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Abstract— This paper presents the findings of our investigation 
into inverter-based resource- (IBR-) driven blackstart of electric 
grids. Four potential black-start configurations with different 
setups are presented. To evaluate the technical feasibility of IBR-
driven black start in the four configurations, a behavioral model 
of inverters that mimics current-limited inverter operation is 
developed using variable resistors in the MATLAB 
Simulink/Simscape environment. The inverter model is 
connected to an induction motor through transformers and a 
transmission line to simulate its startup. Simulation results show 
that even with the limited current supply capability of inverters 
because of their physical constraints, IBRs can black-start a 
motor under certain conditions. Results also show that by using 
soft-start techniques, such as ramped supply voltage, inrush 
currents can be reduced, thereby expanding the conditions under 
which IBRs can provide black-start support. Simulation results 
with different scenarios lead to discussions and key takeaways 
that could be valuable for further IBR-driven black-start 
research. 

Index Terms--Black start with inverters, collective black start, 
inverter-driven black start, inrush current, soft start. 

I. INTRODUCTION 
A black-start resource is a generation asset that can start 

without support from the grid [1]. Black-start capability is 
almost exclusively provided by synchronous machine-based 
power plants, and the various approaches to black-starting large 
power systems using these generators are well understood [2]. 

In recent years, increasing penetration levels of inverter-
based resources (IBRs)—e.g., wind, photovoltaics (PV), and 
battery energy storage systems (BESS)—have created interest 
in understanding the technical potential and associated costs of 
using these resources to provide black-start support [3]–[9]. 
Some demonstration projects have been undertaken to use 
BESS to black-start conventional generators [7], [8]. The ability 
of a voltage source converter-based high-voltage DC system to 
black-start large inductive loads was demonstrated in [10]. 
Work on grid-forming inverter control with virtual oscillator 
has demonstrated potential black-start capability with grid-
forming IBRs [11]. Although these demonstrations provided 

some evidence regarding the ability of IBRs—particularly 
BESS—to provide black-start support, many important aspects 
of black-starting with IBRs have received little attention so far, 
including (i) addressing the increased risk associated with the 
stochasticity of wind and solar PV-based IBRs; (ii) evaluating 
the ability of protective relays on the cranking path to operate 
reliably during a black start in view of the limited short-circuit 
current capability of IBRs; (iii) understanding the impact that 
IBRs might have on black-start criteria, such as the minimum 
time for which a black-start resource must provide rated power; 
and (iv) modeling and simulation to understand the 
performance of IBRs for a black start. This paper focuses on 
this last aspect and it is an initial attempt at modeling IBRs and 
evaluating their performance while trying to start an inductive 
load. 

This paper focuses on the modeling and simulations 
required to black-start inductive loads because (i) these loads 
are encountered during a black start of critical loads, such as 
natural gas compressors and auxiliary equipment of the next-
start power plant; and (ii) they can result in large transient 
inrush currents (typically six to eight times the rated current), 
which the typical inverters used in similarly rated IBRs are 
unlikely to be able to provide. A behavioral model of a current-
limited, grid-forming inverter is developed and used in four 
configurations to black-start an induction motor that might 
represent an auxiliary motor required to start a large 
synchronous generator and critical loads or an equivalent motor 
that represents the aggregated behavior of multiple small 
motors in a load to be black-started. Through these simulations, 
the performance of IBRs to start inductive loads is evaluated, 
and interesting observations are made that highlight the 
importance of and motivate further research on detailed 
modeling and simulations of black start using IBRs. 

The rest of the paper is organized as follows. Section II 
presents the four configurations in which IBRs can be used to 
black-start the grid. Section III provides details of the modeling 
and simulation approach used in the paper; it also discusses the 
key observations from the simulations. Section IV concludes 
the paper with key takeaways and future research directions. 
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II. FOUR POTENTIAL CONFIGURATIONS FOR A BLACK 
START USING IBRS 

We propose four potential configurations in which IBRs can 
be used for a black start. Fig. 1(a)–(d) show the one-line 
diagrams of these configurations. Full details of the potential 
IBR black start configurations can be found in [12]. 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

Fig. 1.  Four black-start configurations for IBRs. (a)–(d) show configurations 
1–4, respectively. 

