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Abstract

Hybrid energy storage systems (HESSs) help mitigating the fluctuations and variable 

availability of certain renewable sources, such as wind power, as they can provide support in 

different time scales. Therefore, regulating their state-of-charge (SOC) becomes crucial to 

ensure that the hybrid system complies with generation commitments agreed in time-ahead 

markets despite subsequent unexpected wind speed variations. So far, research has been mainly 

targeted at avoiding extreme SOC situations in the storage devices, whereas the regulation of 

this parameter to specific values has often been disregarded. A novel approach is proposed in 

this work, where model predictive control (MPC) is used to regulate the SOC of a HESS under 

variable wind and grid demand scenarios. The MPC-based supervisory controller developed for 

the hybrid system has been implemented and simulated under different situations. This 

controller monitors the future variation of the SOC with the aim of having the HESS available 

to develop its assigned functions successfully. The results show that a proper regulation of the 

SOC in the HESS increases the capacity to manage the active power supplied to the grid by the 
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hybrid system based on wind power, as well as the level of compliance with generation 

commitments established time ahead.

Keywords

Energy management system; predictive control; supervisory control system; energy storage; 

hybrid energy storage system; ultracapacitor; hydrogen storage; .

1. Introduction

Due to the growing participation of wind power and other renewable sources in power 

systems, technical and economic concerns arise associated to their inherent variability and 

unpredictability [1–4]. In this sense, energy storage systems (ESSs) are frequently considered 

a valuable complement to reduce the fluctuations of wind power generators [5–7]. Many large-

scale ESSs can be used for such purposes. They are based on different physical principles, 

designed to perform various tasks, present dissimilar maturity, etc. In this work, a hybrid energy 

storage system (HESS) comprising two different storage technologies is used. One of the ESSs 

considered is the ultracapacitor (UC), which typically shows high charge and discharge speed, 

high efficiency and power density, very high cycle-life and low maintenance [8–10]. The 

second storage technology is a hydrogen system consisting of an electrolyzer (EZ) to produce 

hydrogen from electricity, a tank to store the hydrogen produced, and a fuel cell (FC) to generate 

electricity from hydrogen. The hydrogen system was chosen for its capacity to exchange large 

amounts of power for long periods [11,12]. In this sense, it allows time-shifting generation and 

demand, thus enhancing the integration of wind power generation in electric power systems. 

The objective of using a HESS is to exploit the differentiated characteristics of the two ESSs 

considered, since, for certain tasks, each of them will show a better performance than the other.

In hybrid power systems combining renewable sources and ESS, it becomes necessary to 
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design adequate control strategies for a sensible energy management [13,14]. Many different 

control techniques can achieve that goal. A review of optimal control strategies for supervisory 

control systems (SCS) and energy management systems (EMS) in microgrids was presented in 

[15]. As stated by the authors, among other alternatives, model predictive control (MPC) 

techniques can be used in microgrids to optimize the energy management between distributed 

energy sources and ESSs. An economic evaluation based on game theory for wind power 

generation − HESS was conducted in [16]. The main objective was to improve the power quality 

by smoothing the output power of the wind farm using a combination of batteries and UCs. The 

earnings of the wind power injection to the grid and the cost of the HESS were observed in the 

study. However, the regulation of the SOC of the storage devices was not considered, which is 

necessary to allow an increased availability of the HESS. Different methods to estimate the 

SOC of an ESS were proposed in [17,18]. Nevertheless, the performance of the ESS was not 

evaluated integrated under a more complex hybrid energy system. The use of UC as a means to 

improve the reliability and stability in electric power systems was addressed in [19], where a 

novel control technique was applied to reduce frequency variations and demand/generation 

power imbalance. The study did not consider the fluctuations introduced by renewable sources 

in the energy management. Another thorough review of SCS and EMS in microgrids was 

presented in [20]. The authors described hierarchical control structures and discussed the main 

characteristics of centralized and decentralized management to focus on optimal dispatching 

techniques and EMS in centralized configurations. A review of EMS in grids with renewable 

energies and ESS was also carried out in [21]. Different approaches were considered, with a 

specific mention to MPC and a revision of several papers on the topic.

Certain issues regarding accurate energy bifurcation in microgrids with several ESS were 

addressed in [22,23]. The concept of superimposing a DC virtual frequency was introduced in 

these references to overcome the difficulties derived from an energy management based on the 
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control of DC voltage. A virtual frequency-based droop technique was presented in [22] to 

reduce the power bifurcation error significantly, and minimize the undesired power circulation 

between the AC and DC sub-grids. In [23], a master-slave configuration of the individual 

controllers was proposed showing a satisfactory performance. The master converters were in 

charge of introducing the DC virtual frequency in the microgrid to improve the accuracy of the 

energy bifurcation. This superimposed virtual frequency was computed observing the SOC of 

the ESSs and the power demand. On the other hand, the slave converters used different ESS 

technologies to balance the power mismatch between demand and generation.

The development of predictive strategies to control hybrid energy systems was addressed 

in several studies [24–33]. In [24], the authors implemented an optimal control technique for 

an islanded microgrid based on non-linear MPC. The microgrid consisted of different 

renewable sources, battery energy storage, as well as residential and industrial loads. Optimal 

load shedding was performed by the predictive controller to avoid power imbalances, thus 

leaving some demand unaddressed in certain conditions. In [25], an economic MPC was used 

for the energy management of a microgrid system connected to the electric power grid. The 

authors used MPC to minimize the costs of energy generation and distribution while satisfying 

an established demand profile. In their configuration, the ESSs compensated the imbalances 

between generation and demand. The SOC of the ESS was introduced as a constraint in the 

optimization algorithm. Nevertheless, this parameter was not actively regulated, and the 

contribution of a diesel generator was necessary in some cases. Furthermore, uncertainties 

between the forecast and the actual power generation of the renewable sources were neglected. 

