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Abstract 

In this paper, a method for operating AC microgrids in both off-grid or standalone and grid-

connected modes is proposed to minimize the use of energy storage by increasing the number 

of PV panels and curtailing their output power. When the intensity of daylight decreases, 

power is imported from the main grid through an AC/DC/AC converter or solid-state 

transformers in parallel to compensate for the shortage. By using a three-phase transformer 

in Δ-Y connection with Y’s neutral connected to its local grounding system, the effect of 

unbalanced loads on the AC microgrid is minimized. The AC microgrid is operated at a constant 

frequency with necessary reactive power compensation, and power qualities of both voltage 

and frequency can be ensured. 
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1. Introduction 

As fossil fuels will be depleted eventually, the endeavor for harnessing renewable energy has 

intensified in recent years [1-5]. Several factors need to be addressed for increased utilization of 

renewable energy, such as environmental-friendliness, cost-effectiveness, sustainability, and 

persuading interest groups. To cope with the intermittency of renewable energy generation, 

different types of energy storage are being adopted. Battery storage is one of them and is very 

compact, but it involves the use of rare earth metals. Furthermore, batteries produce environment-

polluting side products. In comparison, PV panels pose less threat or perils. 

Frequent charging and discharging of batteries shorten their lifespan. In addition, the lifespan of 

PV panels is several times greater than that of batteries. Moreover, after use for several years, the 

efficiency of batteries deteriorates quickly. In view of this, the use of PV panels is more economical. 

To reduce the impact of AC microgrids on the stability of large grids, planned power transfer is 

preferable instead of dynamic power exchange. To minimize the effect of intermittency of solar 

power generation on large grids and reduce the use of battery storage, suitable operation methods 

need to be developed. One potential solution is AC microgrids, where the PV panels are controlled 

by curtailing the output power [6]. On days with bright daylight, AC microgrids can be run without 

using energy storage and in autonomous mode. On days with less sunshine, some power needs to 

be imported from the main grid to compensate for the shortage. On overcast days, all the power 

must be imported from the main grid. A large energy storage farm with solar and/or wind power 

generation capability and connected with the AC microgrid through transmission lines and step-

up/step-down transformers can be built; the required power can be transferred from such an 

energy storage farm. Furthermore, multiple solid-state transformers (SSTs) with medium-frequency 

transformers in parallel can be adopted to interface the energy storage farm with the transmission 

line through a 50-Hz step-up transformer. 

Researchers have adopted frequency against real power and voltage against reactive power 

droop control with both frequency and voltage to be regulated; this makes system control 

complicated [1-5]. The main drawback of droop control is that it is difficult to cope with sudden and 

random load changes. For predictable load changes, droop control coefficients can be varied to set 

the system frequency within the deviation limit. However, for unpredictable load changes, 

techniques are yet to be developed to overcome such an obstacle. To simplify the control, constant-

frequency control methods proposed in previous studies [6-9] can be adopted wherein the grid-

forming generator produces a reference voltage with a constant frequency, and the grid-supporting 

and grid-feeding generators take the voltages at their respective point-of-coupling (PCC) as 

reference. Therefore, the whole system operates at a constant frequency. To balance reactive 

power demand and generation, the grid-supporting and grid-feeding generators output around 50% 

of their real power output. The remaining reactive power demands are provided by the grid-forming 

generator and reactive power compensators. In this paper, the microgrid is operated at a constant 

frequency as described in previous studies [6-9], and the output power of PV panels installed in the 

microgrid is curtailed to reduce battery usage. 

The remaining paper is organized as follows. In Section II, the configuration of the autonomous 

microgrid under study and its control are described. In Section III, the results and discussions are 

presented. Finally, conclusions are presented in Section IV. 
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2. Configuration of Grid-connected AC Microgrid and Its Control 

2.1 Configuration of the Grid-connected AC Microgrid under Study  

Figure 1 shows the configuration of the grid-connected AC microgrid under study; it includes one 

grid-forming generator DG1 powered by PV panels and accompanied by a reactive power 

compensator DG1A. The grid-supporting generator DG2 and the grid-feeding generator DG3 are 

powered by PV panels. In practice, wind energy can also be employed as the source. In this study, 

DG1 and DG2, which are powered by solar energy by using PV panels, are operated via power 

curtailment. Their output power is produced by following the power reference [6, 7]: 

𝑃𝑟𝑒𝑓 = 𝑃𝑟𝑒𝑓0 + 𝐾𝑣0 × (𝐾𝑣 × 𝑉𝑟𝑒𝑓 − 𝑉𝑚), (1) 

where Vm is the RMS value of the AC voltage at the inverter output and Vref is the reference RMS 

value. 
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Figure 1 Configuration of the grid-connected AC microgrid under study. 

