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 

Abstract—This paper proposes a new structure and control 

scheme for future microgrid-based power system, which is 

designed to achieve a seamless operation in both islanded and grid-

connected modes, while the load is appropriately shared by all 

units (i.e. renewable sources, energy storage systems and the grid). 

The proposed method, which involves physical separation of the 

microgrid from the grid by using AC/DC/AC converters, ensures 

safe, secure and seamless operation of both modes. Such a 

“buffered” structure enables reduction in the transmission losses 

by reducing the exchanged energy with the grid through using a 

dead-zone in the control of the buffering AC/DC/AC converter. An 

inverse-droop control technique has been implemented to control 

the voltage magnitude and frequency, using current control in the 

dq-frame. PSCAD/EMTDC software has been used to validate the 

proposed method through simulating different scenarios. The 

solution provides a simple, smooth, and communication-free 

decentralized control for multi-sources microgrids. Moreover, the 

proposed buffered structure separates the dynamics of the 

microgrid and the grid, which enables a faster microgrid voltage 

and frequency control and protects the grid and the microgrid 

from faults on the other side. 

 
Index Terms— Droop Control, Energy Storage, Microgrids, 

Primary Control, Renewable Energy, Seamless Operation. 

I. INTRODUCTION 

He future trend of the electricity sector is firmly linked to 

the commitments of carbon emission reduction and to the 

shortage of fossil fuel sources. The UK is committed to reduce 

the greenhouse gas emission up to 100% of the 1990 level by 

2050 [1], where all future energy scenarios expect up to 58% of 

generation to be decentralized and about 75% of the GB future 

electricity would come from renewable energy (RE) sources 

and energy storage (ES) systems by 2050 [2]. The distributed 

location of RE sources, which led to the creation of the 

distributed energy resources (DERs), causes several challenges 

for the network operators to manage the system.  
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Microgrids (MGs), which are clusters of distributed generation 

(DG), ES and controllable loads, are proposed as a tool to 

accommodate and manage more DERs [3]-[5].  MGs, which are 

supposed to operate in both islanded and grid-connected modes, 

aimed to reduce transmission losses and provide local ancillary 

services [6], [7]. Different control approaches have been 

developed to coordinate the power management within an MG, 

such as the centralized, distributed, peer-to-peer and local 

control (e.g. droop control) architectures [8]. Some of these 

methods (e.g. peer-to-peer) rely heavily on communication, 

which can cause disruption in case of a failure in the 

communication link. Moreover, most (if not all) 

commercialized MGs utilize the master-slave scheme in 

islanded mode, where the ES unit acts as the master unit and 

provides voltage and frequency for the other units to follow. 

This approach suffers from lack of redundancy in case of a fault 

occurs on the master unit. To overcome these drawbacks droop 

control has been proposed, where the local active and reactive 

powers are measured and used to set the voltage and frequency 

according to the droop gains [8]-[10].  

Load sharing and ES control have been investigated in 

several previous arts [11]-[16]. In [11], a power sharing strategy 

based on droop control and communication platform was 

introduced. It requires uploading the power output information 

of the units to a microgrid control centre, and receiving the 

power sharing instructions to regulate the power flow and 

voltage of the MG. In [12], which is a communication-free 

method, an angle droop control with a high droop gain is used 

to ensure a proper load sharing. However, since the high gain 

droop control has a negative impact on the overall stability [12], 

a supplementary loop around the droop control of each DG is 

used to mitigate the negative impact. Reference [13] proposed 

a local load sharing technique for distributed MG with local and 

common loads. It assumed that the common load is supplied 

solely by the utility in the grid-connected mode, while the load 

will be shared by the DGs through traditional droop method 

when an islanding occurs. Hence, the reference voltage is set 

from the positive sequence fundamental component of the point 

of common coupling, while load sharing strategy is based on 

adjusting the droop parameters at each DG through measuring 

the power differences to generate the control references. 

Because of having two different control methods for islanded 

and grid-connected modes, [13]requires an islanding detection 

scheme. In [14], a dynamic droop scheme for islanded MGs, 

which is sensitive to the available solar power from units, was 
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introduced. It showed that using the proposed method, the DGs 

compensate for one another, which reduces the contribution 

from an auxiliary generator within the MG. In [15], the 

regulation of frequency droop was studied by using the battery 

state of charge (SoC) to control the power reference in order to 

regulate the battery charging process and the load sharing. 

However, the method imposed constraints on the generated 

power from the photovoltaic (PV) units by controlling its 

operating point to regulate the power sharing between the load 

and the battery. Reference [16] introduced a decentralized 

power management and load sharing method for a PV-based 

islanded microgrid consisting of PV units, battery units and 

hybrid PV/battery units. In this method, the whole MG can 

operate in three modes and the operation of each unit in the MG 

is divided into five states according to load, PV generation, and 

battery SoC. The frequency level is used as a trigger for 

transition between the states, where in each state, a specific 

modified droop function is used for the output power control. 

