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Abstract 

As the penetration level of inverter-based generators continues to increase, it becomes crucial 

to reduce power oscillations between inverters and synchronous generators (SG) to improve 

system stability. This paper uses a multimachine system as the research platform and 

proposes a grid separation method employing a multi-terminal back-to-back converter. The 

converter is designed to be placed at the point of common coupling (PCC) in the original 

multimachine system and can divide the original grid into multiple microgrid regions while 

retaining the ability to transmit power between different regions. Each microgrid or region 

contains a self-regulated power source such as grid-forming (GFM) inverter or synchronous 

generator, which controls key power characteristics such as frequency and voltage within its 

region. The back-to-back converter facilitates power transmission between different regions. 

The AC-DC-AC conversion process ensures isolation and simplification of control over each 

microgrid’s power characteristics. The performance of inverters with different control 

strategies in each microgrid has been investigated, and the characteristics of various inverters 

are compared and demonstrated. Additionally, it was found that the battery storage 
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requirements in each inverter-based microgrid are reduced using this method. The results are 

verified through MATLAB/SIMULINK simulations. 

Keywords 

Microgrid; power oscillation; grid-forming inverter; grid separation; back-to-back converter 

 

1. Introduction 

With the advancement of technology and the development of industry, the overall capacity of 

sustainable energy generation has significantly increased over the past decades. Figure 1 

demonstrates the growth of global wide electricity capacity from 2011 to 2023 which includes 

significant increase of the penetration of inverter-based generators [1, 2]. Eco-friendly energy 

sources such as PV panels and wind turbines depend on these power electronic devices to connect 

to the existing power grid. As a result, the proportion of kinetic energy stored in the traditional 

synchronous generators’ physical rotors has decreased, leading to a decline in grid inertia and an 

increase in equivalent grid impedance [3, 4]. Consequently, the power grid's ability to withstand 

disturbances has been dwindling, bringing potential instability concerns to the power grid. 

 

Figure 1 Global wide electricity capacity of sustainable energy from 2011 to 2023. 

One mainstream grid-connected inverter is the grid-following (GFL) inverter, which typically 

relies on a phase-locked loop (PLL) to synchronize with the existing power grid [5]. Paper [6] has 

demonstrated that for accurate synchronization and stable operation, the equivalent impedance 

between the PCC and the power grid must be low, making the GFL inverter better suited for 

operation in strong grid conditions. Paper [7] has demonstrated that the traditional GFL inverter 

offers advantages such as fast demand response and ease of achieving stable operation when 

multiple GFL inverters are connected in parallel. However, a key disadvantage is that GFL inverters 

require a strong power grid for connection, but the grid strength continues to decrease as the 
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number of GFL inverters increases. Thus, a trade-off is necessitated between system stability and 

the number of GFL inverters connected in parallel. 

To achieve better inertia and ensure stable operation in weak grids when grid impedance is large, 

the frequency and voltage of the power grid need to be supported. Thus, the static synchronous 

compensator (STATCOM) [8, 9] and grid-forming (GFM) inverters [10-12] are developed to improve 

power quality in distributed energy resources. Paper [8] has shown that the STATCOM is an external 

equipment that is parallel connected at the PCC point. It can detect voltage deviations, 

autonomously inject reactive power to maintain the AC bus voltage within operational limits, 

eliminate power fluctuations, and improve system stability in grids with moderate penetration of 

inverter-based generators. Paper [10] has shown that the GFM inverter is the equipment that 

replicates the voltage and frequency regulation behavior of a synchronous generator. It can adjust 

its control parameters to meet system operation requirements, ensures a fast response to restore 

system stability, and has the advantages such as automatic grid support and the ability to operate 

in both grid-connected and island modes. However, new challenge has emerged with GFM inverters, 

paper [11] and paper [12] both pointed out that when multiple GFM inverters are connected in 

parallel or to a strong power grid, power oscillations can occur between the GFM inverters or with 

other power sources. This is the issue that this paper aims to address. 

The comparison of the dynamic performance between different inverters under the single-

machine-infinite-bus (SMIB) system has been well investigated. The finding is that all types of GFM 

inverters can respond to frequency and voltage deviations and improve system inertia [10]. And the 

GFM inverter using virtual synchronizing generator (VSG) control has better fault ride-through (FRT) 

capability [13] and a wider operation range [14], which makes it a better foundational configuration 

for the research. However, the actual power network with one PCC point usually containing multiple 

inverters and loads is more complicated than an SMIB system, so stability research for a 

multimachine system is required. Considering that GFL inverters and GFM inverters have different 

ranges of adaptation to grid strength with minimal overlap, when multiple GFL inverters and GFM 

inverters are connected in parallel at the same PCC point, the grid strength that can ensure stable 

operation for all inverters will also be relatively limited, which indicates that such system has 

relatively poor resilience to disturbances. Without additional control strategies, large disturbances 

could affect the synchronization between inverters and the power grid, cause power oscillations, 

and ultimately compromise system stability. 

