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Abstract

:

Series connections of modules in cascaded multilevel converters are prone to power imbalances due to voltage differences on their DC side. When modules are connected to direct current (DC) sources, such as photovoltaic panels, the capability of withstanding power imbalances is crucial for generating the maximum power. In order to provide a possible solution for this requirement, this paper proposes a control strategy called Quadrature Voltage Compensation, which allows a wide range of power imbalances. The proposed control strategy regulates the power by introducing a circulating current between the arms and a phase angle in the output voltage. The impact of the circulating current and its effect on the phase voltage are studied. To highlight the features of the proposed strategy, an analytical model based on vector superposition is also described, demonstrating the strong capability of tolerating power differences. Finally, to validate the effectiveness of the Quadrature Voltage Compensation, simulation and experimental results are presented for a three-phase isolated multi-modular converter.






Keywords:


cascaded-transformer multilevel inverter; energy balance operation; isolated multi-modular converter












1. Introduction


Power generation based on renewable energies has increased over the last years [1]. That is also the case of photovoltaic (PV) power plants, which demand efficient and reliable conversion systems to operate at maximum power levels. In this regard, multicell converters have become the most attractive solutions for providing modularity, wide power operation, and a large voltage range [2,3,4]. Of the various multicell topologies, cascaded multilevel converters are the most suitable configurations for large PV power plants [5,6,7,8,9], since they can connect individual power modules to groups of PV panels. However, when several modules are connected in series, galvanic isolation is required to fulfill insulation constraints.



Cascaded-transformer multilevel inverters (CTMIs) provide isolation through low-frequency transformers [10,11,12,13,14,15]. They have several H-bridge converters connected in parallel to a single direct current (DC) source, while the cascaded connection is made on the secondary side of the transformers. Although CTMIs require bulky transformers, they are robust and highly reliable, an important aspect to consider in PV applications. Different analyses based on CTMIs for PV applications have been presented in the past. In [14,15], an asymmetric configuration with different turn ratios was proposed in order to increase the number of stepped voltage levels; the harmonic content was reduced while the voltage quality was improved. In [10], a modified CTMI based on a three-phase configuration was proposed for PV applications. The configuration had three parallel branches to define the three phases formed by several modules connected in series, all of them linked to the same DC source. More analyses based on CTMIs are presented in [16,17]. However, the single DC source in classical CTMI configurations limits their application in PV power plants where several PV strings are used to generate large power levels. In order to distribute the power provided by several PV panels, a different approach was proposed in [18]. This configuration is called an isolated multi-modular converter (IMMC), and it is formed by two arms in parallel with several modules connected to independent PV strings, thus making higher voltage and power levels possible.



As non-uniform irradiance and temperature changes may affect the power that is generated, power converters based on cascaded configurations have to cope with possible imbalance operations. In order to operate under such scenarios, several control strategies have previously been proposed for cascaded converters. In [19], a control strategy based on a zero-sequence injection was presented. This control strategy compensates power imbalances between phases by introducing a zero-sequence component. In [20], the proposed strategy distributes the power between modules by introducing the cosine value of the current phase angle in the denominator of the power compensation. This operation makes the control very sensitive to disturbances due to the zero-crossing point in the cosine value. Another control strategy proposed for cascaded multilevel converters was presented in [21]. The controller regulates the modulated voltage based on a voltage vector superposition, in which the phase current is used to regulate the absorbed active power. To operate under power imbalances in an IMMC, a control strategy was presented in [18]. This strategy modifies the modulated voltage amplitude according to the energy level of each module. Hence, modules with higher power increase their modulated voltage amplitudes, while modules with lower power decrease their voltage amplitudes. However, this strategy is limited when modules operate close to overmodulation, thus reducing the operating range of the converter.



The capability of tolerating large power imbalances in PV applications based on cascaded converters is an important point to consider. Therefore, a control strategy that is able to provide a wide range of power imbalances is necessary. This paper proposes a control strategy for an IMMC called Quadrature Voltage Compensation (QVC). The control strategy regulates the power of each module based on a circulating current flowing through the arms and a phase angle introduced in the output voltage. Due to the series connection of the modules, the quadrature component of the circulating current is used to regulate the power imbalance in all modules at the same time, while the phase angle compensation is embedded inside every module to regulate the power in each of them.



