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Abstract— This paper presents a novel control technique for 

power converters used in single-phase Microgrids (MGs). The 

proposed control scheme can control the voltage and frequency of 

the MG while regulating the DC-bus voltage of the power 

converter. The proposed controller can significantly improve the 

transient performance of the system while providing a very fast 

and accurate MG parameters regulation and power sharing. The 

superior transient performance is due to the fact that, the DC-bus 

dynamics is embedded in the proposed control system, which 

enhances the control of input and output parameters (e.g., voltage, 

frequency, power, etc.). The simulation and experimental results 

confirm the superior performance of the proposed controller in 

regulating various parameters in comparison with the 

conventional proposed droop-based controllers.    

Keywords— AC Microgrid, Droop-based Power Sharing, 

Adaptive Droop Controller, DC-bus Voltage Dynamic, Power 

Electronic Inverters.  

I.  INTRODUCTION 

 The importance of harvesting energy from Renewable 
Energy Sources (RESs) is undeniable in the future smart grids 
due to environmental and sustainability concerns associated 
with the conventional energy sources [1]. In order to achieve 
the maximum energy harvesting as well as ensure the reliable 
operation of the smart grids, the concept of Microgrid (MG) has 
been introduced as the building block of future grids [2]. In 
MGs, the power electronic converters are the main interface to 
connect RESs to the grid [1]-[2]. Commonly, typical converters 
in MGs include an input stage and an output stage. In these 
converters, the DC-bus capacitor acts as an energy storage 
interface to connect the two stages together [3]. While the input 
stage is responsible for extracting the maximum power from 
RESs, the output stage regulates the DC-bus voltage and shapes 
the output current [4]-[5]. 

In power electronic converters the control system plays a 
key role to enable the MG to achieve its assigned tasks in both 
of grid-connected and islanded operating modes [6]. The 
control system is essential in order to ensure the reliable and 
efficient operation of MGs, as well as control the flow of power 
between converters and MGs, which can be done through 
converters [6]-[9]. Various control methods presented to 
address MG concerns can be classified into two general 
categories: 1- Centralized methods which are based on 
communication links and 2- Decentralized methods, which 
utilize droop controllers and local compensation methods 
[8],[10]-[12]. Unlike communication-based methods (e.g., 

centralized, master and slave and etc.) the droop-based methods 
are not dependent on communication links, which makes them 
more practical for MG applications [8]-[9]. Despite the 
advantages of the droop-based methods, their high dependency 
on grid impedance and inherent trade off between accurate 
power-sharing and MG parameters regulation are the main 
drawbacks that should be taken in to account in designing a 
droop-based MG control system [7]-[9]. While the control of 
MG parameters (e.g, voltage and frequency) through converters 
have been addressed in the literature, in most of the proposed 
methods the dynamics of the DC-bus voltage has been ignored 
(usually it is considered as an infinite bus with constant voltage) 
[13]-[14]. However, in practical cases, the dynamics of the DC-
bus voltage plays a crucial role in transferring power from the 
RES to MG, especially in single-phase MGs where the DC-bus 
voltage control is challenging due to the existence of double 
frequency ripples in DC-bus voltage [11]-[16]. On the other 
hand, the regulation of DC-bus voltage is addressed in [3]-[5], 
[17], while the regulation of MG parameters is not considered 
in these methods, which make them incompatible with MG 
requirements in islanded mode. Therefore, most of the 
presented DC-bus controllers are either so sluggish to be able 
to use through islanded MGs or do not provide the ability to 
regulate MG parameters, which is essentials in islanded MGs.  

In order to address the mentioned drawbacks of the 
proposed methods, this paper proposes a novel control scheme 
for converters used in MGs to control the voltage/frequency at 
the output stage converter while regulating the DC-bus voltage. 
The proposed control approach can effectively enhance the 
transient behavior of the converter by introducing a new DC-
bus voltage controller in the closed-loop control system. The 
proposed controller is based on the singular perturbation control 
theory. This theory allows the system dynamics to be divided 
into two manifolds (i.e., slow manifold and fast manifold). 
Therefore, the controllers for different variables can be 
designed on these manifolds. In addition, the optimum steady-
state value of DC-bus has been derived and utilized to ensure 
the optimal performance of the two-stage converter during the 
steady state operating mode. It is being approved that the 
internal connection between AC-side and DC-bus voltage 
controllers can significantly improve the transient performance 
of the proposed controller. In addition, it can regulate the DC-
bus voltage variations in the desired range during transients and 
ensure the optimal performance of the converter. 

