison between the switching signals generated by the three proposed control laws, it is verified that the second-order harmonic of circulating currents can increase the switching losses. In addition, the existence of all circulating current harmonics causes distributed switching patterns, which is not suitable for the switches’ lifetime. Each upper and lower arm has changeable capacitors, named “equivalent submodule (SM) capacitors” in this paper. To further assess these capacitors, eliminating the harmonic components of circulating currents provides fluctuations with smaller magnitudes, as well as a smaller average value for the equivalent capacitors. Moreover, the second-order harmonic has a dominant role that leads to values higher than 3 F for equivalent capacitors. In comparison with the first and second control laws, the use of the third control-law-based method will result in very small circulating currents, since it is trying to control and eliminate all harmonic components of the circulating currents. This result leads to very small magnitudes for both the upper and lower arm currents, noticeably decreasing the total MMC losses. All simulation results are verified using MATLAB software in the SIMULINK environment.
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1. Introduction


Among the various kinds of multilevel converters [1,2,3], modular multilevel converters (MMCs) have attracted increasing attention for various industrial applications such as Static Synchronous Compensators (STATCOM) [4], energy storage systems [5], power electronic-based transformers [6], rolling mill factories [7], high-voltage direct current (HVDC) [8,9,10], solar photovoltaics [11], grid-connected conditions [12], and motor drives [13]; simultaneously, many new modulation-based control strategies have been recently developed in order to present more effective controllers for these kinds of multilevel converters [14]. Several publications have focused on proposing modulation techniques with the aim of reducing capacitor voltage ripples and switching losses, as well as allowing a smaller cell capacitor size for MMCs [15,16]. In [17], a discontinuous modulation-based control strategy was designed for MMCs based on adding a zero sequence to the basic modulation signals. This strategy caused the MMC arms to be clamped with the upper or lower terminals of the dc-link bus, which can help minimize the switching losses and noticeably reduce the capacitor voltage ripples, especially for low modulation indices [17]. Another reduced-switching-frequency-based modulation technique was proposed for MMCs in [18] that can also suppress the circulating currents. On the other hand, in order to reach a smaller cell capacitor size without an increment in the total device rating and decrement in the dc current control capability, a phase-shifted square wave modulation (PS-SWM) strategy was proposed for MMCs in [19]. Moreover, for achieving reduced switching losses with good harmonic performance, a novel modulation method which consists of a combination of fundamental frequency modulation and multi-carrier-based sinusoidal pulse width modulation schemes was presented in [20].



A growing trend towards space vector (SV)-based modulations [21] for the control of MMCs has arisen in recent years. In [22], a dual space vector pulse width modulation strategy was designed for an MMC. Eliminating the arm voltage balancing control, independent controllers for the three-phase upper and lower arms employing redundant switching vectors for capacitor voltage balancing, and reducing the current sensors used by 50% were the achievements of this strategy [22]. On the other hand, space vector pulse width modulations were applied to MMCs for fault-tolerant challenges [23] and electric ship propulsion systems [24] as well. Optimization issues were involved with control of the space vector modulation-based MMC in [25]. In this referenced work, the maximum level numbers were achieved along with optimized performance of decreasing common-mode voltage, balancing of the capacitor voltage, and elimination of the circulating currents [25].



Optimal pulse width modulation (PWM) has been a popular discussion topic, leading to proposals of new modulation-based control techniques for MMCs in recent years [26]. In [27], synchronous optimal pulse width (SOP) was enhanced for MMCs in order to obtain improved quality of converter output currents, low device switching frequency, and desired values of capacitor voltages. Optimized phase disposition (PD) modulation for MMCs was proposed in [28] with the help of a single PD modulator for the entire upper and lower arms as important parts for the control of MMCs [29]. This single modulator was implemented through a state machine decoder which had the duty of distributing the balanced switching pulses to all submodules [28].



Another optimal pulse width modulation strategy for reducing the common-mode voltage of a medium-voltage modular multilevel converter that fed open-end stator winding induction motor drives was designed in [30]. The achievements of the modulation-based control technique designed in [30] are low switching frequency, minimized harmonic currents of the machine stator, elimination of common-mode voltages of the machine stator windings, and the desired capacitor voltages.



