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The interest on DC micro-grid has increased extensively for the more efficient connection with DC output
type sources such as photovoltaic (PV) systems, fuel cells (FC) and battery energy storage systems (BESS).
Furthermore, if loads in the system are supplied with DC power, the conversion losses from sources to
loads are reduced compared with AC micro-grid. This paper proposes operation and control strategies for
the integration of PV and BESS in a DC micro-grid. The proposed control enables the maximum
renewable energy utilization during different operating modes of the micro-grid i.e., grid connected,
islanded or transition between these two modes, whilst making an allowance for the DC voltage control
and DC-loads supply. When the system is grid connected and during normal operation, active power is
balanced by the AC grid converter to ensure a constant DC voltage. In order to achieve the system
operation under islanding conditions, a coordinated strategy for the BESS, PV and load management
including load shedding and considering battery state of charge (SoC), are proposed. Seamless transition
of the PV converter control between maximum power point tracking (MPPT) and voltage control modes,
of the battery converter between charging and discharging and that of grid side converter between
rectification and inversion are ensured for different grid operation modes by the proposed control
methods. The DC bus voltage level is employed as an information carrier to distinguish different modes
and determine mode switching. MATLAB/SIMULINK simulations are presented to demonstrate the robust
operation performance and to validate the proposed control system during various operating conditions.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction

Renewable energy emerges as an alternative way of generating
clean energy. Recent advances using smart micro-grids to maxi-
mize operations efficiency and reliability have made this kind of
systems a suitable solution for decentralizing the electricity
production.

In the view of the fact that most renewable energy sources
(RES), such as photovoltaic, fuel cells and variable speed wind
power systems generate either DC or variable frequency/voltage AC
power; a powereelectronics interface is an indispensable element
for the grid integration [1,2]. In addition, modern electronic loads
such as computers, plug-in hybrid electric vehicles and even
traditional AC loads such as induction motors, when driven by
a variable speed drive; require DC power. DC micro-grids have
shown advantages in terms of efficiency, cost and system that can
eliminate the DCeAC or ACeDC power conversion stages required
All rights reserved.
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in AC micro-grids for the integration of mentioned renewable
energy sources and loads. Typical examples of DC micro-grids are
power systems in commercial centers containing sensitive loads
[3], industrial [4], shipboard [5] and vehicular and more electric
aircraft [6] power systems. Due to nondeterministic characteristic
of RES, energy storages (ES) are requisite for consistent operation of
standalone renewable systems. In these systems, ES is responsible
for balancing short term differences between the source and load
power due to stochastic variations of renewable energy. A super-
visory power management strategy is also necessary in order to
maximize the use of renewable energy.

Most of the research conducted so far has focused on the
control, operation and power sharing of DGs in an AC micro-grid
during and subsequent to islanding [7e10]. Recently, some
researches have also been carried out on DC micro-grids. Ref. [11]
presents a low-voltage DC micro-grid for supplying a residential
complex. Super capacitors are exploited as the main ES for
supplying sensitive loads during disturbances. The generations and
ES in the DC micro-grid have been assumed to be large enough to
supply the full load demand which guarantees a seamless transfer
between different system operating modes including islanding
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Nomenclature

PV parameters
ipv, vpv PV output current and voltage
Ppv PV system output power
Rs Series resistance representing the structural

resistances
Rp Parallel resistance modeling the leakage current
a Diode ideality factor representing the recombination

effect in the space-charge region of PV
I0 Diode reverse saturation current
Ms Number of series connected PV cells in a PV module
k Boltzmann’s constant
q Electron charge
K Polarization voltage
Np Number of parallel-connected PV cells
Ns Number of series connected PV cells
Id Diode current in the equivalent circuit of PV cell
Ii Terminal current of the ideal PV module
V ref
pv Reference voltage command for input voltage of PV

converter
V ref
MPP Reference voltage for MPPT in PV converter

V ref
VC Reference voltage for output voltage control in PV

converter

GS-VSC parameters
Pgrid GS-VSC power
Pload DC load power
Vgrid Grid voltage
IgridDC Current in DC side of the GS-VSC
Vov
grid Grid overvoltage level

Pdc, Pac Power on DC and AC sides of the GS-VSC
C DC-link capacitance
VDC DC-link voltage
Vvsc Reference voltage for the GS-VSC

Vshed Reference voltage for the load shedding

Battery parameters
Rbatt Resistance that the battery opposes to the flow of

energy
Ibatt Battery current
Vbatt Battery output voltage
PBESS BESS output power
Eg0 Constant voltage of the battery
Q Battery capacity
A, B Exponential voltage and exponential capacity in the

battery model
SoC State of charge of the battery
hc Charging efficiency of the battery
Cnominal Rated battery capacity (at n hours)
Ct coef, Acap, Bcap Constants in battery model
DT Temperature variation from the reference value of

25 �C
Inominal Discharge current corresponding to Cnominal rated

capacity
a, b Temperature coefficients in battery model
Vbatt
ref Reference voltage for BESS

DV� Reference voltage for the BESS to start discharging
DVþ Reference voltage for the BESS to start charging

DC/DC converters parameter
d Switch duty cycle
C Input filter capacitance of PV converter
vC Voltage across C
Co Converter output filter capacitor
Ro Capacitor equivalent series resistance
L Converter input filter inductance
RL Equivalent series resistance of input filter inductor
iL Input filter inductor current
vCo

Voltage across Co
io, vo Converter output current and voltage
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operation. However, in a renewable basedmicro-grid this cannot be
assured because of nondeterministic generation characteristics and
requires more careful management and control between the
sources and loads during different disturbances. A distributed DC
power systemwith multiple RES and loads is proposed in [12]. The
main issue investigated is the DC bus voltage control and power
sharing when applied to a wind powered system. However, only
the autonomous operation of the DC micro-grid is inspected.
Operational analysis of a bus type DCmicro-grid is also presented in
[13] considering different RES, but the power management scheme
for RES is not presented. Ref. [14] also proposes a control strategy
for a DC distribution system for the stable operation of wind
generation under the line-fault using the BESS.

