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Highlights  
• Grid-forming (GFM) inverters’ control techniques are discussed. 
• Ride-through requirements are defined to have optimum the voltage and frequency regulation control algorithm.  
• The droop control method’s weak points are modified to have better load sharing performance in three different 

Inverter Based Resources (IBRs) and the grid scenarios. 
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ABSTRACT 

The control methods of Grid-forming (GFM) inverters are discussed and reviewed. Then, the droop control method’s 
weak points are modified to have better load sharing performance and improving the lifetime of the inverters when the 
system has light load situations. Also, the effects of the coupling reactance on stability and reliability are investigated. 
This control method is applied to three different scenarios in order to see frequency and voltage stability and load sharing 
between three Inverter Based Resources (IBRs) and the grid. The first case is that the voltage and frequency regulation 
control algorithm is presented when the IBRs have equal power ratings during the off-grid. Then, the second case is also 
performed in islanding mode where the load sharing control algorithm is determined based on the different power ratings 
of the IBRs. Lastly, this setup examined the load sharing status during the grid-tied scenario when the IBRs are not 
capable of supplying enough power to the load. In all cases, loads are added to and removed from the system to ensure 
that the frequency and voltages are in the range of continuous operation. 
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1. INTRODUCTION 

Conventional AC power systems are dominated by synchronous generators (SG). This system has 

high inertia, behaves almost an ideal voltage source, and provides a stable frequency [1-3], which 

are essential features for maintaining a highly regulated power grid. Moreover, the current 

capability of SGs is typically up to six times the rated currents. Their primary objectives are voltage 

and frequency regulation that are achieved by exciter and governor control. 

 

Renewable energy sources are intermittent, and they have low inertia issues. They have a low 

stable system. This means that solar energy systems cannot store kinetic energy in the same way 

that AC power systems can. As a result, they are more sensitive to sudden changes in load or 

generation. One of the biggest challenges posed by low inertia is the risk of cascading failures. If 

a large disturbance occurs, it can cause a chain reaction of outages, eventually leading to a 

blackout. Another challenge posed by low inertia is the risk of load shedding.  

 

 
Figure 1. General illustration of renewable energy integration with Grid and BESS  

 

The integration of Grid, BESS and renewable energy sources in Figure 1 can be valid in a 

renewable energy system. If BESS voltage is the same as DC bus voltage, it may directly be 

connected to the DC bus. However, it is usually an optimal decision to use high voltage BESS to 

decrease the current value that helps to decrease the power loss and to increase power efficiency. 

Also, depending on applications, the three-port inverter in Figure 1 can be replaced by a multiport 

or a two-port inverter; they might be unidirectional or bidirectional inverters. Multiport inverters 

can be single-stage inverters [4,5] or dual-stage inverters [6,7] that consist of multiple converters’ 

integration.  
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When Grid is connected to the system, it is called grid-tied system; it is called off-grid system in 

case that Grid is not connected. Nonetheless, this entire system can be referred to as a microgrid 

system. Microgrids can operate in the grid-connected and in the island mode. In the grid-connected 

mode, voltage and frequency are regulated by the grid. Inverters follow the grid voltage and 

operate at grid frequency. The common technique utilized to synchronize with the grid voltage is 

a phase-locked loop (PLL). These inverters are current controlled inverters, and their behavior 

resembles a current source. Therefore, they are called grid-following (GFL) inverters. GFL 

inverters can be classified into two inverters. Grid-supporting inverters are usually used in large-

scale inverter-based resources (IBRs) such as above 5 MW. Grid-supporting inverters supply 

reactive power and varying active power at predefined droop setting [2]. If the grid voltage 

decreases, IBRs will supply positive reactive power. If the grid voltage goes up, IBRs will supply 

negative reactive power. Grid-feeding inverters maintain a constant current output and provide 

active power in phase with the grid because they focus on MPPT and zero reactive power [2,8,9].  

 

In contrast, in island mode, one or more inverters should function as voltage and frequency 

regulators to form a local grid. This particular need initiated the concept of the grid-forming (GFM) 

inverters. Reference [3] states that GFM was named previously “voltage forming” or “grid-

voltage-forming.” They can function as voltage sources. As a result of that, GFM inverters should 

emulate synchronous generators. 

 

The primary objective of GFL is to deliver active power. Supporting the grid is the secondary 

objective. However, GFM inverters’ first objective is to regulate the voltage and frequency of the 

grid by changing the active and reactive power references continuously. Based on the properties 

of synchronous generators, GFM inverters should support load sharing/drooping, black start, 

inertial response, and hierarchical frequency/voltage regulation [10-12]. 