To address this issue, this paper proposes a grid separation method using a multi-terminal back-

to-back converter. The main contributions are summarized as: 1) separating large power grids into 

multiple small microgrids using the proposed method; 2) reducing power oscillations while 

maintaining power-sharing capabilities; 3) investigating the dynamic performance of the modified 

system under various conditions. 

The remaining part of this paper is outlined as follows: Section II presents the circuit structure of 

the multimachine system, the control strategy of different inverters, and the configuration of the 

proposed back-to-back converter. Section III conducts simulations to compare the dynamic 

performance of the multimachine system with and without the proposed back-to-back converter 

under different conditions. Section IV discusses the findings and system stability based on the 

simulation results. Section V concludes the paper. 
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2. Circuit Structure and Control Configurations 

2.1 Circuit Structure 

2.1.1 Original Multimachine System 

In the first study of this paper, two inverters, one STATCOM, one synchronous generator, and 

three constant loads are included in a multimachine system, whose circuit structure is shown in 

Figure 2. The output terminal of each power source is connected to one local constant load (20 kW) 

and one local switchable load (10 kW). The line impedances between inverters and the PCC point 

are considered due to long cables over the distance. The multimachine system is set to operate at 

50 Hz, 415 V and the overall loads are 60 kW with each of three constant loads Zload1, Zload2 and Zload3 

being 20 kW. Each of three switchable loads ZDstb1, ZDstb2 and ZDstb3 in Figure 2 is 10 kW and used as 

disturbance. The grid strength is characterized by the short circuit ratio (SCR). 

 

Figure 2 Circuit structure of the original multimachine system. 

The equations to calculate the SCR of this multimachine system are demonstrated below: 

𝑆𝐶𝑅 =
1

𝑃𝑟𝑎𝑡𝑒𝑑𝑎𝑙𝑙
(𝑃𝑟𝑎𝑡𝑒𝑑1𝑘𝑆𝐶1 + 𝑃𝑟𝑎𝑡𝑒𝑑2𝑘𝑆𝐶2 +

𝑉𝑆𝐺
2

|𝑍𝑆𝐶3|
) (1) 

𝑍𝑆𝐶3 =
𝑍𝐿𝑖𝑛𝑒3𝑍𝐿𝑜𝑎𝑑3

𝑍𝐿𝑖𝑛𝑒3 + 𝑍𝐿𝑜𝑎𝑑3
+ 𝑍𝐺𝑟𝑖𝑑 (2) 

where Pratedall represents the overall rated power of the multimachine system, Prated1 represents the 

rated power of inverter 1, kSC1 represents the short circuit capacity ratio of inverter 1, Prated2 

represents the rated power of inverter 2, kSC2 represents the short circuit capacity ratio of inverter 

2, VSG represents the voltage value of the synchronous generator, and ZSC3 represents the equivalent 

impedance between the synchronous generator and the PCC point. In this paper, only the grid 

impedance, line impedance, and constant load are used to calculate the short circuit power, the 
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impedance of disturbance is not considered, and the impedance of local loads, local disturbances, 

and lines are the same for inverter 1, inverter 2 and synchronous generator. 

2.1.2 Modified System 

The proposed grid separation method places a three-terminal back-to-back converter at the 

original PCC point to divide the multimachine system into three separate microgrids, each with its 

own grid impedance while retaining the ability to share power through the back-to-back converter. 

Each terminal of the back-to-back converter contains six MOSFETs and one LC filter, and there is a 

large capacitor at the DC side of the converter. The proposed back-to-back converter is designed to 

operate under grid-following mode and will only share active power between different microgrid 

regions. The reactive power in each microgrid is provided by the grid-forming inverter or 

synchronous generator only, with no interaction between other microgrids. The circuit structure of 

the modified system with the proposed back-to-back converter is shown in Figure 3. 

 

Figure 3 Circuit structure of the modified system with a back-to-back converter. 

