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Abstract

:

This paper reports a new control strategy to improve sharing of unbalanced currents in islanded LV microgrids. This technique provides fast and effective sharing of positive-, negative- and zero-sequence currents, and is the first example of zero-sequence current sharing in the literature. The controllers are designed in the stationary frame. The control structure consists of four loops: (1) the current controller; (2) the voltage controller; (3) the droop controller and the (4) negative and zero sequence current controllers. The output current is considered unknown for the controller and is added to the control system as a disturbance. The proposed controller features a high gain in fundamental and harmonic frequencies, hence a good voltage quality is obtained in the presence of unbalanced and nonlinear loads. To this aim, a proportional-resonant (PR) controller is adopted as the current controller. By using a multi-resonant controller as current controller, a unified control structure is obtained which is suitable for both grid-connected and islanded modes. The voltage controller is designed using a resonant controller so that the voltage can have low VUF and THD in the presence of unbalanced and nonlinear loads. Furthermore, in this paper, the droop method is applied to the control structure to share real and reactive powers. Simulation studies show that the conventional droop method cannot share the oscillatory part of the output power that is due to the presence of unbalanced loads in the microgrid. This paper relies on using zero and negative sequence virtual impedance controller to share the oscillatory part of output power. By using zero-sequence virtual impedance controller (ZSVIC) and negative-sequence virtual impedance controller (NSVIC), the zero and negative sequence currents in the microgrid are controlled and shared effectively. By compensating zero- and negative-sequence currents locally, the flow of these currents in the microgrid is minimized, and the overall power quality of the islanded LV microgrid is improved.
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1. Introduction


Microgrids are small-scale power systems with local distributed energy resources (DERs) for production, consumption, and storage, which can work connected to the main grid or islanded [1]. Power quality issues are among the most challenging topics of controlling microgrids, especially in the islanded mode. Two of the leading causes of power quality problems in microgrids are nonlinear and unbalanced loads. Nonlinear loads, such as switching power supplies, introduce harmonics into system voltage and current, and single-phase loads can cause voltage and current imbalances between the three phases of the network. Thus, the recent proliferation of nonlinear and single-phase loads in microgrids has created difficult challenges in maintaining the power quality of these networks [2]. In the grid-connected mode, if a microgrid cannot manage to compensate the current absorbed by nonlinear and unbalanced loads easily, the main grid can easily offset these currents. However, in the islanded mode, the microgrid itself is responsible for compensating the currents absorbed by nonlinear and unbalanced loads. In islanded microgrids, power-sharing is also more important compared to grid-connected microgrids, due to the limited capacity of the distributed generation (DG) units hosted by the islanded microgrid, in particular in the presence of unbalanced and harmonic loads [3].



When unbalanced current increases relative to the total current of the system, voltage imbalances emerge in some parts of the system [4]. Since the total capacity of an islanded microgrid is limited, a small portion of single-phase loads can make islanded microgrids severely unbalanced. The zero and negative sequence currents associated with unbalanced loads can create several problems [5]:




	
increased losses in the system and temperatures in induction motors and transformers,



	
vibration in induction motors which causes mechanical stress and reduces their lifetime,



	
reduction in power factor which increases KVA demand and line losses.








In three-wire networks such as high-voltage transmission systems, there are no zero sequence currents. However, in four-wire systems such as medium- and low-voltage distribution networks, unbalanced loads can introduce both zero- and negative-sequence currents. Consequently, if these networks are run as islanded microgrids, their DGs must be able to provide positive-, negative- and zero-sequence currents whenever and wherever they are needed. In particular, a microgrid must be able to keep working under unbalanced conditions while maintaining the voltage unbalanced factor (VUF) below 2% for sensitive loads [6]. Therefore, islanded microgrids require a strategy for sharing unbalanced current among DGs in a way that prevents the voltage imbalance from exceeding this threshold in any part of the microgrid. Previous research has shown techniques to provide negative- and zero-sequence currents from a single inverter [7,8], and several papers have shown techniques to share negative-sequence currents among multiple inverters, either in parallel on a single bus [9,10,11], distributed through a grid-connected microgrid [12,13,14] or distributed in an islanded microgrid [15,16,17,18,19]. However, there has been much less work on sharing zero-sequence currents among multiple inverters. De and Ramanarayanan use a proportional and multiresonant controller with P/Q droop to share zero-sequence currents between parallel inverters on a single bus [11]. However, their technique cannot be generalized to multiple inverters distributed throughout a microgrid because it is designed only for a specific topology where parallel inverts feed a common load in a single bus. Therefore, it cannot be applied to a network with unknown topology structure. However, the method presented in this paper is able to control negative and zero-sequence current regardless of the structure of the microgrid. In this paper, we introduce the first control strategy that can accurately share zero-sequence currents (in addition to positive- and negative-sequence currents) among multiple heterogeneous inverters in an islanded microgrid. This capability will be essential for maintaining adequate power quality in islanded microgrids with nonlinear and unbalanced loads. (Future work will extend this approach to grid-connected microgrids.)



The first step in an effective power sharing strategy is to control voltage and frequency [20] accurately. Several studies have been conducted on unbalanced control strategies with additional proportional-integral (PI) controllers to suppress the negative sequence components for an inverter with unbalanced load [21,22]. In these strategies, voltages and currents are first transformed into symmetric components, and then the positive- and negative-sequence components are controlled by separate PI controllers. Then, both compensation strategies are applied to a single inverter. More recent work has used proportional-resonant (PR) control techniques for DGs. The PR controller is more efficient for the compensation of multiple harmonics due to the inclusion of nonlinear and unbalanced loads [23,24]. In this paper, we use a PR controller, in order to provide better compensation of harmonics that may occur due to nonlinear and unbalanced loads.