The rest of the paper is organized as follows. Section 2 describes the main principle of the IMMC in matrix form notation. Then, an instantaneous power analysis is introduced to demonstrate the effect of the output and circulating currents in the power flow. Section 3 presents the basis of the proposed QVC, including a power analysis under different phase angles and circulating current levels. Section 4 demonstrates the effectiveness of the proposed control with simulation and experimental results and compares the QVC with the amplitude voltage compensation (AVC) introduced in [18]. Finally, Section 5 summarizes the work.




2. IMMC Model


The three-phase IMMC is a multilevel converter with alternating current (AC) transformers and two arms connected in parallel, as seen in Figure 1. The current arms can be decomposed into two components: the output current injected into the grid and the circulating current flowing through the arms. The latter current component arrives as a consequence of power imbalances without introducing any effect on the output power [18]. The series connections of the modules are electrically connected through the secondary side of low-frequency transformers, thus providing galvanic isolation and eliminating leakage current components. Using this configuration, the DC sources connected to each module are isolated.



Based on the current and voltage descriptions given in Figure 1, signals   i  u , a b c    and   i  l , a b c    represent the three-phase currents in the upper and lower arms, while   i  o , a b c    and   i  c , a b c    are the three-phase output and circulating currents, respectively. The voltage   v o   is the output voltage given by the series connection of the modules, while   v  d c i , j    represents the voltage measured on the DC side of module j in arm i. The dynamic model per phase of the IMMC was previously studied in [18]. However, using the matrix form notation introduced in Section 2.1, the IMMC model can be simplified.



2.1. Matrix Form Notation


In order to determine the relationship between the current and DC voltages, the IMMC is simplified using the electrical circuit illustrated in Figure 2. Because the three phases have similar characteristics, only one phase is illustrated for modeling purposes. Each module is replaced by a controlled voltage source   v  i , k , j   , where k is the phase   { a , b , c }   and j is the number of the module. The inductance   L T   represents the total inductance given by the series connection of low-frequency transformers and   R T   represents the losses of the arm. The grid voltage is simplified by an AC voltage source connected in series to an equivalent resistor   R s   and inductance   L s  .



Using the equivalent model, six equations can be derived to represent the complete behavior of the converter. According to the current and voltage definition given by Figure 2, the dynamic model per phase of the upper and lower arms yields:


      v  u , k   = −  L T   d  d t    i  u , k   −  R T   i  u , k   −  v  o , k       



(1a)






      v  l , k   = −  L T   d  d t    i  l , k   −  R T   i  l , k   +  v  o , k   .     



(1b)







Voltages   v  u , k    and   v  l , k    are the total voltage arms, while   v  o , k    is the voltage in the converter terminals. By combining the previous expressions, the dynamic model can be rewritten in matrix notation as follows.


          v u       v l       =  −      L T    0     0    L T       d  d t        i u       i l      −      R T    0     0    R T           i u       i l      +      −  v o        v o      ,     



(2)




where   R T   and   L T   are 3 × 3 diagonal matrices. On the other hand, the sinusoidal current and voltage components are represented as vectors by:


      i x  =      i  x , a        i  x , b        i  x , c         v x  =      v  x , a        v  x , b        v  x , c       ,     



(3)




where x denotes either an arm or output component.



The symmetry provided in Equation (2) for the upper and lower arms can be used to obtain two decoupled models based on the output and circulating current definitions. The relationship between the current arms and the output and circulating current are given by:


          i  o ,  α β  0        i  c ,  α β  0       =  T M       i u       i u            i u       i l      =  T M  − 1        i  o ,  α β  0        i  c ,  α β  0       .     



(4)







The decoupled matrix   T M   is used to transform the current arms in   α β 0   components. This matrix is defined based on the Clark transform   T c  .


      T M  =      T c     −  T c         T c  / 2      T c  / 2          



(5)







By applying the inverse matrix transformation   T  M   − 1    to the dynamic model presented in Equation (2), the output and circulating currents can be rewritten as:


          v u       v l       =  −      L T    0     0    L T       d  d t    T M  − 1        i  o ,  α β         i  c ,  α β        −      R T    0     0    R T       T M  − 1        i  o ,  α β         i  c ,  α β        −  T M  − 1        2  v  o ,  α β         0     .     



(6)







The matrix transformation is used to rotate the output voltage in   a b c   to the   α β   reference frame. It is important to mention that the 0 component of the output current is zero, as the common point n of the converter is not connected to the grid.



