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Abstract 

The development of the Microgrid concept endows distribution networks with 

increased reliability and resilience and offers the adequate management and control 

solution for massive deployment of microgeneration and Electric Vehicles. Within a 

Microgrid, local generation can be exploited to launch a local restoration procedure 

following a blackout. Electric Vehicles are flexible resources that can also be actively 

included in the restoration procedure, thus contributing to improve Microgrid operating 

conditions. The feasibility of Microgrid service restoration, including the active 

participation of Electric Vehicles, is demonstrated in this work through extensive 

numerical simulation and experimentally in a laboratorial setup.    

Keywords: Black Start, electric vehicles, energy storage, frequency control, microgrid, voltage 

unbalance.  

1. Introduction  

Meeting reliability requirements in electric power distribution systems characterized 

by a high penetration of Distributed Energy Resources (DER), load variability and 

massification of Plugged-in Electric Vehicles (EV) is becoming a challenging task [1]. 

In order to ensure reliability, security and quality of supply, innovative decentralized 

control architectures should be developed at the distribution level, aiming a higher 

system observability and controllability, while assuring better control and management 
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performances. The materialization of this scenario is in line with the smart grid 

development, in which the MicroGrid (MG) plays a central role [1], [2]. 

The MG is a flexible cell of the electric power system, incorporating local generation 

based on renewable energy sources and low carbon technologies for combined heat and 

power applications, storage devices and loads [3]. The MG resources can be coordinated 

by a local management and control system in order to properly support the operation of 

the Low Voltage (LV) network and control the power flow between the MG and the 

upstream Medium Voltage (MV) network in coordination with the distribution system 

operator requirements [3]-[5]. 

MG operation can be divided in two distinct modes: normal operation mode and 

emergency operation mode.  The normal operation mode is considered whenever the 

MG is interconnected to the MV network.  However, when major disturbances occur in 

the main grid, the MG can be operated autonomously – emergency operation mode – by 

exploiting storage, locally available generation sources, as well as the flexibility of 

some controllable loads [2]-[4]. In case a general blackout occurs, decentralized self-

healing strategies can also be developed at the MG level in order to restore the service 

to LV consumers [6]-[8]. This new distribution network operation philosophy increases 

reliability and continuity of supply at the distribution level and improves system 

resilience against component failures and natural disasters. 

The occurrence of general blackouts is a rare event but has severe economic and 

social impacts, as a consequence of the long restoration times resulting from complex 

restoration procedures [9]-[11]. The unique characteristics of each electric power 

system preclude the definition of general restoration plans. For each step of the 

restoration procedure, system operators have to deal with a large number of system 

variables in order to maintain system stability and avoid a new system collapse [11]. 
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When compared to conventional power system restoration, the MG Black Start (BS) 

procedure will benefit from a considerable problem size reduction. However, 

maintaining stability conditions in the MG requires specific voltage and frequency 

regulation strategies, exploiting the coordination between MG energy storage devices, 

Microsources (MS) generation capacity and load flexibility [4]-[6]. 

Additionally, the EV parked and connected to the grid for charging purposes, can be 

regarded as highly flexible loads, which can also provide additional storage capacity. 

The adoption of innovative control strategies at the EV charging interfaces have been 

shown to improve the frequency regulation capability and increase MG resilience 

during autonomous operation [12]-[14]. Hence, the participation of EV in the MG 

restoration procedure has the potential to enhance system resilience by contributing to 

avoid large frequency excursions resulting from loads or MS power variations. 

This paper provides an overview of the MG restoration strategy, which is then 

extended to actively integrate the participation of EV. The effectiveness of the strategy 

proposed for the integration of EV within the MG restoration procedure is tested 

through extensive numerical simulation in order to validate the rules and conditions 

involved in the restoration procedure. Complementarily, a MG laboratorial setup was 

developed in order to experimentally demonstrate the feasibility of the proposed 

approach. During MG restoration voltage unbalance issues resulting from single phase 

loads and generation are also addressed, involving the exploitation of active voltage 

balancing strategies to mitigate the associated phenomena.  

2. MG Emergency Management and Control: A Review 

As shown in Fig. 1, the MG management and control architecture is headed by the 

MG Central Controller (MGCC), which is installed at the MV/LV substation. The 

MGCC concentrates the high level decision making for the technical management of the 
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MG, including a software module dedicated to the MG restoration procedure [3],[4]-[6]. 

