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Abstract

This paper proposes an optimal power flow (OPF) method that considers the entire system to determine the optimal
operating strategy and cost optimization scheme as well as the reduction of emissions for micro-grid. Recent works
emphasize optimal operation to minimize cost and emission without considering the OPF. This work applies optimal
power flow solution including constrains in micro-grid system. The OPF process utilizes multi-objective genetic
algorithm optimization. The method is programmed in MATLAB and tested on a modified IEEE thirty-bus test
power system which has distributed generation integration. The results are compared with optimization without OPF.
Based on these results, the optimization with OPF will determine optimal solution close to real condition as well as
safety of the system.
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1. Introduction

The current electrical power needs are increasing rapidly in line with technological developments. This
electrical power needs increase in contrast with depletion of the energy sources availability of oil and coal.
This problem has an impact on the national power resistance. As a good supplementary form for large
power supply and large-scale energy base, distributed generation system increasingly becomes an
important way to meet the needs of load growth, reduce pollution, increase energy utilization efficiency,
improve supply reliability and so on [1]-[3]. The sources of distributed generation are renewable energies
in order to minimize the use of energy sources of oil and coal. The distributed generation is integrated
into the main grid through intelligent micro-grid. With more distributed generation integrated into grid, it
is important to determine the optimal electrical power generation from each distributed generation so that
the electrical power needs can be met with minimal operational cost and emissions [3].

OPF is an important tool for power system operators both in planning and operating stages. OPF can
be used to perform optimal scheduling generation in the inter-connected power system. The main task is
to adjust some control variables (e.g. active power generation from power plants, generator terminal
voltage, reactive power compensation and on-load tap changers of transformers) in a power system, so
that the best operating point can be achieved. With regard to ‘best’, it means this operating point can
minimize or maximize certain objective function (e.g. active power loss in the target system or social
welfare from the target system) while satisfying certain constraints (e.g. bus voltage magnitude limits and
generation limits) [4]-[6].

In previous research, economic-emission dispatch of micro-grid system is applied without considering
transmission and voltage constraints [7]. Different from previous research, the proposed approach applies
OPF using multi-objective genetic algorithm to minimize emission and operational cost in micro-grid
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system. OPF is integrated in the economic-emission dispatch based on artificial intelligence by using
multi-objective genetic algorithm. This algorithm is applied to find the optimal solution which is a
compromise between multiple and contradicting objectives, which determines an optimal power flow
solution that considers the system limitations such as voltage and power limits.

2. lllustrative Micro-Grid Model

Typical micro-grid is shown in Fig. 1. The model tested in this research is shown in Fig. 2. It combines
many electrical sources on a plant. These electrical sources are wind turbine (WT), micro turbine (MT),
diesel generators (DG), photovoltaic arrays (PV), fuel cells (FC). Many of them are renewable energy
sources like WT and PV so the fuel input is needed only for the DG, FC, and MT. To serve the load
demand, electrical power can be produced either directly by PV, WT, DG, MT, or FC. Each component
of the micro-grid system is modelled separately based on its characteristic and constraints [7].

Photovoltaic WindTurbine FuelCell MicroTurbine DieselGenerator
0.083 kW 0.83 kN 50 30 kN 6 i

Load3 Load2 Loadl
Fig. 1. Typical micro-grid.

4 Photovoltaic 5

e Wind Turbine

Fig. 2. Modified IEEE thirty-bus test [9].

2.1. Optimization model

To use the model of the plant, the power demand has to be defined by the load. Besides that, locally
available energy information also has to be defined like solar irradiation data (W/m?), outside temperature
(°C), wind speed (m/s), as well as cost of fuels ($/liter) for DG and natural gas price for supplying FC and
MT ($/kWh). It is important to know the technical and economic performance characteristics of supply
options like rated power for PV, power curve for WT, and fuel consumption characteristics for DG, FC,
and MT [7].

2.2. Proposed objective function

The major concern in the design of an electrical system that utilizes micro-grid sources is the accurate
selection of output power that can economically satisfy the load demand, while minimizing the emission.
Hence the proposed objective function is to minimize the operation cost ($/h) and the emissions (g/h),
subject to power balance constraints [7].
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A. Operating cost (OC)
The cost function takes the form:

CF(P)=CF(PFC)+CF(PMT)+CF(PDG) [€h)

where CF(P) represents the operating costs in $/h, CF(Pgc) for the FC, CF(Pyy) for the MT and CF(Ppg)
for the DG.
OC-Fuel Cell. The fuel cost for the fuel cell is calculated as follows [10]:

CF (PFC ) = Cnl PF_C (2)
n
where C,, is the natural gas price to supply the fuel cell, Pgc is the net electrical power, and 7 is the cell
efficiency.