Employment of PV generation in DC systems has been paidmore
attention in recent years. Ref. [15] describes operation of an isolated
DC grid including PV as the main renewable source and battery
energy storage to supply unbalanced AC loads. However, the grid
connectionmode and the transition to islanding are not considered.
In [16] a standalone DC grid with PV, FC and BESS interconnection is
presented and a distributed DC bus voltage control is investigated
for various working states of the system. But, connection to the grid
and islanding transients is not considered. Output voltage control
of a PV DC/DC boost converter in an isolated DC distribution system
is proposed in [17]. Variation of the PV voltage is considered in the
DC bus voltage control scheme. However, a full consideration of the
system transients, ES and grid connection states are not studied. In
[18e21] PV based standalone DC micro-grid utilizing active power
management strategies are developed for supplying small resi-
dential loads. In these systems, the SoC limits of batteries are
regarded, but grid connected power flow is not taken into account.

Another issue to be regarded is the micro-grid power manage-
ment. Similar to an AC micro-grid, a proper power management
system is required for a reliable operation of renewable sources and
energy storages in a DCmicro-grid, apart from themicro-gridmode
of operation, [22]. In the grid connected mode, RES are expected to
work in MPPT and deliver the maximum available power to the
grid. The utility grid is expected to support the balance of power
and regulate the DC voltage. In the autonomous mode of operation,
the available power of the RES units must meet the total load
demand of the micro-grid; otherwise, the ES is required to supply
the difference and in case of insufficient storage the system must
undergo load shedding to match generation and load demand. In
addition, fast and flexible DC voltage control strategies are required
to minimize the micro-grid dynamics. Active power management
scheme has been widely utilized for the integration of RES and ESS
to the DC bus [18e21,23e26]. However, in a DC micro-grid DGs are
usually dispersed throughout the grid and active power manage-
ment scheme requests a communication link which is not greatly
accepted. On the other hand, distributed power management
systems have shown to be more reliable for micro-grid manage-
ment and can be implemented devoid of a communication link
[27]. A distributed control strategy known as “DC-Bus signaling



Table 1
DC micro-grid operating modes.

Mode Micro-grid state PV state BESS state GS-VSC

I Grid connected MPPT Charging/off Inverting mode
II Grid connected MPPT Charging/off Rectifying mode
III Islanding MPPT Discharging/off Disconnected
IV Islanding MPPT Charging/off Disconnected
V Islanding Off-MPPT Off Disconnected
VI Islanding MPPT Limited Disconnected
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(DBS)” has been proposed and applied to a hybrid renewable
standalone nano-grid [28]. In this approach DC bus voltage level
change is utilized as a communication link between sources and
storages. However, the AC grid interface and restrictions usually
occurred in a micro-grid are not included in [28].

In this paper, a new system operation and control strategy is
proposed for the distributed integration of PV and BESS in a DC
micro-grid. The proposed control enables the maximum renewable
energy utilization during different operating modes of the micro-
grid, whilst considering the DC voltage control, battery power
limitation, battery SoC and DC-loads supply. The control strategies
do not include any hysteresis for switching between operating
modes which enables a seamless operation of the micro-grid in
different operating modes. A distributed power management
system based on modified DBS (MDBS) is utilized for the control of
PV and ES systems throughout the grid. DC micro-grid configura-
tion and the operation scenarios are described in Section 2. In
Section 3, the system modeling and the proposed system control
strategies are discussed. The DC micro-grid power management
scheme is presented in Section 4. The effectiveness of the proposed
system and control strategies is validated by SIMULINK/MATLAB
simulations and results are shown in Section 5 and finally the
conclusion is given in Section 6.

2. System configuration and operation

2.1. DC micro-grid structure and circuit configuration

The investigated DC micro-grid layout is shown in Fig. 1. The
system consists of a PV source connected through a DC/DC boost
converter and a battery energy storage, which is connected through
a bi-directional buck-boost DC/DC converter. The BESS is utilized to
balance the power difference between the PV power supply and
load demand in islanding mode. A bi-directional DC/AC converter
called GS-VSC is also used to connect the DC bus and AC main grid,
which enables bi-directional power flow. PV and BESS are at
different location in the system therefore a decentralized control
strategy based on MDBS is considered for the coordination of PV
and BESS in the system. The primary source of power generation for
the DC micro-grid is the PV system, which is controlled to operate
at MPPT. The battery meets the sensitive load demand to maintain
a continuous supply of power in case of fluctuations in the main
grid or during islanding operation.

