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Abstract
Accurate sizing of power reserve (PR) due to inaccurate forecast of both renewable energy sources (RES)
and load demand in a microgrid can provide substantial cost reductions. This paper proposes two strategies to dispatch the PR into different power generators. The ﬁrst one uses only micro gas turbine (MGT).
The second one uses MGTs plus PV based active generators (AGs). The latter enables the RES to cover
the system load demand and PR for some period during a day. To implement those methods, ﬁrstly an urban microgrid with PV power generators is introduced. Then, day-ahead optimal planning with dynamic
programming (DP) for unit commitment problem (UCP) is applied under several non-linear constraints.
Finally, a case study application has been completed to verify the proposed methods.

I. Introduction
RES such as wind and PV power are gradually becoming signiﬁcant sources of power generations around
the word and will considerably reduce the expanded use of fossil fuels. However, energy productions
from RES are known as intermittent sources with uncertainty and variability. Thus, in addition to ramping, regulation requirements, and impacts on power system stability, new operation challenges appear
for electricity grid operators. Moreover, in many European countries, renewable sources are more and
more required to provide ancillary services for grid operators especially if they have to operate in isolated
mode [1]. As mentioned in [2], the RES power generation will have impacts on power quality and distribution efﬁciency in local power systems. Therefore, to maintain a secure operation and grid reliability
with a high penetration level of RES, operating PR is required from renewable generators in more and
more grid codes [3]. However, with a satisfying security level, this PR should be ideally minimized to
keep the system cost down.
Typically, PV power generation forecast is required for system operation as well as for scheduling and
dispatching the required PR [4]. Nevertheless, the predicted errors caused by the uncertain nature of
RES cannot be eliminated even with the best tools, and the situation is getting worse with load uncertainty. Therefore, accurate PR calculation taking into account the uncertainties from power generation

and consumption forecast is essential. In the last few decades, several research projects studied the PR
assessment with large amount of RES integration into electricity grid [5, 6, 7]. Moreover, compared with
traditional vertically integrated electricity markets where PR is dispatched after completing the energy
dispatch, a competitive market must dispatch operational and reserve power simultaneously to maximize
the efﬁciency and reliability of the electrical system [8, 9]. Nonetheless, the previous studies did not take
further steps to PR dispatching in RES, especially in microgrid.
Based on the PR quantiﬁcation results presented in [7], the purpose of this paper is to dispatch it into
different power generators in a microgrid with PV AGs. Two different strategies can be considered to
distribute the reserve power: the ﬁrst one separately distributes PR into MGTs before operational energy
dispatch, while the other simultaneously allocates the joint operational energy and PR into MGTs and
also PV AGs. This second strategy should cover the needed reserve with the same security level but with
a smaller battery capacity of AG. The paper is organized as follows: Firstly, the PV AG based microgrid
energy management system with a communication system is outlined. Secondly, system uncertainties
are analyzed and the method used for PR qualiﬁcation is brieﬂy introduced. Then day-ahead optimal
operational planning is presented and the strategies for power reserve dispatching are detailed. In the
ﬁnal section, case studies with simulation results are presented.

II. Microgrid Energy Management System
II.1. Energy Management System (EMS) with Communication Network
To facilitate the presentation of the theory, a microgrid with PV AG and MGT as power sources is shown
in Fig. 1. A central EMS and a local EMS are applied through a communication network. The EMS is
used to manage the power and the energy between power sources and loads in the microgrid. The real
and reactive power production must be shared among the distributed energy resources and MGTs. The
central EMS sends requested power references to the active generator in each operating time period while
the local controller distributes them inside the PV AGs. A communication between the two management
units is set up for data acquisition and information exchange about the resource states, such as battery
capacity and power production [10, 11].

Fig. 1: Microgrid integration of a prosumer and a micro gas turbine.

II.2. PV AG
PV panels associated with a hybrid storage system constitute a PV AG. A set of batteries are implemented
as long-term storage device and a set of ultra-capacitors are used for the fast dynamic power compensation. A local EMS is applied for inner instantaneous power balance and power dispatching among the
PV power sources and storage units according to the storage capacity and to the speciﬁc constraints of
each source. Control functions are detailed in [12].

