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Abstract—Lack of inertia is one problem urgent for the stabil-

ity of hybrid ac/dc system. In this paper, a comprehensive inertial 

control strategy is proposed for stability improvement of the hy-

brid ac/dc microgrid. The unified inertia index is introduced to 

evaluate the holistic inertia level of the hybrid microgrid. Besides, 

the coupling relationship between ac and dc nanogrid is discussed 

based on the power balance, which serves as the base of mutual 

inertial support. The characteristics of distributed generations 

(DGs) are analyzed, based on which the comprehensive inertial 

support is designed for various DGs respectively and adaptively 

divided into two responses: the local support and the cross-grid 

support. The proposed strategy takes full use of the rotational 

kinetic energy of wind turbine generator (WTG), and exploits the 

power capacity of distributed hybrid energy storages (HESs), 

which improves the global stability and dynamic performance of 

the hybrid microgrid during power disturbance. The perfor-

mance of the proposed control strategy is validated by the simu-

lation cases with different operating scenarios.  
 

Index Terms—Inertial control; hybrid ac/dc microgrid; dis-

tributed generations (DGs); wind turbine generator (WTG), hy-

brid energy storage (HES).   

 

NOMENCLATURE 

RESs  Renewable energy sources. 

IC    Interlink converter. 

SG   Synchronous generator. 

VSG   Virtual synchronous generator. 

DGs   Distributed generations. 

VIE   Virtual inertia emulation. 

ES   Energy storage. 

SC   Super-capacitor. 

WTG  Wind turbine generator. 

HES   Hybrid energy storage. 

MTG  Micro-turbine generator. 

PV   Photovoltaic. 

PCC   Point of common coupling. 

Hac   Inertia of ac system. 
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Ji    Moment inertia of the ith rotational device. 

ω    Angular velocity. 

f     Real-time frequency. 

S
i 

ac,N   Rated capacity of the ith device in ac system. 

Pf     Number of filed poles of SG. 

Hdc   Inertia of dc system. 

C
j 

dc  Equivalent capacitance of the jth device in dc 

System. 

Vdc,j   DC voltage of the jth device. 

S
j 

dc,N    Rated capacity of the jth device in dc system. 

Hu   Unified inertia. 

f0    Reference frequency.  

Vref    Reference dc voltage. 

HVSG   Correlation inertial constant. 

CVC   Correlation capacitance. 

SIC   Rated capacity of the IC. 

MPPT  Maximum power point track. 

STIS  Short-term inertial support.  

P
MPPT 

PV   Output power of PV with MPPT mode. 

k
dc 

PV   PV’ s droop coefficients in dc side. 

k
ac 

PV   PV’ s droop coefficients in ac side. 

fmax   Allowable maximum frequency. 

V
max 

dc    Allowable maximum dc voltage. 

ωr    Mechanical rotor speed. 

H
STIS 

WTG   Equivalent inertia constant of WTG for STIS. 

JW    Moment of inertia of WTG. 

ωMPPT   Stable rotor speed of WTG in MPPT mode. 

ΔP
STIS 

WTG  Increasing power of WTG for STIS. 

Δt    Duration time of STIS. 

kES   Proportional coefficient of HES for WTG-HES 

combined system. 

H
STIS 

W_E    Inertial constant for the WTG-HES combined 

system for STIS. 

ΔP
STIS 

W_ES   Increasing power of the WTG-HES combined 

system for STIS. 

k
WTG 

ac    WTG’s droop coefficient of ac side. 

k
WTG 

dc    WTG’s droop coefficient of dc side. 

ΔP
HES 

LS   Local inertial support power of HESs. 

k
HES 

ac    HES’s droop coefficients of ac side. 

k
HES 

dc    HES’s droop coefficients of dc side. 

H
ES 

vir    Virtual inertial constant of HES.  

C
ES 

vir    Virtual capacitance of HES. 

T    Time constant of the filter. 

kc    Coupling coefficient of f and Vdc. 

Δfvir   Virtual frequency variation. 

ΔVvir   Virtual voltage variation. 

ΔPIC   Power reference of IC. 
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I.  INTRODUCTION 

HE development of hybrid ac/dc microgrids has attract-

ed much attention in academic and practical fields in re-

cent years. The hybrid microgrid has many advantages such as 

less power conversion stages, friendly access for renewable 

energy sources (RESs), which will be the developing trend of 

the low-voltage power system [1]-[3]. However, there are also 

some issues for the hybrid structure. Firstly, the power sharing 

between ac and dc sections is crucial to maintain the power 

balance and enhance system stability. Thus the flexible control 

for interlink converter (IC) between the ac and the dc sides 

plays an important role for system operation and needs careful 

design. Secondly, the lack of inertia is one problem threaten-

ing the stability of ac or dc microgrid [4]-[6], which is also the 

key to be considered for hybrid microgrid’s operation.   

The IC can serve as a bridge transferring power between the 

ac and dc grids of the hybrid system. At present, there are two 

main control manners for the IC operation, i.e., communica-

tion based control and droop based control [7]. The centralized 

control is a typical communication based control strategy [8], 

[9], which uses a high functioning central controller to process 

the large amount of data transferred by communication net-

work, and then the optimized power assignment signal is sent 

to IC to maintain power balance. An alternative method is the 

distributed control, which features neighboring information 

exchange and no central controller is required [10]. The pre-

cise and optimized power allocation can be achieved by com-

munication based control. However, the reliability of the 

whole system is easily deteriorated during the communication 

failure, and the control performance highly depends on the 

power prediction accuracy. 

