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Abstract

:

Recently, isolated microgrids have been operated using renewable energy sources (RESs), diesel generators, and battery energy storage systems (BESSs) for an economical and reliable power supply to loads. The concept of the complementary control, in which power imbalances are managed by diesel generators in the long time scale and BESSs in the short time scale, is widely adopted in isolated microgrids for efficient and stable operation. This paper proposes a new complementary control strategy for regulating the frequency and state of charge (SOC) when the system has multiple diesel generators and BESSs. In contrast to conventional complementary control, the proposed control strategy enables the parallel operation of diesel generators and BESSs, as well as SOC management. Furthermore, diesel generators regulate the equivalent SOC of BESSs with hierarchical control. Additionally, BESSs regulate the frequency of the system with hierarchical control and manage their individual SOCs. We conducted a case study by using Simulink/MATLAB to verify the effectiveness of the proposed control strategy in comparison with conventional complementary control.
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1. Introduction


Currently, with abundant natural resources in remote areas, numerous renewable energy sources (RESs) including photovoltaic (PV) and wind power are integrated into small isolated grids [1,2]. RESs have advantages in terms of cost effectiveness and environmental impact, but they can degrade the system stability through, for example, frequency fluctuations. Furthermore, since isolated grids generally have small inertia compared to large transmission networks, the intermittent outputs of RESs induce large frequency fluctuations [3]. These problems evoke the transition from conventional isolated grids, which have been operating with diesel-powered generators alone, to isolated microgrids which include battery energy storage systems (BESSs) in addition to the thermal generators [4]. In contrast to grids supported solely by slow diesel generators, the frequency can be regulated much more tightly with BESSs because they have short response times [4,5,6]. However, for utilizing BESSs as frequency-supporting resources in an isolated microgrid, the state of charge (SOC) of the BESSs must be managed efficiently because the capacity of batteries is limited [7].



To overcome the slow response of diesel generators and limited capacity of BESSs, complementary control schemes with diesel generators and BESSs for signals of different time scales were proposed [7,8,9,10]. With complementary control, diesel generators compensate for long-time-scale energy imbalances, while BESSs compensate for short-time-scale energy imbalance. As BESSs only compensate for frequent active power imbalances in the complementary control scheme, batteries with a relatively small capacity are required for frequency regulation in an isolated microgrid. Additionally, the system operator can efficiently take advantage of the attributes of diesel-powered thermal generators efficiently because diesel generators are used to compensate for long time-scale fluctuations [11]. As shown in Figure 1, complementary control strategies can be classified into three categories: (1) coordinated droop control (CD) [8], (2) control based on frequency distribution techniques (FD) [9,10], and (3) coordinated SOC and frequency control (CSF) [7].



In the CD method, diesel generators and BESSs regulate frequency with droop control. Additionally, for eliminating steady-state error resulting from droop characteristics, supplementary control is implemented in diesel generators [8], which implies that BESSs are only responsible for short-time-scale active power imbalances and diesel generators are responsible for imbalances of both time scales. In the FD method, filters, such as the wavelet transform [9] and discrete Fourier transform [10], are used for clearly dividing power imbalances of long and short time scales. After dividing power imbalances of different time scales, long and short time-scale imbalances are controlled by diesel generators and BESSs, respectively [9,10]. However, although imbalances of long and short time scales can be regulated complementarily by using the CD and FD methods, the SOC of BESSs is difficult to be managed because the energy stored in BESSs is not considered in these methods.



In the CSF method, which was proposed in [7], the grid frequency is rapidly regulated by a BESS, while a diesel generator controls the SOC of the BESS for capacity management which can lower the required capacity of batteries. With information only about the SOC of the BESS, the system can not only regulate short and long time-scale imbalances complementarily, but also manage the SOC of the BESS. However, the authors of [7] only focused on isolated microgrids featuring only one BESS and one diesel generator. For expanding the scale and enhancing the reliability, a system with several BESSs and diesel generators should be considered. However, it is difficult to apply the CSF method for multiple BESSs and diesel generators because the parallel operation of such devices and the SOC management of individual BESSs were not considered in the previous research.



