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Abstract: Micro Grids (MGs) are well described as distribution systems with integrated distributed energy resources, i.e.
photovoltaic (PV) and wind power generation systems. MGs can improve the quality of power by maintaining voltage levels and
reducing the cost of energy supply. Despite the obvious advantages of distributed generation, technical operating and controlling
challenges related to MGs are immense to maintain voltage and frequency stabilities during variable loading and emergency
condition. This paper proposes an efficient an overhaul maximum power conditioning control system of micro grid feeds from
PV modules and wind turbine. The PV power system utilizes two-stage energy conversion system topology, i.e. a DC/DC
chopper circuit and voltage source inverter (VSI) that satisfies the MG technical requirements. For the proposed PV maximum
power point tracking (MPPT), the boost chopper duty cycle is being adjusted to set the PV panel operating point to a maximum
power point. Whereas for the proposed wind turbine, the pitch angle controller is developed to force the wind turbine to reaches
its optimal operation at low and medium wind speeds. During high wind speeds, the pitch angle is changed to minimize the
aerodynamic power. The dynamic model and control of the investigated MG for both transient and steady states operations are
illustrated. Furthermore, the control strategies for maintaining the maximum energy conversion and to obtain voltage stability
under multiple operating conditions are presented.
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transmission and distribution networks. It can be achieved by
having micro grids with DG close to load center. Micro grids
can also enhance system performance by relieving the
overloading of the network and aiding the operating engineer
to speed up the restoration process after blackouts due to fault
or emergency conditions [3]. However, for direct energy
supply to the grid, DG used in micro grids might be
technically not suitable. It is recommended to use inverter to
interface DG with MG to maintain the desired voltage and
frequency under time varying loads. Ensuring stable MG’s
operation under abnormal conditions as well as power quality
needs development of complicated control strategies for the
interfaced converters [4-6]. In recent researches, machine
learning techniques have been employed for micro-grid
systems. However, these algorithmic techniques need a proper
training and certainty pre-definition to improve the system

1. Introduction

In today’s evolving power systems research, Distributed
Generation (DG) has had the rapid growing area of research.
Despite the fact that the concept of power generation from
different isolated locations is not novel, researchers have
introduced the concept of integrating renewable energy
sources as well as fossil fuel generators of a small capacity to
the centralized power system grid [1].

The step toward more decentralized power system has been
necessary because of many reasons. It has been concluded that
these reasons are the increased environmental awareness and
electricity market deregulation [2]. A new system called micro
grid is formed when different DG units are interconnected to
distribution network. Increasing reliability and decreasing
losses can be obtained by reducing the power flowing from
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operation under abnormal operations [7, 8].

In the last few years, PV arrays have been growing fast as one
of the nominated DG sources. This is principally because of the
improvement in PV technology and conversion efficiency as well
as reducing the PV system installation costs. It has been very well
known that to allow maximum power extraction form the PV
MPPT is implemented. The MPP operation of a PV module
depends on ambient temperature and solar irradiance. The system
operating point can be controlled and successful achievement of
MPP can be ensured by controlling either the DC-DC or the
DC-AC converters. Many algorithms would be successfully
implemented to achieve MPPT operation, i.e. constant voltage,
perturb and observe parasitic capacitance and incremental
conductance [9]. Similarly, wind generation systems are
preferred to extract maximum possible energy from wind,
therefore MPPT is generally implemented so maximum output is
ensured at nominal wind speeds. In case of high wind speeds, it is
essential to dissipate some excess wind power to keep away from
the risk of wind turbine damage. Therefore, a development of
effective wind turbine power control is recommended. There are
various strategies of power control on recent wind turbines
technology; one of these is a pitch control. Following a pitch
control based wind turbine, the power output is being checked
quite a few times per second, if the output power exceeded the
cut-off rang, the rotor blades immediately revolve the turbine’s
blades to some extent out of the wind. In opposition, the blades
are revolving back to face the direction of the wind every time the
wind speed drops again [10]. In order to design a pitch controller
wind turbine, experience is required to obtain the optimal angle
of the rotor blades which ensure getting the most output for
various speeds. This paper studies transients and steady states
behavior of a micro grid under varying climate conditions and
three phase fault. With the intention of evaluate the system
dynamics; a detailed system model is created. So that the micro
grid components that include power conditioning system can be
simulated. MPPT for PV system using constant voltage (CV)
algorithm is illustrated. Also pitch control for wind turbine under
wind speed fluctuations and different solar irradiance is
introduced. This paper is structured as the following; the layout
of the investigated MG is demonstrated in Section II. Section IIT
gives solar and wind energy driven DG units modeling and
presents the description of the proposed overhaul control
technique to have the maximum power conditioning. In Section
IV, the investigated conditions along with results are discussed.
Finally, Section V is the conclusions.

