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Abstract—This paper presents the design of a dc grid-based wind
power generation system in a poultry farm. The proposed system
allows flexible operation of multiple parallel-connected wind gen-
erators by eliminating the need for voltage and frequency synchro-
nization. A model predictive control algorithm that offers better
transient response with respect to the changes in the operating
conditions is proposed for the control of the inverters. The design
concept is verified through various test scenarios to demonstrate
the operational capability of the proposed microgrid when it oper-
ates connected to and islanded from the distribution grid, and the
results obtained are discussed.

Index Terms—Wind power generation, dc grid, energy manage-
ment, model predictive control.

I. INTRODUCTION

Poultry farming is the raising of domesticated birds such
as chickens and ducks for the purpose of farming meat or farm
eggs for food. To ensure that the poultries remain productive,
the poultry farms in Singapore are required to be maintained at
a comfortable temperature. Cooling fans, with power ratings of
tens of kilowatts, are usually installed to regulate the tempera-
ture in the farms [1]-[3]. Besides cooling the farms, the wind
energy produced by the cooling fans can be harnessed using
wind turbines (WTs) to reduce the farms’ demand on the grid.
The Singapore government is actively promoting this new con-
cept of harvesting wind energy from electric ventilation fans in
poultry farms which has been implemented in many countries
around the world [4]. The major difference between the situa-
tion in poultry farms and common wind farms is in the wind
speed variability. The variability of wind speed in wind farms
directly depends on the environmental and weather conditions
while the wind speed in poultry farms is generally stable as it is
generated by constant-speed ventilation fans. Thus, the genera-
tion intermittency issues that affect the reliability of electricity
supply and power balance are not prevalent in poultry farm wind
energy systems.

In wind power generation systems, wind drives turbines
that generate electricity. This process has the great advantage
of being free from carbon dioxide (CO2) emissions. There are
several types of wind turbines. Horizontal -axis three-bladed
turbines , which are the main stream for large -scale power
generation , can convert about 40% of wind energy into
electricity . Wind power generation has four principal
advantages :Environmentally friendly, involving no emission
of harmful exhaust, No oil or natural gas is used, Wind is a
natural resource that is not depleted. Since wind turbines are
composed of many components , they require manpower for
installation , maintenance and control . Therefore , greater
reliance on wind power would have positive impacts on
employment and industrial development.

In recent years, the research attention on dc grids has been
resurging due to technological advancements in power electron-
ics and energy storage devices, and increase in the variety of dc
loads and the penetration of dc distributed energy resources
(DERs) such as solar photovoltaics and fuel cells.

Many research works on dc microgrids have been conducted
to facilitate the integration of various DERs and energy storage
systems. In [5], [6], a dc microgrid based wind farm architecture
in which each wind energy conversion unit consisting of a ma-
trix converter, a high frequency transformer and a single-phase
ac/dc converter is proposed. However, the proposed architecture
increases the system complexity as three stages of conversion
are required. In [7], a dc microgrid based wind farm architec-
ture in which the WTs are clustered into groups of four with
each group connected to a converter is proposed. However, with
the proposed architecture, the failure of one converter will re-
sult in all four WTs of the same group to be out of service.
The research works conducted in [8]-[10] are focused on the
development of different distributed control strategies to coordi-
nate the operation of various DERs and energy storage systems
in dc microgrids. These research works aim to overcome the
challenge of achieving a decentralized control operation using
only local variables. However, the DERs in dc microgrids are
strongly coupled to each other and there must be a minimum
level of coordination between the DERs and the controllers. In
[11],[12], ahybrid ac/dc grid architecture that consists of both ac
and dc networks connected together by a bidirectional converter
is proposed. Hierarchical control algorithms are incorporated
to ensure smooth power transfer between the ac microgrid and
the dc microgrid under various operating conditions. However,
failure of the bidirectional converter will result in the isolation
of the dc microgrid from the ac microgrid.

An alternative solution using a dc grid based distribution
network where the ac outputs of the wind generators (WGs)
in a poultry farm are rectified to a common voltage at the dc
grid is proposed in this paper. The most significant advantage of
the proposed system is that only the voltage at the dc grid has
to be controlled for parallel operation of several WGs without
the need to synchronize the voltage, frequency and phase, thus
allowing the WGs to be turned ON or OFF anytime without
causing any disruptions.

