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ABSTRACT This paper presents a distributed control strategy based on fuzzy-sliding mode control (FSMC)
for power control of an infrastructure integrated with a dc-microgrid, which includes photovoltaic, fuel cell,
and energy storage systems with plug-in electric vehicles (PEVs). In order to implement the proposed control
strategy, first, a general nonlinear modeling of a dc-microgrid based on related dc—dc converters to each dc
power sources is introduced. Second, a power management strategy based on fuzzy control for regulating
the power flow between the hybrid dc sources, PEVs is proposed. Third, to retain the balance between the
requested power and the output power, adaptive FSMC strategy, for controlling the battery energy storage
and fuel cell, is suggested. Finally, experimental results are presented to validate the potential of the proposed

power flow control strategy.

INDEX TERMS DC-microgrid, power control, renewable energy, plug-in electric vehicle, fuzzy control,

sliding mode control, renewable energy sources.

I. INTRODUCTION

Interconnection of distributed power sources and energy stor-
ages has enabled the prospect of micro grids, both in ac as
well as dc forms [1], [2]. Recently, infrastructure integrated-
dc power sources have been getting more attention. This is
due to higher implementation of dc energy storage systems,
plug-in electric vehicles and dc renewable energy sources for
residential and commercial applications. Furthermore, with
considering of the global environmental sustainability and
energy security all around the world, this should therefore
come as a no surprise. As a result, the development of the
smart grid technologies and implementation of dc microgrid,
is becoming highly attractive as well as practical in the
construction industry. In addition to that, the smart homes
and the buildings are generally considered to have a proper
combination of overall comfort, energy consumption and
sustainability by utilizing intelligent as well as sustainable
technologies. The dc connection of renewable energy sources
offers greater controllability. It eliminates the need for syn-
chronization and reactive power compensation, which are
required for the ac installations [3], [4]. Furthermore, the dc
interconnection is decoupled fully from the utility grid with

the use of power electronic converters. This enables a smooth
transition between off and on grid-connected modes.

According to the published literature, it is evident that the
integration of renewable energy sources with plug-in elec-
tric vehicles while also supplying power to the residential-
complex is a complicated issue, which needs to be carefully
addressed. In the published literature, from a power man-
agement point of view, different power controls have
been studied to enhance the power flow [5], [6], fuzzy
control [7]-[9], and predictive optimization [10]-[12]. The
fuzzy controllers have been designed based on constant rules
base and due to load change, it has not adaptive property.
Moreover, the predictive control methods need more math-
ematical and complex implementation and could not be used
for real time applications.

Furthermore, the proposed controllers are almost linear,
while neither the stability analysis nor the robustness of
the control structures have been examined, either during
load power changing or during the charging and discharg-
ing of pev. Additionally, an experimental setup for the
implementation of dc microgrid in an infrastructure applica-
tion has also not been presented yet. Hence, in order to miti-
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gate the power intermittency and the uncertainty of renewable
resources, while also delivering a stable and reliable power
supply for both, the utility and the local customers, it is
imperative to design an advanced power control strategy for
the infrastructure integrated-hybrid dc power sources with
versatile loads.

In this paper, a fuzzy control structure for accommoda-
tion integrated hybrid power resources and plug-in electric
vehicles (pevs) is developed for managing power between
infrastructure, power sources (photovoltaic, fuel cell) and
pevs. In order to build the hybrid power source combined with
plug-in electric vehicles for the green buildings, the mathe-
matical models of photovoltaic, fuel cell, battery and power
converters are implemented in matlab/simulink environment.
Furthermore, an adaptive fuzzy sliding power control strategy
for dc-dc converter (which is connected to the battery energy
storage system), is proposed to keep the power balance in the
dc-link. In order to validate the response of power controller
to achieve the energy balance characteristic, an experimental
setup has been created. Finally, experimental analyses for
different case studies are presented. If your paper is intended
for a conference, please contact your conference editor con-
cerning acceptable word processor formats for your particular
conference.