2.2. Grid operating modes

DC micro-grid should operate in both grid connected and
islanding states. In each of these two states, there are different
GS-VSC

Grid 
transformer

Main
AC grid

AC/DC

DC/DC

ES

DC/DC

PV

EEEEEEEEEEEEEEESSSSSSSSSSSSSSSSS
Battery 
energy 
storage

DC
loads

Fig. 1. The layout of the studied DC micro-grid for the integration of PV and BESS.
operating modes and the control and management system should
regulate the DC bus voltage. Different operating modes are
considered for the DCmicro-grid, which are summarized in Table 1.
In Mode I, the DC micro-grid is connected to the grid and operating
under light load condition. The PV is working in MPPT and BESS in
charging or off state while the DC bus voltage is controlled by the
GS-VSC and surplus power generated by the PV is delivered to the
main grid. Operating Mode II usually occurs during heavy load. PV
and BESS states are the same as Mode I but the insufficient power is
supplied by the GS-VSC. Mode III and IV correspond to the islanding
state of the micro-grid where the PV is operating in MPPT and the
insufficient/surplus power is balanced by discharging/charging of
the BESS. In these two modes, the storage system is responsible for
voltage regulation. Mode V refers to the case where the BESS is fully
charged in the islanded micro-grid and the demanded power is less
than maximum power of the PV system. In this case, in order to
protect the battery from overcharging the PV should be capable to
control the output power and regulate the DC voltage byworking in
off-MPPT state. In Mode VI, the micro-grid is also in islanding state
and the required power is larger than the total maximum power of
PV and BESS. Consequently, in order to maintain the system
stability load shedding is required.

3. System modeling and control

3.1. Modeling of PV system

3.1.1. PV array modeling
Since the PV characteristics can significantly influence the design

and operation of power converter and the control system, a brief
review of PV array modeling is presented in this section. Different
equivalent circuits of a PV cell have been proposed in the literature.
The single-diode circuit is the most commonly used model [29,30],
since it represents a reasonably good trade-off between simplicity
and accuracy. Fig. 2 shows the single-diode equivalent circuit of a PV
cell. The circuit is composed of a current source, a diode in parallel
with the current source, the series resistance, and the parallel
resistance. The basic equation describing the nonlinear
currentevoltage relationship of the PV cell is [29]

Ipv
�
Vpv
� ¼ Ig � Id �

�
Vpv þ RsIpv

Rp

�

Id ¼ I0

�
e
qðVpvþRsIÞ

MskTa � 1
� (1)
gI
pR

sR I

pvV

+

-

d
I

Fig. 2. Single-diode equivalent circuit of a real PV cell or module.
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Fig. 3. Norton equivalent circuits of PV array.

Fig. 5. Block diagram of the proposed control topologies for PV system.
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the current source Ig modeling the photon-generated
electronehole pairs under the influence of the built-in field and
is a function of the pen junction temperature (T) and Solar radia-
tion. Norton equivalent circuit of Fig. 3 is exploited to model a PV
array including Np parallel and Ns series connected PV cells. The
circuit consists of the equivalent current source (Iarray) and the
equivalent resistance (Rarray) defined as,

Iarray ¼ NpIi
Rp

Rp þ Rs
(2)

Rarray ¼ Ns

Np

�
Rp þ Rs

�
(3)

3.1.2. PV system and its control algorithm
A boost DC/DC converter is exploited to connect the PV array to

the micro-grid. The circuit diagram of the PV system is shown in
Fig. 4. According to the operating modes of the micro-grid dis-
cussed in the Section 2.2, the PV should operate both in MPPT and
voltage control modes. A common solution to this problem may be
followed using a separate control loop for each operating mode and
switch to the proper control loop that may cause some unfavorable
transients in mode transitions. In a distributed power system,
a mode detection procedure is also needed in order to recognize
different operating conditions. A new control strategy is proposed
in this section for the smooth control of the PV system in the two
intended modes. The control contains no hysteretic block which
enables a seamless transition between the modes while provides
maximum power utilization of the PV systems.

The block diagram of the proposed control topologies for the PV
system is shown in Figs. 5 and 6. The DC/DC boost converter
employs the peak current-mode control (PCM) with slope
compensation [31] to control the input voltage (or equally the PV
array voltage). The PCM control is a two-loop control system;
a voltage loop with an additional inner current loop which moni-
tors the inductor current (or equally PV array current) and
compares it with its reference value that enables overloading
protection of the PV array. The reference value for the inductor
current is generated by the outer voltage loop. In the proposed
control strategy a combined outer voltage loop is added to the PCM
Fig. 4. Boost converter for the PV system.
controller which generates V ref
pv by means of considering both the