2. Micro-Grid System Model

The single line diagram of the investigated micro-grid is
presented in Figure 1. The MG system configured using 22 kV
interconnected network with 200 kW PV panel and 660 kW
variable speed wind turbine. Both of WT and PV are connected to
the grid with each other with three short transmission lines with
length of 20 Km. The studied PV array is poly crystalline silicon
which is formed using 36 cells per module. The open circuit
voltage is 20.8V. The system configured using 33 series modules
and 119 parallel modules. The PV bus has a local load of 120 kW

and reactive power of 50 kVar, while the wind local bus load is
280 kW and 100 kVar. Using DC/DC boost converter and
three-phase two-level DC/AC inverter PV modules are connected
to the grid. Then the PV modules are connected to the DG through
a transformer 6kV /22 kV 250 kVA, while, the WT is connected to
MG through 800 kVA, 690V/22kV transformers. The turbine
rated wind speed is 12m/s with pitch control and it is coupled to
self-excited induction generator (SEIG). In the case of SEIG with
fixed capacitor, extra source of reactive power from the grid is
required. Providing this reactive power from the grid system could
improve system dynamic performance. The DG voltage variations
are recorded due to wind speed and radiation flections.
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Figure 1. Investigated micro grid single line diagram.

3. Proposed Maximum Power Overhaul
Scheme

The proposed overhaul control scheme target is to have
maximum power conditions for both PV array and the wind
turbine. For PV array, MPPT constant voltage is applied for the
boost converter and the PWM based three phase two level inverter,
while for wind turbine pitch control being used. In this section the
detailed descriptions for both algorithms are introduced.

3.1. PV Array MPPT

To simulate a real behavior of the system an exact
equivalent circuit modeling including the physical aspects of a
p-n junction is necessary. A model of the PV cell could be
developed using a parallel DC current source and diode.
Doing so, the amount of electrons that escaped because of
charge recombination mechanism and diffusion can be
represented. A couple of resistors, Rs and R, represent the
effective contact resistance of the PV cell and the PV cell
internal resistance respectively. The values of Rs and R,, are
found either by measurements or can be obtained using curve
fitting technique derived from the PV cell I-V characteristic.
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In addition, source current I, represents the photo cell current.
The relationship between the PV terminal voltage and output
current of the cell is given as below, [11]:

= b= (£5220) ]2

Where; A is the ideality factor of a diode, T is the Kelvin
temperature of the PV cell, q is the charge of the electron
(1.60217646 % 107" C), I is the reverse saturation currents of
the diode, k is (1.3806503 x 10> J/K) which is the Boltzmann
constant. A PV module consists of multiple PV cells. These
modules can be connected in parallel or in series
configurations to structure a PV array. By assuming high
resistance value of R, the array current can be found as below:

= Wy () )]

I‘rs: r‘r(Tlr)g exp [EG (i - i)] (3)

AK\T, T

Where; I is the short circuit current and k represents
temperature coefficient of the short circuit current. S
represents the mW/cm® solar irradiance. A grid-connected
based PV power generation system has to deliver a maximum
possible solar power extracted, to the MG regardless climate
conditions. Consequently, the employment of a proper MPPT
is preferred. The power obtained from the PV modules has
non-linear relationship with solar radiation and ambient
temperature. Based on the nonlinearity behavior, the PV
output power varied constantly hence the optimal PV
operating point must vary to ensure maximum energy
conversion. To achieve this target, a control algorithm to have
MPPT operation for both the boost and PWM inverter is
proposed and its block diagram is illustrated in Figure 2. The
constant voltage (CV) algorithm is applied due to its
simplicity for MPPT control method. It is illustrated that, the
PV array operating point achieved MPP by manipulating the
PV voltage to the desired reference voltage (V). The desired
reference voltage has to be the manufacturer VMPP of the PV
module. This scheme supposes that temperature variations as
well as individual insulation are of no consequence. Hence,
the uncertainty of the MPP reference voltage is introduced. So
it can be noted that CV algorithm is developed on the bases of
roughlysteady ratio between VMPP and V., below:

Vmpp = KV 4)

By regulating the array output voltage to calculated value,
the MPP operation is obtained. The voltage measurements of
the VPV are required so that the duty ratio of the DC/DC
converter is designed.