Many research works on designing the controllers for the
control of inverters in a microgrid during grid-connected and
islanded operations is conducted in [13]-[15]. A commonly
adopted control scheme which is detailed in [13], [14] contains
an inner voltage and current loop and an external power loop to
regulate the output voltage and the power flow of the inverters.
In [15], a control scheme which uses separate controllers for
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the inverters during grid-connected and islanded operations is
proposed. Although there are a lot of research works being con-
ducted on the development of primary control strategies for DG
units, there are many areas that require further improvement and
research attention. These areas include improving the robustness
of the controllers to topological and parametric uncertainties,
and improving the transient response of the controllers.

To increase the controller’s robustness against variations in
the operating conditions when the microgrid operates in the
grid-connected or islanded mode of operation as well as its ca-
pability to handle constraints, a model-based model predictive
control (MPC) design is proposed in this paper for controlling
the inverters. As the microgrid is required to operate stably in
different operating conditions, the deployment of MPC for the
control of the inverters offers better transient response with re-
spect to the changes in the operating conditions and ensures
a more robust microgrid operation. There are some research
works on the implementation of MPC for the control of invert-
ers. In [16], a finite control set MPC scheme which allows for
the control of different converters without the need of additional
modulation techniques or internal cascade control loops is pre-
sented but the research work does not consider parallel operation
of power converters. In [17], an investigation on the usefulness
of the MPC in the control of parallel-connected inverters is con-
ducted. The research work is, however, focused mainly on the
control of inverters for uninterruptible power supplies in stand-
alone operation. The MPC algorithm will operate the inverters
close to their operating limits to achieve a more superior perfor-
mance as compared to other control methods which are usually
conservative in handling constraints [18], [19]. In this paper,
the inverters are controlled to track periodic current and volt-
age references and the control signals have a limited operating
range. Under such operating condition, the MPC algorithm is
operating close to its operating limits where the constraints will
be triggered repetitively. In conventional practices, the control
signals are clipped to stay within the constraints, thus the sys-
tem will operate at the sub-optimal point. This results in inferior
performance and increases the steady-state loss. MPC, on the
contrary, tends to make the closed-loop system operate near its
limits and hence produces far better performance. MPC has also
been receiving increased research attention for its applications
in energy management of microgrids because it is a multi-input,
multi-output control method and allows for the implementation
of control actions that predict future events such as variations in
power generation by intermittent DERs, energy prices and load
demands [20]-[22]. In these research works, the management
of energy is formulated into different multi-objective optimiza-
tion problems and different MPC strategies are proposed to
solve these optimization problems. The scope of this paper is
however focused on the application of MPC for the control of
inverters.

In what follows, a comprehensive solution for the operation of
a dc grid based wind power generation system in a microgrid is
proposed for a poultry farm and the effectiveness of the proposed
system is verified by simulation studies under different operating
conditions.
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II. SYSTEM DESCRIPTION AND MODELING

A. System Description

The overall configuration of the proposed dc grid based wind
power generation system for the poultry farm is shown in Fig. 1.
The system can operate either connected to or islanded from
the distribution grid and consists of four 10 kW permanent
magnet synchronous generators (PMSGs) which are driven by
the variable speed WTs. The PMSG is considered in this paper
because it does not require a dc excitation system that will
increase the design complexity of the control hardware. The
three-phase output of each PMSG is connected to a three-phase
converter (i.e., converters A, B, C and D), which operates as a
rectifier to regulate the dc output voltage of each PMSG to the
desired level at the dc grid. The aggregated power at the dc grid
is inverted by two inverters (i.e., inverters 1 and 2) with each
rated at 40 kW. Instead of using individual inverter at the output
of each WG, the use of two inverters between the dc grid and
the ac grid is proposed. This architecture minimizes the need to
synchronize the frequency, voltage and phase, reduces the need
for multiple inverters at the generation side, and provides the
flexibility for the plug and play connection of WGs to the dc
grid. The availability of the dc grid will also enable the supply
of power to dc loads more efficiently by reducing another ac/dc
conversion.