The power reference Pref is capped at 95% of the maximum available PV power. More details are 

presented in the subsequent paragraphs. 

DG3 is operated using the maximum power point tracking method described in a previous study 

[6]. 

The grid-supporting and grid-feeding generators output around 50% of their respective real 

power output and can thus fulfill only a part of the reactive power demand; This results in a shortage 

of reactive power generation demanded by the loads. To achieve reactive power balance, a reactive 

power compensator DG1A is installed that fulfills the purpose of directional reactive power 

compensation; it provides the reactive power seen from location X toward the left-hand side in 

Figure 1. By doing so, the grid-forming generator only needs to output real power, and its reactive 

power output fluctuates around zero. 

One side of an 11 kV/1.2 kV step-down transformer is connected with the 11-kV main grid. An 

AC/DC/AC converter with an LCCL filter is used to control the power transfer from the main grid to 
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the AC microgrid. Such an AC/DC/AC converter can be replaced by multiple SSTs in parallel. Although 

LCCL-based inverters can transfer more power, it is difficult to manufacture large current-carrying 

AC capacitors. Therefore, SSTs in parallel with medium-frequency transformer isolation are a better 

choice. 

A step-up transformer in Y-∆ connection is used at point Y when the loads are far away from the 

inverter-based generators. When a step-up transformer in ∆-Y connection is used at the inverter 

side, step-down transformers need to be used at the load side. 

Figure 1 shows the three-phase transformer in Δ-Y connection with Y’s neutral connected to its 

local grounding system at the load side. Such a transformer can reduce the effect of unbalanced 

loads on the operation of inverter-based generators. Negative-sequence current compensators can 

be used to make the system more balanced for the inverters, even in the case of more severe 

unbalanced loads. 

The design of the controller (Figure 2) for the PV panel is based on the transfer function (Eqs. (2) 

and (3)). The circuits of the controller are shown in Figure 3. The parameters used for the DC/DC 

converter are listed in Table 1. 

PI-1 iL /d++-

*

Li
Li

Li

d

 

Figure 2 MPPT control: I control. 

 

Figure 3 (a) Modified boost converter; (b) Boost converter with solar panel. 

Table 1 Parameters for PV panel part. 

Parameters Values 

LPV 0.8 mH 

CPV 0.5 mF 

fswitching 10 kHz 

fsampling 150 kHz 
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2.2 Configuration of the Grid-connected AC Microgrid under Study  

In this paper, the control flow (Figure 4) is adopted for controlling the inverters [9-11]. A band-

pass filter is used to filter out the DC and high-frequency components in the shunt-capacitor 

currents. Furthermore, a low-pass filter is added to remove noise from the grid-side current. 

 

Figure 4 Inverter control flow. 

The control parameters Kp, Ki, and K for the inverter are obtained using Eqs. (4)-(10) derived from 

the control flow illustrated in Figure 4a and 4b. 

𝑖2𝑎𝑏𝑐

∆𝑖2𝑎𝑏𝑐
∗ =

𝐾 ∙ (𝑠𝐶1) ∙ (𝑠𝑅𝑑𝐶1 + 1) ∙ 𝐵𝑃𝐹𝑖𝑙𝑡𝑒𝑟𝐷𝑒𝑛

𝐷𝐸𝑁1 + 𝐷𝐸𝑁2 + 𝐷𝐸𝑁3 + 𝐷𝐸𝑁4 + 𝐷𝐸𝑁5
, (4) 

where 

𝐷𝐸𝑁1 = [𝑠𝐶1 ∙ (𝑠𝐿2 + 𝑅2) + (𝑠𝑅𝑑𝐶1 + 1)] ∙ (𝑠𝐿1 + 𝑅1) ∙ 𝐵𝑃𝐹𝑖𝑙𝑡𝑒𝑟𝐷𝑒𝑛 ∙ 𝑠𝐶1, (5) 

