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Abstract- With the increase of renewable energy into power
systems, the system inertia continuously decreases, which poses
challenges to the existing frequency regulating strategy. To
improve system frequency response in the low-inertia system,
Virtual Synchronous Generator (VSG) has been proposed in the
literature. This paper investigates the VSG frequency response
model and verifies the implementation at large scale. First, the
frequency response model of VSC is investigated. In addition,
the frequency response performance of the conventional
synchronous generator (SG), the renewable power plant, and
the renewable power plant with VSG are compared under
different penetration levels of renewable energy. The simulation
results show the capability of the CURENT Large-scale Testbed
(LTB) for real-world, large-scale power system simulation in
future scenarios and indicate that VSG-configured renewable
power plants can provide the power grid with adequate
frequency regulation ability under high renewable energy
penetration.

Keywords-VSG, frequency response, power system
simulation, high renewable penetration.

I. INTRODUCTION

In recent years, renewable power generation has emerged
as an important power generation resource. Solar and wind
power generations are 39% and 31% out ofthe newly installed
power generation capacity in the US, respectively, in 2021 [1].
At the same time, the conventional power generation units
have been gradually retired. As a consequence, the system
frequency stability is threatened by the decreased system
inertia [2]. To guarantee sufficient reserve for securing system
frequency, emerging technologies are used to provide
frequency support. An inertia emulation control strategy for
VSC-HVDC was proposed in [3]. Research work addressing
the second frequency drop in wind power plant frequency
response was compensated by a frequency compensation
strategy [4]. Frequency reserve can be shared across the
interconnected system [5], and the proposed corrective
frequency control can secure the system frequency in a
predefined range. For a renewable power plant, the Virtual
Synchronous Generator (VSG) control has drawn research
interests, which is also named synchro-converters [6] or
VISMA (Virtual Synchronous Machine) [7]. The study in [8]
proposed a novel VSC (Voltage Source Converter) which can
behave as a conventional synchronous generator (SG) with
power synchronization control, and thus can provide the
system with strong support. Current source controlled VSG
was reported to be prone to instability, whereas voltage
controlled VSG has the advantage ofmaintaining stability [9].
However, these studies focused on small-scale renewable
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power and left the verification ofVSG uninvestigated in large
scale system with high renewables.

The power grid develops towards integrating renewable
power generation and wide-area monitoring and control
[10][11], which challenges the system modeling by enlarging
the system complexity. As a result, it is desired to develop a
closed-loop testing tool to simulate the actual power grid.
Integrating different packages for co-simulation is an
economical solution that can reduce the development
investment. Hierarchical Engine for Large-scale Infrastructure
Co-Simulation (RELICS) is a low-cost way for users to utilize
multiple modules [12], but not all the modules follow the same
assumptions. Thus the validity of the results may not be
guaranteed. Another solution is to design different modules in
a common environment for numeric iteration and module
interfaces, like iTesla, [13]. However, it requires high-level
multi-domain knowledge. Therefore, the newly developed
close-loop co-simulation software called CURENT Large
Scale Testbed (LTB) [14]-[16] is used for the research purpose
as a virtual grid. The CURENT LTB consists of independent
packages, and such decoupled structure ensures the platform
flexibility and fidelity.

In this paper, the frequency response model of VSG is
investigated and compared with conventional SG. In the
frequency response, the VSG can be recognized as a
conventional SG without turbine and governor. The VSG
frequency response model is verified by the simulation results,
which are implemented in the newly developed CURENT
LTB. Also, the simulation results indicated that the LTB is
capable of modernized power system simulation under
emerging scenarios. The contribution of this paper can be
summarized as follow:

1) Using the closed-loop simulation of the newly
developed modernized power system co-simulation platform
LTB, the VSG frequency response model is investigated in
this paper.

2) Based on the LTB, the frequency response
comparison between conventional SG, the renewable power
plant, and the renewable power plant with VSG is conducted
under different renewable penetration levels.

This paper is organized as follows: Section II reviewed the
VSG control scheme and investigated the VSG frequency
response model. Section III discussed the newly developed
simulation platform LTB. Section IV conducted different
renewable penetration level simulations using the LTB.
Finally, Section V concluded this paper.
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II. VSG CONTROL SCHEME AND FREQUENCY RESPONSE
MODEL (5)

where Vd and Vq are the d and q axis voltage, and idrejand iqrej

are the d and q axis current reference.

The generated current reference is tracked by PI
controllers and used to generate the converter modulation
voltage reference:

(9)

(6)

(8)

(7)

1ud = ---udrefl+sI;,

where udrefand uqrefare the d and q axis voltage reference,
respectively.

