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Abstract— This paper presents a proposal for an optimization 
algorithm that maximizes the revenue of hybrid power plants 
(HPP), consisting of wind power plants, solar power plants and 
battery energy storage systems (BATT)  that are connected in 
the same Point of Connection (POC). An online optimization, 
which has the goal to maximize the revenue, based on inputs 
such as plants operating costs, subsidy levels, market spot price 
and possible powers is developed. The optimization problem is 
solved by a linear programming solver. A set of constraints is 
introduced to ensure power limitation in the POC in case of 
overproduction and to ensure power availability for FCR 
delivery. Furthermore, an option is implemented to choose a 
prioritization of the service to be delivered, i.e. the power 
production setpoint or the FCR setpoint. 

Keywords - Control and Optimization of renewable energy 
sources, Hybrid power plant control and optimization, Hybrid 
power plant integration, Battery energy storage system. 

I.  INTRODUCTION  

Climate change is an environmental problem that is very 
different from the more traditional areas of pollution, such as 
water, waste or air quality. Moreover climate change is a truly 
global environmental problem, as it does not matter where 
greenhouse gases are emitted – they have the same impact [1]. 
Thus, during the last decades, penetration rates of renewable 
energy sources (RES) generation have steadily increased due 
to environmental concerns and positive market stances [2] 
and this trend is expected to continue motivated by 
international regulations as well [1][3]. In fact, some 
countries already present high shares of RES generation in 
their power systems, e.g., 40.7% of the Danish electricity 
consumption was covered by wind power in 2018 [4]. 

Utility companies have, over the last years, investigated 
different solutions to decrease the levelized cost of energy 
and to increase the full load hours for existing or new wind 
farms (WF) assets. In general the full load hours oscillates 
around 35% and 45% for onshore and offshore, respectively 
[5]. Briefly, if additional generation units are added to the 
system, the under-utilization of the grid will be reduced. 
Different investor or sites owners are considering collocating 
different generation units (such as solar plants) in order to 
increase the production rate and/or complement it with a 
battery energy storage systems gaining flexibility towards 
grid codes compliance and ancillary services provision. Such 
a plant combining these three elements is referred to in this 

paper as a hybrid power plant (HPP) based on the benchmark 
model presented in previous work [6] [7]. Subsequently a 
HPP will be capable of providing increased power generation, 
power smoothing, production loss minimization and sudden 
power injections to help in the frequency regulation.  

To enable and support all these functionalities mentioned 
above a new component will be required to be developed such 
as Hybrid Power Plant Controller (HPPC). A proof of concept 
of such hybrid power plant controller was developed first in 
a simulation environment and presented in previous work [6] 
[7] with the aim to be deployed in a future HPP. It concerns a 
completely new hybrid power plant composed by a Wind 
Farm interconnected in the same Point of Connection (POC) 
with a Solar Farm (SF) and Battery System that Vattenfall 
will develop and start to operate during 2020. This 
component will aim to real-time steer and optimize the 
active/reactive power generation as a function of different 
constraints such as: the demand requested in the POC, 
capacity of the main grid connection point or ancillary 
services provision. Moreover, different curtailment strategies 
will be developed and implemented as well. The curtailment 
of each component has different priorities and is performed 
through an optimization and dispatch function. 

In the last years scientific publications regarding 
optimization-based control are published in the literature, but 
they mostly concern offline optimization [8] [9] [10] [11]. 
Some work has also been done within control of hybrid wind-
solar-battery plants but they deal with control based on given 
weather and load conditions within a specific period [12] 
[13]. A real-time control algorithm is presented in [14], but 
the purpose there is to reduce the fluctuations in the output 
power at the connection point, utilizing the battery. Basic 
questions regarding the integration of new units to existing 
sites have not been addressed often. 