By defining the voltage difference between   v u   and   v l   as equal to   2  v s    and the addition of    v u  / 2   and    v l  / 2   as equal to   v c  , the relationship between the matrix transformation and the voltage arms is reduced to:


          v  u ,  α β         v  l ,  α β        = −  T M  − 1        2  v  s ,  α β          v  c ,  α β        .     



(7)







By replacing the previous expression in Equation (6) and multiplying it by the matrix transformation   T M  , it is possible to decouple the output and circulating current models as follows:


          L T    0     0    L T       d  d t          i  o ,  α β         i  c ,  α β        +      R T    0     0    R T           i  o ,  α β         i  c ,  α β        =      2  v  s ,  α β          v  c ,  α β        −      2  v  o ,  α β         0     .     



(8)







The output current is driven by the voltage difference between   v   s ,   α β     and   v   o ,   α β    , while the circulating current is driven by the drop in voltage in the coupled inductance   v   c ,   α β    .



To simplify the control design, the two decoupled models are represented based on the synchronous reference frame. This is realized by introducing the Park transformation into Equation (8) as follows:


      1 2       L T     −  ω s   L T         ω s   L T      L T         d  d t    i  o , dq   +  1 2       R T    0     0    R T       i  o , dq   =  v  s , dq   −  v  o , dq       



(9)






          L T     −  ω s   L T         ω s   L T      L T       d  d t    i  c , dq   +  1 2       R T    0     0    R T       i  c , dq   =  v  c , dq   .     



(10)







The decoupled model in matrix notation simplifies the analysis of the converter. Using the   d q   synchronous reference frame, the current components can be easily regulated using proportional integrator (PI) controllers, as seen in Figure 3. Note that the variables   R T   and   L T   represent single elements and not diagonal matrices, as in Equation (8). Additionally, it is important to mention that a current feedforward is used to eliminate current couplings between the   d q   components.



The references   i  o  , dq   *   and   i  c  , dq   *   come from outer control loops, which regulate the average DC voltage level in both arms. The PI controllers process the differences between these references with the current measurements given by the transformation of the current arms in the synchronous reference frame. Finally, the output signals of the controllers are decoupled to obtain the modulated voltages   v  u  , dq     and   v  l  , dq    .



The relationship between the outer control loops and the current references relies upon the dynamic response of the power flow described in Section 2.2.




2.2. Instantaneous Power Analysis


There is a direct relationship between the current references and the energy that can be easily inferred from the power analysis. Because the coupling inductance is relatively small, its voltage drop can be neglected. Under this assumption, the instantaneous active power per phase is reduced to:


     p  u , k      =  v  u , k    i  u , k            = −  v  o , k       i  o , k   2  +  i  c , k     ,     



(11)






      p  l , k      =  v  l , k    i  l , k            =  v  o , k     −   i  o , k   2  +  i  c , k         ,  



(12)




where   p  u , k    and   p  l , k    are the power generated by the upper and lower arms. Note that the current arms are replaced by the output and circulating currents to provide a clear relationship between the power and the components to be controlled. In order to analyze the three phases, Equations (11) and (12) are turned into the   d q   reference frame, giving rise to the following expressions.


     p u     =  3 2       v  u d   + j  v  u q        i  u d   − j  i  u q                =  3 2    −    v  o d   + j  v  o q        i  u d   − j  i  u q                =  3 2    −    v  o d   + j  v  o q          i  o d   − j  i  o q    2  +  i  c d   − j  i  c q                = −  3 2     1 2   v  o d    i  o d   +  1 2   v  o q    i  o q     −  3 2     v  o d    i  c d   +  v  o q    i  c q     ,     



(13)






     p l     =  3 2       v  l d   + j  v  l q        i  l d   − j  i  l q                =  3 2       v  o d   + j  v  o q        i  l d   − j  i  l q                =  3 2       v  o d   + j  v  o q       −    i  o d   − j  i  o q    2  +  i  c d   − j  i  c q                = −  3 2     1 2   v  o d    i  o d   +  1 2   v  o q    i  o q     +  3 2     v  o d    i  c d   +  v  o q    i  c q         



(14)







The power arms are affected by two components. The first term associates the output voltage with the output current, while the second term associates the output voltage with the circulating current. By adding and subtracting them, it is possible to define the total power delivered to the grid and the power difference under imbalance operations.


     p T     =  p u  +  p l           = −  3 2     v  o d    i  o d   +  v  o q    i  o q     ,     



(15)






     p Δ     =  p u  −  p l           = − 3    v  o d    i  c d   +  v  o q    i  c q     ,     



(16)







  p T   represents the total power governed by the output current, while   p Δ   is the power difference governed by the circulating current. This expression confirms the appearance of a circulating current flowing through the arms when there is a power imbalance.