Another important issue in MGs operation is 

synchronization, particularly, at the time of reconnection to the 

grid [17]-[19]. In [17], a tuned controller of virtual-air-gap 

variable reactor technique was developed to realize MG 

reconnection to the grid. Even though this method is useful 

when a large communication area is not available, it 

necessitated the usage of a hold period in order to keep the 

reactance at its maximum value to limit the peak current. Since 

this hold period is based on the inertia constants of the two 

interconnected networks and the relative voltage-angle 

difference between them, a communication is required. The 

seamless reconnection method proposed in [18] considered 

both the positive and negative sequences of the harmonic 

component, in addition to the fundamental one. Beside the 

parameters limit check, which is required for MG 

synchronization criteria, a power quality check for the MG and 

the main grid is required to be within an acceptable limit before 

closing the static transfer switch. Reference [19] proposed a 

distributed cooperative control framework to overcome the 

reconnection synchronization issues of multi-bus MG. It 

proposed that all the involved DGs should adjust their outputs 

in order to cooperatively regulate the voltage and frequency of 

the MG to track those of the main network. Therefore, a sparse 

communication infrastructure is required to achieve the 

proposed method. 

One common drawback of these methods is that they 

necessitate an islanding detection algorithm to switch from the 

grid-connected to islanded mode [20]. To overcome this 

drawback a number of control approaches have been proposed 

more recently, e.g. [21]-[23]. Reference [21] proposed a 

cascaded hybrid frequency-phase angle droop alongside extra 

power loops, which imply some unnecessary operational 

complexity. Moreover, a communication interface is required 

for the secondary control. Authors of [22] proposed a single 

decentralized control law based on a model for uncertainties 

(which are estimated by an extended state observer) through a 

combination of integral control and partial input saturation. 

This method achieves voltage magnitude and frequency 

regulation for both islanded and grid connected operation, 

including seamless transition operation. However, it didn’t 

investigate the response of the system to faults, change of 

load/DER’s power, and the operation of an ES system. The 

work introduced in [23] proposed two parallel converters to 

interface each DG unit in a MG. One of them is controlled in 

voltage-controlled mode while the other is controlled in 

current-controlled mode. Although this study showed an 

enhancement of control dynamics in grid-connected mode and 

an improved load sharing performance during the islanded 

operation, it imposed some disadvantages such as the additional 

costs of using two converters, two controller and the additional 

measurement units per each DG unit. It also imposed more 

complexity on the control circuit where sensing the load power 

and the operation mode is required. 

As discussed above, several methods and approaches have 

been proposed to improve the operation of MGs, but most of 

them suffer from different disadvantages such as operational 

constraints [15], control complexity [21], [23], [24] 

communication interface [17], [19] or additional costs [23]. In 

addition, previous arts did not consider all scenarios, e.g. [22], 

[24], despite being a communication-less method, did not 

investigate short circuits, which can be challenging for an 

observer-based method [22] and a method that uses a small 

disturbance signal [24], which might deteriorate during the 

fault. To overcome the above-mentioned drawbacks, this paper 

proposes a simple, communication-free droop-based control 

method, in which, the MG is totally supplied by inverter-

interfaced sources.  

Moreover, in all previous arts, because of the direct 

connection between the MGs and the grid, their dynamics and 

operational conditions (e.g. faults) will affect the other side. For 

instance, it is reported in [25] that the interaction between 

reactive power controller of wind generators and synchronous 

generators (SGs) might generate some new low frequency 

oscillatory modes. The direct connection between the grid and 

the MG becomes more problematic during grid re-connections, 

where care must be taken to make sure that the voltage 

magnitude, frequency and the phase angle of both sides (i.e. the 

grid and the MG) are the same prior to the reconnection. 

Unsynchronized reconnection can lead to sever torsional 

oscillations which can even break the shaft of SGs. Therefore, 

SGs have protection systems that trip in case of even a small 

phase angle difference. Note that adjusting the rotor angle of 

SGs on the grid side will necessitate communications from the 

MG to them. On the other hand, adjusting the phase angles of 

the DERs (of the MG) while they are operating in islanded 

mode will cause circulating current that may trip them. 

To solve this issue, this paper, as shown in Fig. 1, proposes 

to decouple the MG from the grid by a set of back to back 

AC/DC/AC converters. The advantages of this solution over 

other related research can be summarized as follows: 

 Requires no communication interface, neither between the 

MG units, nor with the main grid in all operational modes. 

 No power generation constraint is applied to DER units, 

allowing full exploitation of the available input power, 

unless the battery is fully charged while the MG is 

islanded. In such a case, the DER power is, seamlessly, 

reduced to match the connected load i.e. generation 

shedding (Fig. 7). 