A. Configuration 1: On-site Kick-Starter for a Black Start  
A kick-starter here is defined as a resource that helps start a 

black-start resource. In this configuration, the IBR is co-located 
with the conventional black-start-capable resource, such as a 
gas turbine. Requirements applicable to a black-start resource 
[13] are not applicable to the IBR in this configuration. 

B. Configuration 2: Remote Kick-Starter for a Black Start  
The IBR in this configuration provides kick-starting 

power to the black-start-capable resource over a transmission 
line and/or transformer and is therefore subject to charging or 
inrush current transients associated with these elements when 
they are re-energized after a blackout. The connection 
between the IBR and the black-start resource is configured so 
that the IBR does not need to pick up any other system load.  
C. Configuration 3: Fully Functional Black-Start Resource 

The IBR will act as a fully functional black-start resource. 
It will need to meet all the black-start resource requirements 
specified by a system operator and should have the ability to 
manage more severe load variations than those encountered in 
configurations 1 and 2.  
D. Configuration 4: A Collective Black Start  

The key difference in this configuration is that it allows 
multiple units to collectively black-start a system. This would 
eliminate the need for a fully rated black-start storage unit, 
implying that a black start could be conducted by a 
combination of smaller storage units to achieve increased 
reliability and resilience. Synchronization and load-sharing 
between inverters that can be separated by a distance are the 
key technical challenges to overcome to realize this 
configuration. 

III. IBR-BASED BLACK-START MODELING APPROACH 
We used MATLAB Simulink/Simscape to simulate the start 

of a 1.5-MW motor with a behavioral model of a current-
limited, grid-forming inverter. The choice of induction motor 
load was primarily driven by the vast variety of blackstart loads 
that use induction motors including fans and pumps at 
generating stations and compressors at large critical loads such 
as natural gas compressors. Moreover, induction motor loads 
can result in large transient inrush currents at the time of startup. 
We used the same induction motor load for the four 
configurations so that the relative performance of the IBR to 
start induction motor load in each configuration could be 
compared. The black-start performance was also compared 
with that obtained from black-starting the motor load with the 
voltage source having 10 times more current limit, which 
ensured unrestricted supply of maximum transient inrush 
current required by the motor. The simulation circuit is shown 
in Fig. 2. The key elements of the circuit are described next. 

Fig. 2.  Black-start simulation circuit in MATLAB Simulink/Simscape.  

A. Induction Motor Model 
A standard squirrel cage induction motor model of 

Simscape was used to model the induction motor. The motor’s 
magnetic circuit saturation was assumed to be absent. No-load 
torque was assumed to be zero. The parameters for the 1.5-MW 
motor were obtained as listed in TABLE I by calculating the 
motor resistance and inductance values required for Simscape 
simulations from the specification sheet of a 6.6-kV, 1.58-MW 
motor [14].  

TABLE I. INDUCTION MOTOR PARAMETERS.  

Parameter Name Value 
Rated or base MVA (three phase) 1.8 
Rated or base voltage (r.m.s; line-line) 6600 
Stator resistance (p.u.) 0.0048 
Stator leakage reactance (p.u.) 0.0412 
Referred rotor resistance (p.u.) 0.0050 
Referred rotor leakage reactance (p.u.) 0.0412 
Magnetizing inductance (p.u.) 2.12 
Stator zero-sequence inductance (p.u.) 0.0412 
Inertia (kg-m^2) 10 

B. Behavioral Model of Current-Limited Grid-Forming 
Inverter 
The inverter model, as shown in Fig. 3, comprises an ideal, 