OC-Micro Turbine. Micro turbine models are similar to those of fuel cells [10]-[12]. However, the
parameters and curves are modified to properly describe the performance of a MT unit. The fuel cost for
the micro turbine is calculated as follows:

P
CF (PMT ) = Cn| M (3)
n
where C,, is the natural gas price to supply the micro turbine, Py is the net electrical power, and 7 is the
cell efficiency.

OC-Diesel Generator. The fuel cost of a power system can be expressed mainly as a function of its
real power output and can be modelled by a quadratic polynomial [10], [13]. The total diesel fuel
consumption rate (liter/h), CF(Ppg) can be expressed as:

CF(PDG):a+bPDG+CP2DG 4)

where a, b, and c are the coefficients of particular generator, Ppg is the output power of the diesel
generator in (KW) assumed to be known. Typically, the constants a, b, and ¢ are given by the
manufacturer. For example, diesel fuel consumption data of a 6-kW diesel generator set (Cummins Power)
model DNAC 50 Hz [10], [14] is available in liter/h at 1/4, 1/2, 3/4, and full loads. From the data sheet
the parameters in (4) are: a = 0.4333, b = 0.2333, and ¢ = 0.0074.

Wind Turbine optimization. In the design of a wind turbine model, two important factors are
considered; the availability of the wind and the power curve of the wind turbine itself. The available wind
generator output, is a function of the wind velocity. In order to model the performance of the wind turbine,
the power curve of the wind turbine must be obtained. The following is the model used to calculate the
output power generated by the wind turbine generator [10], [15], [16]:

R =0, V. <Vy, Ry =aV’, +bV, +c, V<V, <V,, Ry, =130, V,<V, >V (5)
where Py, Vi, and V, are the rated power, cut-in and cut-out wind speed, respectively. Furthermore, V,
and V,. are the rated and actual wind speed, respectively. For modelling the performance of a wind
turbine, the mathematical equation of the power curve of a wind turbine must be obtained. The
parameters are as follows: a = 3.4; b =-12; ¢ = 9.2 ; Py, = 130 watt; V;; = 3.5 m/s; Vg, = 18 mfs; V, =
17.5 m/s.

Photovoltaic optimization. Photovoltaic generations are systems which convert the sunlight directly to
electricity. The characteristics of the PV in operating conditions that differ from the standard condition
(1000 W/m?, 25°C cell temperature), the influences of the solar irradiation and ambient temperature on PV
characteristics are modelled. The effect of solar intensity is modelled by considering the power output of
the module to be proportional to the irradiance [10], [17], [18]. The PV Modules are treated at Standard
Test Condition (STC). The output power of the module can be calculated using equation (6):
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G,
Fop =P GING +k(Tc _Tr) (6)

STC

where Ppy is the output power of the module at irradiance Gig, Pstc is the module maximum power at
STC, G is incident irradiance, Ggrc is irradiance at STC 1000 W/m?, k is temperature coefficient of
power, Tcis the cell temperature, T, is the reference temperature. SOLAREX MSX-83 modules are used
in this research. Their output characteristics are: peak power = 83 W, voltage at peak power = 17.1 V,
current at peak power = 4.84 A, short circuit current = 5.27 A, and open circuit voltage = 21.2 V at STC.

System Constraints. Power balance constraints: To meet the active power balance, an equality
constraint is imposed [10]:

Pnet =R - Py R« (7

where P, is the total power demanded in kW, Ppy the output power of the photovoltaic cell in kW, Py
the output power of the wind turbine in kW.

Generation capacity constraints: For stable operation, real power output of each generator is restricted
by lower and upper limits as follows:

P™ <P <P™ Vv, =12--N 8)

where P™ is the minimum operating power of unit i and P™* is the maximum operating power of unit
i. Unitiis FC, MT, and DG.

B. Emission level

The atmospheric pollutants such as sulphur oxides SO,, carbon oxides CO,, and nitrogen oxides NOx
caused by fossil-fueled thermal units can be modeled separately. The total g/h emission of these
pollutants can be expressed as [10], [21]:

E(P) Z(O‘FC +Brc tec ) Pec +(aMT +Bur +7MT)PMT +(aDG + B +7DG)PDG 9)

where arc, avt, and apg are nonnegative coefficients of SO,; Brc, Sur, and fpg are nonnegative
coefficients of COy; yrc, ymr, and ypg are nonnegative coefficients of NOXx.