 

However, there are basic challenges with GFM inverters. Firstly, the over-current ratings of the 

power electronic switching devices are low compared to synchronous generators. Therefore, 

meeting the fault current behavior of SG is challenging in GFM inverters. GFM inverters must be 

oversized, that makes them expensive and commercially less attractive. Secondly, the renewable 

energy sources have low inertia or zero inertia, so energy storage systems are required. Thirdly, 

they need more sophisticated control systems and demand response programs. 
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2. RIDE-THROUGH REQUIREMENTS 

Ride-through is defined as the capability of an electrical system to maintain its connection in short 

periods when the electric network voltage or frequency becomes higher or lower. The ride-through 

requirements are defined by grid connection standards [13,14], which are California Rule 21 and 

IEEE standards 1547-2018 that are shown in Table 1 and 2. 

 

Table 1. Frequency ride-through standards 

Frequency range (Hz) Region Disconnection time (s) 

61.8 < f < 66 Over frequency II 0.16 

61.2 < f ≤ 61.8 Over frequency I 299 

58.8 ≤ f ≤ 61.2 Continuous operation Infinite 

57 < f < 58.8 Low frequency I 299 

50 < f ≤ 57 Low frequency II 0.16 

 

Table 2. Voltage ride-through standards 

Voltage range (V) Region Disconnection time (s) 

120 < V Over voltage II 0.16 

110 < V ≤ 120 Over voltage I 12 

88 ≤ V ≤ 110 Continuous operation Infinite 

70 ≤ V < 88 Low voltage I 20 

50 ≤ V < 70 Low voltage II 10 

V < 50 Low voltage III 1 

 

For the frequency requirements, both GFL and GFM inverters must be disconnected from the grid 

immediately if the frequency exceeds 66 Hz or goes down below 50 Hz. When the frequency is in 

over frequency region II (61.8 Hz to 66 Hz) and low frequency region II (50 Hz to 57 Hz), the 

circuit breaker should trip in 0.16 seconds. During over frequency region I (61.2 Hz to 61.8 Hz) 

and low frequency region II (57 Hz to 58.8 Hz), the inverters can keep their connections to grid 

for up to 299 seconds. 

 

For the over voltage region II, the inverters must be disconnected from the grid in 0.16 seconds 

when the voltage exceeds 120 V. If the voltage value is between 110 V to 120 V, the connection 

should be tripped in 12 seconds. For the low voltage regions, there are three regions. The inverters 
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can remain connected for up to 20 seconds, 10 seconds and 1 second if the voltage levels are 

between 70 V to 88 V, 50 V to 70 V, and below 50 V, respectively.  

 

These requirements originated from grid-connected GFL inverters. The implementation of these 

requirements for GFM inverters is also valid in the grid connected mode and islanding mode for 

further modification in the standards [11]. 

 

3. CONTROL TECHNIQUES 

Voltage regulation becomes challenging at the point of common coupling (PCC) in weak grids. A 

weak grid is an electrical power system that is unable to provide reliable and stable power supply 

due to its limited capacity and voltage regulation capabilities. It is typically characterized by a low 

capacity to generate, transmit, and distribute electrical power. An MPPT algorithm is sent to the 

grid “Grid-support function,” then it generates modified P* and Q*. A current algorithm generates 

direct and quadrature line currents magnitude and phase angle to achieve the active and reactive 

power outputs. The frequency is the same as the grid frequency. The most critical status is grid 

synchronization to deliver power in GFL inverters, which is usually done by PLL algorithm. After 

grid synchronization, control references are sent to each control block to achieve the desired 

performance [11]. 

 

In contrast GFL inverters, GFM inverters do not measure the voltage at PCC for phase angle and 

frequency purposes, it forms the voltage. In normal grid-connected operations, the GFM inverter 

follows the power references from a system-level controller or an MPPT algorithm to generate 

high-quality power as GFL inverters do. However, under abnormal grid conditions or islanding 

conditions, the GFM inverter is capable of sustaining its own voltage and frequency based on 

preset references without the PLL unit. 

 

The control methods for GFM inverters can be classified as shown below. The droop control 

method and the simulation scenarios are discussed thoroughly in the next section. However, in this 

section, the literature review of five control techniques is explained. 

 

1) Droop control. 

2) Swing equation emulation control. 

3) Power synchronization control. 
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4) Virtual synchronization machine control. 

5) Virtual oscillator-based control. 

6) Augmented virtual synchronization generator control. 

7) Synchronverter control. 

8) Matching control. 

9) H2/Hꝏ based robust structure control. 

10) Frequency shaping based control. 

