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Abstract

:

This paper presents a novel cooperative control technique concerning fully-distributed AC/DC microgrids. Distributed generation based on inverters has two types, i.e., Current Source Inverter (CSI), also referred to as PQ inverter, and Voltage Source Inverter (VSI). Both inverter forms have a two-layer coordination mechanism. This paper proposes a design method for the digital Proportional-Resonant (PR) controller that regulates the current inside an inverter. The inverters will improve the voltage quality of the microgrid while maintaining the average voltage of buses at the same desired level. There is comprehensive detail on the computations specific to resonant and proportional gains and digital resonance path coefficients. The paper includes a digital PR controller design and its analysis in the frequency domain. The analysis is based on the w-domain. The main contribution of this paper is the proposed method, which not only focuses on the transient response but also improves the steady-state response which smoothens the voltage; furthermore, all inverters are effectively involved to increase the capacity of the microgrid for better power management. The suggested cooperative control technique is used on an IEEE 14-bus system having fully distributed communication. The convincing outcomes indicate that the suggested control technique is an effectual means of regulating the microgrid’s voltage to obtain an evener and steady voltage profile. The microgrid comprises distributed resources and is used as the primary element to analyse power flow and quality indicators associated with a smart grid. Lastly, numerical simulation observations are utilised for substantiating the recommended algorithm.
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1. Introduction


The AC/DC converters and output filters are a foremost and essential technology for linking Renewable Energy Sources (RES) and the electric grid. The converter enables energy transaction between the grid and RES in an appropriate, secure and dependable way. These types of DC-AC converters are informally called grid-tied inverters or Grid-Connected Inverters (GCI).



The smart grid is the newest generation of the conventional power system grids which rely on the two-way power flow and information transfer competencies [1,2,3,4,5,6,7]. A traditional grid comprises control centres, power generation, transmission, distribution, and consumers [8]. Presently, with the progression of new digital technologies, like micro processed systems, and developments in power electronics, several applications have been deployed in the smart grid, particularly in the formulation of electronic energy converters and controllers. Of late, academics have made noteworthy contributions which have caused a significant effect on these domains, chiefly aimed at data acquirement, automation, and regulation of microgrids [9]. The microgrids do not merely assimilate the distributed generation with the utility grid in a dependable and tidy manner but also offer greater dependability in its capability to function despite natural phenomena and dynamic distribution grids, consequently causing reduced energy losses in transmission and dissemination and saving the time consumed in building and investment [10,11,12,13,14].



In literature, authors in [15] suggested an AC/DC hybrid microgrid comprising wind, supercapacitors, and hydrogen-based energy to regulate the power fed to the microgrid. This DC system has all energy sources coupled to a shared DC-bus, which is then linked with the grid using a primary inverter. How the variable load demand affects the system has not been analysed. One more hybrid DC/AC microgrid structure comprising photovoltaic and fuel cells were recommended in [16]. A synchronised function of unit power control and feeder flow control was formulated for improving system stability and decreasing the quantity of operating mode variations. A related hybrid microgrid configuration was introduced in [17]. Ref. [18] suggests appropriate day-ahead scheduling concerning the inclusion of hybrid microgrids in frequency regulation-based requirements. To service a frequency regulation market, all Distributed Generation (DG) comprising the microgrid is analysed for the balance between energy production and associated services. The authors in [19] suggest a technique for optimal power transmission and management in AC/DC hybrid microgrids. The penetration ratio specific to microgrids is a crucial indicator of the appropriate location of a microgrid in a power distribution setup. This study identifies the optimal location of the microgrid, considering two distribution systems. For these systems, the line losses and voltage characteristics are studied. Even though microgrids are taken into account on a minor scale, their technical intricacy of modelling and simulation is greater as against the traditional energy system. Hence, models facilitating dynamic analyses are crucial to ensure the stability of future microgrids.



In contrast, there are three topologies specific to decoupled AC systems: a totally isolated two-stage setup, a setup comprising two partially-isolated stages, and a setup comprising three partially isolated stage. The environment and application for which the AC/DC hybrid microgrid shall be used to determine the optimal configuration [20]. The critical aspect of an interconnected setup is the direct connection of an AC microgrid with the utility grid using an AC converter. The microgrid connects with the utility grid with the transformer being set up at the point of connection, thereby creating galvanic isolation for microgrid and also decreasing voltage specific to low voltage AC grid. Hybrid microgrids connected with the primary grid can regulate bidirectional power transfer (production/consumption) by employing AC/DC VSC for battery energy storage setups. It is necessary to highlight that hybrid microgrids can be scaled with ease. Moreover, the implementation of such microgrids may be performed at several levels using different configurations. These microgrids can be integrated with a Low-Voltage (LV) residential-scale grid or a Medium Voltage (MV) distribution-level grid [21].



The literature has several references for Grid-Connected Inverters (GCI) using PR controllers. Few studies specify the process of designing the PR controller [22,23,24]. All specified research is appropriate and highlights PR efficacy. Nevertheless, most research focuses on the PR controller being used in continuous-time. In contrast, a major proportion of the GCI applications require a digital setup. In such cases, the task of using the PR controller digitally is something the reader should ascertain.



The main unique contributions of the approach recommended in this paper can be summed up as shown below:




	
This work aims to formulate a model that can assess the behaviour of distributed energy resources in 14-node IEEE systems that stem from the change in the opening protocol of the disconnector, which establishes a power generating island. The stability analysis it exposes makes it possible to determine the performance of a radial distribution power system given various disturbances. Results have relevance in the operation and planning phases of a distributed generation system.



	
As a renewable energy interface, numerous control technologies can be used to operate controlled inverters or rectifiers. In this study, some converters operated in an open-loop control strategy while others operated in a closed-loop control strategy. Furthermore, pulse width modulation techniques at varying carrier frequencies were utilised by these rectifiers or inverters.



	
The main contribution of this paper the proposed method not only focused on the transient response but also improve the steady-state response which smooth the voltage, furthermore all inverters are effectively involved to increase capacity of the microgrid for better power management.



	
The hybrid microgrid was equipped with nonlinear and linear loads, typical energy storage systems, and balanced and unbalanced loads. Moreover, this paper thoroughly describes the model with all the data needed to tackle the abovementioned studies.