The rest of this paper is organized as follows: the system 
description used in this paper to implement the proposed 
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controller is presented in section II, section III presents the 
proposed control scheme including adaptive droop controllers 
for AC-side and DC-bus, DC-bus voltage dynamic analyzer, 
and the DC-bus voltage optimizer, section IV provides the 
simulation and experimental results of the implementation of 
the proposed control scheme, and section V presents the 
conclusion.  

II. SYSTEM DESCRIPTION 

Fig. 1 shows the configuration of a typical medium-scale 
residential MG used to implement the proposed control scheme. 
According to Fig. 1, the MG includes RESs including the solar 
and wind sources with 2.3 and 7kW power ratings, respectively, 
An energy storage system (3.3 kW power rating), and An RLC 
load with 8 kVA maximum power demand. RLC load is 
implemented to cover the different variety of residential loads 
(i.e. thermal load, fan load, and condensers). All sources are 
connected to the point of common coupling (PCC) using the 
two stages power electronic interfaces. In addition, all DG units 
are equipped with ZigBee modules to provide the low 
bandwidth communication network between units. According 
to Fig. 1 it is assumed that the line impedances are negligible in 
comparison with the RLC load values, which is an acceptable 
assumption in single-phase islanded MGs [18]-[19].  

III. PROPOSED CONTROL SYSTEM TO CONTROL THE FLOW OF 

POWER IN ISLANDED MICROGRIDS 

  The general diagram of the proposed control scheme is 
shown in Fig. 2. According to Fig. 2, the proposed control 
scheme uses the state-of-the-art structure (i.e. 
voltage/frequency and DC-bus adaptive droops, a primary 
controller, and an input stage controller). As can be seen in Fig. 
2, The proposed control scheme consists of two control levels: 
1- the lower level or converter controller, and 2- the higher level 
controllers, indicated by yellow background, that provide 
required references of the lower level controllers. The lower 
level control system consists of a primary controller (i.e. a 
power controller along with a current controller to enable the 
converter to control the flow of power between MG and the 
converter) and an input stage controller including the MPPT 
controller to ensure the maximum power harvesting from the 
DG unit. Base on the proposed control scheme the high level 
uses a dynamic analyzer and a voltage optimizer to ensure the 
reliable and optimal performance of the controller during its 
transient and steady-state performance. The main novelty of the 
proposed control system lies in the fact that it can highly 
enhance the transient performance using the dynamic analyzer 
block and the integrated voltage/frequency and DC-bus 
adaptive droop controllers.  

In conventional methods, the voltage/frequency and DC 
side droops perform separately, while in the proposed method, 
they are combined and share the droop gains. This can 
significantly improve the transient performance of the system. 
In addition, in conventional control systems, the DC-bus 
voltage is controlled independently from other controllers. 
However, in the proposed method the dynamic analyzer adjusts 
the DC-bus voltage controller gain based on the input power as 
well as the output load. This gives rise to predictability for the 
DC-bus voltage, leading to substantially improved the transient 
response of the system. In addition, the voltage optimizer block  

 

Fig. 1. Configuration of the implemented MG 

 
Fig. 2. The proposed Control system general diagram 

provides the optimal value for the DC bus voltage during the 
steady-state operation of the converter. In the following, the 
procedure to design each of the higher-level control blocks have 
been investigated. 

A. Proposed Adaptive Droop Controllers 

Due to the resistive nature of single-phase MGs, the P/V, 
Q/ω droops have been used to achieve a more accurate power-
sharing instead of the conventional P/ω, Q/V droops [4]. In 
addition, the proposed control system employs an additional 
droop controller for the DC-bus voltage, which is crucial to 
improving the transient performance. Therefore, the proposed 
control scheme offers three adaptive P/V, Q/ω and DC-bus 
voltage controllers for the single-phase islanded MG to regulate 
the voltage and frequency of the output bus and DC-bus 
simultaneously. Moreover, to identify the load changes an 
impedance estimator along with a network identification 
algorithm has been used to estimate the load impedance [19]. 

The main idea of the proposed controller is shown in Fig. 3. 
According to Fig. 3 in the proposed control system, the 
voltage/frequency droop controllers provide the active/reactive 
power references for the primary controller. The active power 
references for the input-stage controller has also been provided 
by the DC-bus voltage adaptive droop. The main contribution 
of the proposed adaptive droops controllers is that the grid 
voltage droop gains are determined using the DC-bus voltage 
controller and the DC-bus voltage droop gain is derived using 
the grid voltage droop controller. This  effectively connects  the  
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Fig. 3. Proposed adaptive droops control structure 

DC-side and AC-side controllers, which can significantly 
improve the transient performance the control system. 

