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ABSTRACT: 

Nowadays electrical power system is highly complex due to the increase in load demand and distributed generations. 

Further, the intermittent renewable sources and non-linear power electronic loads connected to the grid deteriorates the 

power quality of the system. Also, a large number of DC loads like LED lights are connected to the AC distribution 

system to save energy consumption. These issues can be effectively addressed using the smart micro-grid system. In 

an individual AC or DC micro-grid, the higher number of AC-DC-AC/DC-AC-DC power conversion stages lead to an 

increased power loss. Therefore, in this paper, an AC-DC hybrid micro-grid topology is proposed, wherein, AC 

sources and AC loads are connected to AC grid while DC sources and DC loads are connected to DC grid, 

consequently, the power conversion losses reduce. The shunt active power filter based 3-phase 4-leg bidirectional 

interlinking converter using d-q reference current method with PI control is proposed to accomplish the inverter-

based and rectifier-based power exchange between AC and DC sub-grids with harmonic current compensation 

under various grid and load conditions. The analysis is carried out in MATLAB/SIMULINK and results proving the 

improved power quality. 

 

KEYWORDS: Bidirectional Interlinking Converter, Common Connecting Point, Hybrid Micro-Grid, Hysteresis 

Comparator Control, Shunt Active Power Filter. 

  

1.  INTRODUCTION 

Due to the greater number of DC loads and 

renewable sources connecting to the mains, the 

present AC distribution system has transformed to a 

smart micro-grid system. Micro-grid could be 

classified into AC and DC types, which facilitate the 

flexible injection of powers from various renewable 

energy sources and loads to the mains. Micro-grid 

suffers from power generation problems because of the 

intermittent renewable sources and power electronics 

applications. Furthermore, the significant amount of 

non-linear loads in the system deteriorates power 

quality. To overcome this issue, a Sunt Ative Power 

Filter (SAPF) is used to limit the grid current 

harmonics with simultaneous real and VAR power 

control [1].  

Most of the papers published on micro-grids are 

limited to converter control of individual AC or DC 

micro-grid, studying the power flow control, voltage 

and frequency control, etc. In an AC micro-grid [2-5], 

DC renewable sources are converted to AC through 

DC-DC boosters and DC-AC inverters in order to 

connect with AC grid. Also, AC-DC and DC-DC 

converters are necessary to supply distinct DC 

voltages for DC loads including LED lights, as shown 

in Fig. 1(a). In DC micro-grid [6-10], AC renewable 

sources are converted to DC in order to connect DC 

grid and DC-AC inverters are necessary to supply AC 

loads, as shown in Fig. 1(b).  

In [2-10], DC-AC-DC/AC-DC-AC power 

conversion losses are high. An AC/DC hybrid micro-

grid (HM) in which AC sources and AC loads are 

connected to AC grid as well as DC sources and DC 

loads are connected to DC grid in order to reduce the 

multiple power conversion losses, as shown in Fig. 

1(c) [11-14]. The AC-DC HM structure [15-17] is the 

most promising one in the near future, which requires 

more coordination for voltage and power control due 

to various sources connected to both AC and DC bus 

links through the bidirectional interlinking converter 

(BIC). However, the power control management of 

AC-DC HM is more complicated compared to an 
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individual AC or DC micro-grid.  

The application of SAPF in micro-grid is 

extensively studied only with coupled renewable 

energy sources, as applied to unidirectional power 

flow transfer. Thus, the control techniques are 

concentrated on proper power transfer to the AC grid 

side with active power filtering in both AC coupled 

renewable sources [18-21] and DC coupled renewable 

sources [22-28]. Thus, in [11-14], the role of BIC is 

studied for bidirectional power exchange between AC 

and DC grids alone without concentrating on the 

power quality improvement.  

With this motivation, bidirectional power flow 

applications with harmonic current mitigation for the 

AC-DC HM structure consisting of PV array and DC 

load at DC bus link and DFIG based variable speed 

WECS and AC linear and non-linear loads at AC bus 

link connected to the mains are proposed in this paper. 