Using the concept described above, it is possible to define a control architecture for the IMMC that is capable of regulating the output and circulating currents based on two independent systems, where expression (15) provides the output current reference and (16) provides the circulating current.




2.3. General Considerations for Energy Balancing


As described in the previous section, the energy balance is associated with the power flow in the converter. This relationship can also be inferred from the rate of energy change in the DC capacitor of each module. The energy relies upon the difference between the power produced by the external DC sources and the power delivered into the grid. According to [18], the analysis of the energy balance defines the rate of energy change as follows:


      p  c i , j   =   C  s m   2   d  d t     (  v  d c i , j   )  2  ,     



(17)




where   C  s m    is the DC capacitor and   v  d c i , j    is the DC voltage in each module. The previous expression denotes that a constant power   p  c i , j    may increase or decrease the voltage in the DC capacitor. Therefore, the power flow between the external DC sources and the power level delivered to the grid must be regulated to avoid high energy changes. External DC sources can be affected by unpredictable changes, as in the case of PV panels, where temperature and irradiation variations modify the power generated. Therefore, the rate of energy change is commanded by the output power   p  i , j   .



Considering N modules per arm and a DC voltage level equal to    v  d c i  Σ  / N  , the total rate of energy change is reduced to:


      ∑  j = 1  N   p  i , j   =   C  s m    2 N    d  d t      v  d c i  Σ   2  ,     



(18)




where   v  d c i  Σ   represents the addition of all DC voltages. Using expression (18), the total DC voltage can be regulated through PI controllers, as illustrated in Figure 4. The output of the controllers defines the power   p u   and   p l  , respectively, which are added and subtracted to obtain the output and difference power. These components are used in Equations (15) and (16) to generate the d components of the current references by multiplying them by   K T   and   K Δ  .



The outer controllers define the current references based on the addition of all DC voltages per arm. Therefore, energy imbalances between modules are not observed and may trigger possible instabilities when modules generate different power levels. In order to avoid this possible state, a second control loop embedded in each module is required. This second controller adjusts the control signals set by the current controllers, as shown in Figure 3.



To solve this problem, previous works have proposed a control algorithm that regulates the modulated voltage amplitude. According to [18,22], this strategy increases the amplitude level in modules with high power levels and reduces the amplitude in modules with low power levels. However, the capability of withstanding energy imbalances using this approach is limited when the converter works close to overmodulation. The presented control uses a different concept to compensate energy imbalances through a circulating current and a dedicated phase angle in each module.





3. Quadrature Voltage Compensation (QVC)


The QVC changes the phase angle of each module to operate under different energy levels. To understand the concept behind the proposed control, it is necessary to go back to the instantaneous power analysis described in Section 2.2. The first term of Equations (13) and (14) regulates the power provided to the grid through the output current, while the second term defines the power imbalance based on the circulating current. This power imbalance can be analyzed in terms of two difference components: the power imbalance between arms and the power imbalance between modules of the same arm. Although they are related, they can be considered as two independent components. The power analysis in [18] demonstrated that the d component of the circulating current comes out when there is a power difference between the arms, while the q component is set to zero. On this occasion, the q component of the circulating current is used in collaboration with a phase angle introduced in the output voltage to compensate energy imbalances between modules, thus increasing the operating range of the converter to withstand higher power levels.



The active power generated by each module can be defined in terms of the modulation index and the DC voltage level, giving rise to the following expressions:


     p  u , j      =  3 4   v  d c u , j    m  u d , j       i  o d   2  +  i  c d     +           3 4   v  d c u , j      m  u q , j   + Δ  m  u q , j         i  o q   2  +  i  c q              =   p ¯   u , j   + Δ  p  u , j       



(19)






      p  l , j      =  3 4   v  d c l , j    m  l d , j     −   i  o d   2  +  i  c d     +           3 4   v  d c l , j      m  l q , j   + Δ  m  l q , j       −   i  o q   2  +  i  c q              =   p ¯   l , j   + Δ  p  l , j       .  