	
This paper offers a design process for the digital PR current controller implemented to a GCI. The procedure describes a step-by-step method for calculating the resonant and proportional gains, as well the resonant path’s coefficients. Its main contribution is helping facilitate and providing support to researchers who are tasked with designing GCI that incorporates present control strategies in a digital environment. The paper will also present an analysis of the frequency domain of a digital PR controller. This analysis utilised the fictitious w-domain. The case-study demonstrated the efficacy of GCI that uses a digital PR current controller, which was designed with the help of the proposed procedure. The paper also demonstrates how the proposed procedure has validity for a number of resonant path PR controllers.









2. Proposed System Description


The studied hybrid microgrid is composed of a photovoltaic array, together with batteries, and AC loads. These systems form a hybrid microgrid interconnected to a low voltage distribution. Figure 1 illustrates the configuration of a hybrid power system for the distribution microgrid.



The IEEE 14 bus feeder is the basis of the test platform for the hybrid microgrid developed in this report. The test feeder has been significantly modified to include diesel generators, detailed domestic dynamic multi-home models, battery storage systems and photovoltaic. The network diagram of the proposed distribution system is shown in Figure 1. The location of the photovoltaic generator, batteries and diesel generator used in this article is also indicated. It consists of a substation, 14 lines, 14 buses or nodes and 9 houses. The house consists of a combination of constant current, continuous impedance and constant loads of power. The network proposed incorporates a microgrid with an electric transmission system of 69 kV. There were two voltage output stages. The primary voltage was 13.8 kV and the secondary voltage was 0.22 kV. In the proposed system, three sub-microgrids have been given: AC microgrid 1 is an AC microgrid 2-related area of 0.22 kV through lines 4, 5, 6. In addition, AC microgrid 1 provides electricity to 4 houses and is powered by a diesel generator. AC microgrid 2 is another area with battery power storage 2 and photovoltaic 2 feature. The two AC microgrids run at 50 Hz. Ultimately, the third zone is the photovoltaic 1 DC microgrid and a battery power storage system 1. The battery power storage system 1 is connected by a two-way buck-boost converter, while photovoltaic 2 and DC connections are connected by a boost converter. The DC Bus and the AC microgrid 2 are connected by two parallel bidirectional transformers, which can be used as inverters or rectifiers for two transformers to swap reactive and active power. Finally, this hybrid AC/DC system also has a load equivalent grid network and diesel generators.




3. Distributed Hybrid Energy Generation System


3.1. Photovoltaic Modelling


Figure 2 illustrates the equivalent circuit of the photovoltaic [25]. Figure 3 shows the voltage and current curve [26,27,28].


  I =  I  p h , c e l l   −      I  o , c e l l   [ e x p  (   (  q  (  V + I R _  (  s , c e l l  )   )  / a k T  )  − 1  ]   ⏟     I  d , c e l l     −   V + I  R  s , c e l l      R  p , c e l l      



(1)




where k is constant of Boltzmann’s 1.38 × 10−23 J/K q is the charge of the electron (1.602 × 10−19 C),    I  o , c e l l       is the saturation current or reversed leakage of the photovoltaic,    I  p h ,   c e l l     is the photocurrent (A) of the photovoltaic,    R  s , c e l l    , is the series resistance of photovoltaic,    R  p , c e l l     is parallel resistance of photovoltaic.



A photovoltaic module is previously stated to consist of photovoltaic cells joint in parallel and in series. The basic mathematical equation is therefore obtained based on Equation (1) and the description for the voltage and current characteristics of photovoltaic module will be as follows:


  I =  I  p h , c e l l   −  I 0   [  e x p  (    V + I  R S    a   V t    )  − 1  ]  −     V + I  R S     R p     



(2)




where:    I  p h ,   c e l l     is the photocurrent (A) of the photovoltaic,    I o      is photovoltaic reverse leakage current,    V t    is photovoltaic thermal voltage,    R p    is parallel resistance,    R s    is photovoltaic series resistance, Equation (2) generates the current and voltage curve as illustrated in Figure 4.



This corresponds to Equation [29]:


   I  p h   =    G   G n     (   I  p h ; n   +  K i  ∆ T  )   



(3)






   V  o c   =  V  o c ; n   +  K v  ∆ T  



(4)






   I o  =    I  s c ; n   +  K i  ∆ T   e x p  (     V  o c ; n   +  K v  ∆ T   a    V t     )  − 1              



(5)




where    I  s c ; n       is short circuit current under the nominal conditions,   Δ T     refers to the difference between the PV cell’s actual temperature ( T ) and a temperature (   T n   ) measured in °C,    G n    is an irradiance (1000 w/m2),    I  p h ; n     represents the photocurrent when it is under the nominal condition (typically a 1000 w/m2 irradiance and 25 °C temperature),  G  is a measured solar irradiance in w/m2    K i      is the temperature coefficient [30]. In this paper, the electrical parameters of the SPR-305E-WHT-D solar is extracted and used to simulate this modular model. These parameters are listed in Table 1.




3.2. Batteries


Battery storage systems are used to store additional energy produced by systems for the production of renewable energy. However, if the renewable energy system does not produce sufficient electricity, battery discharge should meet the demand for the load. Type battery is as follows [31]:


  S O  C  b a t   = 100  [  1 −  (   1   Q  b a t     ×   ∫  0 t   i  b a t    ( t )  d t  )   ]   



(6)






   B  A H   =  1  3600     ∫  0 t   i  b a t    ( t )  d t  



(7)




where    i  b a t     represents the current of the battery,    Q  b a t     refers to the maximum battery capacity (Ah),   S O  C  b a t     refer to the state of charge of the battery (%).




3.3. Loads


The loads are made up of residential loads. The design of residential loads is based on the resort island’s daily non-seasonal consumption. Furthermore, simulation of the residential loads are performed based on the actual difference in the specified resort island’s specific loads profile. The data of microgrid are listed in Table 2.