II.3. Micro Gas Turbine
The task is to calculate power reference for the MGT to minimize the pollutant emissions and total fuel
cost. Two objective functions can be considered to perform the UCP in section IV. The fuel consumption
of MGT can be assessed by using their partial load efﬁciency features. The equivalent CO2 emissions
are calculated by applying to the various pollutant gases different weights corresponding to their global
warming potential. This previous work has been done and can be found with details in [13].

II.4. System Uncertainty Analysis and PR Quantiﬁcation
Microgrids face major challenges to integrate RES because of intermittent character, low inertia, and
limited availability of RES generation units. Data and its analysis are needed to understand the uncertainty and to help operators and planners avoid unnecessary PR. There are many different strategies to
manage variability and uncertainty. In general, system operators and planners use mechanisms including
forecasting, scheduling, economic dispatch, and reserves to ensure performance that satisﬁes reliability
standards with the minimum cost. The earlier that system operators and planners know what sort of
variability and uncertainty they will have to deal with, the more options they will have and the cheaper
it will be. The uncertainties of the urban microgrid would come from conventional generators, uncertain
load, and power production from RES. As in [7], load demand and PV power generation uncertainties
are considered. A probabilistic model has been proposed to calculate the PR based on probability distribution integrating both uncertainties from PV power and load. Moreover, reliability is assessed with the
deﬁnition of the parameter loss of load probability (LOLP).

III. Operational and PR Dispatching Strategies
In the microgrid presented in Fig. 1, two power sources are considered: PV AG and MGT. The former is
preserved as prior source because of its low operating cost and absence of gas emission features, while
the latter is set as a backup source for the missing energy. In the ﬁrst strategy, the PR is only provided
by MGTs and at least one of them is set in operation mode. In the second strategy PR is distributed to
MGTs and also PV AGs. Therefore, in certain periods all the MGTs will be shut down, and load demand
plus PR will be covered only by AGs.

III.1. First strategy: PR provided by MGTs
In this situation, at least one of the MGTs needs to be working at all time to provide the reserve power.
Besides the PV power used to cover the load demand, the remaining PV energy will be stored into
batteries for night use. The deﬁcit power is provided by MGTs. To cover the load, AG is considered as
the prior source and the state of charge (SoC) of battery is calculated ﬁrstly. This energy storage can be
estimated by the E-box of central EMS. Two cases are distinguished in this situation:
1. If the predicted PV power is more than the predicted load during the time step t (P̃PV (t) ⩾ P̃L (t)),
then the PV power reference is set to a limited power:
Pre f

AG n (t)

=

P̃L (t)
N

(1)

N is the total number of available PV AGs. The PR needs to be covered by MGTs. In this situation,
if PR is less than the limitation of the minimum MGT power output (PR < min(PMGT m )), then the
MGT must operate at the minimum operating set point and in this situation the reserve will be
more than needed. The energy surplus, if it can be absorbed by batteries, is automatically stored

by local EMS of PV AG:
N

N

n=1

n=1

∑ EBat n (t + 1) = ∑ EBat n (t) + τ ∗ (P̃PV (t) − P̃L (t))

(2)

The parameter τ is the duration of the available constant power.
2. If the predicted PV power is not enough for the predicted load during the time step t (P̃PV (t) <
P̃L (t)), the PV AGs power references are set as follows:
∙ During the day: if PV power is more than 0, the references of PV AGs are set as (3):
Pre f

AG n (t)

=

P̃PV (t)
N

(3)

And MGT must balance remaining load demand and PR:
M

∑ Pre f MGT n (t) = P̃L (t) − P̃PV (t) + PR (t)

(4)

i=1

∙ During the night (discharge the battery): If the energy storages are enough to feed the predicted load, then MGTs are used to provide the PR:
M

∑ Pre f MGT n (t) = PR (t)

(5)

i=1

At each time step, (2) can be used as battery discharge reference with P̃PV (t) equals to 0.
Otherwise, MGTs must balance the remaining load as equation (4) with P̃PV (t) equals to 0.