𝐷𝐸𝑁2 = 𝐾 ∙ 𝐵𝑃𝐹𝑖𝑙𝑡𝑒𝑟𝑁𝑢𝑚 ∙ 𝑠𝐶1 ∙ [𝑠𝐶1 ∙ (𝑠𝐿2 + 𝑅2) + (𝑠𝑅𝑑𝐶1 + 1)], (6) 
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𝐷𝐸𝑁3 = (𝑠𝑅𝑑𝐶1 + 1) ∙ 𝐵𝑃𝐹𝑖𝑙𝑡𝑒𝑟𝐷𝑒𝑛 ∙ [𝑠𝐶1 ∙ (𝑠𝐿2 + 𝑅2) + (𝑠𝑅𝑑𝐶1 + 1)], (7) 

𝐷𝐸𝑁4 = 𝐾 ∙ 𝐵𝑃𝐹𝑖𝑙𝑡𝑒𝑟𝑁𝑢𝑚 ∙ 𝑠𝐶1 ∙ (𝑠𝑅𝑑𝐶1 + 1), (8) 

𝐷𝐸𝑁5 = 𝐵𝑃𝐹𝑖𝑙𝑡𝑒𝑟𝐷𝑒𝑛 ∙ (𝑠𝑅𝑑𝐶1 + 1)2. (9) 

For notch-filter-based band-pass filter: 

𝐵𝑃𝐹𝑖𝑙𝑡𝑒𝑟𝑁𝑢𝑚 = 𝑘𝑑 ∙ 𝑏𝑛𝑠, (10) 

𝐵𝑃𝐹𝑖𝑙𝑡𝑒𝑟𝐷𝑒𝑛 = 𝑠2 + 𝑏𝑛𝑠 + 𝜔𝑚
2 . (11) 

For low-pass filter + high-pass filter: 

𝐵𝑃𝐹𝑖𝑙𝑡𝑒𝑟𝑁𝑢𝑚 = 𝑘𝑑 ∙ 𝑠 ∙ 𝐿𝑃𝐶𝑜𝑒𝑓𝑓2, (12) 

𝐵𝑃𝐹𝑖𝑙𝑡𝑒𝑟𝐷𝑒𝑛 = (𝑠 + 𝐻𝑃𝐶𝑜𝑒𝑓𝑓) ∙ (𝑠2 + 𝐿𝑃𝐶𝑜𝑒𝑓𝑓1 ∙ 𝑠 + 𝐿𝑃𝐶𝑜𝑒𝑓𝑓2). (13) 

The capacitor current active damping is considered by applying kd as shown in Eqs. (10) and (12). 

A MATLAB command can be used for the closed-loop transfer function: 

𝑖2𝑎𝑏𝑐

𝑖2𝑎𝑏𝑐
∗ = 𝑓𝑒𝑒𝑑𝑏𝑎𝑐𝑘 (

𝑖2𝑎𝑏𝑐

∆𝑖2𝑎𝑏𝑐
∗ , 𝐿𝑜𝑤 𝑃𝑎𝑠𝑠 𝐹𝑖𝑙𝑡𝑒𝑟) , (14) 

where the low-pass filter is a second-order Butterworth filter with a cutoff switching frequency of 5 

kHz. In practice, such a filter can be replaced by choosing a small Kp to reduce the influence of the 

DC component in i2, and the PR controller can remove the high-frequency noise present in i2. 

Instead of using a band-pass filter, a high-pass filter can be used to process ic as shown in Figure 

4c [10, 11]. 

Instead of using controllers shown in Figure 4, other controllers where the grid-side current is 

controlled at the outer loop as described in [10, 11] can be employed. 

The parameters for an inverter working at 1.2 kVac are listed in Table 2. 

Table 2 Parameters for the inverter. 

Parameters Values 

L1inv 8.25 mH 

Cinv 30 F 

L2inv 0.5 mH 

fswitching 5 kHz 

Kp 0.15 

Ki 10.5 

K 22.5 

fsampling 150 kHz 

Kv0 2000 

Kv 1.00 
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Table 3 shows the coefficients for the proposed filters. When the notch-filter-based band-pass 

filter is used, the system works even after a slight increase in ωm. 