Fig. 4 (a)-(c) show the main idea of the proposed adaptive 
droop controllers and their derived load and droop profiles. 
According to Fig. 4, unlike the conventional droop controllers, 
the proposed controller can regulate voltage/frequency while 
providing accurate power-sharing by changing the droop slope 
adaptively based on the load and grid information. According 
to Fig. 4, to maintain regulated control parameters, the proposed 

droops profiles (i.e. ac
P , ac

Q , and dc
P ) can be derived as: 
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where LR , LL and LC are the estimated load impedances and 

dcI , gI  are the magnitude of DC and AC output current and in

is the initial contributing factor of the ith converter. According 
to Fig. 4, the intersection of the load and droop profile defines 
the operating point. Therefore, using intersection of (1) and (2) 

 
Fig. 4. Proposed adaptive droops curves including (a) grid-voltage, (b) 
frequency, and (c) DC-bus voltage controllers 

and constant error values (
ac
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Ve  and 
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In order to guaranty the intersection of the load and droop 
profiles and have a stable operating point, some conditions 
should be satisfied as well [20]. According to (3)-(5), the droop 
slopes can change adaptively based on the variation of load and 
DG output powers to regulate the voltage/frequency at AC-side 

Load Profile

Droop Profile

Pac

Pmax

P2

P1

Operating Points

Vmax
eV

ac

eV
ac

Qac

Qmax

Q2

Q1

Operating Points

ωmax

Droop Profile

Load Profile

eω
ac

eω
ac

( )ac

V

ac

V

ac

ref ekPP −= max

( )( )acac

C

ac

L

acac

ref ekkQQ ωωω +−= max

Load Profile

Pdc

Pmax

P2

P1

Operating Points

VmaxeV
dc eV

dc

( )dc

V

dc

V

dc

ref ekPP −= max

(a)

(b)

(c)

Droop Profile

( )















−

−−=
dc

2

max
maxmax

ILi

ac
V

ac
dcdc

V
ac
Load

Rn

eV
VkPP

( ) ( )g
i

L
g

gLi

gac
Load

n

C
V

Ln

V
Q ω

ω
2

2

)(
)(

−=

( )













−−−= dc

V
dc

g

dcacac
V

dc
Load eV

I

I
VkPP maxmaxmax

2

1422



and DC-bus voltage simultaneously. In addition, the integration 
of AC and DC-bus voltage controllers can significantly 
improve the transient performance of the system and every 
change can immediately reflect on the other side controller to 
ensure a very fast and stable performance. 

B. DC-bus Voltage Dynamic Analyzer 

One of the prominent features of the proposed controller is 
its ability to enhance the transient response of the closed-loop 
control system through the Dynamic Analyzer block. The main 
objective of the dynamic analyzer block is to determine the 
droop gain for the DC-bus voltage controller in real-time. The 
singular perturbation control theory [21] is used to generate the 
DC-bus droop gain in this block. This theory provides a tool to 
analyze systems that are included dynamic states with a 
different rate of changes. The dynamic of the input stage 
converter, which is typically a DC/DC converter, is so fast due 
to its very high switching frequency. Therefore the 

0>>dtdIdc and the dynamic of Idc is so faster in comparison 

with Vdc and ig dynamics and the Idc dynamic is not considered 
in this paper. Therefore, according to Fig. 5, for the 
implemented system, the rate of change for the grid current and 
the DC-bus voltage is given by: 
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Where oL  and dcC  are the output inductor and DC-bus 

capacitor values and d is the duty cycle generated by closed 
loop control system. According to (6)-(7), the rate of changes 

for grid current ( gi ) is faster than the rate of changes of DC-

bus voltage ( dcv ). Fig. 6 shows the slow and fast dynamic 

states of the control system. According to Fig. 6, based on 

Tikhonov’s theorem the fast trajectory ( gi ) is reached its final 

steady-state value and can be considered as a constant in the 
slow trajectory dynamic equation. Therefore, two separate 
dynamic states can simulate the dynamic behavior of the DC-

bus in the variation of gi  and dcI . Therefore, Based on 

Tikhonov’s theorem [22]-[23], the system dynamics can be 

divided into slow ( dcv ) and fast ( gi ) states if some conditions 

are satisfied. The main condition of Tikhonov’s theorem is the 

stability of the fast state ( gi ). Ones the conditions were 

satisfied, based on Tikhonov’s theorem, the fast state can be 
considered constant in the slow state dynamic equation as it is 
already reached its final steady-state values. Thus, the equation 
(6) can be rewritten as: 
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Therefore to control the dynamic performance of the DC-

bus, the droop gain can be rewritten as: dc
V

dc
V kk ×=′ β . Where 

 