Y-connected, three-phase sinusoidal voltage source that is 
connected in series with a variable resistor whose default value, 
minimum resistance, is 0.7455 ohms, which results in 3% 
voltage drop across the source at the motor’s rated current. The 
variable resistance is controlled during the simulation using a 
proportional-integral controller so that the current injected by 
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the voltage source does not exceed its specified current limit. 
Inverter current limit was set at 1.2 times the rated current of 
the motor because (i) inverters are typically designed to provide 
very small over current, in general, no more than 1.2 times the 
rated current, and (ii) assuming the IBR’s rating is equal to the 
motor rating will stress the inverter to its limit while trying to 
blackstart the motor. 

 
Fig. 3. Variable resistor-based inverter current limit controller. 

C. Transformer and Transmission Lines 
Two linear transformers connected by a 138 kV transposed 

transmission line were used to connect the IBR with the motor 
as shown in Fig. 2. The transformer and line models from 
Simscape were used in the simulation. TABLE II lists the line 
and transformer parameters.  

TABLE II. TRANSFORMER AND TRANSMISSION LINE PARAMETERS. 
 Parameter Name Value 

Transformer 

Rated MVA (three phase) 100 
Rated voltage (r.m.s, line to line) 6600/138000 

Turns ratio (primary to secondary) 

1:138/6.6  
(6.6 to 138 kV), 

1:6.6/138  
(138 to 6.6 kV) 

Combined primary and secondary 
resistance (p.u.) 0.0033 

Combined primary and secondary 
leakage reactance (p.u.) 0.0833 

Core loss resistance (p.u.) 642,791 
Magnetizing inductance (p.u.) 520 

Transmission 
line 

Line resistance (p.u.) 0.001 
Line reactance (p.u.) 0.00266 

Total shunt charging (line-ground) 
admittance (p.u.) 0.00061 

 

D. Load Torque 
The load torque for the motor was modeled based on the 

transient torque profile given in [15]. The torque profile was 
scaled and its shape modified to ensure that the load torque was 
always below the torque-speed curve (at rated voltage) 
corresponding to the Y-connection of the motor. As a result, the 
possibility of motor stall was avoided if supplied at rated 
voltage and without a current limit on the source because a 
motor will be designed to be able to accelerate and pick up the 
load torque. The torque-speed characteristic of the motor and 
the torque-speed profile of the load torque are shown in Fig. 4. 
The “modified load torque-speed curve” was used in the 
simulations.  

 
Fig. 4. Motor and load torque-speed curves. 

IV. SIMULATION CASES AND RESULTS 
Several simulations were performed to simulate a black 

start in the four configurations, as shown in Fig. 5. Only one 
set of simulations was performed for configurations 2 and 3 
because they are very similar in the context of the simple 
simulations that are performed here. The simulation results for 
the no-load cases are not presented when the inverter current 
is limited to 1.2 times its rated current because it is captured in 
the simulations with load torque applied after the motor starts. 
The simulation results and observations are discussed next. 

 
Fig. 5. Simulations run for the black-start configurations. (For configuration 4, 
10-times current limit simulations were not run because one source was able 
to start the motor under loaded and unloaded conditions) 
 

TABLE III summarizes the voltage and current magnitudes 
and start times for different configurations. Fast Fourier 
transform (FFT) was used to calculate the 60 Hz voltage and 
current magnitudes by applying it to the waveforms over the 
time interval during which the motor speed reaches 95% of the 
synchronous speed; in case the motor did not start, entire data 
were used for FFT. The start time was taken as the time when 
the motor reached 95% of its synchronous speed. 

TABLE III. FUNDAMENTAL FREQUENCY MAGNITUDES OF VOLTAGES AT 
MOTOR TERMINALS AND SOURCE CURRENT AND MOTOR START TIMES. 

Simulation label 
from Fig. 5 

Voltage (Mean 
3-phase, voltage 

in p.u.) 

Current (Mean 
3-phase, current 

in p.u.) 

