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ABSTRACT    

Coordinated control schemes are employed for both bidirectional DC/DC 
and AC/DC converters in this paper which are considered for connecting 
AC subgrid to DC one in hybrid AC/DC microgrids. Each subgrid consists 
of distributed generation units, which are photovoltaic systems working 
in maximum power point tracking mode, and local loads. Indeed, even 
though hybrid AC/DC microgrid has multiple merits over conventional 
microgrid, the interconnection of two different grids has some concerns 
such as complication, power management, and control. The coordinated 
control term in bidirectional AC/DC converter is formulated with regard 
to voltage of common bus and frequency of AC part. The common bus 
and DC subgrid voltages are utilized in the coordinated control term of 
bidirectional DC/DC converter. Modeling and simulating a hybrid AC/DC 
microgrid have been conducted in MATLAB/SIMULINK software. 
According to simulation results, the surveyed system can sustain its 
stability under the introduced coordinated control schemes. Hence, the 
proposed power management system based on coordinated control 
terms manage the power flow among DC and AC subgrids in addition to 
storage system. 
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1. Introduction  

Nowadays,1 hybrid AC/DC microgrids have 
become an interesting concept for researchers     
owing     to    presence    of different DC and AC 
distributed generations (DGs) including various 
renewable energy sources and storage systems 
[1]. These microgrids benefit from advantages of 
AC and DC microgrids, which are considered as 
the most possible future systems. They generally 
include DC subgrid, AC subgrid, bidirectional 
DC/DC and AC/DC converters (BDDC and 
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BADC), and storage system to connect different 
subgrids. The AC part has its AC DGs and loads; 
the DC one also involves DC DGs and loads. 

To reach proper power sharing in 
conventional DC and AC microgrids, several 
control methods were proposed [2]. Authors in 
[3] and [4] have investigated fast communication 
technique-based master-slave control method for 
DC microgrids. However, this strategy requires 
communication devices which degrades the 
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reliability of system. Therefore, the decentralized 

control strategies employing the dc dci v
 droop 

method and its derived versions were studied to 
increase the reliability of DC microgrids [5, 6]. In 
addition, master-slave strategy was implemented 
in AC microgrids by Kalke et. al. in [7]. In the 
proposed scheme, the load demand was 
compensated completely via slave inverters; 
voltage and frequency regulation of microgrid 
were improved under local load variation 
conditions, as well. 

In contrast to conventional DC and AC 
microgrids, the complexity in controlling hybrid 
AC/DC microgrids is more challenging. Not only 
is coordination of two different subgrids 
associated with well-operating of bidirectional 
converters, but also the reliability and efficiency 
of whole microgrid depend on these converters 
and their control methods. In fact, hybrid AC/DC 
microgrid operation relies on implementing 
appropriate power management strategies in 
order to control the load sharing. Authors of [8] 
summarized several power management tactics 
for hybrid AC/DC microgrids. Moreover, an 
overview and classification were conducted by 
Unamuno and Barrena in [9] which focused on 
hierarchical controls in hybrid AC/DC 
microgrids. Loh et. al. offered a power 
management strategy to achieve appropriate 
power interaction that DC voltage and AC 
frequency were normalized [10]. Considering the 
balance of power in hybrid AC/DC microgrid, 
two-stage modified droop control methods, i.e., 
ω− 𝑃𝑎𝑐 and 𝜈𝑑𝑐

2 − 𝑃𝑑𝑐, were suggested by 
Eghtedarpour and Farjah in [11]. The proposed 
control method performed power sharing 
between both subgrids in transition of grid-
connected mode to islanded one as well as during 
the islanded operation which reduce the 
requested power conversions stages, cost, and 
efficiency of system. Baharizadeh et. al. 
proposed a strategy without using frequency 
variation in controlling structure of hybrid 
AC/DC microgrid and made it possible to use 
smaller slope for ƒ − 𝑃𝑎𝑐 droop characteristic 
[12]. Thus, smaller frequency variation and better 
power quality were achieved at AC side. A 
cascade 𝑃𝑑𝑐/𝑉𝑑𝑐 control with a wide constant 
band for power has been adopted in [13] that 
efficient usage of photovoltaic (PV) generation 
gained in a hybrid AC/DC microgrid. 

