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Abstract—Asynchronous microgrid (ASMG) with a power 

conditioning system (PCS) is a promising solution for future 

microgrids (MGs). High voltage (HV, >3.3 kV) SiC device-based 

PCS is becoming more and more popular in the ASMG PCS 

implementation. PCS with HV SiC MOSFETs can realize higher 

control frequencies with lower losses to bring numerous system-

level benefits, which have not been fully investigated in the existing 

literature. In this paper, the active power filtering (APF) 

capability of the HV SiC-based PCS for both grid and MG power 

quality improvement is discussed and demonstrated. A harmonic 

impedance-based APF algorithm is proposed for MG-side PCS. 

The PCS APF functions are demonstrated on a 10 kV SiC 

MOSFET-based PCS prototype with the modular multi-level 

converter (MMC) topology to 19th-order harmonic currents.  

Keywords—Asynchronous microgrid, high voltage SiC 

MOSFET, active power filter 

I. INTRODUCTION 

ASMG is a novel MG concept for future distribution grids. 

In an ASMG, the MG interfaces with the main grid through a 

back-to-back connected medium voltage (MV) PCS, as shown 

in Fig. 1 [1]. The PCS can decouple the dynamics of the main 

grid and MG, resulting in better transition performances [2], 

fault isolation [3], etc.  As the core component of an ASMG, 

PCS implementation is critical. The Si-based PCS is lossy and 

suffers from a low switching frequency, increasing the system 

size and power losses, which limits the ASMG adoption.  

Recently, due to the development of HV SiC devices, the HV 

SiC-based converter is becoming a promising candidate for the 

implementation of the ASMG PCS, which can realize a much 

higher switching frequency with lower losses to benefit the PCS 

size and efficiency [4-8]. Moreover, the SiC-based PCS not only 

leads to converter-level benefits but also results in more system-

level benefits like potential stability enhancement [9]. However, 

system-level benefits from the HV SiC devices have not been 

fully investigated in the existing literature.  

In this paper, the APF capability of the SiC-based PCS is 

demonstrated. The PCS can serve as an APF for both the grid 

and MG to improve the power quality of the whole system. 

However, the APF capability of a Si-based PCS is limited by the 

low switching frequency. For a SiC-based PCS, the higher 

switching frequency leads to a higher filtering frequency range 

so that the PCS APF capability can be further explored. The 

harmonic filtering capabilities of both grid-side PCS and MG-

side PCS are discussed first. Then the control algorithms of 

harmonic filtering are introduced for both grid-side and MG-

side PCS, specifically, a harmonic impedance-based APF 

strategy is proposed for the MG-side PCS. Finally, the proposed 

algorithms are demonstrated on a 10 kV SiC MOSFET-based 

PCS with a MMC topology. 

The structure of this paper is organized as follows: Section 

II introduces the harmonic load in an ASMG and discusses the 

harmonic current filtering capability of the PCS in different 
 

Fig. 1. ASMG structure. 
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operation modes; Section III covers the APF control algorithms 

for the MMC-based PCS; experimental results are provided in 

Section IV; Section V concludes. 

II. ASMG CONCEPT AND SIC-BASED PCS APF CAPABILITY 

A. ASMG Concept 

In an AMSG, the PCS operation condition changes with the 

MG modes. In the grid-connected mode, the grid-side PCS 

works in the grid-following (GFL) mode to regulate MV dc 

voltage, and the MG-side PCS is in grid-forming (GFM) mode 

to form the MG voltage and frequency as well as support the 

load in the MG. In the islanded mode, the grid-side PCS is shut 

down; the MG-side PCS changes its operation mode to GFL 

mode to control the MV dc-link voltage and potentially 

compensate reactive power of the MG.  

B. Harmonic Load in an ASMG 

According to IEEE Std 1159-2019 [10], electronic-

interfaced equipment is the main contributor to grid harmonics. 

Electronic-interfaced equipment includes loads that have diode 

bridges and loads that have pulse-width modulated inverters, 

where the former type usually leads to much larger current 

harmonics than the latter one because pulse-width modulated 

inverters usually have passive filters to limit the harmonic 

current injection to the grid.   

