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Abstract

In conventional power system, multiple generators commonly coexist. In the meantime, each of the generators
has different characteristics in terms of generation cost. Hence, it is necessary to consider them coordinately
and achieve the rational power generation mix. Furthermore, in modern smart grids, the characteristics
of the generators become even complex, which requires further considerations of different generation cost
factors in order to fulfill the requirements of system optimal operation. In this paper, different types of
generation costs are analyzed in detail, including starting cost, minimum power generation cost, marginal
cost, etc. At the same time, the simplified optimization model is proposed to accelerate the solving rate
and ensure that the solution is a global optimal one. Numerical experiments are conducted to validate the
proposed method.
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1. 1.Introduction

In order to meet the requirements of ever growing electricity demands, the coordinated characteristics of
multiple generators should be considered simultaneously so that coordination among various generation
units can be achieved and generation costs can be thereby reduced [1]-[4]. Meanwhile, the overall system
reliability can be also enhanced by coordinating multiple generators in the same electric grids. Conventional
optimization approach and cost analysis are more suitable for studying the characteristics of small-scale power
systems. However, for larger-scale power systems with large numbers of synchronous generators (especially
for modern smart grids with various generation mix), the legacy approach may not be effective and the
corresponding cost optimization could be infeasible. The deployment of microgrids could be a good solution
to consolidate the dispersed generations into a single unit with relatively larger generation capacity [5]-[8].
However, microgrids themselves may also induce operational issues regarding power dispatch, electricity
transactions, resource allocation, etc. Additional discussions are needed to fully leverage the benefits of
microgrids in cost analysis and economic dispatch in modern electric grids.

Economic operation is one of the critical requirements and criteria in the operation and management of
modern power systems. Especially for today’s electric grids, the particular requirements can be detailed in
the following aspects:
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1) The generation costs follow the basic hourly generation cost rate, which determines the particular hourly
generation cost of each individual generator;

2) Frequency start-up and shut-down procedures should be avoided, so that the additional cost during the
start process can be eliminated, which thereby reduced the overall generation cost;

3) The minimum output power of each generator should be taken into account during the analysis, which is
induced by the physical limit of each generator.

4) When the output power of each generator is controlled to be larger than its minimum limit, an additional
hourly rate should be considered, which is called marginal cost. Marginal cost is used to represent the overall
cost increase induced by the additional power generation of each particular generator.

In order to optimally combine the generation costs from multiple generators (i.e., to minimize the over-
all system cost), the above cost categories should be comprehensively considered. Hence, the overall cost
equation can be derived. Meanwhile, various operational constraints should be considered during the combi-
nation of multiple generators, including system topology constraints, maximum power generation constraints,
minimum power generation constraints, etc.

For unit commitment and combination of multiple generators, the computational efficiency should be always
taken care of. It is necessary to ensure the required computational efficiency and minimize model complexity.
In order to solve the above issues, the conventional way of solving the problem is focused on the solving
mode, i.e., to improve the original problem solving efficiency and accuracy by altering the solving modes.
Particularly, the traditional approaches mainly focus on heuristic methods [9], which is relied on continuously
changing the decision variables and gradually approaching the optimal solution. These methods feature lower
complexity and less model dependency. However, there could still be some issues regarding convergence.
In other words, the algorithm may not converge at the desired and optimal operation points due to the
continuous changing and perturbation in the system. In some cases, the optimization problem may lead to
sub-optimal other than global optimal due to the inherent issues of heuristic methods.

In this paper, we focus on the improvement of original models, rather than changing the solving methods.
In particular, we first adjust the decision variables based on the understanding of physical systems. The
purpose of this step is to reduce the numbers of decision variables. Meanwhile, by involving sign signals,
the unnecessary procedures or unrealistic unit commitment can be eliminated. Hence, the feasible range is
simplified and minimized, and the solving efficiency is thereby enhanced.

Based on the practical and given system model, all the generation costs are listed and analyzed, and the
overall cost equation is derived based on the coordination among multiple generation units. After that, in
order to minimize the overall generation cost, the optimization model is simplified and the modified model
is presented for following analysis. The proposed model can be used to enhance the solving efficiency of the
corresponding optimization problem, and the computational efficiency can be enhanced. Meanwhile, it can
be guaranteed that the obtained results are the global optimal other than sub-optimal. Finally, the proposed
mathematical model is derived in numerical experiment and the proposed optimization problem is thereby
analyzed. The related results are given to validate the proposed model and method.