Other modulation strategies have also been considered to improve MMC performance in various operating conditions. In [31], a new function-based modulation control technique for MMCs was designed; it is noticeably less complex when compared to the existing control methods and is proper for the conditions of load and parameter variations. In [32], a new modulation technique based on generalized low-cost computational decoupled sampled average PWM was designed for MMCs in which two averaged nearest voltage levels from the upper and lower arms in each sample period were utilized to drive the reference output voltages [32]. This modulation-based control strategy was completed via a simplified voltage balancing method [32]. In addition, two novel modulation strategies were proposed for HVDC and wind farm integration applications in [33] and [34], respectively. A new modulation method, along with a capacitor voltage balancing method, was presented in [35] that was able to provide fixed switching frequency at 50 Hz. Using reference [35], located at the nearest voltage level control, the switching angles were calculated, and then every four pulse patterns were grouped together in order to assess the average of the dc and fundamental ac components in the output voltages of individual submodules [36,37].



In this paper, three control laws are proposed in order to suppress the circulating currents and provide stable performance for MMCs under nonlinear load variation, since a study regarding linear load was already made in [38]. To design the three proposed control laws, the harmonic components of MMC output voltages, MMC output currents, and circulating currents are utilized. Three novelties are presented that cannot be found in previous works. These novelties are the following: (1) For the first time, an accurate mathematical equation is achieved for an MMC arm capacitor. This equation can be employed for approaching more stable operating conditions for MMCs. (2) In the proposed control strategy, the harmonic components of all MMC state variables are considered to reach full stable operation for the MMC under various operating conditions. (3) A comprehensive assessment related to how the second-order component and other harmonic components of circulating currents can impact the switching signals and equivalent submodule (SM) capacitors is executed. On the other hand, the following contributions are accomplished as well: (1) The proposed control strategies are designed in an a-b-c reference frame, leading to simplicity of performance and highly reducing the calculation burden of the controller design process. (2) Also, it is demonstrated that the appropriate control of circulating current harmonics can significantly reduce the total MMC losses. The paper is organized as follows. The MMC under study is described in Section 2. The proposed control strategies are discussed in Section 3. Evaluation of the proposed control laws is accomplished in Section 4. Section 5 is dedicated to obtaining the equivalent SM capacitors of the MMC’s arms. Section 6 presents the simulation results in the MATLAB/SIMULINK environment. Finally, in Section 7, the conclusions are drawn.




2. The Modular Multilevel Converter (MMC)


The general structure of the MMC under study in this paper is shown in Figure 1. This MMC consists of n-many SMs in series in each arm, in which the SM voltage should be equal to Vdc/N. Inductance and resistance elements are present in both arms and outbranches of the considered MMC, as depicted in Figure 1. Considering the current directions, the relationship between the upper and lower arm currents and the MMC output current can be stated as (1):


   i k  =  i  u k   +  i  l k   .  



(1)







On the other side, the MMC circulating currents can be written as follows (2):


   i  c i r k   =    (   i  u k   −  i  l k    )   2  −    i  d c    3  .  



(2)







It can be deduced from (2) that the circulating current is dependent on the upper and lower currents as well as the dc link current, which all are depicted in Figure 1. As previously stated, the control laws of the MMC in the a-b-c reference frame are defined as vuk and vlk. The accurate dynamic relations between the control laws and other MMC variables can be determined by using Kirchhoff’s Voltage Laws (KVLs) in Figure 1. As a result, the following dynamic equations are given:


    −  v  d c    2  +  v  u k   +  L t    d  i  u k     d t   +  R t   i  u k   + L   d  i k    d t   + R  i k  +  v k  = 0 ,  



(3)






     v  d c    2  −  v  l k   +  L t    d  i  l k     d t   +  R t   i  l k   + L   d  i k    d t   + R  i k  +  v k  = 0 .  



(4)







The dynamic Equations (3) and (4) are utilized for achieving the ultimate control laws.




3. The Proposed Control Strategies


In order to attain proper performance for the employed PWM, considering all operating responses with the help of related dynamic models will contribute to more accurate operation for the proposed control strategies. Since the MMC works as an inverter in this paper, the worst responses with harmonic components are considered for the output currents and voltages. This means that


     v k  =  v  m 1   cos  (   ω 1  t + n   2 π  3   )  +  v  m 5   cos  (   ω 5  t + n   2 π  3   )  +      v  m 7   cos  (   ω 7  t + n   2 π  3   )  +  v  m 11   cos  (   ω  11   t + n   2 π  3   )  +      v  m 13   cos  (   ω  13   t + n   2 π  3   )  + … =    ∑  j = 1 , 5 , 7  ∞    v  m j   cos  (   ω j  t + n   2 π  3   )    .     