III.2. Second strategy: PR provided by both MGT and PV AG
In this case, the reserve and operational power will be distributed into both MGTs and PV AGs. As PV
AG is set as the prior energy source, if the PV AG energy (PV power during the daytime and battery
energy at nighttime) is more than load and PR, then all the MGTs can be shut down.
1. If the predicted PV power excesses the predicted load demand added with the necessary PR during
the time step t (P̃PV (t) ⩾ P̃L (t) + PR (t)), then the power reference is set as limited:
Pre f

AG n (t)

=

P̃L (t) + PR (t)
N

(6)

The energy surplus is saved automatically in batteries by the local controller:
N

∑ EBat n (t + 1) =

n=1

N

∑ EBat n (t) + τ ∗ (P̃PV (t) − P̃L (t) − PR (t))

(7)

n=1

2. If the predicted PV power is not enough for the predicted load and the PR (P̃PV (t) < P̃L (t) + PR (t)):
∙ During the day: the PV AG power reference is set to the predicted values, as in equation (3).
Then MGTs must balance the remaining load demand, as (4).
∙ During the night (discharge the battery): If the energy storage is enough to feed the predicted
load and PR, then MGTs are turned off. Otherwise, MGTs must be started to balance the
load demand plus the PR, as (4). Battery SoC must be refreshed and checked again at each
time step as (7) with P̃PV (t) equals to 0.

IV. Day-ahead Optimal Operational Planning
As the power industry moves to new restructured forms, the UCP must be adapted to distributed generators including MGTs and RES generators. In this paper the objective function of UCP with dynamic
programming is applied to minimize the CO2 emissions and total fuel cost (Fig. 2). To solve the problem,
different operational and reserve power dispatching strategies are performed under several non-linear
constraints.

Day-ahead Optimal Operation Planning
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Fig. 2: Day-ahead optimal operational planning scheme.

IV.1. Non-linear Constraints
The general objective is to minimize the total operating cost while satisfying all system constraints.
In the presence of N active generators and M micro gas turbines in a microgrid, it is subjected to an
equality constraint for PV AG (PAG ), MGT generation (PM ), power reserve (PR ) and loads (PL ) balance.
Restriction limits of the output related to each unit are as follows:
1. Quantiﬁed power reserve (PR (t)) with a security level of x % of LOLP;
2. Power balancing among loads, reserve, and power generation:
N

M

n=1

i=1

PL (t) − PR (t) − ∑ PAG n (t) − ∑ (δi (t) ∗ PM i (t)) = 0

(8)

3. MGT corresponding inequality constraint:
50%PM max i (t) ≤ PM i (t) ≤ 100%PM max i (t)

(9)

4. Battery limitations:
∙ The batteries SoC have to be kept in a safety range: SoCMax > SoC > SoCMin ;
∙ The charge and discharge power of batteries cannot exceed the power limit ∣Pbat ∣ < Pbat max ;
∙ If batteries are fully charged, the PV panels must not work in maximum power point.
5. Maximizing the PV energy usage. During the day, the extra PV energy will be stored in batteries
as long as the batteries are not full, and then they will be discharged during the night.

IV.2. Formulation of the Unit Commitment Problem (UCP)
The 24-hour ahead operational planning is discretized with T periods. Power references are considered
constant during each time period. Actually, they are not, and this is handled by the short-term power
balancing functions in the local EMS controller. In our study, power references of MGTs are represented
as a vector x(t), and the states of each MGT during each time step are a vector u(t):
x(t) = [PM 1 (t), PM2 (t), ..., PMM (t)]

(10)

u(t) = [δ1 (t), δ2 (t), ..., δM (t)]

(11)

IV.3. Optimization Strategies
For the proposed microgrid energy management, the optimization process tackles to ﬁnd an output vector
u(t) providing the generation set points of MGTs to guarantee the minimum fuel cost or CO2 equivalent

emissions while satisfying the load balance within the settled time interval.

