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With growing effects of global warming, batteries have a crucial role to play in supporting global

effort to reach carbon neutrality. However, batteries remain prone to early failure. Operational causes

of premature deterioration are high current intensity, abrupt current fluctuations, repetitive charge-

discharge cycles, deep discharge, and thermal stress. An effective way to mitigate stress sustained

by the battery, and therefore increase its service life, is association of batteries and supercapacitors

(SC) into battery-SC hybrid energy storage systems (HESS). Despite considerable interest enjoyed

among the research community, the adoption of battery-SC HESS is still marginal in practice due to

the relatively high cost of SC. As a result, most batteries are still implemented as stand-alone energy

storage systems, or battery-alone energy storage systems (BESS).

Given the continuous advancement in the manufacturing economics of SC, in one hand, and the market

domination of BESS, in the other hand, close attention should be paid to the upgrade of BESS into

battery-SC HESS. The study of contemporary literature shows that such a conversion has been scarcely

investigated before. Most control strategies reported in the past were also found unsuitable for retrofit



applications, due to significant modifications required on the existing control infrastructures. In view

of technical, economic, and environmental implications of such modifications, this may raise concerns

for stakeholders.

Regarding sizing of battery-SC HESS, it was found that previous investigations focusing on their

control used arbitrary SC size to test the performances of controllers. On the other hand, studies

interested in the economic sizing of this HESS usually failed to fully assess the costs and benefits over

the entire lifespan of the energy system. Moreover, other shortcomings such as a fixed service life for

each ES equipment regardless of the operating conditions, overlooking of certain cost components

and economic parameters (inflation and escalation rate of electricity price) were also found in some

studies. This usually results in misleading assessments of costs and benefits associated with battery-SC

HESS.

In an attempt to address the above gaps in the current literature, this thesis presents two control

strategies aimed at achieving trouble-free retrofit of BESS with SC, a preliminary investigation on the

impact of spatial arrangement on the thermal stress sustained by the battery and SC cells, and finally

an SC sizing model for cost-effective hybridization of BESS.

Primarily designed for hybrid renewable systems (HRS) originally equipped with BESS and controlled

by a receding horizon control (RHC), the first control scheme consists of a hierarchical RHC of the

SC-retrofitted HRS. Depending on the characteristics of the power management unit (PMU) running

the previous RHC scheme, no or little modifications are required to integrate the SC into the existing

infrastructure. Besides the reduction in electrical stress sustained by the battery, the proposed control

framework also increases the amount of energy supplied by intermittent renewable resources and the

power stability at the point of common coupling (PCC).

The second control model is built around a fuzzy logic controller unit to assist in retrofitting any

BESS with SC. Thermoelectric management of batteries is realized through sharing of low-frequency

current components between the two ES devices, besides the SC’s full supply of high-frequency

current components. Improvement in battery service life is demonstrated. Compared to the previous

controller, specially designed for retrofitting of BESS-equipped power plants controlled by RHC, this

thermoelectric controller is intended for implementation on any existing BESS.

 
 
 



The preliminary study conducted on the influence of spatial arrangement of battery-SC HEES cells

on the thermal management of batteries demonstrates that the proximity between a battery cell and

an SC cell can effectively contribute to the cooling process of batteries, thanks to thermal interaction

between them. Accordingly, adequate arrangement of ES cells can offer a passive assistance to the

above controller in achieving thermoelectric management of batteries.

Finally, the thesis introduces a life cycle cost (LCC)-based optimization model that assists in properly

sizing SC intended for retrofit in existing BESS. The possibility offered to stakeholders to take

informed decisions about the economic opportunity of such an upgrade is also demonstrated.
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CHAPTER 1 INTRODUCTION

1.1 PROBLEM STATEMENT

1.1.1 Context of the problem

Now more than ever, global warming represents the biggest threat facing mankind. Access to sustain-

able energy remains a key challenge in most developing countries. In this context, energy storage

(ES) technologies are expected to play a central role in pursuing the global objective to reach carbon

neutrality the soonest. Estimated around 550 GWh in 2018, the global stationary and transportation ES

market is projected to exceed 2500 GWh by 2030, a nearly fivefold increase [1].

Due to their high energy density, flexibility and modularity [2, 3, 4], batteries are currently among

the leading ES technologies worldwide. These characteristics resulted in a competitive advantage in

various sectors, especially in transportation [5], off-grid and grid-connected renewable systems [6, 7],

and utility-scale energy storage for ancillary services [8]. For example, the contribution by technology

(pumped hydro excluded) in the 9 786 GW of grid-scale ES capacity installed worldwide is depicted in

Figure 1.1. However, despite this relative success, batteries remain prone to early failure. Designed for

a service life between 10 and 15 years [9], the operational causes of premature deterioration are high

current intensity, abrupt current fluctuations, repetitive charge-discharge transition, deep discharge,

and thermal stress [10, 11]. The relatively low current density of batteries is the key explaining factor

of the current-related causes of failure.