3.2. Booster Control

It is well known that a boost chopper circuit is a power
electronics converter which increases the output DC voltage to
a level greater than the input DC voltage. Constant or regulated
voltage operations of a boost converter can be met by
implementing pulse width modulation (PWM) technique. In
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addition, regulated output voltage from variable input voltage
can be derived by varying the duty ratio (d) of the chopper. The
boost chopper operation can be governed by the following [12];

6))

Vo _ T
Vi toff

1
T 1-a
Whenever VMPP is determining, the DC/DC boost converter
can be controlled to ensure that the array terminal voltage is at
MPP. As illustrated in Figure 2, the deviation between MPP
desired the PV output voltages characterize the PI controller
error. Hence, PI controller is designed to regulate the output
voltage of the PV array by switching the IGBTs on and off at
high frequency based on duty ratio. However, high switching
frequency capability of the DC-DC boost converter decouples
the dynamic performance of the PV modules because of the
differences between voltage or current from that of the DC link
capacitor, which offers good performance under different
atmospheric conditions. Boost converter is employed in order to
step-up the voltage level to match the grid voltage level.

3.3. VSI Three Phase PWM Inverter Control

Along a variety of modulation techniques for MMI, PWM
is nominated because of its advantage of utilizing the DC link
voltage efficiently. In addition, it minimizes losses caused by
commutation and reduces the value of the total harmonics
distortion (THD). The employed inverter topology is a
three-phase  two-level DC/AC inverter. The inverter
constructed using IGBTs to minimize the switching losses.
Based on the gating signals, the output terminal voltage is
either zero or equal to the capacitor voltage, and could be
expressed as the following, [13]:

Viny = N = Vcap (6)

Where, Vi, is the terminal voltage, V,, is the capacitor
voltage and N is gating signal. The value of N is either zero or
one. Considering two-level inverter, the output alternating
voltage with positive and negative values (+Vg, and -Vy.) is
obtained by controlling the upper and lower IGBT. Mainly at
the PCC, the inverter is being connected to the network via the
impedance of coupling transformer. The coupling transformer
impedance is represented by the equivalent resistance and
inductance. It is worth mentioning that the mutual equivalent
inductance allows the consideration of the transformer’s
magnetizing inductance. The current controller objective is to
eliminate the error between the inverter output and desired
currents. Designing a current controller requires transforming
the output three phase currents to a developed dq rotating
reference frame. The description of the relationship between
V4, which is the DC side voltage, and Vi,,, which is the
generated AC voltage, in the dg-frame is given by:

[Vinv,d

V. ] = Sav,qudc @)
inv,q

Where; ( Sgpqq = 0.866m; ) and mi is the inverter
modulation index. By using a phase locked loops the grid
frequency in locked and Vq is set to zero [11]. Real and reactive
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power injections from the PV array can be controlled using Id
and Iq, whenever the grid voltage is relatively constant. Field
oriented control (FOC) is implemented to allow real power
injection from the inverter by controlling Id using PI current
controller. The PI current controller force I to track the desired
signal I4 ggr Which is generated from the DC link capacitor.
Moreover, I is set to zero hence the reactive power injection is
zero. The control block diagram is presented in Figure 2.

Having constant DC voltage across the capacitor indicates
that the power flows in, from the PV array, equivalent to the
power flows out to the inverter [14]. The capacitor input
power is controlled to ensure MPP operation of the PV
modules by controlling the DC-DC chopper circuit. The 14 rgr
is obtained from the difference between Pin and Pout based on
to the below equation:

1
1= (Kp(Pn =

d

Pout) + K f(Pin - Pout)dt) )

Where K; is the integral constant Kp is the proportional
constant of the controller. V is the d-axis element of the voltage
at PCC. The output of the PI current controller is the modulation
index m, which is injected to PWM switching circuit.