1. Economic criteria: Minimization of the total fuel cost.
The fuel costs (CM i (t)) are expressed as a non-linear function of its power output. The startup and shutdown penalties increase the emissions and shorten the lifetime of the MGT units. They can be expressed
with a CO2 function as: CP C i (δi (t − 1), δi (t)). In this situation, start-up and shutdown penalties are
considered equivalent to the consumed fuel cost respectively for 5 minutes and 2.5 minutes at full load.
Therefore, the total fuel cost for each MGT can be expressed as:
JC i (t) = δi (t) ∗CM i (t) +CP C i (δi (t + 1), δi (t))

(12)

Then the objective function for the whole system is to minimize the total fuel cost after T operation
periods. In this study, if the capital and maintenance costs of PV and MGT generators are taken into
consideration, the proposed microgrid energy management objective function can be deﬁned as:
T

M

JC (t) = ∑ ∑ (δi (t) ∗CM i (t) +CP C i (δi (t + 1), δi (t)))

(13)

t=1 i=1

2. Environmental criteria: Reduction of the CO2 emissions.
The equivalent CO2 emissions for each MGT at time step t can be expressed as:
JCO2 i (t) = δi (t) ∗CO2M i (t) +CP CO2 i (δi (t + 1), δi (t))

(14)

Then the global proposed objective function can be deﬁned as only for CO2 equivalent emissions:
T

M

JCO2 (t) = ∑ ∑ (δi (t) ∗CO2M i (t) +CP CO2 i (δi (t + 1), δi (t)))

(15)

t=1 i=1

IV.4. Dynamic Programming (DP) for UCP
In recent decades, the DP principles have been used for the UCP solving in power system planning. UCP
with DP algorithm has been described in [14]. DP is a method, which systematically evaluates a large
number of possible decisions in a multi-step problem. A subset of possible decisions is associated with
each sequential problem step, and a single decision must be made in each step. There is a cost associated
with each possible decision, and this cost may be affected by the decision made in the previous step.
Additional costs, termed ”transition costs”, may be incurred in going from a decision in one step to a
decision in the following step over, called a ”transition path” (Tr(u(t − 1), u(t)))(Fig. 3).
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The objective is to make decisions in each problem step t to minimize the total fuel cost. For a system
with T time steps, if at time step T the minimum running cost is F(T, x(T ), u(T )), then the total cost of
the remaining step (T − 1) should be also minimum [15]. In mathematical form J(T ):
J(t) = F(T, x(T ), u(T )) +

T −1

∑ Tr(F(t), x(t), u(t))

(16)

t=1

While Tr(F(t), x(t), u(t)) is represented as: F(t, x(t), u(t)) plus a transition cost (CP C i or CP CO2 i ). The
objective is to ﬁnd the vector of the generator states (u(t)) and the power references of MGTs (x(t)), in
(11,12), which minimize the total system cost. The optimal solution of the overall problem is obtained
by selecting the optimal u(t) for all time steps recursively from t = T to t = 1 as illustrated in Fig. 3.

1. Optimization under economic criteria:
For any one of MGTs state u(t), the operational cost is composed of two parts:
∙ The total fuel cost during the time step t is: ∑M
i=1 δi (t) ∗CM i (t)
∙ The cost during the previous time step taking into account the transition cost due to the start-ups
or shutdowns of generators is:
M

Tr(u(t − 1), u(t)) = F(t − 1, u(t − 1)) + ∑ CP C i (δi (t − 1), δi (t))

(17)

i=1

At step t, the UCP formulation for the studied system can be expressed in the form of the following
recursive dynamic programming equation:
M

F(t, x(t), u(t)) = ∑ δi (t) ∗CM i (t) + Tr(u(t − 1), u(t))

(18)

i=1

2. Optimization under environmental criteria:
A similar formulation is found to evaluate CO2 emissions:
M

F(t, x(t), u(t)) = ∑ δi (t) ∗CO2M i (t) + Tr(u(t − 1), u(t))

(19)

i=1

M

Tr(u(t − 1), u(t)) = F(t − 1, u(t − 1)) + ∑ CP CO2 i (δi (t − 1), δi (t))

(20)

i=1

V. Optimal Reserve Power Dispatching Application for UCP with DP
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In this case study, a system with 110 kW of rated load, 55 kW of rated PV power, three MGTs with rated
power respectively 30, 30, 60 kW, and the PR, which comes from the uncertainty assessment with 1%
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Fig. 4: Day-ahead PV power forecast, load forecast and power reserve with 1 % of LOLP.

of LOLP, has been taken into consideration (Fig. 4). The 24-hour ahead optimal operational planning is
discretized with 48 periods (T = 48) for each 30 minutes (τ = 0.5). With the power planning algorithm
presented above, the simulation results are displayed and discussed below.