A. ABBREVIATIONS AND ACRONYMS
Fuel Cell
rFC  fuel cell internal resistance[$2];
vFC fuel cell voltage [V];
iFC  fuel cell current [A];

Battery

SOC  battery state of charge;

rBatt  battery internal resistance[$2];
vBatt  battery voltage [V];

iBatt  battery current [A];

Photovoltaic

PV photovoltaic internal resistance[$2];
vPV  photovoltaic voltage [V];
iPV  photovoltaic current [A];

DC/DC Converter

dFC duty cycle of fuel cell DC-DC converter;
LFC input inductor of fuel cell DC-DC converter [H];
DBatt  duty cycle of battery DC-DC converter;
LBatt input inductor of battery DC-DC converter [H];
dpv duty cycle of photovoltaic DC-DC converter;
LPV  input inductor of photovoltaic DC-DC

converter [H];
Cdc DC-link capacitor [FJ;

DC/AC Converter

Lf output filter inductor of DC-AC converter [H];
Cf  output filter capacitor of DC-DC converter [F];
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Control Parameters

Pdemand active power demand [Watt];

PFC fuel cell power [Watt];

Pbatt battery Power [Watt];

PEV electric vehicle Power [Watt];

PPV photovoltaic Power [Watt];
Qdemand reactive power demand [VAr];

iload load current [A];

X(t) state vector;

u(t) input vector;

w(t) input disturbance;

S sliding surface;

m rules number of fuzzy controller;

G consequent parameter of fuzzy controller;
73] weighting factor of fuzzy controller;
n adaptive rate parameter;

="

FIGURE 1. Configuration of Hybrid DC microgrid combined with Plug-in
Electric Vehicle.

Il. PROPOSED SYSTEM FRAMEWORK DESCRIPTION

As the Figure 1 illustrates, the overall hybrid power sys-
tem is composed of load, the power generation resources,
energy storage and the PEV. In this paper, the power gener-
ation resources include photovoltaic and fuel cell, which are
green technologies with zero CO2 emission. The PEV system
should be considered as a new form of distributed storage. Itis
combined with the other power sources and the controllable
loads of the smart home. The detailed mathematical models of
fuel cell, photovoltaic, battery system and power converters
are available in literatures [9]-[12].

Ill. POWER CONTROL STRATEGY

Power control strategy is required to keep power balance at
all times between hybrid power sources, PEV, smart building
and the power to/from the grid. This has to be done while
satisfying the active and reactive power demanded by the
home electrical load. In addition, to satisfy the power required
by the load, it is important to consider the physical limitations
of fuel cell and uncontrollable characteristics of photovoltaic
power. Hence, in this part, the controller designs for the fuel
cell and the energy storage are as follows.
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A. CONTROL OF FUEL CELL POWER SOURCE

In the proposed power generation system, the fuel cell plays
an important role. It has high reliability than other renewable
energy sources. However, on the other hand, it has some
physical and dynamical constraints that needs be taken into
account for the control structure of the fuel cell. In this
paper, a fuzzy control strategy is proposed for the fuel cell.
In fact, it is a modified structure of controller, which has been
published in [13]. The block diagram is shown in Figure 2 and
the PEV and PV output powers are also contributing in deter-
mining the fuel cell output power. To obtain the output of the
controller, the degrees of membership of the if-parts of all
rules which they are shown in Figure 2, are evaluated. Finally,
the then-parts of all rules are weighted and averaged by these
degrees of membership. The core of the rule set for the fuzzy
controller is illustrated in Table 1.

PV
Power

Battery State
Of Charge  [—»|
(s0C)

Fuzzy

. FUEL CELL
Logic | power

EV

Power

Controller

Demand Power
(LOAD)

Degree of membership
3
Degree of membership

8 8
Pdemand PV

T
Degree of membership

Degree of membership

FIGURE 2. Block diagram of Fuzzy Control Strategy and membership
functions.

