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Abstract 

Power systems are experiencing massive changes in their 
generation patterns with increasing penetration of 
decentralised renewable generation and decommissioning of 
thermal plants. Such changes in generation patterns will bring 
significant challenges to the black start arrangement. 
Conventional black start process relies on large thermal plants 
connected at the transmission level to energise the system 
using a "top-down" approach. This may no longer be adequate 
or applicable in future networks due to the closure of most 
thermal plants. This paper will investigate the feasibility of 
using Distributed Energy Resources (DERs) to provide a 
“bottom-up” black start approach. Compared with the 
conventional approach, using DERs for black start has 
potential advantages of reduced restoration time and more 
flexible recovery procedure. In this paper, a comprehensive 
review of the existing black start studies utilising DERs will 
be provided. Additionally, several case studies using a 
distribution network model containing multiple resources such 
as wind, micro-hydro generator, and energy storage will be 
presented to demonstrate the feasibility of providing black 
start capability by DERs. Furthermore, the associated 
technical issues that need to be considered to enable such a 
black start approach will also be discussed, along with feasible 
solutions and suggestions for further investigation.   

1 Introduction 

In recent years, power systems worldwide have seen a massive 
increase of renewable generation to address the climate change 
challenges, and this trend is expected to continue in come 
decades. According to “Future Energy Scenarios” published 
by National Grid ESO in the U.K. in 2020 [1], in order to meet 
the net zero carbon emissions target by 2050, wind and solar, 
co-located with storage will dominate the future electricity 
supply under both “Leading the Way” and “Consumer 
Transformation” scenarios. More specifically, the 
decentralisation progress requires at least 3 GW of wind and 
1.4 GW of solar to be built each year from now until 2050.    

Meanwhile, alongside the 2050 zero carbon target, the British 
government has put forward the ambitious proposal, the “clean 
growth strategy”, which aims to grow its economy while 
significantly reducing carbon emissions. It points out that, in 

order to grow low carbon sources of electricity and deliver a 
smarter, more flexible, efficient,  and resilient energy network, 
the electricity generation from renewables and nuclear will 
make up more than 80% in the future energy generation, and 
the unabated coal power will be phased out by 2025 [2].  

Massive integration of Renewable Energy Sources (RESs) can 
bring significant challenges to the existing power grid, such as 
degraded power quality, issues with grid reliability and 
economic constraints, due to the intermittent and non-
dispatchable nature of the RESs [3]. From the perspective of 
power restoration, especially the black start services, it will 
also re-shape the current fleet. Power system blackout is a 
High Impact, Low Probability (HILP) event. Although the 
occurrence rate is low, system blackouts not only can 
adversely threaten economic development and transport but 
also severely affect people’s daily life. Examples of major 
blackouts in recent history include 2003 North American 
blackout, 2006 European blackout, and 2012 Indian blackout 
[4]. Therefore, it is crucial to develop effective and economic 
black start strategies in the context of massive integration of 
RESs so as to minimise the interruption time and economic 
loss.  

“Black start” refers to restoring the power supply to a certain 
network without relying on external power sources following 
a complete or partial blackout [4, 5]. Conventionally, the black 
start approach relies mainly on large thermal or large hydro 
power stations connected to the high-voltage transmission 
network, which is known as “top-down” strategy [6].  The 
need for the displacement of conventional fossil fuel powered 
sources with RESs will lead to the decommissioning of many 
conventional thermal plants that have been used so far as the 
main black start sources, which could result in the 
conventional approach no longer applicable or sufficient. 
However, as mentioned earlier, the continuing changes in the 
generation mix also provide opportunities to explore 
alternative black start approaches, one of which, often termed 
“bottom-up” strategy, focuses on medium-voltage or low-
voltage distribution network with the aid of DERs. Compared 
to the “top-down” strategy, the “bottom-up” strategy is able to 
reduce the recovery time and simplify the restoration 
procedure due to the reduced number of controllable variables 
including loads, switches, and micro sources [6]. Numerous 
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studies have been conducted using the “bottom-up” approach, 
which are detailed in [3].  
 
The remainder of the paper is organised as follows. Section 2 
illustrates the typical technical requirements for black start 
services and the new requirements as the result of the reduction 
of the thermal power plants and the integration of the RESs. 
Section 3 presents the strengths and weaknesses when 
considering participation of various types of RESs in black 
start services. In section 4, case studies based on a distribution 
network model containing a wind turbine, a mini hydro power 
plant and an energy storage unit is implemented to investigate 
the feasibility of DERs to provide black start capability, along 
with related technical issues and practicable solutions.  
 