Diode bridges usually serve as rectifiers, which can be 

modeled as current sources in the harmonic circuit [10]. Large 

three-phase rectifiers like front-end rectifiers can contribute to 

numerous harmonic currents, of which the harmonic currents 

can be written as: 

⎩⎪⎨
⎪⎧����	
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where h is the harmonic order.  In power grids, odd-order 

harmonics are the main harmonics [10-11]. Therefore, the 

three-phase harmonic three-phase angles are: 

����	� ! �!"#!$%! �&'!&,      ℎ � 3) � 1*!+,	� ! �!"#!$%! �&'!&,   ℎ � 3$ � 2 -!&� �!"#!$%! �&'!&,            ℎ � 3$ �2
 

 where m is an even integer; n is an odd integer. Positive 

sequence order means the phase angle of phase b is � ./0  and 

the phase angle of phase c is 
./0 ; negative sequence order means 

the phase angle of phase b is 
./0  and the phase angle of phase c 

is � ./0 ; zero sequence order means three phase angles are the 

same. In this paper, the compensation of the zero sequence 

harmonic currents will not be discussed. 

C. SiC-Based PCS APF Capability 

1) SiC-Based PCS Harmonic Decoupling and Filtering 

Harmonic current is a main concern for the grid power 

quality. In the grid-connected mode, as shown in Fig. 2 (a), both 

sides of the PCS have harmonic loads. The grid-side PCS will 

regulate a stable dc-link voltage so that the grid-side and MG-

side harmonic currents can be decoupled. The grid-side 

harmonic current may flow into the grid-side PCS, meaning that 

the grid-side PCS may compensate for the grid-side harmonic 

currents to benefit the grid power quality. Meanwhile, on the 

MG side, harmonic current will be fully provided by the MG-

side PCS and distributed energy resources (DERs) in both grid-

connected and islanded operation modes. As a result, the MG-

side PCS can compensate for the MG-side harmonic currents. 

However, a Si-based PCS features low control and switching 

frequency (several kilohertz) [12], meaning that it is difficult for 

a Si-based PCS to filter relatively higher-order harmonics like 

thirteenth (13th)-order or seventeenth (17th)-order harmonics. 

Note that the Si-based PCS can also achieve high control 

frequency by increasing the PCS voltage level number such as 

replacing a five-level topology with a seven-level topology, 

however, this solution will highly increase the cost and control 

complexity of the PCS. For a SiC-based PCS, the control 

frequency of the PCS can be up to 10 kHz or higher with smaller 

losses and control complexity compared to the Si-based PCS 

[13]. Therefore, the SiC-based PCS can have more flexibility for 

APF function to benefit the whole ASMG. 

2) Grid-Side PCS APF Capability 

The harmonic equivalent circuit of the ASMG in the grid-

connected mode is shown in Fig. 3(a). The grid lines are viewed 

as harmonic impedances, which are written as [14]: -1234� � ℎ2�5671234 � 86234 �3
 

 
(a) 

 
(b) 

Fig. 2. ASMG APF capability: (a) grid-connected mode; (b) islanded mode. 
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where 7234  and 81234 are the line inductance and resistance; 56 
is the fundamental frequency; h is the harmonic order. The grid 

usually does not have a harmonic source; therefore, the 

equivalent circuit is its harmonic impedance. Loads may also 

provide paths for harmonic currents, therefore, the loads in the 

harmonic circuit are also modeled as harmonic impedances. 

 The DERs are connected to the MG through their interface 

inverters, which regulate output power in the grid-connected 

model and control output voltage in the islanded mode. A DER 

inverter usually focuses on the control of fundamental 

components. As a result, in the harmonic circuit, it can be 

modeled as an impedance. Note that if a DER has specific 

harmonic control, then in the harmonic circuit, it can be modeled 

as an impedance plus harmonic voltage source (harmonic 

voltage control) or a harmonic current source (harmonic current 

control).  

The grid-side and MG-side PCS can both be modeled as a 

controlled voltage source plus a variable impedance. The 

inverter's harmonic performance is determined by its rating and 

control strategy. For the grid-side PCS, the PCS is only designed 

for supporting the targeted MG which is only a small part of the 

whole distribution grid. As a result, the grid-side PCS rating is 

not sufficient to compensate for all the harmonic currents in the 

main grid. Therefore, the grid-side PCS can either compensate 

the harmonic current of one feeder or partially compensate the 

grid harmonic current based on grid requirements [15]. 

3) MG-Side PCS APF Capability 

On the MG side, the harmonic current distribution is simpler 

compared to the distribution of the grid side. The harmonic 

current can potentially flow into the load, DER, and PCS, which 

may affect the operation of loads and DERs. In the grid-

connected mode, the MG-side PCS serves as the source of the 

MG. Considering the potential power fluctuation of DERs, it 

should be able to support all the load even when there is no DER 

generation. Therefore, the MG-side PCS has a sufficient rating 

to compensate for all the harmonic currents, which can avoid 

additional APF installation in the MG.  