One of the effective means to address this condition consists, therefore, combining the battery with at

least one different ES technology with characteristics that complement those of the battery. Various
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Figure 1.1. Share of various technologies within the global grid-scale energy storage infrastructure in

2021 [12] (No permission required)

battery-based hybrid energy storage systems (HESS) architectures have been envisaged in the past,

including [13, 14]:

• Battery-Battery HESS

• Battery-Compressed Air Energy Storage (CAES) HESS

• Fuel Cell-Battery HESS

• Fuel Cell-Battery-Supercapacitor (SC) HESS

• Battery-Superconducting Magnetic Energy Storage (SMES) HESS

• Battery-Flywheel HESS

• Battery-SC HESS

Figure 1.2 presents a Ragone chart of the main types of batteries and other ES technologies likely

to be paired with a battery into battery-based HESS. Combining a relatively high power density

and low energy density, the SC shows to be highly complementary to batteries. Figure 1.3 provides

further evidence about the complementarity between the SC and a few types of batteries. This includes

technical, economical, safety and environmental criteria. On the technical side, given the typical
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Figure 1.2. Ragone Plot of various batteries and other ES (Taken from [15] with permission.)

response time of batteries, of the order of one second, and that of SC, of the order of 0.016 second

[16], pairing them in hybrids arrays offers also the possibility of delivering better dynamic responses

in comparison to BESS alone.

In the past, significant research has been dedicated to achieving effective power allocation within

battery-SC HESS. Various power management strategies have been developed to ensure that the

high-frequency current components are directed towards the SC while the rest is supplied by the battery

[18, 19, 20, 21, 22, 23]. While good performances are generally observed, it has been found that previ-

ous studies failed to accommodate the particular case of battery-alone energy storage systems (BESS).

Indeed, although battery-SC HESS has enjoyed considerable interest among the research community,

the adoption of this architecture is still marginal in practice. According to the International Energy

Agency (IEA), the SC contributed 4% to the global deployment of ES in 2014. This contribution has

now shrunk to less than 1% [24, 25]. The trend suggests that SC has difficulty penetrating the compet-

itive ES market, mainly due to its relatively high price. The report also suggests that, so far, batteries

are predominantly implemented as BESS [26]. To anticipate significant improvement in the economics

of SC manufacturing, which will trigger the appetite of project funders and practitioners, researchers

should prioritize the development of battery-SC HESS controllers with features for straightforward

hybridization of BESS. This will help accelerate the adoption of battery-SC HESS by enabling the
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Figure 1.3. Comparison between characteristics of batteries and SC [17] (No permission required)

retrofit of many existing BESS with SC.

Besides the above-mentioned control concern, it has also been noted that previous studies have paid

little attention to the sizing of SC. An arbitrary choice often results in oversized SC, further exacerbating

the pace of battery-SC HESS implementation in practice. Apart from not being suitable for the case of

retrofit projects, the earlier investigations about the cost-effective sizing of ES equipment in battery-

SC HESS [27, 28, 29, 30, 31] usually suffer from one or many shortcomings. This includes focusing

solely on the initial capital cost, overlooking certain cost components related to the operation and

maintenance (O&M) of ES components, overlooking the variations of prices over time, and assuming

fixed lifespans for the ES components regardless of the operating conditions. These models, therefore,

inexorably result in suboptimal designs of battery-SC HESS.

1.1.2 Research gap

Considering the above, the research gap can be summarized as follows:

1) The lack of control strategies aimed at upgrading BESS into battery-SC HESS without requiring

modifications to the existing control infrastructure.

2) The possibility of enhancing the technical performances of grid-tied intermittent renewable

power plants through the retrofit of their BESS with SC has not been explored in previous
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studies.

3) No comprehensive model aimed at supporting the thermoelectric management of batteries

through adequate control of SC has been found in the literature.

4) The lack of a techno-economic model that informs on the opportunity to upgrade a BESS into

battery-SC HESS.

1.2 RESEARCH OBJECTIVE AND QUESTIONS

With the above in mind, the prime objective of this research work is to investigate the possibility of

retrofitting BESS into battery-SC HESS. To this end, at the operational level, this research seeks

to develop controllers that deliver acceptable post-retrofit performances while requiring little or no

modifications to the existing infrastructure. At the design level, this study investigates a life cycle cost

(LCC) model that can be used to optimally size the SC so that the total cost incurred by the HESS

during the rest of the power plant’s lifespan is minimal. This model could also determine the LCC of

the existing BESS to ensure sound decision-making in connection with the economic implications of

upgrading an existing BESS into a cost-effective battery-SC HESS.

The research questions are therefore formulated as follows:

1) Can the BESS be upgraded to battery-SC HESS with little or no changes to the control infra-

structure and without affecting the proper functioning of existing power systems?

2) How can such a retrofit positively impact the technical performance of a grid-tied renewable

energy system equipped with intermittent sources and a BESS?

3) How can the SC be controlled to assist the thermoelectric management of batteries?

4) Can the SC and its converter be optimally sized to minimize the LCC of the resulting battery-SC

HESS?

5) How can such a sizing approach be beneficial for decision-making on whether to upgrade a

BESS to a battery-SC HESS?

Department of Electrical, Electronic and Computer Engineering
University of Pretoria

5

 
 
 



CHAPTER 1 INTRODUCTION

1.3 APPROACH

To achieve the objectives introduced earlier, this research has been articulated around the approach

described below.

1) Literature study – Previous research relevant to the control and sizing of battery-SC HESS has

been reviewed.

2) Identification of the energy systems – Throughout the study, suitable energy systems have been

considered to answer specific research questions.

3) System modelling – Given an energy system, appropriate models have been formulated for all

its components.

4) Design of the controllers and SC sizing model – Control strategies and an SC sizing model

intended to answer the above research questions have been formulated.

5) Laboratory experiment – In the particular case of the battery, a test-bed has been also set up to

validate an equivalent circuit model (ECM) variant developed during this study.