The main motive of this strategy is to supply quality 

power generated from the grid interlinking hybrid PV 

and DFIG wind energy sources with the minimum 

power conversions. The SAPF based 3-phase 4-leg 

BIC using d-q reference current method with PI 

control accomplishes the inverter-based and rectifier-

based power exchange between AC and DC sub-grids 

with harmonic current compensation simultaneously 

at the common connecting point (CCP) under various 

grid and load conditions. The analysis is carried out 

using MATLAB/SIMULINK and the obtained results 

have validated the improved power quality. This 

paper is described as follows. Section 2 presents the 

overall system description. In section 3 the control 

methods for BIC is demonstrated. The simulation 

results for different case studies are explained in 

section 4. Section 5 presents the conclusions and 

future scope. 
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Fig. 1. Block diagram of (a) AC HM system, (b) DC HM system and (c) Proposed AC-DC HM system. 

  

 

2.  OVERALL SYSTEM DESCRIPTION 

The power conversion losses are minimum with 

proposed AC-DC HM system (Fig. 1(C)) over 

individual AC HM system (Fig. 1(a)) or DC HM 

system (Fig. 1(b)). The block diagram of the proposed 

system comprises of DC power source and DC load 

connected to DC bus interlinking with AC power 

source and AC linear and non-linear loads connected 

to AC bus through BIC. The various subsystems of 

the proposed system are modelled as follows,  

 

2.1.  Modeling of PV Array 

The I-V characteristic equation of a PV array is 

given below and its simulation parameters are tabulated 

in Table 1.  

 

 

 

Table 1. Parameters for PV array model [29,30]. 

Parameters Values 

Short circuit current Isc=3.87A 

Open circuit voltage VOC=42.1V 

No. of series cells NS=72 

No. of series string modules NSS=20 

No. of parallel string modules NPP=20 

Ideality factor a=1.3997 

Boltzmann constant K=1.38E-23J/K 

Electron charge Q=1.602E-19C 

Current temperature coefficient KI=3.2E-3A/K 

Voltage temperature coefficient KV=-0.1230V/K 

Reference temperature TREF=298.15K 

Nominal temperature T=298.15K 
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Where Ipv – photo current which varies continuously 

depends on the intermittent irradiation level and 

temperature as follows, 

 
n

inpvpv
G

G
TKII  ,

                                        (2) 

Vt is the thermal voltage given by, 

q

KTN
V s

t 
                                                         (3) 

Ipv,n is the photo current generated at actual 

condition expressed as, 

 
p

nsc

spnpv
R

I
RRI

,

,                                              (4) 

∆T is the change in actual and reference 

temperature as follows, 

 
refTTT                                                        (5) 

      I0 is the temperature dependent diode saturation 

current given as follows,      

                                             (6) 

 

2.2.  Modeling of DFIG Variable Wind Speed 

If the power output Pm from a DFIG wind 

depends on its speed and is given by, 
 

  ,5.0 3

pwm ACVP                                                 (7) 
 

The modelling equations for DFIG are required 

for its control. The voltage equations of an induction 

motor in a d-q rotating frame are 
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The DFIG dynamic equations are as follows, 

 

emm
r

p

TT
dt

d

n

J


                                                       (10) 

 
qrdsdrqsmpem iiiiLnT                                                (11) 

r  12
                                                               (12) 

 0,0  qsds                                                               (13) 

 

Substituting (12) and (13) in (8) to obtain the 

equations in the stator voltage oriented reference 

frame are given below and the simulation parameters 

for DFIG wind model are tabulated in Table 2. 
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Table 2. Parameters for DFIG wind model [12]. 

Parameters Values 

Actual power Pnom=50kW 

Actual Voltage Vnom=400V 

Stator resistance Rs=0.00706pu 

Stator inductance Ls=0.171pu 

Rotor resistance Rr=0.005pu 

Rotor inductance Lr=0.156pu 

Mutual inductance Lm=0.156pu 

Rotor inertia constant J=3.1S 

No. of poles np=6 

Actual DC link voltage of back 

to back converter 
Vdc_nom=800V 

Actual mechanical power Pm=45kW 
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mrs

LL

LLL 2


                                                       (18) 

 

3.  CONTROL METHODS FOR AC-DC HM 

The proposed controller plays a key role in the 

coordination of the converters and the mains which 

supplies a continuous, highly efficient and quality 

power to variable DC and AC linear and non-linear 

loads under intermittent solar-wind green energy 

sources with balanced and unbalanced grid conditions. 