The lower control layer consists of a network of local controllers with local intelligence 

and bidirectional communication capabilities, which ensure the flow of information 

with the MGCC. Considering the different MG elements, three types of local controllers 

are considered, namely: the load controller (LC), the MS controller (MC) and the EV 

controller (VC) [4], [12], [13]. The VC enables the control of the EV battery charging 

and the exchange of information between the EV and the MGCC [12]-[14]. 

During the emergency operating mode, MG stability relies on the effectiveness of 

voltage and frequency regulation strategies, which have to be compatible with the MS 

and energy storage units operational characteristics [4]-[5]. Additionally, when 

operating isolated from the main grid, the MG is more sensitive to voltage unbalance 

problems caused by the uneven connection of single-phase loads and MS that could be 

further accentuated by the connection of single-phase EV charging interfaces [12], [14]. 

Voltage unbalance is a major drawback regarding the operation of three-phase loads 

(such as motor loads) decreasing its efficiency and lifetime.  In order to maintain 

adequate voltage quality levels, active voltage compensation strategies have also been 

developed that eliminate the unwanted negative and zero sequence voltages components 

[15]-[17]. 

A. MG Emergency Control Strategies  

In the moments subsequent to MG islanding or in the initial phases of the restoration 

procedure the MG requires some form of energy buffering in order to ensure power 

balance between generation and load. The MG power balancing is ensured by storage 

units capable of providing fast power compensation, such as flywheels or deep cycle 

battery banks.  In order to ensure MG survival in the moments subsequent to islanding, 

an energy storage device (MG main storage in Fig. 1) is usually connected to the 
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MV/LV substation. The storage unit is coupled to the MG through a Voltage Source 

Inverter (VSI) that operates as a grid forming unit and provides MG voltage and 

frequency reference.  

The MG can be operated with a single VSI in a Single Master Operation (SMO) 

mode or with more than one VSI following a Multi-Master Operation (MMO) strategy. 

In order to improve the security of operation during the MG restoration procedure, an 

MMO strategy is usually adopted [6], [7]. In this case, some of the controllable MS, 

such as Single Shaft Micro-Turbines (SSMT), will be equipped with a dedicated DC 

link storage unit that enables the generating unit autonomous re-start. Under these 

conditions, SSMT will be able to actively participate in the MG BS, operating 

temporarily as additional grid forming units [6], [7]. 

The control strategy usually followed at VSI naturally provides primary frequency 

regulation. The VSI are locally controlled through droop functions, reacting 

autonomously to grid operating conditions, as in (1), where ω0 and V0 are the idle values 

of the angular frequency, ω, and voltage, V, kP and kQ are the droop slopes (positive 

quantities), Pi and Qi are the active and reactive power output at the idle frequency and 

voltage and ∆P and ∆Q are the inverter active and reactive power output, required to 

ensure power balance in a MG. Similarly, in MMO mode, both the MG central storage 

unit and the MS dedicated storage units will contribute to the MG primary frequency 

regulation, injecting power according to their capacity and droop characteristics, as in 

(2), where the variables are referred to unit i and  ω’ is the MG frequency after the 

islanding [4], [5]. The sum of the active power injected by all the storage units will be 

equal to the total power unbalance ∆P. 

The implementation of secondary frequency control is also required to correct the 

MG permanent frequency deviation, resulting from the use of a proportional control at 
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VSI. Fig. 2 shows the centralized secondary control algorithm adopted in this research. 

The algorithm is implemented at the MGCC and performs the MS power dispatch if the 

MG frequency deviation exceeds a pre-defined limit (∆ωmin). The MG power unbalance 

(∆P) is determined based on the power injected by the MG main storage unit (PVSI) 

connected to the MV/LV substation. When the frequency deviation exceeds the pre-

defined limit (∆ωmin), the algorithm determines new idle values for the angular 

frequency of the MS droop characteristics (ω0), in order to obtain the desired power 

adjustment (∆PMSi). The contribution of each controllable MS will be defined through a 

participation factor (fpi), which is determined (for unit i) by the ratio between its reserve 

and the total controllable MS reserve. The resulting set-points are then sent from the 

MGCC to local MC. 