The equations to calculate the SCRs of each microgrid are demonstrated below: 

𝑆𝐶𝑅1 =
𝑃𝑟𝑎𝑡𝑒𝑑1𝑘𝑆𝐶1 + 𝑃𝐵𝑇𝐵1

𝑃𝑟𝑎𝑡𝑒𝑑1

(3) 

𝑆𝐶𝑅2 =
𝑃𝑟𝑎𝑡𝑒𝑑2𝑘𝑆𝐶2 + 𝑃𝐵𝑇𝐵2

𝑃𝑟𝑎𝑡𝑒𝑑2

(4) 

𝑆𝐶𝑅3 =
𝑉𝑆𝐺

2

𝑃𝑟𝑎𝑡𝑒𝑑3|𝑍𝐺𝑟𝑖𝑑|
(5) 

where PBTB1 represents the power transmitted from the back-to-back converter to microgrid 1, PBTB2 

represents the power transmitted from the back-to-back converter to microgrid 2, Prated3 represents 

the rated power of the synchronous generator, ZGrid represents the grid impedance between the 

synchronous generator and the PCC point in microgrid 3. 
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2.2 Control Strategy 

2.2.1 Control Strategy of Inverter 1 

Inverter 1 is a grid-forming inverter that uses constant frequency control. Different from other 

typical grid-forming inverters that use the power synchronization method, this control method 

employs a PLL to synchronize with the power grid in grid-connected mode and an internally 

generated virtual theta angle in island mode [15]. Additionally, it requires a STATCOM at its output 

terminal to ensure voltage stability, which performs as an autonomous reactive power compensator. 

Different from droop or VSG control, this constant frequency control produces real power reference 

based on its terminal voltage deviation from the rated voltage or a pre-set value slightly higher than 

the rated voltage [16]. In some applications, its real power output reference can be set to a constant 

value. The active power reference generation for the grid-following generator could be the same as 

that for the grid-forming generator, i.e. it is produced based on its terminal voltage deviation from 

the targeted one. The system demanded reactive power is handled by the STATCOM, therefore, the 

reactive power output reference for the grid-forming inverter can be set as 0. 

For this case, inverter 1 serves as the grid-forming generator while the one connected with back-

to-back converter serves as a grid-following generator with a pre-planned power import from the 

microgrid with synchronous generator. The control loops of the inverter 1 are demonstrated in 

Figure 4(a) and the control loops of the grid-following inverter at the microgrid 1’s side of the back-

to-back converter are demonstrated in Figure 4(b). 

Figure 4 (a) Constant frequency control loops: grid-forming mode. (b) Constant 

frequency control loops: grid-following mode. 
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Equations (6) demonstrates the power loop of constant frequency control under grid-forming 

mode: 

[

𝑃𝑟𝑒𝑓

𝑄𝑟𝑒𝑓

𝜃𝑟𝑒𝑓

] = [
𝐾𝑉𝑃(𝑉𝑆𝐸𝑇 − 𝑉𝐼𝑁𝑉) + 𝑃𝑎𝑑𝑑

0
𝜃𝑣𝑖𝑟𝑡𝑢𝑎𝑙

] (6) 

where KVP represents the droop coefficient between voltage and active power, VSET represents the 

rated operating voltage or other pre-set value slightly above the rated one, VINV represents the 

measured voltage of the inverter, Padd represents the compensated active power, Pref represents 

the reference active power, Qref is set as 0, and θref is internally generated through a virtual three 

phase signal. 

Equation (7) and (8) demonstrate the current loop using PR control: 

[
𝑖𝑑𝑟𝑒𝑓

𝑖𝑞𝑟𝑒𝑓
] =

[
 
 
 

𝑢𝑑

𝑢𝑑
2 + 𝑢𝑞

2

𝑢𝑞

𝑢𝑑
2 + 𝑢𝑞

2

𝑢𝑞

𝑢𝑑
2 + 𝑢𝑞

2

−𝑢𝑑

𝑢𝑑
2 + 𝑢𝑞

2]
 
 
 

[
𝑃𝑟𝑒𝑓

𝑄𝑟𝑒𝑓
] (7) 

[

𝑒𝑎𝑟𝑒𝑓

𝑒𝑏𝑟𝑒𝑓

𝑒𝑐𝑟𝑒𝑓

] = 𝐾1 ((𝑘𝑝 +
𝑘𝑖𝑠

𝑠2 + 𝜔𝑆𝐸𝑇
2
)([

𝑖𝑎𝑟𝑒𝑓

𝑖𝑏𝑟𝑒𝑓

𝑖𝑐𝑟𝑒𝑓

] − [

𝑖2𝑎

𝑖2𝑏

𝑖2𝑐

]) −
𝐵𝑠

𝑠2 + 𝐵𝑠 + 𝜔𝑆𝐸𝑇
2
([

𝑖1𝑎

𝑖1𝑏

𝑖1𝑐

] − [

𝑖2𝑎

𝑖2𝑏

𝑖2𝑐

])) (8) 

where ud and uq represent the real-time dq-axis voltage, idref and iqref represent the inverter dq-axis 

internal reference current, K1 is the parameter of a P controller, kp and ki are the parameters of a PR 

controller, B is the parameter of a bandpass filter, ωSET represents the rated angular frequency of 

the system, i2abc represent the measured grid-side current, i1abc represent the measured inverter-

side current, eabcref represent the inverter internal reference voltage. One important thing is that 

the stationary frame reference current iabcref are calculated through inverse Park transformation of 

the rotating frame reference current idqref. The angle to conduct inverse Park transformation is 

internally generated through a virtual three phase signal when operating under the grid-forming 

mode, or calculated through a PLL tracking the real-time phase angle at the connecting point when 

operating under grid-following mode in grid-connected conditions. 