In the present paper, we propose a new CSF control strategy for multiple BESSs and diesel generators in an isolated microgrid. In the proposed method, diesel generators manage an equivalent SOC, which represents the SOCs of all BESSs, with a hierarchical control scheme. BESSs control the frequency of the system with a hierarchical control structure, and a self SOC control mechanism of each BESS is proposed. Finally, a case study with the data of a real isolated microgrid in South Korea demonstrates the effectiveness of the proposed control method compared to conventional complementary control. The case study verifies that the proposed control method can regulate the frequency and individual SOCs of BESSs and enable the parallel operation of diesel generators and BESSs.




2. System Configuration and Control Strategy


2.1. Configuration of the Test System


As a test system, we utilize the Geocha Island network, which will be constructed as an actual isolated microgrid in South Korea. Geocha Island has been organized for an isolated microgrid with PV units, wind generation units, three diesel generators, and two BESSs. Figure 2 shows the planned structure of the Geocha Island microgrid system, including detailed information. All information about the system was obtained from the Korean Electric Power Corporation (KEPCO) and [12]. The nominal system frequency and voltage are 60 Hz and 6.9 kV, respectively.




2.2. Control Strategy of the System


Although the conventional CSF has many advantages for controlling frequency and SOC, it cannot be adopted in the system with multiple diesel generators and BESSs, similarly to isochronous mode in a conventional power system. For applying the concept of previous CSF to multiple generators and BESSs, we suggest a new CSF method for parallel operation. Table 1 shows the comparison between conventional and proposed CSF methods.



The proposed control strategy is summarized as follows. (1) RESs are operated by the maximum power point tracking (MPPT) algorithm for maximizing the use of RESs. (2) Diesel generators are operated to manage the energy stored in BESSs by utilizing the proposed hierarchical control scheme. (3) BESSs operate in a hierarchical manner to control the grid frequency. (4) The SOCs of individual BESSs are managed by the proposed self SOC controller (SSC). Figure 3 shows the entire control strategy of the proposed method applied to the Geocha Island microgrid system. The frequency can be regulated from the frequency controllers of BESSs. While the frequency is regulated by BESSs, the individual SOCs of BESSs deviate from their reference values. For restoring the SOCs of all BESSs, the equivalent SOC, SOCeq, which represents the SOCs of all BESSs, is controlled by diesel generators. Because only the total energy of all BESSs is considered in diesel generators, an additional controller is adopted in BESSs for restoring the individual SOCs. The detailed scheme of the proposed controllers is presented in the next sections.





3. Proposed Control Strategy of Diesel Generators


In the previous CSF method of [7], a diesel generator regulates the SOC of a single BESS. However, there is no target variable for multiple BESSs because each BESS has a different SOC and capacity. To manage the SOCs of all BESSs, we propose the concept of SOCeq, which can be defined from the definition of SOC [13] as follows:


SOCeq=Current EnergyRated Energy Capacity=∑k=1nE(k)∑k=1nErate(k)=∑k=1nCrate(k)Vdc(k)SOC(k)∑k=1nCrate(k)Vdc,rate(k),



(1)




where n is the total number of BESSs, E(k) is the stored energy (Wh), Erate(k) is the rated energy (Wh), Crate(k) is the rated capacity (Ah), Vdc(k) is the dc voltage of the battery (V), Vdc,rate(k) is the rated dc voltage of the battery (V), and SOC(k) is the SOC of the k-th BESS. By regulating SOCeq with respect to its reference value, SOC*eq, the energy stored in all BESSs can be maintained, and energy imbalance is regulated by diesel generators in the long time scale. Similar to the SOCeq in (1), SOC*eq can be derived from the reference SOC values of individual BESSs.



3.1. SOCeq Control Scheme for Single Diesel Generator


Firstly, we verify that SOCeq can be regulated by a single diesel generator in an isolated microgrid with multiple BESSs. By differentiating (1), we obtain


(∑k=1nCrate(k)Vdc(k))d(SOCeq)dt=∑k=1nCrate(k)Vdc(k)d(SOC(k))dt.



