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Abstract— A hybrid ac/dc microgrid consists of alternating 

current (ac) subgrid(s), direct current (dc) subgrid(s) and 
intermediate bidirectional power converters (BPCs). The presence of 
dc distribution networks complicates the operation and 
corresponding control of the hybrid ac/dc microgrid. This paper 
proposes a decentralized bidirectional voltage supporting control 
scheme for the multi-mode hybrid ac/dc microgrid, which can 
provide uninterruptable ac and dc voltages in case of  unintentional 
ac and dc islanding events. An ac phase angle – dc voltage inverse 
droop control with virtual impedance are designed and implemented 
in BPCs, which can support the ac and dc voltages and enable 
seamless mode switching without additional voltage sources. Proper 
power sharing between ac and dc subgrids is realized without 
frequency deviation in the ac islanded mode. The stability of proposed 
control is analyzed under different modes, and its performance is 
verified by real-time hardware-in-loop (HIL) tests. 
 

Index Terms-- Bidirectional power converter, bidirectional voltage 
support, inverse droop control, multi-mode hybrid ac/dc microgrid, 
seamless mode switching. 

I.  INTRODUCTION 

HE concept of microgrid has been proposed as an efficient 
solution for reliable integration of distributed generators 

(DGs), energy storage and controllable loads [1], [2]. Recently, 
with the increasing penetration of direct current (dc) DGs and dc 
loads such as photovoltaic (PV) units, batteries, electric vehicles 
(EVs), LED lights, etc., the traditional microgrid includes 
numerous alternating current (ac)/dc conversions[3]. To 
effectively integrate various types of ac/dc DGs and loads with 
reduced conversion stages, the hybrid ac/dc microgrid is proposed, 
which consists of the ac subgrid with ac DG and ac loads  and the 
dc subgrid with dc DGs and dc loads, as shown in Fig.1 [4]-[6]. 
The bidirectional power converters (BPCs) connect and coordinate 
the ac and dc subgrids.    

For the traditional ac microgrid, there are two operation modes, 
grid-connected mode and islanded mode, which are determined by 
the connection status with the ac distribution network. With the 
emergence of modular cascaded converters (MCCs) technology 
and the resulting MCC based dc transformer, the dc distribution 
network can provide higher efficiency, power density, flexibility 
compared to the ac distribution network [7], [8]. Coupling the dc 
distribution network with the dc subgrid of the hybrid ac/dc 
microgrid, can provide robust voltage support for the dc subgrid 
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and efficient dc load sharing through the dc transformer [9].  The 
connection of the hybrid ac/dc microgrid with both ac and dc 
distribution networks however makes its operation more 
complicated than tradition ac microgrid. 

  
Fig. 1. Topology of hybrid ac/dc microgrid in this paper 
 

When the traditional microgrid operates in grid-connected 
mode, the voltage can be supported by the distribution network, 
while in islanded mode, voltage support is provided by a voltage 
source. During the switching process from interconnected to 
islanded mode, the detection of an islanding event is imperative 
for the voltage sources. The available islanding detection 
algorithms, both passive and active methods need to compromise 
between speed and accuracy, while further research is needed to 
accommodate low-inertia systems [10]-[13]. Alternative to the 
islanding detection, the droop control, which was firstly applied 
on the uninterruptible power supply (UPS) systems, has been 
extended to the voltage support of a microgrid [14]. By setting the 
frequency and voltage magnitude deviations proportional to the 
active and reactive output power, the droop control can coordinate 
multiple voltage sources and the distribution grid, and realize 
voltage support and power sharing in both grid-connected and 
islanded modes [15], [16]. This provides seamless mode switching 
without islanding detection [17]. 

However, conventional droop suffers from well-known 
limitations, such as inherent frequency and voltage magnitude 
deviations, sensitivity of sharing accuracy to line impedance [18], 
[19], and economic inefficiency. In practice, the dispatchable DGs 
like micro turbines, diesel generators, fuel cells and energy 
storages (ESs) usually serve as voltage sources. Comparing with 
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renewable undispatchable DGs, such as PV units and wind 
turbines (WTs), the generation cost of voltage sources is much 
higher because of the fuel cost or lifecycle cost of the ES [20]-
[22]. To ensure uninterrupted voltage in case of an unintentional 
grid fault, the droop controlled voltage sources need to operate as 
backup power during the grid-connected mode. Consequently, the 
full-time operation of these voltage sources in both grid-connected 
mode and islanded mode makes microgrid operation costly.  

For the conventional hybrid ac/dc microgrid, in case of a fault 
on the ac or dc distribution grid, both ac and dc subgrids need 
voltage sources. Hence, there are at least two dispatchable DGs or 
ESs serving as voltage sources in the hybrid ac/dc microgrid. This 
is not necessary if BPCs are used to support the voltage [23], [24]. 
In [23], only one voltage source is required in the ac subgrid. The 
voltage of the dc subgrid is maintained by BPCs. In [24], the sole 
voltage source is used to support voltage of the dc subgrid. For the 
ac subgrid, the modified ac frequency and magnitude droop 
control are employed on BPCs to support ac voltage. The number 
of voltage sources is reduced to one with the BPCs supporting one 
subgrid. Furthermore, if the BPCs can support the voltages of both 
subgrids bidirectionally, the use of voltage sources is not required 
under certain fault conditions.  

