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Abstract--In this paper, a standalone Hybrid power generation
system with improved power quality is proposed. The proposed
system consisting of Wind energy conversion system (WECS),
Diesel generator system, PV generation system and Battery
energy storage system (BESS).A hybrid system consists of wind,
solar PV, diesel generator, battery, and a controller. Tip Speed
Ratio (TSR) control with Field Oriented Control (FOC), method
was used for implementing Maximum Power Point Tracking
(MPPT) for wind system, variable step Perturb & Observing
(P&O) method for solar and optimum fuel consumption
technique for Diesel engine. MATLAB/Simulink was used to
build the model and simulate the system. The result shows the
better performance of the system under the variation of input
constraints as well as output constraints.

Index Terms— Hybrid Power Generation, Maximum Power
Point Tracking (MPPT), Field Oriented Control (FOC),
Variable-step Perturb & Observing (P&O) Method, Battery
energy storage system (BESS)

I. INTRODUCTION

Environmental concerns about global warming, fossil fuel
exhaustion and the need to reduce carbon dioxide emissions
provide the stimulus to seek renewable energy sources. Hybrid
power systems, which combine conventional and renewable
power conversion systems, are the best solution for feeding
the mini-grids and isolated loads in remote areas. Properly
chosen renewable power sources will considerably reduce the
need for fossil fuel leading to an increase in the sustainability
of the power supply. At the same time, conventional power
sources aide the renewable sources in hard environmental
conditions, which improve the reliability of the electrical
system. Which is expected to: satisfy the load demands,
minimize the costs, maximize the utilization of renewable
sources, optimize the operation of battery bank, which is used
as back up unit, ensure efficient operation of the diesel
generator, and reduce the environment pollution emissions
from diesel generator if it is used as a stand-alone power
supply.

Nowadays, the growth of wind and PV power generation
systems has exceeded the most optimistic estimation. In this
paper, a stand-alone hybrid energy system consisting of wind,
PV and diesel is proposed with the battery for energy storage.
Wind and PV are the primary power sources of the system to
take full advantages of renewable energy, and the diesel is
used as a backup system. The dynamic modelling and control
of the system is studied. The concept and principle of the

hybrid system with its supervisory control were delineated.
Classical techniques of maximum power tracking were
applied to PV array and the wind-turbine control in order to
reduce complexity and cost.

In the wind generation system, the squirrel cage
induction generator is introduced because it is robust and has
low cost. Power generation using wind energy is possible in
two ways, viz. constant speed operation and variable speed
operation using power electronic converters. Variable speed
power generation for a wind turbine is attractive; because
maximum efficiency can be achieved at all wind velocities.
The chosen variable speed WEG system consists of a wind
turbine, squirrel-cage induction generator, an AC-DC-AC
interface and the utility grid. In this paper the generator side
converter is controlled using vector control of induction
machine and the grid side converter is controlled using DC
link voltage control.The vector control methods include a
field-oriented controller (FOC) and direct torque controller
(DTC) [1 13-15]. There are also other advanced controllers
such as the sensor less controller [7] and the intelligent
controllers [8]. However, these advanced controllers were
developed to deal with special control problems, such as
nonlinearity and machine parameter uncertainty. Their control
mechanisms are the same as the FOC or DTC except the rotor
speed estimation, and therefore will not be treated in this
paper.

In some applications, the wind turbine may be augmented
by an additional power source, usually a diesel generator.
These systems are called wind—diesel systems [2] and may be
used to supply electricity energy to stand-alone loads, e.g.,
small villages that are not connected to the main utility. Most
diesel generation systems operate at a constant speed due to
the restriction of constant frequency at the generator terminals.
However, diesel engines have high fuel consumption when
operating with light load and constant speed. In order to
improve the efficiency and avoid wet stacking, a minimum
load of about 30% to 40% is usually recommended by the
manufacturers [3]. Variable-speed operation can increase the
efficiency, where the fuel consumption can be reduced up to
40% [3], especially when operating with a light load.
Moreover, the life expectancy can increase with a lower
thermal signature. To avoid the frequent start/stop of the diesel
energy storage system is often used.
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Fig.1 The proposed hybrid power generation system
Connected Inverters.