An energy system with various sources was studied in [26]. Electric storage was considered in 

the form of batteries in electric vehicles. The SOC of these batteries was introduced as a 

constraint in a MPC. Nevertheless, the coordinated operation of different ESSs in the same 

hybrid scheme was not evaluated. An approach to minimize energy consumption from the grid 
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through MPC was presented in [27]. In this case, a battery ESS supplied the necessary power 

to the hybrid system during periods of high demand, thus decreasing the energy purchase from 

the grid. A wind turbine (WT) and a local consumer were also present in the hybrid system. 

Nevertheless, the possibility to introduce an additional ESS capable of long energy exchanges 

was not observed, as this function was covered by the grid. A hybrid system with several ESSs 

working coordinated was evaluated in [28]. The authors proposed a MPC-based EMS for a 

hybrid system powering a tramway. The MPC was responsible for regulating the SOC of the 

battery and UC in the hybrid system close to their references, while being able to supply the 

known load profile of the tramway. This task was accomplished by setting the current 

references for the DC/DC converters that interconnect the ESSs. Nonetheless, the uncertainty 

introduced by renewable power generation was not an inconvenience in this configuration, 

since the ESSs were the only power sources fuelling the tramway. Furthermore, when an excess 

of energy surplus occurred in the hybrid system (e.g.: battery and UC fully charged), the 

absence of an EZ made it necessary to dissipate energy in a braking resistor at some periods. In 

[29], the authors employed distributed MPC to regulate the cooperation among several 

microgrids. With their approach, the authors conditioned the energy exchange between 

microgrids to an improvement of both the local (microgrid level) and the global (network of 

microgrids) status. Their main interest was the economic dispatch of several microgrids taking 

into consideration multiple aspects, whereas they did not particularly focus on the regulation of 

the SOC. A SOC-oriented control of a battery was presented in [30], where the charge/discharge 

rate of the ESS was modified linearly according to its SOC, and stopped at the 

maximum/minimum limits. In this sense, the authors focused on limiting the SOC of an ESS, 

rather than on its regulation. Furthermore, a single ESS was considered in [30], showing a 

limited ability to manage energy among different devices. This contrasts with the approach 

presented herein, where the SOC is actively regulated to a reference value by a smart EMS in 
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a HESS integrated by two different storage technologies. In [31], the authors compared three 

different types of stochastic MPC controllers to satisfy the power demanded by local consumers 

in a microgrid. The microgrid under study was a lab-scale system consisting of an emulated 

solar field, a battery bank, a hydrogen system and emulated local consumers. The MPC 

designed by the authors obtained successful results, keeping the SOC of the batteries and the 

level of the hydrogen tank near their references. However, the uncertain and highly fluctuating 

character of wind power generation was not included in this study. In [32], a hybrid 

configuration with batteries and UCs was evaluated. The authors proposed three individual 

explicit-MPC controllers for the total output current, battery and UC control loops. 

Experimental results proved that the proposed control strategy maintained the operation of the 

hybrid power source within the defined ranges. Nevertheless, the SOC of the ESSs was 

considered as a constraint to the optimization problem, instead of actively regulated to a 

reference value. The SOC of a UC within a hybrid system was controlled by an MPC algorithm 

in [33]. In this scheme, the UC was used, together with a FC stack, to power a construction 

vehicle. The authors considered the variation on the power demanded by the vehicle as the 

forecasting parameter in the MPC. However, renewable energy sources were not a part of this 

hybrid configuration, and their fluctuations were not present on the power generation side. The 

uncertainty of renewable sources were indeed observed in the robust MPC presented in [34]. 

Nevertheless, a single ESS was considered on the microgrid evaluated. Furthermore, 

controlling the SOC of the ESS was not within the duties of the EMS, as in other previously 

cited references.

In HESSs, the differentiated performance of each ESS is a highly valuable advantage, but 

also a challenge in terms of the energy management among them [35–37]. If the SOC of all the 

ESSs is not evaluated in mutual coordination, a situation may occur where one of the ESSs 

reaches its minimum/maximum SOC limitation, thus losing its availability as an energy backup, 
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while, at the same time, other ESSs in the hybrid system may be facing an opposite SOC. To 

avoid this undesired performance, it is sensible to manage energy within the hybrid system 

wisely and regulate the SOC of the ESSs involved. If this task is carried out successfully, the 

operation of the ESSs can be extended in time by avoiding limit SOC situations. An approach 

to complete this objective was presented in our previous work [38]. Nevertheless, the 

configuration presented herein differs from [38] in certain relevant aspects. First, the SCS 

implemented in [38] is based on an intelligent control technique, such as fuzzy logic, designed 

through an experience-based process, whereas the control strategy proposed in this work is 

based on MPC, a completely different concept that includes an optimization algorithm to find 

the best feasible solution. Furthermore, the SOC of the ESSs was regulated within a broad range 

of variation in [38], while specific values are used as SOC references herein. With this 

approach, the MPC allows a more precise regulation of the SOC. A SOC balancing strategy 

was presented in [39] based on a fuzzy tuned dynamic exponent technique. However, this article 

focused on the internal SOC equalization within the elements of a ESS, instead of among two 

ESSs with a dissimilar dynamic response. In this sense, the state of power regulation was 

considered in [40,41] together with a SOC equalization strategy, where ESSs with a quick and 

large power response were used to improve the transient response of a HESS. The state of power 

management was implemented in the ESS with fast response using a fuzzy logic-based PI 

controller.

