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Abstract 
The nature of variable and uncertainty from renewable energy sources (RESs) 
makes them challenging to be integrated into the main grid separately. A Vir-
tual Power Plant (VPP) is proposed to aggregate the capacities of RESs and 
facilitate the integration and management in a decentralized manner. In this 
paper, a novel framework for optimal energy management of VPP considering 
key features such as handling uncertainties with RESs, reducing operating 
costs and regulating system voltage levels is proposed, and a two-stage sto-
chastic simulation is formulated to address the uncertainties of RESs genera-
tion and electricity prices. Simulation result show that the framework can 
benefit from ensuring the energy balance and system security, as well as re-
ducing the operation costs. 
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1. Introduction 

With environmental concerns and together with the increasing energy demand 
and limited supply of carbon-intensive fossil fuel, they have led to increased uti-
lization of clean renewable energy resources (RESs), such as wind and solar 
power. Many governments have formulated renewable policies and standards to 
promote generation from RESs, which have resulted in a significant growth of 
renewable Distributed Generators (DGs) in many power systems [1]. 

However, the variable and uncertain nature of RES makes it difficult to man-
age and control in conventional power system. It has been observed that com-
bining RESs with other conventional distributed generators as well as energy 
storage system (ESS), such as thermal plant, micro-CHP and battery storage sys-
tem, can greatly address the power balancing and voltage regulating issue [2]. 
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This aggregated cluster of resources improves the overall system reliability and is 
usually referred to as a Virtual Power Plant (VPP).  

As described in [3], there are two types of VPP: commercial VPP (cVPP) and 
technical VPP (tVPP). A cVPP acts as a market agent and seeks to maximize its 
benefit from the portfolio without considering the network constraints, while a 
tVPP consists of some renewable DGs in the same geographical location and 
takes into account the real-time influence of the local network on the overall 
portfolio.  

Depending on the type and penetration level of RES as well as market partici-
pation strategy, VPP energy management can be different from that of conven-
tional power systems. Many works have been done to address the VPP energy 
management problem [4] [5] [6]. A prototype electrical energy management of 
VPP considering some RESs and ESSs is studied in [7], [8] proposed a stochastic 
energy management strategy for VPP with thermal and electrical generators and 
storage systems, and a coordination scheme for wind and micro-CHP that re-
duces the imbalance volumes and operating cost is introduced in [9]. However, 
none of the works mentioned above have fully considered the wind generation 
and ESSs in a detailed numerical way for tVPP energy management.  

In this paper, we propose a comprehensive model for an optimal VPP energy 
management problem with wind generation, conventional distributed genera-
tors and ESSs within day-ahead and balancing market. The objective of the 
model is to minimize the VPP operating costs, including operation, maintenance 
and electricity market cost, while maintaining the energy balance and system 
security of the VPP. A two-stage stochastic approach to address the uncertainties 
in wind power outputs and electricity prices is introduced.  

The main contribution of the paper are as follows: 1) A novel energy man-
agement model of VPP considering several important features including coor-
dination of wind and conventional distributed generators, high penetration level 
of wind generation, and voltage regulation guarantees of power quality. 2) A 
two-stage stochastic optimization model to consider various uncertainties in 
VPP. The uncertainties lie in a two-settlement electricity prices, and RES power 
output. 3) Extensive simulations based on historical data sets is provided and 
results show that the stochastic approach is much better in reducing operating 
cost while maintaining system reliability.  

The rest of the paper is organized as follow. Section 2 presents the system 
modeling. Section 3 formulates the optimization problem. Section 4 provides 
numerical results for the application, and finally section5 concludes the paper. 

2. System Modeling 
2.1. VPP Model 

In the proposed model, it is assumed that the VPP consists of micro-CHP units, 
wind turbines, battery storages as ESS units, inelastic loads. Micro-CHP units 
provide the overall energy efficiency, while wind turbines reduce carbon emis-
sions. The uncertainty of wind power output can be overcome by coordinating 
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with micro-CHP and battery storages. When real-time wind generation are dif-
ferent from the forecasted amount, batteries participate to mitigate the imbal-
ance by charging or discharging. 

The VPP is considered to be operated by a central controller, where owner can 
receive the forecasted information and has a direct control on each unit. The 
objective of the controller is to minimize the system operating costs. The VPP 
units are of close geographically proximity, and are connected to the main grid 
through a distribution line. The operating time is represented by t over T time 
slots, i.e. 24 hours with hourly time slots. 

2.2. Electricity Market Model 

The VPP model is assumed to participate into the power market similar to the 
Nordic Power Market [10], which is a competitive two-settlement electricity 
market including day-ahead market and real-time balancing market. 

