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Abstract— With increasing popularity of sustainable energy 
resources, research on power electronic-based renewable 
generation modeling is gaining impetus to enhance reliability of 
electric grids with high penetrations of renewable energy. A set of 
generic and public models for renewable energy are available in 
commercial positive sequence power system simulation software. 
However, advanced controller models applicable for renewable 
resources are typically not included in these tools. To ensure the 
integrity of the newly developed controller models for renewables 
in positive sequence simulators for large power systems, it is 
necessary to validate the dynamic performance of the proposed 
model with detailed electromagnetic models. This paper creates 
an equivalent test bed in PSCAD and PSLF for validating the 
performance of advanced controllers associated with renewable 
energy sources. To demonstrate the usefulness of the test-bed, a 
user-defined synthetic inertia (SI) controller model was 
developed in PSLF and validated through the proposed test bed. 

Index Terms—Renewable energy modeling, PSLF, Synthetic 
inertia, PSCAD 

I. INTRODUCTION 
Power system transient stability analysis, both in terms of 

short-term rotor angle stability and voltage stability, is 
conducted for reliable operation of power systems [1]. This 
becomes even more important with burgeoning renewable 
generation penetration in the grid [2]. Per the state’s renewable 
portfolio standards [3], California has set an ambitious goal of 
realizing 50% renewable energy procurement by 2030. As such, 
the electric utilities are trying to enhance their renewable energy 
penetration level without violating the Western Electricity 
Coordinating Council (WECC) transmission system planning 
criteria [4]. Hence, identifying the maximum threshold for 
renewable energy penetration without incurring stability limit 
violations is an important domain of research. With increasing 
penetration levels of inverter-based generation, the inherent 
inertia of the grid to respond to transient events such as loss of 
a generator and load change diminishes [5]. As a result, there is 
growing interest in deploying advanced control strategies in 
renewable energy resource inverters so that these resources can 
provide reliability support to the grid, a function that has 
hitherto been the domain of synchronous generators. Synthetic 
inertia (SI) controllers are an example of such advanced control 
techniques being added to the renewable energy resource 
inverters [6]. 

As the new controllers are deployed, a key challenge for 
power system planners is to understand the performance of the 
controllers and their impact on the dynamics of the bulk power 
system. Electromagnetic transient (EMT) simulation programs 
enable the most accurate evaluation of the performance of the 
inverters and their control strategies. However, excessive 
simulation time for EMT simulations makes it hard to apply 
these models to large-scale planning studies where several 
scenarios may need to be run on power system models with 
several tens of thousands of buses. To overcome this limitation, 
simplified models that are well suited for electromechanical 
transient simulations are developed and used for large-scale 
planning studies. The simplified models must closely replicate 
the behavior of the inverters and their controllers at the time 
scales of interest in the electromechanical simulations. In light 
of this discussion, this paper presents the work that we have 
done to develop an equivalent test bed in PSCAD and PSLF 
that can be used to (i) evaluate the performance of the inverter 
models and their advanced controllers, (ii) develop and validate 
simplified electromechanical transient simulation inverter 
models for large-scale planning studies in positive sequence 
simulators. 

The general strategy of developing a new controller model 
in a positive sequence software is as follows: (i) Perform 
laboratory experiments and field testing to find out the model 
parameters of the controller accurately, (ii) implement the 
detailed model of the controller in an electromagnetic software 
such as PSCAD/EMTDC and finally, (iii) implement the slower 
electromechanical dynamics of the controller in a positive-
sequence simulator. Once, the slower dynamics of the 
controller are modeled in PSLF, it is necessary to validate the 
performance of the controller (in PSLF and PSCAD) with 
respect to a reference system. The key challenges in finding the 
reference test-bed where the controller model can be validated 
are as follows: 
1) It is very difficult to find a reference system with identical 

machine models in PSLF and PSCAD because each 
software may not have all the models in their respective 
model libraries. The generator, governor and excitation 
system modeling might not be the same in electro-
magnetic and electro-mechanical environments. As a 
result, it is essential to select the closest models in the 
respective software and fine-tune the machine parameters 
to obtain similar dynamic response. 
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2) Secondly, the initialization technique of the system 
dynamic states with the base-case power flow is different 
between PSCAD and PSLF. Therefore, bringing the 
models in the two software to the same steady-state before 
initiating a disturbance can be a challenging task. 