2.Problem Formulation

In order to diversify the generation requirements, four types of generators with different parameters are
considered in this study. These four types of generators feature different generation cost and operation
characteristics. Particularly, each type of generator features maximum output power constraints. When
being connected into the grid, their output power features various minimum power level. Meanwhile, each
generator features a starting cost, which is used to limit the on/off times. When each generator is operated
with minimum output power, each of them features a fixed hourly rate. When the output power is higher
than the minimum output power, the marginal cost should be considered, as introduced above.

In order to simplify the proposed problem to some extent, it is assumed that the start point appears at the
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beginning of each time interval. Meanwhile, compared to the generation cost of each generator, the shut-
down cost is much lower. Hence, the shutting down cost is eliminated here. In order to ensure the reliable
operation of generators, sufficient generation margin should be guaranteed with respect to the maximum
allowable generation power. Here, it is set that the surplus generation cost is set to 30% of the maximum
demand requirements. This is involved to avoid the reliability and stability issues induced by sudden load
change.

It is assumed that the load demand follows the chart in Fig. 1. The detailed load data is shown in Table
1. Meanwhile, the generation parameters of each generator are summarized in Table 2. The data shown in
Table 1 and Table 2 will be used in the following analysis. Meanwhile, system parameters are listed in Table
3.

Figure 1: Couldn’t find a caption, edit here to supply one.

Figure 1: Load data

Table 1. Load Data

Time 0 ˜ 7 7 ˜ 9 9 ˜ 13 13 ˜ 15 15 ˜ 17 17 ˜ 23 23 ˜ 24

Load /MW 12000 32000 25000 36000 25000 30000 18000

Table 2. Generation Costs

# of Gen.
Minimum
Power (MW)

Maximum
Power (MW)

Fix Cost
($k/hour)

Marginal Cost
($k/(hour[?]W))

Starting Cost
($k)

Unit #1 10 750 1750 2250 2.7 5000
Unit #2 4 1000 1500 1800 2.2 1600
Unit #3 8 1200 2000 3750 1.8 2400
Unit #4 3 1800 3500 4800 3.8 1200

Table 3. System Parameters
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Symbol Range of the Subscript Indication

Nij + N
′

ij i ∈ A, j ∈ B Number of Type #i generators in the jth interval
Nsij i ∈ A, j ∈ B Sum of Type #i generators in the jth interval

Psij i ∈ A, j ∈ B,k ∈
{
1,2, . . . ,Nij + N

′

ij

}
Power of the kth Type #i generator in the jth interval

Pij i ∈ A, j ∈ B Total power of Type #i generator in the jth interval
Pimin i ∈ A Minimum output power of Type #i generator
Pimax i ∈ A Maximum output power of Type #i generator
Nimax i ∈ A Maximum number of available Type #i generators
Pdj i ∈ B Total load power in the jth time interval
F1i i ∈ A Fixed generation cost of Type #i generator
F2i i ∈ A Marginal generator cost of Type #i generator
Fsi i ∈ A Start up cost of Type #i generator
Tj i ∈ B Time duration in the jth time interval

3.Model Implementation

The constraints in the above problem formulation are comprised of the following aspects: 1) Maximum and
minimum constraints of generator output power; 2) Number of particular type of generators in each given
time interval; 3) Load power is satisfied in each given time interval; 4) The maximum output power is no less
than 120% of the power rating. Meanwhile, the total generation cost is comprised of: 1) Total starting cost
of all the generators; 2) Total fixed cost of all the generators; 3) Total marginal cost of all the generators.

The constraints and objective in this optimization formulation are detailed as follows:

Define that and.

The upper and lower limits of output power of each generator is shown as:

Pimin ≤ Pijk ≤ Pimax(1)

The total number of Type #i generator is limited by:

0 ≤ Nij + N ′ij ≤ Nimax(2)

In the given time interval, the total output power of all the generators should meet the load requirements,
which is shown as:

4∑
i=1

Nij+Nij
′∑

k=1

Pijk=Pdj(3)

The maximum output power should not be lower than 120% of the load requirements:

4∑
i=1

Pimax(Nij + Nij
′)≥1.2Pdj(4)

The daily starting cost is shown as:

7∑
j=1

4∑
i=1

FsiNij
′(5)

The fixed generation cost can be represented as:

7∑
j=1

4∑
i=1

F1iTj(Nij + Nij
′)(6)

Meanwhile, the marginal cost can be derived as:
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7∑
j=1

4∑
i=1

Nij+Nij
′∑

k=1

F2i(Pijk − Pimin)Tj(7)