The droop based control is also implemented in hybrid mi-

crogrid, which enjoys the advantage of no need of communi-

cation and acquires high reliability. In [11], a normalized op-

eration is proposed to unify the scale of ac frequency and dc 

voltage, and then the developed V-f-P droop control can be 

obtained since the hybrid system can be regarded as a single 

microgrid. There are a few researches developed from this 

normalization droop method, which feature simple way to 

connect the ac and the dc grids and more comprehensive con-

trol strategy can be derived based on it [12]-[14]. The power 

sharing between ac and dc grids can be properly achieved by 

the normalized droop method. However, the dynamic perfor-

mance, related to the inertia, is difficult to improve by only 

droop control.   

Inertia is a crucial parameter to evaluate the stability of 

power system [15]. Due to the lack of rotational synchronous 

generator (SG), the inertial deficit problem is intrinsically 

threatening microgrid’s operation. For the ac microgrid, to 

emulate inertial effect, the virtual synchronous generator 

(VSG) technique is proposed to help inverter behave like the 

real SG, which relies on the controllability and fast-speed re-

sponse of power electronics, and requires that the connected 

distributed generations (DGs) have certain amount of power 

reserve capacity [16], [17]. Besides, the proper dispatch of 

various sources power can contribute to the system stability. 

In [18], a decentralized method is proposed to improve the 

frequency stability, which takes full use of power regulation 

ability of various DGs by detailed classification of microgrid’s 

operational states. Some heuristic methods are also imple-

mented for the load frequency control of ac microgrid, which 

can achieve a good control performance but easily be influ-

enced by the system model precision [19], [20]. For the dc 

microgrid, the important key for the system stability is the dc 

bus voltage, and several researches have been conducted to 

maintain the voltage magnitude during power variation such 

as improved droop control [21], [22], hierarchical control [23], 

intelligent algorithm based control [24]. In the regard of tran-

sient dynamics of dc voltage, the virtual inertia emulation 

(VIE) is recently introduced to improve the dynamic behavior 

of dc voltage and can be extended in further research [25]. 

Compared with the sole ac or dc microgrid, the enhancement 

of system inertia for hybrid microgrid plays a more important 

role to maintain the system stability and improve the operation 

performance during power fluctuation, since the hybrid struc-

ture is more complicated. However, there are few researches 

conducted on this issue. 

Since the energy storage (ES) can provide active power 

support besides suppressing RESs fluctuation, it is appropriate 

for inertial support [26]. In [27], a primary control strategy is 

proposed for the frequency and voltage regulation of MW 

microgrid, which uses the fast response feature of ES and can 

realize a tradeoff between droop deviation and transient per-

formance. To make full use of advantages of different ES de-

vices, i.e., high energy density of battery ES and high power 

density of super-capacitor (SC), adaptive control methods are 

performed in [28], [29], which all aim at better improving the 

microgrid’s operational stability. Furthermore, the DG which 

processes rotary elements, e.g., wind turbine generator (WTG), 

can be involved in the inertial support. But the releasing kinet-

ic energy should be designed to avoid WTG’s halt or second 

power disturbance after releasing inertia [30]-[32].  

In order to take full advantage of various DGs’ inertial sup-

port capacity, a comprehensive control strategy is proposed in 

this paper, aiming at improving the holistic inertia level and 

operational performance of the entire hybrid microgrid. The 

contributions are summarized as follows:  

1)  The unified inertia index is defined to evaluate the holis-

tic inertia level of the hybrid microgrid. The coupling re-

lationship between ac and dc nanogrid is expressed 

based on the power balance and characteristics of both 

VSG and dc capacitor, which serves as the base of mu-

tual inertial support power of the comprehensive strate-

gy. 

2)  Based on the characteristics of DGs, the comprehensive 

inertial support is designed for various DGs. More spe-

cifically, the power ramp differences of different ES 

units and WTG’s operating features are taken into con-

sideration. Thus the proposed strategy can utilize the 

advantages of hybrid ES (HES) and WTG’s inertial sup-

port capability, achieve reasonable power assignment 

between HES components, and improve the robustness 

of microgrid during power disturbance. 

3)  The proposed method is feasible to be implemented in 

T 
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practice, since it is derived from the developed droop 

principle and common converter control structures. As 

long as the original control structure of DG has the con-

ventional droop control block, the implementation of the 

proposed method can be conveniently performed by 

modifying certain droop coefficient block. So it will not 

require complicated modification on the original con-

troller and is convenient for practical use.  

II.  CHARACTERISTICS OF UNIFIED INERTIA AND COUPLING 

RELATIONSHIP OF HYBRID AC/DC MICROGRID  

Fig. 1 shows a general structure of hybrid ac/dc microgrid. 

As can be seen, the ac side is consisted of micro-turbine gen-

erator (MTG), WTG, HES unit and ac power loads. Similarly, 

the dc side comprises the photovoltaic (PV) panels, HES unit 

and typical dc loads. Both sides are connected through ICs. It 

should be noted that, without losing generality and ensuring 

the proposed strategy can be used for most scenarios, the ele-

ments in both sides are deployed in a symmetrical manner. 

Hence, the equipment in dotted boxes may be not in the corre-

sponding nanogrid for reducing power conversion loss. The 

hybrid microgrid can be connected to the utility grid through 

the point of common coupling (PCC) in the ac side as required.    