3.4. Diesel Generator


Diesel generators provide balance in demand for load and the electricity produced in the microgrid. This model consists of a diesel engine, an anticipation system, a control system and a synchronous computer. The governor system and diesel engine models are coupled with two inputs, real (p.u.) speed and the required speed in one unit. The mass production refers to the mechanical power of the diesel engine. The console has similarities to following transfer function [32]:


   H c  =   k  (  1 +  T 3  S  )    1 +  T 1  S +  T 1   T 2  S    



(8)




where k represents proportional gain, T1, T2 and T3 refer to time constants of the regulator (seconds). Below is the actuator transfer function:


   H a  =   1 +  T 4  S    [  s  (  1 +  T 5  S  )   (  1 +  T 6  S  )   ]     



(9)







Alternatively, the design of diesel engine generators has a time delay that delays the operator’s torque output for a specified period. The transfer function below describes the excitation system of the machine [32]:


     V  f d      V  r o     =  1   K s  + S  T e     



(10)




where    V  f d     represents the exciter voltage,    V  r o     represents the output of the regulator,    K s    refers to the gain and    T e    represents the time constant.




3.5. The Lines Data


In AC and low-voltage distribution levels standard microgrid distribution lines are common. For the main 13.8 kV network, the unit resistance of the line is 0.339 ohm per kilometer, the unit reactance of line is 0.1168 ohm per kilometer and its impedance is 0.41 ohm/kilometer. More details are provided in Table 3 [33].





4. Controller of the Inverters


Figure 5 shows the control method of the inverter. The inverter output current is sensed and the grid voltage is transmitted to the control board.



The inverter output current is compared with the reference voltage, generating an error signal that passes through the optical proportional resonant controller. The Pulse Width Modulation (PWM) method is used for the operation of a proportional resonant output signal in the inverter. The modulator’s amplitude carrier is equal to one. A grid tension synchronized sinusoidal signal is the reference, which is why voltage sensing and transmission is performed in the diagram. A phase-locked loop is completed to ensure synchronization, although not shown in this figure. The current control loop time constant is slightly longer compared to the PWM time delay. The delay caused by the PWM can therefore be overlooked without affecting the current controller design.




5. Controller of Proportional Resonant


Figure 5 shows the digital PR controller going from a proportional gain (   𝓀 𝓅   ) and into a resonant direction. As given by Equation (11) and described by the z-domain transfer    ℋ 𝓇   ( 𝓏 )    function, the resonant path is consistent with the resonant filter and the resonant gain (   𝓀 𝒾   ).


   ℋ 𝓇   (  z  )  =    𝓏  − 2    𝒷 2  +  𝓏  − 1    𝒷 1  +  𝒷 0     𝓏  − 2    𝒶 2  +  𝓏  − 1    𝒶 1  +  𝒶 0     



(11)




where:    𝒷 0   ,     𝒷 1    and    𝒷 2      are a constant, and    𝒶 0   ,    𝒶 1   ,    𝒶 2    are real constants.



The resonant filter is often referred to as Notch Filter. The word resonant filter is used in this article. The digital PR controller architecture thus results in the values    𝓀 𝓅   ,    𝓀 𝒾   ,    𝒶 0   ,    𝒶 1   ,    𝒶 2   ,    𝒷 0   ,    𝒷 1   , and    𝒷 2   . This section describes a design procedure for half-bridge inverters in Figure 1. However, this process is also applicable to the three-phase inverter and the full-bridge inverters. For the three-phase inverter, designed PR controller can be repeated in the other phases. Knowing the system parameters as shown in Table 4 [34].



PR controller resonant (   𝒷 𝒾   ) and proportional (   𝒷 𝓅   ) gains are calculated in Equations (12) and (13) [35].


   𝒷 𝒾  =  1   𝒽 𝒾    ×    (     (  1 + 2 𝓊  )   2  − 1  )  × ℒ ×  𝓌 𝓇 2     V  𝒹 𝒸      



(12)









    𝓀 𝓅  =  2   𝒽 𝒾    ×   − ℛ +    (  1 + 2 𝓊  )    × ℒ ×  𝓌 𝓇  ×  (  1 + 2 𝓊  )     V  𝒹 𝒸       



(13)







The third stage involves the calculation of the    𝒶 0   ,    𝒶 1   ,    𝒶 2   ,    𝒷 0   ,    𝒷 1    and    𝒷 2    coefficients to be used for the z-domain transfer function. To obtain these coefficients, the Z-transform could be applied to the s-domain analogue resonant filter transfer functions below:


   ℋ 𝓇   ( 𝓈 )  =   𝓈 ×  ℬ 𝓇  ×  𝓀 𝓇     𝓌 𝓇 2  + 2  ℬ 𝓇  𝓈 +  𝓈 2     



(14)







When the Z-transform is applied in Equation (14), the optical resonant filter is given by the Backward–Euler approximation.


   ℋ 𝓇   ( 𝓏 )  =    𝓏  − 2    𝒷 2  +  𝓏  − 1    𝒷 1  +  𝒷 0     𝓏  − 2    𝒶 2  +  𝓏  − 1    𝒶 1  +  𝒶 0     



(15)







The resonant filter coefficients are thus indicated by the following expressions:


   𝒷 0  =  T 𝒶  ×  ℬ 𝓇  ×  𝓀 𝓇   



(16)






   𝒷 1  =  𝒯 𝒶  ×  (  cos  (   𝒯 𝒶  ×   − 0.2  ℬ 𝓇  +  𝓌 𝓇 2     )  ×  (  −  ℬ 𝓇   𝓀 𝓇   ℯ  − 0.5  𝒯 𝒶   ℬ 𝓇     )  − 𝒞  )   



(17)




where:


   𝒷 2  = 0  



(18)






   𝒶 2  =  ℯ   𝒯 𝒶   ℬ 𝓇    ,    𝒷 2  = 0  𝒶 2  =  ℯ   𝒯 𝒶   ℬ 𝓇    ,    𝒷 2  = 0  



(19)






   𝒶 1  = cos  (   T 𝒶  ×   − 0.2  ℬ 𝓇  +  𝓌 𝓇 2     )  ×  (  −  ℬ 𝓇   𝓀 𝓇   ℯ  − 0.5  T 𝒶   ℬ 𝓇     )   



(20)






   𝒶 0  = 1  



(21)






  C = sin  (   T 𝒶  ×   − 0.2  ℬ 𝓇  +  𝓌 𝓇 2     )  ×  ℯ  − 0.5  T 𝒶   ℬ 𝓇    ×   − 0.5  T 𝒶   ℬ 𝓇      − 0.2  ℬ 𝓇  +  𝓌 𝓇 2       



(22)







Note that the a0 is deliberately defined as 1 to allows z-domain transmission function in Equation (11) to be written as a differential equation by


  𝓎  ( 𝓃 )  = −  𝒶 1  𝓎  (  𝓃 − 1  )  −  𝒶 2  𝓎  (  𝓃 − 2  )  +  𝒷 0  × U  ( 𝓃 )  +  𝒷 1  × U  (  𝓃 − 1  )  +  𝒷 2  × U  (  𝓃 − 2  )   



(23)




where   𝓎  ( 𝓃 )    represents the resonant filter output and   U  ( 𝓃 )      represents the resonant filter input. This step can be considered as one of the main contributions of this work. This makes it possible for the designer to compute for resonant filter coefficients when only the desired filter frequency response is defined in the s-domain. Then, Equations (16) to (22) provide digital implementation coefficients.