2. Technical Requirements for Black Start 

A DER Black-Start Unit (BSU), which is defined as a 
microsource possessing the self-startup capability, should 
meet several basic requirements for black start services: 
starting up independently from external power supply, 
energising transmission network, and supplying local loads [7]. 
Adequate control of voltage and frequency is of major 
importance. The voltage and frequency must be restricted to a 
certain range, otherwise, user equipment can be damaged 
during the restoration process when either voltage or 
frequency exceeds the acceptable range. In [8], the feasibility 
of various black start plans is validated by both steady state 
and dynamic analyses. The steady state analysis includes 
voltage control and steady-state overvoltage analysis, reactive 
power absorption capability of BSUs, step-by-step simulation 
test, robustness verification test, and generation and load 
matching capability demonstration. In the dynamic analysis, 
load-frequency control, voltage control, large induction motor 
starting, motor starting sequence assessment, self-excitation 
assessment, system stability, and transient overvoltages are 
investigated.  
 
Additionally, as a result of decommissioning of traditional 
coal-fired power plants and emergence of RESs, several new 
attributes need to be considered to guarantee the consistency 
and the coherence of the black start capability of the existing 
power grids. As stated in [9], a series of factors need to be 
considered, such as location (proximity to other stations and 
other black start stations), restarting ability (start-up time from 
cold), block loading capability, reactive power capability, 
connectivity (voltage level and number of circuits), number 
and size of main and auxiliary starting units, frequency and 
voltage regulation, inertia, expected availability and reliability 
of the station, training and testing requirements, and degree of 
participation in future energy mix. More detailed technical 
requirements for generator capabilities needed in black start, 
ancillary services, availability and reliability requirements in 
addition to the proposed changes to technical specifications 
can be found in [10].  
 
3. DERs’ Suitability for Black Start 

Generally, the conventional restoration process of the power 
system is slow due to several factors, such as incomplete 

and/or inaccurate system data, system vulnerability and 
deficient regulation capability, and restricted generation 
capacity to supply critical loads [11]. It is believed that those 
drawbacks can be mitigated, at least to some extent, by 
participation of RESs in the black start service.  

3.1 Wind Energy  
Wind energy can be a feasible option considering it is capable 
of operating at variable speed, controlling real and reactive 
power, converter rating reduction, rapid ramp-up ability, and 
multiple start-up capabilities [12, 13]. However, it also suffers 
from weather dependence, high intermittence along with low 
contribution to network inertia, which can negatively impact 
the frequency and voltage stability of the existing utility grid 
[4, 10]. These challenges necessitate the wind energy to be 
able to possess the frequency and voltage regulation capability, 
and an external power supply to support start-up (for example, 
energy storage device) due to the absence of self-starting 
capability, so as to act an essential role in supporting power 
system restoration [13].   
 
In the literature review, an offline restoration planning tool 
was proposed in [14] to tackle the problem of wind variability 
and uncertainty, where the tool was shown to be able to 
harness the wind energy in an effective manner, determine 
optimal wind dispatch decisions while reducing computational 
burden and restoration time. In [15], a black start scheme using 
Permanent Magnet Synchronous Generator (PMSG)-based 
wind farm under the support of diesel generator as an external 
power supply was proved to be able to energise the outlet 
transformer of the wind farm, the transmission line, and the 
adjacent thermal power plant. In [12] and [16], the theory of 
utilising Doubly-Fed Induction Generator (DFIG) wind 
turbine-based wind farm with a storage system was modelled 
and verified its feasibility to involve in black start process after 
blackouts. In [13], in order to realise a more comprehensive 
capability of a BSU, for instance, active-reactive power output 
control of BSU and distribution control of active and reactive 
power for wind farm, a hybrid BSU consist of combustion gas 
turbine, Variable Speed Wind Turbine (VSWT)-based wind 
farm and static synchronous compensator (STATCOM) was 
simulated in a three-level control model. In [17], an islanded 
microgrid model including DFIG-based wind turbine, diesel 
engine driven synchronous generator and energy storage 
system was tested successfully to achieve frequency control 
during load step changes.  