In this paper, the above challenges are addressed using a 
methodical approach. The nuances of the initialization 
methodology in PSLF and PSCAD are briefly discussed, which 
might be useful to future researchers working with software 
such as PSLF and PSCAD.   Unlike the conventional generator 
models, power-electronic based models have faster switching 
characteristics, which can only be appropriately modeled in 
electromagnetic simulation platform. However, such modeling 
is not feasible using electromechanical simulation because it 
only characterizes the slower dynamics of the system. In this 
respect, this paper differs from prior research [7]-[11] in the 
domain of model validation in the following way: it produces 
an equivalent platform to develop and validate any user-defined 
model in electromechanical transient stability software such as 
PSLF from the detailed electromagnetic modeling in PSCAD. 
In addition, the PSCAD version of the proposed test bed would 
be useful to study unbalanced fault scenarios that cannot be 
studied in positive sequence simulators. 

The rest of the paper is structured as follows. Section II 
describes the methodical approach that was used to realize the 
desired objective. It enumerates the steps of how the 
compatibility of the test bed was maintained in both PSCAD 
and PSLF.  Section III demonstrates the utility of the equivalent 
test bed to validate a user-defined synthetic inertia controller in 
PSLF from its detailed implementation in PSCAD. Finally, 
Section IV summarizes the major contributions of this research. 

II. PROPOSED METHODOLOGY 
The IEEE 9-bus system was used to create two equivalent 

standard test cases in PSCAD and PSLF. The power flow data 
for the system is available in [12].  Following steps were 
followed to create the equivalent test bed: 
Step 1: Validate the power flow in PSLF and PSCAD. 
Step 2: Select the equivalent machine models. 
Step 3: Obtain close pre-disturbance steady state in the two 
software. 
Step 4: Fine-tune the machine parameters. 
Step 5: Integrate a renewable energy resource in the network. 
These steps, and the results obtained at each step are described 
in detail next. 
Step 1: The power flow results of the standard IEEE 9-bus 
system are validated in Table I. The errors in voltage 
magnitude and phase angle in PSLF and PSCAD are between 
±0.001 p.u. and ±0.04°, respectively. 

Step 2: After the successful validation of the power flow 
results, the closest dynamic models of the synchronous 
generators were selected in PSCAD and PSLF. With reference 
to the standard IEEE 9-bus system, the different machine 

models that were used in the two software platforms are 
summarized in Table II. Among the three generators, two were 
modeled as steam power plants and third was modeled as a 
hydropower plant. 

Table I: Power flow results in PSCAD and PSLF 

 PSLF PSCAD Error 
 Volt. 

Mag. 
(p.u.) 

Volt. 
Ang. 
(deg.) 

Volt. 
Mag. 
(p.u.) 

Volt. 
Ang. 
(deg.) 

Volt. 
Mag. 
(p.u.) 

Volt. 
Ang. 
(deg.) 

Bus 1 1.04 0 1.039 0.021 0.001 0.021 
Bus 2 1.025 9.35 1.025 9.33 0 0.020 
Bus 3 1.025 5.14 1.024 5.12 0.001 0.020 
Bus 4 1.025 -2.22 1.025 -2.19 0 -0.030 
Bus 5 0.999 -3.68 0.9996 -3.64 -0.0006 -0.04 
Bus 6 1.012 -3.57 1.012 -3.53 0 -0.04 
Bus 7 1.027 3.80 1.026 3.77 0.001 0.030 
Bus 8 1.017 1.34 1.017 1.32 0 0.02 
Bus 9 1.033 2.44 1.032 2.42 0.001 0.02 

Table II: Equivalent machine models in PSCAD and PSLF 

Type Equipment PSCAD PSLF 

Hydro-
power 

plant at 
bus 2 

Generator Sync1  Genrou 

Exciter AC1A Exac1 

Turbine/Governor Hydro Tur1 
/Hydro Gov 1 

Hygov4 

Steam 
power 

plant at 
bus 1 
and 3 

Generator Sync1  Genrou 

Exciter AC1A Exac1 

Turbine/Governor Steam Tur1/ 
Steam Gov4 

Ieeeg1 

Step 3: Initialization methodology can vary between software. 
For example, in PSLF, when the “Ieeeg1” governor model was 
initialized, the initial valve position of the turbine gate was 
automatically selected based on the initial power flow and the 
contribution coefficients of the low-pressure and high-pressure 
turbines; however, in PSCAD, the initial valve position needed 
to be set manually before the dynamic simulations could be 
started. In this regard, the nuances of the initialization 
mechanism of the electromagnetic and electromechanical 
software were addressed before running the time-domain 
simulations. 