Equation (9) demonstrates the power loop of constant frequency control under grid-following 

mode: 

[

𝑃𝑟𝑒𝑓

𝑄𝑟𝑒𝑓

𝜃𝑃𝐿𝐿

] = [

𝐾𝑉𝑃(𝑉𝑆𝐸𝑇 − 𝑉𝐼𝑁𝑉) + 𝑃𝑎𝑑𝑑

𝐾𝑃𝑄𝑃𝐼𝑁𝑉

𝐺𝑃𝐿𝐿𝑢𝑎𝑏𝑐

] (9) 

where the calculation of Pref is the same as grid-forming mode, KPQ represents the ratio between 

active and reactive power, PINV represents the measured active power of the inverter, Qref 

represents the reference reactive power, θPLL is calculated through a PLL that tracks the real-time 

phase angle of phase-a voltage at the connecting point, uabc are the real-time voltage measured at 

the connecting point, and GPLL is the gain of the PLL. Other parts of the grid-following control loops 

are the same as grid-forming control loops and will not be repeated here. 
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2.2.2 Control Strategy of Inverter 2 

Inverter 2 is a grid-forming inverter that uses virtual synchronizing generator control. This 

inverter can operate with the same control parameters in both grid-connected mode and island 

mode, and can autonomously provide frequency and voltage support in both operating modes. It 

can take external demand as power reference when operating under the grid-connected mode, and 

provide exact power for the load when operating under the island mode. This inverter contains 

three internal control loops: power loop, voltage loop, and current loop, its control configurations 

are demonstrated in Figure 5. 

 

Figure 5 VSG control loops. 

Equation (10) demonstrates the power loop using VSG control: 

[
𝜃𝐼𝑁𝑉

𝐸𝑚
] = [

𝐷𝜔𝑆𝐸𝑇

𝑠(𝐽𝑠 + 𝐷)
+

𝑃𝑆𝐸𝑇

𝑠(𝐽𝑠 + 𝐷)𝜔𝑆𝐸𝑇

𝑉𝑆𝐸𝑇 + 𝐾𝑄𝑉𝑄𝑆𝐸𝑇

] − [

𝑃𝐼𝑁𝑉

𝑠(𝐽𝑠 + 𝐷)𝜔𝑆𝐸𝑇

𝐾𝑄𝑉𝑄𝐼𝑁𝑉

] (10) 

where PSET represents the rated active power of the inverter, J represents the inertia coefficient, D 

represents the damping coefficient, θINV represents the inverter reference phase angle, QSET 

represents the rated reactive power of the inverter, QINV represents the measured reactive power 

of the inverter, KQV represents the Q-V droop coefficient, and Em represents the reference voltage. 

Equation (11) demonstrates the voltage loop using dq-decoupling control: 

[
𝑖𝑑𝑟𝑒𝑓

𝑖𝑞𝑟𝑒𝑓
] = [

𝑘𝑝𝑣 +
𝑘𝑖𝑣

𝑠
0

0 𝑘𝑝𝑣 +
𝑘𝑖𝑣

𝑠

] [
𝐸𝑚

0
] + [

𝑖2𝑑

𝑖2𝑞
] + [

− (𝑘𝑝𝑣 +
𝑘𝑖𝑣

𝑠
) −𝜔𝐶𝑓

𝜔𝐶𝑓 −(𝑘𝑝𝑣 +
𝑘𝑖𝑣

𝑠
)

] [
𝑢𝑑

𝑢𝑞
] (11) 

where Cf is the LC filter’s capacitance, kpv and kiv are the parameters of a PI controller. 