PV

HES unit

IC1

DC 

bus

AC 

bus

PV panels

MTG

WTG

DC load

AC load

HES unit

WTG

MTG

Utility 

grid

PV

PCC

DC nanogridAC nanogrid

PV panels

ICn

...

 
Fig. 1. General structure of the hybrid ac/dc microgrid. 

A.  Definition of Unified Inertia  

The inertia of conventional ac power grid reflects the capa-

bility of damping the frequency change, which is provided by 

the SG and can be defined as [15]: 

2 2 2

1 1

2

, ,

1 1

1
2

2

n n

i i

i i

ac n n
i i

ac N f ac N

i i

J J f

H

S p S

 
 

 

 
 

 
                       (1) 

where Ji is the moment inertia of the ith rotational device 

which is directly connected to the ac bus; ω is the angular ve-

locity; f is the real-time frequency; and S
i 

ac,N is the rated capaci-

ty of the ith device; Pf is the number of filed poles of SG. It is 

worth noting that if there are some DGs with rotary elements, 

connected into ac grid through power electronics (e.g. WTG 

with back-to-back converters), these DGs’ inertia cannot be 

included in (1). More specifically, their rotor speed is decou-

pled from system frequency due to the converter control, and 

thus moment inertia cannot be directly used like SG, so their 

moment inertia cannot reflect the natural inertial level of ac 

grid and will not be included.     

Similarly, the inertia of dc grid is introduced to reflect the 

ability of damping voltage variation, which is described as [33] 

 

2

,

1

,

1

1

2

m
j

dc dc j

j

dc m
j

dc N

j

C V

H

S










                                 (2) 

where C
j 

dc is the equivalent capacitance of the jth device; Vdc,j is 

the dc voltage of the jth device; S
j 

dc,N is the rated capacity of the 

jth device. It is worth noting that, the device capacitance refers 

to the parallel physical capacitance near the dc bus. Although 

C
j 

dc cannot be changed during operation, the dc voltage varia-

tion can still be reduced with certain control method by regu-

lating power generation of some DGs, which also contributes 

to the improvement of Hdc stability. 

To estimate the overall inertia of the hybrid ac/dc network, 

the unified inertia constant is defined here based on the total 

energy stored in the hybrid system divided by the capacity 

base. More specifically, the inertial constants of individual ac 

or dc part are normalized and combined to illustrate the uni-

fied inertia, which can effectively reflect the stability contribu-

tion of dc part, since the inertia of dc grid, determined by dc 

capacitor and usually with the unit of millisecond, is too small 

compared with that of ac grid. Therefore, the unified inertia, 

denoted as Hu, can be defined as:  

, , , ,

1 1 1 1

2 2
20

2
11

12

2

n m n m
i j i j

ac N dc N ac N dc N

i j i j

u ac dc mn
ji

dc ref

ji f

S S S S

H H H
J f

C V
p



   



 

   

   


 (3) 

where f0 and Vref are the reference frequency and the reference 

dc voltage, respectively.  

The characteristics of Hu is depicted in Fig. 2. As can be 

seen, the value of Hu is enhanced by the increment of both dc 

voltage and ac frequency. It is worth noting that, even under 

the operation of normalization, the dc voltage change can con-

tribute more to the inertia increase in allowable regions (corre-

sponding to the variations within ±5% Vref and ±1% f0), result-

ing in the fast increase of Hu, which is illustrated by the slope 

variation trend of Hu when changing Vdc and f respectively, 

and also reflected by the difference of values of points B 

(Hu=4.165 s, f=49.5 Hz) and C (Hu=3.845 s, Vdc=627 V). In 

this paper, when the hybrid network operates in allowable 

regions, the proposed flexible control strategy will be activat-

ed to ensure smaller deviation from the rated operational point, 

which is discussed in Sec. III.  

DC voltage Vdc (V) AC frequency f  (Hz)

U
n

if
ie

d
 i

n
er

ti
a
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o
n
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a
n

t 
H

u
 

B

    X: 693

     Y: 49.5

       Z: 4.165

C

    X: 627

     Y: 50.5

       Z: 3.845

A

    X: 660

  Y: 50

Z: 4Smoother change

Faster change
Rated point

  
Fig. 2. Characteristics of the unified inertia in hybrid network (settings: 

Vref=660 V, f0=50 Hz, rated capacity of the hybrid system: 1 MVA) 
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B.  Coupling Relationship of AC/DC Microgrid 

The IC of the ac/dc interface can provide the bi-directional 

power support for the nanogrids. When the IC operates as an 

inverter, it offers frequency support for ac side and absorbs 

active power for dc capacitor of dc grid, which can be seen as 

a virtual synchronous generator. While the IC works as a recti-

fier, it can provide dc voltage support and can be seen as a 

virtual capacitor.  Therefore, in the sense of active power bal-

ance, the coupling relationship between f and Vdc can be estab-

lished with the coefficients of correlation inertia and capaci-

tance, which is described as [34], [35] 

VC VSG

IC 0

d 2 d
=

d d

dc dcC V V H f

S t f t
                          (4) 

where HVSG and CVC are the correlation inertial constant and 

the correlation capacitance, respectively; and SIC is the rated 

capacity of the IC. 