 

3.1. Droop Control 

Even though Droop control is a control method commonly used in grid-forming inverters to 

regulate the output power and frequency of the inverter and maintain synchronization with the grid 

[15-17], it is typically used in systems where multiple inverters are connected to the grid in parallel 

[2]. The basic idea behind droop control is to use a droop function to regulate the output power 

and frequency of the inverter based on the difference between the inverter's output frequency and 

the grid frequency. The droop function is a linear or non-linear function that relates the inverter's 

output frequency to its active output power, and the inverter's output voltage to its reactive output 

power. One of the key advantages of droop control is its simplicity and scalability. It allows for 

many inverters to be connected to the grid in parallel, while ensuring that they operate in a stable 

and synchronized manner. It also allows for easy integration of renewable energy sources, such as 

solar or wind power, into the grid. Even though the first use of such controllers is in isolated AC 

power systems and uninterruptible power supplies (UPS), they can be utilized for operating large, 

interconnected power grids.  

 

In droop control, the frequency (ω) of the inverter is allowed to decrease linearly with the 

increasing the active power (P) in the active power controller (APC). Droop control mechanism 

can be utilized in the reactive power controller (RPC) to control the voltage magnitude based on 

reactive power (Q). Similar to the APC, the voltage magnitude at the PCC is linearly drooped 

based on the reactive power injection of the inverter. This linear P-ω drooping behavior is defined 

using a droop coefficient. The transfer function for the droop control (𝐾𝐾𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑) is as follows: 
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𝐾𝐾𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 =
∆𝜔𝜔
∆𝑃𝑃

= 𝐾𝐾𝑃𝑃→𝜔𝜔 (1) 

 

where 𝐾𝐾𝑃𝑃→𝜔𝜔 is the droop coefficient. The droop coefficient is chosen in the standalone mode such 

that the load is shared based on the power ratings of the inverters. The droop controller is usually 

used with a low-pass filter to filter out high frequency harmonics. 

 

3.2. Swing Equation Emulation Control 

Swing equation emulation control is a control method that is used in grid-forming inverters to 

emulate the behavior of a synchronous generator [2,17]. It is based on the mathematical model of 

the swing equation that describes the dynamics of a synchronous generator and relates the 

generator's mechanical power output to its rotor angle and frequency. The swing equation 

emulation control algorithm operates by monitoring the power flow between the inverter and the 

grid and adjusting the inverter's output voltage and frequency based on the swing equation model. 

One of the key advantages of swing equation emulation control is that it enables grid-forming 

inverters to provide the same level of stability and reliability as synchronous generators, while also 

offering the flexibility and efficiency benefits of inverters. 

 

The swing equation of a synchronous generator as: 

  

𝑃𝑃𝑑𝑑 = 𝐷𝐷𝑑𝑑(𝜔𝜔 − 𝜔𝜔𝑔𝑔) (2) 

 

𝑀𝑀
𝑑𝑑(𝜔𝜔 − 𝜔𝜔𝑔𝑔)

𝑑𝑑𝑑𝑑
+ 𝐷𝐷𝑑𝑑(𝜔𝜔 − 𝜔𝜔𝑔𝑔) = 𝑃𝑃𝑚𝑚 − 𝑃𝑃𝑒𝑒  

(3) 

 
where ωg, ω, Dd, M, Pm, Pe, and Pd are grid frequency, output frequency, damping coefficient, 

inertia coefficient, mechanical power, electrical power, and damping power, respectively.  

 

3.3. Power Synchronization Control 

In a GFM inverter, power synchronization control (PSC) is a method used to synchronize the 

inverter's output power with the power grid. This is necessary to ensure that the inverter can supply 

power to the grid in a stable and reliable manner, and to prevent any disruptions or damage to the 

grid. One of the key challenges in power synchronization control is ensuring that the inverter's 

output voltage and frequency are in phase with the grid voltage and frequency. This requires 
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precise control of the inverter's output waveform, and the ability to quickly respond to changes in 

the grid conditions. To achieve this level of control, power synchronization control algorithms 

typically use advanced control techniques, such as proportional-integral-derivative (PID) control 

or model predictive control (MPC). 