Step 4: As the next step, many trials of time-domain simulation 
were run in PSCAD and PSLF to fine-tune the machine 
parameters. The successful tuning of the machine parameters 
is clear from the time-domain response of the three generators 
for a three-cycle bolted fault applied at bus 8. Fig. 1 compares 
the voltage profile of the generators in PSCAD and PSLF, 
which match closely between the two software.
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Fig. 1: Comparison of terminal voltage of different generators in the 
IEEE 9-bus system 

Step 5: A renewable energy resource was added in the system at 
bus 5. In PSLF the generic generator/converter model “regc_a” 
is used to represent renewable generation. The “reec_a” 
electrical control model is used for wind power generation. 
Similarly, the electrical control model used for representing 
“solar PV” and “battery energy storage” are “reec_b” and 
“reec_c”. A simplified model based on constant current injection 
was used in PSCAD to correspond to the slower dynamics of the 
system in PSLF. To compare the frequency response of the 
system, 30 MW of load is suddenly increased at bus 6. Fig. 2 
shows that the profile of frequency measured at bus 3 matches 
very closely in PSCAD and PSLF. Fig. 3 compares the active 
power response of the generator at bus 3. 

 
Fig. 2: Frequency variation at bus 3, observed in PSCAD and PSLF 

 
Fig 3: The active power response of the generator at bus 3. 

For quantitative comparison of the active power response of 
the generators in PSLF and in PSCAD two metrics were used: 
the root means square error (RMSE) and cross correlation 
coefficients (CCF) between the signals in PSCAD and PSLF. 
The RMSE shows the closeness of the results between PSLF 
and PSCAD, while the property of cross-correlation detects the 
degree of similarity of one-signal with respect to the other 
signal. Table III lists the RMSE in frequency and the active 
power at the generator buses of the network. Table IV 
compares the correlation coefficient between the frequency 
response and active power response in PSCAD and PSLF. 
Since, the correlation coefficients are close to 1 as observed 
from the table, the frequency and the active power response of 
the system in the two software is equivalent. 

Table III: Errors between the frequency response and the 
active power response in PSCAD and PSLF 

 RMSE in Freq. (Hz) RMSE in Power (MW) 

Generator 1 0.0031 0.0024 
Generator 2 0.0031 0.0024 
Generator 3 0.0031 0.0008 

Table IV: Correlation between the frequency response 
and the active power response in PSCAD and PSLF 

 CCF in Freq. (Hz) CCF in Power (MW) 

Generator 1 0.999 0.991 
Generator 2 0.999 0.983 
Generator 3 0.999 0.995 

III. APPLICATION OF THE TEST BED 
The testbed created was used to validate the modeling of the 

SI controller in PSLF from the detailed device-level modeling 
in PSCAD. For this purpose, renewable energy resource (wind, 
solar PV, or BESS) associated with SI controllers is integrated 
into the system at bus 5, as shown in Fig. 4.  A rate of change 
of frequency based synthetic inertia controller was designed, 
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associated with the renewable energy sources. The local 
frequency of the system measured from bus 5 is used as the input 
to the SI controller. For synchronous machines, the inertial 
response is the spontaneous release of the stored kinetic energy 
of the rotating rotor. Because of the imbalance of active power 
generated by the active power loading of a generator, the rate of 
change of frequency (ROCOF) is obtained from the swing 
equation, shown in (1): 

2𝐻𝐻
𝜔𝜔𝑠𝑠

 �
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑
� = 𝑃𝑃𝑔𝑔𝑔𝑔𝑔𝑔 − 𝑃𝑃𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙                                                           (1) 

where 𝑃𝑃𝑔𝑔𝑔𝑔𝑔𝑔  denotes the mechanical power produced by the 
generator in per unit, 𝑃𝑃𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙  denotes the electrical load on the 
machine in per unit, 𝐻𝐻 is the inertia constant (in 𝑠𝑠), and 𝜔𝜔 is 
the system angular frequency in 𝑟𝑟𝑟𝑟𝑟𝑟/𝑠𝑠  and 𝜔𝜔𝑠𝑠  is the 
synchronous speed in rad/s. 