MPPT control loop and the grid voltage control loop. Converter
input voltage is controlled to get MPPT [32] or to regulate the
output DC voltage when needed. A general perturbation-and-
observe MPPT method [33] is implemented for the PV system in
the current study. Ppv is calculated by measuring Vpv and Ipv. At the
maximum power point (MPP), the derivative (dPpv/dVpv) is equal to
zero and the maximum power point can be achieved by changing
V ref
MPP. On the other hand, in the grid voltage control mode the

control loop shifts the V ref
pv from theMPP by controlling theV ref

VC . The
combination of MPPT and voltage control loops is exploited for
instantaneously balancing the system power and controlling the
grid voltage in required operating modes. The block diagram of the
proposed grid voltage controller is shown in Fig. 6. In the grid
connected mode, the power balancing and voltage regulation is
prepared by the GS-VSC, hence Vgrid is below Vov

grid and the grid
voltage control loop is disabled by the positive limiter block.
Therefore, PV will operate in MPPT mode. Operating modes of the
PV, GS-VSC and battery in this case are shown schematically in
Fig. 7 (a) for Mode I and Fig. 7 (b) for Mode II of operation. During
islanding state, based on the PV power generation, the battery
maximum power, SoC of the battery and the load condition, the
designed controller can control the PV system in three operating
modes, as shown in Fig. 8. Fig. 8 (a) shows the Mode III where the
available maximum PV power is less than the demanded load
power. The insufficient power will be supplied by controlling the
discharge of the battery as will be discussed in the next section. On
the other hand, when the available maximum discharge power of
the battery is less than the demanded power, a load shedding
system will trip the required amount of the load to avoid over-
discharge of the battery. Fig. 8 (b) shows the Mode IV in which
the available maximum power of PV is larger than the load power
and the excessive power will charge the battery, but the charging
current is less than the nominal charging current of the battery. In
this case, the PV operates in MPPT mode, the battery regulates the
grid voltage by absorbing the surplus power, and the battery is
partially charged in constant voltage mode. When the available
maximum power of the PV is larger than the battery charging and
load demand, the DC voltage increases. As the grid voltage reaches
Vov
grid, the signal generated by the voltage control loop in Fig. 6 is

actuated and shifts the PV voltage to off-MPPTas shown in Fig. 8 (c).
Fig. 6. Block diagram of the grid voltage control.



a b

Fig. 7. Operation modes of the PV, GS-VSC and battery connected to the main grid (a) PV in MPPT and battery in charging, GS-VSC in inverting mode. (b) PV in MPPT and battery in
charging, GS-VSC in rectifying mode.
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In this case, the PV system operates in voltage control mode and
balances the power in the micro-grid.

Through the planned power arrangement scheme, the PV
module will operate at MPPT, and the MPPT is discarded merely
when the PV power is larger than the total demanded power for
battery charging and load supplying, hence a seamless transfer
betweenMPPT and voltage control modes is conducted and there is
no need for hysteretic control schemes.

3.1.3. Small signal modeling of PV system
Due to nonlinear characteristic of PV array, a linear PV model is

necessary for the small signal analysis and controller design. The
IeV curve of a typical photovoltaic output is shown in Fig. 9.
According to the operating point of the PV, the curve can be divided
into four regions: 1) the current source region; 2) power region I; 3)
power region II; and 4) the voltage source region [32]. The deriv-
ative of the nonlinear model of PV at a given (V, I) point can be
presented as,

gðV ; IÞ ¼ vipv
vvpv

����
ðV ;IÞ

¼ � A0 þ 1=Rp
1þ Rs=Rp þ RsA0

(4)

where

A0 ¼ I0

 
q e

qðVþRsIÞ
MskTa

MskTa

!
(5)

The PV model can be rewritten as

ipvðtÞ ¼ gðV ; IÞvpvðtÞ (6)

Linearizing Equation (4) using Perturbation and Linearization
method leads to the following linearized model of PV

Ipv þ îpv ¼ gðV ; IÞ�Vpv þ v̂pv
�

(7)
a b

Fig. 8. Operation modes of the PV and battery in islanding state (a) PV in MPPT and batter
voltage control mode and battery in partial charging mode.
v̂pv ¼ Veq
pv � Reqpv îpv (8)
Veq
pv ¼ �Vpv þ Ipv

g
;Reqpv ¼ �1

g
(9)

Equation (6) describes the linearized Thevenin model of the
circuit of Fig. 3.

The slope of the curve is big in voltage source region and gets
smaller in the current source region. This slope is proportional to
dynamic resistance and the operating condition can consequently
affect the system dynamics. It is shown in [32] that the operation in
the current source region of the IeV curve presents the worst and
most critical dynamic behavior therefore the controller is designed
considering this operating point.

According to Fig. 4, the boost converter is described by the
following nonlinear state-space-averaged equations [31]

diL
dt

¼ �RL
L
iL þ

�
1� d
L

�
vo þ 1

L
vpv (10)

dvc
dt

¼
�
1� d
C

�
iL �

1
C
io; vpv ¼ RcC

dvc
dt

þ vc (11)

dvo
dt

¼
�
1� d
C

�
iL �

1
C
io (12)

The boost converter is intended to control the PV voltage in
order to track the MPP and to regulate the DC voltage in the voltage
control mode. A small signal model of the PV system with peak
current-mode along with input voltage controlled boost converter
can now be constructed by perturbation and linearization of
Equations (6)e(9) as follows

v̂pv

îL
¼ � Reqpvð1þ RcC sÞ

1þ �Reqpv þ Rc
�
C s

(13)
c

y in discharging mode. (b) PV in MPPT and battery in partial charging mode. (c) PV in



Fig. 11. Bi-directional buck-boost battery converter.