Equation (12) demonstrates the current loop using dq-decoupling control: 

[
𝑒𝑑𝑟𝑒𝑓

𝑒𝑞𝑟𝑒𝑓
] = [

𝑘𝑝𝑖 +
𝑘𝑖𝑖

𝑠
0

0 𝑘𝑝𝑖 +
𝑘𝑖𝑖

𝑠

] [
𝑖𝑑𝑟𝑒𝑓

𝑖𝑞𝑟𝑒𝑓
] + [

− (𝑘𝑝𝑖 +
𝑘𝑖𝑖

𝑠
) −𝜔𝐿𝑓

𝜔𝐿𝑓 −(𝑘𝑝𝑖 +
𝑘𝑖𝑖

𝑠
)

] [
𝑖1𝑑

𝑖1𝑞
] + [

𝑢𝑑

𝑢𝑞
] (12) 

where Lf is the LC filter’s inductance, kpi and kii are the parameters of a PI controller. 



JEPT 2024; 6(4), doi:10.21926/jept.2404021 
 

Page 9/20 

2.2.3 Configuration of Back-To-Back Converter 

The proposed back-to-back converter is a three-terminal device. The AC side of the DC/AC 

converters at each terminal is connected to one microgrid as shown in Figure 3, and each converter 

uses PLL to achieve synchronization with its respective microgrid. The DC sides of the three 

converters share a common capacitor as shown in Figure 6. Both inverters connected with microgrid 

1 and microgrid 2 work under grid-following mode and use the control strategy demonstrated in 

Section 2.2.1. The converter connected with synchronous generator region works as rectifier to 

transmit active power only. One important thing is that the proposed back-to-back converter will 

only transmit active power between different microgrid regions, and the reactive power is only 

provided by the grid-forming inverter or synchronous generator in each microgrids. Therefore, the 

frequency sensitivity in different microgrids can be different and will not be influenced by other 

microgrids, and the isolation of the power parameters can be achieved. The circuit structure of the 

back-to-back converter is demonstrated in Figure 6. 

 

Figure 6 Circuit structure of the back-to-back converter. 

The circuit structure at each terminal is the same as the three-phase inverter with an LC filter, 

and the number of terminals can decrease or increase as much as the number of microgrids. The 

output active power at each terminal of the back-to-back converter must satisfy the equation 

presented below to ensure power balance and stable operation. 

∑ 

𝑖=𝑛

𝑃𝑖 = 0 (13)
 

where Pi represents the output active power of the ith terminal of the back-to-back converter, and 

n represents the number of terminals of the back-to-back converter. As long as the total sum of 

each terminal’s output power is 0, the power balance in the modified system can be achieved. 
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3. Simulation Results 

Three cases have been conducted in simulations, in each of which the system RoCoF, inverter 

output power, and inverter DC-side input power are demonstrated and compared when 

disturbances occur at different locations. In Case 1, the original multimachine system with direct 

connection is adopted while in Case 2 and Case 3 a modified system with proposed back-to-back 

converters is used. Power sharing is disabled in Case 2 while a 50% power sharing is enabled in Case 

3. All three cases have the same settings below: (1) The overall system is rated to operate at 415 V, 

60 kW; (2) Each inverter and synchronous generator has a 20 kW local constant load and a 10 kW 

switchable load (also named as disturbance); (3) The system reaches steady state at 4.0 s; the first 

switchable load which is close to inverter 1 is turned on at 5.0 s and lasts for one second, after a 

short transient, the system recovers to steady state; the second switchable load which is close to 

inverter 2 is turned on at 8.0 s and lasts for one second, after another short transient, the system 

recovers to steady state; the third switchable load which is close to synchronous generator is turned 

on at 11.0 s and lasts for one second. 

3.1 Case 1 Direct Connection of Inverters and Synchronous Generator 

Case 1 simulates the original multimachine system in which all inverters and synchronous 

generators are directly connected to one PCC point. The circuit structure for this study is shown in 

Figure 2. The dynamic performance is demonstrated in Figure 7 and detailed numerical results are 

listed in Table 1. 

Table 1 Numerical results of case 1. 

Parameters (min/max) Steady state Disturbance 01 Disturbance 02 Disturbance 03 

f-PCC (Hz) 49.99/50.01 49.99/50.01 49.92/50.08 49.98/50.02 

RoCoF (Hz/s) -00.15/00.15 -00.18/00.19 -00.94/00.95 -00.43/00.46 

P-CF (kW) 20.03/20.13 19.84/29.75 20.05/20.21 20.03/20.17 

P-DC-CF (kW) 20.84/21.00 20.65/30.69 20.83/21.02 20.84/20.98 

P-STATCOM (kW) -00.06/00.04 -00.31/00.19 -00.12/00.06 -00.10/00.04 

P-VSG (kW) 19.95/20.06 19.90/20.12 10.46/30.04 18.69/21.37 

P-DC-VSG (kW) 20.83/20.94 20.78/21.00 11.16/31.21 19.54/22.28 

P-SG (kW) 19.97/20.08 19.97/20.12 15.92/34.63 19.91/30.01 
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Figure 7 (a) Dynamic frequency and RoCoF of the original multimachine system. (b) 

Dynamic output power of the original multimachine system. 