III. PCS APF CONTROL ALGORITHMS 

A. Control Function Architecture 

As shown in Fig. 4, the PCS control includes the system-

required control and topology-required control. The system-

required control contains the PCS operation control to support 

the ASMG operation and the APF control is to benefit the main 

grid and the MG. The topology-required control is designed to 

satisfy the PCS topology requirement. For the MMC-based 

PCS, the PCS topology-required control includes the second-

order arm circulating current and modulation. The detailed 

discussion and descriptions of the PCS operation control and 

topology-required control are covered in [16] and [17]. The 

APF function is concentrated on in this paper. 

B. APF Control Algorithms 

1) APF Function of Grid-Side PCS 

In the grid-connected mode, the grid-side PCS regulates the 

dc voltage and outputs reactive power to the grid. For the APF 

function, the grid-side PCS cannot compensate all the grid-side 

harmonic currents, therefore, the PCS will realize the harmonic 

current filtering based on the received grid requirements. Note 

that the received harmonic current requirements should be 

within the compensation capability of the grid-side PCS. If the 

requirement is greater than the maximum rating of the grid-side 

PCS rating, the compensation will be limited to the maximum 

rating of the PCS. 

As shown in Fig. 5, the received harmonic current 

references and measured PCS current currents are transformed 

into harmonic dq coordinates and the harmonic current control 

is realized in dq coordinates. According to (2), when the 

harmonic phase order is positive sequence order, the positive 

sequence dq transformation will be conducted, where the 

transformation matrix is: 

9:;< � =.0 > cos �	 cos ?�	 � ./0 @ cos ?�	 � ./0 @
�sin �	 � sin ?�	 � ./0 @ � sin ?�	 � ./0 @C �4
  

 
(a) 

 
(b) 

Fig. 3. ASMG harmonic equivalent circuit: (a) grid-connected mode; (b) 

islanded mode.  

 
Fig. 4. PCS control function architecture.  
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Meanwhile, when the harmonic phase order is negative 

sequence order, the negative sequence dq transformation will 

be conducted, the transformation matrix is: 

9:;. � =.0 >cos �	 cos ?�	 � ./0 @ cos ?�	 � ./0 @
sin �	 sin ?�	 � ./0 @ sin ?�	 � ./0 @C �5
  

Moreover, after the harmonic dq transformation, the 

fundamental frequency PCS current will be transformed to be 

higher orders. For example, when the fifth-order harmonic dq 

transformer is conducted, the fifth-order harmonic current will 

be transformed into dc components while the fundamental 

current will be transformed to be fourth-order or six-order 

components. As a result, the control of the fundamental 

components can be potentially affected. To avoid this issue, in 

this paper, the control bandwidths of the proportional-integral 

(PI) controllers in the harmonic current control loop are 

designed to be lower than 60 Hz so that the PI controllers will 

not have enough gain at the fundamental frequency components 

in the harmonic dq coordinates so that the harmonic control will 

not affect the control of fundamental frequency components.  

2) APF Function of MG-Side PCS 

For the MG-side PCS, it works as an APF in both operation 

modes. Since the PCS has a sufficient rating to compensate for 

all the harmonic currents, the harmonic current compensation 

can be realized by regulating the output impedance to be zero. 

When the harmonic impedance is zero, the harmonic current can 

flow into the PCS rather than loads or DERs. As shown in Fig. 

6, when the MG-side PCS achieves a zero harmonic impedance, 

in the harmonic circuit, the harmonic current distribution is only 

determined by the impedance relationships among load 

impedance, DER impedance, and line impedances. Meanwhile, 

the ASMG is usually small, meaning that the line is short. The 

line impedances can be neglected compared to the DER and load 

impedances. Therefore, the harmonic currents will be provided 

by the PCS. Furthermore, as shown in Fig. 5, to achieve zero 

harmonic impedance, one direct way is to regulate the harmonic 

voltage to be zero. The control is also implemented in dq 

coordinates in both grid-connected and islanded modes.   

IV. EXPERIMENTAL DEMONSTRATION 

A. System Setup 

A 10 kV SiC MOSFET-based, 5-level MMC is adopted as 

the PCS for a MV ASMG [13]. As shown in Fig. 7, a test setup 

is proposed to verify the APF functions for both sides of the 

PCS, simultaneously. In the testing setup, the grid-side PCS is 

connected to the load to serve as a harmonic source to output 

harmonic currents to the load, and the MG-side PCS will work 

as an APF to compensate for all the harmonic currents in the 

MG. In the testing setup, the MG-side PCS operates in the GFM 

mode to support the load.  