The overall control diagram of the proposed AC-DC 

HM is depicted in Fig. 2 and discussed in this section. 
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Fig. 2. Overall control diagram of the proposed AC-DC HM. 
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Fig. 3. d-q reference current method. 

 
3.1.  d-q Reference Current Method 

The control diagram of d-q reference current 

method is shown in detail in Fig. 3. The determination 

of angle θ with respect to α – β frame is obtained by d 

– q frame. The transformation of d– q reference frame 

is illustrated as, 
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Each of the above currents have an average value 

and an oscillating value, 
 

ddd iii
~

                                                               (20) 

qqq iii
~

                                                                (21) 

 

In the above equations, only the magnitude of 

currents is transformed and power calculations are  

 

performed on d-q-axis components. The zero sequence 

current components remain unchanged when the d-axis 

has the same direction similar to voltage space vector 

. Hence, 
 

                                  (22) 
 

The reference supply current will be determined as 

follows, 
 

0;  sosqLdsd iiii                                             (23) 

                                 (24) 

 

The average value of (24) is,  
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Multiplying (25) with unit vector because of 

reference supply current in phase with voltage at CCP, 
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The key benefits of id – iq scheme is that the angle 

θ is determined directly from a grid voltage source 

without using a PLL to synchronize. The PI control or 

FLC applies to the d-axis in d – q reference frame to 

control the small real component current and then the 

current controller controls this current to regulate the 

voltage constant across capacitor Cdc. 

  

3.2.  Hysteresis Current Control Comparator 

The transfer of real power between AC-DC buses 

with the utility grid depends on the DC link voltage 

control. Further the working of HCC without PLL as 

compared to HCC with PLL [31] is discussed. 

The reference neutral signal obtained from d-q 

reference current control is set to zero to compensate 

the neutral current by the 4th leg of BIC i.e, 
 

0* cni                                                                       (29) 

      

      The reference signals ica
*, icb

*, icc
* and icn

* obtained 

from d-q reference current control are compared with 

actual grid currents ica, icb, icc
 and icn

 are shown below 

to obtain the current errors being given to the HCC to 

generate the switching pulses (P1 to P8) for BIC. 
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If the current errors are above the upper 

bandwidth, then the upper switch of the corresponding 

phase leg is turned OFF, otherwise the lower switch is 

turned ON and vice-versa. This HCC without PLL has 

a very rapid response and good accuracy due to the 

sudden change of load and its control diagram is 

depicted in Fig. 4. 
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Fig. 4. Control diagram of HCC. 

 

Table 3. Parameters used for simulation. 

Parameters Values 

BIC power rating Pconv=10kVA 

Capacitor across the PV array Cpv=110µF 

Inductor for the boost converter L1=7.45mH 

Capacitor across DC link Cdc=3000µF 

Switching frequency for the boost 

converter 
fs=20kHz 

Frequency of the AC grid f=50Hz 

Voltage across the capacitor Vdc=800V 

Source inductance Ls=0.01mH 

Filtering inductor for the BIC L2=5mH 

Filtering capacitor for the BIC C2=0.5mF 

Equivalent resistance of the BIC C2=0.5mF 

 

4.  CASE STUDY: RESULTS AND DISCUSSION 

Simulation studies have carried out using 

MATLAB/SIMULINK software in order to validate 

the coordination control of converters for the 

proposed AC-DC hybrid PV array and DFIG wind 

with the mains grid to supply continuous, highly 

efficient and quality power to the variable DC load 

and variable AC linear and non-linear loads. The PV 

array is simulated at various solar irradiation whereas 

DFIG wind at various wind speed and the other 

parameters for the AC-DC HM is tabulated in Table 

3. 