Table 3 Parameters for the band-pass filter shown in Figure 4. 

Filter Coeff Values 

Notch-filter-based band-pass filter bn 8000 

ωm 2π x 50 

Low-pass + High-pass filters HPCoeff 50 

LPCoeff1 8887.0 

LPCoeff2 3.949e07 

kd 1.0 

The step response and Bode plot of the closed-loop transfer function for the notch-filter-based 

band-pass filter are shown in Figure 5 and Figure 6, respectively, and the step response and Bode 

plot of the closed-loop transfer function for the case with low-pass filter plus high-pass filter are 

shown in Figure 7 and Figure 8, respectively, with kd = 1. These two sets of results reveal that the 

two approaches have a similar effect in terms of step-response convergence and stability. 

 

Figure 5 Step response of the closed-loop transfer function for the notch-filter based 

band-pass filter approach. 

 

Figure 6 Bode plot of the closed-loop transfer function for the notch-filter-based band-

pass filter approach. 
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Figure 7 Step response of the closed-loop transfer function for the low-pass filter plus 

high-pass filter approach. 

 

Figure 8 Bode plot of the closed-loop transfer function for the low-pass filter plus high-

pass filter approach. 

The load information is presented in Table 4. 

Table 4 Load Information. 

Load P (kW) Q (kVAr) State 

1 120 80 Initial: Off 

On: 2.00 s 

Off: 2.50 s 

On: 4.50 s 

Off: 5.00 s 

2 100 60 Initial: Off 

On: 3.50 s 

3 80 50 On 

4 80 50 On 

5 75 50 On 

 

6 

Balanced 150 80 On 

Unbalanced 

(A-N) 

80 0 On 
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The steps for curtailing the output power of PV panels are shown in Figure 9. As described in a 

previous study [12], the terminal characteristics of the PV panels can be obtained using 

MATLAB/Simulink modeling and a table with four-column inputs—irradiance levels, terminal 

currents and terminal voltages for maximum power to occur, and maximum power at each 

irradiance level—can be built. The polyfit command in MATLAB can then be used to obtain the 

coefficients for irradiance (x) against maximum power (y) and coefficients for maximum power (x) 

against terminal currents (y). These coefficients are used to produce reference current for 

controlling PV panels, as shown in Figure 9. 

Inputs:  Irradiance (Irr), mV

max<95% ?refPV solarP P

max=95%refPV solarP P

No

3 2 1

P_Irr1 P_Irr2 P_Irr3 P_Irr4C Irr C Irr C Irr CSolarMaxP =  +  +  +

3 2 1

P_I1 1 P_I2 1 P_I3 1 P_I4=C +C +C +Cref refPV refPV refPVi P P P  

Yes

( )ref0 v0 v 2 dcm dcRefP ( )refPV ref m dcP K K V V K V V= +   − −  −

To I-controller for PV panels

( )ref0 v0 v 1 dcm dcRefP ( )refInverter ref m dcP K K V V K V V= +   − +  −

PrefPV is fed into a lowpass filter 
to obtain PrefPV1

 

Figure 9 Flowchart showing the steps required for producing current reference for 

controlling PV panels. 

Furthermore, the ∆-Y transformer at the load side is used to reduce the influence of unbalanced 

loads. Negative-sequence current compensation can also be used at the Y side to further reduce the 

unbalance degree seen by the inverters. 

3. Results and Discussions 

3.1 Results 

The results for filter 1 obtained using Eqs. (10) and (11) are shown in Figures 10-15. From Figure 

10, it can be seen that the voltages settle down within ±5%, especially after 2.5 s, as synchronization 

and connection between the AC microgrid and the main grid has been accomplished. 
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Figure 10 Variations in the voltage (in percent) at each terminal of the inverter using 

filter 1. 

 

Figure 11 (a) Voltages at the inverter’s terminals for a short duration when using filter 

1; (b) Unbalance percentage. 
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Figure 12 Currents drawn by unbalanced loads using filter 1. 

 

Figure 13 Planned power transfer from the large grid to the AC microgrid using filter 1. 

 

Figure 14 Currents flowing from the large grid to the AC microgrid using filter 1. 
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Figure 15 Variations in the irradiance and PV panel outputs using filter 1. 