B. ADAPTIVE FUZZY SLIDING MODE CONTROL OF DC-DC
CONVERTERS CONNECTED TO BATTERY ENERGY
STORAGE AND FUEL CELL
Due to slow variation in the fuel cell power, the energy
storage is utilized to regulate the power in the DC-link. The
batteries are connected to the DC-link through a bidirectional
DC-DC converter. Two important objectives must be fulfilled
by proper control of the DC-DC converter, i.e., regulation of
battery voltage and providing the requested power from the
battery system. For this purpose, the equation (1) is extracted
according to Figure.1.

By rearranging the equation (2), the standard state space
equation (2) is achieved:

d iBatt

Lpan _dt = dpanVBanr — (1 — dBant)Vde — YBartiBart

7748

TABLE 1. The rule base of fuzzy power controller.

Inputs of Fuzzy Controller Output
Pdemand SOC l)PV PEV PFC
low low low negative medium
medium low low negative high
medium high medium positive medium
medium high high positive low
high high low Positive medium
high high high positive low
high low low positive high
low low Zero positive low
medium low Zero positive medium
high low Zero positive medium
medium low Zero negative high
high low Zero negative high
low low Zero negative medium
dvgc . .
Cac < = (1 — dBatt)iart — iload
dt
dirc :
LFCT = dpcvrc — (1 — drc)Vie — rrciFc (D
X(t) = f(X(0)) + gXO)u(t) + w()
B _ (Vde + rBattiBart)
,LBatt
LBatt
FX@®) = < ,
Cdc .
Vde + YFCIFC
L Lrc
[ Vdc + VBart
Lg;’at; iBant
8X@) = ~C . X@O) =] vac
d - .
vae +Vrc fre
L Lrc
[ d .
w=| 7N () = itoaa @)
| drc

Therefore, in the above equations, f is the system matrix,
g is the input matrix, X(t) is the state vector, u(t) is the input
vector and w(t) is the input disturbance. From, the equation,
it is clear that all matrixes and inputs are related to the system
parameters. As shown, the control input is the duty cycle of
DC-DC converters (dpar, drc) and the input disturbance is
the load current (ijpq¢) Which includes the requested current
from the house and the PEV charging/discharging current.
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Inherently, the equation (4) is nonlinear and time varying. The
input disturbance (loads) is unpredictable and it has stochastic
nature because of charging and discharging period of PEV.
Due to the mentioned properties, inaccurate mathematical
models, unknown parameters and the need for a fast response
during the transient power, the linear conventional controller
cannot be utilized for stabilizing the DC-link power. Hence,
in this paper an adaptive fuzzy sliding mode control [15] is
proposed for controlling the DC-DC converter. By incorpo-
rating linguistic information from human experts, the fuzzy
control can provide a good solution to these issues. There-
fore, it, as an alternative to conventional control techniques,
is gaining increased interest among both, the academic world
as well as the industry. Despite its practical successes in many
areas, fuzzy control seems to be deficient in formal analy-
sis and robustness aspects. On the other hand, the sliding-
mode control has been extensively used to control non-linear
dynamic systems, mostly the systems that have uncertainty in
model and disturbance. In the continuing pages, the details of
adaptive fuzzy sliding mode control are introduced. In order
to describe the sliding surface, following two functions are
considered:

