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Abstract—The stability of dc and ac bus voltage is of the most
important issues in all microgrids including ac, dc or ac/dc
hybrid microgrids. In this paper, a hybrid ac/dc microgrid is
proposed to reduce processes of multiple reverse conversions in
an ac or dc microgrid and to facilitate the connection of various
renewable ac and dc sources and loads to power system. Also, all
control schemes used among all converters will be developed in
order to improve the voltage stability of hybrid microgrid. To
give robustness to improved dynamic voltage stability of the
microgrid, a voltage stabilizer is proposed and applied to the
doubly fed induction generator (DFIG) installed in ac part.
Furthermore, a particle swarm optimization (PSQO) solution is
proposed to optimize the various control gains among various
converters in order to quickly restore and stabilize the voltage of
both ac and dc parts under the different disturbances. The
achieved results verify the controllers robustness and
optimization algorithm efficiency.

Keywords- controller; hybrid ac/dc microgrid; PSO algorithm;
voltage stability

L. INTRODUCTION

Nowadays, it is preferred to integrate renewable energies
in the microgrid in order to reduce the CO, emission and the
fossil fuel consumption. The benefits of distributed energy
resources are seen to be higher reliability of service, better
quality of power supply, and greater efficiency of energy use
by utilizing the available waste heat from power generation
systems. In addition, the ability to use renewable energy with
little or no pollution is becoming increasingly attractive for
environmental protection considerations and attracts
increasingly important interests. Furthermore, distributed
generation can benefit the electric utility by reducing
congestion on the grid, reducing the need for new generation
and transmission capacity, and offering ancillary services [1].

The ac microgrids [2]-[6] have been proposed to facilitate
the connection of renewable energy sources to conventional ac
systems. However, dc power from some distributed generat-
ors, such as photovoltaic (PV) panels or fuel cells, has to be
converted into ac using dc/dc boosters and dc/ac inverters in
order to connect to an ac grid. In an ac grid, embedded ac/dc
and dc/dc converters are required for various home and office
facilities to supply different de voltages [7].

Recently, dc microgrids are resurging due to the
development and deployment of renewable dc power sources
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and their inherent advantage for dc loads in commercial,
industrial and residential applications [8]-[11]. However, ac
sources have to be converted into dc before connected to a dc
grid and dc/ac inverters are required for conventional ac loads.

Multiple reverse conversions required in individual ac or
dc grids may add additional loss to the system operation and
will make the current home and office appliances more
complicated [7].

The smart grid concept is currently prevailing in the
electric power industry. The objective of constructing a smart
grid is to provide reliable, high quality electric power to digital
societies in an environmentally, friendly and sustainable way.
One of most important futures of a smart grid is the advanced
structure which can facilitate the connections of various ac and
dc generation systems, energy storage options, and various ac
and dc loads with the optimal asset utilization and operation
efficiency [7]. To achieve those goals, power electronics
technology and control schemes play the most important roles
to interface different sources and loads to a smart grid.

In [7], [12]-[14] hybrid ac/dc microgrids are proposed to
reduce processes of multiple reverse conversions in an indivi-
dual ac or dc microgrid and to facilitate the connection of
various renewable ac and dc sources and loads to power
system. So in this paper, a hybrid ac/dc microgrid is proposed
and studied.

Since in all the microgrids, the stability of dc and ac bus
voltage is of the most important issues, so in this study, voltage
stability control of a hybrid microgrid is studied. Also, a
voltage stabilizer is proposed to improve the dynamic voltage
stability of proposed hybrid microgrid. It was applied to a
doubly fed induction generator (DFIG) installed in ac part.

Furthermore, in this paper a particle swarm optimization
(PSO) solution is proposed to optimize the various control
gains among various converters in order to maintain the stable
voltage of both ac and dc parts under disconnection from
(islanding) and connection to the utility grid and fault
permanently occurrence. PSO is a novel population based
meta-heuristic, which utilizes the swarm intelligence
generated by the cooperation and competition between the
particles in a swarm and has emerged as the useful tool for
engineering optimization. Unlike the other heuristic
techniques, it has a flexible and well-balanced mechanism to



enhance the global and local exploration abilities. This
algorithm has also been found to be robust in solving problems
featuring non-linearity, non-differentiability and high-
dimensionality [15].