6. Case-Study


The case study is performed to design a digital PR controller as illustrated in Figure 1. Table 5 displays the parameters. The resonant gain for the analogue filter was chosen as optical PR sensor’s resonant gain was separately determined Equation (13). Table 6 present parameter of designed digital PR controllers. To be more precise, all values obtained must be at least 12 decimal points [34].




7. Proposed System Analysis


Two analytical schemes are established to compute metrics for describing the primary cases concerning future studies focusing on optimisation and compensation. Figure 6 depicts the characteristics of daily demand for the suggested hybrid microgrid system. The curve is obtained by computing total hourly demand specific to every load defined by the model, which includes the critical load components, namely commercial and industrial. Load modelling was based on fixed impedance; therefore, the nominal power and actual power used differ slightly because of the voltage drop created in the system. As illustrated in Figure 6, the system’s minimum demand is only 30% of the maximum demand. Active and reactive power demand in the system is assumed to have a similar relationship. The minimum demand situation must be used to ascertain the capacity and placement of the compensation mechanism. Interacting compensating components may cause an overvoltage scenario in the system. Referring to Figure 6, it can be observed that there is maximum demand at 11:00, which is also the time at which solar radiation, and, therefore, solar power production is also maximised. The increased power demand witnessed at this time is caused by the combination of industrial and domestic loads.




8. Voltage Analysis


Figure 7 depicts the voltage profile determined for analysing the maximum load energy scenario, while Figure 8 depicts the voltage profile for minimum load capacity. The system operates under single-phase loading leading to unbalanced loads, thereby warranting a voltage profile analysis. In both situations, the voltage profile adheres to the appropriate operating standards. Nevertheless, as highlighted in Figure 7, when demand is at its maximum level, low voltage grid (220 V) buses 2 and 3 witness a noteworthy drop in voltage. Voltage profile quality is specified using indicators depicted in Figure 7 and Figure 8. Equations (24) and (25) specify the calculation for average voltage deviation for the system.


  V o l t a g e   A v e r a g e   D e v i a t i o n =  1 𝓃  ×   ∑   𝓃 = 1  𝓃   |   V  𝒹 𝒾   −  V 𝒾   |   



(24)




where:    V  𝒹 𝒾     is the desired voltage, and    V 𝒾    is the bus voltage, and n is the buses number.



The maximum voltage deviation magnitude is represented by [33]:


  M a x i m u m   V o l t a g e   D e v i a t i o n =   max   1 ≤ i ≤ n    [   |   V  𝒹 𝒾   −  V 𝒾   |   ]   



(25)







Using Figure 7, it can be seen that, under a peak demand situation, the maximum average voltage deviation for the system is up to 0.048 per unit. Nevertheless, this system is determined to have a maximum voltage deviation of 0.072 on bus 3 (first, second, and third stage values are 0.087, 0.05, and 0.08, respectively). Figure 8 depicts that, under a minimum load situation, the voltage profile for all buses is positive. The computation of the average of maximum deviations and system voltage deviations is quite low, thereby highlighting that the system is operating under appropriate conditions. The analysis and computation for this scenario were performed concerning the reactive power compensation scheme to address maximum demand situation that could potentially affect minimum demand setting with respect to its voltage profile.



In the case study, the fictitious w-domain was used to numerically check the precision and frequency response of the system PR controller with a fictional w-plane. W-domain is a technique that allows structures to be evaluated in a z-domain near the s-domain by frequency charts. All advantages in the frequency domain are regarded as true for the mapping of the z plane into the w plane, except for high frequency. The w-transformation is given by the z-plane to the w-plane transformation.


  𝓏 =     𝓌 ×  T 𝒶   2  + 1   −   𝓌 ×  T 𝒶   2  + 1    



(26)






  𝓋 =  2   T 𝒶    tan   𝓌 ×  T 𝒶   2   



(27)







The PR controller’s resonant filter, described by    ℋ 𝓇   ( 𝓏 )   , is first analysed. The built resonant filter is therefore mapped to the w-plane.


   𝒽 𝓇   ( 𝓌 )  =  𝒽 𝓇   ( 𝓏 )   |  𝓏   =       𝓌 ×  T 𝒶   2  + 1   −   𝓌 ×  T 𝒶   2  + 1      



(28)






  m a g n i t u d e    ( 𝓋 )  = 20 log  |   𝒽 𝓇   ( 𝓌 ) )   |   



(29)






  P h a s e    ( 𝓋 )  = a r g u m e n t    |   𝒽 𝓇   ( 𝓌 )   |   



(30)







Figure 9 shows the magnitude response of the design resonant filter in w-domain. Note that in the third phase of the design process, the resonant filter does not include the resonant gain measured. Figure 10 shows the magnitude response phase response of the designed PR controller. Figure 11 illustrate the output current of inverters.




9. Power Flow Result


Figure 1 shows the hybrid microgrid system, in which all vector angle values are calculated with a phase-locked notch filter adaptive to a loop. Phase lock loop has an auxiliary circuit which gets the phase angle at one stage from the instantaneous voltage waveform. In addition, the angle of the phase current is obtained in the same phase from the instantaneous current wave. Then these two values are subtracted before  θ  for all buses is calculated.