In the configuration proposed in this paper, the WT is the primary power source, and it is 

connected to grid with the support of a HESS. In this HESS, the hydrogen system serves two 

purposes. Firstly, it allows time-shifting the wind power generation to adapt to a variable grid 

demand. Secondly, it helps regulating the SOC of the UC (SOCUC), with lower capacity, to 

defined reference values. On the other hand, the fast and small deviations of the actual wind 

power generation from the predicted value are compensated by the UC. Subsequently, the 
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combined operation of both ESSs will allow the hybrid system to provide a controlled output 

power to the grid according to commitments established time ahead. Therefore, the main 

objectives of this work are: i) to design a SCS based on MPC that develops a smart energy 

management in the hybrid system; ii) to maintain the HESS at an adequate SOC to be able to 

match a fluctuating power generation from the WT with a variable demand from the 

transmission system operator (TSO); iii) to protect the UC from overcharge or complete 

depletion cycles that may jeopardize its proper operation, using the hydrogen ESS as a backup 

due to its higher energy capacity; iv) to provide a time-shifted and smooth power injection to 

the grid from a fluctuating renewable source.

Based on the previous review of the literature, the main contributions of this paper are:

1. Design of a smart energy management strategy in a hybrid system with wind power and a 

HESS. The SCS implemented allows regulating SOCUC with the support of the hydrogen 

system. This reduces the risk of unavailability of the UC as a power regulation element 

because of maximum/minimum SOC situations.

2. The proposed SCS enhances the smart energy management in the hybrid system using the 

HESS with a dual purpose. Each of the two storage devices considered develops 

differentiated tasks in the regulation and control of the active power in the hybrid system. 

Additionally, those ESSs with larger capacity can support others with lower capacity to 

regulate their SOC and avoid full charge/discharge and subsequent loss of their availability. 

In this case, if SOCUC is lower than desired, the hydrogen system can charge the UC. If 

SOCUC is higher than desired, the excess energy can be converted into hydrogen instead of 

being wasted.

3. The proposed SCS considers SOCUC as a control parameter rather than just as a constraint. 

This puts the focus on the proper regulation of this parameter and enhances the importance 

of having all ESSs available to control the total power injection of the hybrid system 
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satisfactorily.

4. The proposed SCS uses MPC to regulate SOCUC to a specified value. Therefore, the amount 

of back-up energy that remains stored in this ESS in future intervals is actively controlled, 

instead of depending solely on the operating conditions. Anticipating the energy stored in 

the HESS allows operating the hybrid system in time-ahead markets similarly to traditional 

power plants. This opens the door to future designs where the desired SOC references could 

be calculated based on technical or economic optimization criteria, which is beyond the 

scope of this study.

The remainder of the paper is organized as follows: The configuration of the hybrid 

system, detailing the main elements, the structure, and the inputs and outputs considered, is 

described in Section 2. Sections 3 shows the modelling of the WT and ESSs. The characteristics 

of the SCS designed are presented in Section 4. Section 5 discusses the simulation results. 

Finally, the main findings are summarized in Section 6.

2. Configuration of the Hybrid System

The hybrid system proposed in this work consists of four elements. A WT acts as the 

principal power source. It operates in the maximum power point to maximize the energy 

captured from the wind. Additionally, a HESS is coupled to the WT as a secondary power 

source. This HESS increases the ability to manage and regulate the WT power generation, thus 

reducing the drawbacks of the fluctuating and intermittent power production of this green 

source. The WT drives a doubly-fed induction generator (DFIG). The storage devices are 

connected using bidirectional DC/DC power converters at the DC link of the DFIG. Hence, the 

power supplied by the HESS in DC is converted to AC using the grid-side converter (GSC) of 

the DFIG, avoiding the need for additional AC/DC conversion stages to inject the power 

provided by the ESSs to grid. The WT and the HESS must operate in coordination to achieve 

efficient energy exchanges within the hybrid system and with the grid. In this sense, a SCS has 
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been developed to provide the power references to the control systems of each power converter. 

The SCS proposed herein is based on a MPC technique, and it is detailed in Section 4.

Regarding the ESSs, two different technologies are considered. This configuration with 

a HESS presents relevant advantages, since the main features of each ESS can be considered to 

develop different functions in the hybrid system. In this sense, UCs have been chosen because 

of their satisfactory performance under fast and repeating charge/discharge cycles, and the 

hydrogen system, consisting of the FC and the EZ, because of the large amount of energy it can 

store for long periods. These characteristics are observed in the SCS implemented for a smart 

energy management.

The configuration of the hybrid system is sketched in Figure 1, which shows the main 

components and the control systems. As seen, the total active and reactive power outputs of the 

hybrid system are given by Pt and Qt respectively.

3. Modelling of the Hybrid System

The detailed modelling of the elements comprising the hybrid system is presented in 

APPENDIX A. Nevertheless, the most relevant aspects are briefly described in this section.

The main power source of the hybrid system consists of a variable-speed WT driving a 

DFIG based on a 1.5 MW product by General Electric [42]. A fifth-order model is considered 

for this element, using the actuator disk theory for the wind turbine, and the two resonant masses 

model for the power train [43]. A PI-based control loop is implemented to limit the rotating 

speed by controlling the pitch angle of the blades. Furthermore, the rotor-side and grid-side 

converters (RSC and GSC respectively) of the DFIG are used to control the active power 

generation, the stator and GSC reactive power, and the voltage at the DC link [44], indicated as 

Pg, Qs, QGSC and VDC, in Figure 1. The 1.5 MW rated power of the DFIG is chosen as the base 

power for per unit conversions in the system.
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Figure 1: Scheme of the hybrid configuration proposed.

Regarding the ESSs, they are modelled using well-known dynamic models valid for 

transient stability studies. The EZ is modelled through a controllable DC voltage source and an 

electrical resistance in series connection [45], using the parameters of the proton exchange 

membrane stack in [46] to implement a 350 kW EZ. The 450 kW FC model consists of a 

variable DC voltage source with a series-connected resistor that represents the internal losses 

of the device [47], and the hydrogen tank is modelled as the balance of mass flowing in and out 

the container. According to the configuration implemented, the hydrogen stored in the tank is 

provided by the EZ, whereas the hydrogen extracted from the tank is consumed in the FC. 