 

4.1.  Performance of d-q Reference Current Method 

under Balanced Grid, Linear and Non-linear Load 

Condition 

Case 4.1(i): BIC is in rest mode 

In this case, initially the unfiltered grid current and 

the DFIG current is equal to the load current, as 

shown in Fig. 5(d). The proposed d-q reference 

current control produces filtered current and is 
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injected to the network through the BIC while 

regulating the dc link voltage using PI control, as 

shown in Fig. 5(c). This technique plays the main role 

in exchanging the real power between AC-DC sub-

grids. Furthermore, the filtered current results in 

limiting the harmonics to become sinusoidal balanced 

grid current from the polluted grid current, as shown 

in Fig. 5(b). The corresponding grid voltage is shown 

in Fig. 5(a).  

The DC load demand, Pdcload is fulfilled by PV, Ppv 

at 400 W/m2 shown in Fig. 5(e). A balanced AC 

linear, Plinearload and non-linear load, Pnon-linearload 

demands are met by DFIG wind, Pwind at 9 m/s, and 

the grid, Pgrid supplies/receives zero power as shown 

in Fig. 5(f). At this instant, the BIC is in rest mode, 

hence Pconv also shown in Fig. 5(e). The grid current 

THD before and after filtering is shown in Fig. 5(g) 

and 5(h). 

 

 
                      (a)                                 (b) 

  
          (c)                                 (d) 

   
                            (e)                                  (f) 

                    
           (g)                                                   (h) 

Fig. 5. Case 4.1(i): (a) Grid voltage, (b) Grid 

current, (c) Grid and load neutral current, (d) 

Converter DC link voltage, (e) AC and DC grid side 

output powers, (f) Non-linear load current, (g) Grid 

current THD before filtering and (h) Grid current 

THD after filtering. 

 
                             (a)                                                  (b) 

  
                             (c)                                 (d) 

   
                       (e)                                  (f) 

                    
            (g)                                                   (h) 

Fig. 6. Case 4.1(ii): (a) Grid voltage, (b) Grid 

current, (c) Grid and load neutral current, (d) 

Converter DC link voltage, (e) AC and DC grid side 

output powers, (f) Non-linear load current, (g) Grid 

current THD before filtering and (h) Grid current 

THD after filtering. 

 

Case 4.1(ii): BIC operates in rectifier mode 

In this case, initially without filtering the grid 

current and DFIG current is equal to the load current 

shown in Fig. 6(d). With filtering, the filter current 

starts injection to the network through the BIC and the 

PI control regulates the dc link voltage shown in Fig. 

6(c). This results in proper real power exchange 

between AC-DC sub-grids. Further, the balanced grid 

current becomes sinusoidal from the distortion due to 

the presence of lower order harmonics as shown in 

Fig. 6(b) and the corresponding grid voltage is shown 

in Fig. 6(a).  

The DC load demand, Pdcload is more than the PV 

power output, Ppv at 200 W/m2 is shown in Fig. 6(e). 

A balanced AC linear, Plinearload and non-linear load, 

Pnon-linearload demands are more than the DFIG wind 

output power, Pwind at 7 m/s, then the grid, Pgrid is 
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supplying remaining power to both DC load and AC 

load, as shown in Fig. 6(f). At this instant, the BIC 

acts as a rectifier mode starts to supply required 

power, Pconv from the grid is shown in Fig. 6(e). The 

grid current THD before and after filtering is shown 

in Fig. 6(g) and 6(h). 

 

 
            (a)                                                  (b) 

  
                       (c)                          (d)           (                              

   
          (e)                                  (f) 

                    
           (g)                                                    (h) 

Fig. 7. Case 4.1(iii): (a) Grid voltage, (b) Grid 

current, (c) Grid and load neutral current, (d) 

Converter DC link voltage, (e) AC and DC grid side 

output powers, (f) Non-linear load current, (g) Grid 

current THD before filtering and (h) Grid current 

THD after filtering. 

 

Case 4.1(iii): BIC operates in inverter mode 

In this case, initially before filtering, the distorted 

grid current and DFIG current are equal to the load 

current, as shown in Fig. 7(d). After filtering, the filter 

current starts injection to the network through the 

BIC. The PI control regulates the dc link voltage 

shown in Fig. 7(c) which plays a main role in 

exchanging the optimal power between AC-DC 

subgrids. Further, the sinusoidal balanced grid current 

is obtained due to the filtered current injected to the 

network is shown in Fig. 7(b) and the corresponding 

grid voltage is shown in Fig. 7(a).  

