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Abstract— In order to address the recent inclement weather-

related energy events, electricity production is experiencing an 

important transition from conventional fossil fuel based resources 

to the use of Distributed Energy Resources (DER), providing clean 

and renewable energy. These DERs make use of power electronic 

based devices that perform the energy conversion process 

required to interface with the utility grids. For the particular cases 

where DC/AC conversion is required, grid-forming inverters 

(GFMI) are gaining popularity over their grid-following (GFLI) 

counterpart. This is due to the fact that GFMI do not require a 

dedicated Phase Locked Loop (PLL) to synchronize with the grid. 

The absence of a PLL allows GFMI to operate in stand-alone (off-

grid) mode when needed. Nowadays, inverter manufacturers are 

already offering several products with grid-forming capabilities. 

However, modeling the dynamics of commercially available GFMI 

under heavy loads or faults scenarios has become a critical task 

not only for stability studies, but also for coordination and 

protection schemes in power grids (or microgrids) that are 

experiencing a steady growth in their levels of DERs. Based upon 

experimental low-impedance fault results performed on a 

commercially available GFMI, this paper presents a modeling 

effort to replicate the dynamics of such inverters under these 

abnormal scenarios. The proposed modeling approach relies on 

modifying previously developed GFMI models, by adding the 

proper dynamics, to match the current and voltage transient 

behavior under low-impedance fault scenarios. For the first 

inverter tested, a modified CERTS GFMI model provides 

matching transient dynamics under faults scenarios with respect 

to the experimental results from the commercially available 

inverter.   
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I. INTRODUCTION  

From the energy generation and transmission perspective, 
addressing the legitimate concerns in regard to the 
environmental footprints caused by the massive use of fossil 
fuels has become a critical initiative among utility companies 
and governmental energy agencies around the world [1]-[2].  
While the energy generation paradigm is shifting away from 
conventional fossil fueled resources to a systemic and gradual 
increase in the use of sustainable renewable resources, the state 
of practice must also transition from reactive to resilient [3]. In 
such a scenario, renewable Distributed Energy Resources 
(DERs) should not only be able to provide for the energy 
demands, but also coordinate with the main generation sources 

in the grid and the end customers in order to maintain the 
system’s stability, reliability, and protection. Emerging 
microgrid architectures demand the use of novel and adaptable 
power electronic interfaces that have the ability to manage DER 
regardless of the presence of a conventional energy source 
providing the main power to the microgrid [4]-[5]. The 
flexibility of a well-managed DER allows them to transition 
from grid-tied to islanded scenarios, combined with the ability 
to share the load demands with other DER, provide significant 
benefits in contingency scenarios that challenge the integrity of 
the system in the form of natural disasters or extreme weather 
conditions [6]. The key technical route to achieve this type of 
dynamics is by using cooperative synchronization [7], which not 
only allows for a stable dynamical compatibility between DER, 
but also permits them to transition and operate from a 
hierarchical power management to a more lateral and 
democratized perspective [8]-[9].  

The proliferation of the interconnection of grid-following 
inverters (GFLIs) into hybrid power systems, along with the 
proper use of the ancillary functions that they provide [10]-[11] 
(e.g. volt-var, frequency-watt, fixed power factor) make GFLIs 
extremely useful to improve resiliency and stability by means of 
voltage [12] and frequency regulation. However, one of the main 
drawbacks of GFLI is the requirement of a synchronization 
mechanism, such as a phase locked loop (PLL), which allows 
the required phase-angle tracking with the grid [13]. In the 
absence of a stiff voltage reference at their point of common 
coupling (PCC), GFLI cease to operate, causing a significant 
drop in the power provided by them. This poses the risk of 
completely losing power services in cases where only GFLI are 
used as DER. In order to comply with the autonomous 
synchronization demands imposed on their DER constituents by 
modern microgrid control architectures, grid-forming inverters 
(GFMI) respond to this call due to their intrinsic synchronization 
control scheme embedded in the droop regulation characteristics 
in their frequency and voltage controllers [9],[14]. GFMI have 
the ability to control voltage and frequency at their PCC, similar 
to that of a synchronous generator (SG). This means that they 
can help in supporting the system’s frequency and voltage while 
also providing power to the system loads, decreasing the 
dependency of mechanical inertia from SGs. Previous research 
has demonstrated that the benefits of using GFMI to replace 
diesel generators in microgrids to provide spinning reserve 
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devices by improving the frequency nadir during partial power 
loss scenarios [15]. 