II.  SYSTEM CONFIGURATION AND RESOURCES MODELING

A. Proposed Hybrid Microgrid Configuration

A hybrid microgrid as shown in Fig. 1 is proposed and
modeled in MATLAB/Simulink.
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Figure 1. A compact representation of the proposed hybrid microgrid
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PV array is connected to dc bus through a dc/dc boost
converter to simulate dc sources. A capacitor C,, is used to
suppress high frequency ripples of the PV output voltage [7].

Also, a wind turbine (WT) with DFIG is connected to an
ac bus to simulate ac sources. In addition, a battery and a
super-capacitor as the energy storages are separately
connected to dc bus through bidirectional (buck-boost) dc/dc
converters. dc and ac loads are also connected to dc and ac
buses, respectively. The dc load was considered as a pure
resistive load, but the connected ac load was included
constant-impedance (resistance-inductance), constant-
capacitance, and constant-power (induction motor) loads. The
rated voltages for dc and ac parts are 400 V and 400 V rms,
respectively. A 3-phase bidirectional dc/ac main converter with
R-L-C filter connects the dc part to the ac part through an
isolation transformer. Furthermore, Two similar ac lines are
considered with impedance 0.0024+j*0.000212 Q.
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Figure 2. Equivalent circuit of a solar panel

B.  Modeling of Energy Resources
1) PV Array

Fig. 2 shows an equivalent circuit of a PV panel modeled by a
controlled current source. #,, and v,, are terminal current and
voltage of the PV panel, respectively. The current output of the

2011 IEEE PES Innovative Smart Grid Technologies — India

PV panel was modeled by formula shown in [7]. Also, 40 kW
PV panel parameters, used in study, were extracted from [7].

2) Battery and Super-Capacitor Storages

Although renewable resources are attractive, they are not
always dependable in the absence of energy storage devices.
The utilization of energy storage units in power systems can
be classified into two categories. One is in response to fast
transients and the other is related to steady-state energy
exchanging. Super-capacitors are good candidates for the
former application and batteries are suitable for the latter one.
Currently, the mixed use of fast and slow energy storage units
is gaining popularity for interconnection of renewable
generation [16].

In this study, a 65 Ah, 200 V nickel-metal-hydride (NiMH)
battery was used together with a super-capacitor storage. The
battery was modeled using a controlled nonlinear voltage
source in series with a constant resistance as shown in [17].

One of the important parameters to represent state of a
battery is state-of-charge (SOC) defined as [17]:

SOC % =1oo[1—i§’J (D

where it is the extracted capacity and Q is the maximum
capacity of battery storage. The battery SOC is between 0%,
for an empty battery, and 100%, for a fully charged battery.

Also, in modeling of the present 500 F super-capacitor
storage, it was assumed that it is an ideal capacitance, i.e. its
resistance was exactly considered to zero.

3) Wind Turbine Generator
In this study, DFIG was considered as a wound rotor
induction machine, which needs to excite at both the stator and
rotor terminals. Modeling of DFIG is well shown in
SimPowerSystem Library of MatLab software. The 50 kW
DFIG parameters, used in this study, were extracted from [7].

III. CONTROLLERS

The hybrid microgrid can operate in two modes: grid-
connected mode and islanded mode. In this study system,
when ac part of microgrid is directly connected to the utility
grid, the magnitude of dc part voltage can be regulated by the
parallel inverters and energy resources located in dc part. And
the magnitude and frequency of ac part voltage are the same
with the utility grid. However, when the microgrid works in
islanded operation mode, dc part voltage must be regulated by
only microsources and storages located in dc part. And the
magnitude and frequency of ac part are controlled by parallel
inverters. The controllers used for both operating modes are
described in the following sub-sections.

A.  Grid-Connected Mode

1) Boost Converter Controller
When the hybrid microgrid operates in this mode, the
control objective of the boost converter is to track the



maximum power point (MPPT) of the PV panel. To achieve
this objective, P&O method proposed in [18]-[19] was used.

