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Abstract: The integration of high-penetration renewable energy sources is playing an increasingly
important role in the frequency regulation of the power system. However, due to the varying output
characteristics and response speeds of different renewable distributed energy resources (DERs), the
overall response from the collective output of these distributed energy resources may not meet
expected requirements and could have adverse effects on the grid. One drawback of traditional
distributed coordinated control is its high communication requirements. This paper proposes using
digital twin (DT) technology for the coordinated control of distributed energy resources, which can
minimize the communication needs between various distributed energy resources while achieving
coordinated control. Verification of the frequency support coordinated control strategy based on
digital twin technology shows that it can effectively enhance the individual output characteristics and
overall response of each distributed energy resource, providing effective support for grid frequency.

Keywords: renewable DERs; coordinated control; digital twin; frequency support

1. Introduction

With various decarbonization targets set around the world, the power system has be-
come a major area for low-carbon transformation. Renewable distributed energy resources,
represented by wind and solar power, have continued to grow rapidly in the power grid
due to their economic and geographical characteristics and have become the main driving
force for the development of the global new energy sector [1–3].

However, the large-scale integration of renewable DERs into the power system [4,5]
poses adverse effects on the coordination of supply and demand balance and on the
reliability of power supply. This is especially true in distribution networks that incorporate
many power electronic devices, which significantly impact the inertia and stability of the
distribution network, leading to a decline in power quality. For example, during sudden
power imbalance events in the grid, the inherent randomness, intermittency, and high
volatility of renewable energy generation increase the difficulty of maintaining active power
balance and reduce system stability. This can cause renewable energy power electronic
devices to easily disconnect during frequency disturbances, negatively affecting system
frequency stability. On 28 September 2016, extreme weather conditions led to a large-scale
disconnection of wind power units in the South Australia grid, where renewable energy
penetration was high, causing the system frequency to drop below 47 Hz and taking more
than 50 h for full power supply restoration [6]. On 9 August 2019, a lightning strike caused a
chain of events, including distributed energy exit and frequency protection actions, leading
to a major blackout in the UK, resulting in power outages in several major cities and
significant load losses [7].

Although the integration of numerous renewable DERs presents operational chal-
lenges to the grid, effective control of renewable energy sources—given their controllability
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and considerable capacity—can bring many benefits to the power system, such as providing
voltage support, frequency support, improving power quality, reducing power supply
losses, and enhancing reliability. This is particularly evident in the role of renewable DERs
in power system frequency control [8,9]. Reference [10] proposes an emergency frequency
control optimization model for the safety of the sending-end grid under DC blocking,
which involves coordinated control of renewable DERs and conventional units to meet
frequency requirements with minimal system control costs, although it does not account for
the uncertainties in the output of renewable DERs. Reference [11] suggests a hierarchical
coordinated control strategy for the active power of large-scale clustered renewable energy,
optimizing active control targets layer by layer to ensure the safety, economy, and fairness
of the controlled system. Reference [12] aims to minimize costs by proposing a coordinated
control strategy for wind power storage systems and synchronous units, reducing the
overall frequency regulation cost and the load of each wind farm while meeting frequency
regulation needs. Reference [13] introduces a hierarchical control strategy for active power
composed of wind power and energy storage systems, reducing wind turbine operating
costs; however, due to the high construction costs of energy storage systems, large-scale
application in the grid is currently not feasible. Traditional coordinated control methods
have not considered the increased communication issues associated with the coordinated
control of renewable DERs, where excessive communication channels can adversely affect
the overall output of renewable DERs.