Currently, the modeling and integration of new GFMI 
control schemes is a very active line of research. The model 
provided by The Consortium for Electric Reliability Technology 
Solutions (CERTS) [16] has been widely used due to its simple 
and highly reliable control scheme, allowing both voltage and 
frequency regulation. Furthermore, the CERTS model presents 
an upgraded version in [17], which addresses the problem of 
GFMI dynamics during overloading conditions, a topic 
normally overseen but of great importance. Another widely used 
GFMI model is the virtual synchronous generator (VSG) [18], 
also referred to as synchronverter in [8]-[9]. The VSG emulates 
the dynamic equations of a SG embedded in its control scheme. 
This scheme utilizes the concepts of emulated inertia time-
constant and virtual impedance, which are programmable input 
parameters allocated in the memory of the VSG controller, as in 
the case of the commercially available ABB PCS-100 inverter 
[19]. Lastly, another highly promising GFMI model is the 
virtually controlled oscillator (VCO) scheme [20]–[23] which 
explores the inherent synchronization dynamics of non-linear 
oscillators to provide grid-forming capabilities.  

The inherent nature of GFMI is to follow the supplied loads, 
making them prone to severe overcurrent transients in the 
presence of low-impedance faults. Therefore, accurate modeling 
of these dynamics, particularly of the GFMI available in the 
market, is crucial to understand and analyze. Furthermore, 
inverter manufacturers are reluctant to provide useful 
information to aid in the modeling due to intellectual property 
conflicts. Herein, this paper complements the work reported in 
[24]-[25] by providing GFMI models that replicate the dynamics 
of the experimental results of such inverters under ground fault 
scenarios. The presented experimental results for grounded 
faults were performed in the Distributed Energy Technologies 
Laboratory (DETL) located at Sandia National Laboratories.  

II. MODEL WITH VOLTAGE AND CURRENT CLIPPING 

A. Theoretical Background 

Based on voltage and current traces reported in [24]-[25], it 
can be observed that their magnitudes are clipped right after a 
fault occurrence. This protection scheme resembles the constant 
current curtailment method widely used in DC/DC converters 
[26], where voltage-current characteristics are shown in Fig. 1.  

 

Fig. 1.  Voltage-Current Characteristics of Constant Current 

Protection Mode for DC/DC Converters. 

The green traces represent different linear load 
characteristics that drive the converter under overloading or fault 
conditions. When the converter operates within rated current 
values, the voltage is regulated regardless of the current being 
supplied to the load, which is represented by the purple line 
labeled |Zrated|. As the load impedance decreases and approaches 
to |Zcrit|, a critical point is reached where the maximum 
permissible current, Imax is being supplied. At this point, the 
constant-current curtailment scheme is enabled, as shown by the 
red area in Fig. 1. Notice that as the load impedance decreases 
below |Zcrit| the magnitude of the supplied voltage also decreases 
while curtailing the output current to Imax. In the case of a GFMI, 
the output current is determined by the maximum allowable 
current of the semiconductor switches that form the H-Bridge 
where the DC/AC power conversion takes place. That is to say, 
this current protection scheme is used to protect the 
semiconductor devices of a power converter against severe 
overcurrent scenarios by modulating the output voltage 
according to the load impedance. For GFMI topologies to use 
the aforementioned constant-current clipping protection 
scheme, it is important to have a good estimation of the 
impedance of the load being supplied. Thus, the estimated 
impedance |Zest| is used twofold: i) to trigger the protection 
scheme once it falls below |Zcrit|; and ii) to drive the output 
voltage while in the protection zone by just following Ohm’s 
law, VO =  |Zest| · Imax.  

For DC/DC converters, the impedance calculation can be 

easily implemented by taking the ratio of the corresponding 

voltage and current values. However, for time-varying signals, 

the raw sensed values cannot be used due to the zero crossing 

nature of the current that will drive the ratio of V/I to 

undetermined values. The estimation of this V/I ratio for AC 

signals is discussed in the next section. 

B. Impedance Estimation Techniques 

Most modern digital protective relays use oversampling and 

the Discrete Fourier Transform (DFT) to obtain the 

fundamental phasor values of current and voltage, which 

subsequently are used to calculate the corresponding 

fundamental phasor impedance [27]-[28]. In the case of GFMIs, 

the power calculations rely on transforming the measured raw 

signals of voltage and current into either: the stationary αβ  

reference frame, or the synchronous dq reference frame [13]. 

Then, the aforementioned transformed values can be used not 

only to calculate the corresponding active and reactive powers, 

but also to calculate the peak, and subsequently, the effective 

RMS values used to estimate the V/I ratio. This peak estimation 

technique relies on the fact that the post-fault signals attain a 

sinusoidal or at least a periodic shape, where a 60 Hz 

fundamental component can be filtered.  