The coordination of the converters and inverters is achieved
through a centralized energy management system (EMS). The
EMS controls and monitors the power dispatch by each WG
and the load power consumption in the microgrid through a
centralized server. To prevent excessive circulating currents be-
tween the inverters, the inverter output voltages of inverters 1
and 2 are regulated to the same voltage. Through the EMS, the
output voltages of inverters 1 and 2 are continuously monitored
to ensure that the inverters maintain the same output voltages.
The centralized EMS is also responsible for other aspects of
power management such as load forecasting, unit commitment,
economic dispatch and optimum power flow. Important infor-
mation such as field measurements from smart meters, trans-
former tap positions and circuit breaker status are all sent to
the centralized server for processing through wireline/wireless
communication. During normal operation, the two inverters will
share the maximum output from the PMSGs (i.e., each inverter
shares 20 kW). The maximum power generated by each WT
is estimated from the optimal wind power Py o, as follows
[23]:

Pwt,opt = kopt (Wr,opt)s (1)
1 R\’
kopt = =ChoptpA | — 2
opt 2 p,opt P <)\opt ) ( )
Aopt¥
Wr opt — % (3)

where k,,, is the optimized constant, w, o is the WT speed
for optimum power generation, C), op¢ is the optimum power
coefficient of the turbine, p is the air density, A is the area swept
by the rotor blades, A, is the optimum tip speed ratio, v is the
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wind speed and R is the radius of the blade. When one inverter
fails to operate or is under maintenance, the other inverter can
handle the maximum power output of 40 kW from the PMSGs.
Thus the proposed topology offers increased reliability and en-
sures continuous operation of the wind power generation system
when either inverter 1 or inverter 2 is disconnected from opera-
tion. An 80 Ah storage battery (SB), which is sized according to
[24], is connected to the dc grid through a 40 kW bidirectional
dc/dc buck-boost converter to facilitate the charging and dis-
charging operations when the microgrid operates connected to
or islanded from the grid. The energy constraints of the SB in the
proposed dc grid are determined based on the system-on-a-chip
(SOC) limits given by

SOCmin < SOC S SOCmaX (4)

Although the SOC of the SB cannot be directly measured, it
can be determined through the estimation methods as detailed
in [25], [26]. With the use of a dc grid, the impact of fluctuations
between power generation and demand can be reduced as the
SB can swiftly come online to regulate the voltage at the dc grid.
During off-peak periods when the electricity demand is low, the
SB is charged up by the excess power generated by the WTs.
Conversely, during peak periods when the electricity demand is
high, the SB will supplement the generation of the WTs to the
loads.

—
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Fig. 1.  Overall configuration of the proposed dc grid based wind power generation system in a microgrid.

B. System Operation

When the microgrid is operating connected to the distribution
grid, the WTs in the microgrid are responsible for providing
local power support to the loads, thus reducing the burden of
power delivered from the grid. The SB can be controlled to
achieve different demand side management functions such as
peak shaving and valley filling depending on the time-of-use of
electricity and SOC of the SB [27]-[29].

During islanded operation where the CBs disconnect the mi-
crogrid from the distribution grid, the WTs and the SB are only
available sources to supply the load demand. The SB can supply
for the deficit in real power to maintain the power balance of the
microgrid as follows:

Pwt+Psb:F)loss+Pl (5)
where Py is the real power generated by the WTs, Py, is the
real power supplied by SB which is subjected to the constraint
of the SB maximum power Py, ..« that can be delivered during
discharging and is given by

Psb < PsanaX (6)

Pyss is the system loss, and P, is the real power that is

supplied to the loads.
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Power circuit of a PMSG connected to an ac/dc voltage source con-

C. AC/DC Converter Modeling

Fig. 2 shows the power circuit consisting of a PMSG which
is connected to an ac/dc voltage source converter. The PMSG is
modeled as a balanced three-phase ac voltage source eg,, €sp, €sc
with series resistance R and inductance L, [30], [31]. As shown
in [32], the state equations for the PMSG currents ig,, ish, isc
and the dc output voltage V. of the converter can be expressed
as follows:

di

Lsd—; = — Ryis +es — KSVqc (N
cdzlfjc =ilS—Iq. ®)
where
1 = [isa Ish is(,]T, es = [esa €sh eSC}T
2/3 -1/3 -1/3
K= |-1/3 2/3 -1/3
-1/3 -1/3 2/3

S=1[5 58 ]T is the ac/dc converter switching functions
which are defined as

S 17 Sj iS ON
7710, S, isOFF

for j=ua, b, c )