Digital twin technology plays a key role in Industry 4.0 [14,15], and in the power
system, digital twin technology is more specifically defined as “a software-based abstraction
that connects complex physical system through continuous data streams, which can reflect
the operation statues of physical system simultaneously” [16], as shown in Figure 1. There
are three main methods for creating digital twin models: physics-based modeling [17],
data-driven modeling [18], and physics-data hybrid modeling [19]. In recent years, digital
twin technology has gradually been applied in the power system field, mostly for grid fault
diagnosis and online analysis [20–22].
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The DERs under the proposed coordinated control should belong to the same/allied
operator aiming to actively support local network frequency, which may be a microgrid,
renewable aggregator, or virtual power plant. Besides, the proposed method focuses on
DERs within the same/allied operator in the local network and only considers the support
for the local network. It is worth mentioning that the proposed method can solve the
challenges of communications. For the traditional distributed coordinated control method,
mutual communication among DERs often faces problems such as a complex and massive
number of communication channels, asynchronous signals, etc. [23], making it difficult to
achieve communication among DERs. While the proposed coordinated control strategy
is based on digital twins, which only require communication between each DER and the
server where DTs of DERs and distributed coordinated control are built. In this way, the
communication burden can be significantly reduced.
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For renewable integration protocols, according to several standards and guides, such as
Chinese National Standard GB/T19963-2021 [24], IEC62116-2014 [25], and Cigre Benchmark
Systems for Network Integration of Renewable and Distributed Energy Resources [26],
which all indicate the technical integrating requirements for DERs. According to EN50549-
1:2019 [27] from Europe and Grid Code OC6 [28] from the UK, DERs should have the
ability to respond quickly after frequency events occur, with a response time of less than
5–10 s to meet the requirements of DER supporting the grid. The method proposed in
this article can meet this response requirement. In addition, the proposed method can be
potentially straightforward to implement in the field, which can improve the response time
of traditional distributed control without changing the control structures. For example, if
traditional droop control can work (which is already widely used in the field), then the
method proposed in this article can be directly applied. While meeting the requirements of
the above grid standards, the proposed method can significantly reduce the response time
of DER frequency support, which is one of the main motivations for proposing this method
and of great significance.

In the Section 2, this paper introduces the principles of optimizing the coordinated con-
trol of renewable DER output characteristics and the advantages of distributed coordinated
control. The Section 3 describes the modeling method of the digital twin for renewable
DERs, and the design of distributed renewable energy coordinated control based on the
digital twin. The Section 4 tests the accuracy of the digital twin models and demonstrates
the effectiveness of the proposed method for frequency support through case analysis.
Finally, the conclusion of this paper is given in the Section 5.

2. Coordinated Control Method for Renewable Energy Generation

In this section, the topology of inverter-based renewable energy sources is first intro-
duced. Then, the coordinated control method used in this paper is presented. After that,
the disadvantages of the centralized control method are compared, and the distributed
control method is chosen to coordinate the various renewable energy sources.

2.1. Topology of Inverter-Based Renewable Energy Sources

The grid-connected operation of inverter-based renewable energy generation units
consists of three parts: the renewable energy source, the converter, and the power grid. The
type of renewable energy source is determined by the specific type of renewable energy,
mainly including solar power devices, wind power devices, energy storage devices, gas
turbines, etc. Taking photovoltaic power generation as an example, the direct current (DC)
power source is composed of photovoltaic panels and a DC boost circuit. In a specific
working environment, the output power of the inverter can be regulated by adjusting
the DC capacitor voltage. For energy storage systems, the battery pack serves as the DC
source. Figure 2 shows the grid-connected topology of an inverter-based renewable energy
generation unit based on a three-phase LC filter. As shown in the figure, the renewable
energy source is connected to the converter through a DC capacitor.

As the power system continues to develop, renewable energy inverter technology
has the following three control methods: active and reactive power control (PQ control),
voltage and frequency control (V&F control), and droop control [29]. Currently, the most
commonly used method for connecting renewable energy sources to the grid is PQ control.
Based on the given active and reactive power, the renewable energy plant outputs the
specified active and reactive power. Therefore, this paper uses PQ control as the control
strategy for renewable energy inverters. After voltage stabilization by a capacitor, the
renewable energy source is converted through the inverter and connected to the grid point
via LC filtering. Lf and Cf represent the inductor and capacitor of the filter, respectively;
Rg and Lg are the equivalent resistance and inductance of the line, respectively; ea, eb, and
ec represent the three-phase voltages on the AC output side of the inverter, ia, ib, and ic
represent the three-phase currents on the AC output side of the inverter; va, vb, and vc are
the three-phase voltages at the grid connection point; and vg is the grid voltage value. The
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inverter control system will use the measured information of the three-phase voltage vabc
at the PCC bus and the three-phase voltage vg on the grid side, along with the set values
of active power Pref and reactive power Qref, to determine the current reference values
based on the PQ control strategy. It uses PI control to regulate the three-phase current, iabc.
Finally, it converts this into pulse signals s1~s6 for the PWM modulation module, achieving
the specified control objectives.
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Figure 2. Inverter-based DER topology with LC filtering.