Fig. 9. Linear approximation of photovoltaic output characteristics.
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îLd̂¼ Vo
1þ�ReqpvþRc

�
C s

s2þ
�
ReqpvRcCþRL

�
ReqpvþRc

�þL
�

�
LC
�
ReqpvþRc

�� sþ
�
ReqpvþRL

�
�
LC
�
ReqpvþRc

��
(14)

3.2. Modeling of BESS

3.2.1. Battery modeling
Due to the nonlinear characteristic of battery, its proper repre-

sentation in the controller becomes another challenge. Different
models for battery behavior simulation with different degrees of
complexity and simulation behavior are available. The simplest and
commonly used model of a battery contains an ideal voltage source
in series with a constant internal resistance [34]. Another
commonly used battery model is the Thevenin model [35], which
consists of an ideal no-load battery voltage, series internal resis-
tance in series with parallel combination of overvoltage resistance
and capacitance. More realistic models have been proposed to take
into account the nonlinear parameters [36]. These models charac-
terize the battery internal resistance, self-discharge resistance,
overcharge resistance; and separate the charging and discharging
process. To avoid excessive complexity while considering the
dynamics of the battery, a generic dynamic battery model is
proposed in [37] including the battery state of charge SoC and the
current flowing across the battery. The equivalent circuit model is
depicted in Fig. 10 and can be described by the following equations,

Vbatt ¼ Eg � ibattRbatt

Eg ¼ Eg0 � K
Q

Q �
Z

ibattdt
þ Aexp

�
B:
Z

ibattdt
�

(15)

The voltage source Eg represents the voltage at open circuit
between the battery terminals and depends directly on the stored
energy. It is shown by experimental tests that this model can
sufficiently reproduce the behavior of batteries during the charge/
discharge processes [35]. The state of charge of the battery can also
be described by the following equations,
Fig. 10. Equivalent circuit for the battery.
SoCðtiÞ ¼ 1
QðtiÞ

Zti
N

hcðtÞIbattðtÞdt

QðtiÞ ¼ CnominalCt coef

1þ Acap

�jIbattðtÞj
Inominal

�Bcap

�
1þ acDTðtÞ þ bcDT

2ðtÞ
�

(16)

Inominal ¼
Cnominal

n
for n hours

More details on battery modeling and coefficients can be fol-
lowed in [37].

3.2.2. Control algorithm for BESS
One of the most flexible methods for the superior performance

of BESS in DC grid is to connect the battery by a proper DC/DC
converter [23]. A bi-directional Buck-Boost DC/DC converter shown
in Fig. 11 is used in the current study. Under different micro-grid
conditions, the BESS operates at charging, discharging or floating
modes and themodes are managed according to the DC bus voltage
condition at the point of BESS coupling. Consequently, the BESS is
required to provide necessary DC voltage control under different
operating modes of the micro-grid. The BESS control loops are
shown in Fig. 12. The converter output voltage (or equally the grid
voltage) (vo) is compared with V ref

batt and passes through an asym-
metrical dead-zone block to control charge/discharge command for
the battery and eliminate several needless charge/discharge of the
battery during normal grid conditions. The dead-zone is also
responsible for power sharing between multiple energy storages in
the grid. When the grid voltage is in allowable range (DV�, DVþ) the
BESS is in floating state. If the grid voltage goes beyond Vbatt

ref þ DVþ

the battery enters charging mode subject to the SoC limitation. In
the case where the grid voltage is beneath Vbatt

ref � DV� and the SoC
is above the minimum permissible value, the BESS operates in DC
voltage control mode in order to maintain a constant DC voltage.
The SoC is measured by the battery management system and
disable battery charging/discharging when the SoC is in forbidden
regions.

Alternatively, by regulating the slope of the dead-zone block in
linear regions, it is possible to implement a voltage droop power
charge/discharge sharing between different energy storage systems
Fig. 12. Block diagram of the proposed control topologies for BESS.



Table 2
Voltage levels for recognizing different operating modes.

Operating mode DC-link voltage

Mode I, II Vbatt
ref þ DVþ < Vdc � Vov

grid
Mode III Vdc � Vbatt

ref þ DVþ

Mode IV Vdc � Vbatt
ref � DV�

Mode V Vdc � Vov
grid

Mode VI Vdc � Vbatt
ref � DV�
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throughout the grid [12]. This fact is illustrated schematically in
Fig. 13.

3.2.3. Small signal modeling of BESS
Regarding the relatively large time constant of the battery, it can

be modeled as a constant voltage source in small signal analysis.
The average state-space model of the battery converter could be
defined by the following equations

dibatt
dt

¼
�
1� d
L

�
vo þ RL

L
ibatt þ

d
L
Vbatt (17)

dvCo

dt
¼
�
1� d
Co

�
ibatt �

1
Co

io; vo ¼ RoCo
dvCo

dt
þ vCo

(18)

The BESS control strategy, shown in Fig. 12, determines the
proper duty cycle of the converter in order to maintain the DC bus
voltage in the nominal value, while the battery voltage varies
depending on the operating mode (charge or discharge) of the
battery. The control-to-output transfer function of the converter
can be expressed by

v̂o

d̂
¼ Voð1� DÞ

LCo

ð1þ CoRosÞ

s2 þ
Co
�
RL þ ð1� DÞ2Ro

�
LCo

sþ ð1� DÞ2
LCo

(19)