(5)




And


     i k  =  I  m 1   cos  (   ω 1  t + n   2 π  3  +  β 1   )  +  I  m 5   cos  (   ω 5  t + n   2 π  3  +  β 5   )  +      I  m 7   cos  (   ω 7  t + n   2 π  3  +  β 7   )  +  I  m 11   cos  (   ω  11   t + n   2 π  3  +  β  11    )  +      I  m 13   cos  (   ω  13   t + n   2 π  3  +  β  13    )  + … =   ∑  j = 1 , 5 , 7  ∞    I  m j   cos  (   ω j  t + n   2 π  3  +  β j   ) .       



(6)







The angle difference between the output currents and voltages is determined by βj. Also, the angular frequencies are defined as ωj = j(2πf). In addition, three states for circulating currents in relationship (2) are employed to achieve the upper and lower arm currents.



3.1. Case 1: Zero Circulating Currents


One of the main aims of controlling MMCs is suppressing the circulating currents as much as possible. In this subsection, zero circulating currents are assumed. Consequently, using (1), (2) and (5), (6), the upper and lower arm currents will be equivalent with (7):


   i  u  ( l )  k   = 0.5   ∑  j = 1 , 5 , 7  ∞    I  m j   cos  (   ω j  t + n   2 π  3  +  β j   )    ±    i  d c    3  .  



(7)







According to (7), the achieved arm currents consist of harmonic components due to the output MMC currents. As a result, by substituting the relationships (5)–(7) into the dynamic Equations (3) and (4), the proposed control laws regarding to this case are:


     v  u  ( l )  k   =    v  d c    2  −  L t      i ˙   d c    3  −  R t     i  d c    3      ±  (  0.5  L t  + L  )    ∑  j = 1 , 5 , 7  ∞    I  m j    ω j  sin  (   ω j  t + n   2 π  3  +  β j   )        ∓  (  0.5  R t  + R  )    ∑  j = 1 , 5 , 7  ∞    I  m j   cos  (   ω j  t + n   2 π  3  +  β j   )        ∓    ∑  j = 1 , 5 , 7  ∞    v  m j   cos  (   ω j  t + n   2 π  3   )    .     



(8)







Both proposed control laws in (8) will be affected by the magnitude and phase of various harmonic components of the output voltages and currents. Also, the dc-link voltage can shift the proposed control laws. The dc-link current can also contribute to the aforementioned shift. The proposed control strategy under zero circulating currents is depicted in Figure 2. According to this figure, three kinds of proportional-integral (PI) controller are utilized for regulating the magnitudes and phases of {βj, Imj, vmj} in order to reach the desired values.




3.2. Case 2: Circulating Currents with a dc Component and Sinusoidal Second-Order Frequency


More detailed circulating currents could achieve more accurate control laws for the proposed control strategy. In this subsection, the circulating currents consist of the dc component and sinusoidal second-order frequency as shown in (9):


   i  c i r k   =  I  d c _ c i r   +  I  m c i r 2   cos  (   ω 2  t + n   2 π  3  +  α  c i r 2    )  .  



(9)







In this state, the relationships (1), (2), (6), and (9) are used to drive the following upper and lower arm currents:


     i  u  ( l )  k   = 0.5   ∑  j = 1 , 5 , 7  ∞    I  m j   cos  (   ω j  t + n   2 π  3  +  β j   )    ±        i  d c    3  ±  I  d c _ c i r   ±  I  m c i r 2   cos  (   ω 2  t + n   2 π  3  +  α  c i r 2    ) .     



(10)







As can be seen from (10), the second-order harmonic appears in both the upper and lower arm currents. This means that asymmetric currents pass through the upper and lower arms of the considered MMC that should be perceived in the proposed shift level PWM (SLPWM).



These currents can be incorporated into proposed control laws by substituting (10) into the dynamic Equations (3) and (4):


     v  u  ( l )  k   =    v  d c    2  −  R t     i  d c    3  −  R t   I  d c _ c i r   −  L t      i ˙   d c    3  ±  [   (  0.5  L t  + + L  )    ∑  j = 1 , 5 , 7  ∞    I  m j    ω j  sin  (   ω j  t + n   2 π  3  +  β j   )     ]      +  L t   I  m c i r 2    ω 2  sin  (   ω 2  t + n   2 π  3  +  α  c i r 2    )  ∓  [   (  0.5  R t  + R  )    ∑  j = 1 , 5 , 7  ∞    I  m j   cos  (   ω j  t + n   2 π  3  +  β j   )     ]      −  R t   I  m c i r 2   cos  (   ω 2  t + n   2 π  3  +  α  c i r 2    )  ∓   [    ∑  j = 1 , 5 , 7  ∞    v  m j   cos  (   ω j  t + n   2 π  3   )     ]  .     