2.2. Least Squares Approximation

We assumed a certain distribution network with K controllable renewable DERs. These
K renewable DERs collectively provide power output to this distribution network. Given
an active power disturbance in this network, the K renewable DER needs to output active
power according to the system’s required active power reference values, which can be
expressed as:

PM0 =
k

∑
i=1

Piref0, (1)

PML =
k

∑
i=1

PiML, (2)

where Piref0 is the initial active power reference value of the ith renewable DERs, PM0 is
the initial requested active power output of all DERs to the distribution network, PiML
is the actual active power output value of the ith DER, and PML is the aggregated actual
active power output of all DERs. If various DERs are not subject to coordinated control,
each DER will default to outputting active power reference values to the grid according to
the conventional PQ control method. However, Section 4 will demonstrate that due to the
significant differences in the output characteristics of each DER, their aggregated response
may not meet the expected requirements.

Least squares approximation, as a commonly used optimization method in multi-input,
multi-output systems, is based on the idea of adjusting model parameters to minimize the
sum of squares of residuals between model predictions and observed data, thereby finding
the optimal solution. Its simple flowchart is shown in Figure 3. In the field of renewable
energy coordination control, least squares approximation can adjust the input signals of
DERs to make their output characteristics closer to the desired values. This paper takes the
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minimization of the sum of squares of residuals between the expected output and actual
output of DERs as the optimization objective:

minP∥PM0 − PML∥2, (3)

where the optimization input variable P represents the input reference values of each DER:

P = [P1ref, P2ref, . . . , Pkref], (4)

The optimization problem of the least squares approximation is commonly solved
using the gradient descent method. Given the initial active power reference value P0, we
calculated the gradient of the optimization objective function with respect to the input
signal P. Here, the active power reference value P0 is represented as:

P0 = [P1ref0, P2ref0, . . . , Pkref0], (5)

The gradient of the objective function with respect to the input signal P is expressed as:

∇P∥PM − PML∥2, (6)

According to the update rule of the gradient descent method, we updated the current
input signal to reduce the value of the optimization objective function. The update rule can
be expressed as:

Piref(t + 1) = Piref(t)− α∇Piref∥PM0 − PML∥2, (7)

where α is the learning rate used to control the step size of each update, typically set as α = 0.2.
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This coordination control method is complementary to the output characteristics
of each DER, ensuring the optimization of the output characteristics of each DER and
improving the aggregated output response.

2.3. Distributed Coordinated Control Method

The coordination control proposed in Section 2.1 can typically be implemented through
two traditional methods: centralized and distributed methods. The centralized control
method is a control strategy that consolidates all control decisions and computational tasks
within a single central control unit. When traditional centralized control methods are used
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in the coordinated control of renewable energy sources, coordination control is assumed to
be implemented at the active power allocation point, as shown in Figure 4. Coordination
control requires obtaining actual active power from each DER and issuing optimized active
power input values to each DER. It can be seen that with centralized methods, bidirectional
real-time communication is required between each DER and the coordination controller. If
there are K DERs participating in coordination control, at least 2K communication channels
are needed. As the system scales up, the computational load of centralized coordination
control increases, and computing speed may be affected. Additionally, centralized control,
because all control decisions go through a single point for coordination and execution, can
lead to system-wide impacts or even system collapse if that point fails or malfunctions.
Therefore, distributed methods are often used to replace centralized methods.
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With the growing global energy demand and pressure for environmental protection,
traditional centralized control systems for renewable energy are struggling to meet the
needs of modern power systems. Distributed control, as an emerging technology, achieves
efficient management and optimized scheduling of power systems through the collabo-
rative work of distributed nodes. The concept of distributed control originated from the
development of distributed computing and control theories and has matured alongside
advancements in information technology and communication. In the field of power energy,
distributed control systems, through the collaborative work of multiple autonomous control
units, effectively address the complexity and dynamics of energy systems.