(2)







From [13], the SOC of the k-th BESS can be expressed as follows:


SOC(k)=SOC0(k)−∫PBESS(k)Vdc(k)Crate(k)dt,



(3)




where SOC0(k) is the initial value of SOC and PBESS(k) is the active power of the k-th BESS. By taking the derivative of (3), we obtain


dSOC(k)dt=−PBESS(k)Crate(k)Vdc(k).



(4)







By substituting (4) into (2) and under the assumption that Vdc(k) is almost constant and equal to the rated value within the normal SOC region [7], the derivative of SOCeq can be expressed as follows:


d(SOCeq)dt=−(PBESS(1)+…+PBESS(n))(∑k=1nCrate(k)Vdc,rate(k)).



(5)







To satisfy the power-balance equation of an isolated microgrid, the summation of the total active power outputs of the BESSs and diesel generator should be equal to the active power of net load.


PBESS(1)+…+PBESS(n)+Pd=Pnet,load,



(6)




where Pd is the active power output of the diesel generator and Pnet,load is the net load including the uncontrollable outputs of RESs, loads, and system losses.



For a single diesel generator, the isochronous control mode can be adopted for frequency regulation in a conventional power system [14,15]. Likewise, in the proposed method, a single diesel generator operates in the isochronous mode for SOCeq control. Figure 4 represents the proposed SOCeq control structure for a single diesel generator, including a corresponding plant model from (5) and (6). Since the plant model between the diesel output and SOCeq is a first-order system as shown in Figure 4, a proportional integral (PI) controller can be adopted for SOCeq control [16].




3.2. SOCeq Control Scheme for Multiple Diesel Generators


In a power system with multiple synchronous generators, a hierarchical frequency-control structure is utilized to prevent hunting effects on the frequency and inaccurate power sharing between generators at the steady-state [15]. Similarly, we propose a hierarchical control structure for multiple diesel generators to regulate SOCeq. Owing to the proposed hierarchical control, SOCeq can be regulated stably, and accurate power sharing between diesel generators at the steady-state is possible. Figure 5 shows the concept of the proposed hierarchical control structure for multiple diesel generators.



Firstly, we introduce the SOCeq–P droop-control strategy for primary responses of SOCeq regulation and power sharing between diesel generators. As shown in Figure 5a, when an unexpected system variation occurs, SOCeq deviates from the reference value, SOC*eq. Based on the droop characteristic, the active power outputs of diesel generators increase (or decrease) from the reference value of the active power output of the i-th diesel generator, P*d(i). Eventually, SOCeq can be saturated at the point where the active power is balanced (red dot in Figure 5), and the BESSs make zero active power. The droop coefficient of the i-th diesel generator can be defined based on the slope in Figure 5a and represented by Rd(i) (i = 1, 2, and 3 for the target network).



Owing to the innate characteristics of the droop controller, steady-state error exists between the saturated value and the target reference value, ΔSOCeq. To restore SOCeq to its corresponding reference SOC*eq, supplementary control for secondary responses is provided as shown in Figure 5b. By integrating the concepts of the droop controller in Figure 5a and the supplementary controller in Figure 5b, we develop the proposed hierarchical control structure including the plant model between the active power of diesel generators and SOCeq, as shown in Figure 6, where Pf(i) is the participation factor, Tv(i) is the time constant of the valve actuator, and Td(i) is the time constant of the diesel engine for the i-th diesel generator. The supplementary controllers are implemented with a PI controller for eliminating the steady-state error and participation factor for determining the sharing ratio. Similar to the conventional load frequency control structure, the supplementary controller must be operated to respond slower than the droop controllers [15] in diesel generators.





4. Control Strategy of Battery Energy Storage Systems (BESSs)


4.1. Frequency Control Scheme for Multiple BESSs


When a single BESS controls the frequency of the system, a converter is operated in the grid-forming mode to control the frequency directly. The detailed scheme of the grid-forming mode is shown in [16,17]. To regulate the grid frequency when using multiple BESSs with grid-forming converters, hierarchical control for frequency regulation can be utilized [18,19]. For the primary response, the P-f droop control method is adopted for the parallel operation of BESSs, as shown in Figure 7a. Additionally, for secondary response, as shown in Figure 7b, a supplementary controller including an integrator is exploited to eliminate the steady-state error of frequency generated from droop control.