II. ARCHITECTURAL DESIGN 

An architectural diagram of the entire system is shown in 
Fig. 1. The overall system is divided into two main parts as 
shown in the diagram: the Market System and the HPPC. The 
Market System consists of two main components Trading and 
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Market system and Aggregation Unit while the HPPC will 
contain a POC controller and a local dispatch and 
optimization and function. These two main components will 
be linked through a standard SCADA communication 
interface. This article will focus on describing the 
development of the local dispatch and optimization function. 

III. OPTIMIZATION 

The optimization proposed for HPP has the aim of 
assuring the highest possible revenue, while ensuring that 
grid-related constraints are not violated, e.g. power limitation 
in the POC. It is assumed that all the plants are certified to 
deliver frequency containment reserve (FCR) which is also 
the main functionality of the battery.  

Assuming that the HPP is treated as a single production 
unit and that the production setpoint and FCR setpoint must 
be tracked in the POC, the optimization must dispatch 
individual production and FCR setpoints to the plants units. 
The dispatch is based on power availability, operating costs, 
subsidy levels, penalty for setpoint error (imbalance cost), 
etc. A diagram of the suggested optimization is presented in 
Fig. 2. 

A. Optimization Variables 

A list of all the variables and parameters used in the 
optimization is presented in Table 1. The solution of the 
optimization consists of the production setpoints and the 
amount of FCR that each plant has to deliver, e.g. 	Pdmd

WF , 
PFCR,
WF  and PFCR,‐

WF . The decision variables of the optimization 
problem are: 

x ൌ ሾ	Pdmd
WF ; 	Pdmd

SF 	;	PFCR,
WF ;	PFCR,‐

WF ;	PFCR,
SF ;	PFCR,‐	

SF ;	PFCR,
BATT;	PFCR,‐

BATT;	
Pୱ୮୲ሺୣ୰୰ሻ
େ ; Pୈାሺୣ୰୰ሻ

େ ; Pୈିሺୣ୰୰ሻ
େ ሿ	 	 ሺ1ሻ	

Notice the variables Pୱ୮୲ሺୣ୰୰ሻ
େ , Pୈାሺୣ୰୰ሻ

େ  and Pୈିሺୣ୰୰ሻ
େ  

which are needed to select the service that should be 
prioritized if there is not sufficient possible power. 

B. Cost Function 

The purpose of the optimization problem is to maximize 
the revenue. The variables that influence the solution are the 

spot price, the subsidy levels, operational cost, penalty for not 
fulfilling the FCR and penalty for not delivering the agreed 
production (imbalance cost). The cost function is a linear 
expression implemented as:  

fሺxሻ ൌ 	 Pୢ ୫ୢ
 ∙ ሺrୱ୮୭୲  rୱ୳ୠ

 െ c୭୮ሻ  Pୢ ୫ୢ
ୗ ∙ ሺrୱ୮୭୲ 

rୱ୳ୠ
ୗ െ c୭୮ୗሻ െ Pୱ୮୲ሺୣ୰୰ሻ

େ ∙ cୱ୮୲ሺୣ୰୰ሻ
େ െ Pୈାሺୣ୰୰ሻ

େ ∙ cୈାሺୣ୰୰ሻ
େ െ

Pୈିሺୣ୰୰ሻ
େ ∙ cୈିሺୣ୰୰ሻ

େ 	 ሺ2ሻ	

C. Lower and Upper boundaries 

The lower and upper boundaries are implemented to 
ensure that the physical capabilities of the optimization 
variables, such that the possible power and the prequalified 
FCR power are not exceeded: 