(20)







The average power    p ¯   i , j    represents the total power, while the power   Δ  p  i , j     defines the power variation given by the local compensation in each module. This power component is reduced to:


     Δ  p  u , j   =  3 4   v  d c u , j   Δ  m  u q , j       i  o q   2  +  i  c q         



(21)






      Δ  p  l , j   =  3 4   v  d c l , j   Δ  m  l q , j     −   i  o q   2  +  i  c q         .  



(22)







The output current   i  o q    controls the reactive power delivered to the grid, while the circulating current   i  c q    controls the power compensation. As the circulating current flows through both arms, it affects all modules. This is why the modulated index   Δ  m  i q , j     provides a tailored power regulation. The presence of a q component in the modulated index creates a phase angle   γ  v i , j    defined by:


      γ  v i , j   =  tan  − 1       m  i q , j   + Δ  m  i q , j     m  i d , j     =  tan  − 1      v  i q , j    v  i d , j     ,     



(23)




where   γ  v i , j    is the phase angle of module j in arm i and   v  i d q , j    are the   d q   components of the output voltage. Any variation in   v  i q , j    will change the phase angle   γ  v i , j    and, as a consequence, the power compensation. In order to analyze the relationship between the circulating current   i  c q    and the phase angle   γ  v i , j   , the active power expressions presented in (19) and (20) are analyzed under different values of   i  c q    and   γ  v i , j   . The results illustrated in Figure 5 and Figure 6 show the cases when both arms operate with balanced and imbalanced power levels.



The phase angle changes from 0 to   π / 2  , while the circulating current changes from 0 to the nominal current arm. Initially, the phase angle and the circulating current are zero; therefore, there is no power difference between the arms. However, as the phase angle increases, the power in each module decreases. This power change gets higher when the circulating current increases, as illustrated in Figure 5. For instance, a circulating current   i  c q    equal to 0.5 times the nominal current arm requires a phase angle of   π / 6   to withstand a power deviation of 40%. Nevertheless, the same power compensation is achieved with a smaller circulating current and a higher phase angle.



In the second analysis, a 40% power difference between the arms produces an inherent circulating current   i  c d   . Figure 6 shows how this power imbalance impacts the initial state when the circulating current   i  c q    and the phase angle   γ  v i , j    are zero. The module of the upper arm starts with a power level of 0.5, while the module of the lower arm starts at 0.2. However, similarly to the previous result, when the circulating current   i  c q    and the phase angle increase, the power provided by each module decreases.



The concept behind the QVC can be studied using the vector representation shown in Figure 7. The diagram evaluates the interaction of three modules in balanced and imbalanced operation. In balanced operation, all modules generate the same power with output voltages equal to   v  i d , 1   ,   v  i d , 2   , and   v  i d , 3   . The combination of these voltages defines the voltage   v o   modulated at the AC terminals. Note that the current arm   i i   has a phase angle of   γ i   degrees.



When there is an energy difference, all modules adjust their output voltages to withstand the power imbalance. After the QVC is used, the output voltages become   v  i , 1   ,   v  i , 2   , and   v  i , 3   . These new values are generated by introducing the quadrature voltages   v  i q , 1   ,   v  i q , 2   , and   v  i q , 3   , respectively. The quadrature voltages have been selected to maintain the same output voltage   v o   as that defined in the balanced operation. Additionally, the current arm   i i   has been modified to   i i   ′    through the circulating current   i  c q   . All of these changes modify the angle difference between the current arm and the voltages in the AC terminals of each module, reducing the power generated by modules 1 and 2 and increasing the power in module 3.



The control diagram of the QVC is illustrated in Figure 8. The difference between the DC voltage reference   v  d c i , j  *   and the measured voltage is processed through PI controllers. The output of the controller defines the voltage compensation added to the modulated voltage given by the current controllers. Depending on the direction of   i  c q   , the compensation   Δ  m  i , j     is added or subtracted to the quadrature component   v  i q   , thus increasing or reducing the phase angle.




4. Results


4.1. Simulation Results


The proposed control strategy was validated via simulation results using the three-phase IMMC shown in Figure 1. Each arm has three modules connected to independent PV strings, providing a nominal power of 2 pu. All parameters are described in Table 1.



Three scenarios are presented to study the steady and dynamic operation of the IMMC. In such cases, the power generated by the PV panels is affected by irradiation changes. In the first event, the power provided by modules 1 and 2 of the upper arm reduces their power levels by 40%, while module 3 maintains its nominal value. In the second event, module 3 of the lower arm reduces its power by 60%, while the other two modules maintain their nominal power. Finally, module 2 of the lower arm reduces its power by 36%; therefore, all modules of the lower arm operate under different power levels.