In Figure 7, f0 is the nominal frequency, P*BESS(k) is the reference active power, and Rb(k) is the droop constant of k-th BESS.




4.2. Self State of Charge (SOC) Controller for Individual BESSs


Frequency can be regulated almost perfectly by utilizing BESSs, and SOCeq can be maintained at the desired reference value with diesel generators. However, the management of individual SOCs cannot be guaranteed by exploiting the controllers presented in the previous sections, because only the total energy of BESSs is considered in diesel generators. In addition, from the integral of supplementary frequency controllers, the power sharing between BESSs is not guaranteed from the desired value [18,19]. Therefore, the individual SOCs of BESSs should be controlled at their reference values by themselves with an additional controller. To regulate the individual SOCs of BESSs at the reference values, we develop SSC for restoring the individual SOCs. Since the BESSs are operated by grid-forming converters, which control the frequency of their terminals, BESSs should regulate their SOCs by adjusting their terminal frequencies. To validate the necessity of SSC, a simplified circuit for BESSs, as shown in Figure 8, is first investigated.



In Figure 8, X(k) is the reactance component of the transformer, ∠θ(k) and |V(k)| are the phase angle and magnitude of ac voltage at the terminal node of the k-th BESS, and ∠θbus(k) and |Vbus(k)| are the phase angle and magnitude of ac voltage at the bus connected to the k-th BESS. As reactance is much larger than the resistance in the transformer [20], the transformer is modeled by a single reactance. From Figure 8, the active power output of the k-th BESS can be approximated as follows [21]:


PBESS(k)=|V(k)||Vbus(k)|(∠θ(k)−∠θbus(k))X(k).



(7)







From (4) and (7), the SOC of the k-th BESS can be expressed as follows:


dSOC(k)dt=−1Crate(k)Vdc,rate(k)|V(k)||Vbus(k)|(∠θ(k)−∠θbus(k))X(k),



(8)




with the assumption that the entire system except the k-th BESS is constant, the derivative of the phase angle for bus k is zero. By differentiating (8), we can obtain:


d2SOC(k)dt2=−2π|V(k)||Vbus(k)|Crate(k)Vdc,rate(k)X(k)f(k),



(9)




where f(k) is the frequency output of the k-th BESS. As the plant model between the frequency and SOC of the k-th BESS is a second-order system, each BESS can regulate its SOC by itself with a PI controller [16].



The purpose of SSC is to restore the SOC of the k-th BESS to its corresponding reference value, SOC*(k). However, as diesel generators respond slowly compared to BESSs, the transient difference between SOCeq and its reference value, SOC*eq, should be considered in SSC. Therefore, in SSC, the reference value for the SOC of the k-th BESS must be modified as follows:


SOCref(k)=SOC*(k)+SOCeq−SOCeq*.



(10)




where SOCref(k) is the adjusted reference value of SOC(k) considering the transient state. Note that SOCref(k) and SOC*(k) eventually become equal in the steady state because SOCeq is regulated to SOC*eq by diesel generators in the long time scale. Figure 9 shows the total control structure of the k-th BESS including inner control loops [14,17], the hierarchical frequency controller, and SSC.



In Figure 9, I(k) is the line current from the kth BESS, V(k) is the terminal voltage, Iout(k) is the line current to the terminal node, L(k) and Cf(k) are the filter components, θ*(k) is the reference phase angle for the modified reference frequency value, and u(k) is the modulating signal of the k-th BESS. Superscripts d and q indicate the dq components of corresponding variables.



The reference frequency value and θ*(k) are determined from the hierarchical frequency controller and SSC. The dq components of the reference voltage are derived from the reference value of voltage magnitude, Vd*(k), and θ*(k). Finally, the terminal voltage of the k-th BESS is regulated to the reference value via a nested voltage and current control loop, as shown in Figure 9. Through the entire control loop, the frequency and SOC of each BESS are regulated.