Power Point Tracking (MPPT) [4] and voltage conversion are
studied in this paper. The perturbation and observation (P&O)
MPPT algorithm is commonly used, due to its ease of
implementation. By using the P&O method, impedance
matching is conducted between a boost converter and PV
array in order to realize the MPPT function [5]. Here a boost
converter as the first power-processing stage, which can boost
a low voltage of the PV array up to a high dc-bus voltage and
a Voltage Source Inverter, is used as the second power-
processing stage, which can stabilize the dc-bus voltage and
shape the output current. Two compensation units are added to
perform in the system control loops to achieve the low total
harmonic distortion and fast dynamic response of the output
current. Furthermore, a simple maximum-power-point-
tracking method based on power balance is applied in the PV
system to reduce the system complexity and cost with a high
performance [6].

Generally, gird-connected pulse width modulation (PWM)
voltage source inverters (VSIs) are widely applied in Hybrid
Power Generation systems (HPGS), which have two functions
at least because of the unique features of PV modules and
Wind Turbines. First, the dc-bus voltage of the inverter should
be stabilized to a specific value because the output voltage of
the PV modules varies with temperature, irradiance; as well as
WECS varies with velocity of Wind and the effect of
maximum power-point tracking (MPPT). Second, the energy
should be fed from the PV modules, WECS into the utility
grid by inverting the dc current into a sinusoidal waveform
synchronized with utility grid. Therefore, it is clear that for the
inverter-based HPGS, the conversion power quality including
the low THD, high power factor, and fast dynamic response,
largely depends on the control strategy adopted by the grid

Il. SYSTEM OVERVIEW AND MODEL DESCRIPTION

The proposed hybrid power generation system is shown in
Fig. 1. Dynamic models of the main components were
developed using MATLAB/Simulink, consisting of Wind
energy conversion system (WECS), Diesel generator system,
PV generation system and Battery energy storage system
(BESS).

A. Wind Energy Conversion System

In order to capture the maximal wind energy, it is
necessary to install the power electronic devices between the
wind turbine generator (WTG) and the grid where the
electrical power delivered by the generator to the load can be
dynamically controlled and the frequency is constant.The
instantaneous difference between mechanical power and
electrical power changes the rotor speed following the
equation

P,-P
jdo _Fn-Fe )
dt @
Where J is the polar moment of the inertia of the rotor
(neglecting friction coefficient B), w is the angular speed of

the rotor, Pm is the mechanical power produced by the

turbine, and P, is the electrical power delivered to the load.

The input of a wind turbine is the wind and the output is
the mechanical power turning the generator rotor [4]. For a
variable speed wind turbine, the output mechanical power
available from a wind turbine could be expressed as
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where p and A are the air density and the area swept by blades,
respectively. V,,is the wind velocity (m/s), and Cp is called

the power coefficient, and is given as a nonlinear function of
the tip speed ratio A defined by
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where R is the turbine blade radius, and, is the turbine

A= 3)

speed. Cp is a function of 4 and the blade pitch angle S.

The variable-speed pitch-regulated wind turbine is
considered in this paper, where the pitch angle controller plays

an important role. Fig. 2 shows the groups of Cp -1 at

different pitch angles and speed- power curves of the wind
turbine used in this study at different wind velocities. It is
noted from the figure that Cpcan be changed either by

adjusting the pitch angle g or Tip speed ratio A. Here
considering constant pitch, In other words, the output power
of the wind turbine can be regulated by the TSR control.

B. Diesel-Generator Set Model

The diesel-generator set (DGS) model is composed of
combustion, drive train, and synchronous generator models. A
common governor model is used in this paper; the essential
features can be described by the transfer function described in

[9].

The fuel consumption of a diesel engine depends on the
speed and torque of the machine. Fig. 3 shows the fuel
consumption curves of a diesel engine for various rotational
speeds. It can be seen that at 20% rated power, there is a 50%
fuel saving than that at 0.6 rated speed. According to Fig. 3, a
continuous function for the optimal operation versus speeds
can be formed tangent to all the curves. In order to minimize
the fuel consumption, the speed demand (optimum speed) for
the diesel engine is calculated by building up a look-up table
where the optimal power-speed curve is implemented.

05F

04}

Power Coefficient,Cp
o o

LS ] w

-

o

01
0

Tip Speed Ratio,h

(a)

Turbine Power Characteristics (Pitch angle beta = 0 deg)
T T T T

——t32./5

1+
Max. power at base wind speed (12m/s) and beta =0 c/
08 ==

2als
i

(X1

Turbine output power (pu of nominal mechanical power)
o
e
T

0 02 04 08 08
Turbine speed (pu of nominal generator speed)

Fig.2(a) characteristics of the WECS at different pitch angles. (b) Turbine
power characteristics (pitch angle beta =0 deg).