The next step towards sharing of unbalanced currents is managing fundamental power components, i.e., active and reactive power. There are two main methods for sharing active and reactive power on islanded microgrids: communication-based and non-communication based. Among the communication-based methods, there are two main approaches. In the first, each distributed generation unit sends data to a central controller, which then decides how much power each unit should produce. In the second approach, generators are placed in master–slave pairs, and the master unit defines the voltage and frequency for the slave unit. The problem with the communication-based methods is that they need communication channels, so, if the connection line is lost, power management will be interrupted [25]. Another problem with the communication-based methods is that, when a new source is added to the system, the whole system must be rescheduled. One of the most important non-communication-based strategies is droop control. The main advantages of droop controllers are their plug-and-play specification and adaptation based on local measurements without communication. This means that the system can respond automatically when new sources are added or disturbances occur, without any need for rescheduling [26]. Consequently, this method is more reliable than communication-based methods. In this paper, we use droop techniques to share active and reactive power among generators, in order to provide automatic adaptation to disturbances and changes in the generation fleet, without requiring communication with a centralized controller.



Conventional droop uses only proportional terms to relate controlled quantities (real and reactive power output) to observed values (frequency and voltage). To improve the speed response and accuracy of droop method, derivative and integral terms can be added to the droop [27,28]. In this work, we add a derivative term, which has a similar effect to the rotating inertia of a synchronous machine.



Droop control also requires trade-offs between accuracy in frequency and voltage control. In traditional droop, with droop lines for real-power/frequency (P/f) and reactive power/voltage (Q/V), the accuracy of reactive power sharing degrades since the voltage is not the same in all the network [29]. Conversely, in P/V and Q/f droop, the accuracy of active power sharing degrades. There is also a trade-off between the accuracy of active power sharing and droop parameters (deviation from the normal frequency and voltage value parameters). For example, if the droop slopes are higher, the accuracy of active power sharing for P/V droop improves more; however, the voltage and frequency of the system will fluctuate more if a load is added or dropped. Conversely, if the droop slopes are too low, the voltage and frequency deviation decrease, but active power sharing is also affected negatively [16,30].



Although the droop method is a practical way to share the main component of power such as active and reactive, it is unable to share another power component such as harmonic and unbalanced current in islanded microgrids. Recent work has addressed this by using virtual impedance methods in control system for microgrids. The first attempt to use the virtual impedance concept was [31], which used virtual impedance to control a DC–DC converter. More recently, a common application of virtual impedance is to help improve power sharing [32,33]. In microgrids, the ratio of inductance to resistance is low. Therefore, the accuracy of reactive power sharing decreases. By adding an inductive virtual impedance to the control loop, the accuracy of reactive load sharing improves significantly [9,10,32]. Virtual impedance has also been used to improve stability against disturbances in the microgrid such as severe transient and fault situations [34,35].



In [18,19], the negative-sequence voltage produced by a negative-sequence impedance controller loop is injected directly to the reference signal of the voltage controller. The idea is to set the negative-sequence virtual impedance of each unit so that the amount of negative-sequence current of each DG is controlled correctly. In [17], a virtual negative-sequence impedance is used, but the negative-sequence voltage produced by the loop is directly injected to the control signal of the inverter. In this paper, we extend this approach to control zero-sequence current in a low-voltage microgrid in addition to negative-sequence current.



To the best of our knowledge, the virtual impedance method has not previously been used to control zero-sequence current in LV microgrids. In this paper, the virtual zero-sequence impedance together with the virtual negative-sequence impedance are used to control the zero- and negative-sequence currents in an LV microgrid. The proposed strategy relies on the fact that the adjacent DG of an unbalanced load should compensate the negative- and zero-sequence currents of that load. Moreover, if the negative- and zero-sequence currents of the load exceed the maximum capacity of the adjacent DG, the remaining portion of the negative- and zero-sequence currents are shared among other DGs.



Islanded microgrids are often four-wire systems with limited generation resources. Consequently, they require advanced strategies to simultaneously control voltage, frequency, harmonics and unbalanced currents. To maintain power quality despite the risk of communication failures, these strategies must accurately share real and reactive power and zero- and negative-sequence currents between all DGs in the system on a distributed basis. This paper presents and tests the first controller capable of sharing zero-sequence currents among generators distributed throughout an islanded microgrid, providing this complete set of capabilities for the first time.




2. Methods


2.1. Multi-Bus Low Voltage Microgrid Structure


Figure 1 shows a single-line diagram of a multi-bus LV microgrid that consists of three LV feeders and two electronically-coupled three-phase four-wire DG units. Loads in the three radial feeders can be either balanced or unbalanced. The DG units connected via feeders   F 1   and   F 2   to the microgrid are assumed to be dispatchable. Therefore, they can provide any amount of real/reactive power within their pre-specified limits. Each unit has to maintain its voltage and frequency in the pre-specified level, while an accurate power-sharing is ensured through a decentralized method. The loads are connected to the microgrid through four wires. Therefore, the load current can have a zero-sequence current in addition to the negative-sequence current when loads in the microgrid are unbalanced. In this paper, it is assumed that microgrid works in islanded mode of operation. Therefore, the microgrid is responsible for compensating zero- and negative-sequence currents of unbalanced loads. If the islanded microgrid does not compensate these currents, the voltage will be distorted.



Figure 2 shows the inverter structure. Each DG unit with its   L C   filter is considered as a subsystem for the microgrid. In order to control each DG unit, the first step is to derive the dynamic model of each DG unit.




2.2. Controller Structure


Figure 3 shows an equivalent circuit diagram of a three-phase four-wire DG subsystem. The objective is to design a feedback control that robustly regulates the load voltages while the load current is unknown.



We first show that this system can be treated as three decoupled single-input-single-output (SISO) systems, rather than a multi-input-multi-output (MIMO) system. Hamzeh et al. [17] derive a dynamic model for a three-phase three-wired network in the stationary reference frame (  α β  ). Since their network has no line-to-neutral currents, they are able to neglect zero-sequence currents. In this work, we use a similar model, but, because this microgrid is a four-wire system, we use three separate state-space parameters to control the microgrid voltage and frequency, resulting in an   α β 0   system. After a Clarke transformation, the state-space equation for this system is given by [17,36]


      X ˙  = AX + BU + EW ,       Y = CX ,     



(1)




where   X =    v α  ,   v β  ,   v 0  ,   i  f α   ,   i  f β   ,   i  f 0    T   ,   U =    U α  ,   U β  ,   U 0   T   ,   W =    i  o α   ,   i  o β   ,   i  o 0    T   ,   Y =    v α  ,   v β  ,   v 0   T   , and


     A =     0   0   0    1  c f     0   0     0   0   0   0    1  c f     0     0   0   0   0   0    1  c f        −  1  l f      0   0    −   r f   l f      0   0     0    −  1  l f      0   0    −   r f   l f      0     0   0    −  1  l f      0   0    −   r f   l f        ,  B = [    0   0   0     0   0   0     0   0   0      1  l f     0   0     0    1  l f     0     0   0    1  l f      ] ,     E = [     −  1  c f      0   0     0    −  1  c f      0     0   0    −  1  c f        0   0   0     0   0   0     0   0   0    ] ,  and  C = [    1   0   0   0     0   1   0   0    ] .     