At the basic frequency, the power block calculates the reactive power (   𝒬 𝒾   ) and active power (   𝒫 𝒾   ) in the basic frequency. The output variables (   Q 𝒾   ) and (   𝒫 𝒾   ) are then determined at every fundamental waveform time, as set out in Equations (31) and (32) [33]:


   Q 𝒾  =  1 2  × sin  (   θ 𝒾   )  ×  V 𝒾  ×  ℐ 𝒾   



(31)






   𝒫 𝒾  =  1 2  × cos  (   θ 𝒾   )  ×  V 𝒾  ×  ℐ 𝒾   



(32)







This section also demonstrates the proposed system’s simulation result. Hybrid microgrids are responsible for stabilising the operations in stable condition under minimum and maximum demand scenario. Simulink furnished per phase calculations. However, the active and reactive power value presented in Table 7 and Table 8 represent the sum of per phase power, or in other words, the sums for the three-phase active and reactive power. For any load bus,    𝒫 1    and    Q 1    are presented, while    𝒫 ℊ    and    Q ℊ    are presented for any generator bus. Lastly, for any transfer bus,    𝒫  transfer     and    Q  transfer     are given.




10. Active Power Balance per Bus


Figure 12 and Figure 13 highlights the power production and consumption characteristics (in kVA) for every system bus, including the power level (kW) at the DC bus. A positive value on the graph indicates the power (load) drawn by the bus. Bus 14 has a negative power level; hence, there is a transfer to bus 14 from bus 9 acting as a source of power concerning the diesel generation. Table 7 and Table 8 describe these situations along with the residual negative capacity for generation specific to the bus. Considering the maximum demand situation in Figure 12, there are six bus (1, 2, 6, 7, 13, and the DC bus) that generate power. Figure 13 depicts the balance of power in the system concerning the minimum demand situation. At maximum demand, the power level for every bus decreases. For this situation, the characteristics of distributed generation are specified, leaving diesel generator 8 connected to the bus. At the same time, the remaining inactive power contribution is made through bus 13 connected to the grid.



Figure 14 illustrates the PR controller’s output signal (a) and the error signal (b) that are produced during the 180-degree reference shift. The primary argument is that PR-controller has an output signal that is often less than one. As the pulse width modulation has an amplitude of one carrier, saturation is not achieved by the built PR controller in transitional and steady times. Figure 15a shows the magnitude response, and Figure 15b shows the phase response of designed combined resonant paths.




11. Analysis Reactive-Power Balance


Figure 16 and Figure 17 highlight system characteristics at the maximum and minimum demand levels, respectively. Bus-specific voltage profiles, reactive power balances, changes in voltage phase angles, are depicted in the abovementioned figures. In both situations, it can be observed that there is an association between reactive injection and the voltage increment at the bus, where the present power generation compensates for reactive powers. The reactive powers of systems are observed using Bus8 having diesel generators, and Bus13 having external reactive power. Nevertheless, as depicted in Figure 16, the maximum demand situation indicates the transfer of reactive power to buses 9 and 14.



Specific to this scenario, the power flow direction indicates negative power at these buses. Table 7 and Table 8 provide details specific to these situations. The analysis of reactive power compensation requires these crucial scenarios as the starting points to obtain voltage optimisation. Concerning maximum demand, the compensation values can be validated using an analysis of the contributions during minimum demand. Figure 17 highlights the voltage characteristics concerning the specified case. Values are appropriate, and for certain buses, they exceed one p.u. In such cases, analyses should be performed during reactive power injection increase to optimise maximum demand situations.




12. Buss Power Factor


The powers factors to any bus is one of the main variables to take into account when measuring the power flow of a device that needs compensation. Figure 18 and Figure 19 show the power-factor in minimum and maximum demand scenarios for each system bus. Figure 19 demonstrates the scenario of high demand showing how bus 2 and bus 9 have a power factor of approximately 1. It is because bus 2 is only involved with a maximum demand obtained from the DC microgrid.



An important result is obtained by comparing the power factor for both scenarios (minimum and maximum demand). Most buses have a much better power factor than the maximum demand scenario under low demand conditions. The relationship of reactive power reduction for the maximum demand with the minimum demand scenario is the same as the reactive power reduction. The grid will continue to have the same power factor as the results of this analysis. However, the maximum demand is 0.73, while the minimum demand is 0.77.



The disparity in the power factors is shown by both situations in buses 5 and 6. The losses of active powers in photovoltaic is the result of this phenomenon. This study identifies potential contradictions in the variable power element only in terms of the compensation of the active power contribution to an electrical system. When only the active power is injected, the grid sees a deteriorating power factor requiring more criteria to compensate for the system.




13. Power Loss to Lines


The active powers loss for the system was computed under both balanced and unbalanced currents. Equation (33) specifies the power loss concerning a State of Charge (SoC) using first line and second line [33,34,35,36,37]:


   𝒫  𝒶 , 𝒷   =  (    ∑   𝒾 = 1  𝓃     |   ℐ  𝒾 , 𝒶 , 𝒷    |   2   )  ×  (   ℛ 𝓃  +  ℛ ℓ   )   



(33)







Figure 20 and Figure 21 depict the phase loss for every line when the system is in minimum and maximum demand situations. It can be observed from the figures that the maximum loss occurs during low-voltage on the grid carrier feed line. Concerning every phase, the highest power loss of approximately 9.9 kW is present on line 7 (responsible for connecting buses 3 and 4); nevertheless, there is less distance. Figure 20 and Figure 21 depict the active power losses happening on every phase under unbalanced loading. Such an imbalance in load is because of the low-voltage grid supplying single-phase loads. Figure 21 highlights that the maximum loss per phase is limited to 1.4 kW. This level is significantly less compared to the maximum demand loss specific to every phase.