 

In PSC, the synchronization with the grid is achieved similar to a synchronous machine through 

transient power transfer. In the PSC, instead of the frequency, the phase angle is droop based on 

the power increment. The transfer function of the PSC controller (KPSC):  

 

𝐾𝐾𝑃𝑃𝑃𝑃𝑃𝑃 =
∆𝜃𝜃
∆𝑃𝑃

=
𝐾𝐾𝑃𝑃→𝜃𝜃
𝑠𝑠

 
(4) 

 

where 𝐾𝐾𝑃𝑃→𝛳𝛳 is the controller gain. Typically, in PSC, a DC-link voltage controller cascades with 

the active power loop. The gain for the active power loop is chosen based on an open-loop transfer 

function that includes the effect of active resistance. The robustness is guaranteed by ensuring 

stability margins for phase (ϕm) and gain (gm) margins of the open-loop transfer function are within 

the recommended ranges (ϕm ≥ 450, gm ≥ 2). 

 

3.4. Virtual Synchronization Machine Control 

Virtual synchronization machine (VSM) control is a control method used in GFM inverters to 

simulate the behavior of a synchronous generator and maintain synchronization with the power 

grid. It is desirable to have GFM inverters that can provide the same level of stability and 

reliability. The VSM control algorithm operates by emulating the behavior of a synchronous 

generator’s mathematical model and using this model to adjust the inverter's output voltage and 

frequency to match the grid conditions. 

 

The VSM model is based on a complete two-shaft synchronous machine model that includes stator 

windings, damper windings, and excitation windings, which are modeled in a process computer 

[12]. The machine currents are calculated in real-time based on the measured voltage at the PCC 

and fed into the grid. The active power and reactive power are controlled based on the virtual 

torque and virtual excitation voltage, respectively.  
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3.5. Virtual Oscillator-based Control 

Virtual oscillator-based control is a control method used in power electronics systems to simulate 

the behavior of an oscillator and regulate the output voltage and frequency of the system. It is 

commonly used in grid-tied inverters. The basic idea behind virtual oscillator-based control is to 

use a mathematical model of an oscillator to regulate the output voltage and frequency of the 

inverter.  

 

The oscillator model is designed to mimic the behavior of a physical oscillator, which generates a 

sinusoidal waveform with a specific frequency and phase. By simulating the behavior of an 

oscillator, the inverter can generate its own reference signal and operate in synchronization with 

other inverters in the system.  

 

4. IMPROVED DROOP CONTROL METHODOLOGY 

Power flow theory in Figure 2 is used to explain which parameters affect the active and reactive 

power. Then, the frequency and voltage changes are defined depending on whether it is a 

transmission line or a distribution line [18]. 

 

Vinverter

Z = R + jX

Vgrid

PCC

 
Figure 2. General illustration of power flow in a line 

 

4.1. Theory  

The power flow in a line is explained theoretically in Equation (5) through Equation (13). 

 

𝑆𝑆 = 𝑉𝑉1 ∙ 𝐼𝐼∗ =  𝑉𝑉1 ∙ �
𝑉𝑉1 − 𝑉𝑉2
𝑍𝑍

�
∗

 
(5) 
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𝑃𝑃 + 𝑗𝑗𝑗𝑗 =  
𝑉𝑉12

𝑍𝑍
𝑒𝑒𝑗𝑗𝜃𝜃 −

𝑉𝑉1 ∙ 𝑉𝑉2
𝑍𝑍

𝑒𝑒𝑗𝑗(𝜃𝜃+𝛿𝛿) 
(6) 

 

𝑃𝑃 =  
𝑉𝑉12

𝑍𝑍
𝑐𝑐𝑐𝑐𝑠𝑠(𝜃𝜃) −

𝑉𝑉1 ∙ 𝑉𝑉2
𝑍𝑍

𝑐𝑐𝑐𝑐𝑠𝑠(𝜃𝜃 + 𝛿𝛿) 
(7) 

 

𝑗𝑗 =
𝑉𝑉12

𝑍𝑍
𝑠𝑠𝑠𝑠𝑠𝑠(𝜃𝜃) −

𝑉𝑉1 ∙ 𝑉𝑉2
𝑍𝑍

𝑠𝑠𝑠𝑠𝑠𝑠(𝜃𝜃 + 𝛿𝛿) 
(8) 

 

𝑍𝑍 = 𝑅𝑅 + 𝑗𝑗𝑗𝑗 (9) 

 

𝑃𝑃 =  
𝑉𝑉12

√𝑅𝑅2 + 𝑗𝑗2
∙

𝑅𝑅
√𝑅𝑅2 + 𝑗𝑗2

−
𝑉𝑉1 ∙ 𝑉𝑉2

√𝑅𝑅2 + 𝑗𝑗2
∙ �

𝑅𝑅
√𝑅𝑅2 + 𝑗𝑗2

𝑐𝑐𝑐𝑐𝑠𝑠 𝛿𝛿 −
𝑗𝑗

√𝑅𝑅2 + 𝑗𝑗2
𝑠𝑠𝑠𝑠𝑠𝑠 𝛿𝛿� 

(10) 