3.3. Grid side VSC control method

As discussed earlier, the function of GS-VSC is to regulate the
DC-link voltage during grid connected mode. A two level VSC is
used to link DC and AC grids. Peak current-mode control approach
[31] is exploited for real/reactive power control at AC side. Thus, the
amplitude and the phase angle of the VSC terminal voltage are
controlled in a dq rotating reference frame. The DC-link voltage
control is accomplished through the control of the real power
component. DC voltage dynamics can be formulated based on the
principle of power balance, as

d
dt

�
1
2
C,V2

DC

�
¼ Pdc � Pac (20)

Pdc ¼ VDC,i
DC
grid (21)

3.4. System voltage variation ride-through capability during
transients

During transients in the micro-grid, a decrease/increase in
voltage amplitude occurs. In order to control the voltage in the
standard range, it is required to supply the demanded power to the
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++ Δ−=
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Fig. 13. DC bus voltage droop controller and power sharing implementation.
micro-grid. However, the battery/PV includes an inherent time
constant in order to response toward the transients. This will thus
limit the power that the DC micro-grid can control to supply the
load. In such cases, capacitors along the DC grid can act as a virtual
inertia to supply the insufficient or absorb the surplus energy. The
DC-link power balance can be expressed by the following differ-
ential equation,

CVDC
dVDC

dt
¼ Ppv þ PBESS � Pload � Pgrid (22)

According to the Equation (21), in order to regulate the DC-link
voltage, it is necessary to keep the power balance in DC-link. In this
equation, the change in grid power is considered as disturbance
during the transients. Moreover, to meet the power balance in DC-
link, it is important to consider the dynamic limitations of the BESS;
the battery power could not change rapidly however, the amount of
power that should be delivered by the system equivalent capacitor
(C) to balance the power in DC-link is very important and it
depends on the DC-link energy. Considering the minimum/
maximum acceptable DC-link voltage ðVmin

DC =Vmax
DC Þ and the battery

reference voltage for charge ðVcharging ¼ Vbatt
ref þ DVþÞ and

discharge ðVdischarging ¼ Vbatt
ref � DV�Þ the energy to be delivered to

or absorbed from the grid can be expressed by means of the
following calculation:

DEc ¼ 1
2
C
�
V2
discharging � V2min

DC

�
for voltage drop (23)

DEc ¼ 1
2
C
�
V2
charging � V2max

DC

�
for voltage rise (24)

Then regarding the unbalanced power (Punbal), the time constant
of the BESS should be at least,

s ¼ DEc
Punbal

ðsÞ (25)

One of the solutions to mitigate the dependency on the system
capacitance is by using fast energy storage systems such as super
capacitors as shown in [24].

The above discussion can also be extended to the disturbances
such as fault on the AC grid and the corresponding transients on the
DC micro-grid.
Fig. 14. Inverse time curve for load shedding implementation.



Fig. 15. Schematic diagram of the simulated DC micro-grid.
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4. Power management strategy

Previous sections have described the control strategies for the
PV and BESS. In a real grid, there may be multiple of such sources/
storages dispersed throughout the grid thus; a power management
scheme is needed to coordinate the sources/storages effectively. A
distributed power management strategy using MDBS method is
improved in this paper to maintain the power balance and stable
operation of DC micro-grid under any generation or load condi-
tions. In this approach DC bus voltage level change is utilized to
communicate between sources and storages [28,38] and to recog-
nize different operating modes according to the voltage levels
defined in Table 2. The voltage thresholds are set as follows:

Vvsc ¼ 1:05 pu reference voltage for the GS� VSC

Vbatt
ref ¼ 1 pu reference voltage for BESS

DV� ¼ �0:05 pu reference voltage for the BESS to start

discharging

DVþ ¼ þ0:02 pu reference voltage for the BESS to start

charging

Vov
grid ¼ 1:1 pu reference voltage for the PV to start in voltage

control mode

Vshed ¼ 0:9 pu reference voltage for the load shedding
Table 3
Rating of the DC micro-grid elements.

DC micro-grid Nominal voltage 400 V
Cable parameters Are shown on the diagram

GS-VSC Power rating 5 kVA
Lf, Rf, cf 0.8 mH, 4 mU, 30 mF

Transformer Nominal voltage 0.173/20 kV (LeL)
Power rating 5 kVA

Total DC load Constant resistance 80 U

Constant power 4 KW
PV system PV model parameters [28] with NP ¼ 3, NS ¼ 10

PV Boost converter
switching frequency

5 kHz

L, RL, C, Ro, Co, Ro 25 mH, 0.02 U, 1.5 mF,
0.02 U, 1.5 mF, 0.02 U

BESS Type Lead-acid
Rating 300 V, 10 A.h
Battery converter 5 kHz
L, RL, C, Ro, Ro 15 mH, 0.02 U, 1 mF, 0.025 U
When multiple of sources/storages are exist in the grid, each
voltage range is divided into sub-ranges and sets the reference
value for sources/storages in order to coordinates power sharing
during different operating modes.