Substituting Vref -Vdc = ΔVdc and f0 - f =Δf into (4) yields 

2 2

VC 0

VSG

IC

[1 ( 1) ]

4


 




dc
ref

ref

V
C V f

V
H

S f
                   (5) 

Fig. 3 gives an illustration of the relationship. It can be ob-

served that, with the fixed value of CVC, the increase of ΔVdc 

will result in larger HVSG, which means more power is ab-

sorbed from dc grid to improve the inertia of ac grid. In con-

trast, the increase of frequency deviation (corresponding to 

larger Δf) will bring opposite effect on HVSG. In practice, the 

value of CVC is determined according to the equivalent capaci-

tance of dc grid, and then the value of HVSG can be adjusted 

based on (5), which varies within the allowable deviation of 

frequency and dc voltage.  

DC voltage variation ΔVdc   

(V)
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Fig. 3. Relationship between virtual inertial constant HVSG and virtual capaci-

tance CVC  

III.  COMPREHENSIVE FLEXIBLE CONTROL STRATEGY 

A.  Principles of the Strategy 

Fig. 4 shows the comprehensive controller configuration 

block. Since the characteristics of various DGs are different 

from each other, the control strategy should be elaborated for 

different DGs respectively, of which the principles are illus-

trated as follows.     

1)  PV panels: Since PV panels generally work with maxi-

mum power point track (MPPT) mode [36], [37], they have no 

power margin available when the system requires more power. 

Therefore, the additional power management for PV genera-

tion can be activated when there is net power surplus. 

2)  MTG: It is usually operated as a back-up source or auxil-

iary service. MTG should be activated when the power defi-

ciency cannot be compensated by other DGs, and it has no 

ability to respond to net power surplus. 

3)  WTG: The WTG possesses rotational element which 

provides short-term inertial support (STIS), but it will slow 

down the rotor speed and may cause the rotor’s halt. Thus the 

HES unit, which is used to reduce the wind power fluctuation, 

can also be assigned to assist the inertial support and maintain 

the WTG’s operating stability.        

4)  HES: The HES is an important element to track the net 

power variation and maintain the power balance. Due to its 

good controllability and fast response speed, the majority of 

inertial support power should be obtained from HES. 

5)  IC: This converter serves as the bridge of power trans-

mission between two nanogrids, of which the control should 

be coordinated with the two sides’ power states.   

B.  Control of PV Panels and MTG. 

PV panels usually operate with MPPT mode to make full 

use of photovoltaic power. Thus it cannot increase output 

power to respond to the power deficit, and the conventional 

droop control method can only be applied when the generation 

reduction is required, as the following described 
MPPT

PV PV PV( )ref dc

ref dcP k V V P                     (6a) 
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PV PV 0 PV( )ref acP k f f P                        (6b) 
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Fig. 4 Controller configuration of the proposed strategy for DGs and IC  
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     (7) 

where P
MPPT 

PV is the output power with MPPT mode; k
dc 

PV and k
ac 

PV 

are the PV’ s droop coefficients in dc side and ac side, respec-

tively; and fmax and V
max 

dc  are the allowable maximum frequency 

and the allowable maximum dc voltage, respectively.  

MTG implemented in the hybrid network will serve as aux-

iliary power source. More specifically, it can be activated and 

output active power according to the variation of frequency 

and dc voltage caused by net power deficit. Thus, the MTG is 

controlled in the opposite operational quadrant of the PV panel. 

C.  Inertial Response of WTG with HESs. 

WTG is a kind of DG with rotational component, which can 

release kinetic energy [31], [32]. More specifically, WTG 

works in MPPT mode to make full use of wind power, and 

may slow down the mechanical rotor speed, denoted as ωr, to 

release certain amount of kinetic energy to provide STIS when 

there is net power deficit. The equivalent inertia of WTG serv-

ing for STIS can be expressed as 

 

2 2
STISMPPT

STIS WTG

WTG

WTG WTG

1
( )

2
W rJ

P
H t

S S

 


                     (8) 

where 

STIS WTG

WTG

d d

d d

r

W r

W
P J

t t


             (9) 

where H
STIS 

WTG  is the equivalent inertia constant of WTG, JW is 

the moment of inertia of WTG, ωMPPT is the stable rotor speed 

in MPPT mode, ΔP
STIS 

WTG  is the increasing power of WTG for 

STIS, and Δt is the duration time of STIS, respectively. 

HES unit can be used to assist the WTG in STIS. Assuming 

the auxiliary power of HES unit is proportional to ΔP
STIS 

WTG , 

which means ΔP
STIS 

ES  = kES×ΔP
STIS 

WTG, the inertia response power of 

WTG will be shared in part by ES by adjusting the value of 

coefficient kES. Substituting this relationship and Δω=ωMPPT-

ωr into (8), and consider the contribution of HES unit, then the 

equivalent inertial constant for the WTG-HES combined sys-

tem, denoted as H
STIS 

W_E , is defined as 

2 STIS

MPPT ES WTG
STIS

W_E

WTG

STIS 2

WTG MPES PT

WTG

1
- +

2

2( )
         =

2

W W

W W

J J k P t

H
S

P t J J

S

k

  

  

   



     

        (10) 

It can be seen from (10) that, with the fixed support power 

ΔP
STIS 

WTG (corresponding to fixed H
STIS 

W_E ), the participation of HES 

will reduce the slowdown of rotor speed during STIS. Fig. 5 

gives the illustration of how the HESs and rotor speed slow-

down can contribute to H
STIS 

W_E . It should be noted that in prac-

tice, the value of Δω is usually less than 0.3 pu to avoid possi-

ble rotor halt. As is shown, the contribution of HES unit will 

be important when the WTG operates at a low speed, and kES 

should be determined carefully according to the analysis 

above.  