The central controller submits offer/bids for generation or consumption to the 
day-ahead market based on the whole profile’s operational constraints and esti-
mation. Due to the uncertainty, the real-time power exchange may be different 
from the power schedule. The central controller therefore needs to adjust the 
real-time power exchange to ensure the power balance. Moreover, when an im-
balancing issue occurs, an upward regulation or downward regulation penalty 
will be paid in the balancing market.  

3. Problem Formulation 

The problem is formulated as a two-stage stochastic model. The first stage deci-
sion variables include unit commitment status of DG units and power bids in the 
day-ahead market. The second stage includes active and reactive power output 
of DG units, charging cycle of batteries, elastic load adjustment and real-time 
power exchanges in the balancing market. 

3.1. Objective Function 

The objective function, which is to minimize the overall operating costs, can be 
written as follow: 

,min ( )i i t ii t pα β+∑ ∑                        (1) 

( )DA DA BL DA BL BL DA
t t t t t t t tt p p P p Pλ λ ϕ − + − − − ∑            (2) 

, ,( )k k t k k t kk t C e eη η− − + ++ +∑ ∑                    (3) 

The operation cost for the VPP is shown in Equation (1), where ,i i tpα  is the 
generation cost of micro-CHP unit i at time t, and iβ  defines the no-load cost 
of unit i at time t. The no-load cost incurs when unit i is on. 

Equation (2) describes the market cost for the VPP. The hourly bid and the 
real-time power exchange in the two-settlement market are DA

tp  and BL
tp , re-

spectively. When DA
tp  is positive/negative, the VPP is selling/buying power at a 

price of DA
tλ  in the day-ahead market. In balancing market, the VPP is sell-
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ing/buying power with price BL
tλ  as long as ( )BL DA

t tp p−  is positive/negative. 
The upward or downward regulation is defined as BL DA

t t tp pϕ − , where a regu-
lation tϕ  will be paid when the day-ahead power schedule and the real-time 
power exchange are not the same. 

The cost of battery storage k is shown in Equation (3), where ,k te+  and ,k te−  
are the charging and discharging rate with efficiency kη

+  and kη
− , respectively. 

3.2. Constraints 

1) Power Flow Equation. It is assumed that bus 1 is the swing bus and is con-
nected to the main grid. The active and reactive power injection equation can be 
written as follows: 

( ), , , , , , ,BL LD
j t i t t j t n t k t k ti n kP p p p w e e t− += − − + + − ∀∑ ∑ ∑          (4) 

, , , , tBL LD
j t i t t j tiQ q q q= − − ∀∑                      (5) 

The net active power injection ,j tP  is the difference between the active power 
generation and load consumption. ,

LD
j tp  denotes the load active power con-

sumption at bus j, and ,n tw  represents the wind power output of unit n. Simi-
larly, the net reactive power injection ,j tQ  equals to the difference of the reac-
tive power generation and load reactive power consumption. The linearized 
power flow equations can be formulated as follow: 

( ) ( ) ( )( ), , , , , , , , ,2 1 1 ,j t j t j j j o j t o t j o j t o to o jP V G G V V B tθ θ
≠

= − + + − + − ∀∑     (6) 

( ) ( ), , , , , , , , ,( )2 1 1 ( ), tj t j t j j j o j t o t j o j t o to o jQ V B B V V G θ θ
≠

= − − + − + − + − ∀∑    (7) 

( ) ( ), , , , , , , ,t
j o j o j t o t j o j t o tP G V V B tθ θ= − + − ∀              (8) 

( ) ( ), , , , , , , ,t
j o j o o t j t j o j t o tQ B V V G tθ θ= − + − ∀              (9) 

where ,
t
j oP  and ,

t
j oQ  are the active and reactive power flow over branch (j,o), 

respectively. ,j tV  and ,j tθ  represent the voltage magnitude and phase angle at 
bus j, respectively. ,j oG  and ,j oB  denote the real and imaginary parts of the 
VPP admittance matrix on branch (j,o), respectively. 

2) Network Constraints. For system security, the voltage magnitude and phase 
angle at each bus, as well as network congestion, are required to be in a safe op-
eration interval. Hence, an upper and lower limits for voltage and power flow 
over branches are defined in Equations (10) and (11) respectively. 