For the emission model introduced in [20] and [21], we propose to evaluate the parameters arc, o,
0o, Bre, Bv: Boe, Yrc, Ym, and ypg using the data available in [19]. Thus, the emission per day for the FC,
MT, and DG is estimated, and the characteristics of each generator will be detached accordingly.

C. Optimal power flow
For a balanced three-phase system, power-flow equations are given in [22]:

N N . .
R =V, YV, cos(8 -8, ~6,), Q =V, 2Y,V,sin(6, -8, -6, ), 1, =V, &% -V, " (10)
i=1 i=1

where i = 1,..., N. N is the number of buses. In equation (10), Y; and &; are the admittances magnitude
and phase, Y;; are the self-admittances, Y; (i#j) are the cross admittances, and I;; are the line currents
(magnitude).

3. Implementation of the Algorithm

The key characteristics of the proposed algorithm are as follows [7]:

e Power output of WT is calculated according to the relation between the wind speed and the output
power

e Power output of PV is calculated according to the effect of the temperature and the solar radiation that
are different from the standard test condition.

e |t is assumed that the WT and PV deliver free cost power in terms of running as well being emission
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free. Furthermore, their output power is treated as a negative load, determine the different between the
actual load and WT and PV output power. The net load is calculated if the output from PV and WT is
smaller than the total load demand.

e Choose serving the load by other sources (FC or MT or DG) according to the objective functions,
where FC is the cheapest source and DG is the most expensive one.

4. Multi-Objective Genetic Algorithm

The simplest and most obvious approach to multi-objective optimization is to combine the objectives
into one aggregating function, and to treat the problem like a single objective optimization problem.
Therefore, it is commonly used because of its simplicity and computational efficiency. The weighted sum
approach combines objectives using weights [7]. It can be expressed as:

fitness =w,CF (P)+w,E(P) (12)
In this research the weighting factor was selected to 0.5. Therefore, the priority of operation cost and

emissions is balanced. This multi-objective can easily handle mixed- integer variables, non-smooth
functions, and logical constraints [8], as shown in the following flow chart in Fig. 3.
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v
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dispatch
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Generation = 25

Fig. 3. Flow chart of multi-objective genetic algorithm.

5. Results and Discussion

The test system is shown in Fig. 2. The optimization model is applied to the system with varying load
demand from 17 kW to 80 kW. The available power from PV and WT are used first. The best results of
the cost and emission functions considering the OPF are given in Table 1. The convergence of operation
cost and emission objective function (fitness) for both approaches is shown in Fig. 4. Table 1 confirms
that when the load demand is low, the best choice in terms of cost and emission is to use the output power
from FC. The second best choice is the use of the MT. When the load is high, all the generators are used
to serve the load. It also confirms that the solution is suitable and can be used in real power system
because the voltage magnitude and angle, and the reactive power are considered including the losses.

Table 2 shows different results of the cost savings and emission reductions in micro-grid without
considering OPF. It shows that the results are better than optimization considering the OPF because
limitations of the system variables are not considered.
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Table 1. Objective function considering OPF

Total Load PV Power WTPower FCPower MT Power DG Power  Total Emissions Total Costs ($/h)
(kw/h) (kw/h) (kw/h) (kw/h) (kw/h) (kw/h) (g/h)
17.592 0.342 2.971 12.698 1.568 0.012 17.645 3.192187345
34.166 0.342 2.971 30.39 0.261 0.202 39.171 4.666322832,
54.643 0.342 2.971 41.613 9.457 0.26 71.856 10.08247088
77.17 0.342 2.971 44.785 28.857 0.214 113.95 15.73494531

Table 2. Objective function without considering OPF

Total Load PV Power WTPower FCPower MT Power DG Power  Total Emissions Total Costs ($/h)
(kw/h) (kw/h) (kw/h) (kw/h) (kw/h) (kw/h) (g/h)
17.592 0.342 2,971 14.001 0.371 0.016 16.744 2.428579204]
34.166 0.342 2,971 30.781 0.025 0.055 35.635 4.436633186)
54.643 0.342 2,971 49.764 1.648 0.009 59.016 8.87800469
77.17 0.342 2.971 48.468 25.434 0.101 108.388 15.39362973
Convergence
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Fig. 4. Convergence of objective functions.

6. Conclusions

This research suggests an algorithm to compute the optimal energy management in islanded micro-grid.

This optimization minimizes the operational cost and the emissions while constraining it to meet
customer demand and safety of the micro-grid system. This method which integrates Optimal Power Flow
with Economic-Emission Dispatch successfully determines optimal solution close to real condition as
well as safety of the system.
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