Therefore, the system model can be formulated as:

minW=
7∑

j=1

4∑
i=1

FsiNij
′ +

7∑
j=1

4∑
i=1

F1iTj(Nij + Nij
′)

+
7∑

j=1

4∑
i=1

Nij+Nij
′∑

k=1

F2i(Pijk − Pimin)Tj

s.t. (8)

Pimin ≤ Pijk ≤ Pimax

0 ≤ Nij + Nij
′ ≤ Nimax

4∑
i=1

Nij+Nij
′∑

k=1

Pijk=Pdj

4∑
i=1

Pimax(Nij + Nij
′)≥1.2Pdj

As it can be seen from (8), the derived model is complicated with multiple decision variables. Meanwhile,
since only the number of generators is needed to be confirmed with minimum daily generation cost and the
detailed generation power of each generator is not needed, the above model in (8) can be simplified. By
setting the total output power as the decision variables, it can be derived as follows. First, the upper and
lower limits of the generator output power can be obtained as:

Pimin(Nij + Nij
′) ≤ Pij ≤ Pimax(Nij + Nij

′)(9)

The total number of generators in each given time interval is also limited as:

0 ≤ Nij + Nij
′ ≤ Nimax(10)

Meanwhile, the total generation power should satisfy the load power,

4∑
i=1

Pij=Pdj(11)

The total generation power should be less than 120% of the total load power, which yields that:

4∑
i=1

Pimax(Nij + Nij
′)≥1.2Pdj(12)

The start cost in each daily cost is shown as:

7∑
j=1

4∑
i=1

FsiNij
′(13)

The fixed cost is shown as:

7∑
j=1

4∑
i=1

F1iTj(Nij + Nij
′)(14)

Meanwhile, the marginal cost is represented as:

7∑
j=1

4∑
i=1

F2i[Pij − Pimin(Nij + Nij
′)]Tj(15)

Therefore, the final model can be obtained:

5



minW=
7∑

j=1

4∑
i=1

FsiNij
′ +

7∑
j=1

4∑
i=1

F1iTj(Nij + Nij
′)

+
7∑

j=1

4∑
i=1

F2iTj [Pij−Pimin(Nij + Nij
′)]

s.t. (16)

Pimin(Nij + Nij
′) ≤ Pij ≤ Pimax(Nij + Nij

′)

0 ≤ Nij + Nij
′ ≤ Nimax

4∑
i=1

Pij=Pdj

4∑
i=1

Pimax(Nij + Nij
′)≥1.2Pdj

In the model shown in (16), since no detailed output power of each generator is included, the complexity
of the model is reduced. In order to further simplify the model, it is assumed that when new generator is
started, there is no generators being shut down in the same time interval. In other words, it is not the case
to start some generators and shut them down in the same time interval. Based on this assumption, the
mathematical description with the number of generators can be simplified in further using a single variableN
sij, which represents the number of Type #i generators running in the jth time interval.

It should be noted that the newly started generators in the jth time interval is shown as:

sign(Nsij−Nsi,j−1)+1
2 (Nsij −Nsi,j−1)(17)

Here, sign([?]) is a sign function. When x is larger than zero, sign([?]) equals 1; when x is smaller than
zero, sign([?]) equals -1.

When j = 1, (17) can be rewritten as:

sign(Nsi1−Nsi7)+1
2 (Nsi1 −Nsi7)(18)

Similar to the second model derived above, the upper and lower constraints of output power of a generator
is defined as:

PiminNsij ≤ Pij ≤ PimaxNsij(19)

The number of generators running in the given time interval is limited as:

0 ≤ Nsij ≤ Nimax(20)

In order to satisfy the load requirements, it yields that:

4∑
i=1

Pij=Pdj(21)

Given that the maximum output power should be no less than 120% of the power rating:

4∑
i=1

PimaxNsij ≥ 1.2Pdj(22)

Therefore, the starting cost in the daily generation cost can be shown as:

7∑
j=2

4∑
i=1

[Fsi · sign(Nsij−Nsi,j−1)+1
2 (Nsij −Nsi,j−1)]

+
4∑

i=1

[Fsi · sign(Nsi1−Nsi7)+1
2 (Nsi1 −Nsi7)]

(23)
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The fixed and marginal costs are shown as:

7∑
j=1

4∑
i=1

F1iTjNsij(24)

7∑
j=1

4∑
i=1

F2i(Pij − PiminNsij)Tj(25)