L. Temperature
Radiatign

Mo. of series
Modules

!

Modulation
Fraction

Vac Boost D PID
Boost with MPP :
Loe ABC/d
v q
Vaoe PLL
Vdc
- DC Voltage +
Ve rer Regulator
Vd:
' 1 g(pufses)
Anti Aliasing I
i Filter | Two-Level Inverter I Vabe_syn
: Vac [
: Iab-c Vabc .
Three phase PWM Inverter !

PV Bus

Figure 2. PV grid connected control block diagram.

3.4. Wind Turbine Pitch Control

The variable speed wind turbine extracted power affected
by some key aspect such as the total power offered by the wind,
the machine’s power curve and the performance of the
machine under wind speed variations, which is mainly depend
on the used control algorithm [15]. The available power which
can be extracted from the wind is as follows:

pw = 0.5p.4.C,(1, B).V,,* 9)

Where, Pw is the wind or aerodynamic power, p is the air
density, A is the swept area of the turbine blades, C, (A, B) is
the power coefficient, A is the tip speed ratio and B is pitch
angle, V,, is the wind speed.

The tip speed ratio (TSR) is defined as:

R
A=w, —
Yw

(10)

Where, o, is the mechanical speed of the rotor in rad/s and
R is the radius of the rotor. The characteristics of the wind
turbine could be described using (Cp— A). It worth mentioning
that for a constant speed operation, any variation in the wind
speed will directly manipulate the TSR. Furthermore, the C,
will change and the extracted power from the wind as well.

For variable speed operation, however, the operating rotor
speed is regulated based on the instantaneous wind speed. Hence,
the TSR can be kept at its optimal value and MPP operation is
achieved. The power coefficient equation C, (A, B) is employed in
order to model the wind turbine behavior. Also, C, is used to
evaluate the energy conversion efficiency. It is desired that the
wind turbine always achieved maximum C, values in order to
capture the maximum power from the wind [16-19].

C, = 0.5(A— 0022 2 5.6 07% (1)
— R\3 5
pPr = 05pA CpT (E) [ (12)
pr = Kp(RPM)3 (13)
Where; Py is the target power at max. Cp;
Co(D=C,(AT) (14)

Kp is the computed wind turbine data and RPM is the rotor
speed. For a fixed-frequency application, such as the
investigated application, the induction generator rotor speed has
a slight variation above the synchronous speed according to the
slip, while the wind speed may vary across a wide range. The
pitch control technique is a most commonly employed approach
for regulating the output power of a wind power generation
systems. It reacts based on the deviations in the extracted wind
power hence pitch angle of the blades is changed. It is generally
used for speed control, power generation optimization and to
start /stop the turbine. Wind energy generation system is
recommended to always achieve a maximum C, operation.

During lower wind speed region, the wind power extracted
by the wind energy generation system is below the maximum
power rating of the wind, to achieve this objective; the pitch
angle of the wind turbine is regulated to obtain the maximum
possible Cynax. As the rpm changes according to wind speed,
the pitch angle is changed to keep its optimum power. To
fulfill this study, aim a proposed applied pitch control
algorithm is shown in Figure 3 using PID pitch controller
which generates the pitch angle required for capturing the
maximum wind power. The PID uses the error between the
desired maximum mechanical output power P, grgr equal to
(1pu) and actual captured mechanical power (P,), which
resulting from the variable wind velocity to determine the
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required pitch angle. The desired pitch angle output is
connected to a limiter to make sure that the pitch angle value is
within the permissible range and by setting the limiter (P ).
The PID gains for system controller are designed off line using
the Zeigler-Nicholas rules for tuning their parameters.

PID Controller

1
JError, Pm (pu)

—F

Pitch angle

Pro_rer (pu)

Figure 3. Pitch control block diagram.