Finally, the UC model is built with an ideal capacitor and a resistor connected in series to 

account for the internal losses [48]. The parameters of product BMOD0063 P125 from Maxwell 

Technologies [49] have been used to configure an UC with a capacity of 2.5 kWh and a full-

charge voltage of 625 V.

The connection of each storage device to the DC link of the DFIG is provided by 

bidirectional DC/DC buck-boost converters. These converters present two power electronic 

switches based on IGBT-diode switches working at 2.7 kHz. They also have a 0.4 mH inductor 

and a 0.3 mF capacitor at the ESS side, and a 1.1 mF capacitor at the DC-bus side, to reduce 

current and voltage ripples [50,51]. The control system for each ESS consists of a single PI 

control loop that tracks the active power reference defined by the SCS.

4. Supervisory Control System

In hybrid systems including different power sources and energy storage, a supervisory 

controller is typically needed to generate the active power references in order to manage energy 

efficiently. Therefore, a SCS that coordinates the operation of the DFIG, the EZ, the FC and 

the UC becomes necessary in the proposed hybrid configuration.
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The first premise of the SCS developed herein is that the hybrid system has to satisfy the 

grid power demand. This demand may correspond to a previous agreement on day-ahead 

markets for the active power that the hybrid system will inject into the grid, in order to carry 

out an economic exploitation of the power plant. The hybrid system counts on two main tools 

to comply with this commitment. First, the power generation forecasts for the WT, which can 

help deciding the active power provided to the grid by the hybrid system for each period in day-

ahead markets. Second, the HESS, which plays a crucial role as a secondary power source to 

support and regulate the total power injected to the grid. These two elements must be considered 

in the SCS to develop an efficient energy management within the components of the hybrid 

system.

The SCS conceived for this hybrid configuration is designed in two stages. In a first stage, 

three magnitudes are used to calculate the primary power references for the HESS: 1) the active 

power requested by the grid (Pdemand); 2) the actual DFIG active power generation (Pg), 

calculated by adding the power exchange through the stator and rotor windings; and 3) a day-

ahead estimation of the DFIG active power generation (PDFIG
*). As previously described, 

Pdemand can be set by the TSO according to a pre-established commitment agreed in day-ahead 

markets. Moreover, Pg is given by the DFIG model as a function of a fluctuating wind speed. 

Finally, PDFIG
*can be obtained from wind speed forecasts and the DFIG active power curve 

[52]. The wind speed forecasting technique is not discussed nor developed in this paper because 

it is outside the scope of this work. Therefore, PDFIG
*is used as a given input value.

If Pdemand is the result of market agreements, it may remain constant for long periods (e.g. 

from several minutes up to an hour). Analogously, the wind speed predictions, and therefore 

PDFIG
*, can also be considered as constant values in this time range. Subsequently, the result is 

that both parameters can show a stable pattern without fluctuations for several minutes. 

Additionally, these values should not necessarily match at all times, as the operator of the wind 
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farm might want to develop an economic exploitation of the generation by time-shifting 

generation and demand, using the ESSs to store energy during periods with a low cost of energy, 

and releasing the stored energy during peak periods with a higher income. To achieve that goal, 

ESSs with enough capacity to provide or absorb energy for long periods are necessary. 

Furthermore, since frequent fluctuations are not expected for these signals, a fast dynamic 

response of the ESSs is not required. In this sense, the hydrogen system is an adequate candidate 

for such task. Hence, the difference between Pdemand and PDFIG
* will be covered by the EZ and 

the FC in the first stage of the SCS. It has been reported in the literature that frequent start-up 

of hydrogen FCs can reduce their expected cycle-life [53]. Therefore, the minimum power 

references for both the FC and the EZ are set to small, non-zero, positive or negative values 

respectively, in order not to cease the operation of the devices completely.

Moreover, since the wind speed forecast is not 100% accurate, ESSs should be used to 

compensate the difference between Pg and PDFIG
*. To take advantage of the fast response and 

satisfactory performance under frequent fluctuations of the UC, this is the ESS chosen for this 

task. Additionally, the UC is also responsible for covering the fast changes on the references of 

FC and EZ that they are not able to provide due to their slow dynamic response.

A new concern arises regarding the lower capacity of the UC compared to the hydrogen 

system. The problem now is to maintain SOCUC at a certain level that can manage the active 

power imbalance between Pg and PDFIG
*. If SOCUC is excessively high/low, the UC cannot 

absorb/deliver the necessary energy, thus losing its ability to regulate the power imbalance. To 

address this problem, an active power term is computed through a MPC algorithm to monitor 

and support SOCUC in the second stage of the proposed SCS. This additional active power term, 

namely Psupport, can be positive or negative, and it is provided by the hydrogen system by 

absorbing or generating an additional active power injection to maintain SOCUC close to a 

reference value. This contribution of the FC and the EZ is proposed as a means to avoid extreme 
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SOCUC, which may hamper the UC contribution as the fast response power backup in the hybrid 

system.

Subsequently, the power references for the ESSs are calculated in the SCS according to 

(1) and (2):

supportgDFIGsupportUCprimary refUC PPPPPP  * (1)

supportDFIGdemandsupportH2primary refH2 PPPPPP  * (2)

where Pprimary UC and Pprimary H2 are the primary power references for the UC and the hydrogen 

system, calculated without the contribution of the MPC, whereas PUC ref and PH2 ref are the final 

power references for the controllers of the ESSs. In the hydrogen system, the FC will provide 

the positive values of PH2, whereas the negative values will be consumed in the EZ to produce 

hydrogen.

A scheme of the complete implementation of the SCS is depicted in Figure 1, where the 

calculation of the primary power references and the contribution of the MPC to compute Psupport 

can be observed. Furthermore, Figure 2 shows the complete flowchart that runs every control 

interval of 300 s to generate the Psupport needed to track the reference for SOCUC. In this sense, 

when SOCUC is below its reference, the UC needs to be charged, which requires a negative 

value of Psupport. This implies a higher power injection of the FC or a lower power absorption 

in the EZ (PH2 ref > Pprimary H2), depending on the operation state of the hydrogen system. In both 

cases, PUC ref < Pprimary UC to enhance the UC charge. On the other hand, when 

SOCUC > SOCUC ref, the FC will deliver less power, or the EZ will absorb more 

(PH2 ref < Pprimary H2), to accelerate the discharge of the UC, which will compensate this deficit 

or excess respectively. This is regulated by generating a positive Psupport.