The hardware setup is shown in Fig. 8 and the system 

parameters are summarized in Table I. In the testing setup, the 

PCS will operate at 12 kV dc-link voltage and 6.8 kV ac voltage. 

The control bandwidth of the PCS is 10 kHz. The load is 

 
Fig. 5. ASMG APF control algorithms. 

 
Fig. 6. MG-side harmonic circuit when PCS harmonic impedance is regulated 

to be zero. 
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composed of resistors and capacitors. The load harmonic 

impedance can be written as: 

-6F�:� � 81F�: � 1Gℎ2�56H1F�: �6
 

where h is the harmonic order. When the order of the harmonic 

current is increased, the harmonic impedance of the load will 

be decreased. As a result, more harmonic currents will flow into 

the load. Detailed information on the MMC-based PCS can be 

found in [13] and [18]. 

B. Experimental Testing Results 

In the experimental testing, the filtering of the 13th-order, 

17th-order, and nineteenth (19th)-order harmonic currents are 

tested. The testing results are shown in Fig. 9, Fig. 10, and Fig. 

11, respectively. 

According to Fig. 9 (a), when the APF is not applied, the 

harmonic current will flow into both the PCS and the load. The 

FFT results indicate that the harmonic current of the load is 

  
Fig. 8. PCS APF testing hardware setup.  

TABLE I. TESTING SETUP PARAMETERS 

Parameters Values 

DC-link voltage (Vdc) 12 kV 

AC line voltage (Vac) 6.8 kV 

Load (Rload and Cload) Rload=246 Ω, Cload=1.25 uF 

Line frequency (fl) 60 Hz 

Arm inductor (L and RL) L=90 mH, RL= 5 mΩ 

Control frequency (fc) 10 kHz  

 
Fig. 7. MG-side PCS APF testing setup.   

    
(a) 

 
(b)  

Fig. 10. Testing results for APF function of 17th-order harmonic currents: 
(a) without APF control; (b) with APF control.  

  

   
(a) 

 
(b) 

Fig. 9. Testing results for APF function of 13th-order harmonic currents: 

(a) without APF control; (b) with APF control.    
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mainly 13th-order, showing that the grid-side PCS (harmonic 

current source) can output a required harmonic current. When 

the APF function is applied to the PCS as shown in Fig. 9 (b), 

the 13th-order harmonic current of the load is compensated (less 

than 0.05 A), and all the harmonic currents flow into the PCS. 

Similarly, in Fig. 10 and Fig. 11, 17th-order and 19th-order 

harmonic currents are generated by the grid-side PCS. 

According to Fig. 10 (a) and Fig. 11 (a), when the APF function 

of the PCS is not enabled, the harmonic current will flow into 

the load. When the APF function is enabled, the PCS can 

compensate for both the 17th-order and 19th-order harmonic 

currents and the load will not be impacted by the harmonics 

(harmonic current is less than 0.05 A). Note that, for the 19th-

order harmonic current, since the harmonic impedance of the 

capacitor load is small, the majority of the harmonic current will 

flow into the capacitor. In order to avoid the potential damage 

of the capacitor, when PCS APF is not applied, the dc voltage is 

only 6 kV. When the PCS APF is applied, the dc voltage can still 

operate to 12 kV. Overall, the testing results can demonstrate the 

APF capability of both grid-side PCS and MG-side PCS.  

Moreover, during the testing, it is demonstrated that the SiC-

based PCS is able to filter the harmonic currents up to 19th-order 

(1140 Hz). It is very difficult for a Si-based PCS to achieve the 

same harmonic order because a Si-based PCS usually has a low 

control frequency. Therefore, the improvement of the APF 

capability from the HV SiC MOSFETs can be demonstrated. 

V. CONCLUSION 

In this paper, the APF capability of a SiC-based ASMG PCS 

is analyzed and verified with experimental results. Compared 

to the Si-based PCS, the SiC-based PCS can cover significantly 

higher harmonic orders to further benefit the grid and MG 

power quality. For the main grid, the grid-side PCS filters the 

harmonics based on grid-side requirements. For the MG-side 

PCS, a harmonic impedance-based approach is proposed to 

filter all the MG load harmonics by regulating the harmonic 

impedance to zero. By implementing this approach, the MG-

side PCS can realize the APF capability without additional 

current sensors or communications. The testing results prove 

that the SiC-based PCS can achieve the APF function up to 19th-

order harmonic currents, demonstrating a novel power quality 

benefit enabled by the SiC-based MV converter.   
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