Figure 9 shows how the power generated by the converter behaves under such events. At t = 1 s, the power in modules 1 and 2 decreases by 40%, creating a small perturbation in the power provided by module 3. This power change also reduces the power delivered to the grid, as seen in the output power   P o   of Figure 9. The power decrease creates an imbalanced operation between modules of the upper arm, demanding a q component of circulating current, which was intentionally set to 33% of the nominal current arm. Figure 10a shows how this event creates a phase shift between the current arms and an increase in the circulating current. It is important to remark that an inherent circulating current   i  c d    appears with a negative value, since the power in the lower arm becomes higher than the power in the upper arm.



In the second event, the third module of the lower arm decreases its power by 60%. This large power change reduces the total power delivered to the grid by 17.2%. Although, there is a higher power imbalance; the circulating current provided in the previous event is enough to tolerate such an operation. The power decrease also reduces the current in the lower arm, as shown in Figure 10b, while the current in the upper arm remains at 0.86 pu. Since the power difference between the upper and lower arm is smaller, the circulating current   i  c d    also decreases.



To generate a complete imbalanced operation, at t = 2 s, the third power step is introduced in the second module of the lower arm. This operation is compensated by the proposed control strategy, allowing the converter to generate large power differences between all modules. The performance of the QVC is observed in the modulated voltage illustrated in Figure 11. The first and second modules of the upper arm register the same power imbalance as that of the previous event, so their modulated voltage is shifted with the same phase angle.



On the other hand, the modules of the lower arm register different phase angles after the third event happens. Since module   M  l 1    generates the highest power level, it requires the highest modulated voltage amplitude. It is important to mention that a zero-sequence technique based on [23] was used by introducing a third harmonic component, as seen in the modulated voltage waveforms in Figure 11.



The phase angle set by the local controller depends on the circulating current   i  c q    defined in the general control algorithm. In previous events, the circulating current   i  c q    was set to 33% of the nominal current arm, giving rise to a phase angle of −29   ∘   degrees in modules   M  u 1    and   M  u 2   , while modules   M  l 2    and   M  l 3    were shifted 36   ∘   and −41   ∘  , respectively. In Section 3, it was concluded from the analysis that as the circulating current increases, the phase angle required to compensate a certain power imbalance decreases. This feature reduces the probability of reaching overmodulation.




4.2. Experimental Results


To experimentally validate the operation principle of the proposed control strategy, a downscaled prototype of 4.8 kW of nominal power was used. The configuration illustrated in Figure 12 has two modules per arm, which are connected to low-frequency transformers. Each module is formed by a two-level three-phase inverter with an LC filter in the AC terminals. On the DC side, a programmable DC source (Magna-Power TSD1000-20/36) was connected to series resistors to control the power flow and to emulate four independent PV panels working between the maximum power and the open-circuit operation.



The control algorithms, protection, and switching states were implemented in the control platforms based on the DSPs TMS320F28335 from Texas Instruments. The central platform included the DC voltage and current controllers to set the modulated voltage in the upper and lower arms. Similarly, the DSP controllers embedded in each module integrated protections and the QVC technique to adjust the control signals provided by the central controller according to the local voltage and current states. The communication between the central and local controllers was done through a CAN communication bus. The electrical configuration of the laboratory setup is shown in Figure 12b.



Two scenarios were studied to validate the operation principles of the QVC technique. In the first case, a DC voltage step was introduced in   M  u 1    to create a power imbalance between the modules of the upper arm while the modules of the lower arm generated their nominal power. Then, a second DC voltage step was introduced in module   M  l 2    so that both arms had modules at different power levels. The experimental results are shown in Figure 13, Figure 14, Figure 15 and Figure 16 based on the parameters given in Table 2.



Under nominal conditions, all modules operated at their MPP voltage level, providing 1.2 kW per module. However, after 1.5 s, the DC voltage   v  d c u , 1    increased by 40 V, giving rise to a power decrease of 510 W. In order to withstand this power imbalance, a q component of circulating current was set to 35% of the nominal current arm, thus changing the phase angle between both arms, as seen in Figure 14. A focus on the current signals shows how the angle difference between the current arms changed as the circulating current increased. Note that the circulating current was formed by the inherent circulating current   i  c d    given by the power difference between the arms and the current   i  c q    set intentionally to 35% in the central controller.