Considering battery converter, a new 𝑃𝑑𝑐/𝑉𝑑𝑐  
droop control strategy with narrow band was 
introduced to prevent from exceeding of voltage 
limit. However, the load power quality limited 
the width of mentioned band. A novel 
decentralized control technique for hybrid 
AC/DC microgrid was presented in [14] by 
Baharizadeh et al. which is based on recent 
characteristics of droop method for sources and 
inverters, and adjusting the voltage magnitude of 
a common bus in each subgrid. Gundabathini and 
Pindoriya used a control system along with 
optimal switching approach which can enhance 
power flow control capability of bidirectional 
converter and various operation states in hybrid 
AC/DC microgrid [15]. In [16], a new BADC 
topology was presented and an independent 
power control method was designed which 
caused two subgrids to backup each other. 
Supposing distributed storages (DSs), authors in 
[17] recommended a distributed strategy for 
regulating and managing power of a three-port 
hybrid AC/DC microgrid, involving DS, DC, and 
AC subgrids. A common hierarchical control 
manner similar to the control system of only DC 
or AC microgrid was made for the hybrid AC/DC 
microgrid in [18]. Moreover, several intelligent 
control systems were utilized for supervising 
power of such hybrid microgrid. Authors of [19] 
offered a fuzzy control strategy for hybrid 
AC/DC microgrid to handle the power of battery 
energy storage systems. In these available 
schemes for managing power in hybrid AC/DC 
microgrids, a coordinated control term is only 
utilized commonly in the control structure of 
BADC. However, it has been rarely considered 
coordinated control term in the control structure 
of BDDC. On the other hand, maintaining a 
stable operation for both DC and AC subgrids, 
appropriate power sharing, causing subgrids to 
stand up for each other, and coordinately sharing 
power fluctuations of system are difficult in 
hybrid AC/DC microgrid. Hence, a simple 
strategy for coordinated control of hybrid AC/DC 
microgrids that can address aforementioned 
issues is necessary.  

In this paper, a hybrid AC/DC microgrid 
including PV as well as battery energy storage 
systems is considered to reduce processes of 
power conversions. Hence, the interconnection of 
diverse sources as well as loads to power system 
can be simplified. Maximum power point 
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tracking (MPPT) mode is considered for PV 
systems. According to the common bus voltage, 
voltage of DC part, and frequency of AC part, an 
effective coordinated power control technique is 
designed and applied to control structures of both 
BADC and BDDC to achieve mentioned 
purposes. In fact, the principal contributions of 
this paper are: 
 The correction term based on common bus 

voltage and AC frequency is unified with 
droop control method in control structure of 
BADC. 

 The common bus and DC subgrid voltages-
based coordinated control term is proposed to 
use in combination with droop control 
method for BDDC. 

 The battery energy storage system located in 
the storage system can sustain the stability of 
common bus voltage. 

Figure 1 displays the flowchart for main 
contributions and methods presented for 
managing power in hybrid AC/DC microgrid.  

The rest of this research is presented in next 
sections. The structure of hybrid AC/DC 
microgrid under study, PV model, proposed 
coordinated method, droop control strategy for 
BADC and BDDC, and storage system control 
are given in Section 2. Section 3 exhibits the 
results of simulation. Eventually, Section 4 
concludes this research. 

  
2. System configuration, modeling, and control 
 

2.1. Hybrid AC/DC microgrid topology 
 

Figure 2 demonstrates the investigated 
configuration of the hybrid AC/DC microgrid. 
The AC subgrid has AC DG and load, that its DG 
is a PV system working in MPPT mode. 