Start Time 
(s) 

1/a/i  0.98 4.00 1.86 
1/b/i 0.97 4.03 4.50 
1/b/ii 0.29 1.21 No start 
1/b/iii 0.29 1.18 20.67 
2–3/a/i 0.95 4.13 1.89 
2–3/b/i 0.96 4.17 4.75 
2–3/b/ii 0.28 1.21 No start 
2–3/b/iii 0.27 1.19 22.43 

4/b/ii 0.72 1.05 per IBR Unstable 
4/b/iii 0.71 1.03 per IBR 3.40 

Configuration
(1-4)*

a - No-Load

i - 10x current 
limit

ii - 1.2x current 
limit

b - Load Torque 
Applied

i - 10x current 
limit

ii - 1.2x current 
limit

iii - 1.2x current 
limit - load 
applied at 

stead-state
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Fig. 6.  Phase A voltages, currents, and rotor speeds in configurations 1/a/i, 
1/b/i, 2–3/a/i, and 2–3/b/i.  

 
Fig. 7.  Rotor speeds in configurations 1/b/ii and 2-3/b/ii (left), 1/b/iii and 2-
3/b/iii (middle), and 1/b/iii and 2-3/b/iii with 1.5 times the rated current limit 
of the inverter (right). 

 
Fig. 8.  Phase A voltages and currents (for one source) and rotor speeds in 
configurations 4/b/ii and 4/b/iii. 

The plots of the root mean square values (rms) of Phase A 
voltages and currents (only one phase is shown because the 
system is balanced) and rotor speeds for the configurations in 
Fig. 5 and TABLE III are shown in Fig. 6 to Fig. 8. The key 
observations and takeaways are: 
• Fig. 6 shows that close to 5 times the rated rms current is 

drawn from the source almost immediately after the motor 
is connected to the source when the current limit is set to 
10 times the rated value. The instantaneous maximum 
value was around 6 times, close to the value of 6.1 times 
the rated current given in [14] as the motor’s locked rotor 
current, which indicates that the motor was correctly 
modeled. 

• From Fig. 7 and Fig. 8 it can be observed that when current 
from the IBR is limited to 1.2 times the rated value, the 
motor starts under no load in all the configurations, but it 
takes longer than the case where 10 times the rated current 
was allowed from the IBR (Fig. 6) . This can be explained 
by the low voltage developed at the motor terminals 
(TABLE III), resulting in very small accelerating torque. 

In real applications, nonzero, no-load torque is always 
present and must be overcome (e.g., static friction torque). 
Actual tests can reveal if the near-rated-current-limited 
IBR can overcome such parasitic torques. 

• It can also be seen that the IBR is unable to start the motor 
in configurations 1 and 2–3 if load torque is applied at the 
time of start of the motor (see negative rotor speeds in Fig. 
7). This is because of the reduced starting torque generated 
by the motor caused by the degraded motor terminal 
voltage (TABLE III). In Configuration 4, the motor starts 
but settles at a very low speed and in the unstable operating 
region of the motor (Fig. 8). This implies that any small 
change in load will cause the motor to stall. 

• Fig. 7 also shows that if the IBR current limit is set to 1.2 
times the rated value and the load torque is applied after 
the motor has reached a steady state (at 50 seconds), the 
IBR is unable to supply the current required to serve the 
load, and the motor stalls as indicated by the sharply falling 
rotor speed. If, however, the current limit is increased to 
1.5 times the rated value, the motor is able to sustain the 
load when it is applied at 50 seconds.  

• In Configuration 4 (Fig. 8), when three IBRs were used to 
start the motor with each limited to 1.2 times the inverter’s 
rated current, the starting time under delayed application of 
load is reduced significantly compared to configurations 
2–3. This can be explained by the higher terminal voltage 
at the motor’s terminals compared to the terminal voltages 
in configurations 1 and 2-3.  