The excitation system used in diesel generator is Type-1
excitation model taken from IEEE Standard 421.5 [10].
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Fig.3 Fuel consumption versus power at various rotational speeds.
C. Photovoltaic Array Model

A solar cell is traditionally represented by an equivalent
circuit composed of a current source, an anti-parallel diode, a
series resistance and a shunt resistance. As shown in Fig. 4,
the anti-parallel diode branch is modified to an external
control current source which is anti-paralleled with the
original current source [11].

V + 1R V +IR
|:|irr_|0|:exp(q‘—nk.|.sj_1:|_—[ S]
P

Where |, is the photo current or irradiance current, g is the

electronic charge (q =1.602 x 10 *° C), k is the Boltzmann
constant (k =1.3806503 x 10 % J/K), n is the Ideality factor or

(4)



the ideal constant of the diode, T is the temperature of the cell,
|, is the diode saturation current or cell reverse saturation

current and Ry R, represent the series and shunt resistance,
respectively.
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Where I, . is the photo current at SRC. a is the relative

temperature coefficient of the short-circuit current, which
represents the rate of change of the short-circuit current with
respect to temperature

The output characteristics are drastically affected by the
irradiation and temperature. Equations (4)—(5) show that the
solar cell has nonlinear output characteristics. The P-V and I-
V characteristics are shown in Fig. 5. When the output voltage
change of solar array is small, the change of output current is
extremely small and the solar array is considered as a constant
current source. However, the current decreases quickly as the
voltage exceed a critical value.

p
=

Fig.4 Modified equivalent circuit for a solar cell.
D. Battery Energy Storage System

The analyzed model of the battery storage system is
obtained from a built-in template in MATLAB. The battery
load current rapidly changes according to changes in weather
conditions and power command for the bus inverter in
operation. The dc-bus voltage must be regulated to stay within
a stable region regardless of the battery-current variation. This
was given in subsequent sections

1.  MPPT CONTROL ALGORITHM OF THE PV SYSTEM

The most common method in this field is the P&O method
[5]. It periodically increases or decreases the solar cell’s
voltage as mentioned before to seek the maximum power
point. In this paper, a variable step method is proposed to
search for the maximum power point, where the step length is
adjusted according to the distances to the MPP. The ratio of
the variation of power P to voltage V is considered as the step
length of duty ratio D, which is actually the slope of each
operating point under very short sampling time. Fig. 6 shows

the control block of the P&0O method.
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The principle of P&O MPPT strategy is to periodically
vary next step direction by a fixed factor +APp/AVpy, Which
is considered as the perturbation cycle. As shown in figure
7(a), regardless of where the tracking point firstly starts, the
final goal is to arrive at the steady state operation region
around the maximum power point. by comparing the current
PV array output power with that of the previous perturbation
cycle. The flowchart of P&O algorithm is shown in Fig 7(b).
The DC Bus Voltage regulation and VSC control strategies
were same for both PV and WECS, which is explained in the
latter section of the paper. Three-phase grid-connected PWM
VSI PV system shown in Fig.8
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IV. MPPT CONTROL ALGORITHM OF THE WIND
ENERGY SYSTEM

A. Optimum Tip speed ratio control

In the TSR control method presented in this paper, wind
speed is measured for obtaining optimum rotor speed using
the value of optimum tip speed ratio. The optimum TSR is
obtained from the turbine’s C,-A curve. The rotor speed
required for implementing speed feed-back control is either
estimated using a speed observer or measured using speed
sensor. The speed control is exercised using a PI controller.
The measured speed, and further, using optimal TSR, the
optimal rotor speed command is computed. The generated
optimal speed command is applied to the speed control loop
of the WECS control system. The Pl controller controls the
actual rotor speed to the desired value by varying the
switching ratio of the PWM inverter. The control target of the
inverter is the output power delivered to the load. This WECS
uses the power converter configuration shown in Fig. 9.The
block diagram of the Pl-based MPPT controller module is
shown in Fig. 10.

Here, the optimum speed command was generated by the
MPPT controller for speed control loop of machine side
converter control system enabling the WECS to extract
optimum energy.