 Applicable to both inductive and resistive loads (Fig. 5).  
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Fig. 1.  The system under study. 

 

 Physical isolation between the MG and the grid, which 

protects the MG against the grid-side disturbances and 

fault events (Fig. 7). Moreover, this structure protects the 

MG from the low frequency inter-area oscillations caused 

by the SGs on the grid. 

 Simple industry-standard dq-frame-based control (Fig. 2). 

 Robustness against large disturbances such as load 

changes (Figs. 5 & 7) and DG outage (Figs. 7 & 10). 

 Reducing the energy exchanged with the main grid (by 

proposing a dead-zone in the control), which reduces the 

transmission loss (Fig. 6). 

 Enabling the coordination between units through a central 

system. Although this is not the focus of the paper, it is 

shown (in Fig. 11) that it is possible to override the main 

controller to coordinate between units if needed (e.g. 

charging/discharging the ES from/to the grid over 

nights).” 

It is noted that while some of the listed advantages (e.g. physical 

isolation) are unique to this paper, there are previous works that 

offer some of the above advantages. However, to the best of the 

authors’ knowledge, there is no previous art that offers all the 

above advantages.  

The proposed control method in this paper is based on [20] 

where the authors introduced one control paradigm for all 

operational scenarios of a MG, consisting of a PV-Battery 

system and an auxiliary generator. The work offered a 

comprehensive active and reactive power management scheme 

with maximum power point tracking (MPPT) and ES control. 

This method keeps the phase locked loop (PLL) circuit part of 

the control scheme during the islanding to ensure automatic re-

synchronization when reconnecting to the grid. Since the 

method proposed in [20] does not require any communication 

between the grid and the MG, it is chosen as the base for the 

proposed structure/control in the current paper. The main 

improvements over [20] are as follows:  

 Whereat [20] requires communication within the MG, the 

current paper proposes a control scheme that makes the 

energy management totally communication-free for all 

modes of operation.  

 The current paper proposes a dynamic time-constant 

selection for the virtual governor and the virtual 

Automatic Voltage Regulator (AVR) that provides 

superior damping for all types of loads (inductive and 

resistive) and eliminates frequency oscillations at low 

loads, without sacrificing the dynamic performance.  

 This paper proposes a new battery management system 

that, in contrast to [20], allows maximum 

charging/discharging capacity until the 

maximum/minimum SoC is reached. 

 More importantly, this paper proposes a new structure (as 

well as control), which were not investigated in [20] and 

offers additional advantages such as protection from 

external faults and low frequency oscillations. 

II. PROPOSED STRUCTURE AND CONTROL METHOD 

The system under study, shown in Fig. 1, consists of an MG 

connected to an infinite network through a set of AC/DC/AC 

converters.  The MG consists of two PV systems and a battery 

ES system, while each of them is interfaced by a VSC, 

providing 11 kV AC power, to be stepped up through 11/275 

kV power transformer. DC/AC converters, rated at 5 MVA, are 

used to connect the PV and ES units (considering the space 

limitation, only three units are studied, to be able detailing their 

control and displaying all the necessary results). The 

decoupling AC/DC/AC converter, rated at 5 MVA, consists of 

an MG side converter (MGSC) and a network side converter 

(NSC). While the MGSC is controlled through the proposed 

algorithm in this paper (detailed below), the NSC controls the 

DC link voltage VDC through regulating the grid’s direct-

component current Id-g. The MG feeds a variable 5 MVA load 

(PL, QL) through a 275/0.65 kV power transformer. 

The control methods for the PV converter, battery converter 

and MGSC, which are illustrated in Figs.1 and 2, are very 

similar in principle, but not identical. As shown, all units are 

controlled using a rendition of Id-V, Iq-f droops, which make the 

system works for both inductive and resistive loads (see Fig. 5). 

In principle, the method also works with Id-f, Iq-V droops, but 

only if the network is predominantly inductive. Intuitively 

speaking,  since  the  transferred  energy  is  proportional to the   
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Fig. 2.  The control scheme applied to all source units. (a) Active power control used for PV control. (b)  Id –Vd droop scheme for ES control. (c)  Id –Vd droop 

scheme for the MGSC. 

 

potential difference (voltage), using voltage to regulate active 

power (rate of change of energy) makes sense (Id-V droop). 

Also, since reactive power is due to the phase difference 

between voltage and current, using frequency (rate of change of 

the phase angle) to regulate reactive power makes sense (Iq-f 

droop). The reason that conventionally active power and 

frequency are mainly related is the electromechanical coupling 

between the SGs and the power system. Due to this coupling 

the active power variations will be reflected on the SGs’ speed, 

which is proportional to the frequency. However, since the 

buffering converters in Fig. 1 separate the dynamics of the MG 

from the grid, the SGs’ speed on the grid will not affect the 

MG’s frequency. Therefore, it is possible to use Id-V, Iq-f droops 

for all types of load. Note that this is in agreement with the 

“universal droop” control proposed in [26]. As shown in Figs. 