3.2 Photovoltaics (PV)   
The application of PVs for black start services can also be a 
viable choice. Similar to wind energy, if controlled properly, 
the PV can also potentially have fast ramp-up ability during 
load pick up; furthermore, grid-connected PV systems can 
automatically isolate itself from the utility grid when a power 
outage occurs and then reconnect to the grid in a prompt 
manner once the grid is recovered to support the black start 
process [18]. Nevertheless, the application of PVs in black 
start services is still not mature and there are still several 
challenges in various aspects including protections, stability, 
variation of irradiance, voltage and frequency control, 
operation [19]. For example, there is a limited application 
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range for PV systems to provide black start services for the 
reason that the grid following inverters, which are typically 
adopted by PV systems, are not considered to be suitable for 
black start purposes. Additionally, it also requires a complex 
coordinated communication channels to be constructed for PV 
systems to energise the distribution network [19].  
 
PV systems normally do not operate as individual BSUs, yet 
they can cooperate with auxiliary power sources such as 
energy storage systems. In the literature, a few effective and 
feasible black start strategies that involve the use of PV are 
demonstrated. In [20], a model of multi-microgrids including 
PVs and energy storage systems was illustrated based on the 
control strategy with three-level structure in accordance with 
hierarchical control theory and the serial restoration strategy.  
In [21], a model of PV and energy storage system-based three-
phase/single-phase multi-microgrids was developed, which 
apply stand-alone and grid-connected operation strategies. To 
mitigate the intermittency of PV power generation, the 
uncertainty of the PV-battery combination as a BSU, and the 
fluctuation of high-power load unit and PV output power, a 
stratified optimisation strategy was applied in [22] to ensure 
the output power of PV-battery within the BSU power 
requirement along with the State of Charge (SOC) of battery 
within a reasonable range. Furthermore, a multi-objective 
optimisation model based on the principle of cluster division 
was designed in [23] to improve the black start efficiency and 
stability for the PV-battery system.  

3.3 Hydro Power 
Hydro power plants are considered to be desirable sources to 
provide black start capability. Except for the geographic 
location and the confining amount of energy resulted from the 
permanent water reserve, hydro power plants present the least 
auxiliary power requirement (only excitation system and valve 
operations for the turbine) compared with other sources and 
the turbines can be restarted rapidly [19]. According to [24], 
the hydro generators need only 0.5-1% of their rated capacity 
for black start, while nuclear and gas power plants typically 
require 7-8% and 1.5-2% of their rated capacity, respectively. 
Furthermore, many hydro power plants can contribute large 
system inertia, and compared with large steam generators, they 
have relatively high ramp rates when changing power output, 
and high tolerance for frequency excursions, which can 
support the system frequency stability [25]. Therefore, hydro 
power plants tend to be ideal BSUs. A case study presented in 
[24] indicates that the governor and exciter control play an 
important role during hydro generator start-up and cold load 
pick-up process. Furthermore, a mock drill of black start using 
a hydro power plant in western regional grid of India was 
carried out in [26] and an experiment of black start using hydro 
and gas turbine in South Korean power system was 
accomplished in [27].  

3.4 Battery Energy Storage System (BESS)  
There is a huge potential for BESS applications in assisting 
power system restoration after blackouts. BESSs not only can 
act as BSUs and ancillary power suppliers, but also serve as 
power loads in the early state of the system process to optimise 
the distribution of power flows and provide ancillary services 

[11]. On top of those roles, the BESSs can also mitigate the 
negative impacts of RESs’ characteristics of high volatility and 
irregularity, stabilise RESs’ fluctuate outputs, provide 
frequency regulation and spinning reserves, support the 
islanded operation of the networks, and offer reference signals 
of voltage and frequency [11] [28]. Despite the various 
desirable properties that BESSs can offer for black start,   there 
are also problems still to be solved such as their locations, 
energy reservoir availability, expensive cost for large storage 
capacity, and short lifespans [11] [19]. Furthermore, due to the 
rarity of occurrence for a blackout event, it is uncommon and 
not cost effective to install BESSs in a power network purely 
for the black start services. The inadequate installed capacity 
of the BESSs and the situation that insufficient battery energy 
is stored in BESSs when a blackout happens to occur also 
concerns [11].  
 