As shown in Figure 5, to replace the coordination controller in the centralized method,
each participating DER in the coordination control will be equipped with its own coor-
dination controller. Therefore, K renewable DER will have K coordination controllers.
When using the distributed method, each DER receives an initial active power reference
value, and each DER needs to engage in bidirectional communication with the other K-1
DERs to exchange actual output power as indicated in red in Figure 5. This means that
K renewable DERs require a total of K2 communication channels. Although using the
distributed method may increase the system’s communication requirements, it avoids the
single point of failure of the coordination controller in centralized control, which could
lead to the failure of the entire system. This method improves the system’s fault tolerance
and security.
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Figure 5. Traditional distributed control methods.

3. Coordinated Control of DERs Based on Digital Twins

In Section 2, the coordinated control strategy used in this paper is introduced, and
two control methods for renewable DERs are compared, namely, the centralized method
and the distributed method. However, traditional coordination control methods often have
a high demand for communication. The increase in communication channels can lead to
significant communication delays, which may seriously affect the overall output response
time and characteristics of each DER. Therefore, this paper proposes using the digital twin
model of DERs to predict the actual output power of each participating DER in coordinated
control, thereby minimizing the real-time communication requirements of the coordination
control strategy.

3.1. Distributed Coordinated Control Based on Digital Twins

The design and implementation of the distributed coordination control scheme using
the digital twin model of renewable DERs are shown in Figure 6. In contrast to the
traditional distributed approach, where communication is needed between each DER
to exchange power information, this method involves K renewable DERs in the control.
Each DER is equipped with a coordination controller and the digital twin model of the
remaining (K − 1) DERs. For the ith renewable DER, coordination control is achieved by
exchanging power information with the other (K − 1) digital twin models placed within the
DER. This approach only requires sending the initial reference power to each DER without
the need for real-time communication with other renewable DERs. The communication
lines are reduced from K2 to K, eliminating real-time communication among all DERs
and significantly reducing the dependency of the coordination control strategy on real-
time communication.

3.2. Digital Twin Modeling of DERs

As described in Section 1, there are generally three methods for establishing a digital
twin model: physics-based, data-driven, or a combination of physics and data. For the
physics-based modeling method, a detailed understanding of the internal parameters and
control methods of the renewable DERs is required, making it difficult to implement in the
real world due to the challenge of obtaining various information parameters. Therefore,
in this paper, a data-driven approach is used, where the dynamic response of the active
power output of each DER is collected to generate the digital twin model of each DER. The
specific process is illustrated in Figure 7.
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The first step in establishing the digital twin model of a renewable DER is to apply an
active power reference signal to the target DER. This signal can be a simple step response
or a more complex signal. The signal can be applied to an actual DER or an accurate
model of a renewable DER, which can be treated as a black-box model without detailed
internal information. The active power reference signal and the output signal response of
the renewable DER are recorded and saved in a time-series data format. These data are
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then imported into system identification tools, as shown in Stage I of Figure 6. To improve
system identification and ensure that the obtained system model is accurate and meets
expectations, it is necessary to determine the number of poles and zeros in the transfer
function. After generating the transfer function, it can be tested using the same active
power reference signal as before, and the response output by the transfer function can be
compared with the actual active power output response collected in Stage I. The processes
in Stages I and II can be automated until the accuracy of the digital twin model meets the
expected standards.

Once the accuracy of the model meets the expected requirements, the digital twin
model can be built on a platform and connected to real-time data interfaces. This allows
the digital twin model to be updated in real-time, reflecting the input-output characteristics
of the actual DER.