(11)







The proposed control strategy under circulating currents with a dc component and second-order harmonic is illustrated in Figure 3. As can be deduced from this figure, the harmonic components of the designed control technique are divided in two parts. The first part belongs to the same harmonic components as those due to zero circulating currents. In this part, the MMC output currents and voltages cause these harmonic components.



The second part is formed by the second-order harmonic for circulating current, as depicted in Figure 3. In addition, the dc component of circulating currents will impact on the proposed control laws according to Figure 3b. More detailed circulating currents used in the proposed control laws can lead to more accurate PWM reference waveforms.




3.3. Case 3: Circulating Currents with Harmonic Distortions


In addition to the second-order harmonic, harmonic distortions with various frequencies are assumed as the worst-case scenario for circulating currents in this subsection.



The considered circulating currents can be written as (12):


   i  c i r k   =  I  d c _ c i r   +     ∑  j = 1 , 2 , 5 , 7  ∞    I  m c i r j   cos  (   ω j  t + n   2 π  3  +  α  c i r j    )     .   



(12)







After some mathematical calculations with the help of relationships (1), (2), (6), and (12), the upper and lower arm currents are obtained as the following:


     i  u  ( l )  k   = 0.5   ∑  j = 1 , 3 , 7  ∞    I  m j   cos  (   ω j  t + n   2 π  3  +  β j   )    ±    i  d c    3      +  I  d c _ c i r   ±    ∑  j = 1 , 2 , 5 , 7  ∞    I  m c i r j   cos  (   ω j  t + n   2 π  3  +  α  c i r j    )    .     



(13)







According to (13), all harmonic components of the circulating currents emerge in both the upper and lower arm currents. Using (3) and (4), the aforementioned upper and lower currents can be used to design the control laws in (14):


     v  u  ( l )  k   =    v  d c    2  −  R t     i  d c    3  −  R t   I  d c _ c i r   −  L t      i ˙   d c    3      ±  (  0.5  L t  + L  )    ∑  j = 1 , 3 , 7  ∞    I  m j    ω j  sin  (   ω j  t + n   2 π  3  +  β j   )        +  L t    ∑  j = 1 , 2 , 5 , 7  ∞    I  m c i r j    ω j  s i n  (   ω j  t + n   2 π  3  +  α  c i r j    )    ∓  (  0.5  R t  + R  )      ×   ∑  j = 1 , 3 , 7  ∞    I  m j   cos  (   ω j  t + n   2 π  3  +  β j   )    −  R t    ∑  j = 1 , 2 , 5 , 7  ∞    I  m c i r j         × cos  (   ω j  t + n   2 π  3  +  α  c i r j    )  ∓    ∑  j = 1 , 5 , 7  ∞    v  m j   cos  (   ω j  t + n   2 π  3   )    .     



(14)







Based on the achieved control laws (14), the proposed control strategy under circulating currents with harmonic distortions is expressed by Figure 4. As can be seen from Figure 4a, the proposed control laws are highly affected by the various harmonic components of the circulating currents. Two additional kinds of PI controllers are employed in this part to provide more appropriate control in such operating conditions.





4. Evaluation of the Proposed Control Laws


The proposed control laws have a key role in reaching stable responses of the MMC under study. In this section, the three proposed control laws are compared to each other. Using the parameters in Table 1, the upper and lower control laws given in (8), (11), and (14) are drawn in Figure 5.



All figures were obtained without the harmonic compensation. Under zero circulating currents, the proposed control laws of phase “a” are shown in Figure 5a. Since the magnitude of the second-order harmonic of circulating current used for drawing Figure 5b is considered small, the two figures of Figure 5a,b seem to be the same. As can be seen from this figure, the harmonic components of the output currents and voltages cause the control laws to have waveforms with greater nonlinearity. On the other hand, the harmonic components due to the circulating currents generate control laws with more distortions, as shown in Figure 5c. In addition, the existence of the harmonic components in the circulating currents can raise the magnitude of the control laws by more than 2, leading to SLPWM with over-modulation, as depicted in Figure 5c. Also, according to this figure, a negative magnitude is achieved for the third upper control laws. From Figure 5a,b, it seems that both the first and second control laws have similar waveforms. In practice, the effect of the second-order harmonic component of the circulating currents can be realized by making a comparison between the switching signals.