0  Pୢ ୫ୢ
  P୮୭ୱୱ 		 ሺ3ሻ	

0  Pୢ ୫ୢ
ୗ  P୮୭ୱୱୗ 	 ሺ4ሻ	

0  Pୈ,ା
  Pୈ,ା

,୮୯	 ሺ5ሻ	

0  Pୈ,ି
  Pୈ,ି

,୮୯	 ሺ6ሻ	

0  Pୈ,ା
ୗ  Pୈ,ା

ୗ,୮୯	 ሺ7ሻ	

0  Pୈ,ି
ୗ  Pୈ,ି

ୗ,୮୯	 ሺ8ሻ	

0  Pୈ,ା
  Pୈ,ା

,୮୯	 ሺ9ሻ	

0  Pୈ,ି
  Pୈ,ି

,୮୯	 ሺ10ሻ	
0  Pୱ୮୲ሺୣ୰୰ሻ

େ 	 ሺ11ሻ	
0  Pୈାሺୣ୰୰ሻ

େ 	 ሺ12ሻ	
0  Pୈିሺୣ୰୰ሻ

େ 	 ሺ13ሻ 

D. Inequality constraints 

The inequality constrains (14) and (15) ensure that the 
sum of the FCR demand and the production demand does not 
exceed the possible power. Contrary to the battery, the WF 
and SF need to have some production in order to deliver 
negative FCR, which is taken into account by the constraints 

 
Figure 1. HPPC architectural diagram. 

Figure 1.  Figure 2: Inputs, outputs and main functions of the HPPC.
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Parameters Description Unit 

P୰ୟ୲ୣୢ
େ  

Rated power in the Point of Common Coupling 
MW 

P୮୭ୱୱ…  
Possible power production 

MW 

Pୈ,ା
… ,୮୯  

Prequalified power for positive FCR provision 
MW 

Pୈ,ି
… ,୮୯  

Prequalified power for negative FCR provision 
MW 

r 
Revenue for providing a service or subsidy 

€/MW 

c Cost of operating a plant or penalty for not 
providing a specific service 

€/MW 

Pௗௗ
…  

Power production demand from a plant 
MW 

Pୈ,ା
…  

Positive FCR demand from a plant 
MW 

Pୈ,ି
…  

Negative FCR demand from a plant 
MW 

Pୈ
...,୮୯ 

Prequalified FCR power 
MW 

P୭ୱୣ୲
 

Power setpoint offset demanded by the battery’s 
energy management system 

MW 

Pୱ୮୲ሺୣ୰୰ሻ
େ  Production imbalance  MW 

Pୈሺୣ୰୰ሻ
େ  Positive FCR or negative FCR imbalance   MW 

Table 1. Nomenclature used in this paper. The … is substituted with WF, 
SF, and BATT representing wind farm, solar farm and battery system, 
repectively. 
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(16) and (17). Limitations related to the POC rating and 
incorporated in (18) and (19). 

Pୢ ୫ୢ
  Pୈ,ା

  P୮୭ୱୱ 	 ሺ14ሻ	
Pୢ ୫ୢ
ୗ  Pୈ,ା

ୗ  P୮୭ୱୱୗ 	 ሺ15ሻ	
െPୢ ୫ୢ

  Pୈ,ି
  0		 ሺ16ሻ	

െPୢ ୫ୢ
ୗ  Pୈ,ି

ୗ  0		 ሺ17ሻ	
Pୢ ୫ୢ
  Pୱ୮୲

ୗ  Pୈ,ା
  Pୈ,ା

ୗ  Pୈ,ା
  P୰ୟ୲ୣୢ

େ െ P୭ୱୣ୲
	

	 ሺ18ሻ	
െPୢ ୫ୢ

 െ Pୢ ୫ୢ
ୗ  Pୈ,ି

  Pୈ,ି
ୗ  Pୈ,ି

  	Pୈ,ି
,୮୯ 

	 ሺ19ሻ	

E. Equality constraints 

A set of equality constraints is also needed to provide a 
calculation of the FCR and power production setpoint errors 
in the POC. For the case where symmetrical FCR behavior is 
desired (23) is also added.  