1 & 2, local voltages VC1,2,3
 and local currents I1,2,3 are measured 

and transformed to dq-frame (Id, Iq, Vd, Vq). Each unit has a 

synchronously-reference-frame PLL that provides the phase 

angle θ (for the Park transform) and the local frequency f. Note 

that the PLLs also impose the nominal frequency on each DG 

and synchronize them through regulating their local Vq = 0. The 

nominal local voltage is implied during the process of 

calculating the per unit (pu) value for the local Vd. All 

converters are current-controlled VSC using PI controllers.  

Each locally measured frequency of PVs, ES and MGSC is 

fed to its virtual governor, which is identical for all units and 

provides the reference q-component current Iq
* [20]. The virtual 

governor uses Iq -f droop, which is described by (1) [20]: 
 

 ∆Iq= Kf ( f - f
0
)                               (1) 

 

where Kf is the droop gain, and f0 =1 pu is the nominal 

frequency. A frequency deviation range of ± 0.2% is applied 

(which can be changed according to different Grid Codes).  To 

emulate the damping characteristics of SGs, the output of each 

Iq -f droop is passed through a first-order low-pass filter with 

time constant τf. 

Unlike virtual governor, which is identical for all types of unit, 

this paper proposes different active power regulation for PVs, 

ES and MGSC: 

PV systems: Unlike wind turbines, since PV arrays do not 

have any inherent storage capacity, they cannot participate in 

inertial services. When there is no large voltage sag nor a 

voltage rise, the PV system is expected to operate on MPPT 

(Figs. 1 and 2(a)). The reference PV-DC voltage 

Vpv
*  =Vmppt+Vcom , where Vmppt is set by an MPPT algorithm, 

and the compensation voltage Vcom is set by the proposed 

method, illustrated in Fig. 2 (a) (VOC is the open circuit voltage 

of the PV array): 
 

- For 0.85 ≤ Vd ≤ 1.02 pu, Vcom = 0 → Vpv
* =Vmppt . 

- For 0 ≤Vd <0.85 pu, Vcom increases proportionally up to   

VOC-Vmppt → Vpv
*  increases proportionally up to VOC, which 

reduces Ipv and Id-PV
*  . This is a simple Low Voltage Ride 

Through (LVRT) algorithm.  

- For 1.02 <Vd ≤ 1.03 pu, Vcom increases proportionally up to 

VOC -Vmppt → Vpv
*  increases proportionally up to VOC, which 

reduces Ipv and Id-PV
* . This is a simple Generation Shedding 

algorithm, which will only happen in islanded MGs if PL < 

PPV and the ES is fully charged. Doing this reduces the 

generation and prevents over voltage on both AC and DC 

sides of the PV inverter. Moreover, this enables a smooth 

and seamless transition without any dumping mechanism.  
 

ES and MGSC, in principle, utilize the same Id -Vd droop, 

which is described by (2) [20]:  
 

∆Id = Kv(Vd -V0)                              (2) 
 

where Kv is the droop gain and V0 =1 pu is the nominal voltage. 

A first-order low-pass filter, with time constant τv is used to 

emulate the AVR behavior of the SGs [20]. A voltage deviation 

of ±3% is considered. The d-component voltage Vd of ES and 

MGSC is fed to their virtual AVR (Figs. 2(b) and 2(c)), 

respectively, which sets Id-v of them. The reference d-

component current is then calculated as: 

Id
* = Id-v+Iop, where Iop can be used by a centralized system to 

coordinate between units by overriding the main controller (e.g. 

to buy/sell energy). The centralized system is not the main 

concern of this paper, however, a simple scenario is explained 

in section III.  

ES systems: This paper focuses on battery ES systems; 

however, the principles are applicable to other types of ES as 

well. Iop, which is used only by a centralized system to 

coordinate between units, is zero during normal operation. The 

droop characteristics for the virtual AVR, which is illustrated in  
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Fig. 2(b), is as follow: 

If there is an excess energy: 

- For 1<Vd  < 1.03 pu → charges proportionally. 

- For Vd ≥ 1.03 pu → charges at maximum limit.     

If there is a lack of energy: 

- For 0.97 < Vd <1 pu → discharges proportionally. 

- For Vd ≤ 0.97 pu → discharges at maximum limit.  

Assuming that the ES is fully charged at SoC = 90% and fully 

discharged at SoC = 20% (these can change for different 

batteries), the charge/discharge limits are set as (see Fig. 3): 

- For 21<SoC<89%, charge/discharge limits =1 pu. 