4.3. Maintaining Desired Active Power Outputs of BESSs by the Linear Time-Varying SOC Control


By regulating SOCs as the linear time varying value, the BESSs can be controlled as the desired level of active power outputs [7]. In other words, while BESSs control frequency, they can maintain the scheduled or dispatched active power. From integrating (4), to make the active power of k-th BESS as the reference value P*BESS(k), SOC reference value can be determined as:


SOC*(k)=∫−P*BESS(k)Crate(k)Vdc(k)dt,



(11)







As P*BESS(k) is desired constant value, SOC reference has the linear time varying value from (11). Through controlling SOCs as the linear time varying reference values as (11), BESSs can maintain the desired active power outputs.





5. Case Study


The isolated microgrid shown in Figure 2 was modeled and simulated by Simulink/MATLAB for the case study. All converters for RESs and BESSs in the system consisted of two-level half-bridge (HB) converters with switch models. Sine-pulse width modulation (SPWM) with switching frequency of 2 kHz was adopted to generate gate signals of switch model converters. The PV generator model consisted of photovoltaic source and converter [22]. The PV converter was controlled by the MPPT algorithm and inner dc voltage and current control loop. For MPPT, the perturbation and observation (P&O) algorithm in [23] was utilized and reference value of dc voltage was determined. To control the dc voltage of photovoltaic source as the reference value, the nested dc voltage and current control loops in [17] were used. On the other hand, the wind generator consisted of a permanent magnetic synchronous generator (PMSG), wind turbine, machine side converter, and grid side converter [22]. We utilized a permanent magnet synchronous generator model provided by Simulink/MATLAB. Wind turbine and controllers of the machine and grid side converters were modelled by the same procedure of [17]. The detailed parameters of the diesel generators and BESSs are listed in Table 2 and Table 3. For voltage control, conventional reactive power (Q)—magnitude of the ac voltage (Vac) droop method was adopted in diesel generators and BESSs [24]. Q–Vac droop constants for three diesel generators were 0.05/20 (Vp.u./kVar) respectively and Q–Vac droop constant for BESS 1 was 0.05/250 (Vp.u./kVar) and for BESS 2 was 0.05/125 (Vp.u./kVar). As the reactive power and magnitude of ac voltage were not the major concern of this paper, we just adopted the conventional method in [24].



The capacity of BESSs was scaled down from its real values, 500 and 300 kWh, by a factor of 1/100 in the simulation to illustrate the variation of SOCs clearly. The supplementary controllers of diesel generators have a sample time of 0.5 s to ensure slower response compared to the droop controller. Other components including transformers, lines, and loads were modeled with the parameters shown in Figure 2. Considering the fact that the efficiency of batteries is dependent on SOC level [25,26], we assumed that BESS 1 and 2 have the highest efficiency at 60% and 40% of SOCs, respectively.



5.1. Case 1: Step Load Change with the Conventional and Proposed Control Method


In Case 1, to verify the effectiveness of the proposed strategy, the proposed method was compared to the CD method for the step load change. As CD method can be adopted in the system with multiple diesel generators and BESSs, has been widely adopted in many researches [27,28], and was the original control method in Geocha Island, we selected CD method for comparison. Before 10 s, all loads except the load at bus 7 were connected. After 10 s, the load at bus 7 was connected to the system. The active power consumption for loads was constant, as shown in Figure 2. The active power generated by the PV and wind generators was constant at 80 and 75 kW respectively. SOC reference values for BESS 1 and 2 were 60% and 40%, respectively.



Figure 10 shows the responses of frequency and SOCeq in the conventional and proposed methods. As shown in Figure 10a, the frequency eventually maintains its rated value irrespective of the control method. However, while the conventional control method takes approximately 20 s to restore frequency, the proposed control takes less than 2 s, as shown in Figure 10a. BESSs are exploited for frequency restoration in the proposed scheme, while diesel generators are used for the conventional method. For this reason, the performance of frequency regulation is much better in the proposed method than the conventional method. Furthermore, as shown in Figure 10b, SOCeq can be constant in both methods because long-time-scale energy imbalances are compensated for by diesel generators. However, as SOC management is not considered in the conventional method, SOCeq deviates from the reference value. On the other hand, SOCeq is regulated at the reference value by using the proposed strategy. This implies that BESSs with a relatively small capacity are required with the proposed method.