The DC load demand, Pdcload is less than the PV 

power output, Ppv at 1000 W/m2 is shown in Fig. 7(e). 

A balanced AC linear, Plinearload and non-linear load, 

Pnon-linearload demands are less than the DFIG wind 

output power, Pwind at 7 m/s, then the grid, Pgrid is 

receiving surplus power from the both PV and DFIG 

wind shown in Fig. 7(f). At this instant, the BIC acts 

as an inverter mode and starts to supply extra power, 

Pconv to the grid, as shown in Fig. 7(e). The grid 

current THD before and after filtering is shown in Fig. 

7(g) and 7(h). 

 

4.2.  Performance of d-q Reference Current Method 

under Unbalanced Grid, Linear and Non-linear 

Load Condition 

Case 4.2(i): BIC is in rest mode 

In this case, initially before applying the proposed 

d-q reference current controller to the BIC, the 

distorted grid current and DFIG current is equal to the 

load current as shown in Fig. 8(d). After applying the 

proposed controller to the BIC, the filter current starts 

injection to the network through the BIC. The PI 

control regulates the dc link voltage shown in Fig. 

8(c) which plays a main role in exchanging the 

optimal power between AC-DC subgrids. Further, the 

sinusoidal unbalanced grid current is obtained due to 

the filtered current injected to the network, as shown 

in Fig. 8(b) and the corresponding grid voltage is 

shown in Fig. 8(a).  

The DC load demand, Pdcload is satisfied by only 

PV, Ppv at 400 W/m2 shown in Fig. 8(e). The 

unbalanced AC linear, Plinearload and non-linear load, 

Pnon-linearload demands are satisfied by only DFIG wind, 

Pwind at 9 m/s, and hence the grid, Pgrid 

supplies/receives zero power as shown in Fig. 8(f). At 

this instant, the BIC is in rest mode, hence Pconv also 

shown in Fig. 8(e). The grid current THD before and 

after filtering is shown in Fig. 8(g) and 8(h). 

 

 
                       (a)                                                   (b) 
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                       (c)                                                   (d) 

   
                       (e)                                               (f) 

                    
           (g)                                                   (h) 

Fig. 8. Case 4.2(i): (a) Grid voltage, (b) Grid 

current, (c) Grid and load neutral current, (d) 

Converter DC link voltage, (e) AC and DC grid side 

output powers, (f) Non-linear load current, (g) Grid 

current THD before filtering and (h) Grid current 

THD after filtering. 

 

Case 4.2(ii): BIC operates in rectifier mode 

In this case, initially without filtering the grid 

current and DFIG current are equal to the load current 

shown in Fig. 9(d). With filtering, the filter current 

starts injection to the network through the BIC and the 

PI control regulates the dc link voltage shown in Fig. 

9(c). This results in proper real power exchange 

between AC-DC sub-grids. Further, the unbalanced 

grid current becomes sinusoidal from the distortion 

due to the presence of lower order harmonics as 

shown in Fig. 9(b) and the corresponding grid voltage 

is shown in Fig. 9(a). The DC load demand, Pdcload is 

more than the generation of PV, Ppv at 200 W/m2 

shown in Fig. 9(e). The unbalanced AC linear, 

Plinearload and non-linear load, Pnon-linearload demands are 

more than the generation of DFIG wind, Pwind at 7 

m/s, then the grid, Pgrid is supplying remaining power 

to the both DC load and AC load shown in Fig. 9(f). 

At this instant, the BIC acts as a rectifier mode starts 

to supply required power, Pconv from the grid also 

shown in Fig. 9(e). The grid current THD before and 

after filtering is shown in Fig. 9(g) and 9(h). 

 

 
                       (a)                                                   (b) 

  
                        (c)                                                   (d) 

   
                        (e)                                                 (f) 

                    
             (g)                                                  (h) 

Fig. 9. Case 4.2(ii): (a) Grid voltage, (b) Grid 

current, (c) Grid and load neutral current, (d) 

Converter DC link voltage, (e) AC and DC grid side 

output powers, (f) Non-linear load current, (g) Grid 

current THD before filtering and (h) Grid current 

THD after filtering. 