It can be seen that in case 1, the system has small frequency fluctuations (49.99-50.01 Hz) and 

small RoCoF (-0.15-0.15 Hz/s) during steady state. When the disturbance close to CF inverter occurs, 

all additional power is provided by the DC source of CF inverter with 96.9% efficiency, and the 

frequency fluctuations (49.99-50.01 Hz) and RoCoF (-0.18-0.19 Hz/s) remains low due to the fast 

response capability of CF inverter. When the disturbance close to VSG inverter occurs, the additional 

power is simultaneously provided by both the DC source of VSG inverter with 96.3% efficiency and 

the SG, and the frequency fluctuations (49.92-50.08 Hz) and RoCoF (-0.94-0.95 Hz/s) are large due 

to the power oscillation between VSG inverter and SG. When the disturbance close to SG occurs, 
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the additional power is mostly provided by the SG, and the frequency fluctuations (49.98-50.02 Hz) 

and RoCoF (-0.43-0.46 Hz/s) are mild due to the inertia in SG. The detailed results of each part in 

case 1 are presented in Table 1. 

3.2 Case 2 Microgrids Separation Using a Back-to-Back Converter (0 Power-Sharing) 

Case 2 simulates the modified system in which a three-terminal back-to-back converter is placed 

at the original PCC point to separate the original system into three different microgrids, where each 

part has its unique grid impedance and still can share power with other parts through the back-to-

back converter. In this study, the power-sharing value is set as 0 kW to highlight the dynamic 

difference only caused by this proposed separation method. The circuit structure of the modified 

system is shown in Figure 3. The dynamic performance is demonstrated in Figure 8 and detailed 

numerical results are listed in Table 2. 

Table 2 Numerical results of case 2. 

Parameters (min/max) Steady state Disturbance 01 Disturbance 02 Disturbance 03 

f-Microgrid 01 (Hz) 49.99/50.01 49.98/50.03 49.99/50.01 49.99/50.01 

RoCoF-01 (Hz/s) -01.18/01.29 -01.60/02.78 -01.09/01.38 -01.22/01.20 

P-CF (kW) 20.02/20.18 19.82/29.73 19.93/20.14 19.96/20.19 

P-DC-CF (kW) 20.83/20.96 20.63/30.67 20.74/20.96 20.77/21.03 

P-STATCOM (kW) -00.17/00.04 -00.30/00.24 -00.08/00.02 -00.16/00.03 

f-Microgrid 02 (Hz) 49.99/50.00 49.99/50.00 49.73/50.00 49.99/50.00 

RoCoF-02 (Hz/s) -00.36/00.36 -00.39/00.35 -01.95/01.85 -00.32/00.35 

P-VSG (kW) 19.94/20.07 19.91/20.10 19.96/30.53 19.98/20.12 

P-DC-VSG (kW) 20.82/20.94 20.79/20.98 20.84/31.72 20.86/21.00 

f-Microgrid 03 (Hz) 50.00/50.00 50.00/50.00 50.00/50.00 49.98/50.02 

RoCoF-03 (Hz/s) -00.05/00.05 -00.06/00.04 -00.03/00.05 -00.79/00.75 

P-SG (kW) 22.06/22.28 22.02/22.30 21.59/22.37 21.65/32.29 
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Figure 8 (a) Dynamic frequency and RoCoF of the modified system (0 power-sharing). (b) 

Dynamic output power of the modified system (0 power-sharing). 

It can be seen that in case 2, all three Microgrids separated by back-to-back converter have small 

frequency fluctuations (Microgrid 01: 49.99-50.01 Hz, Microgrid 02: 49.99-50.00 Hz, Microgrid 03: 

50.00-50.00 Hz) and small RoCoF (Microgrid 01: -1.18-1.29 Hz/s, Microgrid 02: -0.36-0.36 Hz/s, 

Microgrid 03: -0.05-0.05 Hz/s) during steady state. When the disturbance close to CF inverter occurs, 

all additional power is provided by the DC source of CF inverter with 96.9% efficiency, and the 

frequency fluctuations (49.98-50.03 Hz) and RoCoF (-1.60-2.78 Hz/s) are mild due to the fast 

response capability of CF inverter. When the disturbance close to VSG inverter occurs, all additional 
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power is provided by the DC source of VSG inverter with 96.3% efficiency, and the frequency 

fluctuations (49.73-50.00 Hz) and RoCoF (-1.95-1.85 Hz/s) are large due to the virtual inertia of VSG 

inverter. When the disturbance close to SG occurs, all additional power is provided by the SG, and 

the frequency fluctuations (49.98-50.02 Hz) and RoCoF (-0.79-0.75 Hz/s) are midden due to the 

inertia in SG. The influence of disturbance is completely isolated through the AC-DC-AC conversion 

of the proposed back-to-back converter. All power sources in each microgrid operate equivalently 

under island mode when the power-sharing value is set as 0 kW, and the control over the power 

characteristics of each microgrid remain isolated with each other. The detailed numerical results of 

each part in case 2 are presented in Table 2. 