Due to the unbalanced loads, the voltages at the inverter’s terminals become slightly unbalanced. 

The percent unbalance is given as follows: 

𝑈𝑛𝑏𝑎𝑙𝑎𝑛𝑐𝑒 = √
1 − √3 − 6𝛽

1 + √3 − 6𝛽
, (15) 

𝑤ℎ𝑒𝑟𝑒 𝛽 =
𝑉𝑎𝑏

4 + 𝑉𝑏𝑐
4 + 𝑉𝑐𝑎

4

(𝑉𝑎𝑏
2 + 𝑉𝑏𝑐

2 + 𝑉𝑐𝑎
2 )2

. 

Figure 11a shows the inverter’s terminal voltages for a short duration when using filter 1, 

whereas Figure 11b shows the unbalance (in percent) for the inverter’s terminal voltages and the 

unbalanced load’s terminal voltage. These figures show that due to the 80-kW single-phase load 

connected at the load side, there is an unbalance of around 4.0%. 

Unbalanced current from Load 6 is shown in Figure 12, where the bottom panel one depicts the 

current seen at the unbalanced load and the top panel depicts the current seen from the inverter 

side. These figures show that the ∆-Y transformer blocks zero-sequence current and makes the 

current at the high-voltage side less unbalanced. With reduced unbalance of the current at the ∆-

side or high-voltage side of the transformer, the voltage drop along the transmission lines becomes 

less unbalanced. Therefore, the voltage seen by the inverter at the generation side also becomes 

less unbalanced. 

Figure 13 shows the power transfer from the large grid to the AC microgrid, where the red curve 

depicts the planned power transfer on the large-grid side, and the blue curve depicts the power 

transferred through the inverter on the AC-microgrid side. Figure 13 shows that the power 

transferred can follow the planned power transfer closely; the small difference is due to losses in 

the AC/DC/AC converter. 

The currents flowing for a short duration through the two converters in the AC/DC/AC converter 

are illustrated in Figure 14. 

Figure 15 shows the variations in the irradiance, and reference power and output power from 

each PV panel, PV1, PV2, and PV3. The PV1-powered inverter serves as the grid-forming generator, 

while the PV2-powered inverter serves as the grid--supporting generator; both adopt the approach 

of real power generation given by Eq. (1) and follow the steps described in Figure 9. Therefore, their 
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output power varies with load changes and the power transferred by the AC/DC/AC converter. The 

PV3-powered inverter serves as the grid-feeding generator, with the PV panel controlled using the 

maximum power point tracking mode. From the right-bottom panel in Figure 15, it can be seen that 

the output power of the PV panel follows its reference quite closely. 

The results for filter 2 obtained using Eqs. (12) and (13) are shown in Figures 16-21. Similar to 

those for filter 1, the voltage level in the system is maintained well, and the inverters can cope with 

unbalanced loads.  

 

Figure 16 Variations in the voltage (in pecent) at each terminal of the inverter using filter 

2. 

 

Figure 17 (a) Voltages at the inverter’s terminals for a short duration using filter 2; (b) 

Unbalance percentage. 
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Figure 18 Currents drawn by unbalanced loads using filter 2. 

 

Figure 19 Planned power transfer from the large grid to the AC microgrid using filter 2. 

 

Figure 20 Currents flowing from the large grid to the AC microgrid using filter 2. 
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Figure 21 Variations in the irradiance and PV panel outputs using filter 2. 

For both cases, the system can work with only PV panels in islanded mode before 1.20 s after 

startup. At 1.20 s, the AC/DC/AC converter is synchronized with the AC microgrid and power 

transferring from the large grid to the AC microgrid happens at 1.5 s. With more power transferred, 

the outputs from each of the PV1 and PV2 are pushed to be smaller. By doing so, the voltage profiles 

at each bus in the AC microgrid are maintained relatively good, as can be seen in Figures 10 and 16. 

By adjusting Kv, the voltage profiles can be tuned to be better. 

From Figures 15 and 21, it can be seen that filter 1 and filter 2 exhibit similar performance in 

terms of curtailment of the PV panels’ output. 