(2)







Applying Laplace transform on Equation (1) yields:


  s X = A X + B U + E W .  



(3)







Keeping the state variables of Equation (3) on one side gives:


   ( s I − A )  X = B U + E W ,  








so


  X =   ( s I − A )   − 1    ( B U + E W )  .  



(4)







Applying  C  on  X  results in Equation (5):


  Y  ( s )  =  G  ( 3 × 3 )    ( s )  U  ( s )  −  Z  ( 3 × 3 )    ( s )  W  ( s )  ,  



(5)




where


   G  ( 3 × 3 )    ( s )  =  1   l f   c f   s 2  +  r f   c f  s + 1       1   0   0     0   1   0     0   0   1      and   G  ( 3 × 3 )    ( s )  =    l f  s +  r f     l f   c f   s 2  +  r f   c f  s + 1       1   0   0     0   1   0     0   0   1     .  



(6)







Equation (6) shows that the matrix transfer function of each DG control system is diagonal (completely decoupled) and can be regarded as three SISO control systems. Therefore, the problem of designing a three-input, three-output control system is reduced to designing three one-input, one-output systems.




2.3. Operation Principles of the Proposed Control Strategy


The single line diagram of the LV microgrid that is studied in this paper is shown in Figure 1. The RMS of the phase-to-ground output voltage of DGs in this network is 220 V. All DG units are interfaced to the microgrid through DC/AC converters. The DC-side of each inverter is equipped with multiple sources that consist of a dispatchable unit, such as micro-turbine, a non-dispatchable unit such as the photovoltaic cell, and a surge unit that supplies the system in severe transient conditions. Therefore, these three units provide almost a constant DC voltage for the inverter [37]. Therefore, the energy source of each DG unit is modeled by an ideal DC voltage source, and the dynamics of the DC part of the inverter is not considered in this study. The idea of the control system is to provide the reference voltage for any current that needs to be controlled. The droop controller produces the positive sequence voltage reference, which controls positive sequence current (current is controlled, then active and reactive power are controlled). The VZSIC and VNSIC produce the negative- and zero sequence voltage reference, which control the negative- and zero-sequence current. The control system has four main sections: 1—Voltage control unit: this section follows the voltage reference signal and provides the right current for the loads. Its input is the voltage reference that is generated by the other units (power sharing, VZSIC, and VNDIC). The output of this unit goes to the inverter unit as a reference signal. 2—Average power-sharing: this unit defines how much active and reactive power each unit should provide. It takes the amount of active and reactive power the unit is providing in real time. These inputs then go to the droop control. The outputs of droop control are frequency and voltage reference, which go to the voltage control as discussed in the Unit 1 section. Whenever a change in load consumption happens, the droop changes the frequency and voltage reference in response to these changes. 3 and 4: VZSIC and VNSIC: these two sections produce the negative- and zero-sequence voltage reference based on how much negative- and zero-sequence current each unit should provide, the VZSIC and VNSIC will produce a negative- and zero-sequence voltage reference that causes the DG unit to produce the desired amount of negative- and zero-sequence current. This is how negative and zero-sequence currents are controlled for each unit. The strategy for deciding how much negative- and zero sequence current each unit should provide (reference for VZSIC VNSIC) is detailed in Section 2.5.2.



Controllers are designed in the stationary reference frame (  α β 0  ) which is presented in [17]. It is noted that designing controllers is easier in the synchronous reference frame (  d q 0  ) than the stationary reference frame (  α β 0  ). However, it should be noted that these controllers cannot effectively control a microgrid with unbalanced loads. The proposed control strategy of each unit consists of (1) current controller; (2) voltage controller; (3) average power sharing controller, and (4) negative- and zero-sequence currents’ controller. The current and voltage controllers are proportional resonance (PR) controllers. In an islanded microgrid, it is not necessary to use a PR controller as the current controller since using a simple proportional controller would suffice. However, by using a PR controller as current controller, the proposed control strategy can be used both in islanded mode and grid-connected mode. Therefore, using this controller as the current controller can reduce the cost of design and operation of DG units, while the microgrid can smoothly switch between islanded and grid-connected modes.



Under an unbalanced load condition, the instantaneous power has a double-frequency oscillatory term in addition to the DC power [38]. The conventional droop controller, which is widely adopted to share an average power component, is not able to share the oscillatory power component among the DG units. In [18,39], a virtual negative-sequence impedance controller (VNSIC) was proposed to share the negative-sequence current. However, this approach has not been adopted for zero-sequence current sharing. In this paper, the same approach is adopted to share the zero-sequence current. By controlling the flow of negative- and zero-sequence currents of each DG unit, an oscillatory part of the power of each unit is shared according to its capacity. The strategy for the compensation of zero- and negative-sequence currents is based on the compensating unbalanced loads by its upstream DG unit. Moreover, for loads with no upstream DG unit, the negative- and zero-sequence currents are shared by adjacent DG units. By deploying this strategy, the flow of negative- and zero-sequence currents in microgrid is minimized, and DG units compensate for these currents according to their capacity. Hence, the overall power quality of the the microgrid is improved.