- For SoC ≥ 90%, charge/discharge limits = 0/1 pu. 

- For SoC ≤20%, charge/discharge limits =1/0 pu. 

- For 89/20<SoC<90/21%, charge/discharge limits vary 

proportionally between 0 and 1 (this is implemented for a 

smooth transition).  

Note that since wind turbines have an inherent ES, their 

control algorithm is similar to that of the ES, whereas the rotor 

speed will set the charge/discharge limits (which are different 

for DFIGs and PMSG-based systems) and the Iop will be set by 

the MPPT algorithm. Due to the lack of space, wind generation 

systems are not considered in the paper. 

 MGSC control: The MGSC liaises between the MG and the 

grid, such that when there is a shortage of energy (Vd  < 1 pu), it 

demands energy from the grid; and when there is an excess 

energy (Vd  > 1 pu), it injects energy to the grid. This happens 

by controlling the d-component of the MGSC’s current Id-G as 

shown in Fig. 2(c), which is then reflected on the grid by the 

NSC through controlling VDC by regulating the d-component of 

the NSC’s current Id-g.  

The only difference between the AVR of the ES (Fig. 2(b)) and 

the AVR of the MGSC (Fig. 2(c)) is that there is a dead-zone of 

Vd= ±0.015 pu in the MGSC control. Doing so, reduces the 

energy exchanged between the MG and the grid. In other words, 

for 0.985<Vd<1.015 pu, it is the ES that balances the generation 

and demand, not the grid. The dead-zone, which is not a 

necessary part of the design, can be adjusted according to the 

type/performance of the ES and the required level of the 

involvement form the grid. The dead-zone can also be 

asymmetric such that it reduces/increases the 

imported/exported energy from/to the grid. The proposed dead-

zone in this paper prioritizes using the ES (over the grid) which 

can lead to its degradation at the cost of reducing the 

transmission losses through reducing the exchanged energy 

with the grid.  

As shown in Fig. 4, a dynamic method to set τf and τv is 

proposed.  At   steady   state,   where   frequency   and   voltage 

 
Fig. 3.  Limits of Id –Vd droop for the battery unit. 

 

 
Fig. 4.  Variable time-constants for low-pass filters. (a) for virtual governor. (b) 

for virtual AVR. 

 

deviations (Δf and ΔV) are small, a higher τf increases the 

damping factor while a small τv is required to provide a fast 

active power balancing/smoothing services. However, as Δf and 

ΔV increase, τf reduces to increase the dynamics of the system 

(a faster response) while τv increases to suppress oscillations. 

It is noted that the chosen voltage and frequency thresholds 

can be changed according to a specific Grid Code. Similarly, 

the 0.85 pu limit for the LVRT and the 1.02 pu generation 

shedding limit can vary according to a specific jurisdiction 

LVRT requirement and the allowed low/over-voltage limits. 

The other thresholds are either arbitrary or chosen empirically. 

For example, the dead-zone for the MGSC is absolutely 

arbitrary and can be changed or even removed. Similarly, the 

SoC limits can change for different types of battery or ES 

mechanisms.  The thresholds of τf and τv are chosen empirically 

using the discussed intuition to provide a trade-off between 

damping and dynamics of the response. 

III. SIMULATION RESULTS 

To demonstrate the superior performance of the proposed 

structure and control scheme, the system shown in Fig. 1 is 

simulated using PSCAD/EMTDC, while different operational 

scenarios have been implemented. The MPPT algorithm 

explained in [27] is used in this paper, however, other MPPT 

methods are also applicable. The system parameters are given 

in Table I.  

The load active and reactive power are modelled according 

to (3) and (4), respectively, which represent a combination of 

constant impedance, constant current, and constant power loads 

(ZIP model) [30]: 

PL= P0 [a1 (
V

V0
)

2

+a2 (
V

V0
) +a3]                   (3) 

Q
L
= Q

0
[a4 (

V

V0
)

2

+a5 (
V

V0
) +a6]                   (4) 

 
Table I 

Parameters of the simulated system 
 

Component Parameter Value Unit 

275 kV Transmission 

Lines [28] 

Rl 30 mΩ/km 

Ll 1 mH/km 

Cl 10 nF/km 

Power Transformers [28] Xl 0.02 pu 

11kv, 185 mm2 XLPE 

Cables [29] 

Rc 0.131 Ω/km 

Lc 0.29 mH/km 

Cc 0.38 μF/km 

Filters 

Rf 0.5 mΩ 

Lf 3.852 mH 

Cf 6.577 μF 

Disch.Lim

Char.Lim

20

90 

21

89 100

Battery power 

allownace (pu) 

SoC (%)

- 1 

0 

+ 1 

SoC (%)

0.001 0.03

0.01

2

τ v

 ΔV (pu)

(b)

0.001

τ f

(a)

Δf (pu)
0.1

0.1

3
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where,  

V0, P0, Q0: nominal values for voltage, load active power and 

load reactive power, respectively. 

a1, a2, a3: active power factors for constant impedance, 

constant current and constant power loads, respectively.  

 a4, a5, a6: reactive power factors for constant impedance, 

constant current and constant power loads, respectively.  