 

𝑃𝑃 =
𝑉𝑉1

(𝑅𝑅2 + 𝑗𝑗2) ∙
[𝑅𝑅 ∙ (𝑉𝑉1 − 𝑉𝑉2 𝑐𝑐𝑐𝑐𝑠𝑠 𝛿𝛿) + 𝑉𝑉2 ∙ 𝑗𝑗 ∙ 𝑠𝑠𝑠𝑠𝑠𝑠 𝛿𝛿] (11) 

 

𝑗𝑗 =  
𝑉𝑉12

√𝑅𝑅2 + 𝑗𝑗2
∙

𝑗𝑗
√𝑅𝑅2 + 𝑗𝑗2

−
𝑉𝑉1 ∙ 𝑉𝑉2

√𝑅𝑅2 + 𝑗𝑗2
∙ �

𝑗𝑗
√𝑅𝑅2 + 𝑗𝑗2

𝑐𝑐𝑐𝑐𝑠𝑠 𝛿𝛿 +
𝑅𝑅

√𝑅𝑅2 + 𝑗𝑗2
𝑠𝑠𝑠𝑠𝑠𝑠 𝛿𝛿� 

(12) 

 

𝑗𝑗 =
𝑉𝑉1

(𝑅𝑅2 + 𝑗𝑗2) ∙
[𝑗𝑗 ∙ (𝑉𝑉1 − 𝑉𝑉2 𝑐𝑐𝑐𝑐𝑠𝑠 𝛿𝛿) − 𝑉𝑉2 ∙ 𝑅𝑅 ∙ 𝑠𝑠𝑠𝑠𝑠𝑠 𝛿𝛿] (13) 

 

In case of a transmission line, 𝑗𝑗 ≫ 𝑅𝑅 and 𝛿𝛿 𝑠𝑠𝑠𝑠 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠, so that 𝑅𝑅 ≈ 0, sin 𝛿𝛿 ≈  𝛿𝛿,𝑠𝑠𝑠𝑠𝑑𝑑 𝑐𝑐𝑐𝑐𝑠𝑠 𝛿𝛿 ≈ 1. 

The power angle depends on the active power and the voltage change depends on the reactive 

power as shown in Equation (14), (15), (16) , (17) and (18). 

 

𝑃𝑃 =
𝑉𝑉1 ∙ 𝑉𝑉2 ∙ 𝛿𝛿

𝑗𝑗
 

(14) 

 

𝛿𝛿 =
𝑃𝑃 ∙ 𝑗𝑗
𝑉𝑉1 ∙ 𝑉𝑉2

 (15) 

 

𝛿𝛿 = �(𝜔𝜔 −  𝜔𝜔0) 𝑑𝑑𝑑𝑑 (16) 
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𝑗𝑗 =
𝑉𝑉1 ∙ (𝑉𝑉1−𝑉𝑉2)

𝑗𝑗
 

(17) 

 

(𝑉𝑉1−𝑉𝑉2) =
𝑗𝑗 ∙ 𝑗𝑗
𝑉𝑉1

 (18) 

 

Figure 3 shows the droop control characteristic of active and reactive power that affects the 

frequency and voltage stability. The amount of the active droop coefficients (𝑠𝑠𝑑𝑑) is determined 

by the maximum frequency change and maximum active power change whereas the amount of the 

reactive droop coefficients (𝑠𝑠𝑞𝑞) is determined by the maximum voltage change and maximum 

reactive power change, which are expressed in Equation (19) and (20). 

 

 
Figure 3. Droop control (negative feedback control) for frequency and voltage. 

 

(𝑓𝑓 − 𝑓𝑓0) = −𝑠𝑠𝑑𝑑(𝑃𝑃 − 𝑃𝑃0) (19) 

 

(𝑉𝑉 − 𝑉𝑉0) = −𝑠𝑠𝑞𝑞(𝑗𝑗 − 𝑗𝑗0) (20) 

 

where f is measured frequency, 𝑓𝑓0 is desired frequency, 𝑠𝑠𝑑𝑑 and 𝑠𝑠𝑞𝑞 are droop coefficients, 𝑃𝑃 is 

measured active power, 𝑃𝑃0 is rated power, 𝑗𝑗 is rated reactive power, 𝑗𝑗0 is measured reactive 

power. However, for microgrid applications or distribution lines, R cannot be ignored. Therefore, 

when both R and X are considered, the voltage and frequency are dependent on both reactive and 

active power as derived in Equation (21) and (22). 