2.4. Proportional Resonance Controller


Because the matrix transfer function of the DG subsystem in equation (6) is diagonal, the three identical SISO controllers can be independently designed for the quadrature axes  α ,  β  and 0. Figure 4 shows the structure of the voltage and current controllers for the  α ,  β  and 0 axes. A good controller should be able to track the reference signal with a minimum transient and error while it should guarantee a low THD of voltage in the presence of harmonic loads. Since the controllers are designed in the stationary framework, reference signals are sinusoidal. Therefore, the multi-proportional-resonant controller (MPRC) is used. MPRC can track sinusoidal references with zero tracking error, while a conventional PI controller has magnitude and phase error and can not effectively track sinusoidal signals. Therefore, MPRC can handle harmonic loads without deteriorating voltage quality. By using MPRC as the current controller, the control structure can be used in the grid-connected mode of operation as well. Therefore, there is no need for a different control structure in grid-connected mode. As a result, the total cost for design and operation of microgrid decreases. Matlab SISO Tool software (version 2018a, MathWorks, Natick, Massachusetts, U.S.A) is used to design the controllers. It is a graphical tool used to design robust controllers. This tool gets the system plant of the controller, the structure of the controller and the topology of the system. i.e., open loop or closed loop. Through the graphical user interface, the user can design a controller has the desired parameters such as phase margin, gain margin, the locus of poles, damping ratio, and bandwidth. Since the input signal of the control system is sinusoidal, MPRC was selected as a control structure. Considering it multi-resonant, with high gain at desired frequencies, it can track the input signal and damp higher frequencies up to 13th harmonic. However, for this work, only the controller with 50 Hz resonant frequency (with a value of   K  I 1   ) is important. The rest of the resonant controllers (  K  I 2    to   K  I 13   ) are used to control the harmonics for future works.



The proposed control structure treats the output current as a disturbance. i.e., regardless of the value of output current, the output should follow the reference signal. This structure allows to have control of various types of microgrid topology since the plant of the system does not include loads outside of the DG unit filter.



The transfer function of MPRC is as follows:


      C V   a n d   C I  : C  ( s )   [  K p  + Σ  K  i h     s   s 2  + 2 h  ω c  s +   ( h  ω 0  )  2     ]  ,       C  ( s )  =  g c    s + z   s + p   ,     



(7)




where   C ( s )   is a lead compensator that is added to the structure of the voltage controller to increase the phase margin and bandwidth of the system. Figure 5 shows the Bode diagram of the voltage control loop system. As it is seen from this figure, the system has a good gain margin and a phase margin of 30 degrees while the bandwidth is about 1 kHz. Therefore, the controller shows a robust stability margin and very fast response to load step changes. It also provides and excellent noise and harmonic rejection capability due to its high bandwidth. The coefficients of current and voltage controllers are given in Table 1.




2.5. Proposed Control System


Figure 6 shows the block diagram of the proposed control system. The voltage controller consists of three identical MPRC whose reference signals are determined by the droop control strategy. The droop coefficients, i.e., m, n are obtained according to the rated power of each DG and the maximum deviation of frequency and voltage [40]. The instantaneous real power is calculated using output current and voltage of each DG based on the instantaneous power theory that is proposed in [38]. The instantaneous power is passed through a low pass filter to attenuate the ripples that are caused by unbalanced and harmonic loads. The average power is then applied to the droop controller to determine the working frequency and the voltage magnitude of each DG unit. Then, the voltage and frequency are applied to the reference generator to produce a symmetrical three-phase reference voltage. Since the control structure is in the stationary frame, the Clark transformation is applied to the symmetrical voltage. Therefore, the zero parameters of the Clark transformation will always be zero since the reference voltage is always symmetrical. The output of voltage controller is the reference for the current controller and is compared with the current of the filter inductance. The resultant current is then feed-forwarded to the output current that improves the system stability. The output of the current controller is then applied to the inverter.



To control the zero- and negative-sequence currents, zero- and negative-sequence current controllers are used, respectively. In these blocks, the output current of each DG unit (  I  α β 0   ) is decomposed to its symmetrical component with a unified three-phase signal processor (UTSP) [41]. The UTSP block can accurately decompose the symmetrical parameters of current, so that the instantaneous amount of zero- and negative-sequence currents can be obtained from the output current.



The extracted zero- and negative-sequence currents are multiplied by a resistive or inductive impedance gain,   Z V −   and   Z V 0   respectively to produce the references for zero- and negative-sequence voltages. These voltages are then added to the reference signals of the voltage controller. The values of   Z V −   and   Z V 0   are determined by the virtual negative-sequence impedance controller (VNSIC) and the virtual zero-sequence impedance controller (VZSIC). The virtual impedance blocks compare negative- and zero-sequences of each unit with its negative- or zero-sequence references. The resultant signal is then passed through a PI controller and then multiplied by a resistive or inductive impedance to generate the reference for the virtual impedance of zero- or negative-sequence impedances of each DG unit.



2.5.1. Positive-, Negative- and Zero-Sequence Models of DG Units


To accurately control a DG unit, the dynamic model of Figure 6 can be divided into positive-, negative- and zero-sequence elements. In [39], a dynamic model of the system is divided into positive and negative elements. The same procedure can be adopted to extract the zero-sequence dynamic model. In Figure 6, the voltage of the closed-loop system in the   α β 0  -frame can be expressed as:


      V  α , β , 0     ( s )  = H  ( s )  [   V  α , β , 0  ∗   ( s )  −  Z V −   ( s )   I  o  α , β , 0   −   ( s )        −  Z V 0   ( s )   I  o  α , β , 0   0    ( s )  ] −   Z  o u t    ( s )   I  o  α , β , 0     ( s )  ,     



(8)




where   V  α , β , 0    and   I  o  α , β , 0     are the voltage reference signal and the DG terminal current, respectively.   H ( s )   denotes the closed-loop transfer function from the reference signal to the output voltage, while    Z  o u t    ( s )    is the output impedance.   I  o  α , β , 0   −   and   I  o  α , β , 0   0   are the instantaneous negative and zero-sequence components of   I  o  α , β , 0    .    Z V −   ( s )    and    Z V 0   ( s )    are the virtual impedances that are determined by the VNSIC and the VZSIC, respectively. The virtual impedance can be inductive or resistive or a combination of both [39]. Equation (8) can be rewritten as:


      V  α , β 0  +   ( s )  +  V  α , β , 0  −   ( s )  +  V  α , β , 0  0   ( s )  = H  ( s )   V  α , β , 0  ∗   ( s )        −  Z  o u t    ( s )   I  o  α , β , 0   +   ( s )  −  [  Z V −   ( s )  H  ( s )  +  Z  o u t    ( s )  ]   I  o  α , β   −   ( s )        −  [  Z V 0   ( s )  H  ( s )  +  Z  o u t    ( s )  ]   I  o  α , β , 0   0   ( s )  .     