In the above study, the PV panel control for the grid-forming generator DG1 and the grid-

supporting generator DG2 is in curtailment mode, as described in Figure 9. Thus, it is feasible to use 

PV panels without energy storage systems to run AC microgrids smoothly on sunny days. Before the 

grid connection is performed at 1.2 s, the AC microgrid operates in the autonomous mode. Thus, 

such an operation can be off-grid on sunny days and grid-connected mode in other weather 

conditions. This approach has practical applications as frequent charging and discharging of battery 

storage accelerates its aging. Autonomous or standalone operation is suitable only for sunny days. 

By doubling the number of solar panels, the system can operate in autonomous or standalone mode 

with sufficient power output even under slightly cloudy weather conditions. 

In the operation described above, only PV1 and PV2 used for DG1 and DG2, respectively, adopt 

the curtailment operation. Certainly, all the PV panels can adopt curtailment operation. 

For practical operation, the PV panel and its DC/DC converter in the grid-forming generator can 

be replaced by a DC source such as a battery set or a supercapacitor unit. In a subsequent numerical 

experiment, PV1 and its DC/DC converter are replaced by a DC source. The PV panels’ control for 

DG2 is still in curtailment mode, and PV panels’ control for DG3 is still in maximum power point 

tracking mode. Some of the results for this operation are displayed in Figures 22 and 23. These 

results show that such an operation is equally good. 
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Figure 22 Variations in the voltage (in percent) at each terminal of the inverter using 

filter 2. 

 

Figure 23 Currents flowing from the main grid to the microgrid using filter 2. 

In this study, MPPT proposed in previous studies [6-8] was adopted for achieving maximum 

power extraction from PV panels. Other MPPT methods [13-15] can also be used. 

3.2 Discussions 

Although we advocate minimizing the usage of energy storage close to the location of end-users, 

large energy storage systems can be built in remote locations where large solar farms and/or wind 

farms are located. The storage system can be gravitational potential energy storage plus super-

capacitor buffer [16]; alternatively, moderate battery storage capacity with a well-monitored 

retrieval system can be employed. These large energy storage systems can provide necessary 

support through a high-voltage interface, for example, at 11 kV, as shown in Figure 1. Nevertheless, 

they can be operated at low voltages by using multiple SSTs in parallel for interfacing with the AC 

grid through a step-up transformer and transmission lines. The step-up transformer increases the 

step voltage to 11 kV. On the transmission line side close to the storage farm, one of the SSTs works 

as the grid-forming generator with a constant-frequency reference voltage. One or two SSTs work 

in tandem with the grid-forming SST to cope with transient reactive power demands. Other SSTs 

work as grid-supporting generators. These SSTs can be AC (50 Hz)-DC-AC (medium-frequency)-

medium-frequency transformers with passive filter-AC (medium-frequency)-DC-AC (50 Hz) 

converters if storage units interface with an AC microgrid or DC-AC (medium-frequency)-medium-
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frequency transformer with passive filter-AC (medium-frequency)-DC-AC (50 Hz) if the storage units 

are interfaced with a DC microgrid. The storage is charged using another DC microgrid. 

Conventional synchronous generators can be employed as a backup; they can be interfaced with 

the AC microgrid through multiple parallel SSTs with medium-frequency transformer isolation. 

4. Conclusions 

In this paper, we proposed a method that involves the use of PV panels without energy storage 

to power inverters in an AC microgrid. The proposed system is operated at a constant frequency. 

With sufficient daylight intensity, such a system can be operated either in standalone mode or in 

grid-connected mode. 

When the intensity of daylight is low, power can be imported from the main grid through an 

AC/DC/AC converter to compensate for the shortage. Numerical results revealed that with an 

accurate prediction of the weather and the power to be imported from the large power system, AC 

microgrids could be run smoothly. 

Furthermore, in this paper, we proposed the construction of large energy storage farms at more 

convenient locations. They can be used to replace large grids to transfer power to multiple AC 

microgrids when necessary. 

By using a three-phase transformer in Δ-Y connection with Y’s neutral connected to its local 

grounding system, the effect of unbalanced loads on the stability of the AC microgrid can be 

minimized. To power more unbalanced loads, we proposed the use of negative-sequence current 

compensators for minimum change in the existing power system infrastructure at the user end. 

By operating the microgrid at a high voltage, more power can be transferred. 
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