Pୢ ୫ୢ
  Pୢ ୫ୢ

ୗ  Pୱ୮୲ሺୣ୰୰ሻ
େ ൌ Pୱ୮୲

େെPୱ୮୲		 ሺ20ሻ	
Pୈା
  Pୈା

ୗ  Pୈା
  Pୈାሺୣ୰୰ሻ

େ ൌ Pୈା
େ 	 ሺ21ሻ	

Pୈି
  Pୈି

ୗ  Pୈି
  Pୈିሺୣ୰୰ሻ

େ ൌ Pୈି
େ 	 ሺ22ሻ	

ܲୈା ൌ ܲୈି	 ሺ23ሻ	

IV. TEST CASES AND SIMULATION RESULTS 

A series of test cases has been developed and simulated in 
order to verify that the optimization behaves as intended. A 
plant with the characteristics presented in Table 2 is used. The 
model of the WF, SF and BESS used for dynamic simulations 
has been presented in [6].  

Since FCR is considered a system critical service, it is 
assumed that the penalty for not delivering the service is very 
high, in a real application not delivering FCR can lead to 
quarantine or losing the right to participate in the FCR 
market. Here, however, we introduce a penalty factor (e.g. 
cୈାሺୣ୰୰ሻ
େ  in (2)) which is chosen high in order to prioritize 

FCR over power production. 

Due to the complexity of the system a large number of 
scenarios can be created, but only the most relevant test cases 
will be presented here. 

A. Test Case 1: Step changes in production setpoint with 
fixed possible power 

With this test case it is desired to verify that the plant is 
capable of following a specific power production setpoint 
when no FCR is demanded. This is achieved by performing 
step changes in the power production setpoint, assuming 
constant possible power from the WF and SF. For this 
scenario it is assumed that the WF should be curtailed first, 
due to higher revenue streams of the SF, based on operating 
costs. This might however change if a load mitigation strategy 
is chosen instead, where the SF should be curtailed first in 
case of overproduction, since the mechanical stress on the 
components in the SF is usually less compared to the WF.  

The results of the simulation are presented in Fig. 3. The 
functionality of power limitation works as intended, as it can 
be seen in Fig. 3a. In this case, this is achieved by curtailing 
the WF as seen in Fig. 3e. 

Figure 3. Test Case 1: HPP response to power production setpoints and no FCR demand. 

Component Size Unit 

POC limit 150 MW 

WF rating 122.4 MW 

SF rating 40 MW 

BATT rating 12 MW/MWh 

rୱ୮୭୲ 50 €/MWh 

rୱ୳ୠ
  17 €/MWh 

c୭୮ 7 €/MW 

rୱ୳ୠ
ୗ  17 €/MWh 

c୭୮ୗ 5 €/MW 

Table 2. HPP component rating and cost/revenue levels used in the TC.  
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B. Test Case 2: FCR demand setpoint with fixed possible 
power 

In this test case, it is desired to observe that the HPPC is 
able to distribute correct FCR setpoints to the individual 
assets and to verify that the plants respond properly to 
frequency deviations. Fig. 4h shows the frequency variation 
and Fig. 4b and 4c show, respectively, the FCR demand 
distribution. The responses of the different plants are shown 
in Fig. 4e-g. Since, the main functionality of the battery is 
FCR, it will always provide the service as the first option. In 
the case of positive FCR, the service is also provided by the 
WF, while for the negative FCR, the optimal way to provide 
FCR is with the SF in addition to the battery.  

C. Test Case 3: Step changes in production setpoint and 
FCR demand with varying possible power  

With this test case it is desired to investigate the behavior 
of the HPP for a more realistic scenario where the possible 
power of the WF and SF is fluctuating. A step change in 
power production demand has also been introduced at t=6000 
s to verify that the plant is able to follow the setpoint (see Fig. 
5a). In Fig. 5e, it can be seen how the WF is curtailed, while 
maintaining the required spinning reserve to be able to 
provide positive FCR. In Fig. 5c between t = 0s and t = 500 
s, it can be seen (as small fluctuations) how the WF and SF  
complement each other to deliver the required negative FCR.  

Figure 5. Test Case 3: HPP response to power production and FCR demand with varying possible power. 