(9)







Equation (9) can be divided into positive-, negative- and zero-sequence voltages. Therefore, the output voltage of DG unit can be expressed as:


          V  α , β , 0  +   ( s )  = H  ( s )   V  α , β , 0  ∗   ( s )  −  Z  o u t    ( s )   I  o  α , β , 0   +   ( s )  ,        V  α , β , 0  −   ( s )  = −  [  Z V −   ( s )  H  ( s )  +  Z  o u t    ( s )  ]   I  o  α , β , 0   −   ( s )  ,        V  α , β , 0  0   ( s )  = −  [  Z V 0   ( s )  H  ( s )  +  Z  o u t    ( s )  ]   I  o  α , β , 0   0   ( s )  .         



(10)







In the working condition of microgrid,     H ( j  ω 0  )  →  = 1 ∠ 0  . In this paper, the virtual impedances   Z V −   and   Z V 0   are chosen to be inductive. Therefore, the negative-sequence impedance of each DG unit at the system frequency is:


      Z  o u t  −   ( j  ω 0  )  =  Z V −   ( j  ω 0  )  +  Z  o u t    ( j  ω 0  )        =  R  o u t    (  ω 0  )  + j  [  X  o u t    (  ω 0  )  +  X V −   (  ω 0  )  ]  .     



(11)







Moreover, the zero-sequence impedance at the system frequency is:


      Z  o u t  0   ( j  ω 0  )  =  Z V −   ( j  ω 0  )  +  Z  o u t    ( j  ω 0  )        =  R  o u t    (  ω 0  )  + j  [  X  o u t    (  ω 0  )  +  X V 0   (  ω 0  )  ]  .     



(12)







To control the negative- and zero-sequence voltages that are injected to the reference of the voltage controller, the   X V −   and   X V 0   can be changed. The values of these parameters are set by the VNSIC and the VZSIC of each unit. The negative- and zero-sequence voltages are then injected to the reference of the voltage controller. Therefore, by controlling the negative- and zero-sequence voltages of each unit, the negative- and zero-sequence output currents of each unit are controlled. The maximum permissible values for    X V −   (  ω 0  )    and    X V −   (  ω 0  )    can be calculated based on the IEEE standards [6,42]. Negative- and zero-sequence unbalanced factors are equal to:


       ( V U F )  −  =   V  α , β , 0  −   V  α , β , 0  +   =    Z  o u t  −   I   o  α , β , 0    −    V  α , β , 0  +   < 0 . 02 ,         ( V U F )  0  =   V  α , β , 0  0   V  α , β , 0  +   =    Z  o u t  0   I   o  α , β , 0    0    V  α , β , 0  +   < 0 . 02 .     



(13)







Another limiting factor associated with the injection of the negative- and zero-sequence currents is the capability of each unit to inject these currents. Therefore, the capacity of each unit and the inequality constraint in (13) determine the maximum value of the negative- and zero-sequence output impedances. Based on (10), the positive-, negative-, and zero-sequence models for each DG unit are obtained and are shown in Figure 7.




2.5.2. Negative- and Zero-Sequence Currents’ Sharing Strategy


In the previous section, the technical procedure for controlling negative- and zero-sequence currents was explained. In this section, the zero- and negative-sequence current sharing strategy is proposed so that it minimizes the flow of the unbalanced current throughout the LV microgrid. Therefore, the overall power quality of microgrid improves. With the use of an accurate power-sharing strategy, not only the overall power quality of microgrid is improved, but also the proper autonomous operation of the microgrid is guaranteed. In this strategy, the unbalanced current of each load is compensated by its upstream unit. However, the unbalanced currents of loads with no upstream unit are shared by its adjacent units. Considering these two conditions, the reference for negative- and zero-sequence currents of each unit must be as follows:


        I  D G  −   ∗  =      I  l o c  −   2  +      I  n o n l o c  −   ∗   2  + 2  I  l o c  −     I  n o n l o c  −   ∗  cos  θ −    ,          I  D G  0   ∗  =      I  l o c  0   2  +      I  n o n l o c  0   ∗   2  + 2  I  l o c  0     I  n o n l o c  0   ∗  cos  θ 0    ,     



(14)




where   I  l o c  −   and   I  l o c  0   are magnitudes of the negative- and zero-sequence currents of the local loads, respectively.   θ −   and   θ 0   are the phase difference between   I  l o c    and     I  n o n l o c    ∗   for the negative- and zero-sequence currents, respectively.



    I  n o n l o c  −   ∗   and     I  n o n l o c  0   ∗   are defined as:


     I  n o n l o c  −   ∗  =   I  m a  x  D G i    −   ∑  I  m a  x  D G i    −     I  n o n l o c  −  ,    I  n o n l o c  0   ∗  =   I  m a  x  D G i    0   ∑  I  m a  x  D G i    0     I  n o n l o c  0  .  