D. DC/AC Inverter Modeling

The two 40 kW three-phase dc/ac inverters which connect the
dc grid to the point of common coupling (PCC) are identical, and
the single-phase representation of the three-phase dc/ac inverter
is shown in Fig. 3. To derive a state-space model for the inverter,
Kirchhoft’s voltage and current laws are applied to loop i and
point x respectively, and the following equations are obtained:

uVic (10)

Y

where V. is the dc grid voltage, u is the control signal, R is the
inverter loss, L and Cy are the inductance and capacitance of
the low-pass (LPF) filter respectively, ip is the inverter output

di
Lfé—FZR—F”UDG =

ing = i—ic,
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Fig. 3. Single-phase representation of the three-phase dc/ac inverter.

current, i is the current flowing through Ly, ic, is the current
flowing through C/, and vp( is the inverter output voltage.
During grid-connected operation, the inverters are connected
to the distribution grid and are operated in the current control
mode (CCM) because the magnitude and the frequency of the
output voltage are tied to the grid voltage. Thus, the discrete
state-space equations for the inverter model operating in the
CCM can be expressed with sampling time 7 as follows:

ry(k+1) = Agwy (k) + Byivg (k) + Byauy (k)
Yy (k) = Cyzy(k) + Dyvy (k)

12)
13)

where the subscript g represents the inverter model during grid-
connected operation, k is the discretized present time step, and
R

g =1- .
f

Ve
A T, Bpy=[0 ~f]|. Bp =TT,
f

C Cy
Cy=1 D, = {Tf _TZ}

zy(k) =i(k) is the state vector; v,(k) = [vpg(k+1)
vpg (k)" is the exogenous input; u, (k) is the control signal
with —1 < u, (k) < 1; and y, (k) = ipg (k) is the output. The
exogenous input v, (k) can be calculated using state estimation.
In this paper, the grid is set as a large power system, which means
that the grid voltage is a stable three-phase sinusoidal voltage.
Hence, when operating in the CCM, a three-phase sinusoidal
signal can be used directly as the exogenous input.

During islanded operation, the inverters will be operated in
the voltage control mode (VCM). The voltage of the PCC will
be maintained by the inverters when the microgrid is islanded
from the grid. As compared to T, the rate of change of the
inverter output current is much slower. Therefore, the following
assumption is made when deriving the state-space equations for
the inverter operating in the VCM [33]:

dipg
=0.
dt

(14)

Based on the above mentioned assumption, the discrete state-
space equations of the inverter model operating in the VCM can
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Fig. 4. Configuration of the proposed controller for the ac/dc converter.

be expressed as follows:

l‘l(k + 1) = Atwb(k) + B;u; (kﬁ)
yi(k) = Cizi(k)

s)
(16)

where the subscript i represents the model of the inverter during
islanded operation and

R T,
1— =7, —==
Ly Ly ! v
A= E _E , Bi = |:deTs 0 0]
Ly Cy !
0 0 1
Ci=1[0 1 0]

zi(k) = [i(k) vpa (k) iD(;(k)]T is the state vector; u; (k) is
the control signal with —1 < w; (k) < 1;and y;(k) = vpc (k) is
the output. During islanded operation, the inverters are required
to deliver all the available power from the PMSGs to the loads.
Therefore, only the inverter output voltage is controlled and
the output current is determined from the amount of available
power.

III. CONTROL DESIGN
A. Control Design for the AC/DC Converter

Fig. 4 shows the configuration of the proposed controller
for each ac/dc voltage source converter which is employed to
maintain the dc output voltage Vj. of each converter and com-
pensate for any variation in V. due to any power imbalance in
the dc grid. The power imbalance will induce a voltage error
(V. — Vac) at the dc grid, which is then fed into a proportional-
integral controller to generate a current reference i), for i to
track. To eliminate the presence of high frequency switching
ripples at the dc grid, Vq. is first passed through a first-order
LPFE. The current i, is controlled to be zero so that the PMSG
only delivers real power. The current errors Aiy and Ad, are
then converted into the abc frame and fed into a proportional-
resonant (PR) controller to generate the required control signals
using pulse-width modulation.