Figure 11 shows the active power of diesel generators and BESSs in the conventional and proposed methods. In both methods, diesel generators share the load equally at the desired power-sharing ratio, as shown in Figure 11a, and BESSs make zero output equally as desired, as shown in Figure 11b. In the proposed method, parallel operation and power sharing of diesel generators and BESSs are possible, as desired.




5.2. Case 2: Step Load Change with and without Self SOC Controller (SSC)


In Case 2, the loads, PV generation, and wind generation are the same as in Case 1. To verify the necessity of SSC, the responses of BESSs with and without SSC were compared. SOC reference values for BESS 1 and 2 were 60% and 40%, respectively. Figure 12 shows the frequency and SOCeq with and without SSC. In both cases, the responses of the frequency and SOCeq are almost identical, which implies that, except for the individual SOCs of BESSs, the SSC hardly affects the performance of the system.



Figure 13 shows the individual SOCs of BESSs in the proposed control with and without SSC. Although SOCeq is regulated at the reference value irrespective of whether SSC is applied, the SOC of each BESS in the proposed control with and without SSC has different responses. In the case without SSC, the SOC of each BESS deviates from its corresponding reference value. This phenomenon is similar to the occurrence of a circulating current, in which summation is equal to the desired value but individual components have different sign [29]. In the proposed control with SSC, the SOC of each BESS can be restored to its reference value. Thus, SSC is necessary to maintain the individual SOCs of BESSs. Furthermore, as SOCs of BESS 1 and 2 are maintained as 60% and 40% respectively, we can utilize BESSs at their highest efficient points with SSC.




5.3. Case 3: Fluctuation of Renewable Energy Sources (RESs) with the Conventional and Proposed Control Method


In Case 3, to verify the robustness of the system with the proposed control, fluctuations of the outputs of RESs were simulated when applying the proposed and conventional CD methods. The loads were constant, as shown in Figure 2. SOC reference values for BESS 1 and 2 were 60% and 40%, respectively. PV generation and wind generation were varied, as shown in Figure 14.



Figure 15 shows the frequency and SOCeq. As shown in Figure 15a, the frequency is fluctuated by the intermittent outputs of RESs with the conventional method. However, with the proposed method, the frequency is near the nominal value and can be controlled quickly. In addition, as shown in Figure 15b, while SOCeq deviates from the reference value with the conventional method, the proposed method maintains SOCeq near the reference value with a small fluctuation, which was due to the slow response of diesel generators. These results imply that the proposed method can make the system robust and improve its reliability, even with a high penetration of RESs.



Figure 16 shows the individual SOCs of BESSs. As shown in Figure 16, while the SOC of each BESS deviates from the reference value in the conventional method, the SOC of each BESS is near the reference value in the proposed method, similar to SOCeq in Figure 15b. Thus, the proposed method can manage not only SOCeq but also the SOC of each BESS. Even if a large power fluctuation occurred in the system, the individual SOCs of BESSs can be maintained and bounded tightly. This implies that batteries with a relatively small capacity are required, even with a high penetration of RESs, when the proposed method is adopted.




5.4. Case 4: Consideration of Communication Delays


In Case 4, we verify the performance of the proposed method when communication delays are considered. When diesel generators control SOCeq and SSCs of BESSs are operated, the information of SOCeq is required. Because capacities of BESSs are constant, only simple communication lines for transmitting information of SOCs are required. In the case of Geocha Island microgrid, diesel generators and BESSs are located in the same station as shown in Figure 3. For this reason, communication delay can be ignored in Geocha Island microgrid. However, to adopt the proposed control method in other islanded microgrids where BESSs and diesel generators are far away from each other, we have to verify the performance of the proposed method when communication delays exist. The communication delays range from several milliseconds to about 100 ms in the wide area measurement/monitoring system for the large scale power system [30], hence, communication delays in islanded microgrids may be smaller than 100 ms. To verify the possibility for application of the proposed method, we tested the system when communication delays were 0, 50, and 100 ms. All other conditions are the same as Case 1. Figure 17 shows frequency and SOCeq of the proposed method with 0, 50, and 100 ms delay when load change occurred at 10 s.