B. MG Unbalanced Operation during Emergency Conditions 

As it was previously mentioned, the presence of single phase loads (including EV 

charging interfaces) and MS affect the MG voltage balance. In particular, when 

operating autonomously, the MG short circuit power is substantially reduced, thus 

increasing the existing voltage unbalance problems. The implementation of additional 

control loops at the MS coupling inverters contributes to mitigate the MG voltage 

unbalance during autonomous operation [12], [15]-[17]. The control strategies proposed 

in [15] and [16] were designed for three-phase unbalanced systems in order to 

compensate negative sequence voltage components at the MS terminals and at the point 

of common coupling, respectively. However, the LV network is usually a three-phase 

four wire system, having also a zero sequence component when operated under 

unbalanced load conditions. In [17] the authors propose a compensation method for 

three-phase four wire MG applications, which is able to compensate both negative and 

zero sequence voltage components through the use of a four-leg shunt inverter. 
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The four-leg shunt VSI proposed in [17] was adopted in this research in order to 

balance the MG voltages during the restoration procedure. The VSI with the additional 

voltage balancing mechanism is able to provide three independent output reference 

voltages, regardless of the MG loading conditions. The main building block of the VSI 

controller is represented in Fig. 3. The voltage compensation control loops are 

implemented in the stationary reference frame (α, β, 0). The frequency and magnitude of 

the desired output voltages are determined through P-ω and Q-V droops. Then, the 

voltage reference signals in the stationary reference frame (V*
α, V

*
β, V

*
0) are compared 

with the actual inverter terminal voltage. The resulting error is injected in a voltage-

current control loop, constituted by an inner current loop and an outer load voltage 

control loop. The voltage controller consists in three proportional-integral resonant 

controllers (G+(s), G-(s), G0(s)). The inner current control loop consisting in a 

proportional controller will then determine the inverter output voltage (V*
a, V

*
b, V

*
c). 

C. Integration of EV on the MG Hierarchical Control 

The load controllability and distributed storage capacity provided by EV (when 

parked and connected to the LV network) can be properly exploited for improving the 

MG frequency regulation capacity. In [12], [13] the authors propose an active power/ 

frequency (P-f) droop control strategy to be implemented at the EV coupling inverter, 

where the EV will autonomously adapt its power output based on the MG frequency. 

According to the EV P-f droop represented in Fig. 4 b), when a disturbance occurs and 

the frequency drops below the dead-band minimum, the EV reduces its power 

consumption. For large underfrequency disturbances, greater than the zero-crossing 

frequency (f0), the EV batteries will discharge –  thus providing the Vehicle to Grid 

(V2G) functionality. When the MG frequency increases to values higher than the dead-

band maximum, the EV can also increase its power consumption. When the MG 
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frequency becomes out of the droop frequency range, the EV battery will inject/absorb a 

fixed power, which can also be defined. 

In emergency operating conditions, the MGCC can remotely control the EV P-f 

droop parameters (see Fig. 4 a)), such as  the nominal charging power (Prated) for 

nominal frequency, the zero-crossing frequency (f0) in case there is the need of using the 

V2G capability and possibly the frequency (fmin and fmax) and power (Pmin and Pmax) 

limits. 

3. The Role of EV in the MG Restoration Procedure  

During the MG restoration phase EV can be exploited as grid supporting units in 

order to take advantage of their storage capacity and charging flexibility. Similarly to 

what has been demonstrated for the MG islanding procedure, the EV can improve the 

MG frequency regulation capacity, supporting the frequency disturbances resultant from 

the reconnection of load and generation, and other transients that might occur during the 

restoration procedure. However, in order to provide support to the MG during the initial 

stages of the restoration procedure, the EV should be synchronized to the grid with a 

zero power set-point, as shown in Fig. 4. As a result of the modified P-f droop 

characteristic to be used in the initial phase of the MG restoration procedure and 

whenever the frequency remains within the frequency dead-band, the EV will not 

exchange power with the MG. Afterwards, when loads and MS are gradually 

reconnected, the EV will inject or absorb power to support MG power balancing. 

Consequently it contributes to reduce MG frequency excursions and the power solicited 

to the main energy storage unit. 