€l iBatt—ref — iBart
e=| € [ = | Vdc—ref — Vdc 3)
e3 IFC—ref — IFC

Where e is the phase plane variable.
Then based on the phase plane in (3), the sliding surface
can be defined as [15]:

d d 4l €1
(L 41)e= & A 4
s (dt+>e ol +X1| e 4)
e3 e

According to this criterion for sliding surface, the requested
current (power) produced or absorbed by battery, the requested
current from the fuel cell and the DC-link voltage are regu-
lated. The control signals (dBatt, dFC) are fed to the pulse
width modulator (PWM). In order to eliminate the chatter-
ing effect of sliding mode control on the control signals,
a fuzzy control is used in order to form a fuzzy sliding
mode control (FSMC) structure. In this structure, s and ds/dt
are considered as inputs for fuzzy controller. Moreover, an
adaptive law is implemented on difuzzification part to achieve
the adaptive control structure. For implementing the adap-
tive FSMC, the output of fuzzy controllers is considered as
follow:

m . . m . .
WU Y.l
[ l
UFuzzy = — =" Q)
2w 2w

Then, the gradient-descent method is used for adjusting the
parameter Cj:
. . 38,
Cl.,=C,—n—- (©)
k+1 k 5 C{(
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The symbol 7 is the learning rate parameter, and k indicates
the number of learning iterations executed by the algorithm.
In order to meet the stability of learning algorithm, the
Lyapunov function based on sliding surface is considered,

which is as follow [16]:
1
E k

_ _ _ 1 2 Q2
AV = Vk+1 Vi = E(SkH Sk)

Vi

1
= 5 Skt = S(Sk+1 + i) )

From equation (9), the following equations are extracted:
LAY

ASk = Spi1 — Sk = —AC)
aCy,
AC, =Cl ,—C,=n—-7 ®)
k k+1 k BCi

After replacing the equations (7) and (8), it is re-written:
1 1
AV = E(Sk—i-l — Si)(Sk+1 + Sk) = E(ASk)-(Sk—H + S1)

1
= E(ASk)(ZSk + ASk)

1 3Sk 8Sk 3Sk aSk
=577 k5 (28K + —nSk—)
ac, ac ac, acy
1 0S5k 0S5y
= S | ()"0 = ©)
2740 | acy

Finally, in order to reach the Lyapunov stability, the
following conditions need to be satisfied:

2
3
AVp < 0 — (-") 7 —2n <0 (10)

G
2
2
3Sk
()
IV. EXPERIMENTAL RESULTS AND STABILITY
ANALYSIS OF PROPOSED CONTROLLER
For a residential building with solar panels, fuel cell and
energy storage; the impact of PEV charging on the perfor-
mance of proposed fuzzy controller, will depend on the capac-
ity of the PEV battery, PV, fuel cell and energy storage. The
battery pack in the building can be utilized to partially or fully
charge the PEV battery to reduce the peak load. In order
to implement the power control strategy, a laboratory scale
of zero energy building has been created in the laboratory.
A 13kWh 45Ah lithium-ion battery from SAFT is used for
energy storage. Moreover, 15 kW PEMFC from BALARD
is used as a main power source. Two 10kW DC electronic
loads from Chroma are applied to emulate the house appli-
ances. The specification of the PV system, the Li-Ion battery,
PEMEC stack and the power electronic converter ‘param-
eters including DC-DC and DC-AC converters are given