As shown in Figure 17, if communication delays are prolonged, saturation time of frequency and SOCeq takes a little longer. However, regardless of communication delays, frequency and SOCeq are eventually saturated. To ensure that individual SOCs of BESSs can be controlled even with communication delays, Figure 18 shows individual SOCs of BESSs.



As shown in Figure 18, if communication delays are prolonged, SOCs of BESSs are a little more slowly saturated. But, SOCs of BESSs can be regulated as the reference values regardless of communication delays. Therefore, the proposed method can be implemented in other islanded microgrids where communication delays should be considered.




5.5. Case 5: Regulating Active Power of BESSs by the Linear Time-Varying Control of SOCs


In Case 5, to verify that the active power outputs of BESSs can be controlled as the desired values, we provided continuous responses of BESSs and diesel generators for linear time-varying control of SOCs of which reference values were determined by the active power references. All loads and wind and PV generation are the same as Case 1. Before 30 s, active power references, P*BESS(1) and P*BESS(2) were 20 and −10 kW (negative sign means that BESS was charged), respectively. After 30 s, P*BESS(1) and P*BESS(2) were 30 and 10 kW. According to determining active power references, SOC reference values were decided as shown in (11). Figure 19 shows SOCs and SOC reference values of BESSs.



As shown in Figure 19, by the active power reference values, the linear time-varying SOC reference values are determined. The slopes of SOC reference values are varied when the active power references are changed. Regardless of the slopes of SOC reference values, the SOCs of BESSs can be controlled as the reference values. To verify that frequency and active power outputs of BESS are controlled, Figure 20 shows the frequency and active power outputs of BESSs.



Frequency can be regulated as the nominal value, as shown in Figure 20a. Although the active power references of BESSs are changed, frequency maintains the nominal value with just small fluctuation. As described in Figure 20b, active power outputs of BESSs are near the reference values. Case 5 implies that by adopting the proposed control method, frequency and active power outputs of BESSs can be controlled simultaneously as the desired values.





6. Conclusions and Future Work


This paper proposed a coordinated frequency and SOC control method for implementing isolated microgrids having a high penetration of RESs with multiple diesel generators and BESSs. The stored energy of all BESSs can be managed with the hierarchical controllers in diesel generators. In addition, frequency can be controlled quickly and individual SOCs of BESSs can be managed at their reference values with the hierarchical controllers and SSCs in BESSs. From Case Study, we validated that the proposed method can give a chance to (1) lower the requirement for the capacity of batteries, (2) utilize BESSs at their highest efficiency, (3) maintain the active power of BESSs for scheduled or dispatched values, and (4) operate the system robustly even with large fluctuation of RESs.



One of the future works is the magnitude of ac voltage and reactive power control. If effective voltage/reactive power control method is coordinated with our proposed method, more stable and efficient operation of islanded microgrids will be implemented.
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Figure 1. Complementary control methods with diesel generator and battery energy storage system (BESS) for system imbalance: (a) coordinated droop control (CD); (b) control based on frequency distribution techniques (FD); (c) coordinated state of charge (SOC) and frequency control (CSF). 
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Figure 2. System configuration of the Geocha Island microgrid. 
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Figure 3. Proposed control strategy for the Geocha Island microgrid. 
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Figure 4. Plant model of the isochronous mode of the diesel generator. 
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Figure 5. Hierarchical SOCeq control of diesel generators: (a) droop; (b) supplementary control. 
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Figure 6. Plant model for the hierarchical control scheme of multiple diesel generators. 
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Figure 7. Hierarchical frequency control of BESSs. (a) Droop and (b) supplementary control. 
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Figure 8. Simplified single line diagram between a terminal node and the main bus of the k-th BESS. 
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Figure 9. Proposed controller of BESS for frequency and self state of charge (SOC) recovery. 
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Figure 10. Frequency and SOCeq in the conventional and proposed methods: (a) frequency; (b) SOCeq. 
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Figure 11. Active power in the conventional and proposed methods: (a) diesel generators; (b) BESSs. 
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Figure 12. Frequency and SOCeq of BESSs in Case 2: (a) frequency; (b) SOCeq. 
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Figure 13. SOC of each BESS in Case 2: (a) BESS 1; (b) BESS 2. 
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Figure 14. Variation of the active power of photovoltaic (PV) and wind generation in Case 3: (a) PV; (b) wind. 
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Figure 15. Frequency and SOCeq in Case 3: (a) frequency; (b) SOCeq. 
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Figure 16. SOC of each BESS in Case 3: (a) BESS 1; (b) BESS 2. 