4. Simulation and Case Study
4.1. Digital Twin Testing Platforms

To simulate the actual operating conditions of the distribution network and verify
the accuracy of the digital twin model established in this paper, a hardware-in-the-loop
(HIL) simulation method was used. The distribution network model was constructed
in RTDS using RSCAD_5.014.1 software to simulate the operation of the actual physical
distribution network. Real-time simulation in RTDS communicates with the server via an
Ethernet switch, exchanging information using the UDP protocol. Various measurement
modules in RTDS measure the distribution network data, which is output from RTDS via
communication boards, transmitted through the Ethernet switch, and then input to the
server. The digital twin model of the renewable DER is established on the server side and
fed back to the distributed control locations. The digital twin testing platform is shown in
Figure 8.
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4.2. Accuracy Testing of Digital Twin Models

The digital twin modeling of the DER model is carried out according to the digital
twin model flowchart in Figure 6. After the digital twin model is established, compare the
actual output characteristics of the DER with the output characteristics of the digital twin
model to test its accuracy. We assumed there are three renewable DERs. For DER1, we
applied a rising step signal at 0.5 s and a falling step signal at 1.5 s. For DER2, we applied a
rising step signal at 0.4 s and a falling step signal at 1.2 s. For DER3, we applied a rising step
signal at 0.8 s and a falling step signal at 1.4 s. Figure 9 shows the comparison between the
actual output characteristics and the digital twin output characteristics of DER1; Figure 10
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shows the comparison between the actual output characteristics and the digital twin output
characteristics of DER2; and Figure 11 shows the comparison between the actual output
characteristics and the digital twin output characteristics of DER3.
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Figure 11. Comparison between actual power output and digital twin output of DER3.

It can be seen that when a step response signal is applied to the active power reference
value of the renewable DERs, the digital twin model’s active power output of each DER can
follow the actual output of the DER well, accurately reflecting the dynamic characteristics
of each DER.
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4.3. Verification of Frequency Support Effectiveness

The distribution network model used in the experiment is shown in Figure 12. This
grid consists of controllable power sources, transformers, electric motors, loads, and renew-
able DERs. Among them, the DERs are controlled using traditional PQ control methods.
The generator model adopts active power droop control to simulate the traditional gener-
ator’s frequency droop characteristic curve and maintain frequency stability. The droop
control formula is as follows:

f = fn − m(Pn − P), (8)

where f and f n are the frequency value and rated frequency, respectively; Pn is the active
power required by the grid, and P is the actual active power output of the generator; m is
the active power control coefficient, and in this experiment, m is taken as 0.03. In this case,
the relationship between the total output active power and the voltage of the network is
shown in Figure 13.
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In this test network, the initial load of the system is set to 1 GW, and during normal
operation, the rated output power of the power source is also 1 GW. At this time, the grid
has active power balance, and the grid frequency is at its rated value of 50 Hz. Additionally,
five renewable DERs are simulated in the network, with an output of 0 when the grid is in
power balance.

Since the grid power source is controllable, frequency events such as frequency de-
creases can be simulated by changing the power imbalance value (∆Pevent) in the grid
power source model. According to GB/T 15945-2008 [30], the frequency limit should be
maintained between 49.8 Hz and 50.2 Hz, and when the capacity is small, the deviation limit
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can be relaxed to 49.5 Hz and 50.5 Hz. Therefore, a DER aggregator is used to monitor the
frequency. When the frequency drops below 49.8 Hz, the frequency support characteristics
of the renewable DERs will be triggered.

We simulated a loss of 10 MW generation. According to Equation (8), the grid fre-
quency at this time drops to 49.7 Hz. During the frequency drop process, due to system
inertia, the frequency often experiences significant oscillations. We designed the following
three scenarios to verify the effectiveness of the digital twin-based coordinated control
strategy for frequency support: (1) The grid relies solely on conventional primary frequency
response without the support of renewable DERs. (2) The renewable DERs support the
grid based on their inherent control without coordinated control. (3) The renewable DERs
support the grid through the proposed digital twin-based coordinated control strategy. In
these scenarios, the output of each DER is distributed equally.