2) Coordinated Control of Battery, Super-Capacitor and
Main Converter
Battery has high energy density whereas it has relatively
slow charging and discharging speed. On the other hand,
super-capacitor has high power density and fast response. The
mixed use of these energy storage units can make them
complimentary to each other. Based on the above
characteristics of battery and super-capacitor, a hybrid control
scheme was designed as shown in Fig. 3.
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Fig. 3. Coordinated control scheme of the battery and super-capacitor storages

In this scheme, the dc part voltage is coordinately
controlled by battery and super-capacitor storages. First, the
measured dc part voltage v,. is compared with its reference
vaerer and the difference is sent to a proportional- integration
(PI) controller to get the current reference i, Then lrgflS split
into two parts. One is the battery current reference i ,,, which
is obtained by applying a low-pass filter (LPF) with a cut-off
frequency 25 Hz and a coefficient y (equal to 0.8 in this study)
to i,,. The other one i".is the difference between irer AN i pyy
By this means, the high frequency part of the dc part
disturbance and somehow low frequency part will be mitigated
by super-capacitor and the remained low frequency part of the
d1sturbance is smoothed by battery. The current references iy
and i’ »ar Will be used in the constant current control of the
buck-boost converters shown in Fig. 1.

But, the battery has limits on SOC value. If SOC value is
reached to its bounds, then the battery will be out and main
converter will do the battery task to smooth remained low
frequency part of the dc _part disturbance. In other words, iy
will be displaced by lfd The upper and lower bounds of
battery SOC are considered 90% and 60%, respectively. Also,
the main converter was designed to provide a pre-defined
reactive power. The proposed control scheme and detailed
schematic of main converter are shown in Figs. 4 and 5,
respectively.
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PI
Controller
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Figure 4. Control scheme of main converter in grid-connected mode
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1) DFIG Controller
DFIG has several controllers that are: rotor-side converter
controller, grid-side converter controller, pitch controller and
torque controller. The objectives of the rotor-side converter

Controllers

A 4

L
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Figure 5. Detailed schematic of the main converter

are to manage the stator-side active and reactive powers. The
DTC scheme proposed in [7] was selected as the control
method for the rotor-side converter in this study. The rotor rot-
ational speed was obtained through the MPPT algorithm, bas-
ed on algorithm proposed in [20], to track the MPPT of WT.

The grid-side converter was designed to regulate the volta-
ge of its own dc-link capacitor. In addition, this model allows
using grid-side converter to generate or absorb reactive power.
This control system is illustrated in Fig. 6. The voltage of the
dc-link is controlled by iy, while the reactive power is
controlled by 7.

=
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Figure 6. Grid-side converter control block diagram

Also, pitch control scheme proposed in [21] was used for
DFIG. The controller enforces the rotor speed related to MPPT
as a reference speed. Also, pitch compensation was done in
this scheme. When the available wind power is less than rated,
the blades are fixed to maximize the mechanical power, and
when the available wind power is above the equipment rating,
the blades are pitched to reduce P delivered to the shaft
down to the mechanical power 1.0 pu.

Furthermore, the torque control scheme proposed in [21]
was accomplished by using rotor speed reference. The torque
controller output was used in rotor-side converter controller to
calculate the d-axis current reference.

Also in this study, a voltage stabilizer applied in DFIG was
proposed and designed to improve the voltage of ac grid as
shown in Fig. 7. High frequency part of positive sequence vol-
tage of ac grid is compensated by g-axis current of grid-side
converter and its low frequency part is compensated by d-axis
and g-axis currents of rotor-side converter. The cut-off freque-
ncy of LPF and high-pass filter (HPF) was selected to 10 kHz.

B. Islanded Mode

In islanded mode, all the controllers used in grid-connected
mode were again applied, except some modifications which
will be introduced in the following.



When microgrid operates in the islanded mode, the main
converter acts as a voltage source to provide a stable voltage
and frequency for the ac grid. And dc grid voltage will be con-
trolled by the battery, super-capacitor and PV boost converter.
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Figure7. Control schematic of the proposed voltage stabilizer applied in DFIG

1) Boost Converter Controller
In the islanded mode, PV array was considered without of
MPPT controller and the new controller of the boost converter
was designed as shown in Fig. 8 to support the dc bus voltage.

Figure 8. Block diagram of the boost converter controller in islanded mode [7]

2) Main Converter Controller
Multi-loop voltage control for a dc/ac inverter is described
in [22], where the control objective is to provide a high quality
ac voltage with good dynamic response at different load
conditions. This control scheme was also be applied for main
converter to provide high quality ac voltage in islanded mode.