The converter switching modulation behavior introduces a
time delay Tc between the voltage reference and the actual
converter terminal voltage:

i d Vd -

Udref +idrrif~ +Vrep
~ PI

+ iq - Vq
Uqref

PI + iq~f~

Fig.l. VSG Control Scheme

A. VSG Control Scheme
A VSG-controlled VSC operates as a voltage source seen

from the grid side. The terminal voltage and frequency are
controlled by themselves rather than locked from the grid.
Such characteristics enable the VSC to behave like a
conventional generator. The droop control is used to generate
the frequency reference, by which the virtual inertia is
implemented to support the system frequency response.

Fig.l.illustrates the VSG control scheme. The reactive
power regulation loop realizes the automatic voltage control:

1
U =--u

q l+sT qref
c

(10)

(1)

where vrefis the voltage reference, Qrefis the reactive power
reference, Q is the measured output reactive power from
VSG, kv is the voltage regulation coefficient, and Vrej2 is the
adjusted voltage reference.

The active power regulation loop is used to mimic the
droop control, as shown in equation (1):

where Ud and Uq are the d and q axis voltage output,
respectively.

B. Frequency Response Model Comparison between SG
and VSG
In the primary frequency control, the active power

reference point is considered unchanged, thus (3) can be
written as:

1
~e!2 = Pre! - k!J.Ol

p

(2)
1

Ms!J.Ol = -M --!J.Ol
kp

(11)

where Prejis the power reference, P rej2 is the adjusted power
reference, kp is the virtual droop coefficient, and JOl is the
speed deviation.

The virtual swing equation is used to emulate virtual
inertia. The generated virtual speed and virtual power angle
are used as the phase reference for the dq transformation: where D is the system damping constant.

Thus, the frequency response from the VSG can be
obtained as:

where JP is the load change.

The load change is considered as frequency insensitive
load and frequency sensitive load:

Ms!J.Ol = Pre!2 - P - kD!J.Ol

sb = Olo!J.Ol

(3)

(4)

!J.P = Mi + D!J.Ol (12)

In contrast, the frequency response from the conventional
synchronous generator with TGOVI turbine and governor
model is given by:

where M is the virtual inertia, kD is the virtual damping
coefficient, t5 is the virtual power angle, P is the measured
VSG active power output, and Olo is the nominal speed.

Then voltage reference is tracked by PI controllers:

1Ms+D+
kp

(13)
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The steady frequency response to sudden load change can
be obtained as:

It can be seen that the stable frequency point from VSG
and SG are similar. Thus, the VSG control can provide the
system with adequate frequency support during the frequency
excursIOn.

Ms+D+ __1_1+sT2 +D
R l+s7; l+s1;

Fig.2. The CURENT LTB structure

(14)

(15)

(16)
1D+-+DtR

1· -b.Pr
lillS~aJSG --

s--.o S

1
. -ML 1
1m s~aJVSG -- = ---
s--.o s 1D+-

kp

III. CYBER-PHYSICAL CLOSE-Loop CO-SIMULATION
SOFTWARE: CURENT LTB

The CURENT LTB is a cyber-physical close-loop co
simulation software designed to emulate the actual power
system and communication network for research purposes.
The platform aims at large-scale power grid and cyber
network modeling that involves a large number of buses,
power system devices, and cyber networks.

A. LTB Platform Structure
The LTB is designed in a decoupled manner to represent

the modernized large-scale power system closed-loop
dynamics. It consists of distributed packages, i.e., power
system simulation engine - LTB ANDES [16] [17], distributed
messaging environment - LTB DiME, virtual cyber network 
LTB Network, and virtual control room - LTB Control Center.
Each package works independently and simultaneously to
simulate the actual power grid.

The platform structure is demonstrated in Fig.2. LTB
ANDES is capable of power flow analysis, time-domain
simulation, and eigenvalue analysis. It enables LTB to acquire
the power system dynamics. LTB DiME provides
communication clients and servers for the devices that need
communication. Then, the data can be transferred to the virtual
control room through the LTB Network. Further, the virtual
control room will feedback the control signal generated by a
predefmed control algorithm to the actuators through the LTB
Network.

B. Power System Simulation Engine - LTB ANDES
LTB ANDES is an open-source power system simulation

package based on Python. The differential algebraic equations
(DAE) are modeled through the hybrid symbolic-numeric
framework.

The hybrid symbolic-numeric framework allows
descriptive DAE modeling and fully automated code
generation. The model library provides a rich source for
transfer functions and non-linear components. It enables fast
prototyping by manufacturing given pieces. The renewable
power generation library is developed as industry-grade such
as type III and type IV wind turbine with aerodynamics,
distributed photovoltaic power generation, and energy storage
system.

In conventional commercial software for power system
simulation such as PSS/E, users are not able to access the
detailed implementation source code although detailed
documentation is provided. It limits the user's degree of
freedom when developing a power system model. In contrast,
LTB ANDES supports a fully user-defined system, which
means the users are allowed to model as wish either with
existing models or easily implemented a new prototype model.