Volume 04 Issue 13
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B. Control Design for the DC/AC Inverter

In order for the microgrid to operate in both grid-connected
and islanded modes of operation, a model-based controller us-
ing MPC is proposed for the control of the inverters. MPC is a
model-based controller and adopts a receding horizon approach
in which the optimization algorithm will compute a sequence
of control actions to minimize the selected objectives for the
whole control horizon, but only execute the first control action
for the inverter. At the next time step, the optimization process
is repeated based on new measurements over a shifted predic-
tion horizon. By doing so, MPC can make the output track
the reference at the next step, as well as plan and correct its
control signals along the control process. This will guarantee a
better transient response compared to conventional PID/PR con-
trollers [32], [33]. To derive the control algorithm for the invert-
ers, the state-space equations are transformed into augmented
state-space equations by defining the incremental variables in
the following format:

A(k) = £(k) - €(k - 1) (17)
where ¢ represents each variable in the inverter model, such as
UDG, DG, I and u as shown in Fig. 3.

By defining the incremental variables, the augmented state-
space model for the inverter model operating in the CCM during
grid-connected operation can be expressed as follows:

Xy(k+1) = Agang Xy (k)

+ Bglfaugvy(k) + BglaugUg(k) (18)
Yy (k) = Cyang Xy (k) 19)
where
- Er o
Ly
Ag,aug = 5
- Bro
Ly
r T,
0 0o -=
Ly
B laug =
g g 701 Cf 7£
T T I
i Vdc ! o Vdc T9
Ly Ly
BgZ,aug = VdCT VdCT ) Cg,aug = [0 1]
Ly Ly

X, (k) = [Ai(k) ipg(k)]T is the state vector; V (k) =
[Avpg (k+2) Avpg(k+1) AUDG(k)]T is the exogenous
input; U, (k) = Au,(k) is the control signal; and Y, (k) =
ipg (k) is the output.

Similarly, the augmented state-space model for the inverter
model operating in the VCM during islanded operation can be
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expressed as follows:

X%(k + 1) = Ai,angi (k) + Bi,augUz'(k/’) (20)
Yi(k) = CiaugXi(k) 1)
where

i R T, 7

1— T, —— 0 0

Ly s Ly
T, T,
f 1 I, 0
Ai,aug = f ! s

0 0 1 0

T, .

— 1 2 1
L Ly Ly |
Ve ]

T
Ly
0
Bi,aug - ) Ci,aug = [0 0 0 ]_]
0

. 0 -

X (k) = [Ai(k) Avpg (k) Aing (k) vpg (k)] is the state
vector; U; (k) = Au; (k) is the control signal; and Y;(k) =
vpg (k) is the output.

For the control of the two augmented models in the CCM and
the VCM, the following cost function is solved using quadratic
programming in the proposed MPC algorithm [33]:

J = (R, —Y)" (R, —Y;) + U] QU; (22)
subject to the constraint
-1 <uj(k)<1 (23)

where R is the set-point matrix, Q is the tuning matrix for the
desired closed-loop performance, Y; is the output of either the
augmented model in the CCM or VCM (i.e., Y, or Y;), U; is
the control signal of either the augmented model in the CCM
or VCM (.e., U, or U;). The first part of the cost function
is to compare the output of the augmented model Y; with the
reference 7 and to ensure that the output tracks the reference
with minimum error. The second part of the cost function is to
calculate the weighted factor of the control signal and to ensure
that the control signal generated by the MPC algorithm is within
the constraints. The quadratic programming will ensure that the
optimal solution for the control signal deviation Au is achieved
while minimizing the cost function J. After the control signal
u is generated by the MPC algorithm, it will be applied to the
dc/ac inverter as shown in Fig. 3.

IV. NUMERICAL SIMULATION ANALYSIS

The simulation model of the proposed dc grid based wind
power generation system shown in Fig. 1 is implemented in

Volume 04 Issue 13
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TABLE I
PARAMETERS OF THE PROPOSED SYSTEM

Parameter Value

Distribution grid voltage
DC grid voltage

PMSG stator impedance
Distribution line impedance
Inverter LC filter

vy = 230 V (phase)
Vie = 500V
Ry =02Q,L, =2.4mH
Ry =7.5mQ, L, =25.7T uH
Ly =1.2mH,Cy = 20 uF

Converter capacitor C = 300 uF
Converter and inverter loss resistance R =1mQ

Load 1 rating Pr1 =35kW,Qr1 = 8 kVAr
Load 2 rating Pro = 25kW, Q12 = 4 kVAr

MATLAB/Simulink. The effectiveness of the proposed design
concept is evaluated under different operating conditions when
the microgrid is operating in the grid-connected or islanded
mode of operation. The system parameters are given in Table I.
The impedances of the distribution line are obtained from [34].
In practical implementations, the values of the converter and
inverter loss resistance are not precisely known. Therefore, these
values have been coarsely estimated.