6) Implementation of the simulation models – To test the effectiveness of the proposed controllers

and SC sizing model, simulation models have been implemented in appropriate environment.

7) Simulation and analysis – Practical case studies have been set up and simulated in the above

environment. The results obtained have been extensively analysed thereafter.

8) Discussion – Finally, the simulation results have been thoroughly discussed in line with the

research objectives and questions identified earlier.

1.4 RESEARCH GOALS

In light of the above, the study reported in this thesis pursues the following goals:

1) To assess the suitability of existing battery-SC HESS energy management systems (EMS) for

controlling BESS retrofitted with SC.

2) To ascertain the capability of existing models for SC sizing aimed at a cost-effective upgrade

from BESS to battery-SC HESS.
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3) To develop an SC controller that enhances the technical performances of grid-tied intermittent

renewable power plants by upgrading the BESS with minimum or no changes required on the

control infrastructure.

4) To develop an SC controller for modification-free retrofit of BESS to assist in thermoelectric

management of batteries.

5) To come up with a sizing model for SC to achieve a cost-effective upgrade from BESS to

battery-SC HESS.

Secondarily, the following goals are also pursued:

1) To propose an ECM battery model with better accuracy than the typical ECM models without

excessive increase in computational load.

2) To study the relationship between the thermal stresses sustained by the battery and the physical

arrangement of the cells in a battery-SC HESS.

1.5 RESEARCH CONTRIBUTION

In this thesis, the following contributions have been made:

1) A receding horizon control (RHC) framework is developed to retrofit SC to an existing BESS

within a grid-tied renewable power system. Little or no modifications are required on the control

infrastructure, depending on the capacity of the controller installed on site.

2) A fuzzy logic control (FLC) system is introduced to achieve thermoelectric management of

batteries after upgrading to a battery-SC HESS. No modification is needed on the existing

infrastructure. As a particularity, the controller is designed to slow down the overheating and

overcooling of batteries when operated under extreme temperatures.

3) The influence on the battery temperature of the spatial arrangement of battery and SC cells

within a HESS is investigated. A comparison is also made with the BESS scenario.

4) A comprehensive LCC model is proposed for the optimal sizing of SC in the context of an

upgrade from BESS to battery-SC HESS.
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5) Secondarily, a new variant of the equivalent circuit model (ECM) is introduced. This model is

slightly more accurate than the conventional ECMs without an excessive increase in computation

burden.

1.6 RESEARCH OUTPUTS

The following publications have resulted from the study reported in this thesis:

1) M. S. Masaki, L. Zhang, X. Xia, “A hierarchical predictive control for supercapacitor-retrofitted

grid-connected hybrid renewable systems,” Applied Energy, Vol. 242, 2019, pp. 393-402.

2) N. K. Antoinette, M. S. Masaki, F. Barzegar, X. Xia, “Thermal management of hybrid energy

storage systems based on spatial arrangement,” Applied Energy Symposium 2019: Low carbon

cities and urban energy systems, 16-18 October, 2019, Xiamen, China. (Unpublished)

3) M. S. Masaki, L. Zhang, X. Xia, “Fuzzy logic control of plug-in supercapacitor storage for

thermoelectric management of batteries,” Renewable Energy Focus, Vol. 43, 2022, pp. 59-73.

4) M. S. Masaki, L. Zhang, X. Xia, “Optimal sizing of supercapacitors for cost-effective

hybridization of battery-alone energy storage systems,” Applied Energy (submitted).

1.7 OVERVIEW OF STUDY

This thesis is laid out as follows:

1) This chapter (Chapter 1) forms the introductory chapter of this thesis. The research background

and motivation of this study, research contributions, and research outputs are given here.

2) Chapter 2 introduces the review of literature focusing on the control of battery-SC HES. Previous

studies on the sizing of this category of HESS are also reported here. The relevance of these

control and sizing models with respect to the retrofit of BESS with SC is also discussed in the

same chapter.

3) The hierarchical RHC for supercapacitor-retrofitted grid-tied hybrid renewable systems is de-

veloped and discussed in Chapter 3.
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4) The FLC proposed for thermoelectric management of batteries using power-sharing with SC is

presented and discussed in Chapter 4.

5) Preliminary findings on the relationship between the thermal stress sustained by the battery

temperature and the spatial arrangement of cells within a battery-SC HESS are presented in

Chapter 5.

6) The LCC-based optimization model aimed to deliver a cost-effective sizing of SC for the

hybridization of BESS is studied and discussed in Chapter 6.

7) The key findings of these studies and the perspective for future research are provided in Chapter

7.
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CHAPTER 2 LITERATURE STUDY

2.1 CHAPTER OVERVIEW

This chapter presents the literature review for this thesis. Section 2.2 introduces the various topologies

of battery-SC HESS. A discussion about their respective suitability with respect to the upgrade of

BESS is also conducted. Various strategies have been previously used for effective power allocation

within battery-SC HESS. These models are reviewed in Section 2.3. More than SC batteries are very

sensitive to temperature variations, which affect their performance and lifespan. Earlier research on

using SC to perform thermal or thermoelectric management of batteries is presented in Section 2.4.

Concluding remarks are formulated in Section 2.6.