 

(𝑓𝑓 − 𝑓𝑓0) = −𝑠𝑠𝑑𝑑(𝑃𝑃 − 𝑃𝑃0)
𝑗𝑗
𝑍𝑍

 +  𝑠𝑠𝑞𝑞(𝑗𝑗 − 𝑗𝑗0)
𝑅𝑅
𝑍𝑍

 (21) 
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(𝑉𝑉 − 𝑉𝑉0) = −𝑠𝑠𝑑𝑑(𝑃𝑃 − 𝑃𝑃0) 𝑅𝑅
𝑍𝑍

 −  𝑠𝑠𝑞𝑞(𝑗𝑗 − 𝑗𝑗0) 𝑋𝑋
𝑍𝑍

  (22) 

 

4.2. Control Algorithm Block Diagrams 

As shown in Figure 4, there are five main blocks in order to control the voltage and frequency of 

the system. First of all, the voltage and current are measured at the inverters’ end. These measured 

values are sent to the DQ transformation because PID controller can be applied only DC values. 

Therefore, AC values from voltage and current are transformed to DQ values. Then, the active and 

reactive powers are calculated. After that, in order to reduce the noise and high frequency 

harmonics, the calculated powers are sent to a low pass filter. After the low pass filter, those values 

go through the frequency and voltage droop control blocks to have the reference voltage and angle. 

Lastly, the reference voltage, the angle, and the inverters’ DQ values are sent to the PI controller 

in order to obtain PWM signals that are fed to the inverters. 

 

3-phase 
inverterDC

Source
Measurement

D-Q
Transform

Power
Calculation

Low-pass
Filter

Droop
Control

PID
Controller

V

I

Vdq

Idq

Pm*

Qm*
w

Vref

Qm Pm

PWM

Vdq

Idq

 
Figure 4. Block diagram of droop control algorithm 

 

Equations (23) and (24) are utilized for finding the measured active and reactive power from DQ 

values as shown in Figure 5 and Figure 6. 

 

𝑃𝑃𝑚𝑚 = 3
2

 (𝑉𝑉𝑑𝑑 ∙ 𝐼𝐼𝑑𝑑 + 𝑉𝑉𝑞𝑞 ∙ 𝐼𝐼𝑞𝑞)  (23) 

 

𝑗𝑗𝑚𝑚 = 3
2

 (𝑉𝑉𝑞𝑞 ∙ 𝐼𝐼𝑑𝑑 − 𝑉𝑉𝑑𝑑 ∙ 𝐼𝐼𝑞𝑞)  (24) 
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Figure 5. DQ transformation 

 

 
Figure 6. Active and reactive power calculation 

 

Then, these measured power values are sent to a low pass filter as seen Equations (25) and (26). 

 

𝑃𝑃𝑚𝑚∗ =
𝑤𝑤𝑐𝑐

𝑠𝑠 + 𝑤𝑤𝑐𝑐
 𝑃𝑃𝑚𝑚 (25) 

 

𝑗𝑗𝑚𝑚∗ =
𝑤𝑤𝑐𝑐

𝑠𝑠 + 𝑤𝑤𝑐𝑐
 𝑗𝑗𝑚𝑚 (26) 

 

After that, the modified power values go through the droop control to find the angle and the 

reference voltage as shown in Figure 7, Equations (27) and (28). 
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Figure 7. Low pass filter and droop control parameters 

 

𝑤𝑤∗ =  𝑤𝑤𝑁𝑁𝑁𝑁 − 𝑠𝑠𝑑𝑑(𝑃𝑃𝑖𝑖𝑖𝑖𝑖𝑖𝑒𝑒𝑑𝑑𝑖𝑖𝑒𝑒𝑑𝑑 − 𝑃𝑃𝑚𝑚∗ ) (27) 

 

𝑉𝑉∗ =  𝑉𝑉𝑁𝑁𝑁𝑁 −𝑠𝑠𝑞𝑞(𝑗𝑗𝑖𝑖𝑖𝑖𝑖𝑖𝑒𝑒𝑑𝑑𝑖𝑖𝑒𝑒𝑑𝑑 − 𝑗𝑗𝑚𝑚∗ ) (28) 

 

In order to obtain the frequency and voltage droop coefficients, Equations (29) and (30) are 

calculated. 