0<n<

(1)
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in [13] and [14]. The operation of the proposed PV/PEMFC/
battery hybrid system model was examined under differ-
ent operating, charging and discharging conditions of the
PEV and simulation results are obtained for the time inter-
val between 0 and 350 s. The power demand profile has a
noteworthy effect on the performance of proposed control
strategy. A practical load profile for a family of two, is mea-
sured for the resident application, as shown in Figure 3 (a).
In order to simulate the PV model, the output power of an
actual solar power system is used for a short time interval,
which is shown in Figure 3(b). The output power of DC-DC
converter is the maximum power of PV for each sampling
time. It is observable from this load profile that the average
power demand is 6 kW. However, because of the weather con-
ditions, the output power of the PV system deviates from 5 to
7 kW. For this purpose, an experiment based on the requested
load power and output power of solar panel (Figure 3)
is performed. In Figure 4, power flow between fuel cell,
energy storage, grid and photovoltaic is illustrated. As shown,
all power resources with grid participate to supply load power.
According to proposed fuzzy control strategy, the fuel cell
power is generated smoothly; while the batteries and the
photovoltaic can meet all the rest of load power concur-
rently. In order to evaluate the performance of proposed
control strategies, the output power of PV is going towards
zero for 50 seconds, between 150sec until 200 sec. In this
case, the fuel cell, the batteries and the grid supply the
power for load at the same time. Another case for study
is the integration of PEV at time 100 sec. For this pur-
pose, the PEV is connected with the DC-link in order to
charge the batteries around to 4.5kW. At time 275 sec,
the PEV is disconnected and according to the load power
and PV power conditions, the fuel cell power decreases.
The obtained results prove that the proposed control strategy
could keep the power balance in this system and during
power changes for each component, the robustness and sta-
bility is satisfied. In fact, during charging operation mode,
the battery energy storage system is used to manage the
power of the building. Thus, it can keep the balance between
requested power from building and produced power form
fuel cell and PV. Moreover, during the charging mode of
PEV, the energy storage plays an important role in delivering
enough power to PEV. As shown, after disconnecting the
PEV, the battery switches to the charge operation mode for
storing the extra power produced by the PV. In order to
show the capability of proposed controller, battery’s SOC and
DC-link voltage are shown in Figure 5. The battery’ SOC can
be maintained at a reasonable level as seen in Figure 5 (a).
From Figure 5 (b), it can be observed that the DC-link
voltage control has been satisfied correctly and that it is
nearly constant during integration of PEV, load and solar
output power variations. Moreover, the chattering in the DC-
link voltage due to implementation of fuzzy and sliding
mode control has been reduced. Furthermore, the current
and the voltage of the fuel cell is presented in Figure 6.
The tracking capability of the fuel cell current controller
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load power (kW)

time(sec)
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)
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time(sec)

maxmum power of PV (kW)

FIGURE 3. Load active power (a) and output power of solar panel (b) for
resident application.
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FIGURE 4. Power distribution between fuel cell, photovoltaic, load, grid
and battery energy storage during charging of electric vehicle.

is illustrated in Figure 6 (a). It shows that the response of
controller is very fast and it could track the reference values
without any overshoot and very precisely. In Figure 6 (b),
variation of the fuel cell voltage during changing fuel cell
current has been demonstrated. As presented, the fuel cell
operates in the linear region of operational characteristics,
which satisfies the stability of the fuel cell during any change.
Finally, the dynamic behavior of the proposed controller
is investigated under vehicle-to-building charge injection.
In this case, it is supposed that the PEV is connected to
building to deliver part of power. Hence, the PEV is inte-
grated with the building during the on-peak interval. There-
fore, the PEV is connected to DC-link at time 60 sec.
In Figure 7, the power distribution for each power resources
and load power is shown. According to Figure 7, when
the PEV is connected in the discharging period, the battery
energy storage of building with PEV’s battery, supply the load
power during the on-peak interval concurrently. As observed
form power distribution profile, the fuel cell power stays
constant.
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FIGURE 5. Battery’s SOC (a) and DC-link voltage (b).
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FIGURE 7. Power distribution between fuel cell, photovoltaic and battery
energy storage during dis-charging of electric vehicle.

V. CONCLUSION
In this paper, a power flow control of infrastructure-integrated

hybrid power sources with plug-in electric vehicles in a smart
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distribution system is scrutinized. The controllers design
methodology for power converters in introduced in order to
regulate the power flow from the power generation system
to the load. Adaptive fuzzy sliding mode controllers have
been designed for both fuel cell and battery’s DC-DC con-
verters to stabilize the DC-link voltage and track the reference
currents of these power sources. Experimental results are
illustrated to exemplify the effectiveness and the potential
of the proposed control strategy during different load con-
ditions, irradiance and states of charging and discharging of
PEV.
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