Figure 6 shows a 10-level shifted PWM used for the considered MMC with 10 SMs in each arm. Based on this figure, each triangle waveform is employed for its corresponding SM. By use of the 10-level triangle waveforms given in Figure 6, the SLPWM strategy was applied to the first and second control laws of phase “a” in Figure 5a,b, respectively. In comparison with the switching signals of the first control laws in Figure 7a, more switching operations are executed by the second control-law-based SLPWM, as depicted in Figure 7b. More switching operations causes greater switching losses. Thus, if a second-order harmonic component exists in the MMC circulating currents, the MMC switching losses are noticeably increased.



To further assess the switching signals, a distributed pattern of switching signals was driven by the third control-law-based SLPWM, as demonstrated by Figure 7c. In comparison with the switching signals of the first control laws in Figure 7a, inappropriate switching signals were achieved by the third control laws, as shown in Figure 7c. Furthermore, due to the over-modulation condition caused by the harmonic components of circulating currents, the third control laws cannot provide accurate switching signals in a certain operating period.




5. Accurate Sizing of the Equivalent SM Capacitors of the MMC Arms


Each MMC arm has its own equivalent capacitor. To accurately determine the size of this capacitor, the voltage across all SM capacitors and the current flows in each arm must be analyzed. According to the proposed control strategies discussed in Section 2, three equivalent capacitors can be obtained. The basic relationship between the arm currents and the voltages across the SM capacitors is written as (15):


   i  u  ( l )  k   =  C  u  ( l )  k     d  v  u  ( l )  k     d t   .  



(15)







For the first control techniques, it was assumed that the circulating current is equal to zero. Thus, by substituting (7) and (8) into (15), the equivalent capacitor of the SMs in each arm for the first control techniques can be represented as follows:


   C  u  ( l )  k   =     0.5   ∑  j = 1 , 5 , 7  ∞    I  m j   cos  (   ω j  t + n   2 π  3  +  β j   )    ±    i  d c    3     [    ±  (  0.5  L t  + L  )    ∑  j = 1 , 5 , 7  ∞    I  m j    ω j 2  cos  (   ω j  t + n   2 π  3  +  β j   )        ±  (  0.5  R t  + R  )    ∑  j = 1 , 5 , 7  ∞    I  m j    ω j  sin  (   ω j  t + n   2 π  3  +  β j   )        ±   ∑  j = 1 , 5 , 7  ∞    v  m j    ω j  sin  (   ω j  t + n   2 π  3   )       ]     .   



(16)







The same scenario was applied to the second and third control techniques. After substituting the relationships (10), (11) and (13), (14) into (15) and performing some mathematical calculations, the equivalent capacitors of the SMs in each arm for the second and third cases were derived as (17) and (18), respectively.


   C  u  ( l )  k   =       0.5   ∑  j = 1 , 5 , 7  ∞    I  m j   cos  (   ω j  t + n   2 π  3  +  β j   )    ±    i  d c    3      ±  I  d c _ c i r   ±  I  m c i r 2   cos  (   ω 2  t + n   2 π  3  +  α  c i r 2    )       [    ±  (  0.5  L t  + + L  )    ∑  j = 1 , 5 , 7  ∞    I  m j    ω j 2  cos  (   ω j  t + n   2 π  3  +  β j   )        +  L t   I  m c i r 2    ω 2 2  cos  (   ω 2  t + n   2 π  3  +  α  c i r 2    )      ±  (  0.5  R t  + R  )    ∑  j = 1 , 5 , 7  ∞    I  m j    ω j  sin  (   ω j  t + n   2 π  3  +  β j   )        +  R t   I  m c i r 2    ω 2  sin  (   ω 2  t + n   2 π  3  +  α  c i r 2    )      ±   ∑  j = 1 , 5 , 7  ∞    v  m j    ω j  sin  (   ω j  t + n   2 π  3   )       ]     .   