14. Conclusions


This paper presents a novel cooperative controller for smart hybrid AC/DC microgrid inverters using the IEEE 14 test feeder as the basis and with major modifications. Included in the proposed hybrid microgrid are a one-line diagram and the essential data for both the 13.8-kV primary system and 0.22-kV secondary system. The design process for a digital PR current controller within a GCI is also presented in this paper. The process is made up of a systematic list for the computation of the resonant and proportional gains and the digital resonant path coefficients. After using the proposed procedure based on the PR current controller design, the paper provided an analysis of the frequency domain in the fictitious w-domain, which demonstrates that the proposed procedure satisfies the requirement of the GCI in current-controlled mode. Both a case study and a discussion illustrated the effectiveness of the design procedure, which makes it an appealing instrument for practical engineering. Two scenarios are included in the proposed system: the minimum power demand and the maximum power demand. For every scenario, the power flow results are published. All buses are equipped with their own measurement module. Calculation of the measurements related to the power quality, total harmonic distortion of voltage, and total harmonic distortion of current is performed, as well as its ability to calculate power factors and power line losses. Separate descriptions were given for the results gathered from the analysis of the two scenarios (maximum and minimum) based on the calculations by the proposed system, which allowed for a broader comprehension of the problem for every variable involved in the analysis of quality and efficiency of the power. Analysis of the existing competition for some variables was performed, particularly in the power factor. This is a result of the high penetration of photovoltaic generation, which intensifies the power factor experienced by the commercial entities offering the electric service in the mode linked to the grid.
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Figure 1. The proposed hybrid microgrids system structure. 
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Figure 2. Photovoltaic equivalent circuit. 
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Figure 3. Photovoltaic voltage and current curve. 
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Figure 4. The photovoltaic voltage and current curves. 
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Figure 5. Proposed control block diagram. 
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Figure 6. The curve of demand for one day. 
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Figure 7. Maximum demand voltage. 
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Figure 8. Minimum demand voltage. 
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Figure 9. Phase and magnitude response of the resonant filter. 
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Figure 10. PR controller magnitude response and phase response controller. 
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Figure 11. The output current of inverters. 
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Figure 12. The maximum demand for power balance. 
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Figure 13. The minimum demand power balance. 
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Figure 14. (a) The output of the PR controller, (b) error signal of the PR controller during the 180-degree reference change. 
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Figure 15. (a) Magnitude response, (b) phase response of designed combined resonant paths. 
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Figure 16. (a) The reactive power balance at maximum demand and7 (b) the voltage at maximum demand. 
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Figure 17. (a) The reactive power balance at minimum demand and (b) the voltage at minimum demand. 
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Figure 18. Maximum demand power-factor. 






Figure 18. Maximum demand power-factor.



[image: Applsci 10 06120 g018]







[image: Applsci 10 06120 g019 550] 





Figure 19. Minimum demand power-factor. 
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Figure 20. Maximum demand power losses per phase. 
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Figure 21. Minimum demand power losses per phase. 
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Table 1. Photovoltaic parameters.






Table 1. Photovoltaic parameters.





	Parameters
	Values





	Series connected modules
	  7  



	Parallel string
	  1  



	Maximum current    I  m p    
	5.58 (A)



	Maximum voltage    (   V  m p    )   
	54.7 (V)



	Short-circuit current    (   I  s c    )   
	5.96 (A)



	Voltage of open circuit    (   V  o c    )   
	6.42 (V)



	Temperature coefficient of    (   I  s c    )   
	0.061745 (%/°C)



	Temperature coefficient of    (   V  o c    )   
	−0.27269 (%/°C)



	Shunt resistance    (   R  s h    )   
	269.5934 Ω



	Series resistance    (   R s   )   
	0.37152 Ω



	Diode saturation curent   I o  
	  6.3 ×   10   − 1      (A)



	Number of cells
	96
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Table 2. Microgrid load data.
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	Loads Name
	Min-Loads (kVA)
	Max-Loads (KVA)
	Load Type
	Power Factor





	Home2
	13
	39
	AC
	0.89



	Home3
	10
	29
	AC
	0.9



	Home4
	14
	49
	AC
	0.89



	Home9
	100
	319
	AC
	0.99



	Home10
	239
	799
	AC
	0.9



	Home11
	119
	399
	AC
	0.92



	Home12
	239
	799
	AC
	0.93



	Home14
	479
	1599
	AC
	0.85



	Home1
	0.7
	3
	DC
	0.99
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Table 3. Microgrid line data.
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	Lines
	Resistors (ohm)
	Inductance
	Distances (km)





	1
	0.029
	0.016
	0.15



	2
	0.039
	0.021
	0.2



	3
	0.029
	0.016
	0.15



	4
	0.079
	0.043
	0.4



	5
	0.079
	0.043
	0.4



	6
	0.079
	0.043
	0.4



	7
	0.019
	0.01
	0.1



	8
	0.78
	0.23
	2



	9
	2.36
	0.70
	6



	10
	2.36
	0.70
	6



	11
	1.18
	0.35
	3



	12
	2.36
	0.7
	6



	13
	1.18
	0.35
	3



	14
	0.78
	0.23
	2
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Table 4. Parameter of the system [34].
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	Parameters
	Units
	Symbols





	Inductance of Inverters
	H
	    L  i n v     



	resistance of Inverter
	Ω
	    R  i n v     



	DC link Voltage
	V
	    V  d c     



	Switch frequency
	Hz
	    f  s w     



	Current sensor gain
	A
	    H i    



	Inverter power
	W
	    P  i n v     



	Sampling frequency
	Hz
	    f a    



	Sampling angle frequency
	Rad/second
	    ω a  = 2 π  f a    



	Sampling period
	s
	    T a  = 1 /  f a    



	Grid peak voltage
	V
	    V p    



	Frequency of grid
	Hz
	    f g    



	Angle frequency of grid
	Rad/s
	    ω g  = 2 π  f g    










[image: Table] 





Table 5. Case study parameter value.
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	Parameters
	Units
	Symbols





	Inductance of Inverter
	   10    mH    
	    L  i n v     



	Resistance of Inverter
	   0.5    m Ω    
	    R  i n v     



	Voltage of DC link
	   450    V    
	    V  d c     



	Current sensor gain
	0.1 A
	    H i    



	Power of inverter
	1500 W
	    P  i n v     



	Sampling angle frequency
	  1.88 ×   10  5    Rad/s
	    ω a  = 2 π  f a    



	Sampling period
	   34   µ s   
	    T a  = 1 /  f a    



	Grid Peak voltage
	   180    V    
	    V p    



	Angular frequency of grid
	   377    Rad  / s   
	    ω g  = 2 π  f g    



	Inductance of grid
	   100   µ H   
	    L g    



	Resistor of grid
	   0.1    m Ω    
	    R g    



	Resonant angle frequency
	377 Rad/s
	    ω r  = 2 π  f r    



	Resonant bandwidth
	   1.5    Hz    
	    B s    



	Bandwidth of Resonant angular
	   10    rad  / s   
	    B s  = 2 π  B s    



	Resonant gains
	    𝓀 𝓇    
	1
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Table 6. Designed digital Proportional-Resonant (PR) controller [34].
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	Parameters
	Variables
	Values