In [25] and [26], the unified BPC control is firstly proposed to 
support voltages of both ac and dc subgrids. By feeding back the 
measured ac frequency and dc voltage, the unified control 
regulates the power reference [25] and frequency reference [26] of 
the power-frequency (𝑃 𝑓 ) droop control, which essentially 
changes the power exchange between the two subgrids to maintain 
the voltage balance of the two subgrids. With the unified BPC 
control, the BPCs can flexibly support the subgrid without a 
voltage source. However, the 𝑃 𝑓 droop based unified control 
results in frequency deviations in the ac subgrid. Besides, the 
voltage sources still need to operate full-time to provide 
uninterrupted voltage in case of unintentional islanding. 

In this paper, a decentralized bidirectional voltage supporting 
control is proposed for the multi-mode hybrid ac/dc microgrid, 
which can provide uninterruptable ac and dc voltage support 
without control method switching or full-time operation of voltage 
sources. The main features of the proposed control are 
summarized as follows: 

1) The operation of the hybrid ac/dc microgrid coupled with ac 
and dc distribution networks is analyzed and classified into four 
modes. Four switch principles are proposed for flexible mode 
switching in order to minimize the power fluctuations during 
transition and prolong the lifetime of the ESs. 
 2) A compact ac phase angle – dc voltage (𝜃 𝑣 ) inverse 
droop control is designed for BPCs, which can help supporting the 
ac and dc voltages bidirectionally without frequency deviation, in 
case of unintentional ac and dc islanding events. The proposed 
bidirectional support enables the seamless transfer with minimal 
dependence on additional voltage sources. 
 3) By adopting the designed virtual impedance and 𝜃 𝑣  
inverse droop coefficient, the power can be proportionally shared 
among multiple BPCs according to BPCs’ capacities. 
Furthermore, when there is a power fluctuation in one subgrid, the 
other subgrid can coordinately share the fluctuation according to 
subgrids’ capacities, thus reducing the pressure on one single 
subgrid. 

The rest of this paper is organized as follows. In Section II, the 
operation modes and mode switching principles of the hybrid 

ac/dc microgrid are introduced. In Section III, bidirectional 
voltage support control for the multi-mode hybrid ac/dc microgrid 
is proposed. In Section IV, the small signal model of the hybrid 
microgrid is established to analyze the stability in different modes. 
In Section V, the HIL test results are presented to verify the 
efficiency of the proposed control, followed by the conclusions. 

II.  OPERATION MODES OF HYBRID AC/DC MICROGRID 

A.  Classification of Operation Modes  

For the traditional ac or dc microgrid, there are two operation 
modes, grid-connected mode and islanded mode, which are 
characterized by the connection status with the upstream 
distribution network. For the hybrid ac/dc microgrid of Fig.1, there 
are four operation modes according to the connection with the ac 
and dc upstream distribution network:  
1) Mode I: Both ac and dc subgrids are grid-connected (AC/DC-

GC mode), the ac and dc breakers are closed. 
2) Mode II: The ac subgrid is grid-connected and dc subgrid 

islanded (AC-GC DC-IS). The ac breaker is closed, the dc 
breaker is open. 

3) Mode III: Both ac and dc subgrids are islanded (AC/DC-IS 
mode), the ac and dc breakers are open. 

4) Mode IV: The ac subgrid is islanded and dc subgrid grid-
connected (AC-IS DC-GC mode), the ac breaker is open, the 
dc breaker is closed. 

In Mode I, the voltage of ac and dc bus can be supported by ac 
and dc units, and the load can be balanced by ac and dc units. In 
Mode II, a dc voltage source is needed to form the dc subgrid 
voltage, and the power balance can only be maintained by ac units 
and ESs. In Mode III, both ac and dc voltage sources are required 
to support the voltage of ac and dc subgrids. In Mode IV, an ac 
voltage source is needed for ac voltage support. 
 

B.  Mode switching Principles for Hybrid ac/dc Microgrid 

 
Fig. 2. The eight Mode switching paths between four modes. 
 

The hybrid ac/dc microgrid usually operates in the AC/DC-GC 
mode. When there is a fault on the ac or dc upstream distribution 
grid, the corresponding ac or dc breaker will open to isolate the 
fault. The breakers will reclose to connect with grids after the 
synchronization till the fault is cleared. The operation mode of the 
hybrid microgrid will change when the breakers operate. The 
mode switching paths among the four modes are shown in Fig. 2. 
There are eight switching paths labeled by A to H.  

To realize the switching between two modes, there are always 
many path options. For example, both path sequences A→C and 
G→F realize the switching from Mode I to Mode III. To get the 
best optional sequence, the transferred power is introduced to 
evaluate the different path sequences. For the paths A, B, E, F, the 
transferred power is 𝑃 , , which is the absolute value of 



changed power when the dc breaker operates, and for the paths C, 
D, H, G, the transferred power is 𝑃 , , which is the absolute 
value of changed power when the ac breaker operates. To 
minimize the power fluctuation of the mode switching process and 
prolong the life time of the ESs, four principles for the mode 
switching are proposed 
1) Only one breaker can switch at a time; 
2) The breaker switch times of the path sequence should be 

minimal; 
3) If two breakers need to open, the breaker with lower 

transferred power switches first; if two breakers need to close, 
the breaker with higher transferred power switches first; 

4) If one breaker needs to open, and the other breaker needs to 
close, the switch-on breaker switches first. 