(15)







In (15),   I  m a  x  D G i    −   and   I  m a  x  D G i    0   are respectively the maximum negative- and zero-sequence currents that the   i  t h    DG can inject.   I  n o n l o c  −   and   I  n o n l o c  0   are the amplitudes of the negative- and zero-sequence of feeders supplying the nonlocal load. Referring to (15) and (14), the local unbalanced loads are compensated locally while the unbalanced loads with no upstream DG unit are shared among all DG units according to their unbalanced load capacity. By using PMU, which is installed on feeders, the phase difference between local and nonlocal currents is calculated. If all impedances of lines are known, the PMU unit can be omitted. Since the impedances of lines are usually unknown, with the help of an PMU unit, an accurate power sharing can be achieved. This method has an advantage over other power sharing methods that only consider amplitude of unbalanced currents as it considers both amplitude and phasor of unbalanced currents. For example, in some scenarios, the unbalanced currents of some loads can nullify those of other loads, while the DG unit remains under balanced condition. Thus, if the phasor of currents is not considered, the reference currents for virtual impedance loop will not be accurate. In the proposed control strategy, the VNSIC and VZSIC are enabled when: (1) The DG unit reaches to its maximum capacity so that it is not able to inject the required negative and zero sequence currents. When the VNSIC and the VZSIC are disabled, the virtual impedances of the unit are kept at the minimum value, i.e.,   X V −  =  X V 0  =0. This means that the DG unit compensates all unbalanced loads in its downstream. When a DG unit reaches to its maximum capacity,   X V −   and   X V 0   are changed to prevent the unit from overloading. (2) The control system of the DG unit detects unbalanced current flow from adjacent feeders. Therefore, the DG units change their virtual impedances accordingly to share the remaining unbalanced currents. Otherwise, the VNSIC and VZSIC are disabled, and the negative- and zero-sequence of the output impedances are kept constant at the minimum value. When VNSIC and VZSIC are activated, the PI controllers set   Z V 0   and   Z V −   to a desirable value.





2.6. PSCAD Implementation


Here, we give a brief description of the PSCAD implementation of the controller. The model files are available as supplemental material accompanying this paper.



Each of the DG units in Figure 1 are equipped with the control structure of Figure 4. The sensors at the terminals measure voltage, current, active and reactive power of each DG unit. The active and reactive measured powers are fed into the droop control system. The output of the droop controller is reference voltage and frequency. The produced voltage and frequency go to the Reference generator unit where it transforms it into a symmetrical three-phase voltage. Since all controllers are designed in   α β 0   structure, stationary reference frame transformation is applied to this voltage signal too. The result of the reference generator unit is the input to the voltage control unit. The actual output voltage subtracted from the reference signal produced by the signal generator unit then goes into the voltage control unit. The output of the voltage control unit is then subtracted from the output current and is then sent into the current control unit. The resultant output of the current control unit is the reference signal for the inverter in the PSCAD simulation. A controlled voltage source is used as an ideal inverter.



The voltage control unit and average power sharing unit in Figure 4 represent the primary and secondary controller of the microgrid, respectively, where active and reactive power are controlled by the droop controller, and frequency and voltage are controlled by the voltage control unit. The VZSIC and VNSIC controller represent the auxiliary control units, which are responsible for controlling zero- and negative sequence current in the microgrid. The reference current is defined by the strategy stated in the Results section. The reference (DC signal) is compared to the actual current where it is fed into the PI controller. The output current is multiplied to   Z  z e r o    and    Z  n e g a t i v e   ,   respectively, to produce the reference for zero- and negative-sequence currents, respectively. The idea of the control system is to provide the reference voltage for any current that needs to be controlled. The droop controller produces the positive-sequence voltage reference, which is used to control positive sequence current (current is controlled, and then active and reactive power are controlled). The VZSIC and VNSIC produce the negative- and zero sequence voltage reference, which is used to control negative- and zero-sequence current.





3. Results and Discussion


To verify the effectiveness of the proposed control strategy, the LV microgrid shown in Figure 1 has been simulated in a PSCAD/EMTDC environment. The LV microgrid is assumed to operate in islanded mode and is comprised of a three-feeder distribution system with two electronically-coupled four-wire dispatchable DG units. All DG units are equipped with the PR controller, droop control strategy, VNSIC, and VZSIC. The parameters of the microgrid including all DG units are given in Table 2. Several load changes are introduced to the microgrid aiming to verify its dynamic performance.



3.1. Case Study 1


In this case study, initially, two balanced loads are connected to feeders   F 1   and   F 3  . The load that is connected to feeder   F 3   is a three-phase   R L   load with the nominal power of 285 kVA and a power factor of   P F   = 0.88, while the load connected to feeder   F 1   is a three-phase   R L   load with 75 kVA with   P F   = 0.9. A single-phase load rated 40 kVA with   P F   = 0.98 is connected to one phase of feeder   F 1   at t = 2 s. Subsequent to this load change, at t = 5 s, another single-phase load rated 26 kVA with   P F   = 0.95 is connected to the same phase of feeder   F 1  . Figure 8a shows the frequency of the system. The droop coefficient is set so that, on the no-load situation, the frequency stays at 50 Hz. With the use of conventional droop with a dynamic coefficient, the voltage and frequency reach stable mode after about 0.5 seconds of transient time. Figure 8b shows the voltage output at the DG1 terminal. After addition of unbalanced load to the loads, a double frequency ripple is added to frequency and voltage of the network. The frequency and voltage deviation is less than 1% and 5% for frequency and voltage, respectively, which demonstrate that the deviation is in the range of acceptable limit for frequency and voltage.



The instantaneous real and reactive powers considering these load changes are shown in Figure 9. Since feeder   F 1   becomes unbalanced, a double-frequency ripple appears on the instantaneous power components of this feeder. As it is observed, the double-frequency ripple amplitude increases as another unbalanced load is connected to the feeder   F 1   at t = 5 s.



Figure 10 shows the positive-, negative- and zero-sequence current components of feeder   F 1   that increases at t = 2 s and t = 5 s.



The first step toward controlling power component effectively is controlling Active and reactive powers. If these components are not controlled accurately, it will not be possible to share other power components effectively. Figure 11a,b show the zero-sequence output impedances and the zero-sequence currents of the DGs, respectively. As it was mentioned earlier, the primary aim of the unbalanced current sharing strategy is to compensate zero- and negative-sequence currents locally. However, if the maximum capacity of a unit to compensate unbalanced currents is reached, other units inject the remaining unbalanced current. Prior to t = 5 s, the VZSIC and VNSIC of the DG units are not activated, and virtual impedances are kept at the minimum value.