A. Test Case 1: Failure of One Inverter During
Grid-Connected Operation

When the microgrid is operating in the grid-connected mode
of operation, the proposed wind power generation system will
supply power to meet part of the load demand. Under normal
operating condition, the total power generated by the PMSGs
at the dc grid is converted by inverters 1 and 2 which will
share the total power supplied to the loads. When one of the
inverters fails to operate and needs to be disconnected from the
dc grid, the other inverter is required to handle all the power
generated by the PMSGs. In this test case, an analysis on the
microgrid operation when one of the inverters is disconnected
from operation is conducted.

With each PMSG generating about 5.5 kW of real power, the
total power generated by the four PMSGs is about 22 kW which
is converted by inverters 1 and 2 into 20 kW and 8 kVAr of real
and reactive power respectively. Figs. 5 and 6 show the wave-
forms of the real and reactive power delivered by inverters 1 and
2 for 0 <t < 0.4 s respectively. For 0 < ¢ < 0.2 s, both invert-
ers 1 and 2 are in operation and each inverter delivers about 10
kW of real power and 4 kVAr of reactive power to the loads.
The remaining real and reactive power that is demanded by the
loads is supplied by the grid which is shown in Fig. 7. It can be
seen from Fig. 7 that the grid delivers 40 kW of real power and
4 kVAr of reactive power to the loads for 0 <t < 0.2 s. The
total real and reactive power supplied to the loads is about 60
kW and 12 kVAr as shown in the power waveforms of Fig. 8.
The unsteady measurements observed in the power waveforms
for 0 <t < 0.08 s are because the controller requires a pe-
riod of about four cycles to track the power references during
the initialization period. As compared to conventional control
strategies, it can be observed that the proposed MPC algorithm
is able to quickly track and settle to the power reference. This
is attributed to the optimization of the inverters through the
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model-based MPC control. Essentially, model-based control
schemes are able to take into account the system parameters
such that the overall performance can be optimized.

At t = 0.2 s, inverter 1 fails to operate and is disconnected
from the microgrid, resulting in a loss of 10 kW of real power
and 4 kVAr of reactive power supplied to the loads. As shown

Time (s)

Fig. 9. DC grid voltage.

in Fig. 5, the real and reactive power supplied by inverter 1 is
decreased to zero in about half a cycle after inverter 1 is discon-
nected. This undelivered power causes a sudden power surge in
the dc grid which corresponds to a voltage rise at ¢ = 0.2 s as
shown in Fig. 9. To ensure that the load demand is met, the grid
automatically increases its real and reactive power generation to
50 kW and 8 kVAr respectively at ¢ = 0.2 s, as shown in Fig. 7.
Att = 0.26 s, the EMS of the microgrid increases the reference
real and reactive power supplied by inverter 2 to 20 kW and
8 kVAr respectively. A delay of three cycles is introduced to
cater for the response time of the EMS to the loss of inverter
1. As shown in Fig. 6, inverter 2 manages to increase its real
and reactive power supplied to the loads to 20 kW and 8 kVAr
for 0.26 <t < 0.4 s. At the same time, the grid decreases its
real and reactive power back to 40 kW and 4 kVAr as shown
in Fig. 7 respectively. The power balance in the microgrid is
restored after three cycles from ¢ = 0.26 s. It is observed from
Fig. 9 that the voltage at the dc grid corresponds to a voltage dip
att = 0.26 s due to the increase in power drawn by inverter 2 and
then returns to its nominal value of 500 V for 0.26 < ¢ < 0.4 s.
As observed in Fig. 8, att = 0.26 s, the changes in power deliv-
ered by inverter 2 and the grid also cause a transient in the load
power.

B. Test Case 2: Connection of AC/DC Converter During
Grid-Connected Operation

The most significant advantage of the proposed dc grid based
wind power generation system is that it facilitates the connection
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of any PMSGs to the microgrid without the need to synchronize
their voltage and frequency. This capability is demonstrated in
this case study.