Principle (1) ensures that ac and dc breakers cannot operate 
simultaneously, which can cause severe power fluctuations in both 
ac and dc side. Principle (2) is the switching principle between the 
adjacent modes like Mode I and Mode II, there are two switching 
path sequences from Mode I to Mode II: 1) A; 2) G→F→D. The 
transferred power of path A is 𝑃 , , and the transferred power 
of G→F→D is 𝑃 , 2 𝑃 , , which indicates that there is 
more power change than in path A. Principles (3) and (4) are 
proposed to conduct the switching between the nonadjacent 
modes. For nonadjacent mode switching, like from Mode I to 
Mode III, the transferred power of sequences A→C and G→F is 
equal to 𝑃 , 𝑃 , . To choose a better switching 
sequence, we need to compare the transition mode of the two path 
sequences. For path sequence A→C, the transition mode is Mode 
II. The hybrid microgrid is supported by the ac distribution 
network and the ESs in Mode II, and the power fluctuation is also 
shared by the ac distribution network and the ESs. The transferred 
power 𝑃 ,  can quantify the support by the ac distribution 
network. With higher 𝑃 , , the ac distribution network will 
share more power fluctuation, which can release the pressure of 
the ESs and prolong its life time. For the path sequence G→F, the 
transition mode is Mode IV. The hybrid microgrid is supported by 
the dc distribution network and the ESs in Mode IV. Similarly, the 
more power is shared by the dc distribution network, the less 
pressure will be exerted on the ESs. In this way, Principle (3) 
solves the switching between Mode I and Mode III, the path 
sequence with higher transferred power transition mode is 
preferred to prolong the ESs’s life time. Principle (4) deals with 
the switching between Mode II and Mode IV, the transition modes 
are Mode I and Mode III. Obviously, with the support by ac and 
dc distribution networks, the ESs in Mode I shares less power 
fluctuations than in Mode III. Hence, Mode I is selected as the 
transition mode, and the switching path sequence can only be B→

G or H→A between Mode II and Mode IV. According to the 
principles (1)–(4), the mode switching process can minimize the 
power fluctuations during switching and prolong the life time of 
the ESs. Detailed switching paths between the four modes are 
illustrated in Table I. 

III.  BIDIRECTIONAL VOLTAGE SUPPORTING CONTROL  

In this section, the bidirectional voltage control for the BPCs in 
the hybrid ac/dc microgrid, is proposed. This control mode can 
form ac and dc voltages whenever there is an unintentional 
islanding event in the ac side or dc side, respectively. Firstly, a 
virtual impedance is designed in the ac side of the BPC. Based on 
the virtual impedance, the rated frequency and ac voltage 
magnitude control is adopted to support ac voltage and share the 
ac load. Secondly, an ac phase angle-dc voltage inverse droop 
control is designed to support the dc voltage and share dc load. 
Finally, a bidirectional supporting controller is designed for BPCs 
with the mode switching in Section II. 

A.  Ac Voltage Control 

  
Fig. 3. Topology of ac subgrid.  

When there is an unintentional islanding event on the ac side, 
the ac grid voltage is unavailable, and the BPCs need to form the 
ac voltage for the ac subgrid. The voltage magnitude, frequency 
and phase angle are main issues of ac voltage control. In this paper, 
the rated magnitude 𝑉∗ and rated frequency 𝑓∗  are used for 
BPCs, and the ac phase angle-dc voltage 𝜃 𝑣  inverse droop 
is used to determine the ac phase angle 𝜃 . The reference output 
ac voltage 𝑣 ,  of BPC  is obtained as  

𝑣 , 𝑉∗sin 𝜑 𝑉∗ sin 2𝜋𝑓∗ 𝑡 𝜃 .      (1)        
By adopting the direct voltage control with rated magnitude, 

rated frequency and adjustable phase angle in (1), the ac voltage 
can be supported by BPCs, and there is no frequency deviation in 
the ac islanded mode. However the proper power sharing between 
BPCs will be quite difficult. In high-voltage ac distribution 

TABLE I 
Mode Switching Paths between four modes 

The initial mode 
 
The next mode 

I II III IV 

I \ B 
If 𝑃 ,  𝑃 , , E→H 

If 𝑃 ,  𝑃 , , D→B 
H 

II A \ D H→A 

III 
If 𝑃 ,  𝑃 , , A→C 

If 𝑃 ,  𝑃 , , G→F 
C \ F 

IV G B→G E \ 



networks, the line impedance is inductive. By adjusting the phase 
angle and magnitude, the decoupled active power (P) and reactive 
power (Q) can be regulated, respectively. However, in low-voltage 
ac subgrids, the P-Q coupling is problematic due to the nontrivial 
line resistance. This problem is resolved by adopting a virtual 
impedance to shape the output impedance of BPCs and ac voltage 
sources, as shown in Fig. 3. The virtual impedance 𝑍  of BPC is 
designed as pure inductance 𝑋  and is much larger than the actual 
line impedance 𝑍 , .The power output of BPC  can be expressed 
as 

𝑃 ,

∗
,

,
sin 𝜑 𝜑

∗
,

,
𝜃 𝜃 ,  (2) 

𝑄 ,

∗
, ,

,

∗
, ,

,
,(3)                                       

where 𝑉 ,  and 𝜑 2𝜋𝑓∗ 𝑡 𝜃  are the magnitude and 
phase angle of the ac bus voltage, and the phase angle difference 
𝜑 𝜑  is small. In the 𝜃 𝑣  inverse droop, 𝜃  is determined 
by the dc voltage drop of BPC , and  𝜃  can be considered as the 
same for all BPCs, as detailed in the next subsection.  