Figure 11b shows that almost all zero-sequence current of the unbalanced load is compensated by unit 1. However, when another unbalanced load is added to feeder   F 1   at t = 5 s, the maximum capacity of the adjacent unit (  D G 1  ) is reached, and the remaining unbalanced current is then provided by the other unit (  D G 2  ). This operation is done by increasing the zero-sequence virtual impedance of unit 1 when the VZSIC of unit 1 detects that the maximum capacity of the unit is reached.



Figure 12a,b show the negative-sequence output impedance and the negative-sequence currents of the DGs, respectively. The same scenario happens for negative-sequence current when the maximum capacity of unit 1 for providing negative-sequence current is reached, and the remaining negative-sequence current is shared by another unit through the activation of VNSIC. Figure 11c and Figure 12c show, respectively, the voltage unbalanced factor (  V U F  ) for the zero- and negative-sequence voltage of DG units during load changes. The   V U F   of   D G 1   is always under 2% for zero- and negative-sequences while DG1 is injecting the maximum value of zero- and negative-sequence currents.



Figure 13 shows instantaneous real and reactive power components of DG units. The magnitude of double-frequency ripple on the output power of each unit is proportional to its unbalanced current share. Before the t = 2 s, all loads in the system are balanced. The rating power of both DGs is the same. Therefore, their share of active and reactive power is the same. Figure 13a shows the active power output of DG units. As it seems, both units provide the exact amount of active power. Figure 13b shows the reactive power output of DG units. The reactive power sharing in LV networks is not as accurate as an active power component. Since the ratio of reactance to inductance in an LV network is high, usually active and reactive power components are not decoupled effectively. However, the accuracy of reactive power sharing is quite acceptable for this research for which its goal is demonstrating unbalanced current sharing in LV networks.




3.2. Case Study 2


In this case study, the microgrid begins to operate with two balanced loads. The first load is a three-phase 75 kVA with   P F   = 0.9, which is connected to the feeder   F 1   and the second is a 285 kVA with   P F   = 0.88, which is connected to feeder   F 3  . Two single-phase loads rated 20 kVA with   P F   = 0.98 are connected to the phase b and c of feeder   F 3   at t = 2 s. Subsequently, two single-phase loads are connected to the phase b and c of feeder   F 1   at t = 5 s and are disconnected at t = 8 s. Then, a single-phase load rated 8 kVA and   P F   = 0.96 is connected to the phase a of feeder   F 1   at t = 11 s. Figure 14 shows the voltage and frequency. through out the test, the voltage and frequency are within the predefined limit which shows the proper design of droop coefficients. Also, the settling time is very short which shows the robustness of the voltage and current controller design. Figure 15 shows the instantaneous real and reactive power components of feeders. When the unbalanced loads are connected to the phase b and c of feeder   F 3  , a 100 Hz ripple appears on the power components of feeder   F 3  . Furthermore, this ripple appears on the power components of feeder   F 1   when unbalanced loads are connected to it.



Figure 16 shows the positive-, negative- and zero-sequence current components of the feeders. In this case study, loads that are fed from feeder   F 3   have no upstream DG unit. Therefore, unbalanced loads connected to this feeder should be shared by their adjacent units.



Figure 17a and Figure 18a show the zero- and negative-sequence virtual impedances of DG units. After the connection of the unbalanced loads to feeder   F 3   at t = 2 s, the VZSIC and VNSIC are activated at t = 2.4 s. While VZSIC and VNSIC are not activated, the unbalanced load sharing is performed according to the line impedances. Figure 17b and Figure 18b show the zero- and the negative-sequence current components of the DG units, respectively. Having activated the VZSIC and VNSIC of   D G 1  , the unbalanced current of feeder   F 3   is shared between DG units according to their negative- and zero-sequence capacities that are considered to be equal for units. Therefore, negative- and the zero-sequence current components of units becomes equal. When the unbalanced load is connected to feeder   F 1   at t = 5 s, it should be compensated by unit 1 according to the proposed strategy. Therefore,   D G 1   decreases its   Z V −   and   Z V 0  . As it can be seen from Figure 17b and Figure 18b, the unbalanced load current flowing through feeder   F 1   at t = 5 s is completely compensated by   D G 1   while the portion of unbalanced current injected by   D G 2   is kept intact. At t = 8 s, the unbalanced load is disconnected from feeder   F 1  . Therefore, VZSIC and VNSIC units of   D G 1   increase   Z V −   and   Z V 0   so that the unbalanced current portion of units become equal. At t = 11 s, a single-phase load is connected to the phase a of feeder   F 1  . However, this load compensates a portion of the unbalanced load connected to the phase b and c of feeder   F 3  . Therefore, the portion of the unbalanced current supplied by   D G 1   is decreased. The VZSIC and VNSIC increase the virtual impedances to accommodate this situation. If the amplitude of unbalanced current had only been considered ignoring its phase, the calculation of     I  D G  −   ∗   and     I  D G  0   ∗   would have been incorrect causing inaccurate current sharing. Figure 17c and Figure 18c show the voltage unbalanced factor for zero- and negative-sequence voltages. Throughout the simulation time,   V U F   has a good condition and is always kept under 2%.



Figure 19 shows the output powers of DG units. The double-frequency ripple on the output powers stems from the unbalanced power. When the unbalanced load is connected to the feeder   F 3  , the 100 Hz frequency ripple appears in the output power. After t = 5 s, the portion of the unbalanced power for   D G 1   increases while the portion of   D G 2   does not change. The unbalanced quota of units become equal after t = 8 s. It shows that the control strategy has managed to share the unbalanced power in the microgrid with excellent accuracy.




3.3. Sensitivity and Stability Studies


The supplementary material accompanying this paper includes a large collection of sensitivity and stability studies. These test the controller with a variety of network configurations and faults, without any adjustment to the controller parameters, in order to illustrate its ability to adapt automatically to different microgrids and conditions.