The DC subgrid also has its DC DG and load; its 
DG is a PV system working in MPPT mode as 
well. These subgrids are connected through 
bidirectional power converters. 
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Energy 

Storage 

System
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Common 
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Fig. 2. The investigated hybrid AC/DC microgrid 
 

2.2. Modeling of PV system 
 

The equivalent circuit of a PV module connected 
to a load is illustrated in Fig.3. The PV system 
output current can be modeled by next three 
equations [20]. Parameters of Sun Power SPR-
305E-WHT-D PV system used in this paper are 
presented in Table 1. 
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Fig. 1. Flowchart of main contributions and methods 
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Fig. 3. Equivalent model of a PV module 

 

Table 1. Parammeters of PV system 

Symbol Description Value 

ocV  Rated open circuit voltage 64.2 V 

phI  Photocurrent 6.009 A 

satI  Module reverse saturation current 6.3×10-12 A 
q Electron charge 1.6×10-19 

A Ideality factor 150 
K Boltzman constant 1.38×10-23 
Rs Series resistance of PV cell 0.37152 Ω 
Rp Parallel resistance of PV cell 269.5934 Ω 
Isc Short-circuit current 5.96 A 
mpV  Voltage at maximum  

power point 
54.7 V 

mpI  Current at maximum  
power point 

5.58 A 

rT  Reference temperature 1.7×10-3 

rrI  Reverse saturation current at 
rT   

gapE  Energy of the band gap for silicon 1.1eV 
S Solar radiation level 1000 W/m2 
T Surface temperature of PV 50 0C 
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 (3) 

Both subgrids comprise PV-based DGs which 
work in MPPT mode. The implemented MPPT 
algorithm is conducted by using the "incremental 
conductance and integral regulator" technique. In 
fact, MPPT controller optimizes the switching 
duty cycle to generate the required voltage. 
Plenty of control methods for AC or DC grids 
have been probed in numerous researches [21, 

22]. The PV plant is pinned to DC microgrid via 
a DC/DC boost converter [23]. This DC/DC 
boost converter increases PV voltage to desired 
value. 
  

2.3. Coordinated power control among subgrids 
 
A strategy for managing the power of PV-based 
hybrid AC/DC microgrid is presented in this 
subsection. In this microgrid, the interaction 
among DC and AC parts is more complicated 
than conventional only DC or AC microgrids. 
On the condition that the power is in surplus (or 
in shortage) in either DC or AC parts, values of 
DC voltage or AC frequency will be higher (or 
lower). Hence, in light of corresponding 
frequency and voltage changes, the coordinated 
power control scheme is presented. The utilized 
control law for this microgrid is as follows 
which is shown in Fig.4: 
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Fig. 4. Coordinated power control strategy for bidirectional converters 
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where f  and v  are yields of coordinated 
control which are transferred to bidirectioanl 
converters. 𝑘𝑝 is the coefficient of proportional 

(P) controllers. Also, 
*

cbv
, 

*

dcv
, and 

*f  are rated 
values of common bus voltage, DC subgrid 
voltage, and AC frequency, respectively. In 

addition, cbv
, dcv

, and f  are actual common 
bus voltage, DC subgrid voltage, and AC 
frequency, respectively. It should be mentioned 
that maximum and minimum values of these 
variables are illustrated by the superscripts max 
and min, respectively. For proper performance of 
the microgrid, the subgrids are not allowed to 
change their electrical parameters while the 
proportion of critical loads increases [24]. In this 
research, to over come this problem, the 

correction coefficient,  , is used which can be 
adjusted as: 

1

 
sum cri

i

sum sum

P P

P P




 
  
 

 (5) 

Where 𝑃𝑖
𝑠𝑢𝑚  is total capacity, 

criP  is critical 
load capacity in subgrids, and total capacity of the 

entire microgrid is considered as 
sumP . It is 

notable that larger correction coefficient should 
be designed for smaller capacity and larger ratio 
of critical loads. As BADC and BDDC contain 
the local feedback variables, the presented 
coordinated power control is a decentralized 

method, which improves the reliability of whole 
system. 