The MG restoration procedure will be triggered by the MGCC when a general or 

local blackout occurs or when the MV network is not able to restore MG operation after 

a pre-defined time interval. Similarly to conventional power systems, the MG 



9 

restoration procedure consists in a sequence of actions to be checked and performed by 

MG local controllers in coordination with the MGCC. The procedure should be fully 

automatic without requiring the intervention of distribution network operators. In order 

to perform service restoration at the MG level, it is assumed that the MG is equipped 

with: 

 MS with black start capability, such as SSMT, capable of communicating to 

the MGCC their generation availability and operational status. 

 LV switches to disconnect the MG feeders, loads and MS in case a 

generalized blackout occurs. 

 Communication infrastructure powered by dedicated auxiliary power units, 

in order to ensure the communication between the MGCC and the local 

controllers. 

 Adequate protection equipment in order to protect MS and the LV grid from 

the fault currents and to isolate the faulted area. 

Following the MG restoration strategy presented in [6] and the proposed EV control 

strategy the overall procedure can be organized in the following sequence of events: 

1. MG status determination. The MGCC evaluates the network status both 

upstream and downstream: 

a. Upstream network status – the MGCC only launches the restoration 

procedure if there isn’t any alternative to reconnect the MG to the main 

grid. Therefore, the MGCC waits for the distribution system operator 

authorization in order to activate the BS procedure. 

b. Downstream network status – the MGCC evaluates the LV network 

status, analyzing switches status and alarms, in order to check the 

existence of local faults or equipment failures. At this stage the MGCC 
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also evaluates the available generation and active load resources, in order 

to ensure the successful MG service restoration. Historical data resulting 

from the MG operation can provide information about the priority loads 

to be restored. 

2. MG preparation in order to start the restoration procedure. The MGCC sends a 

signal to the local controllers (MC, LC and VC) in order to ensure the 

disconnection of loads, MS and EV. Then, MS with BS capability can be 

restarted to power some local loads. This procedure ensures that the MS with 

storage capacity providing back power to their local loads are not energizing 

larger parts of the LV network. As it was previously stated, the controllable MS 

coupling inverter is controlled as VSI with droop characteristics. In order to 

maintain the frequency close to nominal values, the idle power and frequency 

values of (Pi and ω0i) of the MS droop characteristic have to be adequately 

parameterized. 

3. LV grid energization, through the connection of the MG main storage unit 

installed at the MV/LV substation and by closing the substation LV feeder 

switches. The connection of the MG main storage unit in no load/generation 

conditions ensures the MG operation with nominal frequency and voltage. 

4. Synchronization of the running MS to the MG. The synchronization is enabled 

by the MGCC, being the necessary conditions – such as phase sequence, 

frequency and voltage differences (both in phase and amplitude) checked by the 

MC, through synchro-check relays. 

5. Reconnection of EV to the MG. The EV chargers are connected to the LV 

network with initial zero consumption (see Fig. 4), causing as minimum impact 

as possible.  
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6. Coordinated reconnection of loads and non-controllable MS, considering the 

available storage capacity and local generation, in order to avoid large frequency 

and voltage deviations during load and non-controllable generation connection. 

The secondary frequency control scheme presented in Fig. 2 will correct 

frequency deviations, ensuring that the frequency remains close to nominal 

values. However, since the EV are participating in the MG frequency regulation 

it will be necessary to update the MG power unbalance (∆P) based on the power 

injected by the MG main storage unit connected to the MV/LV substation (PVSI) 

and by the EV (PEV). After the reconnection of all the MG loads, if there is 

sufficient reserve capacity, the MGCC can gradually increase the EV charging 

power for nominal frequency (Prated). 

7. MG synchronization with the main grid after service restoration at the MV 

network. The MGCC should receive a confirmation from the distribution 

network operator to start the synchronization with the upstream network. The 

synchronous conditions are checked locally through a synchro-check relay.  

4. Validation of the MG Restoration Procedure with EV 

The LV test network represented in Fig. 5 was adopted in order to demonstrate the 

benefits of the EV participation on the MG primary frequency regulation. The LV 

network is operated under unbalanced conditions due to the connection of single-phase 

loads and MS. Two SSMT with local storage capacity are connected to nodes 25 and 

75. The MG main storage unit which is connected to the LV bus of the MV/LV 

substation has a maximum power capacity of 100kW. It was assumed that the storage 

unit has sufficient capacity to ensure the MG stability during the restoration procedure. 