 
Fig. 9.  Simulations results for an IBR-based motor blackstart with voltage 
ramp to soft start the system to suppress inrush current. Waveforms are from 
the top: source voltage, source current, motor current, and motor rpm. 

To avoid excessive current in the beginning of a black start, 
including saturated-transformer inrush current, IBRs can 
gradually increase the terminal voltage. This approach will also 
help the synchronization of multiple IBRs at remote locations. 
To simulate this, an additional simulation is run whose setup is 
the same as in configurations 2–3/b/iii, and the results are 
shown in Fig. 9. The terminal voltage is sustained at the level 
that avoids the current exceeding the rated value. As expected, 
the ramping voltage eliminates the inrush current. Moreover, 
the motor can sustain the load applied after it reaches the steady 
state unlike the situation in 2–3/b/iii earlier where the motor 
stalled when 1.2 times the motor’s rated current was allowed 
from the IBR. This further indicates the usefulness of soft-start 
for blackstart using IBRs. 
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V. CONCLUSION AND FUTURE WORK  
This paper presented modeling and simulation work that 

was performed to identify the technical feasibility and potential 
challenges of an IBR-driven black start. An inverter behavioral 
model to mimic current-limited operation was developed in the 
MATLAB Simulink/Simscape environment. The simulations 
show that a typically-sized current-limited inverter can black-
start a large induction motor provided it is unloaded or the load 
is added after the motor has reached a steady state; however, 
the time required for the motor to reach a steady state is 
significantly longer when the source is current limited because 
of the reduced current and voltage. The start time can be 
reduced if multiple IBRs can collectively start the motor, which 
helps supply additional motor-starting current.  

The presented results, however, should be taken as an initial 
study to identify the potential feasibility of an IBR black start 
in light of the assumptions in the simulations that might not hold 
in real-world implementation. Therefore, high-fidelity 
modeling of the system components and hardware validation 
are important follow-on research steps in this topic. Limitations 
of this work and future investigation opportunities are as 
follows: 

1) Inverter Model  
Ideal current sharing is assumed among multiple IBRs in the 

simulations, but the current-sharing behavior of inverters in 
parallel and/or at a distance would be greatly affected by their 
control algorithm, dynamic performance, interaction with 
IBRs, and other system assets that necessitate high-fidelity 
modeling and field demonstration. A study on harmonics 
generation and multiple inverter synchronization would also be 
necessary. 

2) Motor Model 
The non-zero no-load torque that is always present and must 

be overcome (e.g., static friction torque) was not modeled. 
Although the latter is typically small, actual tests can reveal if 
the near-rated-current supplied to the motor at the time of black 
start is enough to overcome such parasitic torques. 

3) More detailed Modleing of the Four Configurations 
Simulation of blackstart with IBRs in the four 

configurations can be made more accurate by adding details 
such as the sequence in which motor loads will be started in a 
power plant to black-start a generator, different load torque 
profiles, transformer saturation, and considering different IBR 
technologies and their capabilities to support blackstart. E.g., 
type 3 wind turbines operating in grid-forming mode that can 
provide high short circuit current to support in-rush current 
requirements during blackstart [16]. 

4) Protective Relay Modeling 
 Accurate modeling of motor protection functions is also 

important. It was observed that when the current that a motor 
can draw from the IBR during startup is limited to 1.2 times its 
rated current, it takes a long time to start. Although the current 
is not significantly above the motor’s rated current, modeling 
of motor thermal protection can provide a more complete 

understanding of its performance during motor blackstart. In 
addition, modeling of protective relays in the path between the 
IBR(s) and the motors to be started is important to ensure that 
the black start with IBRs is safe and reliable. Such modeling 
will also reveal if protective relay settings and current strategies 
for setting relays during a black start need to be adjusted to 
facilitate a black start with IBRs.  