2.2 TOPOLOGIES OF BATTERY-SUPERCAPACITOR HYBRID ENERGY STORAGE

SYSTEMS

In order to form HESS using battery cells/modules and SC cells/modules, various configurations can

be envisaged, as shown in Figure 2.1. The passive configuration illustrated in Figure 2.1(a) consists

of connecting the two ES technologies directly in parallel, and no converter is used to interface the

HESS and the DC bus. While cheap and easy to implement, this architecture lacks control over the

ES component. By forcing the voltages of ES components to be equal at all times, the HESS will

inevitably deliver suboptimal performances.

The semi-active architectures depicted in Figs. 2.1(b) and (c) are obtained by intercalating a DC-

DC converter between the ES devices. By controlling one of the two ES devices, the semi-active

architectures can deliver better performances than the passive counterpart without reaching the level of
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Figure 2.1. Topologies of battery-SC HESS. (a) Passive layout; (b) SC-Battery layout, (c) Battery-SC

layout, (d) Multi-input layout, (e) Cascade layout, (f) Parallel layout

complexity and cost associated with the active architectures. The latter, presented in Figure 2.1(d), (e)

and (f), involves full control over the two ES components. These architectures usually result in higher

performances than the previous but at the cost of increasing complexity and investment.

With regard to the hybridization of a BESS, any of the above topologies can be considered when
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retrofitting SC to the existing system. Nevertheless, an option may introduce additional drawbacks.

For example, applying the multi-input topology may require a replacement, with the temporary

unavailability of the HESS. Based on the power split algorithm, the battery’s DC-DC converter in a

parallel layout can experience a significant drop in efficiency due to load reduction.

2.3 BATTERY-SC HESS CONTROL FOR ELECTRICAL STRESS REDUCTION IN BAT-

TERIES

Many control models have been previously reported on reducing the wear of BESS. Primarily based on

mathematical programming, this includes [32] which proposes a battery ageing factor to be minimized

simultaneously with the electricity cost, a control model aimed to penalize charging and discharging

of batteries is developed in [33], [34] formulated a set of optimization constraints to ensure the state

of health of batteries is kept above a threshold, and a state of charge (SoC)-driven control model is

presented in [35].

In practice, large and sudden changes in battery current damage its health due to increased heat

generation and internal resistance, resulting in further heating by the Joule’s effect [36, 37, 38]. In

the particular case of grid-tied renewable energy systems, the regulation bodies usually require each

operator to ensure that the power profile is stable at the point of common coupling (PCC) [39, 40]. As

a result, despite the implementation of wear control models, batteries will still be forced to handle

the power fluctuations due to the presence of intermittent renewable generators such as wind turbines

and solar photovoltaic (PV) panels. In this context, the implementation of battery-SC HESS is today

regarded as a cost-effective means for addressing the above concern. Reasons for this include the

feasibility and maturity of two ES technologies [41, 42, 43, 44]. Batteries are characterized by high

energy density, but low power density and slow response speed, which are suitably complemented by

the low energy density, high power density, and rapid response speed of SCs.

The positive impact of the battery-SC HESS passive topology on the battery with respect to power peak

enhancement, internal losses reduction and service life extension has been previously studied under

pulsed load [45], and pulsed charging sources [46]. However, as mentioned earlier, the current sharing

between the two ES components depends upon their internal voltages and resistances. Accordingly, no

power supervision is possible in this configuration.
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Various models for power allocation between the battery and SC within a battery-SC HESS have been

studied in the past. [47] reports DC-bus voltage-driven control algorithms that rely on the battery to

ensure power balance in the DC grid, while the SC handles fast DC-bus voltage dynamics. A receding

horizon control strategy for directing the fast and slow current components to the SC and battery,

respectively, is proposed in [48]. In another study [36], it has been shown that the energy losses that

occur in the SC lead to stress levels in the battery during operation. Thus, a model predictive controller

is proposed that simultaneously minimizes the energy loss seen in the SC and the magnitude and

fluctuations of the battery current. Somewhere else [49], a heuristic-based power split algorithm is

proposed for a custom active parallel HESS, where only the SC is interfaced by a DC-DC converter.

In this study, the paths and directions of power flow within the HESS are subject to several factors,

such as the power balance, the terminal voltages of ES components and the SoC of the battery. [50]

introduces a variable two-stage rate-limit scheme designed to optimize the speeds of charge/discharge

and the amount of energy exchanged by the battery, taking into consideration the load requirement and

the settling time. In this context, the SC complements the battery during transient phases. It can be

observed that the above power management strategies focus on the HESS alone.

Control algorithms aimed to coordinate the power flow in renewable energy systems equipped with

battery-SC HESS have been reported in the past. [40] proposes a heuristic power management scheme

to ensure the dispatch of a grid-tied PV power plant in compliance with the Australian grid requirements.

A variant of this model, more robust against forecasting errors, is reported in [51]. A heuristic receding

horizon control that controls charging and discharging power flows in the battery was presented in

[52]. Here the power output of a wind generator is decomposed in multiple layers using the wavelet

theory. [53] presents an algorithm that features a dynamic rate limiter designed for grid-connected

wave energy park. This rate limiter enables direct control over the amplitude of power variations in the

battery. In another study, [54] proposes a power management framework for a grid-tied concentration

photovoltaic plant, which embarks a second-order filter to achieve power allocation between the battery

and SC. In [21], a dynamic hierarchical optimization model is investigated for real-time tracking of

reference power specified by the grid manager. It is worth mentioning that the above control methods

are primarily targeted at utility-scale renewable plants. Accordingly, little attention is paid to the

local demand, like in smaller systems, where it plays a crucial role in the specification of control

objectives.