V.1. Different Scenarios of DP Application
The DP based optimization procedure has been performed with two objective functions, which are CO2
equivalent emission minimization and total fuel cost minimization. Three different scenarios have been
taken into consideration:
∙ Scenario 1: Without PV power generation: PV power production equals to 0 (for example totally
cloudy days), and all the load demand and PR are covered by MGT.
∙ Scenario 2: With PV power, PR provided by MGT (First strategy).
∙ Scenario 3: With PV power, PR provided by both PV AGs and MGT (Second strategy).
Compared with scenario 1, the results in Table I show that total cost and pollution in scenarios 2 and
3 are reduced about 18% and 15% respectively (thanks to the PV power usage). In addition, within
each scenario, the system cost and pollution are lower with optimization. In scenario 2, there is no PR
dispatched in PV AGs, but a bigger battery is needed compared to the situation in scenario 3, which has
38.9% of PR provided by AG.
Table I: Day-ahead Operational Planning Results
Scenario
1

2

3

Optimize strategy
None
Environmental
Economic
None
Environmental
Economic
None
Environmental
Economic

Cost (e)
219
212
210
183
181
178
182
179
177

Pollution (kg)
1392
1196
1263
1156
1067
1120
1098
991
1061

PR on AG (%)
0
0
0
0
0
0
38.9
38.9
38.9

Ebattery Max (kWh)
0
0
0
80.2
80.2
80.2
54.1
54.1
54.1

V.2. Comparison of PR Dispatching
Fig. 5 demonstrates the PR dispatching among different power generators with scenario 2 and 3, respectively. To simplify the explanation, the results are chosen with the economic strategy (and so are the
ﬁgures below). As can be seen in Fig. 5(b), from 11h to 13h and from 4h to 7h (next day) the PR is
provided only by AG, as well as in some other time steps, it is covered by both MGT and AG. Instead,
in Fig. 5(a), the entire PR comes from MGTs only.
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V.3. Characteristics of PV AG (in scenario 3)
Fig. 6 gives an example of reference power of PV AG, charge/discharge and SoC of battery. As can be
seen, PV AG provides the power both during daytime and nighttime. In the daytime, the energy comes
from PV panels while during the night it comes from the discharge of the battery. The maximum charge
power is 18 kW and discharge power is about 15 kW. The maximum storage is 54.1 kWh, which is much
smaller than 80.2 kWh in scenario 2 (in Table I). The reason is that in scenario 2 much more PV energy
needs to be stored into the batteries during the day.
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Fig. 6: Reference power of AG, battery power and energy.

V.4. Security Level Analysis
Fig. 4 indicates that the PR is calculated with 1% of LOLP. However, after operational and reserve power
dispatching, the MGTs usually cannot reach their maximum output. Therefore, with those remaining
power plus original PR, a novel LOLP can be calculated. The novel results are presented in Fig. 7. It is
clear that scenario 2 has a great improvement on security level as LOLP, which decreases from 1 % to
almost below 0.1% at each step. While in scenario 3, some improvement appears excepted during the
steps when all the power is coming from batteries. It represents the risk that electrical systems need to
face in this situation.
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VI. Conclusion
RES power productions are intermittent with low inertia. Their integration in the electricity grid with
good reliability is still an important issue. It is essential to obtain an appropriate PR with an acceptable
risk level. However, a good way for PR dispatching is also needed. In this paper, a day-ahead optimal operational planning has been applied to calculate power references with two different dispatching

strategies of operational and reserve power. A DP approach has been used for the UCP solving in order
to minimize equivalent CO2 emissions and the total fuel cost. From the established results that have
been carried out, it is possible to conclude that PV AG can contribute better in reserve power dispatching
without losing the security of the system. The results also show that total fuel cost and pollution are
reduced by adding PV power generation in the system. The future research ﬁeld will be concentrated on
increasing the RES (PV power) penetration rate with a reasonable battery size to minimize total fuel cost
and CO2 emissions of the system.
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