In the second event, the DC voltage   v  d c l , 2    increased by 60 V, reducing the output power   P o   by 820 W. This change also reduced the current in the lower arm   i l  , as seen in Figure 15. To withstand this second power difference, the circulating current   i  c q    remained as it was in the previous event; therefore, the angle difference between the current arms did not change. There was a small perturbation in the circulating current, while the power provided by module   M  l 2    decreased. This behavior was due to the severe change in the d component of the circulating current as a consequence of the power difference between both arms. Even though the circulating current flowed through the converter, it did not have any impact on the output power, as seen in Figure 16, demonstrating that the power delivered to the grid relied upon the output current, while the power imbalance depended on the circulating current.




4.3. Comparison between QVC and Amplitude Voltage Compensation (AVC)


In order to demonstrate the capability of the QVC to withstand higher power imbalances compared to the AVC described in [18], a comparative analysis between both control strategies is presented in Figure 17. As in the simulation results, three modules per arm were used. However, on this occasion, an irradiation step was introduced in the first module of the upper arm. The idea is to evaluate the maximum capabilities of withstanding different power imbalances in both control strategies.



The modulated voltage and the power response of each module are illustrated in Figure 17a,b, respectively. It is clearly observed that the IMMC based on the QVC is able to withstand higher power imbalances compared to the AVC. By using this strategy, the converter tolerates power imbalances of up to 60% before overmodulation with a circulating current   i  c q    = 33% in the nominal current arm, while the AVC is able to withstand a power imbalance of 37%.





5. Conclusions


In this work, the principle of Quadrature Voltage Compensation was proposed for the IMMC, and it was studied and validated with modules operating at different power levels. This control strategy adjusts the modulation index provided by the central control through a circulating current   i  c q    and a phase angle introduced in the output voltages of each module. In order to evaluate the impact of the QVC, the relationship between the circulating current   i  c q    and the phase angle was analyzed under different values, demonstrating that high levels of circulating current   i  c q    require small phase angles, and vice versa. Simulation and experimental results were presented to evaluate the steady- and dynamic-state operation with modules in balanced and imbalanced power states. Finally, a comparison with AVC was presented to demonstrate the better ability of the QVC to tolerate power imbalances.
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Abbreviations


The following abbreviations are used in this manuscript:



	PV
	Photovoltaic



	CTMI
	Cascaded-transformer multilevel inverter



	DC
	Direct current



	AC
	Alternating current



	IMMC
	Isolated multi-modular converter



	AVC
	Amplitude voltage compensation



	QVC
	Quadrature voltage compensation



	PI
	Proportional integrator









Nomenclature


The following nomenclature is used in the figures and tables of this manuscript:



	  L T  
	Coupling inductance



	  R T  
	Transformer losses



	  i  u , k   
	Current in upper arm of phase k



	  i  l , k   
	Current in lower arm of phase k



	  i  o , k   
	Output current in phase k



	  i  c , k   
	Circulating current in phase k



	  v  o , k   
	Output voltage in phase k



	  v  u , k , j   
	Voltage in power module j of upper arm



	  v  l , k , j   
	Voltage in power module j of lower arm



	  v c  
	Drop in voltage in coupling inductance



	  v s  
	Voltage difference between upper and lower arms



	  L s  
	Grid inductance



	  R s  
	Grid resistance



	  v  g , k   
	Grid voltage in phase k



	n
	Neutral point in IMMC



	  v  d c i , j   
	DC voltage in module j of arm i



	  T c  
	Clark transformation



	  T M  
	Decoupling matrix transformation



	  R T  ,   L T  
	Diagonal matrices of transformer losses and coupling inductance



	  i  x ,  α β    ,   v  x ,  α β    
	Vector notation of current and voltage signals in   α β   reference frame



	  i  x , dq   ,   v  x , dq   
	Vector notation of current and voltage signals in   d q   reference frame



	x
	Subindex of arm and output signals



	  p  u , k   ,   p  l , k   
	Instantaneous power in upper and lower arm of phase k



	  p u  ,   p l  
	Three-phase instantaneous power



	  p T  
	Total power



	  p Δ  
	Power difference



	  p  c i , j   
	Instantaneous power in DC capacitor



	  C  s m   
	DC capacitor



	  v  d c i  Σ  
	Total DC voltage in arm i



	  K T  
	Constant to convert instantaneous power   p T   into output current



	  K Δ  
	Constant to convert instantaneous power   p Δ   into circulating current



	   m  u , d q   ,  m  l , d q    
	Modulation index in   d q   reference frame



	  Δ  m  u q    ,   Δ  m  l q    
	Deviation of modulation index in upper and lower arms