From (2) and (3), the power injected into ac bus is proportional 
to the reciprocal of BPC’s virtual impedance. In this way, by 
considering the BPCs’ capacity in the virtual impedance design, 
the power sharing can be set as proportional to the BPCs’ capacity, 
as 
𝑃 , : 𝑃 , : ⋯ : 𝑃 , 𝑋 , : 𝑋 , : ⋯ : 𝑋 ,  

                                                       𝐶 ∶ 𝐶 : ⋯ : 𝐶 ,  (4) 
𝑄 , : 𝑄 , : ⋯ : 𝑄 , 𝑋 , : 𝑋 , : ⋯ : 𝑋 ,  

                                                𝐶 : 𝐶 : ⋯ : 𝐶 ,  (5) 
where 𝐶  is the capacity of BPC . 

By adopting the control strategy in (1) and designed virtual 
impedance ratio in (4), the ac voltage can be supported by the 
BPCs in the AC-IS mode, and the power sharing between BPCs is 
proportional to their capacities. | 

While in the AC-GC mode, the power is shared not only 
between BPCs, but also with the ac grid. This is more complicated 
than the AC-IS mode. The virtual impedance of BPC is further 
designed to facilitate the power sharing in the AC-GC mode. 

The ac grid is usually represented by a rated voltage source 
𝑉∗sin 2𝜋𝑓∗ 𝑡  and inductive impedance 𝑍  with 
inductance𝑋 . The power output of ac grid is  

𝑃 ,

∗
, sin 𝜑 𝜑  

∗
, 𝜃 ,    (6) 

𝑄 ,

∗
, ,

∗
, , ,(7) 

where 𝜑 2𝜋𝑓∗ 𝑡 is the phase angle of the upstream network.  
If there are ac voltage sources in the ac subgrid in Fig. 3, the 

power should also be shared by ac voltage sources. Setting the 
rated magnitude 𝑉∗ and rated frequency 𝑓∗  for the ac voltage 
sources, their power output can be expressed as,  

𝑃 ,

∗
,

,
𝜃  ,              (8) 

𝑄 ,

∗
, ,

,
 ,            (9) 

where 𝑋 ,  is the inductance of the virtual impedance 𝑍 ,  of 
ac voltage source DG .  

With a load fluctuation Δ𝑃 ,  in the ac load, the ac bus 
phase angle will reflect this fluctuation with a variation of Δ𝜃 . 
The ac grid, BPCs and ac voltage sources share a common 𝜃  
according to (2), (6) and (8). Consequently, their power output will 
respond simultaneous to share the fluctuation. The fluctuation 
sharing radio is proportional to the reciprocal of their impedance 
according to (2), (6) and (8). 

Δ𝑃 , : Δ𝑃 , : ⋯ Δ𝑃 , : Δ𝑃 , : ⋯ : Δ𝑃 , : ⋯
𝑋 : 𝑋 , : ⋯ : 𝑋 , : 𝑋 , : ⋯ : 𝑋 , ,          (10) 

where Δ𝑃 , , Δ𝑃 ,  and Δ𝑃 ,  are the power 
fluctuations of the ac grid, ac voltage source  DG  and BPC , 
respectively. Besides, these power fluctuations respect the 
constraint of power balance,  

Δ𝑃 , Δ𝑃 , ∑ Δ𝑃 , ∑ Δ𝑃 ,  , (11)        
where N is the number of ac voltage sources, and M is the number 
of BPCs. 

When sharing the ac subgrid’s power fluctuation, the dc subgrid 
can be viewed as an ac voltage source. The power of BPCs comes 
from the dc subgrid. Hence, the sum of power sharing of BPCs 
should be proportional to the dc subgrid’s capacity, which can be 
expressed as 

, ∑ ,

∑ ,  
 ,          (12) 

where 𝐶  and 𝐶  are capacities of the ac subgrid and dc 
subgrid, respectively. 

By combining (4), (10) and (12), the virtual impedance of BPC  
can be obtained as 

𝑋 , 𝑋  ,         (13) 

where 𝑋  is viewed as equivalent impedance of the ac subgrid, 
and 𝑋 𝑋 ∑ 𝑋 . 

With the designed virtual impedance in (13), the ac load 
fluctuation can be properly shared by both ac and dc subgrids via 
BPCs in the AC-GC mode. The sharing radio is proportional to 
subgrids’ capacities. As such, the proposed control strategy can 
achieve proper power sharing in both AC-GC and AC-IS modes, 
and support the ac voltage when there is an ac unintentional 
islanding.  

B.  Dc Voltage Supporting Control 

 
Fig. 4. The 𝜃 𝑣  inverse droop control. 

When there is unintentional islanding event of the dc subgrid 
and there are no other dc voltage sources, the dc voltage must be 
supported by the BPCs. In this situation, the ac subgrid can be 
viewed as a dc voltage source. Ignoring the power loss on the 
BPC , the power injected from the ac subgrid into the dc subgrid is  

𝑃 , 𝑃 ,

∗
,

,
𝜃

∗
,

,
𝜃 , (14)        

where 𝑉 ,  and 𝜃  is the magnitude and phase angle of the ac 
subgrid bus voltage, which are considered as constant during the 
dynamics of the dc side. 𝑉 ,  can be replaced by the rated ac 
magnitude 𝑉∗  within an acceptable deviation. From (14), by 
adjusting 𝜃 , the power injected into the dc subgrid can be 
changed  to supply the dc demand, and support the dc voltage. 
By introducing the dc voltage feedback to the ac phase angle 
control, the 𝜃 𝑣  inverse droop is designed to regulate the ac 
voltage phase angle as, 

𝜃 𝑚 𝑣∗ 𝑣 , ,            (15)        
where m is the coefficient of 𝜃 𝑣  inverse droop control. By 
adopting the 𝜃 𝑣  inverse droop control, the dc voltage is fed 



back to the phase angle, which can directly determine the power 
injected into the dc subgrid according to (14). The dynamic 
changes are fast enough to form the dc voltage, whenever the dc 
voltage of the upstream grid is lost. Therefore, the hybrid 
microgrid can seamlessly switch into the DG-IS mode during a dc 
unintentional islanding. 