As discussed earlier, a load shedding scheme may also be
necessary to protect the system against instability when the
demanded power exceeds the maximum deliverable power. In this
case, DC voltage cannot be fully controlled and will continue
decreasing from the minimum allowable value. In order to prevent
the total collapse of the DCmicro-grid, a prioritized load shedding is
implemented based on the local DC voltage measurement without
the need for communication. Load shedding is performed by
controlling the loads to shut down at different voltage levels as the
bus voltage moves away from the desired value. A modified IEC
standard inversedefiniteminimumtime (IDMT) curve [39] shown in
Fig. 14, is used for discrimination between loads according to their
precedence for tripping. The trip voltage setting (DVset) and the time
multiplysetting (TMS) is selected for each load in accordancewith its
priority. Critical loadswill have a larger TMSor largerDVset. This load
shedding strategy provides two degree of freedom for loads to
minimize the loss of load in the DC micro-grid. When load are near
together, since they sense a relatively analogous voltage it may be
better to discriminate the loads by the trip voltage setting [40]. A
minimum time delay is also added to avoid load shedding in case of
a transient voltagedrop, e.g. avoltage sagonACgrid.However,when
the loads are located in different places in the grid, they sense
different voltage conditions depending on source/storage locations.
Therefore, for a better protection of the DC grid against instability,
load shedding strategies are coordinated using different TMS.

5. Case studies and simulation results

In order to validate the proposed control methods for distrib-
uted integration of PV and energy storage in a DC micro-grid,
system simulations have been carried out using SIMULINK/
Table 4
Operation events during Case1.

Time (s) Operation event

1 Insolation reduces from 1000 to 900 W/m2

2 Insolation reduces from 900 to 750 W/m2

2.5 30% of total load is switched off
3 Insolation increases from 750 to 900 W/m2

4 Insolation reduces from 900 to 800 W/m2

5 Insolation reduces from 800 to 700 W/m2

6 Insolation increases from 700 to 900 W/m2

6.5 80% of total load is switched off
8 Insolation increases from 900 to 1000 W/m2

8.5 15% of total load is switched on
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Fig. 16. System operation during load and PV generation variation in grid connected mode (Case1), (a) Total load (kW), (b) PV power generation (kW), (c) Power import/export by
the GS-VSC (kW), (d) Battery charging power (kW), (e) DC voltage at load point, (f) DC-link voltage at GS-VSC (pu), (g) Solar insolation variation (W/m2), (h) PV array voltage (Volts).
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Table 5
Operation events during Case2.

Time (s) Operation event

1 Transition to islanding mode
2 Insolation reduces from 1000 to 800 W/m2

3.5 10% of initial load is switched on
5 Insolation increases from 800 to 900 W/m2

6.5 10% of total load is switched off
7 Insolation increases from 900 to 1000 W/m2

8.5 10% of initial load is switched off

Table 6
Operation events during Case3.

Time (s) Operation event

1 Transition to islanding mode
2 Insolation reduces from 1000 to 800 W/m2

3 Insolation increases from 800 to 1000 W/m2

4 Insolation reduces from 1000 to 900 W/m2

5 Insolation increases from 900 to 1000 W/m2

6.5 5% of initial load is switched off
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e

f

Fig. 17. System operation in transition to islanding (Case2), (a) Total load (kW), (b) PV power generation (kW), (c) Power of the GS-VSC (kW), (d) Battery charging/discharging power
(kW), (e) DC voltage at load point, (f) Solar insdation variation (W/m2).
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Table 7
Operation events during Case4.

Time (s) Operation event

1 Transition to islanding mode
3 Insolation reduces from 1000 to 800 W/m2

4.5 10% of total load is switched off
5 Insolation increases from 800 to 900 W/m2

6.5 10% of total load is switched off
7 Insolation increases from 900 to 1000 W/m2
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MATLAB. A schematic diagram of the DC micro-grid is shown in
Fig. 15 and the detailed ratings of the system elements are listed in
Table 3. The following considerations are regarded for a stable
operation of the system.

- Considering the nondeterministic characteristic of PV power
generation and in order to ensure supply of DC load demand,
the power rating of the GS-VSC is selected as the sum of
maximum DC grid load demand and maximum charging
power of batteries.

- The sum of maximum discharging power of batteries should be
greater than the power of sensitive loads in the DC grid.

- The average power of PV array is also assumed to be equal to
the sum of DC load power demand and battery charging power.

Based on the nominal PV converter model in the current source
region and using the small signal model of the system, a second
order lead compensator is designed as Equation (26) for the voltage
control loop.
a
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e

f

Fig. 18. System operation in transition to islanding (Case3), (a) Total load (kW), (b) PV po
power (kW), (e) DC voltage at load point, (f) Solar insolation variation (W/m2).
Gc pv ¼ 50
�

1þ s=5884
1þ s=60318

�2

(26)

The same procedure is done for the battery loop compensator
and a PI controller is designed as Equation (27),

Gc b ¼ 20
�
1þ 10

s

�
(27)
wer generation (kW), (c) Power of the GS-VSC (kW), (d) Battery charging/discharging



Table 8
Operation events during Case5.

Time (s) Operation event

1 Transition to islanding mode
1.2 A portion of load is shed in the first stage
1.5 A portion of load is shed in the second stage
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Regarding the abovementioned conditions, different operating
scenarios are simulated and the control methods to obtain a stable
DCmicro-grid are tested. The system is simulated for the two states
of micro-grid i.e., grid connected and islanding and considers
different operating modes and possible transition between these
modes.

Different operating scenarios are simulated in order to validate
the performance of the PV and BESS in controlling the DC voltage
and supplying the load in the micro-grid. The scenarios and study
cases are described in the following sections.