Fig. 5. General configuration of a two-stage converter 

 
Fig. 6. (a) the Dynamic States of the Control System, (b) detail of the fast state 
variations 

dc
Vk is the droop gain generated by adaptive droop and β is the 

dynamic coefficient to control the DC-bus restoration speed to 
keep the DC-bus voltage variations in a pre-defined range. 

C. DC-bus steady state voltage optimization 

  One of the main sources of losses in converters is the grid-
side output inductor. The amount of losses in this inductor can 
be controlled by controlling the amount of current ripples 
flowing through the inductor. Current ripples can be controlled 
by changing the difference between the DC-bus voltage and the 
AC-side voltage (Vg). Thus by changing the DC-bus voltage the 
amount of losses can be reduced greatly. The inductor losses 
are a combination of the low-frequency losses, that cannot be 
controlled as it is a function of the output current, and the 
controllable high-frequency losses as: 
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where LFR , HFR  are the low and high-frequency resistors 

of inductor core, d , SF  and OL  are the duty cycle, switching 

frequency, and output inductor values, and Ck , CA , Cl  and β  

are the core manufacturer data that are used to calculate the core 
losses. According to (9), the last two parts present the low-
frequency losses that can be reduced by reducing the current 
ripple which is a function of DC-bus voltage. Considering the 
voltage drop of the output inductor and DC-bus double 
frequency ripples, the optimal DC-bus voltage can be derived 
by minimizing the LF losses as: 

( )

( )







++







++=

Ldc

ac
gdcLOLdc

ac

LOg
acoptimal

dc

C

VICLCV

ωLIVV

ω

ωω max
222

g
2

max

2222

max

I)(

2

1

                 (10) 

Equation (10) presents an optimal DC-bus voltage curve for 

each value of the output current ( gI ). Using (10) the DC-bus 

voltage reference for DC-bus adaptive droop controller can be 
adjusted for different output power levels to ensure the optimal 
performance of the converter in all operating range. 

IV. SIMULATION AND EXPERIMENTAL RESULTS 

In order to evaluate the proposed control system, the 
simulation and experimental results are presented in this 
section. The implemented MG consists of three DGs including 
a 7kW wind turbine, 2.2 kW solar cell and 3.5 kW storage 
system. The controller constant errors are set to regulate the MG 
voltage at 246 V and frequency at 60 Hz. The DC-bus voltages 
are all regulated at the fixed value of 400 V. The optimal values 
of DC-bus voltage are not utilized in this session to verify the 
ability of the proposed controller to regulate the voltage at a 
fixed value. 

Fig. 7 (a) depicts the load profile of the MG. According to 
Fig. 7 (a), two step-changes have been accrued in active and 
reactive load power demand at t=0.5 sec and t=1 sec 
respectively. Fig. 7 (b)-(c) shows the failure of the conventional 
droops in the regulation of MG voltage/frequency in load 
variations. Based on these figures the conventional droop-based 
methods cannot offer the regulation of voltage/frequency in 
case of load variations, which is crucial for sensitive loads.     
Fig. 7 (d)-(f) prove the ability of the proposed control to 
regulate voltage/frequency of MG and DC-bus voltage (Fig. 7 
(f)) at the same time. As can be seen the proposed controller can 
significantly improve the transient performance of the system 
while offering the regulated MG parameters and DC-bus 
voltage with low variations, which can guaranty the optimum 
performance of the islanded MG under load variations. 