The MPC is an optimization control technique based on the prediction of the state of the 

system within a specified future horizon. The optimization is developed by minimizing a cost 

function over the prediction horizon. The optimization algorithm defines a trajectory of the 
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control output that achieves an adequate reference tracking for the estimated output. The 

Simulink Control DesignTM [54] toolbox was used to generate a linear-time invariant (LTI) 

model of the system. The resulting LTI model, together with the system output and the control 

signal registered, are used in the MPC algorithm to infer the evolution of the system. The MPC 

algorithm solves a quadratic program (QP) optimization problem at each control interval. The 

solution defines the manipulated variable (MV) inputted to the system during a control interval. 

Figure 2: Flowchart of the SCS.

The cost function, namely J(zk), is given in (3). It is computed as the sum of three terms 

that evaluate specific aspects of the MPC performance:

       kckukyk zJzJzJzJMin   (3)

In this sense, Jy(zk) is the term for tracking the output reference, JΔu(zk) is the term that 

limits the deviation of the MV, and Jc(zk) penalizes when the constraints must be relaxed to 

achieve a feasible solution for the optimization problem. Additionally, zk is the decision 

delivered by the QP, given by (4), where p is the prediction horizon, and k is the current control 

interval:

      kpkPkkPkkPz supportsupportsupportk 11   (4)

Eqs. (5) – (7) show the calculation of the terms in (3), including the weights that are tuned 

in the controller for each application: 

       
2

0





p

i
UCrefUCSOCky kikSOCkikSOCwzJ

UC
(5)

       
21

1
1




 

p

i
supportsupportPku kikPkikPwzJ

support
(6)

  2
kkc zJ   (7)
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where SOCUC(k+i|k) is the SOCUC predicted at the ith prediction horizon step, SOCUC ref(k+i|k) 

is the reference value at the ith prediction horizon step, wSOC UC is the weight that penalizes the 

deviation from the output reference, wPsupport is the weight that penalizes the increases in the 

MV, εk is the slack variable at the control interval k, and ρ represents the penalty weight when 

the constraints are relaxed.

Certain constraints must be applied to the MPC that affect the inputs and outputs of the 

system. As a constraint to the measured output, SOCUC is limited in the MPC algorithm between 

10% and 90% to prevent the complete charge or discharge of the device. As a constraint to the 

MV, Psupport must satisfy the conditions given by (8) and (9) because of the limitations of the 

hydrogen system.

kWPkW H 450350 2  (8)

 
 *

*

350

450

DFIGdemandsupport

supportDFIGdemand

PPkWP

PkWPP




(9)

The parameters and constraints of the MPC implemented are summarized in Table 1.

Table 1. Summary of the MPC parameters

A control interval Ts of 300 s is chosen because of the slow dynamic response of the 

hydrogen system, in order to reduce the number of changes on its power reference. A period of 

300 s is enough for the EZ and FC to reach a new steady state after a step change on their 

references. The resulting MPC was evaluated through simulation changing the value of 

different parameters, obtaining a satisfactory performance.

5. Results and Discussion

The hybrid system presented herein is tested through simulation under various operating 
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conditions. The hybrid system without the MPC controller in the SCS is used as a benchmark 

to show the improvements achieved when the MPC is integrated in the SCS. Furthermore, two 

cases study are considered to evaluate the performance of the SCS with the MPC under two 

different control objectives. The first simulation shows the proper regulation of SOCUC to a 

constant reference under changing conditions of the input parameters, whereas the second 

illustrates the response to a step change in the reference for SOCUC. The results are discussed 

below.

5.1. Case Study 1: Constant SOCUC Reference

This simulation evaluates the satisfactory regulation of SOCUC when the inputs of the 

SCS change among different values. A wind speed fluctuating between 8.5 m/s and 11.5 m/s is 

considered. From (1) and (2), it can be seen that PDFIG
* and Pdemand are used in the SCS to 

compute PUC ref and PH2 ref. In this first simulation, these parameters vary as shown in Figure 3a. 

Therefore, these variations imply changes on the power references for the ESSs.

Even though the ESSs are connected at the DC link of the DFIG, the operation of the WT 

should not be affected by a changing active power injection of the storage devices, nor by the 

action of the MPC to generate the power support between the ESSs. In this simulation, it was 

observed that both configurations (with and without MPC) showed a similar response regarding 

the active power generation of the DFIG. Additionally, a constant voltage at the DC link of the 

DFIG is crucial to preserve the stability of the hybrid system. The results showed that this 

magnitude is adequately controlled at its command value, and the inclusion of the MPC in the 

SCS does not affect its performance.

As previously detailed, the hydrogen system is responsible for delivering or absorbing 

the difference between PDFIG
* and Pdemand in Figure 3a. This calculation is strictly valid for the 

system without MPC, whereas in the configuration with MPC, the term Psupport is defined to 

regulate SOCUC. Figure 3b shows the active power exchanged by the hydrogen system for the 
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two SCSs compared. In both configurations PH2 starts increasing from the beginning of the 

simulation due to the initial mismatch between PDFIG
* and Pdemand, which implies a Pprimary H2 

equal to 0.2 pu. For the SCS without MPC, it can be clearly seen that the FC provides 0.2 pu 

during the first 15 min of the simulation, which corresponds to the difference between Pdemand 

and PDFIG
* in this interval. Between 15 min and 30 min, this difference becomes zero, and 

neither the FC nor the EZ exchange active power if the MPC is not present. From 30 min until 

the end of the simulation, PDFIG
* becomes higher than Pdemand, and the EZ is responsible for 

using this excess of generation to produce hydrogen.