3) DFIG Controller

In islanded mode, the turbine control was designed to
deliver power over a range of wind conditions, taking
advantage of the variable speed capability of the machine.
Above about 75% rated power, the controller works in two
distinct regions. When the available wind power is above the
equipment rating, the blades are pitched to reduce P
delivered to the shaft down to the mechanical power 1.0 pu,
thereby returning the machine equipment rating to the
reference speed for full power operation, 120% of
synchronous speed. When the available wind power is less
than rated, the blades are fixed to maximize the mechanical
power.

However, the reference speed is reduced for power levels
below 0.75 pu. This behavior was included in the model by
using the following equation for speed reference when the
power is below 0.75 pu:

®,, ==0.67P” +1.42P+0.51 @)

To achieve these objectives, the pitch and torque control
schemes proposed in [21] were used.

IV. PSO ALGORITHM

PSO, introduced by Kennedy and Eberhart in 1995, is a
swarm intelligence technique (a search method based on
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nature inspired systems), which is widely used in electric
power systems [23]. The system initially has a population of
random particles which are given some random positions and
velocities in the search space. The particles have memory
which is used to keep track of their previous best position,
local best (Py.), and the corresponding fitness. The swarm has
a memory which is used to keep track of the best value of all
Py.s.. The search process is aimed at accelerating each particle
toward its Py, and the swarm’s global best (Gy.). The veloc-
ity and position update equations of the particles are [24]:

vi(j+1)=0-v,(j)+c 7 - (B, () x(j))

3
ey Gy — () @)

xi(j+l):xi(j)+vi(j+l) “4)

where © is the inertia constant, ¢; and ¢, are two positive
numbers referred as the cognitive and social acceleration
constants, and r; and r, are two random numbers with uniform
distribution in the interval [0, 1]. The searching procedure for
the PSO technique is summarized as follows:

Stepl: Initialization: A population N of particle positions
and velocities are randomly initialized. In this study, N was set
to be 125 and the values ¢; and ¢, were kept fixed at 2.0. Also,
the weighting function was defined as follows [24]:

w -,
—max___Tmin_ s Jrey %)
Iter,.

D=0, —

where @, is final weight and ®,,, is initial weight,
selected to 0.9 and 0.4 respectively, in this study; also Ifer,,.,
and [Iter are the maximum and the current iteration number,
respectively. Iter,,,, was set to be 35.

In the initialization, the upper and lower bounds, X, and
Xumin respectively, of the parameters should be specified at first;
these define the searching space. The velocity for the position
updating should also be initialized randomly between
[Vimin» Vimax); Where Vima and V., are respectively the
maximum and minimum velocities of ith particle, given by:

V Xi,max _Xi‘min
i,max u (6)
Vi min = Vimaxo i=12,..,150

Where X; .x and X; i, are the upper and lower bounds of
ith particle, respectively and u# is a user-defined number
normally chosen between 5 and 10. In this study, position of
proportional and integral gains were respectively limited in
[0, 30] and [0, 600], and u was selected to 10.

Step2: Evaluation: Our objective from the PSO algorithm
was to find optimal parameters in order to restore and stabilize
the terminal voltage quickly. Since in the study system the
islanding phenomenon was seen as the worst transient
disturbance, with 100 ms as islanding detection time, so
controller parameters were optimized to restore and stabilize
the terminal voltage quickly, when this phenomenon was
occurred. The optimization of the controllers can be done by



minimizing an error-integrating cost function. Four common
types of these functions are: integrated absolute error (IAE),
integrated squared error (ISE), integrated time-weighted
absolute error (ITAE), and integrated time-weighted squared
error (ITSE) [25]. Since ITAE yields the best performance for
the considered objectives, so it was selected to be minimized
as error-integrating cost function in PSO algorithm. Also, since
once the islanding is occurred, ac part voltage will intensely
drop, so its improvement was considered in PSO algorithm.
This fitness function was mathematically defined as follows:

error = error,, + error,. + minimum (vaci 11 measured ) @)

errordc = Zt * |vdc _ measured (t)_ vdc _ref (= 400)| (8)
t

errorac = Zt * vacilflimmxured (t) - va(‘iref (= 400)| (9)

where, ¢ is the simulation time with step-time set to
1.0%10™ 5. AlSO, Vyemeasureq a0 Vac_measured ar€ the measured dc
and line-to-line ac voltages, respectively, and vy ,orand vy yer
are the reference dc and line-to-line ac voltages (i.e. both of
them 400 V), respectively.

Step3: Stopping criterion: The stopping criterion was
determined by [ter,,. If the iteration number is ended, then
program will be stop, else go to Step 4.