	  Δ  p  i , j    
	Deviation of instantaneous power in module j



	   p ¯   i , j   
	Average power in module j



	N
	Number of power modules per arm



	  γ  v i , j   
	Phase angle of module j in arm i



	  f g  
	Grid frequency



	  v  m p   
	DC voltage at maximum power



	  v T  
	Transformer voltage



	  v B  
	Base voltage



	  p B  
	Base power



	  L f  
	Inductance LC filter



	  C f  
	Capacitance LC filter
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Figure 1. Three-phase isolated multi-modular converter (IMMC). 






Figure 1. Three-phase isolated multi-modular converter (IMMC).



[image: Energies 14 00529 g001]







[image: Energies 14 00529 g002 550] 





Figure 2. Equivalent electrical circuit per phase. 






Figure 2. Equivalent electrical circuit per phase.



[image: Energies 14 00529 g002]







[image: Energies 14 00529 g003 550] 





Figure 3. Decoupled current control of the IMMC. 
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Figure 4. Direct current (DC) voltage control loops for setting the output and circulating current references. 
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Figure 5. Active power compensation under circulating current and phase-angle variations with equal power distribution. (a) Module in the upper arm, (b) module in the lower arm. 
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Figure 6. Active power compensation under circulating current and phase-angle variations with a 40% power difference between both arms. (a) Module in the upper arm, (b) module in the lower arm. 
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Figure 7. Vector representation of Quadrature Voltage Compensation (QVC). 
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Figure 8. QVC embedded in: (a) modules of the upper arm; (b) modules of the lower arm. 
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Figure 9. Power response. Active power in upper-arm modules, active power in lower-arm modules, and active and reactive power delivered into the grid. 
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Figure 10. Current arms, circulating current, and output current. (a) First event, (b) second event. 
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Figure 11. Modulation index in the modules of the upper and lower arms after the third event. 
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Figure 12. Experimental setup. (a) Laboratory prototype, (b) electrical circuit diagram. 
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Figure 13. DC voltage step in the first module of the upper arm and the second module of the lower arm. 
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Figure 14. Steady state and dynamic response of current arm and circulating currents in first event. 
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Figure 15. Steady state and dynamic response of current arm and circulating currents in second event. 
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Figure 16. Active power delivered to the grid. 
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Figure 17. Comparative analysis between quadrature and amplitude voltage compensation. (a) Modulation index, (b) active power per module. 
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Table 1. Simulation parameters.
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	Parameters
	Symbol
	Simulation





	Nominal power
	   P o   
	2 pu



	Nominal power per module
	   P  x , i    
	0.33 pu



	Grid voltage
	   v g   
	1 pu



	Grid frequency
	   f g   
	50 Hz



	Number of modules per arm
	N
	3



	DC-link capacitor
	   C  s m    
	4.7 mF



	MPP voltage
	   v  m p    
	800 V



	Transformer inductance
	   L T   
	0.033 pu



	Transformer resistance
	   R T   
	0.001 pu



	Transformer voltage
	   v T   
	400 V/11 kV



	Base parameters
	
	



	Base voltage
	   v B   
	33 kV



	Base power
	   P B   
	3 MW
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Table 2. Experimental parameters.






Table 2. Experimental parameters.





	Parameters
	Symbol
	Simulation





	Nominal power
	   P o   
	4.8 kW



	Nominal power per module
	   P  x , i    
	1.2 kW



	Grid voltage
	   v g   
	320 V



	Grid frequency
	   f g   
	50 Hz



	Number of modules per arm
	N
	2



	DC-link capacitor
	   C  s m    
	4.7 mF



	DC resistor
	   R  d c , i    
	22.5  Ω 



	Open circuit voltage
	   v  o p    
	440 V



	MPP voltage
	   v  m p    
	360 V



	Inductance LC filter
	   L f   
	3 mH



	Capacitance LC filter
	   C f   
	5 F



	Transformer Inductance
	   L T   
	8.3 mH



	Transformer voltage
	   v T   
	400 V
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