In the DC-GC mode, the dc voltage can be supported by BPCs, 
dc grid and other dc voltage sources. In this mode, power sharing 
among them is the main issue. For BPCs, substituting (15) to (14), 
we have 

𝑃 ,

∗

,
𝑣∗ 𝑣 , 𝑃 ,

∗ ,   (16)                                                               

where 𝑃 ,
∗  is 3𝑉∗ 𝜃 2𝑋 ,  is considered as constant. 

From (16), the dc power output of BPC  is proportional to the dc 
voltage deviation. For the power output of dc grid 𝑃 ,  and dc 
voltage sources 𝑃 , , the 𝑃 𝑣  droop is usually adopted 
for the dc transformer and dc voltage source converters, and their 
power output is also proportional to their dc voltage deviation, 

𝑃 , 𝑚 𝑣∗ 𝑣 , ,               (17)                                                           
𝑃 , 𝑚 , 𝑣∗ 𝑣 , ,           (18)                                                   

where 𝑚  and 𝑚 ,  are the droop coefficients of dc 
transformer and dc voltage source DG , 𝑣 ,  and 𝑣 ,  are 
the output voltage of dc transformer and dc voltage source DG . 

Compared with the voltage deviation caused by droop control, 
the voltage drop caused by the dc line impedance is negligible 
[27]. In this way, 𝑣 , , 𝑣 ,  and 𝑣 ,  can be viewed as 
equal to the dc bus voltage 𝑣 , . Considering load fluctuation 
Δ𝑃 ,  in the dc subgrid, the dc bus voltage will change by 
Δ𝑣 ,  correspondingly. The dc grid, BPCs and dc voltage 
sources share a common 𝑣 ,  according to (16), (17) and (18). 
Therefore, their output P will change concurrently to share the 
power. The power fluctuation sharing radio is 

Δ𝑃 , : Δ𝑃 , : ⋯ : Δ𝑃 , : Δ𝑃 , : ⋯ : Δ𝑃 ,

𝑚 : 𝑚 : ⋯ : 𝑚 , :
∗

,

,
: ⋯ :

∗
,

,
,   (19) 

where Δ𝑃 , , Δ𝑃 ,  andΔ𝑃 ,  are the power fluctuation 
of dc grid, dc voltage source DG  and BPC , respectively. 

When sharing the dc subgrid’s power, the ac subgrid can be 
viewed as an ac voltage source. The power of BPCs comes from 
ac subgrid. Hence, the power sharing of BPCs should be 
proportional to the ac subgrid’s capacity, which can be expressed 
as, 

∑ ,

, ∑ ,
 .           (20)                                                               

 Combining (13), (19), (20), the inverse droop coefficient m 
of 𝜃 𝑣  droop can be designed as, 

𝑚
∗

𝑚 ,           (21)                                                             

where 𝑚 𝑚 ∑ 𝑚  is the equivalent droop 
coefficient for the dc subgrid.  

By adopting the 𝜃 𝑣  inverse droop control in (15), the 
BPCs can form the dc voltage whenever the dc grid voltage is lost. 
The dc load fluctuation can also be shared by the ac subgrid via 
BPCs, and the sharing radio is proportional to subgrids’ capacities 
with the designed inverse droop coefficient in (21). Besides, by 
only controlling the dynamic phase angle, there is no frequency 
deviation in the steady state with the proposed control. 

With the proposed ac and dc voltages supporting control 
strategies, the BPCs can support the voltage for the subgrid whose 
main grid is lost. Once there is an unintentional islanding, the 

BPCs can form the voltage for the subgrid, and enable the seamless 
mode switching. In addition, by adopting the designed virtual 
impedance and inverse droop coefficient, the power can be 
properly shared among BPCs according to BPCs’ capacities. 
Furthermore, when there is a power fluctuation in one subgrid, the 
other subgrid can rapidly share the fluctuation in a coordinated 
manner, thus reducing the pressure on one single subgrid. The 
sharing ratio is designed as the ratio of ac and dc subgrids’ 
capacities. The power sharing and power fluctuation sharing is 
illustrated in Fig. 5. 

 
Fig. 5. The power sharing between BPCs and power fluctuation sharing between 
subgrids in the hybrid ac/dc microgrid 

C.  Implementation of Bidirectional Voltage Supporting Control 
during Mode Switching 

The implementation of the proposed bidirectional voltage 
supporting controller is shown in Fig. 6. The control topology is 
decentralized, and only local information is used for the voltage 
support. 

 
Fig. 6. The proposed bidirectional supporting controller implement with the mode 
switch 

To realize the flexible mode switching in Section II, an 
additional mode switching block is designed. Through low-
bandwidth communication, the voltage deviation Δ𝑣 ,  and 
power 𝑃 ,  of the dc breaker, the phase angle deviation Δ𝜑  
and power 𝑃 ,  of ac breaker are obtained by the mode 
switching block. According to the switch rules in Table I, the 
switch on/off decision is made and transferred to the 
corresponding ac and dc breakers. If the decision leads to closing 
a switch, synchronization is necessary. For the ac synchronization, 
the ac breaker phase angle difference Δ𝜑  is firstly fed to a PI 
controller, and its output δ𝜃 is transmitted to each BPC via low-
bandwidth communication, and finally added to the BPCs’ 
reference phase angle. For the dc side, the voltage difference 
between the two buses will lead to a severe power fluctuation due 
to low line resistance. Before the dc breaker switches on, dc 
synchronization is necessary to alleviate the voltage difference. 