(17)






   C  u  ( l )  k   =       0.5   ∑  j = 1 , 3 , 7  ∞    I  m j   cos  (   ω j  t + n   2 π  3  +  β j   )    ±    i  d c    3      ±  I  d c _ c i r   ±   ∑  j = 1 , 2 , 5 , 7  ∞    I  m c i r j   cos  (   ω j  t + n   2 π  3  +  α  c i r j    )         [    ±  (   1 2   L t  + L  )    ∑  j = 1 , 3 , 7  ∞    I  m j    ω j 2  cos  (   ω j  t + n   2 π  3  +  β j   )    +      L t    ∑  j = 1 , 2 , 5 , 7  ∞    I  m c i r j    ω j 2  cos  (   ω j  t + n   2 π  3  +  α  c i r j    )        ±  (   1 2   R t  + R  )    ∑  j = 1 , 3 , 7  ∞    I  m j    ω j  sin  (   ω j  t + n   2 π  3  +  β j   )    +      R t    ∑  j = 1 , 2 , 5 , 7  ∞    I  m c i r j    ω j  sin  (   ω j  t + n   2 π  3  +  α  c i r j    )        ±   ∑  j = 1 , 5 , 7  ∞    v  m j    ω j  sin  (   ω j  t + n   2 π  3   )       ]     .   



(18)







Figure 8 and Figure 9 illustrate the time-based variations of the equivalent capacitors of the upper and lower SMs for the three proposed control strategies, along with their zoom fragments. It can be understood from Figure 8b,c that the upper arm equivalent capacitors for the second and third proposed control strategies tend to reach greater magnitudes when compared to the first proposed controller. In other words, the upper equivalent capacitor of the first proposed controller shown in Figure 8a shows fluctuations with smaller magnitudes.



Moreover, several fluctuations with much greater magnitudes, around 3.1 F, are seen in the upper equivalent capacitor of the second proposed controller, depicted in Figure 8b. This means that the second-order frequency component of the circulating currents dominates the equivalent capacitor magnitudes. Thus, it can be said that the elimination of this component helps the MMC approach to smaller SM equivalent capacitors.



To further analyze the lower arm equivalent capacitors of phase “a”, Figure 9 is evaluated in the following. Based on Figure 9a,b, the lower equivalent capacitors of the first and second controllers attain the same results as the upper equivalent capacitors, as previously discussed from Figure 8a,b. However, the effects of other harmonic components of the circulating currents are revealed in the lower equivalent capacitor due to the third proposed control technique, as depicted in Figure 9c.



Departing from magnitudes between 0.3 F and −0.2 F, several fluctuations with high magnitudes −1.6 F and 1.5 F appear in the lower equivalent capacitor due to the third proposed controller, as shown in Figure 9c. It can be concluded from this discussion that the elimination of harmonic components causes the MMC to require smaller SM equivalent capacitors in order to reach the desired state variables.




6. Simulation Results


The three proposed control strategies are compared in this section. The MMC under simulation and descriptions of the proposed control techniques are depicted in Figure 10. The parameters used are given in Table 1. As can be seen from Figure 10, two nonlinear loads were utilized for evaluating the MMC responses under both steady and dynamic conditions. The second nonlinear load was connected to the MMC at t = 0.2 s. All nonlinear loads were three-phase full-wave bridge rectifiers. Since the MMC works in stand-alone mode, a nonlinear load pollutes the output voltages, output currents, and circulating currents. The specifications of these loads are presented in Table 1.



6.1. Voltage Evaluations


In this subsection, the upper and lower SM voltages and the output voltages due to the three proposed control strategies in phase “a” are evaluated. Figure 11 exhibits the upper SM capacitor voltages of phase “a” for the three proposed controllers.



As can be seen from this figure, all the controllers have a good steady-state response with a similar steady error. However, after the load change at t = 0.2 s, the third controller shows a better response with a smaller error, as depicted in Figure 11c.



This better response occurs due to the consideration of more harmonic components of circulating currents in the structure of the third proposed control technique. The same scenario happens for the lower SM capacitor voltages of phase “a” according to Figure 12.



However, in comparison with the upper SM capacitor voltage in Figure 11a which is achieved by applying the first proposed controller, the lower SM capacitor voltage shown in Figure 12a experiences higher error after the load alteration. To complete this discussion, analysis of both Figure 11 and Figure 12 determined that the minimum and maximum SM voltage errors were 0.25% and 1.25%, respectively. These errors verify the precision of the three proposed control strategies in keeping the SM voltages balanced. Another aim of the proposed control strategies was to reach the desired waveforms for the MMC output voltages.



Figure 13 demonstrates the MMC output voltages driven by the three proposed control strategies. As can be seen from Figure 13b,c, the second and third control strategies led to responses with a higher quality for the MMC output voltage when compared with the first controller in Figure 13a. The main reason for this result is the incorporation of the second-order harmonic component of circulating currents in both the second and third proposed control techniques. This means that the second-order harmonic component of the circulating currents can have a large impact on reaching the desired waveforms for MMC output voltages under both steady and dynamic state changes.