 
Fig. 7. (a) load profile of MG, conventional droop performance in regulating 
MG voltage (b) and frequency (c), Proposed controller performance in 
regulating: (a) MG voltage, (b) MG frequency, (c) DC-bus voltage, and 
sharing (d) active power, and (e) reactive power 

Fig. 8 (a)-(b) illustrate the power-sharing accuracy between 
parallel converters using the proposed method. According to 
these figures, the variation of load powers can be accurately 
shared by parallel converters to keep the MG voltage/frequency 
constant. It should be noted that based on the implemented 
control method, the power has been shared between parallel 
converters based on their ratings, their available power and the 
dynamic of their DC-bus voltage. 
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Fig. 8. Proposed controller performance in sharing (a) active power, and (b) 
reactive power 

Fig. 9 (a)-(b) shows the ability of the proposed controller to 
address the power shortages at DC-side. To prove the ability of 
the controller in the worst case, it is assumed that in t=0.5, when 
the load demand has been doubled, an input power shortage 
from DG side has been accrued that force the converter 2 to 
decrease its output power. According to these figures, the 
connection between AC and DC-side controllers could decrease 
the AC-side output to regulate the DC-bus voltage and keep its 
dynamic changes in a pre-defined range. According to Fig. 9. 
(b) because of the failure of the second converter to increase its 
power the MG voltage drops for a limited time which is sensed 
by other converters and the extra power have been shared 
between the two other converters based on their ratings to 
restore the MG voltage at its constant value. According to      
Fig. 8 and Fig. 9 the proposed method could provide a tightly 
regulated voltage and frequency in both changes of load 
demanded power and DG available power while keeping the 
DC-bus voltage at an optimum level of variations to ensure the 
optimum performance of the MG and power converters. These 
figures prove the ability of the presented controller to guaranty 
the optimum and reliable operation of an islanded MG in all 
operating conditions.    

Fig. 10 illustrate the performance of the DC-bus dynamic 
analyzer in keeping the DC-bus voltage in a pre-defined range. 
As can be seen in Fig. 10 in comparison with the simple DC-
bus voltage droop controller (the adaptive DC-bus voltage 
droop without dynamic compensation), the dynamic analyzer 
block can significantly improve the transient performance of 
the proposed controller and regulate the DC-bus voltage very 
fast and with low variation.   

An experimental setup including a wind (4kW), a solar 
(1.5kW), an energy storage (2.5kW) unit, and a 2kW resistive 
load have been implemented in this paper to prove the ability of 
the proposed controller to regulate the MG parameters as well 
as the DC-bus voltage simultaneously. Fig. 11 shows the ability 
of the controller in power-sharing and MG voltage regulation 
when the MG load increases from 1 to 2 kW. As can be seen in 
Fig. 11 the extra demanded power could be successfully shared 

 

Fig. 9. Proposed controller performance in (a) sharing power and (b) voltage 
regulation in case of power shortages at DG output 

 

Fig. 10. Performance of dynamic analyzer in limiting the DC-bus 
voltage fluctuations in case of input/output power variations 

 

Fig. 11. Transient response of the experimental setup in MG voltage regulation 
when the proposed control method has been implemented to share the power 
between parallel converters as well as regulate the MG voltage 

between parallel unite based on their power ratings. This leads 
to the very fast regulation of MG voltage after each load 
changes. Fig. 12 prove the very fast and robust performance of 
the DC-bus controller in regulating DC-bus voltage in case of 
AC side power variations. Based on the Fig. 12 the internal 
connection of the AC-side and DC-bus voltage controllers can 
significantly improve the transient performance of the proposed 
controller. 
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Fig. 13 prove the ability of the proposed controller to 
address the power shortages at DC-side. The same load power 
profile, used in Fig. 12, has been used in this case while a power 
shortage has occurred for wind unit. As can be seen in Fig. 13 
and based on Fig. 12, the wind unit could increase its output 
power to 5A which is lower than the required power (8A). 
Therefore, a temporary voltage drop has occurred in MG which 
is sensed by other converters and they could restore the MG 
voltage by proving the extra power to compensate the power 
shortage. Fig. 14 depicts the process of power shortage 
compensation in more details. Based on Fig. 14 the other two 
converters, solar and storage, could successfully increase their 
output power to cover the power shortage happened for wind 
unit. Based on Fig. 13-14 even in case of power shortages, the 
proposed control scheme could provide a very fast and reliable 
voltage regulation inside MG.   

V. CONCLUSION 

This paper presents a novel controller for single-phase MG 
applications to regulate MG parameters and the DC-side 
voltage at the same time. Unlike previous works, the dynamic 
of DC-bus has been embedded in the proposed controller to 
improve the dynamic performance of the system during 
transients. The integration of the grid-side and DC-bus voltage 
controller enables the proposed scheme to offer an immediate 
response during transients while regulating MG 
voltage/frequency and DC-bus voltage simultaneously. 
Simulation and experimental results prove the superior 
performance of the proposed controller in comparison with 
conventional droop controllers.  
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