The voltage difference  Δ𝑣 ,  is also fed to a PI controller, and 
its output δ𝜃 is added to every BPC’s reference phase angle. By 
adjusting the BPCs’ phase angle, the power transferred into the dc 
subgrid is changed, in order to approach the dc grid’s voltage. The 
ac and dc synchronizations are expressed as, 

AC synchronization: δ𝜃 𝑘 , 𝑘 , /s Δ𝜑 ,    (22)                                           
DC synchronization: δ𝜃 𝑘 , 𝑘 , /s Δ𝑣 , ,  (23)                                      

where 𝑘 , , 𝑘 , , 𝑘 ,  and 𝑘 ,  are the parameters of PI 
controller in the ac and dc synchronizations, respectively.  

 When there is an unintentional ac or dc islanding in the AC/DC 
GC mode, the operation mode of hybrid ac/dc microgrid will 
switch into the AC-GC DC-IS mode or AC-IS DC-GC mode. In 
these two switching modes, the BPCs can support the islanded 
subgrid with the proposed bidirectional voltage supporting control, 
while the interconnected subgrid is supported by the upper grid. 
As such, the additional voltage source is not required without 
decreasing the reliability of the system. 

In the AC-GC DC-IS mode and AC-IS DC-GC mode, there is 
only one grid supporting the hybrid microgrid. In case of failure 
of this grid, one additional voltage source is adopted to provide 
backup power. In the AC/DC IS mode, the hybrid ac/dc microgrid 
operates in a totally islanding situation. The voltage source 
supports the voltage of one subgrid, and the BPCs can support the 
voltage of the other subgrid.  

With the minimum reliance on additional voltage sources, the 
proposed control can support the ac and dc voltages for the hybrid 
microgrid in different modes, and enable the flexible seamless 
mode switching between multi modes.  

IV.  STABILITY ANALYSIS OF HYBRID AC/DC MICROGRID 
In this section, the stability of the hybrid ac/dc microgrid with 

the proposed control is analyzed in different modes. The ac and dc 
loads are characterized by the impedances 𝑅 , 𝑗𝑋 ,  
and R , . The renewable DGs operate in the maximum power 
point tracking (MPPT) mode, and their total power output is 
assumed to be constant in the dynamic process, which are 
𝑃 , /𝑄 ,  and 𝑃 , . Section XIII (Appendix) shows the specific 
matrix definition of this section. 

A.  Hybrid AC/DC Microgrid Model in the AC/DC-GC Mode 

In the dc subgrid, considering the power balance, we have 

𝑃 , ∑ 𝑃 , ∑ 𝑃 , 𝑃 ,
,

 ,
 .  (24) 

For the BPC , the dc line resistance is 𝑅 , , and the 𝑃 ,  
can be expressed as 

𝑃 ,
, , ,

,
.         (25) 

Linearizing and combining the (17), (18), (24), (25), we get 
𝚫𝑽𝒅𝒄 𝑨 𝚫𝑷𝒅𝒄,𝑩𝑷𝑪 ,            (26) 

where 𝚫𝑽𝒅𝒄 Δ𝑣 ,  ⋯  Δ𝑣 ,  ⋯ , 𝚫𝑷𝒅𝒄,𝑩𝑷𝑪

Δ𝑃 ,  ⋯  Δ𝑃 ,  ⋯ . 
In the proposed control, the dc voltage of BPC  is filtered by a 

low-pass filter whose cutoff frequencies is 𝜔 . By linearizing 
(15), we have, 

Δ𝜃 𝑚 Δ𝑣 ,  ,              (27) 

Combining (26), (27), we have, 
𝑿 𝜔 𝑿 𝑚𝜔 𝑨 𝚫𝑷𝒅𝒄,𝑩𝑷𝑪,    (28)           

where 𝑿 Δ𝜃  ⋯  Δ𝜃  ⋯ . 
 In the ac subgrid, the power balance is expressed by, 

𝑃 , ∑ 𝑃 , ∑ 𝑃 , 𝑃 ,
/ , ,

 ,  ,
 , (29) 

      𝑄 , ∑ 𝑄 , ∑ 𝑄 , 𝑄 ,
/ , ,

 ,  ,
 . (30) 

Linearizing and combining (2), (3), (6), (7)-(9), (29) and (30), 
and neglecting power losses in the BPC, and considering that 
Δ𝑃 ,  is the inverse to Δ𝑃 , , we obtain 

Δ𝑉 ,
𝑫𝟐 𝑫𝟏  𝑿, Δ𝜃

𝑫𝟐 𝑫𝟏  𝑿,    (31) 

𝚫𝑷𝒅𝒄,𝑩𝑷𝑪 𝚫𝑷𝒂𝒄,𝑩𝑷𝑪 𝑫𝟐
𝑻 𝑬 𝑫𝟏

𝑻 𝑭 𝑮 𝑿, (32) 
Combining (28), (32), the small signal model of the hybrid ac/dc 

microgrid in the AC/DC-GC mode is obtained as 
𝑿 𝑚𝜔 𝑨 𝑾𝒗𝒅𝒄 𝑫𝟐

𝑻 𝑬 𝑫𝟏
𝑻 𝑭 𝑮  𝑿. (33) 

B.  Hybrid AC/DC Microgrid Model in other three Modes 

In the AC-IS DC-GC mode, the ac grid is isolated from the 
hybrid microgrid. The 𝑃 ,  and 𝑄 ,  is 0 in (29), (30). The 
factors 𝑏 , 𝑐 , 𝑏 , 𝑐  in (31) are changed correspondingly, and 
the 𝑬 and 𝑭 are modified to refresh the hybrid microgrid model 
in (33).  