Hence, the final derived model can be shown as:

minW =
7∑

j=2

4∑
i=1

[Fsi · sign(Nsij−Nsi,j−1)+1
2 (Nsij −Nsi,j−1)]

+
4∑

i=1

[Fsi · sign(Nsi1−Nsi7)+1
2 (Nsi1 −Nsi7)]

+
7∑

j=1

4∑
i=1

F1iTj(Nij + Nij
′)

+
7∑

j=1

4∑
i=1

F2iTj [Pij−Pimin(Nij + Nij
′)]

s.t. (26)

PiminNsij ≤ Pij ≤ PimaxNsij

0 ≤ Nsij ≤ Nimax

4∑
i=1

Pij=Pdj

4∑
i=1

PimaxNsij ≥ 1.2Pdj

Therefore, the derived model in (26) is linear and much simplified, which can be used to enhance the
computational efficiency.

4.Numerical Experiment

Based on the data shown in Table 1 and Table 2, the derived optimization problem is solved in order to
validate the accuracy of the obtained model. The three optimization problems all give the same optimal. By
using MATLAB m-scripts, the results can be obtained and summarized in Table 4 and Table 5. Meanwhile,
the time stamps during numerical tests can be extracted, as shown in Table 6, where is can be seen that the
simplified model features higher computational efficiency.

Table 4. Output power of each type of generators in each time interval.

Interval 1 Interval 2 Interval 3 Interval 4 Interval 5 Interval 6 Interval 7

Unit#1 4 4 5 7 5 4 4
Unit #2 4 4 4 4 4 4 4
Unit #3 2 8 8 8 8 8 5
Unit #4 0 3 0 3 0 2 0

Table 5. Number of generators participating into power generation in each time internal.

Table 6. Solving Time for Each Type of Model
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Original Model/s Type I: Model/s Type II: Model /s

Solving Time 2.36 1.24 0.96

5.Conclusions

In this paper, based on the analysis of different generation costs, the marginal costs are included in the
conventional unit commitment problem. Meanwhile, in order to enhance the computational efficiency, the
simplified models are derived based on the reasonable assumptions in generation mix. By using the simplified
models, the model accuracy and the computational efficiency can be enhanced, as demonstrated in the
numerical experiment.

References

[1]L. Yang, M. He, V. Vittal, and J. Zhang, “Stochastic Optimization-Based Economic Dispatch and Inter-
ruptible Load Management With Increased Wind Penetration”, IEEE Transactions on Smart Grid, pp. 1–1,
2015.

[2]P. Yang and A. Nehorai, “Joint Optimization of Hybrid Energy Storage and Generation Capacity With
Renewable Energy”, IEEE Transactions on Smart Grid, vol. 5, no. 4, pp. 1566–1574, Jul. 2014.

[3]G. Tsagarakis, R. C. Thomson, A. J. Collin, G. P. Harrison, A. E. Kiprakis, and S. McLaughlin, “Assess-
ment of the Cost and Environmental Impact of Residential Demand-Side Management”, IEEE Transactions
on Industry Applications, vol. 52, no. 3, pp. 2486–2495, May 2016.

[4]C.-P. Cheng, C.-W. Liu, and C.-C. Liu, “Unit commitment by Lagrangian relaxation and genetic algo-
rithms”, IEEE Transactions on Power Systems, vol. 15, no. 2, pp. 707–714, May 2000.

[5]K. Ravindra, B. Kannan, and N. Ramappa, “Microgrids: A Value-Based Paradigm: The need for the
redefinition of microgrids.”, IEEE Electrification Magazine, vol. 2, no. 1, pp. 20–29, Mar. 2014.

[6]P. Asmus, “Why Microgrids Are Moving into the Mainstream: Improving the efficiency of the larger power
grid.”, IEEE Electrification Magazine, vol. 2, no. 1, pp. 12–19, Mar. 2014.

[7]M. Roach, “Community Power and Fleet Microgrids: Meeting climate goals enhancing system resilience,
and stimulating local economic development.”, IEEE Electrification Magazine, vol. 2, no. 1, pp. 40–53,
Mar. 2014.

[8]R. H. Lasseter, “Smart Distribution: Coupled Microgrids”, Proceedings of the IEEE, vol. 99, no. 6, pp.
1074–1082, Jun. 2011.

[9]Y.-H. Song and M. R. Irving, “Optimisation techniques for electrical power systems. Part 2: Heuristic
optimisation methods”, Power Engineering Journal, vol. 15, no. 3, pp. 151–160, Jun. 2001.

8