4. Conclusions


A comprehensive strategy was presented for sharing unbalanced current in an islanded LV microgrid consisting of dispatchable units. In the proposed method, the zero- and negative-sequence currents are shared based on a novel strategy that decreases the flow of unbalanced current in the microgrid improving the overall power quality. In the proposed strategy, the zero- and negative-sequence currents of nonlocal loads are completely compensated by their associated DG units. However, if the capacity of a unit is not enough to offset the zero- and/or negative-sequence current terms or the unbalanced load has no upstream unit, the unbalanced current is shared among adjacent units. The proposed control strategy comprises a PR controller, a droop controller, a virtual negative-sequence impedance controller (VNSIC) and a virtual zero-sequence impedance controller (VZSIC). With VNSIC and VZSIC, the DG units can effectively share the negative- and zero-sequence currents. The performance of the proposed control strategy was evaluated by using digital time-domain simulation studies in PSCAD/EMTDC software. From the simulation results, we found that the proposed control strategy can




	
control voltage and frequency while maintaining them within their allowable limits,



	
share the average power among DG units, and



	
effectively compensate the zero- and negative-sequence currents of unbalanced loads in a four-wired LV microgrid so that the power quality of the overall microgrid is improved.
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Figure 1. LV multi-bus MG consisting of two DG units. 
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Figure 2. Three-phase four-wired inverter. 
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Figure 3. Single phase diagram of an inverter. 
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Figure 4. Plant for voltage and current controller. 
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Figure 5. Bode diagram. 
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Figure 6. Control structure of DG units. 






Figure 6. Control structure of DG units.



[image: Energies 11 02776 g006]







[image: Energies 11 02776 g007 550] 





Figure 7. (a) positive-; (b) negative- and (c) zero-sequence models of the DG unit. 
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Figure 8. Instantaneous voltages at the DG terminals during unbalanced load changes in feeder   F 1  , (a)   D  G 1    and (b)   D  G 2   . 
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Figure 9. Unbalanced load changes in feeder   F 1   (a) instantaneous real and (b) reactive power of feeders. 
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Figure 10. (a) Positive-, (b) negative- and (c) zero-sequence currents of the feeders. 
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Figure 11. Zero-sequence (a) output impedance, (b) current, and (c) VUF of DG units. 
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Figure 12. Negative-sequence (a) output impedance, (b) current, and (c) VUF of DG units. 
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Figure 13. Dynamic response of DG units to unbalanced load changes in feeder   F 1  : (a) real power, and (b) reactive power components of DG units. 
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Figure 14. Instantaneous voltages at the DG terminals during unbalanced load changes in feeder   F 1  , (a)   D  G 1    and (b)   D  G 2   . 
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Figure 15. Unbalanced load changes in feeders   F 3   and   F 2   (a) instantaneous real and (b) reactive power of feeders. 
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Figure 16. (a) positive and (b) negative, and (c) zero-sequence currents of the feeders. 
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Figure 17. Zero-sequence (a) output impedance, (b) current, and (c) VUF of DG units. 






Figure 17. Zero-sequence (a) output impedance, (b) current, and (c) VUF of DG units.



[image: Energies 11 02776 g017]







[image: Energies 11 02776 g018 550] 





Figure 18. Negative-sequence (a) output impedance, (b) current, and (c) VUF of DG units. 
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Figure 19. Dynamic response of DG units to unbalanced load changes in feeder   F 1   and   F 3  : (a) real power, and (b) reactive power components of DG units. 
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Table 1. Controller’s parameters.
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	Parameter
	    C I    
	    C V    





	   C ( s )   
	-
	    g c  = 3.7 , z = 60 , p = 8 ×  10 3    



	   K p   
	1
	17.71



	   K  I 1    
	600
	   5 ×  10 3    



	   K  I 3    
	   1 ×  10 3    
	   7 ×  10 3    



	   K  I 5    
	   1.2 ×  10 3    
	   4.5 ×  10 3    



	   K  I 7    
	   1.6 ×  10 3    
	   5 ×  10 3    



	   K  I 9    
	   2.6 ×  10 3    
	   10 ×  10 3    



	   K  I 11    
	   2.8 ×  10 3    
	   14 ×  10 3    



	   K  I 13    
	-
	   17 ×  10 3    



	   ω 0   
	   2 × 50 × π   
	   2 × 50 × π   



	   ω c   
	  π  
	  π  
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Table 2. MG system parameters.






Table 2. MG system parameters.










	Parameter
	Value
	Comments





	   S  b a s e    
	300 kVA
	DG ratings



	   Z  l i n e 1    
	0.04 + j 0.0157   p . u .  
	0.8 km overhead line



	   Z  l i n e 2    
	0.07 + j 0.0332   p . u .  
	1.3 km overhead line



	   Z  l i n e 3    
	0.01 + j 0.0022   p . u .  
	0.2 km overhead line



	  L  f 1   ,   L  f 2   
	0.3 mH
	series filter inductance



	  r  f 1   ,   r  f 2   
	0.0015 Ω
	series filter resistance



	  C  f 1   ,   C  f 2   
	2200  μ F
	filter capacitance



	   V  D C    
	1500 V
	DC bus voltage



	   f s   
	6 kHz
	switching frequency



	  P  D  G 1  , 2   ,   P  D  G 2    
	100 KW
	maximum real power



	  Q  D  G 1    ,   Q  D  G 2    
	100 kVAr
	maximum reactive power



	  m  D  G 1    ,   m  D  G 2    
	3.33 Hz/MW
	P-f droop coefficients



	  n  D  G 1    ,   n  D  G 2    
	3.26V/MVAr
	Q-V droop coefficients



	  I  m a  x  D  G 1     −  ,  I  m a  x  D  G 2     −  
	97 A (0.13 p.u.)
	



	  I  m a  x  D  G 1     0  ,  I  m a  x  D  G 2     0  
	97 A (0.13 p.u.)
	



	  k  P  n 1    ,   k  I  n 1    
	3  ×  10  − 6    , 1  ×  10 3   
	VNSIC parameters of   D  G 1   



	  k  P  n 2    ,   k  I  n 2    
	3  ×  10  − 6    , 1  ×  10 3   
	VNSIC parameters of   D  G 2   



	  k  P  z 1    ,   k  I  z 1    
	1  ×  10  − 6    , 2  ×  10 3   
	VZSIC parameters of   D  G 1   



	  k  P  z 2    ,   k  I  z 2    
	1  ×  10  − 6    , 2  ×  10 3   
	VZSIC parameters of   D  G 2   
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