2.4. Droop control for BADC and BDDC 

In present research, the conventional droop 
control is employed for BADC and BDDC. 
Figure 5 shows the structure and control method 
of BADC, which its AC part connects to AC 
subgrid via a LC filter and DC part connects to 
common bus. The entire control structure 
involves two loops, which interior one controls 
the output voltage and exterior loop comprises 
reactive power-voltage and active power-
frequency droop equations for generating 
reference values for interior loop. The droop 
equations are stated as follows [24]. 

Power Calculation

PIP

PWM

abc/dq

abc/dqabc/dq

Common Bus

AC Bus 
+

- +
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Fig. 5. Structure and control method of BADC 
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where 
refv  and 

reff  are reference values of 
voltage and frequency for interior loop, 

respectively. 
*v  and 

*f  are rated voltage and 

frequency, m  and n  are droop coefficients, 
*Q  

and 
*P  are rated reactive and active powers, and 

Q  and  P  are actual reactive and active powers, 

respectively. f  is obtained by coordinated 
control scheme for BADC. 
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Fig. 6. Structure and control method of BDDC 
 
Configuration and corresponding control of 

BDDC are shown  in  Fig.6.   The   entire   control 

strategy includes two interior and exterior loops. 
The exterior one uses 𝑖𝑑𝑐 − 𝜈𝑑𝑐 droop control 
method for generating reference value for interior 
loop, which is expressed as [5] 

 *= -  ref

dc dc dcvvv r i   (7) 

where 
ref

dcv
is the reference value of DC output 

voltage of interior loop. In addition, r  is droop 

coefficient and dci
is actual value of DC output 

current. The coordinated power control  

generates v  of BDDC as well. 
 
2.5. Control of storage system 

 
Storage system is utilized for sustaining the 
voltage of common bus and balancing power of 
whole grid. Figure 7 depicts the structure and 
control method of this system. As depicted in this 
figure, the bidirectional DC/DC converter 
connects the battery to the common bus. In the 
control system, the static error of common bus 
voltage is firstly eliminated with a proportional-
integral (PI) controller. Then, in order to intensify 
damping and improve the stability, a P controller 
is employed. It should be noted that 𝐶𝑠, 𝑅𝑠, and 
𝐿𝑠  are capacitance, resistance, and inductance of 
the filter, respectively. Also, battery voltage is 
written as 𝑉𝑠  that can be almost considered as a 
constant DC voltage source.

-

+
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*
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Fig. 7. Structure and control method of storage system 
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3. Results and discussions 

In this section, simulation and its results are 
shown for verifying the proficiency of 
coordinated power control in hybrid AC/DC 
microgrid illustrated in Fig.2.  

The rated frequency of AC subgrid is 50 Hz 
with acceptable change range of ±0.5 Hz. The AC 
subgrid voltage magnitude is equal to 311 V. The 
powers of rated and critical loads are 60 kW+j16 
kVAr and 40 kW, respectively. The output power 
of AC DG, which works in MPPT mode, is 40 
kW. 

The rated value of DC subgrid voltage is 500 
V with acceptable change range of ±25 V. The 
powers of rated and critical loads are 80 kW and 
20 kW, respectively.  The output power of DC 
DG operating in MPPT mode, is 60 kW. 

The storage system sustains the voltage of 
common bus which its nominal value is 1000 V 
with acceptable change range of ±50 V. The 
battery nominal voltage is 600 V. Tables 2, 3, and 
4 show the parameters of storage system, BDDC, 
and BADC, respectively. 