The VSI connected to the MG main storage unit and to the SSMT will inject or absorb 

their maximum admissible power for a maximum frequency deviation of ±1 Hz. The 
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simulation scenario is summarized in Table I regarding the loads, MS production and 

EV rated power.  

The MG system was modeled in a Matlab/Simulink environment through the use of 

the SymPowerSystems toolbox and user-defined models. The simulation platform allows 

analyzing MG dynamic behavior considering the control strategies discussed in section 

2 and 3. When analyzing the MG dynamic behavior, inverters were modeled using an 

average (RMS) model, neglecting fast switching transients, harmonics and losses. This 

is a general procedure adopted by several authors when dealing with power electronic 

interfaces in stability studies [4], [12], [18]. A detailed description of the adopted 

dynamic models of MS, storage devices, EV chargers and power electronic interfaces 

can be found in [12], [18]. 

Regarding the simulation of the MG restoration procedure, it was assumed that 

when the simulation starts the MG is already disconnected from the main grid and it is 

energized by the VSI connected to the MG main storage unit. At this phase, all MG 

loads, EV and MS are still disconnected. The complete restoration procedure is 

described in Table II. The time instances of the restoration events where chosen based 

on a continuous evaluation of the MG frequency response to the restoration events and 

taking into account the reaction time of the primary and secondary frequency control. 

The rational for the choice of the time instances is directly related to the need of 

avoiding large frequency disturbances, therefore requiring system stabilization after 

each step of the restoration procedure. 

Before synchronizing to the LV grid, it is assumed that SSMT successfully restart 

and feed some local loads (Fig. 6). The VSI droop parameters, namely Pi and ω0i were 

able to maintain the frequency close to nominal values. After reenergizing the MG, the 

MGCC initiates the synchronization of the SSMT installed at nodes 25 and 75. Fig. 6 a) 
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shows the MG and SSMT frequency during the synchronization procedure. At t=3s the 

local synchro-check relays introduces a small frequency change in the SSMT inverter in 

order to facilitate the synchronization process. The synchronization conditions are 

verified at t=4 s and the SSMT in node 25 successfully connects to the MG. At t=7s the 

MGCC enables the synchronization of the SSMT in node 75 which reconnects 

successfully to the MG at t=7.7s. The active power response of the MG storage unit and 

SSMT during the synchronization procedure is shown in Fig. 6 b). After the 

reconnection transient, the MG storage unit coupled to a VSI and the SSMT share the 

MG load. Since the MG frequency deviation is smaller than the minimum frequency 

deviation which triggers the secondary control (a 0.05 Hz dead-band was considered in 

the simulations), no power adjustment was defined by the MGCC.  

A. Analyzing the benefits of EV participation on the MG frequency regulation 

In order to evaluate the effectiveness of the EV participation in the MG frequency 

regulation, two cases were considered: a base case where the EV do not participate in 

the restoration procedure, being treated as conventional loads, and a second case where 

the EV are controlled through a P-f droop characteristic. In the second case, the EV are 

connected to the MG with a zero power set-point after the SSMT synchronization, at 

t=16 s of the simulation time. 

Fig. 7 compares the MG frequency response during the service restoration time for 

both cases. The active participation of EV in the frequency regulation reduces the 

frequency deviation caused by the reconnection of loads (t=20s and t=65s) and non-

controllable MS (t=45s). As represented in Fig. 8, the EV inject power during the 

reconnection of loads and increase their power consumption during the reconnection of 

the micro-wind turbines and PV panels. According to the EV frequency droop 

characteristic, the participation of EV in frequency regulation becomes more significant 
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for large frequency disturbances. However, as shown in Fig. 9, when considering the 

V2G operation mode there is a reduction of the active power required from the MG 

main storage unit. 

When the frequency stabilizes (t=75s) and since the MG had enough reserve 

capacity, the P-f droop parameter Prated is increased gradually, in order to allow EV to 

charge their batteries. 