 

Case 4.2(iii): BIC operates in inverter mode 

In this case, initially the unfiltered grid current and 

the DFIG current are equal to the load current, as 

shown in Fig. 10(d). The proposed d-q reference 

current control produces filtered current and is 

injected to the network through the BIC and also 

regulate the dc link voltage using PI control as shown 

in Fig. 10(c). These play the main role in exchanging 

the real power between AC-DC sub-grids. Further, the 

filtered current results in limiting the harmonics to 

become sinusoidal unbalanced grid current from the 

polluted grid current as shown in Fig. 10(b) and the 

corresponding grid voltage is shown in Fig. 10(a).  

The DC load demand, Pdcload is less than the 

generation of PV, Ppv at 1000 W/m2 shown in Fig. 

10(e). An AC linear, Plinearload and non-linear load, 

Pnon-linearload demands are less than the generation of 

DFIG wind, Pwind at 7 m/s, then the grid, Pgrid is 

receiving surplus power from the both PV and DFIG 

wind shown in Fig. 10(f). At this instant, the BIC is 

acting as an inverter mode and starts to supply extra 

power, Pconv to the grid also shown in Fig. 10(e). The 

grid current THD before and after filtering is shown 

in Fig. 10(g) and 10(h). 
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                             (a)                                                   (b) 

  
                       (c)                                                   (d) 

 

    
                            (e)                                                 (f) 

 

 

                    
           (g)                                                   (h) 

Fig. 10. Case 4.2(iii): (a) Grid voltage, (b) Grid 

current, (c) Grid and load neutral current, (d) 

Converter DC link voltage, (e) AC and DC grid side 

output powers, (f) Non-linear load current, (g) Grid 

current THD before filtering and (h) Grid current 

THD after filtering. 

 

 
Fig. 11. Grid and load neutral current. 

 

In the case of unbalanced load (linear and non-

linear) on the AC grid side, the filter current flows to 

the CCP through the 4th leg of BIC to compensate the 

neutral current as depicted in Fig. 11. In both case 4.1 

and 4.2, the results prove that the proposed controller 

performs efficiently with minimum power 

conversions in order to improve the power quality. 

The d-q reference current method validates its 

performance to maintain the grid current THD within 

the limits as per IEEE standards which have been 

summarized in Table 4. 

 

Table 4. Performance of d-q reference current method. 

Grid and 

load 

conditions 

Cases 

Grid current THD (%) 

Before 

filtering  

After 

filtering 

Balanced  

Case 4.1(i) 16.49 2.98 
Case 4.1(ii) 19.54 3.56 
Case 4.1(iii) 17.80 3.73 

Unbalanced  

Case 4.2(i) 12.25 2.96 
Case 4.2(ii) 14.80 3.03 
Case 4.2(iii) 13.40 3.81 

 

5.  CONCLUSIONS 

In this paper, an AC-DC HM structure and the 

corresponding control methods for the efficient 

coordination of converters are studied and simulated 

in MATLAB/SIMULINK. The proposed structure 

achieves simultaneous inverter-based and rectifier-

based power exchange between AC and DC sub-grids 

with harmonic current compensation and neutral 

current compensation under various grid and load 

conditions. In both case A and case B, as discussed in 

section 4, the obtained results are satisfactory and 

have shown that the bidirectional power flow 

applications with grid current harmonics at CCP 

within the limits as per IEEE standard. Besides, the 

overall AC-DC HM system is improved with 

minimum DC-AC-DC/AC-DC-AC conversion losses. 

Based on the present dominated AC power system, 

this AC-DC HM structure experience more practical 

problems to implement with utility grid but having 

good scope in the near future to fulfil the customers 

demand due to over load demand especially in India 

and China. The future scope of this paper will be 

focusing on the control strategies for isolated AC-DC 

HM under various grid and load conditions to provide 

the highly efficient and quality power at the end users 

in the smart distribution system. 
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