Table 2. Parameters of storage system 
Electrical Parameters VALUE 

Battery voltage sV =600 V 

Rated common bus voltage 
*

cbv =1000 V 

Inductive filter 
sL =1.5 mH 

sR =1 mΩ 

Capacitive filter sC =8 mF 

Line resistance lineR =7 mΩ 

Controller Parameters VALUE 

Voltage controller (PI) 
pk =0.7 

ik =70 

Current controller (P) pk =8 
 

 
Table 3. Parameters of BDDC 

Electrical Parameters VALUE 

Rated DC bus voltage *

dcv =500 V 

LC filter 
dL =2 mH 

dR =1 mΩ 

Capacitive filter dC =8 mF 

Line resistance lineR =10 mΩ 

Controller Parameters VALUE 

Coordinated power controller 
 =1.41 

pk =1.5 

Droop controller r =0.7 

Voltage controller (PI) 
pk =0.6 

ik =50 

Current controller (P) pk =3 

 
Table 4. Parameters of BADC 

Electrical Parameters VALUE 

Rated AC bus voltage *

acv =311 V 

Rated AC frequency f =50 Hz 

LC filter 
aL =2.5 mH 

aR =1 mΩ 

Capacitive filter aC =2 mF 

Line impedance lineZ =0.8 mH+1 mΩ 

Controller Parameters VALUE 
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Coordinated power controller 
 =4 

pk = 0.03 

Droop controller 

*P =20 kW,  
*Q =10 kVAr 

pm =5 Hz/MW 

qn =0.1 V/kVAr 

Voltage controller (PI) 
pk =0.8 

ik =100 

Current controller (P) pk =4 

 

 

The hybrid AC/DC microgrid under study 
operates under rated load powers in AC and DC 
subgrids up to t=5 s. The AC critical load is 
connected at t=5 s. Finally, at t=10 s, DC critical 
load is added. Figures 8-10 demonstrate the 
dynamic responses of hybrid AC/DC microgrid 
with proposed coordinated power control 
strategy under these case studies. 

The AC frequency, common bus voltage, and 
DC subgrid voltage are shown in Fig.8. It is 
observed that as AC subgrid load power increases    
at t=5 s, AC subgrid frequency decreases. 

Also, the DC subgrid voltage decreases when the 
DC critical load is connected. It should be noted 
that the storage system regulates the common bus 
voltage under load power variation conditions 
accurately. 

Figure 9 indicates that the fluctuations of AC 
frequency, common bus voltage, and DC subgrid 
voltage are in their acceptable ranges, where 

*f f f   , 
*

cb cb cbv v v  
, and 

*

dc dc dcv v v  
. Also, 

*f , 
*

cbv
, and 

*

dcv
 are 

equal to 50 Hz, 1000 V, and 500 V, respectively. 

  

(a) (b) 
Fig. 8. (a) AC frequency, (b) Common bus and DC subgrid voltages 

 

  
(a) (b) 

Fig. 9. (a) Variation of AC frequency, (b) Variation of common bus and DC subgrid voltages 
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(a) (b) 

Fig. 10. Active and reactive powers: (a) from BADC, (b) from AC DG

 
As Fig.10 illustrates, the AC DG works in 

MPPT mode with constant output active and 
reactive powers under load power variations. 
Also, the output active and reactive powers of 
BADC increase by adding the AC critical load at 
t=5 s. From simulation results, it is obvious that 
the introduced coordinated strategy for power 
management can operate properly, which shows 
its high reliability. 
 
4. Conclusion 
 
This paper recommended an efficient 
coordinated control technique for a hybrid 
AC/DC microgrid which its correction terms 
were applied to control systems of BADC as well 
as BDDC. Both common bus voltage and AC 
frequency were used in the coordinated control 
term of BADC. The coordinated control term of 
BDDC was implemented according to the 
voltages of common bus and DC subgrid. This 
control strategy provided 

 proper and stable operation of storage 
system as well as AC and DC subgrids, 

 proper power interplay between different 
subgrids, 

 and ensuring that both subgrids support 
each other under power fluctuation 
conditions.  

The effectiveness of proposed method was 
evaluated by the simulations, which satisfied 
power management. For future researches, the 
effect of primary control systems of BADC and 
BDDC, which was droop control scheme in this 
research, on the presented coordinated control 
strategy can be investigated. 
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