B. Analyzing the MG unbalanced operating conditions 

In order to study the benefits of adopting voltage balancing mechanisms, the four-

leg inverter with the voltage balancing mechanism described in section 2.2 was 

considered. Voltage unbalance was measured by the Voltage Unbalance Factor (VUF) 

as described in EN50160 standard [19], regarding the voltage negative sequence 

component (V2/V1) and the zero sequence voltage unbalance factor (V0/V1). Fig. 10 and 

Fig. 11 show the VUF and the three-phase voltages at the VSI terminals, considering 

the four-leg inverter with the voltage unbalance compensation loop (on the left) and a 

three-leg inverter (on the right). In both cases, voltage unbalance is within the 2% 

admissible limit [19]. However, the balancing unit is able to eliminate the voltage 

unbalance at the VSI terminals, balancing the three-phase voltages supplied by the VSI. 

As a consequence, the voltage unbalance is also reduced in the other MG nodes. Fig. 12 

and Fig. 13 show the voltage unbalance and the three phase voltages at node 71 (which 

is located at the end of a feeder). As shown in Fig. 12, both negative and zero sequence 

voltage unbalance were reduced, as a consequence of the voltage compensation at the 

VSI terminals. 

5. Experimental Demonstration of the EV Role in the MG Restoration  

A smart grid laboratorial infrastructure dedicated to the development of active 

distribution networks, based on the MG concept, was developed at INESC Porto. 
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Similarly to the MG architecture, the laboratory architecture can be divided in the power 

infrastructure complemented by a communication and information layer, constituting 

the MG management and control functionalities.  

The laboratory includes renewable based microgeneration (3 kW micro-wind 

turbine emulator and 6 kWp photovoltaic panels), storage (25 kWh capacity Flooded 

Lead-Acid (FLA) battery banks and 128 Lithium battery cells for the EV charging 

prototype), a 54 kW resistive load bank and LV cables emulator, thus enabling the 

implementation of a three-phase four wire MG system [20]. The micro-wind turbine 

emulator is connected to a commercially available SMA Windy Boy 3000 single-phase 

inverter and the photovoltaic strings are connected to three single-phase SMA Sunny Boy 

1700 inverters.  

In order to enable the autonomous operation of the MG, a three-phase group of 

commercially available VSI – three SMA Sunny Island 5048 – is coupled to the FLA 

battery bank. The Sunny Island inverters are mainly used for the electrification of 

remote areas, being able to operate autonomously in isolated systems, managing storage 

and local generation (renewable based and/or small backup generators). The inverters 

provide both frequency and voltage regulation to the islanded system. Primary 

frequency control is provided by an internal P-ω droop characteristic, including also an 

additional secondary frequency control strategy, which allows restoring the grid 

frequency to the nominal value. However, when the batteries are charged and there is an 

excess of power generation (regarding the MG load), these inverters automatically 

increase the MG frequency, activating a built-in Automatic Frequency Control (AFC) 

functionality. This function avoids batteries overcharging by gradually increasing the 

inverter frequency, thus forcing the gradual reduction of the microgeneration power 

output, or even its disconnection [21].  
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The laboratory infrastructure incorporates several commercial solutions for 

microgeneration and energy storage applications. The main objective is to develop new 

control strategies, which are able to coordinate the MG resources considering the 

functionalities and limitations of currently available commercial solutions. However, in 

order to actively incorporate the proposed EV charging strategies within the 

experimental MG, a bi-directional EV charger prototype was also developed, being 

described in the next sub-section. As it will be shown in sub-section 5.C, the prototype 

was fully integrated and operates in coordination with the commercial solutions.  

A. EV bidirectional charger prototype 

The EV charger pre-prototype consists of an isolated bidirectional AC-DC 

converter, coupled to a lithium-ion battery bank, as described in [22]. The charger can 

be divided in two stages with independent control schemes, as represented in Fig. 14. 

The first one is a grid tied Full-Bridge (FB) inverter that controls the power flow 

between the DC bus and the LV grid. The other stage is a Dual Active Bridge (DAB) 

that regulates the current in the batteries and assures galvanic isolation between the grid 

and the battery pack. The FB inverter regulates the DC bus voltage (VDC1) to 400V, in 

order to ensure adequate supply to the DAB input stage. The inverter is controlled with 

a PQ strategy, using a proportional-integrative controller implemented in a synchronous 

reference frame with additional harmonic compensation loop to assure high power 

quality. The grid frequency and voltage phase are estimated using a PLL algorithm, 

based on the grid voltage and current measurement (vac and is) [23], [24].  