More specifically, the value of kES can be set in the range 

between 0 and 1. On one hand, the larger value of kES means 

the HES unit will take more power burden of inertial support, 

and reduce the additional output power of WTG, leading to 

less speed slowing down. However, the HES unit combined 

with WTG is generally for reducing high-frequency wind 

power fluctuation, which features small capacity, and it is pos-

sible to run out of HES energy with large kES. On the other 

hand, the smaller value of kES means WTG will shoulder much 

power burden for the additional inertial support, which may 

cause rotor halt or second frequency/voltage drop.   

As shown in (4), the fast power support is realized by re-

sponding to the differential terms of frequency and dc voltage. 

Besides, the system will also activate the primary frequency 

regulation (for ac system) and voltage droop control (for dc 

system) to ensure the system stability. Therefore, the inertial 

response power for WTG-HES system is defined as, 

WTG WTG

0
STIS

W_ES

WTG WTG

d
( ),  for ac nanogrid

d

d
( ),  for dc nanogrid

d

ac ac

dc

dc dc dc ref dc

f
k k f f

t
P

V
k V k V V

t


  

  
  


(11) 

where k
WTG 

ac  and k
WTG 

dc  are the WTG’s droop coefficients of ac 

side and dc side, respectively. 
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Fig. 6. Schematic design of the inertial response controller of WTG-HES 

combined system. 
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Fig. 5. HSTIS 

W_E  variation with the changes of kES and Δω. 
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It should be noted that at the start moment of power varia-

tion, the value of differential terms in inertia response is far 

larger than the linear ones. Hence, it is proper for SC, which 

features large power density, to be responsible for the transient 

large power vacancy (i.e., the high-frequency component of 

power demand). Taking the scenario in ac nanogrid as an ex-

ample, the power assignment in HES can be designed as 

STIS WTG WTG

ES ES 0 ES

Battery  response
SC response

d
( ) ( )

d
ac ac

f
P k k f f k k

t
                  (12) 

Fig. 6 gives the schematic design of the proposed coordi-

nated controller, which is an example in ac nanogrid. When 

there exists a frequency variation, the controller will determine 

kES according to characteristics shown in Fig. 5, and the refer-

ence output power for frequency support of WTG and the 

HES unit can be obtained by calculating the value of Δf and its 

differential term, where the control is realized by adjusting the 

reference voltage of RSC, and changing the modulating signal 

of HES’s inverter, which ensures the inertial support can be 

achieved.  It is worth noting that, there are two control signals, 

i.e. ΔPBES and ΔPSC, sent to the HES unit in Fig. 6. And the 

BES and SC are connected to two individual converters to 

ensure they can respond to different control component. 

D.  Local Inertial Support with HESs 

The distributed HESs should be responsible for the local 

power disturbance, which generally adopt the droop control 

method to compensate for the variation of voltage and fre-

quency. Unlike the fixed-coefficient droop principle, an im-

proved droop method is proposed, in which the droop coeffi-

cient is adaptively varied according to the differential term in 

(4), and can be expressed as 

HES ES

HES

LS

HES ES

d
exp(2 ) ,  for ac nanogrid

d

d
exp( ) ,  for dc nanogrid

d

ac vir

dc

dc vir dc dc

f
k H f

t
P

V
k C V V

t





  

 


(13) 

where k
HES 

ac  and k
HES 

dc  are the HES’s droop coefficients of ac and 

dc side, respectively; H
ES 

vir  and C
ES 

vir  are the virtual inertial con-

stant of HES and the virtual capacitance of HES, respectively. 

In the improved droop method, the equivalent droop coeffi-

cient can vary during transient state, and provide more power 

support. Taking the local inertial support with HESs in ac 

nanogrid as the example, when there appears a frequency drop, 

the value of exponential term will increase sharply due to the 

significant change of df/dt, which leads to a larger value of the 

equivalent droop coefficient. Hence, ΔP
HES 

LS  will be larger than 

that of fixed droop method, which means the proposed method 

provides more power during transient state and the inertial 

response can be improved. When the system converges to 

steady state, the frequency derivative will decrease to zero, 

and the droop coefficient returns to the preset value. The visu-

alized comparison can be seen in Fig. 7. Therefore, the pro-

posed method can improve the transient inertial response 

without changing the system steady state.  
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Fig. 7. Comparison between two droop methods for local inertial support with 
HESs in ac nanogrid (settings: k

HES 

ac =160 kW/Hz, H
ES 

vir =0.012 s). 

Notice that the output power of battery energy storage (BES) 

has the limited ramp rate, whereas the SC can be considered 

with infinite power density. Thus, for the protection of BES 

and better utilization of SC’s advantage, the power demand 

ΔP
HES 

LS  is processed using the low-pass filter and assigned to 

different ES equipment. After this operation, SC is only re-

sponsible for the high-frequency component which can be 

described as, 

SC HES

LS LS
1

sT
P P

sT
  


                           (14) 

where T is the time constant of the filter.        

When the type of BES device is determined (e.g., Li-ion 

battery), the larger installation number of BES will correspond 

to smaller T value.   