Figure 16. SOC of each BESS in Case 3: (a) BESS 1; (b) BESS 2.



[image: Energies 12 01614 g016]







[image: Energies 12 01614 g017 550]





Figure 17. Frequency and SOCeq in Case 4: (a) frequency; (b) SOCeq. 
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Figure 18. SOC of each BESS in Case 4: (a) BESS 1; (b) BESS 2. 
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Figure 19. SOCs and SOC reference values of BESSs in Case 5: (a) BESS1; (b) BESS2. 
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Figure 20. Frequency and active power outputs of BESSs in Case 5: (a) frequency; (b) active power outputs of BESSs. 
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Table 1. Comparison between conventional and proposed CSF methods.
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	Control Method
	Parallel Operation of Diesel Generators
	Parallel Operation of BESSs
	Frequency Control
	SOC Control





	Conventional CSF
	X
	X
	O
	△ (Single)



	Proposed CSF
	O
	O
	O
	O (Multiple)
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Table 2. Control parameters in the conventional and proposed method.
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Control Method

	
Type

	
Parameter

	
Symbol

	
Value






	
Conventional Method

	
Diesel Generators

	
Droop gain

	
Rd(1), Rd(2), Rd(3)

	
4.8/150 Hz/kW




	
PI gain for suppl. control

	
kP,sup(1) + kI,sup(1)/s, kP,sup(2) + kI,sup(2)/s

	
60,000 + 45,000/s




	
Participation factor

	
Pf(1), Pf(2), Pf(3)

	
1/3




	
BESSs

	
Droop gain

	
Rb(1), Rb(2)

	
0.6/250, 0.4/150 Hz/kW




	
Proposed Method

	
Diesel Generators

	
Droop gain

	
Rd(1), Rd(2), Rd(3)

	
5/150%/kW




	
PI gain for suppl. control

	
kP,d + kI,d/s,

	
30,000 + 22,500/s




	
Participation factor

	
Pf(1), Pf(2), Pf(3)

	
1/3




	
BESSs

	
Droop gain

	
Rb(1), Rb(2)

	
0.6/250, 0.4/150 Hz/kW




	
PI gain for suppl. control

	
kP,s(1) + kI,s(1)/s, kP,s(2) + kI,s(2)/s

	
0 + 500/s, 0 + 100/s




	
PI gain for self SOC control

	
kP,SSC(1) + kI,SSC(1)/s, kP,SSC(2) + kI,SSC(2)/s

	
20 + 5/s




	
SOC reference value

	
SOCref(1), SOCref(2)

	
60%, 40%
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Table 3. Parameters of diesel generators and BESSs for the internal controllers.
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Type

	
Parameter

	
Symbol

	
Value






	
Diesel Generators

	
Valve-actuator time constant

	
Tv(1), Tv(2), Tv(3)

	
0.05 s




	
Diesel-engine time constant

	
Td(1), Td(2), Td(3)

	
0.5 s




	
BESSs

	
Filter components

	
Lf(1), Lf(2), Cf(1), Cf(2)

	
0.14 mH, 0.25 mH

4.8 mF, 3.4 mF




	
Voltage-control PI gain

	
kP,v(1)+ kI,v(1)/s, kP,v(2)+ kI,v(2)/s

	
3 + 500/s, 3 + 1000/s




	
Current-control PI gain

	
kP,c(1) + kI,c(1)/s, kP,c(2)+ kI,c(2)/s

	
32 + 300/s, 35 + 200/s




	
Rated battery capacity

	
Crate(1), Crate(2)

	
5000/710, 3000/650 Ah




	
Nominal battery voltage

	
Vdc,rate(1), Vdc,rate(2)

	
710, 650 V




	
Initial SOC

	
SOC0(1), SOC0(2)

	
60%, 40%












© 2019 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/).
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