6.2. Current Evaluations


Two nonlinear loads were supplied through the MMC in this study. Figure 14 illustrates the MMC output currents which supply the loads. According to this figure, three similar nonlinear currents belonging to the three proposed controllers were produced by the MMC.



Figure 15 demonstrates the MMC circulating currents of phase “a” under load change. As predicted, the circulating current due to the third proposed control strategy was significantly smaller than the other responses, as depicted in Figure 15c.



As seen in Figure 15a, the circulating current of the first controller was more than 4 times the third controller’s circulating current. On the other hand, this value deceased to more than double the third controller’s circulating current for the second controller, as shown in Figure 15b. Since the third proposed controller consists of the various harmonic components of circulating currents, this controller provides a better response for circulating currents compared with the other control strategies. The effects of decreasing circulating currents can be observed in Figure 16 and Figure 17.



Figure 16 shows the upper arm currents of phase “a” for the three proposed control strategies. As shown in Figure 16c, when the third proposed control strategy was applied to the MMC, the MMC upper arms generated less current in comparison with those under other strategies. The same scenario occurred for the MMC lower arms.



Based on Figure 17c, the MMC lower arm current showed smaller values in both steady and dynamic operating conditions. Both the MMC upper and lower arm currents generated under the first and second proposed control strategies had approximately the same results, with high values for circulating currents.



This point verifies that the control of all harmonic components of circulating currents will improve the circulating current responses under varying loads. On the other hand, when the circulating currents are increased, the upper and lower currents experience an increment in their values. This means that the arm losses will be noticeably increased, which is regarded as a drawback for the control strategy. This drawback is acceptably eliminated by the third proposed control strategy, as can be seen from Figure 16c and Figure 17c.



To provide a complete comparison of the steady-state and dynamic performance of the three proposed control strategies, Table 2 is presented. According to this table, the smallest errors in the upper and lower capacitor voltages belong to the third proposed control strategy. In addition, the magnitude of the circulating current can be minimized by applying the third control strategy to the MMC, as demonstrated in Table 2.





7. Conclusions


In this paper, we designed three nonlinear PWM-based control strategies to eliminate MMC circulating currents, keeping the MMC stable under varying nonlinear loads. The MMC output currents and voltage harmonics were utilized to drive the first control law. Then, the control parts pertaining to the circulating currents’ second-order harmonic were added to the first control law, leading to the proposed second control law. The third control law was designed by controlling the magnitudes and phase angles of all circulating current harmonics to force them to become practically zero. By assessing the switching signals under the proposed control laws, it was proved that the second-order and other harmonics caused an increment in MMC losses and decrement in the MMC lifetime, respectively. In addition, using the proposed control laws, the instantaneous equivalent SM capacitors were obtained. It was intended for each arm to have its own special capacitor in which the average and fluctuation values of these capacitors were noticeably decreased by the elimination of the harmonics of the circulating currents through the proposed control laws. The simulation results in MATLAB/SIMULINK software clearly demonstrated that the third control-law-based method provided better steady and dynamic responses for all MMC currents and voltages when compared to the other two control techniques by its ability to control all harmonic components of the circulating currents.
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Nomenclature








	Indices
	



	n
	0, −1, 1



	j
	1, 2, 5, 7



	k
	a, b, c



	Abbreviations
	



	MMC
	Modular multilevel converter



	SLPWM
	Shift level pulse width modulation



	HVDC
	High-voltage direct current



	SMs
	Submodules



	KVL
	Kirchhoff’s Voltage Law



	Variables
	



	ik
	Output MMC currents



	I(u,l)k
	Upper and lower arm currents of the MMC



	icirk
	Circulating currents of the MMC



	    i  d c     
	MMC dc-link current



	vdc
	MMC dc-link voltage



	v(u,l)k
	Submodule voltages of the MMC



	vk
	Output voltages of the MMC



	Imj
	Maximum magnitude of the jth harmonic of the output current



	vmj
	Maximum magnitude of the jth harmonic of the output voltage



	Idc_cir
	dc component of the circulating current



	Imcirj
	Maximum magnitude of the jth harmonic of the circulating current



	βj
	Angle difference between the output current and voltage



	αcirj
	Phase difference of the circulating current



	Parameters
	



	L
	Output inductance of the MMC



	R
	Output resistance of the MMC



	Lt
	Arm inductance of the MMC



	Rt
	Arm resistance of the MMC



	ω1
	Fundamental angular frequency of the MMC



	ωj
	jth-order angular frequency of the MMC variables



	C(u,l)k
	Equivalent SM capacitors of the MMC arms
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Figure 1. The configuration of the modular multilevel converter (MMC) under study. 