Figure 4. Test Case 2: HPP response to FCR demand and fixed possible power. 
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D. Test Case 4: FCR demand with varying possible power 
and frequency 

This case is based on test case 3 with the main difference 
that the frequency is also varied. At t=250 step changes in the 
frequency are applied to simulate an event of underfrequency, 
see Fig 6h. The battery responds by injecting power to the 
grid (Fig. 6g). It can also be noticed that in some cases a 
power ramp is applied to the battery. This is due to the fact 
that in Germany and Netherlands some degrees of freedom 
can be used to manage the battery energy level free of charge 
[15].  

Regarding the WF, until t=250 s, it curtails the requested 
power and at t=300 s when the frequency deviation is 200 
mHz it injects all the power that it has available for the 
positive FCR (Fig. 6e).  At t=500 s, the frequency returns to 
50 Hz and  the WF restores the requested spinning reserve.  

The SF is not providing any positive FCR, since it can be 
covered by the WF. However the SF is assigned to deliver 
negative FCR. At t=1000 s a frequency increase is simulated 
and the SF curtails its power production to deliver negative 
FCR (Fig. 6f). As in test case 2, the battery provides both 
positive and negative FCR (Fig 6g). 

E. Test Case 5: WF subsidy higher than SF subsidy 

The impact of having higher subsidy for the WF 
compared to the SF is investigated in this test case. This 
should lead to a prioritization of power production from WF 
and delivery of positive FCR from the SF as the first option. 
It is therefore assumed that the WF subsidy, rୱ୳ୠ

	has a value 
of 25 €/MWh while the subsidy for the SF is kept at 17 
€/MWh. The results are illustrated in Fig. 7. From t=0 s to 
t=200 s, The SF is curtailed in order to have spinning reserve 
(Fig 7f) and at t=200 s when the frequency starts to deviate 
from 50 Hz, the SF injects power into the grid to compensate 
for the frequency deviation. At t=500 s, the frequency returns 
to 50 Hz and the SF is completely curtailed. The WF is also 
slightly curtailed in order to compensate for the missing 
capability of the SF to deliver the entire FCR (Fig. 7e). At t= 
1000 s an event of over-frequency occurs and the negative 

FCR is mainly provided by the WF, since the SF does not 
have any production at that point. This test case is a good 
example of how the WF and SF can complement each other 
and enable provision of a higher volume of FCR from a HPP 
than would be possible if each plant are participating 
individually. 

V. CONCLUSION AND DISCUSSION 

This paper has presented an optimization controller that 
has the role of maximizing the revenue for a hybrid power 
plant, i.e. a plant composed of a wind farm, a solar farm and 
a battery. The role of the optimization is also to ensure a 
power limitation in the POC in case of overproduction, while 
ensuring an optimal distribution of  FCR and power 
production setpoints that are sent to the individual assets. 
With the simulated test cases, it was possible to show that the 
optimization behaves as intended. Even though the 
optimization should maximize the revenue, the analysis 
presented here is focused on the technical aspects of the 
solution and not so much on the actual financial benefits.  

In order to evaluate the true potential of the optimization 
on a yearly basis, this should be compared to a control 
solution where the distribution of setpoints is prespecified. 
Furthermore, in the proposed solution, it was assumed that the 
WF controller and SF controller can accurately calculate the 
possible power. In a field implementation, a function should 
also be implemented to correct for the likely possible power 
estimation errors.  

Hybrid power plants containing wind farms, solar farms 
and batteries with installed overcapacity have many 
advantages and the potential to reduce the levelized energy 
cost, but it also comes with new challenges compared to 
having individual assets, as proven in this study. This 
emphasizes the need of further research in the topic to achieve 
the best operation of such a plant. 

Figure 6. Test Case 4: FCR demand with varying possible power and frequency. 
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Figure 7. Test Case 5: FCR demand with varying possible power and frequency. WF subsidy is increased to 25 €/MWh while the subsidy for SF is kept 
at 17 €/MWh. 
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