The DAB consists of two full bridges connected by means of a high-frequency 

transformer. This type of DC-DC converter presents excellent characteristics, such as: 

galvanic isolation, bidirectional power transfer, high power density, high efficiency, 

very low output current ripple and wide output voltage operation range [25]. The 
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converter is controlled in terms of the active power flowing to the battery pack, which is 

handled by the phase-shift between voltages of both bridges. The active power flow 

between the DC-DC converter and the batteries is defined based on the Battery 

Management System (BMS) and EV frequency droop characteristic, which can set the 

reference power (Pref) within a limit of ±3680W.  In normal grid operating conditions, 

the BMS algorithm charges the batteries based on constant current-constant voltage 

charging method. However, during grid disturbances the EV frequency droop will 

determine a new reference charging power in order to reduce the MG power balancing. 

In order to ensure adequate management of the battery pack, the charging rate defined 

by the frequency droop characteristic may become limited by the BMS, if the battery 

pack is not able to accommodate the reference power. 

Fig. 15 shows the developed EV charger prototype. The bidirectional power stage 

was mounted on a layered architecture. At the top it is possible to observe the control 

board, which was implemented using a Digital Signal Processor (DSP) with high-

calculation capability. A CAN interface was used to communicate with the commercial 

BMS. The full-bridge IGBT modules, DC bus capacitor bank and the isolated voltage 

and current transducers were implemented at the bottom PCB. At the middle layer, high 

performance IGBT drivers were mounted to ensure proper and safe operation of the 

switching devices operating at 30 kHz.   

B. Laboratorial Setup 

The participation of EV on the MG primary frequency regulation during the 

restoration stage was tested experimentally, considering the test system depicted in Fig. 

16. The experimental set-up consists in a LV grid with two nodes: the first representing 

the MV/LV substation and a second node at the end of the feeder, emulated through a 

LV cable simulator (0.6  resistors per phase and neutral conductor). The MG elements 
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are connected in node 2, namely: the EV bidirectional charger prototype, a 27 kW 

controllable load bank, a variable speed 3 kW micro-wind turbine emulator and the PV 

panels coupled to Windy Boy and Sunny Boy inverters, respectively. The three-phase 

group of Sunny Island 5048 inverters is connected to node 1. In the experimental setup, 

no additional secondary frequency control scheme was considered besides the 

previously mentioned Sunny Island built-in frequency control, since only renewable 

based generation was considered. 

C. Experimental Results 

In order to experimentally test the EV grid support functionality during MG service 

restoration, the experimental system of Fig. 16 was energized by the Sunny Island 5048 

inverters. Then, the EV charger prototype was synchronized to the islanded system. As 

proposed in Section 3, in order to support the MG rebuilding phase, the EV droop 

control was parameterized with a zero power set-point, so it could inject (positive value) 

or absorb power (negative value) according to the frequency deviation. 

Fig. 17 shows the first 20s of the experiment, where at t= 4.6 s a 6.7 kW three-phase 

resistive load was connected. As shown in Fig. 18, the increase of the MG load caused 

the frequency to drop to 49.08 Hz. Since the frequency dropped below the frequency 

droop dead-band, the EV started to inject power into the grid, reaching a maximum of 

2.7 kW. After stabilizing the MG frequency, at t=43.4 s the micro-wind turbine 

emulator starts to inject power into the grid reaching approximately 2 kW, followed by 

the connection of the PV panels, which starts to inject power at t=58 s (see Fig. 19). 

Since the load is still higher than the production, the battery bank coupled to the Sunny 

Island inverters continues to supply the remaining power consumption, maintaining 

frequency at 50 Hz. 
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In order to show the EV capacity of increasing its charging rate, the load is 

disconnected at t=127.2 s, causing an excess of power generation regarding the MG 

load, which is absorbed by the Sunny Island inverters. However, as shown in Fig. 20, as 

the batteries became charged, the MG frequency increased reaching a maximum of 50.6 

Hz. Considering the EV P-f droop characteristic, the EV bi-directional charger increased 

its power consumption to approximately 1.8 kW. Finally, when the load is reconnected 

at t=199 s, the Sunny Island inverters secondary control corrects the frequency deviation 

to 50 Hz.  