Reference [31] determined a1-6 for different domestic, small 

commercial, large commercial and industrial loads. The 

coefficients used in this paper are the average of the coefficients 

of all the loads investigated in [31] i.e. a1= 0.98, a2= -1.19, a3 = 

1.21, a4 = 6.32, a5 = -10.27 and a6 = 4.95. 

The following scenarios are investigated. It is noted that, due 

to the buffered structure of the MG, all the scenarios represent 

a black-start, where the nominal frequency is set and imposed 

by the PLL (of each DG) and the nominal voltage is implied in 

the pu value calculation. 

A. Change of load power factor 

The aim of this scenario is to demonstrate that the proposed 

method is a universal one and works for all types of loads. The 

initial purely resistive load of (0.5 + j0.0) pu is changed over 

time (by 5% steps) to become purely inductive at (0.0 +j0.5) pu, 

leading to a change in the load power factor from 1 to 0. Fig. 

5(a) shows the power contribution of the different units, where 

Ppv1 = 0.3 pu and Ppv2 = 0.2 pu during the whole process. The 

difference in power due to the load change is, seamlessly, stored 

in the battery (see the battery power Pb).  The resulting change 

in the load power factor is shown in Fig. 5(b), while Figs. 5(c) 

& (d) show that the load voltage magnitude and frequency are 

within their statutory limits [32], respectively. 

B. Reaching the minimum SoC limit 

In this scenario, two real solar radiation measurements 

(measured at Swansea University “Active Classroom” in 

August 2019) for a period of 70 s have been applied to the two 

PV units (see Fig. 6(a)) to investigate the system reaction 

against real fluctuations of the intermittent PV input power.  

 
Fig. 5.  Step changes in the load from pure resistive to pure inductive (a) power 

(pu), 1- Ppv1, 2- Ppv2, 3- Pb, 4- Pg, 5-PL, 6-QL. (b) load power factor. (c) VL (pu). 

(d) load frequency (pu). 

 
Fig. 6.  Reaching the minimum SoC. (a) active power (pu), 1- Ppv1, 2- Ppv2, 3- 

Pb, 4- Pg, 5-PL. (b) SoC (%). (c) VL (pu). (d) load frequency (pu). 

 

The battery SoC is set just above its minimum SoC limit of 

20%, while the load is assumed constant at 0.75 pu. Figs. 6(a) 

& (b) show the power contribution and the battery SoC, 

respectively.  As it can be seen, until t≈15 s, while the total 

Ppv<PL, since SoC>20%, the battery smooths out the 

fluctuations and balances the generation with demand (note that 

grid power Pg=0). As soon as SoC=20%, battery power Pb=0 

and grid power Pg, seamlessly, varies to supply the load. These 

results prove that the proposed method ensures a proper power 

contribution against the actual fluctuations and intermittent 

supply of a PV units, and show that the main grid seamlessly 

takes on the rest of the load when the battery SoC reaches 20%. 

In addition, the battery charging process, seamlessly, starts 

again when an excess PV power is available (t≈53 s), stopping 

the main grid contribution. The load voltage and frequency are 

kept controlled within their statutory limits during this scenario 

as shown in Figs. 6(c) & (d), respectively. 

C. Fault outside the MG, Loss of grid, Generation shedding, 

Hitting Max SoC limit, Grid reconnection, Large load changes 

Different sequential events are combined in this scenario as 

follows: 

The initial settings are Ppv1 = 0.4 pu, Ppv2 = 0.2 pu, PL =0.5 pu 

and the battery SoC is set slightly below its maximum limit of 

90%. Since the total Ppv>PL and SoC<90%, Pg=0 and SoC 

increases. At t≈7 s, SoC=90%, which results in the grid, 

seamlessly, taking on the extra energy, as seen in Figs. 7(a) & 

(b). Then, a three-phase-to-ground fault takes place at t=13 s at 

the grid side (IF1 in Fig. 1), followed by the opening of the 

circuit breakers CB1 and CB2 at t=13.14 s, which makes Pg=0. 

As a result, since the ES is already fully charged, the generation 

shedding algorithm, seamlessly, reduces (Ppv1+Ppv2)=PL=0.5 

pu. Note that when at t=16 s the grid is reconnected (CBs are 

re-closed), the MPPT algorithm is automatically restored 

(Ppv1+Ppv2 =0.6 pu) while the grid takes on the extra energy. 