B. Design of the PI Controller

The PI controller is used in Fig. 11. The desired step
command tracking response for high performance
applications usually are: 1) no steady-state error; and 2) preset
rising time. In addition to these two criteria, this research will
further suppress the overshoot. Using the nominal plant
model, the transfer function of the power response to the
command input in Fig. 11 can be expressed by
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With the absence of zeros, the overshoot of the step
response in (6) can be avoided by setting the damping ratio {=
1. If the unknown parameter wyis solved according to the
prescribed specifications, the parameters of the P1 controller
can be computed using

Jod (2Jwn-B)
K== K== (8)
Equation (6) also indicates that the tracking steady-state error
is zero. It follows from the previous analysis that the desired
tracking specifications can be completely achieved by using

the simple PI controller.

V. DC LINK AND VSC CONTROL

The VSC control scheme in the double processed, three-
phase, grid-connected PV and wind systems shown in Fig. 9
and Fig.10 implements regulations of DC bus voltage and
unity power factor. Fig. 11 shows the block diagram of the
VSC control scheme that was used in this work. The measured
feedback currents i,, ip, ic from the utility grid at a point of
common coupling (PCC) are converted to the rotating dq
reference frame oriented with the grid voltage v,, vy, V¢, The
transformation process is known as Park transformation,
which uses the following equation:

v, _2 v, SinG+v, sin(@ﬁ)wc sin(0+2—ﬂJ
3. 3 3
v, _2 V, 00S6+V, oos(@—z—g}vc oos(@+2—§ﬂ, ()

I, SiN6+, sin(@—z—ﬂ)ﬂc sin(0+2—ﬂj
i 3 3

I, 00S0+i, oos(@iﬂ}ic oas(0+2—ﬂ]
3. 3 3

where the grid angle 6 is obtained via a phase locked loop
(PLL). The vy, Vg, ig, and iq are DC variables, which can be
properly controlled with a proportional integral (PI) controller.
The DC link voltage error Vgc— Vg refiS controlled with a
Pl controller, which eliminates the steady-state voltage
variations at the DC bus by forcing a small active power
exchange with the electric grid. This process provides d-axis
current reference iq o, Which is proportional to the active
power that controls power flow from or to the DC side. The g-
axis current component iqis proportional to reactive power,
whose reference iq S set to zero to maintain unity power
factor.
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The voltage outputs v’y, v’qof the current controller are
converted to three modulating signals v’,, v’pand v, using the
following transformation, which is the reverse of the Park
transformation:

C V, Y, +,
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(o 3 q

These transformations are then used by the three-phase,
VSC PWM generator to achieve the control pulses of IGBTS.
The same procedure is applied to WECS Grid connected
converter control.

The harmonic currents pose one big challenge to the
measurement of power quality, the total harmonic distortion
(THD) of the voltage, calculated according to (11):

THD {f“(uh)ﬂm (11)

h=2
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Where harmonic voltages is uy, and h denotes the harmonic
order.

VI. RESULTS AND DISCUSSION

The proposed hybrid system was implemented in the
MATLAB/Simulink environment as shown in Fig.l.
Parameters of the WECS, the diesel generator, and the PV
system used in the simulation are shown in Table I. Many
tests were conducted to show performance of the model under
various conditions, with the conventional MPPT techniques,
such as typical TSR control and P & O method.Solar and
Wind power systems are operated as base load plant and diesel
will work as peak load plant. The simulation is run on 10 secs.

The entire simulation can be divided into three sections:

A. MPPT System Performance with constant load (O-
5.5secs).

B. MPPT with Load Change (5.5-10 secs).

C. MPPT under Variable Conditions.

A. MPPT SYSTEM PERFORMANCE
1. Wind Power MPPT

Time domain simulation was run for the hybrid power system
with varying load under sufficient wind and irradiance. The
output power from WECS is shown in Fig. 12, it can be seen
that the Pl with less transient and smaller vibrations. The
average power available is 5.1 kW.

TABLE.1

SIMULATION PARAMETERS

Wind Induction Generator

Rated Power (kW) 7.5
Voltage (V) 380
Frequency (Hz) 50
Inertia 0.7065
No. Of Pole Pairs 2

Wind Speed (m/s) 8-12

Diesel Synchronous Generator

Rated Power (kW) 16
Voltage (V) 380
Frequency (Hz) 50
Inertia 0.8
No. Of Pole Pairs 2
PV Array

Maximum Power of 230W@25°C, 1KW/m?