In the particular case of the CERTS control scheme, the 

power measurements are calculated using the stationary αβ 

frame, on which the sensed current and voltage signals are 

decomposed into their corresponding in-quadrature 

components [13], as shown in equation (1). 
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 A graphical representation of equation (1) is depicted in  

Fig. 2, where it is assumed that the instantaneous phase values 

of voltages and currents can be unfolded on the corresponding 

set of colored axes separated 120° from each other. The matrix 

coefficients in equation (1) describe the projections of such 

instantaneous values onto the in-quadrature αβ axes. Notice 

how the -1/2 coefficients project the instantaneous values of 

phases b and c onto the α axis, whereas the ±√3/2 coefficients 

project them onto the β axis. 

 

Fig. 2.  Graphical Representation of the abc to αβ Transformation. 

 If the instantaneous sinusoidal three-phase signals are 

balanced in magnitude and phase, their projections onto the αβ 

frame will vary in such a way that, if both αβ components are 

added as vectors, their locus describes a circle, as depicted in 

Fig. 3, whose radius corresponds to the amplitude of the three-

phase signals and the frequency of rotation of the main vector 

corresponds to the fundamental frequency of such signals  

(ωc = 377 rad/s). The rotating vector in Fig. 3 resembles the 

rotating magnetic field induced in the stator of a synchronous 

machine when a set of balanced three-phase voltages are 

applied at the stator terminals.  

 

Fig. 3.  Circular Locus Described in the αβ-Frame by a Set of 

Balanced Three-Phase Signals. 

 The details of the algebraic analysis based upon the space-

phasor representation that shows the evolution of equation (1) 

into the circular locus shown in Fig. 3 can be found in [29].  

Using Fig. 3 as a reference, and assuming the use of the αβ 

frame, the peak values of voltages and currents can be obtained 

using equations (2) and (3). 
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These values are used to calculate the load impedance, given 

by equation (4). 
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Equations (2) through (4) demonstrate that the internal 
measurements of an inverter can provide very insightful 
information about the dynamics under fault scenarios in a very 
similar way CTs and PTs provide signal information to 
protective relays. 

Notice that the above analysis and impedance calculation 
was based upon sets of balanced three-phase voltages and 
currents. For the particular case of single-phase GFMIs a 
different approach must be taken to transform the measured 
voltages and currents into the αβ frame. The instantaneous 
values of the single-phase signals are projected into the α axis. 
To describe a circular locus with only one sinusoidal signal 
available, a fictitious β axis is created by projecting a 90°  
lagging version of the original signal onto such fictitious axis, as 
shown in Fig. 4. The delay element can be implemented in 
different ways, but the two most common are: a transpose delay, 
and a regular derivative. Both implementations can have a 
significant impact on the initial current overshoot right after 
fault inception.  

 

Fig. 4.  Projections of a Single-Phase Sinusoidal Signal into the αβ-

Frame. 
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C. Modified Single-Phase CERTS Model 

The CERTS control scheme was modified to implement the 
aforementioned current protection scheme as shown in Fig. 5. 
The αβ components of the current and voltage are the inputs to 
the constant-current curtailment protection block, which in 
return provides the control (triggering) signal and the saturation 
voltage limits to the dynamic-saturation block that follows the 
modulated signals from the voltage and frequency-droop control 
blocks. The phase delay depicted in Fig. 4 was implemented in 
two ways: i) using a transport delay block, and ii) using a regular 
derivative block. 

III. EXPERIMENTAL RESULTS COMPARISONS 

In order to compare the dynamics under fault scenarios of 
the model depicted in Fig. 5, experimental tests were performed 
on a commercially available single-phase inverter, hereinafter 
referred to as the device under test 1 (DUT 1). DUT 1 is a 5 kW 
rated GFMI operating at a voltage level of 240 V. Its voltage and 
current traces under a ground fault [24] with an impedance of Zf 
= 2.4 Ω, is compared in Fig. 6 against the traces generated with 
the modified CERTS model. The traces labeled as Model 1 
represent the phase delay implementation using a derivative 
block, whereas the traces labeled as Model 2 represent the phase 
delay implementation using a transport delay block. In order to 
visualize the details in the nuances between the inverter and the 
simulation model,  the magnified portions of the traces focusing 
on the transient dynamics right after fault inception are shown 
in Fig. 7.  Notice some slight transient mismatches right after 
fault inception that can be attributed to different output filter 
characteristics. It is important to clarify that this fraction of the 
fault current component in particular is complicated to replicate 
due to manufacturer’s reluctance to share information about the 
filter topology, components, and their respective values. 
However, the current spike shown by the Model 1 trace is very 
similar to the experimental current trace followed by a good 
correlation between the dynamics of two traces in the steady-
state period of the fault. The current spike from the trace of 
Model 2 differs from the experimental current overshoot for 
about 2 p.u., which can be attributed to the nonlinear dynamics 
imposed by the transport delay block of the simulation model.  