 

𝑠𝑠𝑑𝑑 =
𝛥𝛥𝑤𝑤

𝛥𝛥𝑃𝑃𝑖𝑖𝑖𝑖𝑖𝑖𝑒𝑒𝑑𝑑𝑖𝑖𝑒𝑒𝑑𝑑_𝑚𝑚𝑚𝑚𝑚𝑚
 (29) 

 

𝑠𝑠𝑞𝑞 =
𝛥𝛥𝑉𝑉

𝛥𝛥𝑗𝑗𝑖𝑖𝑖𝑖𝑖𝑖𝑒𝑒𝑑𝑑𝑖𝑖𝑒𝑒𝑑𝑑_𝑚𝑚𝑚𝑚𝑚𝑚
 (30) 

 

After calculating values from Equations (23) through (30), those values are sent to the PI controller 

in order to generate PWM signals for the GFM inverters as explicitly shown in Figure 8. 

 

 
Figure 8. PWM generation using PI controllers 
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Even though Reference [19], [20], [21], and [22] claim Equation (31) and (32) to have load sharing 

between inverters, applying only these equations does not satisfy the load sharing due to the nature 

of droop control. Also, in those papers’ simulation and experiments, the results show only active 

power sharing. Reactive power sharing cannot be achieved by simply applying the load sharing 

equations unless a modification in the filters of the inverters and PI controller tuning are taken into 

consideration. 

 

𝑠𝑠𝑑𝑑1 ∙ 𝑃𝑃𝑖𝑖𝑖𝑖𝑖𝑖𝑒𝑒𝑑𝑑𝑖𝑖𝑒𝑒𝑑𝑑_1 = 𝑠𝑠𝑑𝑑2 ∙ 𝑃𝑃𝑖𝑖𝑖𝑖𝑖𝑖𝑒𝑒𝑑𝑑𝑖𝑖𝑒𝑒𝑑𝑑_2 (31) 

 

𝑠𝑠𝑞𝑞1 ∙ 𝑗𝑗𝑖𝑖𝑖𝑖𝑖𝑖𝑒𝑒𝑑𝑑𝑖𝑖𝑒𝑒𝑑𝑑_1 = 𝑠𝑠𝑞𝑞2 ∙ 𝑗𝑗𝑖𝑖𝑖𝑖𝑖𝑖𝑒𝑒𝑑𝑑𝑖𝑖𝑒𝑒𝑑𝑑_2 (32) 

 

4.3. Effect of Coupling Reactance 

If a GFM inverter’s coupling reactance (𝑗𝑗𝑁𝑁2) in Figure 9 is too small, then this leads the system 

into instability [23]. Therefore, the coupling reactance value is increased until the system reaches 

stability. Reference [23] discusses the small signal stability boundary by observing the relationship 

between the PI controller parameter (𝑘𝑘𝑑𝑑) and the coupling reactance (𝑗𝑗𝑁𝑁2). That boundary 

condition was found from simulation results. 

 

Switching Network L1 L2

Grid

GFM Inverter

C1

Filter

 
Figure 9. Illustration of LCL filter in a GFM inverter 
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5. RESULTS 

The first scenario is to observe the frequency and voltage values in three IBRs that have equal 

power ratings, 10 KVA, as the simulation setup is shown in Table 3 and Figure 10. 

 

Table 3. The first scenario’s values 

Item Value 
Input voltage 900 VDC 
Switching frequency 20 kHz 
Inverter Powers 10 KVA 
Output Voltage 400 VAC 
L1 16 mH 
C1 100 uF 
L2 10 mH 
Load 1 22 KVA 
Load 2 3 KVA 

 

PCC

10 KVA
3-phase 
inverter

10 KVA
3-phase 
inverter

10 KVA
3-phase 
inverter

22 KVA
Load

3 KVA
Load

 
Figure 10. Equal IBRs scenario’s setup 
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Figure 11. Frequency waveform for equal IBRs scenario 

 

 
Figure 12. Voltage waveform for equal IBRs scenario 
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Figure 13. Active power for equal IBRs scenario 

 

 
Figure 14. Reactive power for equal IBRs scenario 

 



Int J Energy Studies                                                                                                2024; 9(4): 745-773  

763 
 

As seen in Figures 11, 12, 13 and 14, there is a change at 0.8 s because a new load, 3 KVA, is 

added to the system. It can be also seen that load sharing between IBRs are equal when the active 

power and reactive power plots are observed due to the fact that the IBRs have equal power ratings. 

The frequency and voltage are kept in desired values, 60 Hz and 400 V. Even after the change is 

applied, the frequency and voltage are recovered quickly. 

 

The second scenario in Table 4 and Figure 15 is for different power ratings IBRs. Also, when a 

new load is added to the system at 2 s, the changes in frequency and voltage are less than 0.1 

percent as plotted in Figure 16 and 17. Moreover, the IBRs provide power to the load based on 

their power ratings in Figure 18 and 19 meaning that the higher IBR supplies higher power. 