Figure 1. The configuration of the modular multilevel converter (MMC) under study.



[image: Applsci 10 03292 g001]







[image: Applsci 10 03292 g002 550] 





Figure 2. Proposed control strategy under zero circulating currents: (a) harmonic components of control laws and (b) the control laws. 
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Figure 3. Proposed control strategy under circulating currents with a dc component and second-order frequency sinusoid: (a) harmonic components of control laws and (b) the control laws. 
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Figure 4. Proposed control strategy under circulating currents with harmonic distortions: (a) harmonic components of control laws and (b) the control laws. 






Figure 4. Proposed control strategy under circulating currents with harmonic distortions: (a) harmonic components of control laws and (b) the control laws.



[image: Applsci 10 03292 g004]







[image: Applsci 10 03292 g005 550] 





Figure 5. The proposed upper and lower control laws (CL) for the (a) first controller, (b) second controller, and (c) third controller. 
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Figure 6. The 10-level triangle waveforms used. 
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Figure 7. The signals of upper and lower switches of the MMC for the (a) first controller, (b) second controller, and (c) third controller. 
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Figure 8. Equivalent capacitors for the upper arm of phase “a”: (a) first controller, (b) second controller, and (c) third controller. 
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Figure 9. Equivalent capacitors for the lower arm of phase “a”: (a) first controller, (b) second controller, and (c) third controller. 
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Figure 10. Overall structure of the proposed control strategies. 
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Figure 11. The upper submodule (SM) capacitor voltages of phase “a” for the (a) first controller, (b) second controller, and (c) third controller. 
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Figure 12. The lower SM capacitor voltages of phase “a” for the (a) first controller, (b) second controller, and (c) third controller. 






Figure 12. The lower SM capacitor voltages of phase “a” for the (a) first controller, (b) second controller, and (c) third controller.



[image: Applsci 10 03292 g012]







[image: Applsci 10 03292 g013a 550][image: Applsci 10 03292 g013b 550] 





Figure 13. The output voltages of phase “a” for the (a) first controller, (b) second controller, and (c) third controller. 
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Figure 14. The output currents of phase “a” for the (a) first controller, (b) second controller, and (c) third controller. 
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Figure 15. The circulating currents of phase “a” for the (a) first controller, (b) second controller, and (c) third controller. 
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Figure 16. The upper arm currents of phase “a” for the (a) first controller, (b) second controller, and (c) third controller. 






Figure 16. The upper arm currents of phase “a” for the (a) first controller, (b) second controller, and (c) third controller.



[image: Applsci 10 03292 g016]







[image: Applsci 10 03292 g017a 550][image: Applsci 10 03292 g017b 550] 





Figure 17. The lower arm currents of phase “a” for the (a) first controller, (b) second controller, and (c) third controller. 
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Table 1. The parameters of the proposed MMC in load change conditions.
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	Parameters
	Value
	Parameters
	Value





	MMC Inductance (H)
	1 × 10−3
	SM Number
	10



	MMC resistance (Ohm)
	1
	Fundamental Frequency (Hz)
	60



	MMC Arm Inductance (H)
	2.5 × 10−3
	Switching Frequency (kHz)
	20



	MMC Arm Resistance (Ohm)
	0.1
	The Impedance of First Nonlinear Load (Ohm)
	81



	SM Voltage (V)
	40
	The Impedance of Second Nonlinear Load (Ohm)
	92



	dc-Link Voltage (V)
	400
	Maximum Output Voltage (V)
	200
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Table 2. A comparison between the steady-state (SS) and dynamic (DS) performance of the three proposed control strategies.
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	Error of
	Method1 (SS)
	Method2 (SS)
	Method3 (SS)
	Method1 (DS)
	Method2 (DS)
	Method3 (DS)





	Upper capacitor voltage
	1.55%
	1.25%
	1.09%
	2%
	1.625%
	1.34%



	Lower capacitor voltage
	1.3%
	1.252%
	1.125%
	2.25%
	2.02%
	2.01%



	Circulating current magnitude
	[−3, 2.1]
	[−1.35, 1.15]
	[−0.7, 0.6]
	[−3.9, 2.4]
	[−1.5, 1.3]
	[−0.86, 0.7]
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