C. Distributed Messaging Environment - LTB DiME
LTB DiME is a distributed messaging environment for

communication between modules. In the DiME, each module
is equipped with a distributed messaging client, and all the
clients exchange messages through the data server. It should
be noted that DiME only serves as the communication channel
for data exchange, whereas the data formats are defmed by the
modules rather than the server and client.

D. Virtual Cyber Network - LTB Network
The cyber networks, including hardware and software, are

essential for wide-area monitoring and control study. LTB
Network provides the ability to model the network and
emulate the communication behaviors. Simulating the
network by software provides a low-cost and high feasibility
approach for research and prototyping purposes.

£. Virtual Control Room - LTB Control Center
The virtual control room is constructed as the virtual

power grid control center of the LTB, as shown in the bottom
subfigure ofFig.2. The objective of the virtual control room is
to monitor the system operation and achieve the real-time
visualization of the real-time simulated operating conditions
and the obtained results based on the advanced LTB functions.
The real-time visualization example of the LTB is shown in
Fig.3. The system frequeny deviation can be displayed for
real-time visualization and monitoring.

IV. CASE STUDY

A. Test System
NPCC 140 bus system shown in FigA.is used as the

benchmark system in this paper. The system model contains
140 buses and 48 synchronous generators. The generators are
modeled as 21 GENCLS and 27 GENROU. Some of the
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synchronous generators are equipped with turbine governor
model TGOVI and exciter IEEEXI.

The three renewable energy source penetration levels,
20%, 40%, and 60%, are realized by replacing the
conventional synchronous generator with the renewable
power plant. To simplify the simulation, the VSG parameters
are chosen the same as the replaced synchronous generators,
including the droop rate, virtual inertia, and virtual damping
coefficient.
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Fig. 6.shows the system frequency response under 40%
renewable penetration. It can be seen that compared with the
base case, the frequency nadir decrease from 59.912 Hz to
59.889 Hz, and the frequency stable point decreased from
59.932 Hz to 59.895 Hz.

Fig.6. System frequency response with 40% renewable energy source
penetration
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Fig.5. System frequency response with 20% renewable energy source
penetration

The test system is built in LTB 1.0 with LTB ANDES
1.3.6, on a computer with Intel(R) Core(TM) i7-8650U
processors, clocking at 1.90 GHz, and 16 GB RAM.

Fig.3. LTB Control Center Real-time Visualization
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NPCC 140 Bus System Single-line Diagram

B. Simulation Results ofHigh Renewable Penetration
System
The generator with an active power reference set at

l650MW is tripped at 1s. The loss of active power out of the
5.9% ofsystem total active power. The COl (center of inertia)
frequency is calculated to illustrate the system frequency
response. It should be noted that generally, the renewable
power plant is not considered in the cal frequency calculation,
whereas the renewable power plant with VSG control is
included in the cal frequency calculation.

Fig. 5.shows the system frequency response under 20%
renewable penetration. It can be seen that compared with the
base case, the frequency nadir decrease from 59.912 Hz to
59.905 Hz, and the frequency stable point also decreased from
59.932 Hz to 59.920 Hz.

Fig.7. System frequency response with 60% renewable energy source
penetration

Fig. 7.shows the system frequency response under 60%
renewable penetration. It can be seen that, if compared with
the base case, the frequency dropped more. The frequency
stable point drops from 59.932 Hz to 59.853 Hz. The system
takes a longer time to reach the stable point.

From Figures 5-7 it can be seen that the increased
renewable energy source penetration level worsens the system
frequency response. This is because the renewable power
plant does not provide additional active power support, which
would impose pressure on system frequency regulation.

Fig. 8.shows the system frequency response under 20%
renewable energy source penetration with VSG control. It can
be seen that the frequency nadir increased from 59.912 Hz to
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59.916 Hz. The frequency stable point remains almost the
same.

introduced by the turbine and governor. The results also verify
the proposed VSG frequency response model in Section II.
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TABLE 1. SIMULATION RESULTS

Renewable Penetration Level
Simulation Results

20% 40% 60%

Conventional Nadir 59.905 59.889 59.853
Control Stable Point 59.92 59.895 59.853

Nadir 59.916 59.917 59.92
VSGControl

Stable Point 59.932 59.932 59.932
Fig.8. System frequency response with 20% VSG controlled

renewable energy source penetration
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The simulation results show that the renewable power
source without any additional control would impose great
frequency response pressure on the power grid. In contrast, the
VSG control is able to maintain the system frequency
regulation ability. Thus it can be an adequate alternative in
large-scale power systems under high renewable energy
source penetration conditions.

The case study also indicates that CURENT LTB is
capable of implementing large-scale power system
simulations with emerging scenarios.

Time/s
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