6. Conclusions  

This paper provides an overview of the development of self-healing strategies, thus 

endowing MG with black start capability. The development of these strategies has a 

strong focus on the active integration of EV, given its control flexibility either as a load 

or as a generator through the V2G functionality. Extensive dynamic simulations 

demonstrate that the integration of EV in the MG restoration procedure positively 

contributes to increase the MG resilience. The EV active frequency regulation scheme 

supports the reconnection of the loads and MS, while reducing MG frequency 

deviations as well as the solicitation from the main storage system. Following the MG 

experimental setup similar results were obtained, thus demonstrating the feasibility and 

benefits resulting from the active integration of EV in MG restoration procedures.  The 

obtained results have also shown the effectiveness of additional voltage balancing 

strategies in reducing the unwanted negative and zero sequence voltage components in 

the MG nodes, providing significant improvements in terms of voltage quality. 
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Fig. 1. Microgrid architecture integrating EV. 
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Fig. 2. Centralized secondary control algorithm. 
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Fig. 3. Four-legg VSI with voltage balancing unit connected to the MG Main Storage unit. 
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Fig. 4. EV control and interaction with the MGCC for the MG service restoration: a) general control diagram and b) 

frequency droop characteristic. 
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Fig. 5. MG simulation case study. 
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b) 

Fig. 6. Synchronization of the SSMTs with the MG: a) MG and SSMT frequency b) main storage unit and SSMT 

active power).  
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Fig. 7. MG frequency response during system rebuilding. 
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Fig. 8. EV individual and total power output during MG rebuilding. 
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Fig. 9. Active power injected by the MG main storage unit. 
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Fig. 10. Negative and zero sequence voltage unbalance at the VSI terminals: a) considering the voltage balancing 

mechanisms and b) considering a common three-leg inverter   
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Fig. 11. VSI terminal voltage: a) considering the voltage balancing mechanisms and b) considering a common three-

leg inverter. 
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Fig. 12. Negative and zero sequence voltage unbalance at Node 71: considering voltage balancing mechanisms. 
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Fig. 13. Node 71 voltage: a) considering the voltage balancing mechanisms and b) considering a common three-leg 

inverter. 
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Fig. 14. Architecture of the EV bidirectional charger prototype. 
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Fig. 15. EV bidirectional charger prototype. 
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Fig. 16. MG test system for testing the EV frequency support during Black Start. 
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Fig. 17. Load reconnection during BS procedure. 
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Fig. 18. MG frequency and EV power response during BS procedure. 
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Fig. 19. MS reconnection and load variation. 
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Fig. 20. MG frequency and EV power response during load variation. 
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Table I  – MG simulation scenario summary. 

 
  Single-Phase   

  Three-Phase  A B C Total  

Load (kW) 42 20 25 33 120 

EV (kW) - 22 12 15 49 

PV (kW) - 0 16 12 28 

WT (kW) - 8 0 0 8 

SSMT 25 (kW) 30 - - - 30 

SSMT 75 (kW) 60 
   

60 
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Table II – Simulated procedure for the MG service restoration. 

MG rebuilding: 

1. Synchronization of the SSMT to the MG: 

(a) t=3s – MGCC enables the synchronization of SSMT25. 

(b) t=7s – MGCC enables the synchronization of SSMT75.  

2. Connection of EV with zero charging power (t=16s). 

3. Reconnection of loads and MS: 

(c) t=20s – Reconnection of the first load group (Total load of 24.4 kW - loads connected 

to nodes 15, 29, 73, 74, 75).  

(d) t=45s Reconnection of non-controllable MS (Total of 36 kW: 69, 71, 73 and 75).  

(e) t=65s- Reconnection of the second loads group (Total load of 60.3 kW: 27, 69, 71). 

(f) Increase of EV charging power, by changing the Prated droop parameters: 

 t=85s – EV Prated is increased from 0 to 20% Pnom 

 t=95s - EV Prated is increased to 40% Pnom 

 t=105s - EV Prated is increased to 60% Pnom 

4. Synchronization and reconnection to the MV Grid.  
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