Some literature reviews regarding the BESSs performing as an 
assistant role with other RESs are already presented in section 
3.1 and 3.2. Furthermore, in [11], a multi-objective restoration 
optimisation model with the aid of BESS was developed. The 
model considers parameters including system topology, BSUs 
and NBSUs (Non-Black Start Units), support from BESSs, as 
well as a control strategy so that the BESSs can effectively 
follow the signals from system dispatchers while keeping the 
state-of-charge level of BESSs within an acceptable level. In 
[29], a laboratory scale microgrid model consisting of PVs, 
wind energy sources, fuel cells and batteries with a smart 
strategy was shown to smoothly switchover from islanded 
operation to grid-connected operation during black start and 
recovery process.  

3.5 Electric Vehicles (EVs) and V2G 
In recent years, the demand for EVs has prompted the 
extensive construction of EV charger infrastructure. As 
suggested in [1], it is anticipated that almost 80% of 
households will smart charge their EVs and almost 45% of 
which actively provide V2G (vehicle-to-grid) services by 2050 
in the UK. The EVs can be treated as mobile batteries which 
are capable of providing power back to the grid (i.e. V2G), 
however, the EVs cannot act as a reliable BSU due to their 
uncertain state of charge/discharge in a certain time so that the 
reserve capacity from EVs suffers [10]. Besides, the low 
deployment rate of EVs currently also results in poor network 
energisation capability and low availability. Therefore, these 
drawbacks above call for advanced communication and 
control systems to be installed with EVs. In the literature, there 
are a few explorations of applying EVs in black start, for 
instance, the potentials of a bi-directional EV charger based 
emergency power supply system was investigated through a 
black start procedure in [30], whereas in [31], an intelligent 
integrated station of EVs was put forward which owns a higher 
start-up rate, a better efficiency, and a more secure and 
economical restoration process.  
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4. Case Study  

4.1 System Description  
The purpose of this case study is to investigate the feasibility 
of using DERs to provide black start capability, particularly in 
frequency regulation. The case study in this paper is based on 
a simulation of an islanded microgrid model in 
Matlab/Simulink platform. The structure of the islanded 
microgrid model is shown in Fig. 1, which includes a voltage 
bus, a Hydraulic Turbine driven Synchronous Generator 
(HTSG), a wind generator, a BESS and primary load that has 
the highest priority to connect to the voltage bus. The 
microgrid is completely isolated from the utility grid which 
mimics the situation following a blackout, and the model 
adopts the HTSG as the main power supply. The rated value 
of the bus voltage is 11 kV, and the nominal system frequency 
is 50 Hz.  
 

HTSG

BESS

Wind

Grid

Primary Load

Disconnected 
after blackout

Islanded Distribution System  
Fig. 1. Connection diagram of the test microgrid 
 
As mentioned in section 3.3, hydro power plants have many 
properties that are desirable for providing black start services, 
and it can be widely used in remote islanded microgrids. The 
HTSG used in this paper is a mini hydro power plant, rated at 
5 MW. It is also equipped with an excitation system of IEEE 
standard 421.5 [32] and a hydraulic turbine governor which 
includes transient droop compensation [33]. This paper also 
uses two inverters based DERs to emulate a wind generator 
and a BESS, and both apply the P/Q control. The power ratings 
of the wind generator and BESS are 0.2 MW and 0.3 MW 
respectively. The primary load demand is set to be 1.05 MW.  

4.2 Black Start Procedure 
The whole black start procedure is divided into two steps: the 
energising step and the load pick-up step. Once the blackout 
happens, the microgrid is disconnected from the main grid, and 
then the HTSG starts to establish the voltage and the frequency 
within the network. After that, the primary load is ready to 
connect to the microgrid bus. At the same time, when the 
DERs detect the frequency sag caused by the load step, they 
will increase their active power to retain the system frequency. 
The case study will investigate 3 scenarios based on different 
DERs combination, namely HTSG only, HTSG + BESS, and 
HTSG + BESS + Wind. The focus of the case study is on the 
feasibility of providing black start capability by the 

coordination of different DERs, especially on frequency 
regulation. In this case study, the total simulation time is set to 
be 30 s, and the load pick-up step starts at 10 s.  