	Proportional gain
	    𝓀 𝓅    
	0.827



	Resonant gain
	    𝓀 𝒾    
	234.02



	B0 coefficient
	    𝒷 0    
	   3.14 ×   10   − 4     



	B1 coefficient
	    𝒷 1    
	   − 3.14 ×   10   − 4     



	B2 coefficient
	    𝒷 2    
	0



	A0 coefficient
	    𝒶 0    
	1



	A1 coefficient
	    𝒶 1    
	−1.99



	A2 coefficient
	    𝒶 2    
	0.99
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Table 7. Result of loads at minimum demand.
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	Bus
	Angle (Degree)
	V
	     Q 𝓰     
	     𝒫 𝓰     
	     Q 1     
	     𝒫 1     
	     Q  transfer      
	     𝒫  transfer      





	1
	−29
	0.91
	14
	30
	
	
	
	



	2
	−29.9
	0.94
	
	
	
	
	6
	15



	3
	−32
	0.92
	
	
	12
	19
	15
	21



	4
	−30
	0.93
	
	
	
	
	26
	49.9



	5
	−34
	0.95
	
	
	
	
	25
	49



	6
	−32
	0.94
	
	
	
	
	350
	480



	7
	−29
	0.96
	
	
	
	
	90
	90



	8
	−65
	0.96
	50
	140
	
	
	
	



	9
	−29
	0.93
	
	
	0.70
	109
	
	



	10
	−29
	0.93
	
	
	140
	190
	
	



	11
	−29
	0.99
	
	
	70
	89
	
	



	12
	−29
	0.89
	
	
	140
	190
	
	



	13
	−29
	0.93
	70
	89
	
	
	
	



	14
	−29
	0.91
	
	
	280
	380
	79
	19
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Table 8. Result of loads at maximum demand.
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	Bus
	Angle (Degree)
	V
	     Q 𝓰     
	     𝒫 𝓰     
	     Q 1     
	     𝒫 1     
	     Q  transfer      
	     𝒫  transfer      





	1
	−30.1
	0.89
	29.99
	45
	
	
	
	



	2
	−29.5
	0.90
	
	
	
	
	5
	39



	3
	−30.3
	0.91
	
	
	41
	65
	42
	59



	4
	−32.4
	0.92
	
	
	
	
	90
	125



	5
	−30.3
	0.93
	
	
	
	
	60
	37



	6
	−32.2
	0.94
	
	
	
	
	1080
	790



	7
	−31.1
	0.90
	
	
	
	
	350
	560



	8
	−59.99
	0.91
	430
	680
	
	
	
	



	9
	−29.9
	0.93
	
	
	37
	330
	
	



	10
	−30.1
	0.91
	
	
	430
	580
	
	



	11
	−29.99
	0.92
	
	
	220
	280
	
	



	12
	−29.8
	0.91
	
	
	450
	580
	
	



	13
	−29.7
	0.89
	1670
	1820
	
	
	
	



	14
	−29.3
	0.92
	
	
	90
	120
	350
	230











© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).






media/file13.jpg
Voltageof Line o Line ()
g 2 8 2 8 8

£

T e
Number of Bus.

0

)

)

8





media/file4.png
e e e e — —

Practical Solar Cell l
[ Ideal Solar Cell | |
: / | Rs,ce// / I
ph,cell | |
| | NN
| | A
! /dce// | /p |
| . :
: |
| : /
| v I § Rp,ce// |
| : |
|
| : Y |
| ; |





media/file39.jpg
0s

PF Sccnd Phass
PF Thind Phse

T 2z 3 4 5 & 7 8 9 0 n 2 1m u
Nunber of B






media/file18.png
N
=1
|

Magnitude (dB)

T IIIIIII

T T T T TIT

T T T TTTT

T T T T TTT

T T T TTTT

oo
S

83.2

)
- B
W ®
NN
[ [

1

[\

e
|

Phase {(deg

-56.8 -

I lIlIlII

| lIlIIII

I [llllll

Il lllllll

- ¢

Illlllll

<

L

L1 1 1

lIIlIIll

IlIIIlIl

Illlllll

I lIllIII

| lIlJIII

L L

918
1072

107"

10

10°

10°

Frequency (Hz)

10

10°





media/file21.jpg





media/file44.png
o T Y S
N W A O

losses of power (kW)
B =

O =~ N W s O OO NN 0 O

] T
*‘First Phase
== Sccond Phase
wde= Third Phase

5

6 7 8
Number of Line






media/file26.png
Active Power (kW)

750
600
450
300
150

-150
-300
-450
-600
-750
-900
-1050
-1200
-1350

-1500
0

I

I

I

[

|

|

I

|

|

|

|
B First Phase
B Sccond Phase
I Third Phase ||

Bus number






media/file35.png
)
—
&)
o
o

1000

500

-500

-1000

-1500

Reactive Power first,second, third phase (VA

-2000

— | First Phase
I Second Phase

I Third Phase

| | | | | | | |

7 8 9 10 11 12 13 14
Bus number

(a)





media/file7.jpg
500,

— g

2570
300

20

8

100,

Voltage (V)






media/file28.png
0.3

0.25

3.5

25

opnydwy

Time

(a)

20

15

10

0.6
0.4
0.2

_
N
oy

-0.4

apnydwy

-0.6 -
-1
-1.2 -

-1.4

-0.8 -

Time

(b)





media/file10.png
P ommmm r mmmm o mmmm r e Emmm 0 2 e r Emmm R Emmm o Emmm r Emmm o Emmm R Emmm 0 Emmm f Emmm R Emmm 0 Emmm § Emmm f Emmm R Emmm  Emmm f Emmm  Emmm 0 Emmm R e 8 Emmm R Ry,

Iinv*






media/file11.jpg
il

708 9 1011 12 13 14 15 16 17 18 19 20
rrrrrrrrrrr





media/file6.png
/ ph,cell A

/ d,cell

> <

SV





media/file36.png
0.98 |-

(nd) aurq

0.96

|
4
(9]

o
0] auI] abe)joA

0.92 -

0.9

14

13

12

11

10

Bus number

(b)





media/file15.jpg
102

G
Number of Bus

10

"

2

)

T





nav.xhtml


  applsci-10-06120


  
    		
      applsci-10-06120
    


  




  





media/file2.png
Utility Grid 69kV

Transformer 69 kV to
13.4 kV
Bus 13
/.__________\ S \

i Phptovoltaic ~ Mlicrogrid 2 i I = I
| N gy |

! Battery ‘ Home 12  Home 11 Bs | . |
== | 0 |
| S :
‘ Bus 12 I Bus 9 I
C.
= .
o Line 12 g I
13.8kv/2.4 kV

. | &

Bus 1 13.8kV/220V o Diesel

| — & generator |

- m o

I Bus 4 I

| S I
. ()]

® .