The microgrid operates connected to the grid and PMSG A
is disconnected from the dc grid for 0 < ¢ < 0.2 s as shown in
Fig. 1. The real power generated from each of the remaining
three PMSGs is maintained at 5.5 kW and their aggregated real
power of 16.5 kW at the dc grid is converted by inverters 1 and
2 into 14 kW of real power and 8 kVAr of reactive power. As
shown in Figs. 10 and 11, each inverter delivers real and reactive
power of 7 kW and 4 kVAr to the loads respectively. The rest of
the real and reactive power demand of the loads is supplied by
the grid as shown in Fig. 12. It can be seen from Fig. 12 that the
grid delivers 46 kW of real power and 4 kVAr of reactive power
to the loads.

Att = 0.2 s, PMSG A which generates real power of 5.5 kW
is connected to the dc grid. This causes a sudden power surge
at the dc grid and results in a voltage rise at ¢ = 0.2 s as shown
in the voltage waveform of Fig. 13. At £ = 0.26 s, the EMS
increases the real delivered by each inverter to 10 kW while the
reactive power supplied by each inverter remains unchanged at
4 kVAr as shown in Figs. 10 and 11. This causes a momentarily

1
025 03

1 1
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1 1 1
0.15 02 035 04

Time (s)

Fig. 13.  DC grid voltage.

dip in the dc grid voltage at ¢ = 0.26 s as observed in Fig. 13
which is then restored back to its nominal voltage of 500 V
for 0.26 <t < 0.4 s. The grid also simultaneously decreases its
supply to 40 kW of real power for 0.26 < ¢ < 0.4 s while its
reactive power remains constant at 4 kVAr as shown in Fig. 12.

C. Test Case 3: Islanded Operation

When the microgrid operates islanded from the distribution
grid, the total generation from the PMSGs will be insuffi-
cient to supply for all the load demand. Under this condition,
the SB is required to dispatch the necessary power to ensure
that the microgrid continues to operate stably. The third case
study shows the microgrid operation when it islands from the
grid.

The microgrid is initially operating in the grid-connected
mode. The grid is supplying real power of 40 kW and reactive
power of 4 kVAr to the loads for 0 < ¢ < 0.2 s as shown in
Fig. 14 while each inverter is delivering real power of 10 kW
and reactive power of 4 kVAr to the loads as shown in Figs.
15 and 16. At ¢t = 0.2 s, the microgrid is disconnected from
the distribution grid by the CBs due to a fault occurring in
the upstream network of the distribution grid. It can be seen
from Fig. 14 that the CBs fully separate the microgrid from the
grid in about half a cycle, resulting in zero real and reactive
power supplied by the grid for 0.2 < ¢ < 0.4 s. With the loss of
power supply from the grid, the power imbalance between the
generation and load demand is detected by the EMS. To maintain
the stability of the microgrid, the SB is tasked by the EMS to
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supply real power of 40 kW at t = 0.26 s as shown in Fig. 17.
At the same time, the real and reactive power delivered by each
inverter is also increased by the EMS to 30 kW and 6 kVAr
as shown in Figs. 15 and 16 respectively. Fig. 18 shows the dc
grid voltage where slight voltage fluctuations are observed at
t = 0.26 s. The initial voltage rise at ¢ = 0.26 s is due to the
power supplied by the SB while the subsequent voltage dip is
due to the increase in power drawn by the inverters.

V. CONCLUSION

In this paper, the design of a dc grid based wind power gen-
eration system in a microgrid that enables parallel operation of
several WGs in a poultry farm has been presented. As compared
to conventional wind power generation systems, the proposed
microgrid architecture eliminates the need for voltage and fre-
quency synchronization, thus allowing the WGs to be switched
on or off with minimal disturbances to the microgrid opera-
tion. The design concept has been verified through various test
scenarios to demonstrate the operational capability of the pro-
posed microgrid and the simulation results has shown that the
proposed design concept is able to offer increased flexibility
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025 03

0.15 02 035 04

Time (s)

Fig. 18.  DC grid voltage.

and reliability to the operation of the microgrid. However, the
proposed control design still requires further experimental val-
idation because measurement errors due to inaccuracies of the
voltage and current sensors, and modeling errors due to varia-
tions in actual system parameters such as distribution line and
transformer impedances will affect the performance of the con-
troller in practical implementation. In addition, MPC relies on
the accuracy of model establishment, hence further research on
improving the controller robustness to modeling inaccuracy is
required. The simulation results obtained and the analysis per-
formed in this paper serve as a basis for the design of a dc grid
based wind power generation system in a microgrid.
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