In the AC-DC DC-IS mode, the dc grid is disconnected from 
the hybrid microgrid. The 𝑃 ,  is 0 in (24), which refreshes the 
𝑨 of the hybrid microgrid model in (33). 

In the AC/DC IS mode, the 𝑬 and 𝑭 are the same as the AC-
IS DC-GC mode, and 𝑨 is the same as the AC-DC DC-IS mode. 
With the updated 𝑨 , 𝑬  and 𝑭  in (33), the hybrid microgrid 
model is obtained in the AC/DC IS mode. 

C.  Stability Analysis of Multi-Mode Hybrid AC/DC Microgrid  

The stability of the hybrid ac/dc microgrid with the proposed 
control can be analyzed through the locus of the eigenvalues of 
𝑚𝜔 𝑨 𝑾𝒗𝒅𝒄 𝑫𝟐

𝑻 𝑬 𝑫𝟏
𝑻 𝑭 𝑮  in (33). For a 

typical hybrid ac/dc microgrid in Fig. 8(b) whose parameters are 
shown in Table. 2, the dominant eigenvalues with different 𝜃
𝑣  inverse droop coefficient 𝑚  are shown in Fig. 7. 𝑚 
increases from 0 to 0.3𝑉 , which results in a stronger dc voltage 
feedback to the ac phase angle.  In Fig. 7 (a), (b), the dominant 
poles move opposite to the imaginary axis, which means that the 
stability increases in the AC/DC GC and AC-GC DC-IS modes 
with increasing 𝑚. In Fig. 7(c), (d), the dominant poles move 
opposite to the imaginary axis, then move toward the imaginary 
axis. The stability of the hybrid microgrid firstly increases and 
then decreases in the AC-IS DC-GC and AC/DC IS modes.  

  
(a) (b) 

  

(c)  (d) 
Fig. 7. Stability analysis of the hybrid ac/dc microgrid in different modes. (a) the 
AC/DC GC mode, (b) the AC-GC DC-IS mode, (c) the AC-IS DC-GC mode, (d) 
the AC/DC IS mode with a voltage source in the dc subgrid. 



The above analysis shows that the stablity is more sensitive in 
the ac islanded mode than in the ac grid-connected mode with the 
proposed control. Besides, a smaller 𝑚 can ensure the system 
stability, however, the dc voltage deviation will increase, when 
supporting the dc voltage according to (16).  

V.  HARDWARE-IN-LOOP TESTS 
To verify the effects of the proposed control, the HIL tests were 

conducted using the RT-LAB and STM32F407MCUs as shown in 
Fig. 8 (a). The test hybrid ac/dc microgrid is shown in Fig. 8 (b). 
It contains two BPCs, renewable DGs like PV and WT in ac and 
dc subgrids. The parameters of the hybrid microgrid are listed in 
Table II. The virtual impedance and inverse droop coefficient are 
designed as 1.2mH and 0.0146 𝑉  according to (13) and (21). 

 
(a) (b) 

Fig. 8. HIL tests setup: (a) HIL test facilities, (b) tested hybrid ac/dc microgrid. 

A.  Power Sharing test  

Fig. 9 shows the dynamics of the hybrid ac/dc microgrid when 
the ac and dc load changes in the AC/DC-GC mode. In State I, the 
ac load is 105 kW, and the dc load is 40 kW. The dc load increases 
to 70 kW in State II. Then the dc load increases to the full load at 
100 kW in State III. Finally, in State IV, a 45 kW/20 kvar ac load 
is added at the ac side. 

  
(a)                           (b) 

Fig. 9. Dynamics of the hybrid ac/dc microgrid when ac and dc load changes. (a) 
Active power output of BPC1, BPC2, ac grid, dc grid (30kW/div). (b) Reactive 
power output of BPC1, BPC2 (30kvar/div) and dynamics of frequency (0.1Hz/div), 
dc voltage (5V/div). 

Fig. 9(a) shows the active power output of BPC1, BPC2, ac grid 
and dc grid, respectively. For the BPCs, the power flowing from 
the dc subgrid to ac subgrid is considered as positive. When the dc 
load increases in States II and III, the active power output of BPC1 

and BPC2 is reduced to feed the dc load. When the ac load 
increases in State IV, the BPCs’ power increases to feed the ac 
load. The power sharing between BPC1 and BPC2 maintains the 
1:1 ratio. The power output of ac grid and dc grid is increased 
synchronously when the ac and dc load increases, and the power 
radio is about 3:2. Fig. 9(b) shows the reactive power output of 
BPC1, BPC2 and frequency, dc voltage. The reactive power 
output sharing is maintained at 1:1 in the dynamic process. The ac 
and dc voltages are supported by the ac and dc grids in the AC/DC-
GC mode. The frequency remains at 50 Hz, and the dc voltage 
drops by 6 V in the dc full load condition.  