4. Simulation Results

For the studied micro grid system illustrated in Figure 1, the
micro-grid sources considered comprise of a photovoltaic
generator equipped with constant voltage MPPT and a
variable speed wind turbine equipped with maximum power
pitch controller. The system has been tested under different
normal and abnormal operation conditions. As a sample of
input weather data, the variations in solar irradiance and wind
speeds are illustrated in Figure 4. Three phase faults have been
created to the midpoints of the feeders that are connecting the
grid with the two PCC of the wind farm and PV array. Due to
the short lines of both the feeders, the behavior of the system is
almost the same in both faulty cases. The simulation results
are shown to overview the system’s parameters response for
the case of three-phase fault on the feeder connecting the grid
with the PCC of the wind bus. This fault is initiated at (2 sec’s)
for a duration of (1 sec). Figure 5 represents the dynamic
performance of the grid bus in terms of current and voltage as
well as active and reactive power also the simulation results
demonstrate the condition of active power feeding the grid.
During abnormal operation, i.e. fault, the supplied current and
power are subject to rapid increase. After fault clearance the
current and power are maintained to their nominal values.

Wind speed (m/sec)
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Figure 4. Climate conditions (a) wind speed (b) solar irradiance.
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The wind speed is varying as shown in Figure (4.a), while
the corresponding bus parameters; voltage, current and both
active and reactive power are injected at wind-PCC. Pitch
angle, electric torque and the rotor speed are shown in figure
(6). Under faulty condition, the magnitude of the voltage at
wind-PCC is dropped suddenly hence the extracted wind
power as a result is decreased as illustrated in Figures (6.a) and
(6.b) respectively. While in Figure (6.c), the pitch controller
regulates the pitch angle to follow the C,.x Operating mode
according to the fact that the power is controlled to a level
equal to the rotor speed cubed. The pitch angle control
succeeded to keep the rotor speed constant to avoid any
acceleration for the generator rotor as introduce in Figure 6.d
where the corresponding electric torque is shown in Figure
(6.€). The operating point will be reset again to Cypme, Operating
mode after fault clearing. This is achieved according to the
pitch mechanism capability and efficiency in fast controlling
of the maximum extracted wind power. Moreover, by keeping
the rotor speed constant the rotor stability is enhanced.
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Figure 5. Grid bus variables (a) Voltage and current (b) active and reactive
power.

The solar radiation is forced to vary according to day and
night timings as described in Figure (4.b).

The corresponding power generated by PV system can be
illustrated in Figure (7.a). It can be figured that the output
power of the PV is perfectly matches the maximum power
expected based on the solar irradiance. The MPP operation has
been achieved successfully by employing the proposed
constant voltage algorithm.

Similarly, Figure (7.b) demonstrates PV-PCC’s current and
voltage variations at the distribution feeder. The PV-PCC
voltage has been regulated to a fixed value which indicates a
perfect constant voltage operation; however, during the fault
the voltage reduced to 0.8 pu. At wind-PCC, the current shows
a perfect matching of the desired value. It has been noted that
there is a slight transient affect in the switched over power of
the grid connected based PV system. This effect is caused by
the decoupling loops of the d-q current controllers.
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In order to achieve constant voltage operation, the proposed
MPPT control algorithm for the PV array is implemented to
control the power electronics circuits. The Inverter
performance variables are shown in Figure 8, i.e. the Boost
duty (D), DC link voltage, three phase inverter, PWM
modulation index and Inverter phase voltage during the three
phase fault at midpoint of the wind-grid feeder. For the second
case study, the system performance has been investigated with
a fault at 5 km from PV-PCC. Actually, this case represents a
short feeder in micro-grids.
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5. Conclusion

The paper presents a maximum power condition scheme for
PV array and wind energy as renewable energy resources
integration to micro-grid. Pitch control using PID was applied
for wind turbine to regulate the wind generated electrical
power around its maximum power at any wind speed. Thereby,
the upper limit of captured power is the wind turbine rating.
Two stage power conditioning system have been integrated,
i.e. three-phase inverter and DC-DC boost converter. The
integration of this power conditioning system enhanced the
system’s interface during different operating point operations
or faulty conditions. Based on controlling duty ratio of the
boost controller, a PI MPPT constant voltage controller has
been developed. The detailed system model is derived,
presented, and evaluated. The evaluation of the proposed
control approach has been provided using the simulation
results. The control approach has been evaluated during
abnormal conditions, i.e. short circuit fault, wind speed
variation and solar irradiance variation. The PI as well as PID
controllers have been tuned in order to achieve a better
dynamic performance of the system. The system shows a fast
recovery of the reactive power as well as improved capability
of severe disturbance rejection. In conclusion, the evaluation
of the proposed control approach shows the successful
achievement of optimal values in terms of voltage and power
under variable wind speed and different solar irradiance.
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