Module Unit (W)

Module Number 6x4=24
Total Power Rating (kW) 0.23x24=5.52
Unit Rated Voltage (V) 30
Unit Rated Current (A) 7.8
Irradiance Level (W/m?) 800-1000

Battery Energy Storage System

Rated Voltage (V) 540
Capacity (kWH) 100
Load
Capacity (kW) | 9-15
Grid
Voltage (V) 415
Frequency (Hz) 50
Phase 3

The SCIG reaches its rated speed at 1.5sec, until then the
load feeds on the battery. The rotor speed will adjust
corresponding to the changes in the wind speed as shown in
Fig.12. This shows the better performance of the MPPT
controller.

The effect of variation of wind speed is also considered
along with load changes in order to show stability of the
system. The wind speed falls from 12m/s to 8m/s at interval
between 3-5.5secs.
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2. Solar Power MPPT

The output power from PV is shown in Fig.13. We can see
that the P&O controller provides a better performance, both in
the transient and the steady state. The average power is 4.4
kW.

Here the ramp up/down signal is given as irradiance, which
is varied rapidly from 1000-800-1000 at time interval between
1-3secs.

The P&O controller of the system can quickly and
accurately track the maximum power output for solar array.
The effective tracking of irradiance by the power and system
voltage is shown in the Fig.14, indicates robustness of the
P&O algorithm.

B. MPPT with Load Change

Fig.15 (a) and (b) shows the response of P&O and PI
controllers for a sudden load change from 14 to 22 kW at
6.5sec. The dc-link voltage slightly decreases and then
recovers in around 0.1 s.
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Fig.13 MPPT Tracking response of PV system.
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C. MPPT under Variable Conditions

This case demonstrates a changing environment, during 2
to 7 secs, the wind speed changed from 12 to 8m/s and again
from 8 to 13 m/s in the time period of 3 to 5.5 secs. The
irradiance level changed from 1000 to 800 W/m2 and the load
is changed from 8 to 22 kW.
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Fig. 15 MPPT response under sudden change in load for (a) Solar (b)
Wind.

We can see from Fig.16 that with the drop of wind speed,
the wind power also dropped to a low level around 0.2 kW.
The diesel generator works with the wind turbine and PV
array to meet the demand by picking up more loads. With a
short transient in the beginning, the hybrid system quickly
reaches stable operation. From Fig.3, the relationship between
the optimal rotational speed and the power of the DGS is
almost linear in this research. With normal load i.e. 8kw up to
base load the mechanical input of the DGS is 0.1 With
increase in load i.e., 14-kW load, the optimal speed,
mechanical input of the DGS is 0.6 p.u, i.e., 43% rated speed.
With 20-kW load, the control strategy drives the generator to a
new optimum speed; mechanical input of DGS is 1.1p.u, i.e.,
51% rated speed. The fuel savings at these reduced speeds are
around 19% and 11% in comparison with the rated speed,
respectively, Prime-mover input, field excitation, terminal
Voltage, Speed are shown in Fig.17.
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Fig.16 MPPT tracking under sudden Change in load from
5.5 10 8 secs.

Synchronous Generator will regulate the frequency of the
grid, under minimum load or No-load on the utility; solar,
wind and BESS would feed the load, in that condition
synchronous generator will act as synchronous condenser
delivering leading power factor
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Fig.17 Governor and excitation response for sudden change in load.

The grid frequency response will not change as can be seen
in Fig. 18. The proposed method can track faster with a more
stable output power under load disturbance. The harmonic
distortions present in the load current and voltage waveforms
were observed and calculated through FFT analysis tool in
Powergui in Matlab/Simulink. FFT Analysis of Grid Current,
THD of 0.14% at 50 Hz .The results achieved were
satisfactory and within the permissible limits in accordance to
IEEE standards.
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VIlI. CONCLUSION

In this paper, a solar and diesel-wind hybrid generation
system was proposed and implemented. This stand-alone
hybrid generation system can effectively extract the maximum
power from the wind and solar energy sources. From the case
studies, it shows that voltage and power can be well controlled
in the hybrid system under a changing environment. An
efficient power sharing technique among energy sources are
successfully demonstrated with more efficiency, a better
transient and more stability, even under disturbance. The
simulation model of the hybrid system was developed using
MATLAB/Simulink. The load frequency is regulated by the
diesel generator by imposing the rotor currents with the slip
frequency. The electrical torque of the WECS generator is
controlled to drive the system to the rotational speed where
maximum energy can be captured. Depending on the load size
and the power supplied by the WECS generator, the control
system regulates the DGS rotational speed to minimize the
fuel consumption. The Power Quality of the system from the
results obtained has been very good and right value for the
money invested.
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