REFERENCES 
[1] “Glossary of Terms Used in NERC Reliability Standards.” North 

American Electricity Reliability Corporation, 12-Aug-2019. 
[2] M. Adibi et al., “Power System Restoration - A Task Force Report,” 

IEEE Transactions on Power Systems, vol. 2, no. 2, pp. 271–277, May 
1987. 

[3] Burns & McDonnell Engineering Company, Inc, “2017 Black Start 
Study,” ISO New England, Kansas City, Missouri, Project No. 101421, 
Jan. 2018. 

[4] “FERC-NERC-Regional Entity Joint Review of Restoration and 
Recovery Plans - Blackstart Resources Availability,” May 2018. 

[5] Ömer Göksu, Oscar Saborío-Romano, Nicolaos A. Cutululis, and Poul 
Sørensen, “Black Start and Island Operation Capabilities of Wind 
Power Plants,” in International workshop on Large-Scale Integration of 
wind Power into Power Systems as well as on Transmission Networks 
for Offshore wind Power Plants, Berlin, Germany, 2017. 

[6] Y. Tang, J. Dai, Q. Wang, and Y. Feng, “Frequency Control Strategy 
for Black Starts via PMSG-Based Wind Power Generation,” Energies, 
vol. 10, no. 3, p. 358, Mar. 2017. 

[7] “California battery’s black start capability hailed as ‘major 
accomplishment in the energy industry,’” Energy Storage News. 
[Online]. Available: https://www.energy-storage.news/news/california-
batterys-black-start-capability-hailed-as-major-accomplishment-i. 
[Accessed: 30-Oct-2019]. 

[8] “Siemens ESS for black starting power plant www.bestmag.co.uk.” 
Available: https://www.bestmag.co.uk/industry-news/siemens-ess-
black-starting-power-plant-0. [Accessed: 30-Oct-2019]. 

[9] M. Braun et al., “The Future of Power System Restoration: Using 
Distributed Energy Resources as a Force to Get Back Online,” IEEE 
Power and Energy Magazine, vol. 16, no. 6, pp. 30–41, Nov. 2018. 

[10] Ying Jiang-Hafner, H. Duchen, M. Karlsson, L. Ronstrom, and B. 
Abrahamsson, “HVDC with voltage source converters - a powerful 
standby black start facility,” in 2008 IEEE/PES Transmission and 
Distribution Conference and Exposition, 2008, pp. 1–9. 

[11]  M. Lu, G.-S. Seo, M. Sinha, F. Rodriguez, S. Dhople, and B. Johnson, 
“Adaptation of commercial current-controlled inverters for operation 
with virtual oscillator control,” in 2019 IEEE Applied Power 
Electronics Conference and Exposition (APEC), pp. 3427–3432, Mar. 
2019. 

[12]  E. Lockhart, H. Jain, and G.-S. Seo, 2019. Evaluation of the Feasibility 
of PV plus Storage to Provide Black Start Services: Preprint. Golden, 
CO: National Renewable Energy Laboratory. 

[13] “RTO-Wide Five-Year Selection Process Request for Proposal for 
Black Start Service.” PJM Interconnection, 01-Feb-2018. 

[14] “Technical catalog: High voltage engineered induction motors.” 
[Online]. Available: https://search-
ext.abb.com/library/Download.aspx?DocumentID=9AKK103508&Lan
guageCode=en&DocumentPartId=&Action=Launch. [Accessed: 10-
Jun-2019]. 

[15] V.K. Rao, P.S. Murty, M.S. Reddy, and S.A. Sunderasan, “Study of 
Accelerating Torque Requirements of a Reciprocating Compressor,” 
presented at the International Compressor Engineering Conference at 
Purdue, West Lafayette, Indiana, USA, 1996 

[16].  E. Muljadi, N. Samaan, V. Gevorgian, J. Li and S. Pasupulati, 
"Different Factors Affecting Short Circuit Behavior of a Wind Power 
Plant," in IEEE Transactions on Industry Applications, vol. 49, no. 1, 
pp. 284-292, Jan.-Feb. 2013. 

 

 