On the other hand, with the MPC in the SCS, the primary references of the FC and the 

EZ are modified to provide additional support to the UC. The hydrogen system is required to 

deliver or store additional power than just the necessary to cover the prediction vs. demand 

imbalance. Hence, every 300 s the MPC calculates Psupport and modifies the primary power 

references for the FC and the EZ. Subsequently, certain differences can be observed between 

the SCS with and without MPC in Figure 3b. These differences correspond to the Psupport 

calculated to regulate SOCUC. The effects of Psupport in the EZ and the FC were described in 

Section 4. In this regard, the situations that occur from 5 min to 15 min, and from 20 min to 

30 min are certainly clarifying. In the period from 5 min to 15 min, SOCUC has increased above 

its reference. Therefore, the configuration with MPC tries to reduce SOCUC to track its 

reference. This is accomplished using the UC instead of the hydrogen system to supply the 

mismatch between Pdemand and PDFIG
*. As a consequence, the hydrogen system is freed from 

this task, reducing its output power, and increasing the output power of the UC. Hence, SOCUC 

decreases and approaches its reference in the configuration with MPC. On the other hand, after 

a transitory response, the hydrogen system does not exchange any active power with the grid 

between 20 min and 30 min, since PDFIG
* and Pdemand are set at the same value. However, a 

small power consumption in the EZ is registered in the SCS with MPC due to the UC discharge 
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needed to regulate SOCUC closer to its reference. The power that has to be extracted from the 

UC to reduce its SOC cannot be delivered to the grid not to deviate Pt from Pdemand. Hence, the 

additional discharge of the UC is consumed in the EZ to produce hydrogen. Therefore, a smart 

use of the excess of energy stored in the UC was accomplished with the MPC strategy.

The contribution of Psupport is also appreciated in PUC, shown in Figure 3c. In the 

configuration without MPC, the UC output power is only responsible for compensating the 

power imbalance between Pg and PDFIG
*. As Pg varies with wind, PUC shows fast and frequent 

fluctuations. Such behaviour could not be achieved by the hydrogen system due to its slower 

dynamics and poor performance in highly fluctuating operation. As seen in Figure 3c, positive 

values of Psupport imply higher discharge/lower charge for the UC, whereas the consequence of 

a negative Psupport is the opposite. This effect can be also observed in Figure 4a. During periods 

with a negative Psupport, SOCUC in the configuration with MPC increases faster than in the 

configuration without MPC. Analogously, when a decrease on SOCUC is necessary, the MPC 

generates a positive Psupport to favour the discharge of the UC.

The results illustrated in Figure 4a clearly show that the configuration with MPC in the 

SCS is able to regulate SOCUC close to a specified value. Even though the operating conditions 

(i.e. PDFIG
*, the wind speed, or Pdemand) vary, the MPC generates the necessary Psupport that 

manages the active power exchange between the ESSs to monitor SOCUC, avoiding situations 

that could potentially damage the UC. Under the same operating conditions, the configuration 

without MPC reaches a maximum SOCUC close to 120%, as there is no regulation mechanism 

for this parameter. A SOCUC around 120% means that the voltage applied to the UC terminals 

is approximately 20% higher than the rated value. This undesired situation should be avoided 

to minimize the risk of damaging the device. As shown, the SCS with MPC achieves a 

successful regulation under different operating conditions.

As it could be expected, the contribution of the MPC in the SCS also shows certain effects 
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on the level of hydrogen in the tank. It can be observed in Figure 4b that the level of the 

hydrogen tank in the configuration with MPC is higher than in the configuration without MPC 

for most of the simulation. This is a consequence of the previously described behaviour of the 

UC. Since the MPC avoids an excessively high charge of the UC, the excess of energy in the 

UC is consumed in the EZ, thus increasing the hydrogen generation compared to the 

configuration without MPC. Therefore, the MPC proved a double benefit in this simulation. On 

the one hand, it helped regulating SOCUC around an established reference, allowing a safer 

operation of this device. On the other hand, the MPC developed a smart energy management 

within the hybrid system, since the excess of energy rejected by the UC during the regulation 

of SOCUC was moved to the EZ, thus accomplishing an intelligent use of the available energy.

Figure 3: Results of case study 1: a) DFIG power generation forecast and Pdemand; 

b) Hydrogen system output power and Psupport; c) UC output power and Psupport.

Figure 4: Results of case study 1 (cont.): a) SOC of the UC; b) Level of the hydrogen tank; 

c) Total output power of the hybrid system.

The improved performance of the SCS with MPC is finally demonstrated in Figure 4c, 

where Pt (i.e. the active power injected to the grid by the hybrid system) is represented. As seen, 

the SCS without MPC is not able to match Pdemand by the end of the simulation. This is a 

consequence of the low SOCUC registered during this period, as shown in Figure 4a, which 

reduces the contribution of PUC to zero (Figure 3c). Moreover, since the UC cannot filter the 

power fluctuations due to its low SOC, these fluctuations are transferred to the output power, 

as observed in the configuration without MPC. In contrast, the SCS with MPC developed an 

adequate regulation of SOCUC and satisfied the grid demand during the whole simulation. This 
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result proves the main benefit achieved by the SCS with MPC, since a smarter management of 

the energy available in the hybrid system allows increasing the capacity to provide a controlled 

power output from a renewable resource.

5.2. Case Study 2: Change in SOCUC Reference

To validate the adequate regulation of SOCUC, a second scenario is simulated with a step 

change on the reference for this parameter. In this situation, the MPC must be able to regulate 

SOCUC to two different values throughout the simulation. To clearly differentiate the effects of 

changes in the reference for SOCUC from the effects of changes in other inputs (shown in the 

previous case study), PDFIG
* is kept constant at 0.55 pu, whereas a single step change is 

introduced for Pdemand at 40 min from 0.47 pu (700 kW) to 0.6 pu (900 kW). Additionally, the 

reference for SOCUC is set at 50% at the beginning of the simulation, and changes at 30 min to 

75%. The same fluctuating wind speed as in the previous case study is used.