When each DER provides frequency support but lacks coordinated control, the active
power output is shown in Figure 14. At this time, due to the lack of coordinated control,
the output characteristics between the DERs are poor, and the time for the output active
power to reach the set value is slow, which is not conducive to the DERs supporting the
grid frequency.
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When coordinated control based on digital twinning is carried out among various
DERs, the active power output is shown in Figure 15. Each DER performs coordinated
control based on digital twinning. At this time, DER1 and DER2 can complement each other
with DER3, DER4, and DER5 through overshoot, and the active output characteristics of
each DER are improved to reach the set value of total active power output faster, resulting
in a significant improvement in output characteristics.
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The aggregated active power output of the renewable DERs in the three scenarios is
shown in Figure 16. This provides a more intuitive comparison, demonstrating that the
coordinated control based on the digital twin has better output characteristics and a faster
output response compared to the scenario without coordinated control.
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The support of the power grid by renewable DERs in various scenarios is illustrated
in Figure 17.
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(1) Without a DER frequency support: The grid frequency drops, and without a
DER frequency support, the active power output of each DER is 0. At this time, the grid
frequency fluctuation is the most severe, with the lowest frequency point being 49.3 Hz,
which seriously endangers the safety of the power system.

(2) The DER does not perform coordinated control to frequency support: When the
grid frequency drops, each DER does not perform coordinated control frequency support.
At this time, each DER outputs active power, and the grid frequency is improved. However,
due to the slow output response, the lowest grid frequency is 49.6 Hz and the highest
grid frequency is 50.18 Hz. At this time, there are still significant fluctuations in the grid
frequency.

(3) DER based on a DT coordinated control frequency support: When the grid fre-
quency drops, each DER performs coordinated control frequency support based on digital
twins. At this time, each DER coordinates and cooperates with each other, with the lowest
grid frequency of 49.76 Hz and the highest grid frequency of 50.1 Hz. The fluctuation
amplitude of the grid frequency is further reduced, and the frequency support effect
is improved.
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Comparing the grid frequencies in the three scenarios, it can be seen that the dis-
tributed renewable energy coordination control strategy based on the digital twin can
effectively reduce the amplitude of frequency fluctuations during a grid frequency drop,
improving the safety of grid operation and demonstrating good results.

Compared with the coordinated control based on digital twins in this article, traditional
coordinated control has shortcomings in communication delay and requires a higher
communication delay. In the event of a fault, the DER output active power reaches the set
value as the support time. The required time for the two controls in different scenarios is
shown in Table 1.

Table 1. Full support time comparison.

Control Method Full Support Time(s)

Coordination Control Based on DT 3.4
Traditional coordinated control 4.2

According to Table 1, it can be seen that the time required for fully supporting active
power in coordinated control based on digital twins is lower than that required in traditional
coordinated control, indicating that the method proposed in this paper has a good effect on
reducing communication delay under coordinated control.

4.4. Technical Benefits

The frequency support coordinated control strategy based on digital twins proposed
in this article can effectively improve the system frequency response while minimizing
real-time communication requirements by coordinating the input-output characteristics
between various DERs. In addition, the proposed coordinated control strategy can also be
used as a reference for various grid sizes and configurations.

For utility companies, this method will bring significant technical benefits, as it im-
proves the frequency stability of the power system while reducing the investment required
for communication facilities, resulting in economic benefits. By effectively controlling each
DER, there is great potential for DER to provide auxiliary services to the power grid, which
will bring significant commercial benefits to the stakeholders of DER.5.

5. Conclusions

In the case of a grid frequency drop, the additional active power output from renewable
DERs can support the grid frequency. However, there are issues such as poor output
characteristics and slow aggregated output power response. A distributed renewable
energy coordination control strategy based on digital twin technology is proposed to
optimize the aggregated output response of renewable DERs, effectively supporting grid
frequency regulation. The following achievements have been made:

1. A coordination control strategy for renewable DERs has been proposed, improving the
output characteristics and addressing the shortcomings of differing and unexpected
outputs, achieving optimized active power output.

2. For conventional centralized and distributed coordination control methods, due to
the drawbacks of centralized control, such as a large system computational load and
poor safety due to centralized control, a distributed method for coordination control
is proposed, offering better fault tolerance for the system.

3. Digital twin technology is used to reduce the high real-time communication require-
ments of coordination control, reducing the communication channels for distributed
coordination control from the original K2 to K and significantly decreasing communi-
cation demands.

4. The distributed renewable energy coordination control strategy based on digital twin
technology is compared with the scenarios of renewable DERs without support and
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with support but without coordinated control, fully demonstrating the effectiveness
of the proposed method for grid frequency control.
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