The above tests demonstrate that, with the proposed control, the 
active and reactive power of BPCs can be coordinated according 
to their capacities. Besides, the ac subgrid and dc subgrid can 
coordinate with each other to share the power fluctuation 
according to subgrids’ capacities. 

B.  Ac Voltage Supporting Test 

Fig. 10 shows the variations of power output of BPC1 and BPC2, 
frequency, phase angle deviation and ac voltage when the ac grid 
disconnects and reconnects with the hybrid ac/dc microgrid. In 
State I, the hybrid microgrid operates in the AC/DC-GC mode. To 
simulate the unintentional ac islanding, the ac breaker switches off 
in State II, and the operation mode is changed to the AC-IS DC-
GC mode. In State III, the ac load increases by 45 kW/20 kvar to 
its full load. In State IV, the ac synchronization is implemented. In 
State V, the ac grid is reconnected to the hybrid microgrid after 
synchronization. The zoomed in switching dynamic scope is 
attached. 

 
Fig. 10. Dynamics of power output of BPC1, BPC2(30kW/div), frequency 
(0.1Hz/div), phase angle deviation  (0.2rad/div) and ac voltage (300V/div) when 
ac grid breaks and reconnects with hybrid ac/dc microgrid. 

When an unintentional ac islanding occurs in State II, the power 
output of BPCs is adjusted to compensate the loss of the ac grid. 
From the zoomed in scope, there is a 0.1 Hz frequency drop lasting 
for 0.15 s during the dynamic process, and there is no frequency 
deviation in the steady state. The three-phase ac voltage is well 
supported by BPCs and voltage distortion is acceptable in the 
unintentional islanding process. In State III, the ac load increase is 
proportionally shared by BPCs with the radio of 1:1. In State IV, 
with the ac synchronization, the phase angle deviation is reduced 
to almost 0. In State V, there is a 0.05 Hz frequency fluctuation in 
the reconnection dynamic process after synchronization. 

C.  Dc Voltage Supporting Test 

Fig. 11 shows the dynamics of power outputs of BPC1 and 
BPC2, dc grid voltage and dc subgrid voltage when the dc grid 
disconnects and reconnects with the hybrid ac/dc microgrid. In 

TABLE II 
PARAMETERS OF THE HYBRID MICROGRID 

Microgrid Parameters Rated Values 
AC bus voltage (𝑉∗/𝑓∗  311V/50Hz  
DC bus voltage 𝑣∗  600V  

ac subgrid capacity (𝐶 ) 150kW 
dc subgrid capacity (𝐶 ) 100kW  

BPC1 capacity (𝐶 ) 75kW 
BPC2 capacity (𝐶 ) 75kW 
ac WT power output 60kW/20kVar 
dc PV power output 40kW 

ac grid impedance(𝑍 ) 10 m Ω/0.4mH 
BPC1 ac line impedance  𝑍 ,  20m Ω/0.06mH 
BPC1 dc line impedance  𝑅 ,  6m Ω 
BPC2 ac line impedance  𝑍 ,  30m Ω/0.08mH 
BPC2 dc line impedance  𝑅 ,  4m Ω 
dc transformer droop coefficient (𝑚 ) 7.5kW/V 



State I, the hybrid microgrid operates in the AC/DC-GC mode. To 
simulate the unintentional dc islanding, the dc breaker switches off 
in State II, and the operation mode is changed to the AC-GC DC-
IS mode. In State III, the dc load increases by 30 kW to its full 
load. In State IV, the dc synchronization is implemented. In State 
V, the dc grid is reconnected to the hybrid microgrid after the dc 
synchronization. The zoomed in switch dynamic scope is attached.  

When an unintentional dc islanding happens in State II, the 
BPCs’ power injected into the ac subgrid drops rapidly to share 
the dc load. From the zoomed in scope, it takes 0.5 s before the dc 
subgrid voltage stabilizes, and the amplitude of dc voltage 
oscillation is 8 V in the islanding dynamic state. In State III, the 
dc load increase is proportionally shared by BPCs with the radio 
of 1:1. With the support of BPCs, the dc voltage drop is 15 V 
(2.5% of reference voltage 600 V) in the dc full load condition. In 
State IV, the dc subgrid voltage approaches the dc grid voltage.  
In State V, the dc breaker switches on. With the support of the dc 
grid and BPCs, the dc voltage drop is alleviated by 5 V in the 
AC/DC-GC mode.  

This test shows the BPCs can support the dc voltage when there 
is an unintentional dc islanding. In the dc islanded mode, the dc 
voltage drop is relatively higher with a 2.5% deviation. Power 
sharing among BPCs is proportional to their capacities.  

 
Fig. 11. Dynamics of power output of BPC1, BPC2(30kW/div), dc grid voltage, dc 
subgrid voltage (5V/div) when dc grid disconnects and reconnects with hybrid 
ac/dc microgrid. 

VI.  CONCLUSION 
In this paper, a decentralized bidirectional voltage supporting 

control is proposed for the multi-mode hybrid ac/dc microgrid. By 
adopting the proposed control, the BPCs can support ac and dc 
voltages bidirectionally when there is an ac or dc islanding event, 
which enhances the reliability of the system without additional 
voltage sources. Besides, the ac and dc subgrids can share the 
power fluctuation together through BPCs. The proposed control 
also enables seamless mode switching between multi modes with 
corresponding mode switching rules. The system stability with the 
proposed control is analyzed in each mode. The real-time HIL test 
results show that the proposed control is effective for bidirectional 
voltage support and power sharing. 
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