Then at t=20, PL= (Ppv1+Ppv2) =0.6 pu, which makes Pg=0. As 

soon as PL=0.7 pu> (Ppv1+Ppv2) at t=23 s, the ES, seamlessly, 
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Fig. 7.  Fault outside the MG, loss of grid, generation shedding, hitting max 

SoC, grid reconnection, and 10% load changes. (a) active power (pu), 1- Ppv1, 

2- Ppv2, 3- Pb, 4- Pg, 5-PL. (b) SoC (%). (c) Vpv (kV). (d)  VL (pu). (e) & (f) 

instantaneous 3-phase load voltage zoomed-in at fault (t=13 s), CBs opening 

(t=13.14 s) and grid reconnections (t=16 s) times, respectively (pu). 

 

supplies the shortage while Pg=0. The generation shedding 

process prevents PV-DC voltage from exceeding to undesired 

values in case of loss of the main grid, as shown in Fig. 7(c). 

Fig. 7(d), shows the RMS value load voltage, which is well 

controlled. Fig. 7(e), which shows the 3-phase load voltage 

zoomed-in at fault (t=13 s) and CBs opening (t=13.14 s) times, 

illustrates that the MG’s voltage and frequency are not affected 

by the fault on the grid side. Fig. 7(f), which shows the 3-phase 

load voltage zoomed-in at grid reconnection time (t=16 s), 

demonstrates that the frequency is well-controlled and restored 

in two cycles. Fig. 7(f) also shows that the phase of load voltage 

does not change at the time of grid reconnection.  

These results demonstrate that: 

 The excess energy is stored into the battery as long as it does 

not reach its maximum SoC, after that, it is automatically 

and smoothly transmitted to the main grid. 

 The operation of the MG is immune from an outside fault.  

 The proposed method enables a smooth and seamless 

transition between a non-MPPT (generation shedding) and 

the MPPT operations. 

 The proposed method is robust against sudden large load 

changes (of 10%).   
 

D. Fault-Ride-Through (FRT) capability 

In this scenario, symmetrical and asymmetrical faults are 

applied within the MG (IF2 in Fig. 1) in order to examine the 

system FRT capability under the proposed method. 

1) Single-line to ground (SLG) fault 

A SLG fault takes place inside the MG (IF2 in Fig.1) at t = 1 s 

and lasts for 140 ms. Ppv1 =0.3 pu, Ppv2 =0.2 pu, PL =0.6 pu, 

while the battery compensates for the remaining required 

power. Fig. 8(a) shows that the power contribution remains 

stable after fault clearing. Figs. 8(b) & (c) show the d- & q-

components of the converters’ currents, respectively. It can be 

seen in Figs. 8(e) that voltage of the two healthy phases are kept 

sinusoidal during the fault period. Figs. 8(d) & (f) show that 

after fault clearance the load voltage rise is under 0.3 pu, and 

the frequency is restored within two cycles, which is within the 

acceptable margins of the power system operational 

recommendations [33]. 

2) Three-phase to ground fault  

In this scenario, IF2 (see Fig. 1) is a three-phase-to-ground 

fault. It takes place at t = 1 s and lasts for 140 ms, with the same 

power contribution as the SLG (previous) scenario. Fig. 9(a) 

shows that the power contribution remains stable after fault 

clearing, Figs. 9(b) & (c) show the d- & q-components of the 

converters’ currents, respectively. Figs. 9(d) & (e) show that the 

voltage rise is under 0.3 pu and the frequency is restored within 

two cycles, which is within the acceptable margins of the power 

system operational recommendations. 

 
Fig. 8.  SLG fault. (a) active power, 1- Ppv1, 2- Ppv2, 3- Pb, 4- Pg, 5-PL. (b) d-
components of converter currents (pu), 1- Id-pv1, 2- Id-pv2, 3- Id-b, 4- Id-g. (c) q-

components of converter currents (pu), 1- Iq-pv1, 2- Iq-pv2, 3- Iq-b, 4- Iq-g.  (d) VL 

(pu). (e) & (f) instantaneous 3-phase load voltage zoomed-in at fault period 
(t= 1-1.14 s) and fault clearing (t=1.14) times, respectively (pu). 
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Fig. 9.  Three-phase fault. (a) active power, 1- Ppv1, 2- Ppv2, 3- Pb, 4- Pg, 5-PL. 

(b) d-components of converter currents (pu), 1- Id-pv1, 2- Id-pv2, 3- Id-b, 4- Id-g. (c) 

q-components of converter currents (pu), 1- Iq-pv1, 2- Iq-pv2, 3- Iq-b, 4- Iq-g.  (d) VL 

(pu). (e) instantaneous 3-phase load voltage zoomed-in at fault clearing (t=1.14 

s) time (pu). 