3.3 Case 3 Microgrids Separation Using a Back-to-Back Converter (50% Power-Sharing) 

Case 3 simulates the modified system with the back-to-back converter. It has the same circuit 

structure as case 2. The power-sharing value for this case is set as 50% of the disturbances to 

highlight the dynamic difference caused by power-sharing. One important thing is, in case 3 every 

0.5 s before a disturbance occurs, the modified system will be informed of the incoming disturbance 

value and its location. If the disturbance is located in the microgrid with inverters, then 50% of active 

power will be transmitted from the microgrid with synchronous generator into the microgrid where 

the disturbance is going to happen. If the disturbance is located in the microgrid with synchronous 

generator, other microgrids with inverters will not provide power support, since the synchronous 

generator is considered as a large power source with huge power capacity and the inverter-based 

source has limited power redundancy. The dynamic performance of case 3 is demonstrated in Figure 

9 and detailed numerical results are listed in Table 3. 

Table 3 Numerical results of case 3. 

Parameters (min/max) Steady state Disturbance 01 Disturbance 02 Disturbance 03 

f-Microgrid 01 (Hz) 49.99/50.01 49.98/50.04 49.99/50.01 49.99/50.01 

RoCoF-01 (Hz/s) -01.18/01.04 -01.58/03.34 -01.27/01.21 -01.15/01.20 

P-CF (kW) 20.06/20.21 15.22/25.04 20.00/20.31 20.00/20.18 

P-DC-CF (kW) 20.87/21.02 16.00/25.90 20.83/21.12 20.81/20.99 

P-STATCOM (kW) -00.09/00.02 -00.49/00.40 -00.10/00.02 -00.13/00.11 

f-Microgrid 02 (Hz) 49.99/50.00 49.99/50.00 49.86/50.13 49.99/50.00 

RoCoF-02 (Hz/s) -00.31/00.33 -00.43/00.35 -01.92/01.78 -00.39/00.38 

P-VSG (kW) 19.92/20.07 19.85/20.10 14.74/25.36 19.88/20.13 

P-DC-VSG (kW) 20.80/20.96 20.73/20.99 15.51/26.42 20.76/21.01 

f-Microgrid 03 (Hz) 50.00/50.00 49.99/50.01 49.99/50.01 49.98/50.02 

RoCoF-03 (Hz/s) -00.05/00.05 -00.09/00.09 -00.08/00.08 -00.79/00.78 

P-SG (kW) 22.03/22.20 21.77/27.50 21.69/27.66 21.61/32.30 
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Figure 9 (a) Dynamic frequency and RoCoF of the modified system (50% power-sharing). 

(b) Dynamic output power of the modified system (50% power-sharing). 

It can be seen that in case 3, all three microgrids separated by back-to-back converter have small 

frequency fluctuations (Microgrid 01: 49.99-50.01 Hz, Microgrid 02: 49.99-50.00 Hz, Microgrid 03: 

50.00-50.00 Hz) and small RoCoF (Microgrid 01: -1.18-1.29 Hz/s, Microgrid 02: -0.36-0.36 Hz/s, 

Microgrid 03: -0.05-0.05 Hz/s) during steady state. When the disturbance close to CF inverter occurs, 

50% additional power is provided by the DC source of CF inverter with 96.1% efficiency, while the 



JEPT 2024; 6(4), doi:10.21926/jept.2404021 
 

Page 16/20 

remaining 50% is provided by the power transmitted from the microgrid with the SG through the 

proposed back-to-back converter. The frequency fluctuations (49.98-50.04 Hz) and RoCoF (-1.58-

3.34 Hz/s) are mild due to the fast response capability of CF inverter. 50% additional power is 

provided by the DC source of VSG inverter with 96.0% efficiency, while the remaining 50% is 

provided by the power transmitted from the microgrid with the SG through the proposed back-to-

back converter. The frequency fluctuations (49.86-50.13 Hz) and RoCoF (-1.92-1.78 Hz/s) are large 

due to the virtual inertia of VSG inverter. When the disturbance close to SG occurs, all additional 

power is provided by the SG. The frequency fluctuations (49.98-50.02 Hz) and RoCoF (-0.79-0.78 

Hz/s) are mild due to the inertia in SG. The influence of disturbance is completely isolated through 

the AC-DC-AC conversion of the proposed back-to-back converter, and the output power of 

inverter’s DC source has reduced during disturbance due to the additional power shared from SG, 

and the power characteristics of each microgrids remain isolated with each other. The detailed 

numerical results of each part in case 3 are presented in Table 3. 