I' Bus 3 I

@ Microgrid 1 I

|

Home 3 ,

Bus DC

| DC Microgrid

‘" @ s D S f S O S T S O S O S S 8





media/file23.jpg
Active Power (04)
H

4100,
1300
S50
1700
T900
2100
230,

2500
(3

e

|y

Tz 3 4 5 8 7 8
Bus number

2

B





media/file24.png
Active Power (kW)

I |

Bl First Phase | |
B Sceond Phasce|
B 1 hird Phase | —

F i 3
Bus number

10 11 12 13 14





media/file29.jpg
10 o 0 10 10t 3
Froquency (H2)

0

g

@





media/file1.jpg
L aand






media/file12.png
i

8

9

10 11 12 13 14 15 16 17 18 19 20 21 22 23 24
Time (hour)

25





media/file9.jpg
7R Coniraler
L |

|
it






media/file42.png
=
o

=
o

Power Factor

o
N

0.2

| |

I I
== PF of first phase

== PF of second phase
=de= PF of third phase

7 8
Number of Bus






media/file38.png
First Phase

Second Phase
Third Phase

1
14

13

12

11

10

_
O O O
o o
< N

200
400 -

-600 [~ |l
L]
(-

o
S
Q

(v/\) aseyd paiyy __ocoomm“ “1SJ1} JO JOMO BAI0BSY

Bus number

(a)

r _ _ 1
‘
- v —
&
_ _ _ _ _ _
wn = N i co w b § o (o)}
SESERRS S @ 9 o g
y il = o o o o
(nd) auiq 01 aur] abejjop

14

12

10

Bus number

(b)





media/file17.jpg
o)

£ 2]

é.m

558
o

07

I3
Frocuoney (He)

3

Ed





media/file34.jpg
8

)

2

"

0

LI
(nd) aur 0 aur aBeNoA

08!

Bus number

(b)





media/file31.png
ta
&
I

-20

Magnitude (dB)

I T Frrr I O Y I T I I L N N I B I T I

| | 1 111 | IIIIII| | |- II| | II| | | IIIIll | | |

IIIIIlll |

107" 10° 10" 102 10° 10% 10°
Frequency (Hz)

(a)





media/file27.jpg
g

@

(®)





media/file3.jpg
Recer
M

Practical Solar Cell

Ioncen

Ideal Solar Cell






media/file22.png
‘

o

0.25

0
-10
0.2

30

25—

20 —

o w0

-~

(V) aun)

-5

-10

20

15

10

—15‘

Time (Second)





media/file19.jpg
BREEEEE

Magniude (¢8)

)
B e

£ 12|

Fas

919
8

0

3

I3
Froauoncy (Hy)

o

0





media/file40.png
I I I I I I I I I I I I I I
1+ =#=PF First Phase
=#=PF Second Phase
=#=PF Third Phase
09
3
0.8
S
)
2070
A
0.6
05
1 | t 1 1 1 | 1 1 1 1 1 1 t
0 1 2 3 4 5 6 7 8 9 10 11 12 13 14

Number of Bus





media/file33.jpg





media/file32.png
832 =
— 48.2
on

Q
S 132

-21.8

Phase

-56.8 -

_91.8 L I | | ||l|l|| | | l||.ll|
10 107" 10° 10"

10
Frequency (Hz)

(b)

IS N -

10°





media/file14.png
o o o o
© © © ©
N I o)) o3

Voltage of Line to Line (pu)
o
©

0.88

0.86

==/ first phase
==/ second phase
==V third phase

| |

7 8
Number of Bus





media/file41.jpg
Power Factor

[
Number ofBus

0

2

B

)






media/file37.jpg
‘second, third phase (VA)
Py N
s 8 . 8 &

5
g

N
g

105

g

108

102

Voltage Line 1o Line (pu)
3

g

O

Bus number
(b)

0

e





media/file46.png
e losses of power (K

— b el e—

6

i 8
Number of Line

[ [
== First Phasc

+ Second Phase

== Third I"hase






media/file45.jpg
" 1 2 3 4 5 & 7 8 9 w0 n w 1B u
Nomber ofLine





media/file16.png
1.02

=
©
o

o
©
o))

Voltage Line to Line (pu)
o O
© (o)
ST

&
©

0.88

0.86

A -
==V of first phase
==/ of second phase
==/ of third phase
| | | | | | | | | |
1 2 6 7 8 10 11 12 13 14

Number of Bus






media/file20.png
T T T IIIIII T T T T T TTT T T T T TTT T T T T T TTT T T T IIIIII T T T T1TTT
45 .
_ 40 .
%35— H
o 30 H
825 H
E20_ 5
S 15 - i
=10 H
5_ —]
0E 1o 3 Hl il T
83_2— 1 T l[IIIII T I IIIIIII I L] ||]|I|| T T IIIIIII 1 I I[ll]ll |||l||_
—~ 48.2 - H
(=2
QO
= 132 3
L
@ -21.8 -
_C- .
o
-56.8 - -
_91.8 1 1 IIIIIII 1 1 IIIIII| Il 1 | I T | 1 L IIIIIll 1 1 IIIIIII | T R |

107!

1%

10’

107
Frequency {Hz)

10°

10%

10°





media/file5.jpg
sy o






media/file25.jpg
Active Power (kW)

E38bbi ssa8s

84

1350

&

7 8
Bus number

0

"

)

0





media/file0.png





media/file30.jpg
w2
S
L
Bl
4

e e e g 3 o o w o
ey ()

(b)





media/file8.png
500

400

w
o
o

200

Current (A)

100

50

100

150

Voltage (V)

200

250

°
300






media/file43.jpg
18,

13
1
|
10

Tosses of power (kW)

AN

Number of ine

0

"

2

)

14