A few studies considered the requirements associated with the presence of electrical loads to be supplied
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on-site. [55] proposed a hierarchical framework for energy management in a power system comprising

multiple distributed PV-SC-load hybrid renewable systems (HRS) and a centralized BESS. Using

first-order filters, the net power deficit or excess of each HRS is split into high- and low-frequency

components, which are respectively directed to the local SC and the central BESS. The power balance

at the PCC is also maintained at all times. A heuristic aimed at regulating the DC-bus voltage and

smoothing the power profile at the PCC is presented in [56]. In this study, the power split between

the ES components is primarily driven by their respective SoC. [57] also propose a heuristic aimed

to regulate the DC-bus voltage and the network voltage and frequency, depending on the network

availability and the electricity price. Another heuristic for automatic selection of the operation mode of

the battery among pre-set options is introduced in [58]. With the SC directly linked to the DC bus, the

battery’s operation mode that corresponds to the direction and amplitude of the current supplied by it

varies with respect to the PV power output, the battery SoC and the power demand from local electrical

loads. [59] proposes a heuristic aimed to assist in splitting the power excess or deficit between the

public network and the battery-SC HEES of a PV-based HRS. This is achieved considering the nature

and magnitude of the net power and the SoC of ES components.

In the case of existing HRS equipped with BESS, the above control models for battery-SC HESS will

normally require a complete restructuring of the control system in place before the upgraded HESS

can operate effectively. This situation can raise technical (shut-down, decommissioning), financial

(decommissioning and disposal), and environmental (disposal of material) concerns, which will further

delay the adoption of this hybrid ES by plant owners. Only a filtration-based control model proposed in

[60] has been found suitable for smooth retrofit of BESS with SC in isolated PV/battery HRS. Using a

probe connected upstream to the HESS, the high-frequency current components are extracted and used

as control setpoints for the SC, which can directly feed the DC bus through a DC-DC converter. Direct

benefits include decreased battery current fluctuations and improved battery health. While this control

strategy could also be envisaged for existing grid-tied PV-battery HRS, significant fluctuations are still

observed in the battery current profile after the upgrade with the SC. Failure to account for forecast

information during power split can be cited among the key reasons for this reduced performance of the

HESS. Next, the absence of the SC SoC in the control model exposes this ES component to frequent

unavailability as soon as fully charged or discharged.
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2.4 BATTERY-SC HESS CONTROL FOR THERMAL AND THERMOELECTRIC MAN-

AGEMENT OF BATTERIES

In the past, thermal and thermoelectric management of batteries through adequate control of battery-SC

HESS has much less attention compared to electrical stress reduction reviewed above. Depending on

the technology involved, the battery temperature should remain within a specific range to ensure safety

and an optimal trade-off between its operating performance and lifespan. This will be between 15°C

and 35°C in the case of lithium-ion batteries [61], and around 25°C for lead-acid batteries [62]. Below

those ranges, the battery cells start exhibiting sluggish chemistry, which translates into temporary

capacity loss, a drop in efficiency and a reduction in power and energy densities. On the other side,

higher temperatures cause irreversible degradation of electrodes, which results in accelerated ageing

and capacity loss [63, 64, 65].

With the above in mind, various technologies have been proposed for battery cooling. This includes air

cooling, liquid cooling, direct refrigerant cooling, phase change material (PCM) cooling, thermoelectric

cooling, and heat pipe cooling [66, 67]. The resulting heat dissipation helps avoid a temperature rise in

the battery. In the case of air cooling, this can be natural or forced using fans. It has been reported that

the technologies with high heat transfer efficiency are often complex and costly to operate [68]. In

the case of batteries operated in cold environments, warm-up techniques such as internal heating via

battery resistance and external heating via resistive heaters and fluid circulation have been envisaged

in the past [69]. These cooling and heating strategies are mainly targeted to BESS.

Thermal management of batteries in the context of battery-SC HESS has been investigated in a few

research. [70] proposes a heuristic control for battery cooling. A passive configuration is used to

supply the load under normal operating conditions. As soon as the battery temperature exceeds a

threshold, the two ES devices are alternatively connected and disconnected to insert idle periods in the

battery operation. This assists in slowing down heat generation inside the battery without the power

supply interrupting the load. Despite the total absence of DC-DC converters, the strategy is relatively

effective. This precludes an opportunity of introducing a control layer for electrical stress relief. [71]

proposes a receding horizon control aimed at addressing the SoC and temperature imbalances within

the battery and the energy losses in the DC-DC converters used to interface the battery and SC with

the DC bus. While effective at balancing the temperature and energy across the battery cells/modules,

little incidence is observed at the system level. A controller based on the pulse technique is proposed
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in [72] to reduce the average battery current over each pulse cycle. While this is supposed to assist

in cooling the battery, failing to account for the actual condition of the battery can yield unnecessary

control and excessive workload for SC.

With regard to battery heating, a heuristic is proposed in [65] to reduce battery degradation and

electricity costs for an electric vehicle powered by a battery-SC HESS operating at subzero temperatures.

Here, the SC serves primarily to supply peak power demand, while the battery focuses on the baseload

and emergencies. To ensure proper operation under ambient conditions between -20°C and 0°C, a

heating kit consisting of a resistor and a fan is used to heat up the battery. However, the impact of

heat generation by the ES components on the amount of external heat required is overlooked in this

study.