E.  Cross-grid Inertial Support with Distributed HESs and IC. 

The cross-grid inertia support can be realized by employing 

the power support capacity of distributed HESs. Considering 

that ac frequency usually varies in a small range (less than 

±0.005p.u.), the linearizing relationship of ac and dc grids can 

be derived from (5) and expressed as 

VSG IC

VC 0

2
    dc c

ref

H S
V f k f

V C f
                 (15) 

where kc is the coupling coefficient of voltage and frequency. 

When the power deficiency occurs in dc nanogrid, the volt-

age variation will be detected and leads to a corresponding 

change of Δf according to (15), which is re-denoted as Δfvir to 

tell apart from the real frequency change. Then, the droop 

equation of HES in ac grid can be adjusted to consider the 

virtual frequency change derived from ΔVdc and expressed by 

HES HES ES d
exp(2 )( )

d
ac ac vir vir

f
P k H f f

t
                 (16) 

To involve the dynamic feature of inertia response in dc 

grid, substituting Δfvir into the left part of (4) and combining 

with (16) can lead to the power reference of HES in ac grid as 

the following, 
2

HES HES ES VC

0

IC

d
exp(2 )( )

d

c vir

ac ac vir vir

k C d ff
P k H f f f

t S dt


      (17) 

Similarly, when the power deficiency occurs in ac nanogrid, 

the frequency variation will be detected and leads to a corre-

sponding change of ΔVdc, which is re-denoted as ΔVvir to tell 

apart from the real voltage change. Then, the droop equation 

of HES in dc grid can be adjusted to consider the virtual volt-

age change derived from Δf and expressed by， 
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HES HES ES d
exp( )( )

d

dc

dc dc vir dc dc vir

V
P k C V V V

t
           (18) 

To emulate the dynamic feature of inertia response in ac 

grid, substituting ΔVvir into the right part of (4) and combining 

with (18) can lead to the power reference of HES in dc grid as 

the following, 

HES HES ES VSG

0

d 2
exp( )( )

d

dc vir

dc dc vir dc dc vir

c

V H d V
P k C V V V

t dtk f


     (19) 

The IC is used to transfer power between ac and dc 

nanogrids, and the difference between the cross-grid power of 

distributed HESs is set as the power reference of IC, which is 

described as, 

HES HES ES

IC

HES HES ES

d
[ exp(2 ) ]

d

d
           [ exp( ) ]

d

ac ac vir

dc

dc dc vir dc dc

f
P P k H f

t

V
P k C V V

t

    

   

     (20) 

It should be noted that, if there are more than one IC, ΔPIC 

will be proportionally assigned to ICs according to each IC’s 

rated power. Based on the coordinated design above, the 

cross-grid inertial control can be realized through the coordi-

nation of the IC and the distributed HESs in hybrid system, as 

shown in Fig. 8. Since the exponential term is used in local 

and cross-grid inertial support of HESs, the limiter blocks are 

added in the control loops to constrain the reference power 

magnitude of HESs. It is worth noting that, whatever control 

methods are adopted, the limiter block is necessary to restrict 

the control signal that exceeds the power limits of HES unit 

for protection, and its value is usually determined by the max-

imum power of the HES unit. In this paper, the limiter setting 

is accordance with the maximum power that HES can absorb 

and output, which is chosen as 100 kW. 

IV.  CASE STUDIES  

To validate the proposed strategy, a simulation model of 

hybrid microgrid is established based on Fig. 1. HES unit is 

composed of Li-on battery and SC, where the ramp rate of 

BES is set as 95 kW/s, and SC is considered with infinite out-

put power speed [38]. The time constant for filter used for the 

local inertial support of HES is 0.5 s, and kES for WTG system 

is set as 0.4. Other parameters of the system are given in Table 

I.  

TABLE I 

PARAMETERS OF THE STUDIED HYBRID MICROGRID 

Sub-systems Items Values 

AC 
nanogrid 

Nominal frequency/Hz 50 

Droop coefficient of WTG/(kW/Hz) kWTG 

ac  130 

Droop coefficient of HES/(kW/Hz) kHES 

ac  160 

Virtual inertial constant of HES/s  H
ES 

vir  0.012 

Correlation inertial constant/s H 

VSG 0.065 

Rated capacity/kVA  500 

DC 

nanogrid 

Nominal voltage/V 660 

Rated capacity/kW 500 

Droop coefficient of WTG/(kW/V) kWTG 

dc  3 

Droop coefficient of HES/(kW/V) kHES 

dc  6.8 

Virtual capacitance of HES/mF C
ES 

vir  1.5 

Correlation capacitance/mF CVC  7.5 

IC  Rated capacity/kVA 500 

Two different scenarios are compared: the only droop strat-

egy and the proposed strategy. The only droop strategy fea-

tures that the conventional droop control shall be activated 

during power disturbance, including the local power compen-

sation and cross-grid power support [4], [11], of which the 

droop coefficients are as same as that of the proposed strategy. 

It is worth noting that, the frequency and voltage responses 

without cross-grid support (i.e. only local droop response 

without inertial compensation activated) are also shown for 

comparison.   

A.  Case 1: Step Power Variation in AC Side 

This case is to show the performance of the proposed strat-

egy on inertial improvement for ac nanogrid, and the results 

are shown in Figs. 9 and 10, and Table II, where change rate is 

obtained when the variables change from the stable value to 

the extremum value. When the load power increment of 50 

kW is activated at 2 s at the ac side, a frequency drop is shown 

in Fig. 9(a), which indicates that the frequency variation is 

smoothed with the proposed strategy and also less overshoot is 

caused when the power demand is reduced at 7 s. Compared 

with the only-droop control, the dc voltage variation is a little 

larger with the inertial support, shown in Fig. 9(b), since the 

dc side provides more active power to support ac side’s inertia.  