, ,, , ,j j t j j j t jV V V j tθ θ θ− + − +≤ ≤ ≤ ≤ ∀ ∀               (10) 

, , , ,t t
j j o j j j o jP P P Q Q Q j t− + − +≤ ≤ ≤ ≤ ∀ ∀               (11) 

3) Battery Storage Constraints: As the capacity of the battery storage lies in a 
certain operating range, to avoid over-charging or over-discharging, an upper 
and lower limits for the size of the batteries ,k tE  is defined respectively in the 
following two equations. 

, , ,k k t kE E E k t− +≤ ≤ ∀ ∀                    (12) 

( ), 1 , , , , ,k t k t k t k k t kE E e e k tη η− − + +
+ = + + ∀ ∀              (13) 
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4. Case Study 
4.1. Data 

The proposed VPP model is based on a modified IEEE 13-bus distribution test 
feeder (Figure 1) [11]. Three micro-CHP units are located on bus 6, 7 and 11, 
respectively, one wind turbine on bus 9, and two battery storage systems on bus 
2 and 10, respectively. The switch and transformer in the original test feeder are 
replaced by distribution lines. The base value of apparent power and voltage 
magnitude are set to be 5000 kVA and 4.16 kV, respectively. 

It is assumed that the VPP central control can receive the forecasted informa-
tion and has a direct control over each unit. Table 1 shows the parameters of 
micro-CHP units, and the battery storage system data is given in Table 2. His-
torical data are gathered to describe the wind power [12], power demand [12] 
and the market prices [13], and are scaled down to meet the required install ca-
pacity. 

 

 
Figure 1. IEEE 13-bus distribution test feeder. 

 
Table 1. Micro-CHP unit parameters. 

Unit iα  ($/kWh) iβ  ($) capP  (kW) 

1 0.15 30 1500 

2 0.30 50 1000 

3 0.50 70 1500 

 
Table 2. Storage parameters. 

kE −  (kWh) kE +  (kWh) 

50 Max = 300 

,k te−  (kW) ,k te+  (kW) 

100 100 
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4.2. Result 

1) Stochastic vs. Deterministic. A comparison study between the proposed 
stochastic approach and a deterministic approach to solve the VPP energy man-
agement problem is presented first. Figure 2 shows the simulation result. It can 
be observed that by increasing the wind penetration level, both approach benefit 
from reducing the system operating cost. This is because the wind turbine is as-
sumed to have lower generation cost. Additionally, the result indicates that the 
performance of stochastic approach is better than deterministic approach, which 
ensures the better capability of stochastic approach in handling RES uncertain-
ties. 

2) Voltage Regulation. Power quality is one of the concerns in utilization of 
RES, and voltage regulation is one of the measurements for power quality. In 
this case, the upper and lower limits for voltage magnitude and phase angle are 
set to be ±0.5 p.u. and ±0.03 rad, respectively, and the wind penetration is 20%. 
Figure 3 and Figure 4 presents the simulation results, and shows that both vol-
tage magnitude and phase angle are in the safe operation interval. 

 

 
Figure 2. Operating cost with different wind penetration 
in stochastic vs. deterministic approach. 

 

 
Figure 3. Voltage magnitude of each bus. 
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3) Relation with Storage. In this case, the performance of ESS on uncertainty 
relief is evaluated. Comparison is made between the utilization of battery storage 
systems and without storages, and a daily storage capital cost is added into the 
storage system for further evaluation. The wind penetration is set to 20% and the 
energy efficiency of storage is set to 75%. Figure 5 and Figure 6 shows the si-
mulation results. It can be determined from Figure 5 that by adding ESSs into 
the VPP, the system operating cost is lower than that without ESS, which shows 
the performance of storages in mitigating power imbalance. In additional, In 
Figure 6, it can be observed that when adding the daily capital cost of storage, 
the most effective capacity of the storage system is 200 kWh. Therefore, an in-
stalling storage with capacity above 200 kWh is uneconomic, since the storage 
itself will become more costly than profits. 

5. Conclusions 

This paper presents a novel energy management framework for VPP consisting 
of renewable power generation and energy storage system. The problem of  

 

 
Figure 4. Voltage phase angle of each bus. 

 

 
Figure 5. Cost vs. storage. 
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Figure 6. Cost (including capital) vs. storage. 

 
minimizing the VPP’s operating cost in both the day-ahead and balancing elec-
tricity market is formulated as a two-stage stochastic optimization problem. Ex-
tensive simulations have been conducted and results show the benefits of the 
framework in reducing the VPP’s operating cost, while maintaining power qual-
ity and system security. 

Suggestions for future research include consideration of bidding strategy in 
the stochastic optimization, as well as increasing numbers of input scenarios to 
test the stability of the results and solve different subproblems in parallel. 
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