The literature review above shows that the issue of power split within battery-SC HESS and that of

battery thermal management have been studied separately in the past, although the shape and amplitude

of the battery current can affect the latter. The few attempts to take advantage of the power split

problem to achieve temperature regulation of the battery fail to relieve the batteries either at the power

[70], or thermal [72, 65, 73] level. Moreover, the proposed control schemes are not designed for easy

retrofitting of existing BESS.

2.5 ECONOMIC SIZING OF BATTERY-SUPERCAPACITOR HESS

A few research studies that address the economic sizing of battery-SC HESS have been reported in

the past. [28] proposes a mathematical programming problem for the sizing of a stand-alone wind-

photovoltaic HRS with battery-SC HESS. A similar model for a stand-alone HRS consisting of wind

turbines, fuel cells, electrolyzers, batteries and SCs are reported in [30]. Given the characteristics of SC,

an hourly control, as intended in the above studies, makes the presence of SC irrelevant. Further, the

assumption of fixed service life for the battery and SC tends to overlook the critical impact of operating

conditions on their actual lifespan. In [29], an optimization problem is formulated for the sizing

of the battery-SC HESS of an electric vehicle taking into account the impact of DC-DC converters.

The model has proved effective in reaching a trade-off between the storage capacity and the initial

investment cost incurred. However, it suffers from a lack of comprehensive economic assessment over

the vehicle’s entire lifespan. In a study on the optimal sizing of battery-SC HESS for a fuel cell ship
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[31], the battery degradation, voltage fluctuation, energy loss and capital cost of ES components are

used to form the cost function to be minimized. Here also, the lack of comprehensive techno-economic

assessment over the ship’s lifespan is the main shortcoming of this model. [74] develops mathematical

programming for sizing a battery-SC HESS, with the purchase costs of ES components and the battery

capacity loss used to formulate the multi-objective function to be minimized.

Similarly to the above models, no assessment over the plant lifespan is considered. A hierarchical

sizing model aimed to minimize the battery degradation cost, and the energy consumption of a plug-in

hybrid electric vehicle is developed in [75]. Only a few factors relevant to the economic sizing of ES

components ar considered in this work. [76] introduces mathematical programming for sizing the

battery-SC HESS intended for frequency regulation applications. Here, an original capacity model

is proposed to estimate the battery lifespan as a function of the SC size. In another study [27], the

root-mean-square (RMS) of the battery current and the purchase cost of ES components is adopted

as an objective function for the optimal sizing of the battery-SC HESS. Still, in another work [77],

the purchase cost of SC and the capacity degradation of batteries are used to form multi-objective

mathematical programming to size the ES components. A few factors of the capital costs (CAPEX)

and O&M costs of battery-SC HESS are considered, which will cause a sub-optimal sizing of ES

components.

2.6 CONCLUDING REMARKS

Based on the above review of the literature in Section 2.3, it is noted that the previous control schemes

for battery-SC HESS are usually not suitable for retrofit of existing BESS with SC. In the particular

case of HRS, the maximal use of renewable energy resources is usually not treated as a priority. For

grid-tied HRS, limited attention is given to power stability during export towards the grid. To address

these gaps, Chapter 3 will introduce a control framework for trouble-free retrofit of BESS installed in

grid-tied HRS. This controller will aim at improving the power profile at the PCC, while relieving the

battery from abrupt power variations.

Regarding thermal and thermoelectric management of batteries, Sections 2.3 and 2.4 indicate the

problem of effective power split within battery-SC HESS and that of thermal management of batteries

have been investigated separately in the past. To bridge this gap, Chapter 4 will introduce a fuzzy
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logic controller aimed at thermoelectric management of batteries within battery-SC HESS. That the

controller will also enable easy upgrades from BESS to battery-SC HESS is also considered. In the

same vein, Chapter 5 will present a brief investigation on the relationship between the level of thermal

stress sustained by the battery and the spatial arrangement of cells within a battery-SC HESS. It will

be established that a adequate arrangement of ES cells can further support the thermal management of

batteries considered in Chapter 4.

Finally, considering the market share of BESS, the adoption of battery-SC HESS will depend primarily

upon a complete assessment of the costs and benefits of each alternative. However, Section 2.5 has

revealed several shortcomings in the previous techno-economic models of battery-SC HESS. Moreover,

their applicability to the retrofit of BESS with SC is not guaranteed. To address these gaps, Chapter 6

will present optimization programming for the cost-effective retrofitting of BESS into battery-SC

HESS. The model will aim to size the SC and its DC-DC converter so that the life-cycle cost (LCC) of

the resulting HESS is minimized.
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CHAPTER 3 A HIERARCHICAL RECEDING

HORIZON CONTROL FOR

SUPERCAPACITOR-RETROFITTED

GRID-TIED HYBRID RENEWABLE

SYSTEMS

3.1 CHAPTER OVERVIEW

In this chapter, a two-layer control strategy is developed to easily retrofit SC into a grid-tied solar

PV-battery HRS. It is assumed that a typical receding horizon controller is implemented to control

the existing HRS. In this context, a new control layer is added to enable the effective operation of the

upgraded system, with no or little modifications of the pre-existing architecture.

Given the complementary characteristics of batteries and supercapacitors, the new RHC layer will

be coordinated with the one on-site to deliver a stable power profile at the PCC. The new control

framework will also aim to remove fast variations in the battery power and increase the solar PV

utilisation rate. Historical measurements of solar radiation in Pretoria, South Africa, were applied

during the simulations to test the performances of the proposed strategy.