4. Discussion 

Based on the simulation results of the above cases, it can be seen that the constant frequency 

inverter performs well when it is the only power source that provides power in the microgrid. 

However, power oscillation will occur if there are other grid-forming inverters or synchronous 

generator directly connected to its PCC point. It has smaller frequency fluctuations than the VSG 

inverter during steady state, but larger frequency deviations when encountering disturbances. The 

control method of the constant frequency inverter needs to be further improved. The proposed grid 

separation method using a three-terminal back-to-back converter successfully separates the original 

multimachine system into three microgrids with two being the inverters-based regions while the 

other being synchronous generator-based region, thereby reducing power oscillation between the 

grid-forming inverters and synchronous generator at steady state while keeping the capability to 

transmit power between different microgrids. 

When external communication equipment, such as remote terminal units (RTU), fiber optic 

communication units, modems and routers, provides detailed information about the incoming 

disturbance before it occurs, e.g. a factory informing the power grid on the expected additional 

power it might take before it turns on the machines, the proposed back-to-back converter can 

proactively draw additional power from the region with synchronous generators which has higher 

power generation capacity and transmit it to the inverter-based microgrid where the factory is 

located. The overall output power from the DC source of inverter can be reduced. Figure 10 

demonstrates the comparison of the inverter’s DC source output power between the original 

multimachine system with direct connection and the modified system using the proposed back-to-

back converter with 50% power-sharing capability. It can be seen that when encountering same 10 

kW disturbance, the maximum DC power of CF inverter is reduced from 30.67 kW to 25.90 kW, and 

the maximum DC power of VSG inverter is reduced from 30.53 kW to 25.36 kW. This means that the 

battery storage for these inverter-based microgrid can be significantly reduced while maintaining 

the same dynamic performance when encountering disturbances. 
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Figure 10 Inverter DC power comparison between original and modified system. 

Compared with the existing direct connection method, the advantages and disadvantages of this 

proposed grid-separation method with back-to-back converter are presented below: 

Advantages: 

⚫ Complete isolation of different power sources in large grid 

⚫ Reduce power oscillation between different power sources 

⚫ Accurate control of output power at each power sources during disturbance 

⚫ Reduce battery storage requirement of inverter-based power sources 

Disadvantages: 

⚫ Extra cost for this back-to-back equipment 

(this cost can continue to reduce with the development of power electronic technique) 

⚫ Requirement of additional communication equipment 

(communication equipment is very important for distributed system) 

5. Conclusions 

This paper proposed a grid separation method using a multi-terminal back-to-back converter. It 

is designed to be placed at the PCC point of the original multi-machine system and can separate the 

original multimachine system into multiple microgrid regions while keeping the capability to share 

power between different microgrids. Each of the two inverter-based microgrids has one grid-

forming inverter and another grid-following inverter which is part of the back-to-back converter and 

unique grid impedance. While the third microgrid region contains a synchronous generator and 

another rectifier which is part of the back-to-back converter and unique grid impedance. The 

synchronous generator-based microgrid is used to transmit additional power to other inverter-

based microgrids when encountering more power demand in their regions. The simulation of the 

original multimachine system that has two inverters, one STATCOM, one synchronous generator, 

and three constant loads is conducted to examine the stability. Both inverters being grid-forming 

inverters, one using constant frequency control and the other using VSG control. For such an 

operation, there is a power oscillation between the grid-forming inverters and synchronous 
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generator. In contrast, this oscillation or instability problem has been significantly reduced in the 

modified system with the back-to-back converter since the operating condition for the grid-forming 

inverters has changed from grid-connected mode into the island mode due to the separation by the 

back-to-back converter. When there is external communication or prediction method that can 

provide detailed information about the incoming load demand before it takes place, the proposed 

back-to-back converter can transmit additional power from the synchronous generator-based 

region into the inverter-based microgrids, reducing the requirement for battery storage while 

maintaining the same dynamic performance. 

Abbreviations 

SG Synchronous Generator 

PCC Point of Common Coupling 

STATCOM Static Synchronous Compensator 

GFL Grid Following 

GFM Grid Forming 

PLL Phase-Locked Loop 

SMIB Single-Machine-Infinite-Bus 

VSG Virtual Synchronous Generator 

FRT Fault Ride-Through 

SCR Short Circuit Ratio 

RTU Remote Terminal Unit 
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