E. DG outage 

This scenario investigates loss of the ES, while the load and 

PV power are assumed constant at PL =0.6 pu and Ppv1 + Ppv2 

=0.5 pu (hence Pb=0.1 pu). The ES unit, which supplies about 

16.7% of the load, is disconnected at t=1 s to be reconnected 

again at t=2 s. Fig. 10(a) shows that the grid, seamlessly, 

compensates for the loss in power during the ES outage time. 

Fig. 10(b) shows that the load voltage is kept regulated within 

the acceptable margins. Figs. 10(c) & (d), which illustrate the 

instantaneous 3-phase load voltage zoomed-in at the ES 

disconnection (t=1 s) and reconnection (t=2 s) times, 

respectively, show that the frequency is restored within two 

cycles after the disconnection/reconnection instants. 

F. Central coordination for power contribution 

So far, it has been demonstrated that the localized main 

controller, seamlessly and with no need to a central controller, 

can provide balancing/smoothing capability, shed the 

generation, and ride through faults.  Having said that, the 

solution is designed to enable a central control action to 

coordinate between units if required, e.g. to buy/sell the 

electrical energy between the different network operators and 

owners. This scenario presents an energy exchange between the  

ES unit and the main grid, while (Ppv1+Ppv2)=PL=0.5 pu. As 

shown in Fig. 11(a): 

- Initially, there is no energy exchange between the grid and 

the MG, as the load is covered by the PV units, while no 

central control commands are applied i.e. Iop=0. 

 

 

 
Fig. 10.  ES unit outage. (a) power (pu), 1- Ppv1, 2- Ppv2, 3- Pb, 4- Pg, 5-PL. (b) 

VL (pu). (c) & (d) instantaneous 3-phase load voltage zoomed-in at the ES 
disconnection (t=1 s) and reconnection (t=2 s) times, respectively (pu). 

 

- At t=2 s, a central command is applied for a time duration 

of 5 s, through the component Iop = +/- 0.1 pu, to the control 

systems of the ES/MGSC units (see Fig. 2(b) & (c)). Doing 

so, leads to charge the battery, demanding energy from the 

main grid.  

- At t=7 s, Iop=0 for a time duration of 2 s (for both ES and 

MGSC), stopping the energy exchange process. 

- Ag t=9 s, Iop = -/+ 0.1 pu, for a time duration of 5 s, is applied 

to the control systems of the ES/MGSC units, leading to 

export energy from the ES to the main grid.   

Fig. 11(b) illustrates the battery SoC during this process. Figs. 

11(c) & (d) show that the load voltage and frequency are 

maintained within their acceptable values, respectively.  

 
Fig. 11.  Central power coordination. (a) active power, 1- Ppv1, 2- Ppv2, 3- Pb, 4- 

Pg, 5-PL. (b) SoC (%). (c) VL (pu). (d) load frequency (pu). 
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IV. CONCLUSION 

This paper proposed a new structure alongside a new control 

system for MGs that enables a complete seamless operation of 

the MGs for all operational modes/scenarios and for all types of 

loads. The proposed structure involves decoupling the MG from 

the grid using a set of AC/DC/AC converters. Such a “buffered” 

structure enables faster voltage and frequency control within a 

MG by separating the dynamics of the MG from the slow 

dynamics of the grid’s SGs. This structure also protects the 

MGs from the external faults and the low frequency oscillations 

(e.g. inter-area oscillations) that exist in the grid or can be 

created due to the interactions between the DERs and the SGs. 

The dead-zone proposed in controlling the MGSC delays the 

involvement of the grid in the energy management of the MG 

(until the ES is fully charged/discharged), which reduces the 

exchanged energy and the transmission losses. Moreover, the 

proposed method protects the ES from over 

charging/discharging through ensuring a smooth and seamless 

transition of power to/from the main grid. The generation 

shedding algorithm ensures the operation continuity in islanded 

mode where an excess of energy is available in the MG, 

preventing the DC voltage of the DER from exceeding to 

undesirable values. While the primary control enables an 

absolute communication-free voltage and frequency control, 

power smoothing/balancing and fault ride-through, it is 

possible to override the primary controller through a central 

control to coordinate between units. To demonstrate the 

superior performance of the proposed system, 

PSCAD/EMTDC was used to simulate extensive scenarios 

including: variation of loads from pure restive to pure inductive, 

fully charged/discharged ES, generation shedding, large load 

changes, DERs outage and fault ride-through for faults on both 

the grid- and the MG-sides. 

Although the proposed structure incurs the extra costs of the 

AC/DC/AC converters, considering the advantages (e.g. 

protection from the external faults, simple and communication-

free operation), it seems that the extra costs is justifiable (at 

least for sensitive/important loads such as national servers). 

However, this paper does not claim that a Cost-Benefit Analysis 

is performed, which indeed can vary for each case. 
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