 

Fig. 5.  Modified Single-Phase CERTS Control Scheme with 

Constant-Current Curtailment Protection. 

 
(a) 

 
(b) 

Fig. 6.  Fault Dynamics of DUT 1 with the Modified CERTS Models 

with Different Implementations of the 90o Delay Block. (a) Voltage 

Response Waveform. (b) Current Response Waveform. 

 
(a) 

 
(b) 

Fig. 7.  Magnified Portion of Voltages and Currents Right After the 

Fault Inception. (a) Voltage Response Waveform. (b) Current 

Response Waveform. 

The second inverter tested, hereinafter referred to as the 
device under test 2 (DUT 2), is a three-phase GFMI rated 9 kW 
at 208 V. According to the manufacturer’s specifications, the 
three-phase system is formed with three semi-independent, 
single-phase GFMI units where the one corresponding to phase-
A dictates and communicates the frequency reference to the 
other two phases. The semi-independence nature of the inverter 
relies on the fact that each phase regulates its corresponding 
voltage magnitude without assisting the other phases. On the DC 
side, only one battery supplies the three single-phase inverters. 
The operational diagram of such an inverter is depicted in Fig. 8 
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Fig. 8.  Operational Diagram of DUT 2 and Single Line to Ground 

Fault Experimental Setup. 

The simulation model for comparison against experimental 
results was developed using the above operational description. 
Three single-phase CERTS models with their corresponding 
current curtailment scheme were used. Also, only the derivative 
block was used to implement the corresponding 90⁰ phase lag on 
each single-phase model. 

 
(a) 

 
(b) 

 
(c) 

Fig. 9.  Comparison of Voltage Waveform Dynamics of the DUT 2 

with the Simulation Model. (a) Phase A. (b) Phase B. (c) Phase C. 

 
(a) 

 
(b) 

 
(c) 

Fig. 10.  Comparison of Current Dynamics of DUT 2 with the 

Simulation Model. (a) Phase A. (b) Phase B. (c) Phase C. 

In order to test the aforementioned phase semi-independence 
under the presence of a ground fault, a single line to ground fault 
(SLG) was applied to phase-A of DUT 2, with a fault impedance 
of, Zf  = 1.5 Ω. The experimental setup is depicted in Fig. 8. The 
comparison between voltage dynamics right after fault inception 
is shown in Fig. 9. Notice from these results that due to the 
independent voltage regulation of each phase, only the faulted 
phase activates its corresponding curtailment scheme and 
modulates the voltage according to the calculated impedance 
from equation (4). 

The comparison between current dynamics is shown in  
Fig. 10. Due to the nature of the experimental test, as illustrated 
in Fig. 8, phases B and A do not contribute to the fault current, 
leaving the total fault current contribution to the phase A 
inverter. From the faulted phase traces shown in Fig. 9 and  
Fig. 10, it can be observed that after slight transient mismatches 
due to the output filter, there is a significant correlation between 
both voltage and current traces of DUT 2 and the proposed 
model, which demonstrates a high level of accuracy of the 
proposed simulation model. 

Lastly, a double line to ground (DLG) fault was applied to 
phases A and B of DUT 2. The fault dynamics comparisons for 
voltage and current of the three phases are shown in Fig. 11 and 
Fig. 12, respectively. Notice again that after the fault inception 
transients, the correlation between the fault traces of the 
simulation model and DUT 2 showed a high degree of accuracy. 
As with the previous fault case, the phase on which the fault was 
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not applied (phase C) remained operating regularly due to the 
semi-independence nature of the inverter. 

 

Fig. 11.  Comparison of Voltage Waveform Dynamics of the DUT 2 

with the Simulation Model for a DLG. (a) Phase A. (b) Phase B. (c) 

Phase C. 

 

Fig. 12.  Comparison of Current Waveform Dynamics of the DUT 2 

with the Simulation Model for a DLG. (a) Phase A. (b) Phase B. (c) 

Phase C. 

IV. CONCLUSIONS 

Most GFMI models focus on steady-state, power sharing, 
and mode transitions, but additional research and validation is 
needed for GMFI models during transients or faults when they 
reach their current limiting controls.  This paper proposed and 
implemented a modified GFMI CERTS model that accurately 
models the current dynamics during faults.  The modifications 
are based upon the constant current curtailment protection 
widely used in DC/DC converters, and make use of the original 
model measurements in the αβ-frame domain. The simulation 
models were directly compared to hardware experiments of 
commercially available single-phase and three-phase GFMIs 
during ground faults. Simulation and experimental results 
showed very similar transient dynamics.  
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