The rest of this chapter is structured as follows. Section 3.2 deals with the modelling of the grid-tied

HRS. The proposed control framework is detailed in Section 3.3. The case study is introduced in

Section 3.4. The simulation results are presented and discussed in Section 3.5. Concluding remarks

are given in Section 3.6.

 
 
 



CHAPTER 3 A HIERARCHICAL RHC FOR SC-RETROFITTED GRID-TIED HRS

3.2 ENERGY MODELLING OF THE GRID-TIED HYBRID RENEWABLE SYS-

TEM

The HRS envisioned in this study is illustrated in Figure 3.1, where the equipment retrofitted to the

existing system is indicated in the shaded area. The upgraded HRS, therefore, consists of solar PV

panels, batteries, SC and electric loads. Power can be absorbed from the utility grid or injected into it

at the PCC. Before the retrofit, the power flow across the power system was supervised by the power

management unit 1 (PMU-1) alone. A circuit breaker (CB) enables the connection and disconnection

of the utility grid by PMU-1. After the retrofit, the control signals sent to the PV and the CB are

transferred to PMU-2, while the measurements are sent to both controllers. Only the battery remains

fully controlled by PMU-1. A forecasting unit (not represented) supplies the two PMUs with forecast

data about the load demand and the PV generation. It is worth mentioning that a single PMU with

sufficient computation resources can play the role of both PMU-1 and PMU-2. In that case, no physical

modifications are required to the original control infrastructure.

Utility grid

P4

DC Bus

Local load

PL,ac

Battery

P2

Solar PV

P1

Supercapacitor

P3

PL,dc AC-DC

DC-DC DC-DC DC-DC

CB

PMU-1

PMU-2

Communication link

Electric power link

Retrofitted devices

PCC

Figure 3.1. Layout of the grid-tied HRS
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RHC schemes aim to minimize or maximize a specific performance criterion. For example, this consists

in increasing self-sufficiency and encouraging the use of clean energy. In this case, the RHC scheme

intends to minimize the power consumption from the grid and maximize the use of PV production.

Considering the sampling rate of forecast data, relatively “large” control steps will be required to

avoid rapid fluctuations of the battery power if battery lifespan is to be prioritized. This results in little

margin to maintain power stability during export towards the utility grid. The opposite is experienced

when the power quality at the PCC takes precedence over the battery’s service life.

The proposed retrofit will help conciliate these two conflicting objectives and increase the use of

solar energy at the same time. The rest of this section deals with the modelling of the HRS compon-

ents.

3.2.1 Solar photovoltaic generator

The solar PV generator consists of panels that harvest solar radiation and convert it into DC power.

The radiation that strikes the surface of collectors comprises three components: direct-beam radiation,

diffuse radiation and reflected radiation.

The output power Ppv,BC related to beam radiation IBC(k) that strikes the PV panel at a sample time k is

expressed by [78]:

Ppv,BC(k) = ηpvIBC(k)Ac. (3.1)

Here, ηpv corresponds to the conversion efficiency of the PV panels, and Ac corresponds to the active

area of the PV panels. Beam radiation is translated from the direct-beam radiation IB(k) (normal to the

rays) by

IBC(k) = IB(k)cosθ(k), (3.2)

with the incident angle θ(k) given by

cosθ(k) = cosβ (k)cos(φS(k)−φC(k))sinψ + sinβ (k)cosψ. (3.3)
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In (3.3), β (k) corresponds to the altitude angle, φC(k) corresponds to the azimuth angle of the panels,

φS(k) corresponds to the solar azimuth angle, and ψ corresponds to the tilt angle of PV panels, as

depicted in Figure 3.2.

In the absence of actual measurements of diffused radiation, the output power Ppv,DC associated with

this component is estimated by [78]

Ppv,DC(k) = ηpvCIB(k)
(

1+ cosψ

2

)
Ac, (3.4)

with the sky diffuse coefficient C given by [78]

C = 0.095+0.04sin
[

360
365

(n−100)
]
. (3.5)

Here, n corresponds to the day number in the year.

Similarly, in the absence of actual measurements of reflected radiation, the output power Ppv,RC(k)

associated with this component is estimated by [78]

Ppv,RC(k) = ηpvρIB(k)(sinβ (k)+C)

(
1− cosψ

2

)
Ac, (3.6)

where ρ denotes the ground reflectance.

Let Ppv(k) denote the maximum power available to the PV system at sample time k. Given the above,

this quantity is given by:

Ppv(k) = Ppv,BC(k)+Ppv,DC(k)+Ppv,RC(k). (3.7)

Based on the operating conditions, the net power injected by the PV solar system, denoted by P1 in

Figure 3.1, can vary between zero and the maximum power available. This is expressed by

0≤ P1(k)≤ η1Ppv(k), (3.8)

where η1 corresponds to the efficiency of the DC-DC converter of the PV system. Whenever Ppv(k)>

P1(k)/η1, the PV regulator (not shown in Figure 3.1) will limit its output power at P1(k). A variable

resistor can also be used to dissipate the excess power.
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Figure 3.2. Collector azimuth angle φS(k), tilt angle ψ , solar azimuth angle φS(k) and altitude angle

β (k)

3.2.2 Battery bank

The battery power P2 can be decomposed into P+
2 and P−2 , which respectively denote the charging and

a discharging components. The variations of the battery SoC with respect to charging and discharging

operations can be estimated by

SoCb(k+1) = SoCb(k)+
η2ηb,c

Eb,N
P+

2 (k+1)∆T − 1
η2ηb,dEb,N

P−2 (k+1)∆T. (3.9)

Here, SoCb(k+1) and SoCb(k) correspond the battery SoC at, respectively, sample times k+1 and

k, η2 corresponds to the conversion efficiency of the DC-DC converter of the battery, ηb,c and ηb,d

correspond to charging and discharging efficiency, respectively, Eb,N denote the battery’s rated capacity,

and ∆T denotes the sampling step. Considering (3.9), can be expressed as

SoCb(k) = SoCb(0)+
η2ηb,c

Eb,N

k

∑
τ=0

P+
2 (τ)∆T − 1

η2ηb,dEb,N

k

∑
τ=0

P−2 (τ)∆T , (3.10)

where SoCb(0) the battery SoC at time instant zero.