Under these conditions, the SCS with MPC is able to regulate SOCUC to the reference 

values defined, as seen in Figure 5a. The configuration with MPC controls SOCUC to 50% 

during the first half of the simulation. Since the MPC is generating a new value of Psupport every 

300 s, it takes some time for the controlled variable to reach the reference value. Nevertheless, 

a clear tendency towards 50% can be observed, in contrast with the configuration without MPC, 

which is not able to regulate SOCUC. Therefore, in the configuration without MPC, SOCUC 

varies as a result of the UC charge and discharge according to the primary reference set in the 

first stage of the SCS. For the last 30 min of the simulation, the SCS with MPC drives SOCUC 

to its new reference at 75%, whereas the configuration without MPC cannot regulate this 

parameter and it decreases at its minimum recommended value for some periods. Furthermore, 

the change in Pdemand at 40 min does not affect the behaviour of the system with MPC. 

Therefore, these results show the adequate performance of the MPC implemented in the SCS 

to control SOCUC under different operating conditions.
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The output power of the UC for each configuration is shown in Figure 5b. The effect of 

Psupport can be observed throughout the simulation. At the beginning, and from 30 min until 

35 min approximately, PUC is lower in the configuration with MPC than in the SCS without 

MPC. This additional energy consumption of the UC with MPC causes a significant increase 

on its SOC, as shown in Figure 5a. In other periods (e.g.: from 5 min to 15 min), PUC is slightly 

higher for the SCS with MPC, and thus SOCUC decreases faster than in the case without MPC. 

These differences between both configurations are caused by the contribution of Psupport in the 

SCS with MPC. Hence, when Psupport is negative, the UC is charged faster, whereas positive 

values of Psupport imply a higher discharge of the device. When the MPC is not present, the UC 

only compensates the difference between Pg and PDFIG
*, and SOCUC varies accordingly. As 

observed in Figure 5a, from 42 min until the end of the simulation, there are some intervals 

where the UC is fully discharged. Subsequently, PUC is zero for those periods in Figure 5b, and 

this device is not able to compensate the deviations between Pg and PDFIG
*. This causes a major 

drawback when observed from the perspective of the grid. As seen in Figure 5c, during those 

periods of depleted UC in the SCS without MPC, the UC cannot filter the fluctuations of the 

DFIG power generation, and these fluctuations are transferred to the power injected to the grid. 

On the other hand, when the MPC is implemented on the SCS, SOCUC is controlled and it does 

not lose the capacity to filter the fluctuations of the power generated by the DFIG. Therefore, 

the power injected to the grid by the hybrid system with MPC is able to follow the changing 

Pdemand due to the contribution of the hydrogen system, as well as to smooth out the fluctuations 

of Pg by regulating SOCUC. As shown, this is not feasible in the SCS without MPC.

Figure 5: Results of case study 2: a) SOC of the UC; b) UC output power and Psupport; 

c) Total output power of the hybrid system and grid demand.
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The active power exchanged by the hydrogen system is shown in Figure 6a. According 

to the design of the SCS, the hydrogen system is primarily in charge of covering the power 

imbalance between PDFIG
* and Pdemand. In this case, that power imbalance corresponds to a step 

change from -0.08 pu to 0.05 pu approx. at 40 min, and this is the power reference achieved in 

the SCS without MPC. Nonetheless, the SCS with MPC generates Psupport to regulate SOCUC. 

This additional power term is exchanged between the UC and the hydrogen system. Therefore, 

it affects the power delivered or absorbed by the FC and the EZ respectively. This can be 

observed in Figure 6a, where the FC contributes to charge the UC during the first 5 min of the 

simulation and from 30 min to 35 min. On the other hand, from 5 min to 15 min and from 

37 min to 40 min approximately, the EZ consumes more power to achieve a higher reduction 

of SOCUC. This relation between the output/input power of the hydrogen system and SOCUC 

was also highlighted in Figure 5a, thus proving the contribution of the hydrogen system on the 

regulation of SOCUC. Such operation also brings differences to the amount of hydrogen stored 

in the tank, which is illustrated in Figure 6b. As observed, the level of the hydrogen tank is 

lower for the configuration with MPC, mainly due to the first 5 min of the simulation, when the 

SCS with MPC is consuming hydrogen in the FC to increase SOCUC, whereas the SCS without 

MPC is producing hydrogen in the EZ during this period. This initial situation, together with 

the interval from 30 min to 35 min where the same situation occurs, penalizes the level of 

hydrogen in the tank for the rest of the simulation in the SCS with MPC, which is not 

compensated by the larger generation of the EZ in certain periods. Nevertheless, this lower level 

of the hydrogen tank is a minor disadvantage compared to the relevant benefit obtained with 

the MPC regarding the improved control of SOCUC and the controllable active power injection 

to grid. 

This second case study showed an improved performance of the SCS with MPC regarding 

the regulation of SOCUC that, in the end, is translated into a higher quality of the power injected 
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to the grid by the hybrid system. Furthermore, it proved that the MPC can regulate SOCUC to 

different values, which can be useful in applications where this reference is defined based on 

specific criteria.

Figure 6: Results of case study 2 (cont.): a) Hydrogen system output power and Psupport; 

b) Level of the hydrogen tank.

6. Conclusions

This paper presented the design, modelling and simulation of a MPC-based SCS for a 

hybrid system coupling a WT and two large-scale ESSs. A HESS was implemented for energy 

management and power quality purposes. In this regard, the UC compensated fast and frequent 

fluctuations of the WT active power generation, whereas a hydrogen system was used for longer 

energy exchanges with the grid.