Thus, to model the SI associated with RES, equation (1) is 
replicated by developing an equivalent transfer function. As 
shown in Fig. 4, the 𝑠𝑠𝑇𝑇2 is the main block that produces the 
ROCOF. 𝐺𝐺1

1+𝑠𝑠𝑇𝑇1
 is the low-pass filter block. For hardware 

implementation, accurate measurement of  𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

 is associated 
with a noise amplification process. To nullify the low 
frequency noise, the low-pass filter block is used. The ROCOF 
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

 is multiplied by 𝐻𝐻 to obtain the equivalent change in power 
output in per unit. Selection of an equivalent inertia constant 
𝐻𝐻 for renewables should be done in perspective of the desired 
amount of primary frequency support to be provided by the 
controller. Finally, the ∆𝑃𝑃 in per unit is multiplied by the base 
MVA rating of the RES to obtain the required change in active 
power in MW. The ∆𝑃𝑃 in MW is the desired change in power 
output of the RES in response to ∆𝑓𝑓. Hence, the ∆𝑃𝑃 goes into 
the corresponding electrical control model—e.g., “reec_a”, 
“reec_b”, and “reec_c”—to change the power output of the 
generator/convertor model “regc_a” by an appropriate amount. 

 
Fig. 4: Simple modeling of SI controller 

As the first step to validate the performance of the SI 
controller action in PSLF, open-loop test was performed. It is 
called this because the test is done in isolation from the 
network. A step change in frequency (from 1 p.u. to 0 p.u.) is 
applied at the input of the SI controller at 5 s, which is depicted 
in Fig. 5. The response of the SI controller in PSLF and 
PSCAD is observed to be the same in the two software (see 
Fig. 6). The moment grid frequency falls from 1 p.u. to 0 p.u., 
the SI control action increases the active power output of the 
renewable generator as a frequency support mechanism. As the 
second step of model validation, the SI control action is 
validated using the proposed test bed. Fig. 7 and 8 depict the 
frequency response of the network and the active power 
response of a renewable machine when it is integrated into the 
grid with its corresponding SI controller. The renewable 
machine of 6-MVA rating is currently operating at a power 
output of 5 MW. When 30 MW of load at bus 6 is increased at 
1 second, the grid frequency dips as expected (see Fig. 7). In 
response to the momentary frequency dip, the renewable 
machine increases its active power output by virtue of its 
controller action (refer Fig. 8). Since, the renewable machine 
has a headroom of 1 MW, the active power output of the 
generator reaches a maximum of approximately 5.8 MW. The 
active power response of the renewable source is similar in 
PSLF and PSCAD, which validates the frequency control 
action of the SI model built in PSLF. 

 
Fig. 5: Step change in input frequency signal, at input of SI controller. 

 
Fig. 6: Response of the SI controller in PSCAD and PSLF 
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Fig. 7: Frequency response of the 9-bus system 

 
Fig. 8: Active power response of the BESS. 

IV. CONCLUSION 
The work proposed in this paper helped to create identical 

test beds in electromechanical and electromagnetic transient 
stability software. The uniqueness of the proposed test bed is 
that it provides the basis for testing the frequency response of 
SI controllers. In this paper, the proposed test bed helped to 
validate the modeling of the SI controller in PSLF from the 
detailed device-level modeling in PSCAD. In this perspective, 
the proposed test bed could be useful to validate the 
performance of advanced controllers of electronic-based 
renewable generators for a variety of applications. 

The validated SI model is currently being used to evaluate 
the impact of provision of SI from solar PV and battery storage 
on a 20,000+ bus Western Interconnection model under very 
high renewable penetration levels. 

The key contributions of this research can be summarized 
as follows:  
• Appropriate parameters of the equivalent machine models 

for the synchronous generators of the standard 9-bus 
system are selected in PSCAD and PSLF to attain the 
same dynamic response. 

• Even after integrating a renewable energy resource (wind, 
solar PV, or BESS), the same dynamic response and 
frequency response of the system is maintained in PSCAD 
and PSLF. 

• In Section IV, it was demonstrated how the proposed test 
bed can be beneficial to investigate the frequency response 
of the SI controllers.  

• NREL will make the power flow file and dynamic file of 
the developed equivalent IEEE 9-bus model in PSCAD 
and PSLF publicly available, so that researchers can use 
them to validate the dynamic performance of inverter-
based generation model and advanced controllers.  
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