Notice that the unified inertia variation keeps smaller with 

our strategy during the whole power changes, shown in Fig. 

9(c), which means the strategy features better dynamic per-

formance, and thus the system robustness is increased. More 

specifically, when the load power increment of 50 kW occurs 

at 2 s in the ac side, and the unified inertia Hu drops to 3.97 s 

immediately with the only-droop control. In comparison, Hu 

smoothly drops to 3.992 s at the same time point with the pro-

posed strategy as shown in Fig. 9(c). From the analysis in Sec-

tion II. A we can see, during the normal operational condition, 

the allowable maximum variation range of Hu is 0.32 s (i.e., 

from 3.845 s to 4.165 s), so the proposed strategy reduces the 

decrease of holistic inertia from 9.3% to 2.5% (using 0.32 s as 

the base) during transient state. In addition, Table II gives the 

change rate of f, Vdc, and Hu, which is defined by the duration 

time when these variables change from steady value to the 

extremum in transient state. As is shown, during 2-7s, the ab-
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Fig. 8. Coordinated control of local and cross-grid inertial support of HES. 
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solute value of Hu change rate can be as large as 0.03 with the 

only-droop control, and reduce to 0.01 with the proposed 

strategy, which indicates a clear improvement for system iner-

tia.   

Fig. 10 shows the power assignment of HES equipment and 

the IC power variation. It can be seen that, the power demand 

is properly distributed to BES and SC, which is reflected by 

the ramp rates within the limit (i.e., 95kW/s) at both ac and dc 

sides. Besides, the output power of HES in ac side (approach-

ing 22 kW) is larger than that of dc side, since the power vari-

ation occurs in ac nanogrid, and will not bring much burden to 

the HES unit of dc side. It is worth noting that, with the intro-

duction of derivative terms to emulate inertial response, the 

power response of IC will be faster than that of only-droop 

control, as shown in Fig. 10(c), which contributes to the 

smoother change of frequency. 

AC load: 300 kW 

DC load: 260 kW 

AC load: 350 kW 

DC load: 260 kW 

AC load: 300 kW 

DC load: 260 kW 

Proposed strategy

Only-droop control

No cross-grid support

 

Proposed strategy

Only-droop control

Proposed strategy

Only-droop control

No cross-grid support

 
Fig. 9. Variations of indexes in case 1. (a) Frequency variation. (b) DC volt-
age variation. (c) Variation of the unified inertia. 

42.5 kW/s

40.6 kW/s

                  SC   response

BES response

                  SC   response

BES response

  

Proposed strategy

Only-droop control

  
Fig. 10. Active power in case 1. (a) HES power in ac nanogrid. (b) HES pow-
er in dc nanogrid. (c) IC power. 

 

TABLE II 
CHANGE RATE DURING TRANSIENT STATE (CASE 1) 

Variable Scenarios  0-2 s 2-7 s 7-14 s 

Frequency  

change rate (Hz/s) 

Proposed strategy 0 -0.08 0.09 

Only-droop control 0 -2.21 2.63 

DC voltage  

change rate (V/s) 

Proposed strategy 0 -2.5 3.0 

Only-droop control 0 -10.1 12.5 

Unified inertia  

change rate (pu) 

Proposed strategy 0 -0.01 0.01 

Only-droop control 0 -0.30 0.30 

 

B.  Case 2: Step Power Variation in DC Side. 

A net power increment of 100 kW is activated at 2 s in dc 

side, which causes an immediate voltage drop to 648 V with 

the only-droop method as shown in Fig. 11(a). In comparison, 

the voltage decreases slowly to the lowest value after 4 s, 

which releases the pressure of equipment and brings more 

response time for other DGs. As shown in Fig. 11(b), the mu-

tual power support has little influence on frequency in ac side. 

The clear improvement can be seen in Table III, in which 

the absolute value of Hu change rate reduces from 0.42 to 0.02. 

Besides, as shown in Fig. 11(11), the maximum decrease of Hu 

with the only-droop control is 0.081 s at 2.2 s with Hu drop-

ping to 3.919 s. In comparison, Hu keeps the higher value of 

3.962 s at the same time point with the proposed method. By 

normalizing the maximum variation at 2.2 s using the allowa-

ble variation (i.e., 0.32 s) in normal operation, Hu decrease 

reduces from 25.31% to 11.88%, which indicates the effec-

tiveness of the proposed inertial compensation method for dc 

nanogrid.  

The output power of HESs are illustrated in Fig. 12, where 

much power burden is allocated to the HES unit in dc side, 

and the largest ramp rate is 76.3 kW/s within the limit. As 

shown in Fig. 12(c), the IC power increases to the higher value 

with the only-droop control, since the voltage drops to lower 

level and it needs more power to keep balance. In comparison, 

the power increment of IC with the proposed strategy is larger 

at the initial moment, and then becomes mild between 2.2 s 

and 8 s, indicating that the IC power burden is released with 

better dc voltage performance.  