5.1. Case1

In this case, the DCmicro-grid is supposed to be connected to an
external AC micro-grid. At first, a portion of the demanded load is
a

b

c

d

e

f

Fig. 19. System operation in transition to islanding (Case4), (a) Total load (kW), (b) PV power
at load point, (f) Solar insolation variation (W/m2).
supplied by the PV and the insufficient power plus the battery
charging power is provided by the GS-VSC by means of rectifying
the AC power. During the simulation, the battery is charged in
a constant power mode with nominal charging power, the GS-VSC
is regulating the DC voltage and the PV is also working in MPPT
mode. Effect of load and solar insolation variation are also consid-
ered in the simulation. At 6.5 s, a large portion of the DC load
generation (kW), (c) Power of the GS-VSC (kW), (d) Battery power (kW), (e) DC voltage
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switches off and the PV power generation is more than the load and
battery charging power demand. The GS-VSC moves to inverting
mode and the grid operates inMode II. Operation events during this
case are explained in Table 4. Load, GS-VSC, PV and battery power
are illustrated in Fig. 16 (a)e(d), respectively. DC voltages at load
point and at the DC-link of VSC are shown in Fig. 16 (e), (f),
respectively. It can be concluded that the GS-VSC can smoothly
regulate the DC-link voltage during different disturbances on DC
micro-grid. Fig. 16 (g) also shows the PV array MPP voltage for
different solar insolation levels shown in Fig. 16 (h).
a
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f

Fig. 20. System operation in transition to islanding (Case5), (a) Total load (kW), (b) PV po
power (kW), (e) DC voltage at load point, (f) PV array voltage (Volts).
5.2. Case2

This case simulates the transition from mode II to Mode III. This
is related to the situation where the DC micro-grid moves into the
islanding mode and isolates from the main AC grid at 1 s. It is
supposed that PV power generation is less than the demanded load
and the insufficient power is supplied by the GS-VSC before
islanding. In this case, the BESS controls the DC voltage by dis-
charging the battery energy. Effect of load and solar insolation
variation are also considered in the simulation. For example, at
wer generation (kW), (c) Power of the GS-VSC (kW), (d) Battery charging/discharging
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3.5 s, load increases and the battery delivers more power to the DC
grid and regulates the voltage as well. Operation events during this
case are explained in Table 5. Simulation results are shown in
Fig. 17. Load, GS-VSC, PV and battery power and DC voltage at load
point are illustrated in Fig. 17 (a)e(e), respectively. It can be
deduced that the BESS can control the DC voltage in islanding
transition and smoothly regulate the voltage in case of load and
solar insolation variations while the PV tracks the MPP during the
simulation.

5.3. Case3

This case is similar to Case2 but, it is supposed that PV power is
larger than the demanded load and the battery is not fully charged
and simulates the transition from Mode I to Mode IV. In this case,
the battery is partially charged in constant voltage mode and the
BESS controls the DC voltage. Operation events during this case are
explained in Table 6. Load, GS-VSC, PV, battery power and DC
voltage at load point are illustrated in Fig. 18 (a)e(e), respectively.
The effect of load and solar insolation variation on DC voltage,
battery power and PV power is also considered in the simulation. It
can be realized that the BESS can control the DC voltage in islanding
transition and smoothly regulate the voltage in case of load and
solar insolation variations while the PV tracks the MPP during the
simulation.

5.4. Case4

This case deals with the case of transition from Mode I to Mode
V. In this condition the battery is fully charged and the maximum
generated power of the PV is greater than the demanded load. At
1 s, the micro-grid is islanded and the PV enters to the voltage
control mode in order to regulate the DC voltage by controlling the
output power. In this case, the PV works in off-MPPT mode and
controls the DC voltage in the allowable voltage range and protects
the system from overvoltage. The load and solar insolation varia-
tion is also considered in this case. It can be concluded that the
control system can properly regulates the PV power generation and
the DC voltage. Operation events during this case are explained in
Table 7. Simulation results are shown in Fig. 19.

5.5. Case5

In this case, the load demand is greater than the total battery and
PV power generation. The micro-grid is operating in Mode II before
the islanding. At 1 s the micro-grid moves to islanding mode and
since the generated power is less than the demanded load a voltage
drop is caused in the DC gridwhichmay cause instability because of
the constant power loads that exist in the grid (Mode III). In order to
operate the micro-grid stably, it is necessary to match generation
and the load demand. The load shedding procedure is activated and
switches off the less sensitive loads. At thefirst step a portion of load
equal to300Wis shutdownandDCvoltage increasesbut thevoltage
is still below the allowable range and the second load shedding step
shuts down 600 W once more and the DC voltage recovers to the
standard range. Operation events during this case are explained in
Table 8. Simulation results are shown in Fig. 20.

6. Conclusion

This paper proposes a control strategy for distributed integra-
tion of PV and energy storage systems in a DC micro-grid including
variable loads and solar radiation. The requirement of maintaining
constant DC voltage is realized, considering different operating
modes in grid connected and islanded states. The proposed control
enables the maximum utilization of PV power during different
operating conditions of the micro-grid and provides a smooth
transfer between the grid connection and islanded mode. DC
voltage levels are used as a communication link in order to coor-
dinate the sources and storages in the system and acts as a control
input for the operating mode switching during different operation
conditions. System simulations have been carried out in order to
validate the proposed control methods for the distributed inte-
gration of PV and energy storage in a DC micro-grid and the results
show the reasonable operation of the micro-grid during various
disturbances.
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