 

Table 4. The second scenario’s values 

Item Value 
Input voltage 900 VDC 
Switching frequency 20 kHz 
First Inverter Power 25 KVA 
Second Inverter Power 12 KVA 
Third Inverter Power 10 KVA 
Output Voltage 400 VAC 
L1-1 16 mH 
C1-1 100 uF 
L1-2 3.2 mH 
L2-1 16 mH 
C2-1 100 uF 
L2-2 7 mH 
L3-1 16 mH 
C3-1 100 uF 
L3-2 10 mH 
Load 1 36 KVA 
Load 2 3.6 KVA 

 



Int J Energy Studies                                                                                                2024; 9(4): 745-773  

764 
 

PCC

20 KVA
3-phase 
inverter

15 KVA
3-phase 
inverter

12 KVA
3-phase 
inverter

36 KVA
Load

3.6 KVA
Load

 
Figure 15. Different IBRs scenario’s setup 

 

 
Figure 16. Frequency waveform for different IBRs scenario 
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Figure 17. Voltage waveform for different IBRs scenario 

 

 
Figure 18. Active power for different IBRs scenario 
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Figure 19. Reactive power for different IBRs scenario 

 

The third scenario is the grid-tied scenario with three different power ratings IBRs as shown in 

Table 5 and in Figure 20. When the simulation starts, the total load is 39 KVA. Then, 12 KVA 

load is added to the system at 1 second. The fluctuation in frequency and voltage can be observed 

in Figure 21 and 22. It is noticed that when the grid is connected, the voltage and frequency are 

cleaner because the IBRs follow the grid’s frequency and voltage. When a new load is added, the 

total load power exceeds the total IBRs power. Then, the grid is connected; the power needed for 

the load is taken from the grid. When 9 KVA load is removed from the system for 3 seconds, the 

total load power becomes less than the IBRs power. Then, the switch at the grid connection is 

turned off, the power from the grid becomes zero as simulated in Figure 23 and 24. After that, 30 

KVA load is also removed from the system at 4 seconds, the total load becomes 12 KVA. 

Therefore, the 12 KVA inverter can supply the necessary power for the load, all the inverters and 

the grid powers are zero except the powers of the second inverter.  
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Table 5. The third scenario’s values 

Item Value 
Input voltage 900 VDC 
Switching frequency 20 kHz 
First Inverter Power 25 KVA 
Second Inverter Power 12 KVA 
Third Inverter Power 10 KVA 
Output Voltage 400 VAC 
L1-1 16 mH 
C1-1 100 uF 
L1-2 3.2 mH 
L2-1 16 mH 
C2-1 100 uF 
L2-2 7 mH 
L3-1 16 mH 
C3-1 100 uF 
L3-2 10 mH 
Load 1 30 KVA 
Load 2 9 KVA 
Load 3 12 KVA 

 

PCC

25 KVA
3-phase 
inverter

12 KVA
3-phase 
inverter

10 KVA
3-phase 
inverter

30 KVA
Load

12 KVA
Load

Grid

9 KVA
Load

 
Figure 20. Grid-connected and IBRs scenario’s setup 
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Figure 21. Frequency waveform for grid-tied scenario 

 

 
Figure 22. Voltage waveform for grid-tied scenario 
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Figure 23. Active power for grid-tied scenario 

 

 
Figure 24. Reactive power for grid-tied scenario 



Int J Energy Studies                                                                                                2024; 9(4): 745-773  

770 
 

6. CONCLUSION 

The control methods of GFM inverters are discussed and reviewed. Based on literature review, it 

can be said that all control techniques of GFM inverters fundamentally a modified droop control 

because the main idea is to form frequency based on active power, and to form voltage based on 

reactive power. Even though they have different names, they try to mimic the synchronous 

generators virtually and to use an improved version of droop control. As a result of that, the weak 

points of the control technique are resolved to have better load sharing performance and improving 

the lifetime of the inverters. This enhanced control method is simulated in three different scenarios 

to see frequency and voltage stability and load sharing. The first case is to apply a control algorithm 

to observe the voltage and frequency regulation when the IBRs have equal power ratings during 

the off-grid. Then, the second scenario is also utilized in islanding mode where the load sharing 

control algorithm is executed in case of different IBRs’ power ratings. In the last setup, the load 

sharing during the grid-tied scenario is obtained when the IBRs do not have the ability to provide 

enough power to the load. In all cases, the load power is changed by adding or removing the loads 

from the system to ensure that the frequency and voltages are recovered and do not exceed the 

limit based on ride-through requirements. 
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