AC load: 300 kW 

DC load: 260 kW 

AC load: 300 kW 

DC load: 360 kW 

AC load: 300 kW 

DC load: 260 kW 

Proposed strategy

Only-droop control

Proposed strategy

Only-droop control

No cross-grid support

Proposed strategy

Only-droop control

No cross-grid support

  
Fig. 11. Variation of indexes in case 2. (a) DC voltage variation. (b) Frequen-

cy variation. (c) Variation of the unified inertia. 
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76.3 kW/s

29.6 kW/s

                  SC   response

BES response

                  SC   response

BES response

 

Proposed strategy

Only-droop control

 
Fig. 12. Active power in case 2. (a) HES power in dc nanogrid. (b) HES pow-

er in ac nanogrid. (c) IC power. 

TABLE III 

CHANGE RATE DURING TRANSIENT STATE (CASE 2) 

Variable Scenarios  0-2 s 2-7 s 7-14 s 

Frequency  

change rate (Hz/s) 

Proposed strategy 0 -0.03 0.04 

Only-droop control 0 -0.27 0.26 

DC voltage  

change rate (V/s) 

Proposed strategy 0 -3.7 3.5 

Only-droop control 0 -68.4 68.2 

Unified inertia  
change rate (pu) 

Proposed strategy 0 -0.02 0.02 

Only-droop control 0 -0.42 0.42 

 

C.  Case 3: Consecutive Power Variation in Both Sides. 

The net power increment of 50 kW in ac nanogrid is acti-

vated at 2 s, leading to the frequency drop, which is the same 

as that in case 1. At 6 s, the net power increase of 100 kW at 

dc side occurs, and the IC transferring power is changed from 

-10.73 kW to 13.32 kW according to (20), shown in Fig. 14(c). 

It is worth noting that, there is no evident variation of the ac 

frequency with the proposed strategy. In comparison, the fre-

quency with the only-droop control drops to 49.83 Hz and 

then recovers to stability [see Fig. 13(a)]. It can be concluded 

that, when there are power variations in both sides, the pro-

posed strategy can adaptively realize the reasonable power 

assignment for IC. More specifically, the variation, corre-

sponding to deterioration of voltage or frequency, will not be 

transported to the other side during the mutual power support, 

so the mutual inertial support will not bring negative effect on 

the power provider side, which is reflected by the smooth fre-

quency curve with the proposed strategy at 6 s.  

At 9 s and 12 s, the net power decreases are activated in ac 

and dc nanogrids, respectively. It can be seen from Fig. 13, the 

overshoots of f and Vdc are avoided, which shows the dynamic 

performance improvement with the proposed strategy. Besides, 

Fig. 14(c) indicates that the good inertial support should be 

attributed to the fast response of IC power (i.e. sharp transient 

power variation), which takes advantage of the merits of the 

converter and SC.    

As can be seen from Table IV, no matter the net power def-

icit (e.g., 3s and 6s) or surplus (e.g., 9s and 12s) occurs, the 

system inertia, reflected by Hu, varies with relatively small 

change rate with the proposed strategy. The maximum power 

deficit occurs at 6s when both the ac and dc nanogrid experi-

ence total 150 kW load power increment, the severe variation 

of Hu is reduced from 24.69% to 12.51% reflected in Fig. 

13(c), which shows the performance of cross-grid inertial sup-

port.  

AC load: 300 kW 

DC load: 260 kW 

AC load: 350 kW 

DC load: 260 kW 

AC load: 350 kW 

DC load: 360 kW 

AC load: 300 kW 

DC load: 360 kW 

AC load: 300 kW 

DC load: 260 kW 

Proposed strategy

Only-droop control

Proposed strategy

Only-droop control

No cross-grid support

Proposed strategy

Only-droop control

No cross-grid support

 
Fig. 13. Variation of indexes in case 3. (a) Frequency variation. (b) DC volt-
age variation. (c) Variation of the unified inertia. 
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42.5 kW/s

39.4 kW/s
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Fig. 14. Active power in case 3. (a) HES power in ac nanogrid. (b) HES pow-

er in dc nanogrid. (c) IC power. 

TABLE IV 

CHANGE RATE DURING TRANSIENT STATE (CASE 3) 

Variable Scenarios  3-6 s 6-9 s 9-12s 12-20s 

Frequency  

change rate (Hz/s) 

Proposed strategy -0.08 -0.05 0.04 0.01 

Only-droop control -2.21 -0.37 1.15 0.45 

DC voltage  
change rate (V/s) 

Proposed strategy -2.5 -4.32 2.38 2.47 

Only-droop control -10.1 -68.42 7.52 63.15 

Unified inertia  
change rate (pu) 

Proposed strategy -0.01 -0.03 0.05 0.02 

Only-droop control -0.30 -0.27 0.18 0.41 

 

V.  CONCLUSION  

In this paper, a comprehensive inertial improvement strate-

gy, which fully takes advantage of the features of various DGs, 

is proposed for hybrid ac/dc microgrid. The unified inertial is 

introduced to indicate the global inertial level of the hybrid 

system, and the coupling relationship of ac and dc grids is 

expressed for cross-grid inertial support. The design of the 

strategy is based on the power capacity of different DGs, real-



1949-3053 (c) 2019 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TSG.2019.2942736, IEEE
Transactions on Smart Grid

 10 

izes the reasonable power assignment among DGs and en-

hance the global inertial stability. Further, the local and cross-

grid power sharing are designed to exploit the power capacity 

of distributed HESs, which can realize the net power balance 

with good dynamic response and improve the system’s ro-

bustness. Moreover, the ramp rate difference between BES 

and SC is considered to facilitate better utilization, and con-

tributes to the operational lifespan of different ES units. The 

effectiveness of the strategy is validated by the simulation 

cases with several scenarios.            
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