The MPC-based SCS was tested through simulation and compared with a SCS without 

the MPC strategy. The results showed a smarter energy management in the hybrid system for 

the configuration with MPC. The proposed configuration achieved an improved regulation of 

SOCUC and longer HESS operation compared to the configuration without MPC. Subsequently, 

the energy regulation and output power smoothing capabilities of the HESS were enhanced by 

the MPC-based SCS. Additionally, overcharge and complete discharge of the UC were avoided 

using the hydrogen system as an energy backup when necessary, which protected the UC from 

potentially harmful situations. Finally, the variable power demanded by the TSO was 

successfully fulfilled by the hybrid WT with HESS system. As observed, a controlled and 

smooth power injection was provided due to the contribution of the proposed SCS based on 

MPC.
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Appendix A

A.1: Modelling of the Wind Turbine

The DFIG model is implemented using the voltage at the stator and rotor windings in the 

synchronous dq reference frame, as in (A1) and (A2):

ds s ds ds qs

qs s qs qs ds

du R i
dt
du R i
dt

  

  

    

    
(A1)

 

 

dr r dr dr r qr

qr r qr qr r dr

du R i
dt
du R i
dt

   

   

     

     
(A2)

where u stands for voltage, i for current, R for resistance, φ for magnetic flux, ω for angular 

speed, and subscript r stands for rotor variables and s for stator.

Additionally, the electromagnetic torque is given by (A3), where p indicates the pairs of 

poles:

 1 5e ds qs qs dsT . p i i       (A3)

A.2: Modelling of the Electrolyzer

The hydrogen produced in the EZ, namely nH2, is determined by the Faraday’s law given 

by (A4):
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2 2
c EZ

H F
n In

F


 


(A4)

where nc is the number of cells connected in series, IEZ is the input current of the EZ, F is the 

Faraday constant, and ηF is the Faraday efficiency, which can be obtained from the EZ current 

IEZ as in (A5):

2

0 09 75 596 5F
EZ EZ

. .. exp
I I


 

   
 

(A5)

These two equations, plus the electrical performance as a linear variation of the output 

voltage with the input current, provide a valid model of this device.

A.3: Modelling of the Fuel Cell

The fuel cell terminal voltage (UFC) is calculated as a function of several design 

parameters according to (A6):

FC FC i FCU E R I   (A6)

where IFC is the instantaneous current of the FC, Ri is the internal resistance of the device, and 

EFC is the value of the controlled DC voltage source calculated from (A7):

0

FC
FC oc

IE E N A ln
i

 
     

 
(A7)

where Eoc is the open-circuit voltage, N is the number of cells connected in series, A is the slope 

in the linear region of the polarization curve (Tafel slope), and i0 is an exchange current resulting 

from the continuous backward and forward flow of electrons from and to the electrolyte 

produced at no load conditions [55].

A.4: Modelling of the Hydrogen Tank

The level of hydrogen in the tank in percentage is given by (A8) and (A9):
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 2 0
100

tank H
tank

L M M
C

   (A8)

2 2 2 H H in H out
d M m m
dt

  (A9)

where Ltank is the level of hydrogen in the tank in percentage, M0 is the initial mass in the tank 

in kg, Ctank is the total capacity of the container, MH2 is the mass of hydrogen in the tank, and 

the mass flows of hydrogen in and out of the tank are given in kg·s-1 by mH2 in and mH2 out 

respectively. 

A.5: Modelling of the Ultracapacitor

The terminal voltage of the series UC branch, namely VUC, is given by (A10):

0
UC

UC UC UC UC
UC

IV V t R I
C

     (A10)

where VUC0 is the initial UC voltage, RUC represents the internal resistance of the UC and CUC 

its capacity, and IUC is the current in the branch.

In an UC, the SOC is directly proportional to the instantaneous terminal voltage VUC, and 

inversely proportional to the rated voltage of the device VUC rated. Thus, SOCUC is given by 

(A11) in this work:

  100UC
UC

UC rated

VSOC %
V

  (A11)

Appendix B

The characteristics of the hybrid system presented in this paper are summarized in Table B.1.

Table B.1. Parameters of the hybrid system
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Table 2. Summary of the MPC parameters

Controller parameters
Control interval (s) 300
Prediction horizon (intervals) 3
Control horizon (intervals) 2

Output Weights

UCSOCw 3
Input Rate Weights

supportPw 0.01

Constraints
Parameter Type Range
SOCUC (%) Level limitation [10,90]
Psupport (kW) Level limitation Eq. 9
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Table B.1. Parameters of the hybrid system

Wind Turbine Electrolyzer Ultracapacitor
Rated power 1.5 MW Rated power 350 kW Rated capacity 2.5 kWh
Rated voltage 575 V Rated voltage 590 V Rated voltage 625 V
Rated freq. 60 Hz nc 400 RUC 1.5 mΩ
Filter resist. 3 mΩ Internal resist. 1.65 Ω CUC 756 F
Filter inductor 300 mH Fuel Cell
Rs 25 mΩ Rated power 450 kW
Ls 200 mH Eoc 625 V
Rr 20 mΩ N 900
Lr 150 mH A 0.04
p 3 i0 0.88 A

Hydrogen Tank
M0 5 kg
Ctank 10 kg
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Figure 1: Scheme of the hybrid configuration proposed. 
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Figure 2: Flowchart of the SCS. 
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Figure 3: Results of case study 1: a) DFIG power generation forecast and Pdemand; b) Hydrogen system 
output power and Psupport; c) UC output power and Psupport. 
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Figure 4: Results of case study 1 (cont.): a) SOC of the UC; b) Level of the hydrogen tank; c) Total output 
power of the hybrid system. 
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Figure 5: Results of case study 2: a) SOC of the UC; b) UC output power and Psupport; c) Total output 
power of the hybrid system and grid demand. 
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Figure 6: Results of case study 2 (cont.): a) Hydrogen system output power and Psupport; b) Level of the 
hydrogen tank. 
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