Step 4: Update: The velocity updating was done by (3)
while the upper and lower limits were considered as follows:

if vi’j(t+l)> v,

J,max

if vi’j(t+l)<v.

Jj,min

then vi’j(t +1)=v

J,max

10
then vi’j(t+1):v (10)

Jj,min

Beside, the position updating was done by (4) while the
upper and lower limits were handled as follows:

if xi’j(t+l)>x
if xl.’j(t+l)<x

;, max then X ; (t + 1) =X o

(11
Jj,min then xi,j(t+l):xj,min

Then, go to Step 2.

V. DYNAMIC SIMULATIONS

In this section, simulations performed in MatLab/Simulink,
are shown to verify the improvement in voltage stability by the
controllers with the PSO-optimized parameters compared to
the original parameters. The original and optimized parameters
of PI controllers are applied as shown in appendix. The
voltage response of the microgrid under the islanding
occurrence is shown in Figs. 9-10. The islanding detection
time was considered to 100 ms. It can be seen that the
response of the microgrid with the optimized-parameters
based controllers is much better than that of the microgrid with
original parameters.

Also, in order to investigate the robustness of the
optimized parameters, simulations were performed under
another large disturbance, i.e. a permanent three-phase fault
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occurrence (occurred between isolation transformer and main
converter with 150 ms clearing time) in islanded mode. The
voltage response of the microgrid under this disturbance is
shown in Figs.11-12, respectively. It can be again seen that
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Figure 9. ac voltage waveform during the islanding occurrence
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Figure 10. dc voltage waveform during the islanding occurrence

the response of the microgrid with the optimized controllers
are much better than that of the microgrid with non-optimized
controllers. So that with the optimized controllers, the voltage
of the dc and ac grids are quickly restored and stabilized than
that with the non-optimized controllers.

VI. CONCLUSION

In this paper, the controllers among the all converters were
designed to improve voltage stability and dynamic voltage
control in a hybrid ac/dc microgrid. Since the gains of PI
controllers play an important role in stability and control of the
systems, so a PSO algorithm was selected to optimize them in
order to quickly restore and stabilize the voltage of both ac
and dc grids. The results achieved show the efficiency of
optimized controllers compared to the controllers having the
original gains when the microgrid is subjected to the large
disturbances.
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Figure 11. ac voltage waveform during the 3-phase fault occurrence
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APPENDIX

Totally, there were 9 PI controllers (related to the PV array,
battery storage, super-capacitor storage, and DFIG converters,
and main converter) to optimize and as a result 18 controller
parameters were optimized. The original and optimized
parameters are given as follows:

Original PI controller parameters:

k,=13.8 pu; k;= 257 8! ; k,y=13.5 pu; k;;=345. 8 s’ 5 kp5=17.5
py; kiz= 2068s k= 207 pu; ki~ 2626s kp5 7.3 pu;
kis=332.2¢" kp6—10 8 pu; k,6—257 35! s k,=13. 7 pu; k7229 s

" k=109 pu; kg=335.9 s kp97216 pu; kg=412.6 s-1

kp10—147 pu; k,10—3021 S kp]] 13.3 pu; k,11—3028 S
kp12 9.8 pu; k,[g 322.9 S kp13 16 pu kl13 0 S kp14 4.2 pu

k,14 361.8 S kp15 9pu k,15 311 1 S kplé 16131.1 k,16 2562
s 5 kpi7=21. 1pu ki~=286.15" s kpis= 13 6 pu; k;;5=321. 65’

PSO-optimized PI controller parameters:

ks 23pu ki =318.5s; ks 28pu k=3413 s7; ; ky3=0.4 pu;
k,3 973 s ; k,=9.3 pu; k,4 994s ; k,s=7.9 pu; k,5 =413.5s";

kp=13.5 pu; ki=1137.4 sk 7—46pu k=323 57'; k,s=2.3 pu;
kis=64 s'; k,g=0.1 pu; k= 4904 s k,1=2.5 pu; i 155 9 s'1
kp]] 129 pu; k,]] 109.1 S kp12—4.4 pu; k,12—5216 S
k,5=16.5 pu; ky=511.8 s’ kp14:105 pu; ki =241.1 sl,
k=72 pu; kys=110.3 s'1 kps=12.5 pu; kip=541.6 s
kp1f147pu k,1f202 6 S kplgfll lpu k,18*461 8 S
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