4.3 Scenario 1 – HTSG Only 
When considering the scenario where the whole black start 
process relies only on the HTSG, the frequency can be 
established and maintained as 50 Hz in the energising step. 
However, in the load pick-up step, the frequency drops to 
around 45 Hz, which is shown as the blue curve in Fig. 5. 
According to EREC G59 [34], when the system frequency falls 
below 47.5 Hz for 20 s or below 47 Hz, the DERs will be 
disconnected and the black start process would fail. 
Furthermore, different load size integrations can result in 
different degrees of frequency disturbance. As it is shown in 
Fig. 2, there is an unexpected drop in frequency as the load is 
picked up, and the larger size the load is connected, the more 
significant degree the frequency is disturbed. Besides, once the 
frequency is decreased to a certain level, it takes a very long 
time for the frequency to recover. This unexpected 
phenomenon is caused due to the characteristics of the 
hydraulic turbine governor of the HTSG and it can be harmful 
to power system stability. Therefore, it is necessary to utilise 
additional DERs to perform as auxiliary support to the mini 
hydro power plant during the black start process.  
 

 
Fig. 2. Frequency response against various load step change 
 

4.4 Scenario 2 – HTSG + BESS 
When the HTSG established the voltage and the frequency on 
the bus after the blackout, the BESS starts to generate power 
output when the load step is detected. The BESS can react to 
the load step in 0.1 s. Besides, the BESS also owns a very high 
ramp rate, normally delivering full output power within 0.2 s 
[35]. 
 
The power output is shown in Fig. 3 and the frequency 
variation is shown as the red curve in Fig. 5. It can be seen that, 
compared to scenario 1, the frequency drops to around 46 Hz 
rather than around 45 Hz when the load is picked up. In terms 
of the power output, it can be clearly seen that the BESS is able 
to increase its power output instantly and rapidly as expected. 
The results can validate that it is feasible to use an additional 
BESS to assist the black start process and the cooperation of 
the DERs can improve black-start performance.  
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4.5 Scenario 3 – HTSG + BESS + Wind 
Although the frequency is improved considerably in scenario 
2, the frequency is still outside the acceptable range (above 47 
Hz). Hence, a wind generator is applied as another auxiliary 
support for black start. The wind generator also owns a rapid 
ramping-up capability, and in this case study, the wind speed 
is assumed to be constant during the entire black start process 
so as to keep the wind power output in a stable manner.  
 
The power output is shown in Fig. 4 and the frequency 
variation is shown as the yellow curve in Fig. 5. It can be seen 
that the frequency drops to approximately 47 Hz at 10 s and 
then recover to 50 Hz speedily. The results can validate that 
wind turbine is also feasible to be utilised as a BSU in the black 
start process.   
 

 
Fig. 3. Power output in scenario 2 
 

 
Fig. 4. Power output in scenario 3 
 
 

 
Fig. 5. Frequency response comparison in scenarios 1, 2 and 3 
 
The three scenarios outlined above can be used to demonstrate 
the feasibility of using DERs to provide black-start capability, 
particularly in terms of frequency regulation during black start. 
As demonstrated in the case study, the frequency can be 
significantly improved by increasing the auxiliary power 
support, which results in a higher frequency nadir and a less 
oscillating final steady state. However, increased auxiliary 
power support does not necessarily imply improved 
performance; in fact, it may result in frequency overshoot. As 
a result, it is critical to have an optimised auxiliary power 
sizing from DERs so that the response can be coordinated 
optimally among the available resources. Additionally, 
different types of generators respond differently to demand 
changes and they are capable of ramping up quickly in 
response to load changes, which validates the black start 
capability of DERs discussed in Section 3. 
 
Other aspects including voltage control, transformer 
energisation, and other renewables integration (e.g. PV) also 
need further investigation. Furthermore, considering several 
restrictions, including the SOC of BESS when blackout occurs, 
the intermittent power output from wind turbines due to its 
natural constraints, the coordination among different DERs, 
and variation of load demand, the power outputs and the 
frequency response may not be shown as ideal as 
aforementioned. Therefore, further investigations need to be 
conducted, e.g. BESS SOC management, communication and 
control methods among multiple DERs, optimal allocation of 
various DERs, load change/DER output forecast.  
 
5. Conclusion  

This paper explores the feasibility of utilising DERs to provide 
a “bottom-up” black start approach to replace the conventional 
“top-down” approach in the context of decommissioning of 
traditional thermal power plant and expanding the utilisation 
of the RESs in modern power system. Several aspects 
regarding black start studies using DERs are reviewed, 
including technical requirements for DERs in black start 
procedure, and suitability of applications of various types of 
DERs in black start. A series of case studies based on a 
microgrid model have also been performed proving that it is 
feasible to use a BESS and a wind generator to act as auxiliary 
support to a mini hydro power plant to provide an adequate 
black start capability rather than purely relying on one hydro 
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plant. Additionally, further considerations and future research 
are discussed.  
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