To prevent deep discharge and overcharging, the battery SoC is subject to

SoCb ≤ SoCb(k)≤ SoCb, (3.11)

where SoCb and SoCb denote the lower and upper bounds, respectively.
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The battery power should not exceed a maximum bound Pb,ch and a minimum bound Pb,disch.

0≤ P+
2 (k)≤ Pb,ch/η2, (3.12)

0≤ P−2 (k)≤ η2Pb,disch. (3.13)

The constraint below indicates that charging and discharging cannot take place at the same time

P+
2 (k)P−2 (k) = 0. (3.14)

The total battery power P2 is therefore expressed by (3.15)

P2(k) = P−2 (k)−P+
2 (k). (3.15)

3.2.3 Supercapacitors

The SC power P3 consists of a charging component P+
3 and a discharging component P−3 . The SC SoC

at sample time k, denoted by SoCsc(k), is expressed by

SoCsc(k) = SoCsc(0)+
η3ηsc,c

Esc,N

k

∑
τ=0

P+
3 (τ)∆T − 1

η3ηsc,dEsc,N

k

∑
τ=0

P−3 (τ)∆T , (3.16)

where SoCsc(0) denotes the initial SoC, η3 corresponds to the conversion efficiency of the DC-DC

converter of the SC, ηsc,c and ηsc,d denote, respectively, the charging efficiency and discharging

efficiency of the SC, and Esc,N denotes the rated capacity of the SC.

At any sample time k, the SC SoC is subject to

SoCsc ≤ SoCsc(k)≤ SoCsc, (3.17)

with SoCsc and SoCsc the lower and upper bounds, respectively.

The charging and discharging components of the SC power cannot take place simultaneously and

should not exceed their respective upper bounds Psc,ch and Psc,disch.
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0≤ P+
3 (k)≤ Psc,ch/η3, (3.18)

0≤ P−3 (k)≤ η3Psc,disch, (3.19)

P+
3 (k)P−3 (k) = 0. (3.20)

The total SC power P3 is therefore given by (3.21)

P3(k) = P−3 (k)−P+
3 (k). (3.21)

3.2.4 Utility grid

The power flow P4 between the HRS and the utility grid can be decomposed into two components: the

power supplied by the utility grid, denoted by P−4 , and the power injected by the HRS into to network,

denoted by P+
4 . The following constraints ensure that the thermal capacity of electrical conductors

between the HRS and the grid, denoted by Ptie, is never exceeded:

P+
4 (k)≤ Ptie, (3.22)

P−4 (k)≤ Ptie. (3.23)

Moreover, the power cannot flow in both directions at the same time

P+
4 (k)P−4 (k) = 0. (3.24)

The total power exchange between the network and the HRS is expressed by

P4(k) = P−4 (k)−P+
4 (k). (3.25)
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3.3 MODELLING OF RECEDING HORIZON CONTROLLERS

As indicated earlier, the existing grid-integrated HRS is assumed to have an RHC. This RHC model is

first introduced, followed by the new controller’s design.

3.3.1 RHC for grid-tied PV-battery HRS

In this study, the RHC that supervises the power across the existing HRS is implemented in PMU-1, as

shown in Figure 3.1. The performance criterion can either maximize or minimize a certain function J,

which can be purely technical (e.g. energy autonomy), economic (e.g. operation cost), environmental

(e.g. carbon footprint), social (e.g. comfort level), or a combination.

The optimization problem to be solved at the beginning of each control interval also involves operational

constraints, such as the power balance requirement and power and energy bounds. It is assumed that

the existing RHC was designed to maximize simultaneously the self-sufficiency and the use of solar

energy, which corresponds to minimizing the energy consumption from the utility grid and the energy

shed from the PV systems. To limit the thermal stress sustained by the battery power, the sampling

time ∆T is assumed to be in the range of minutes.

Given the above, the RHC strategy for the existing HRS is formulated as follows:

min J(k) =
Np

∑
i=1

[
P−4 (k+ i)+

(
η1Ppv(k+ i)−P1(k+ i)

)]
, (3.26)

subject to

P1(k+ i)+P−2 (k+ i)−P+
2 (k+ i)+η4P−4 (k+ i)−P+

4 (k+ i)/η4 = PL(k+ i), (3.27a)

P−2 (k+ i)P+
2 (k+ i) = 0, (3.27b)

P+
4 (k+ i)P−4 (k+ i) = 0, (3.27c)

SoCb ≤ SoCb(k)+
η2ηb,c

Eb,N

k+i

∑
τ=k

P+
2 (τ)∆T − 1

η2ηb,dEb,N

k+i

∑
τ=k

P−2 (τ)∆T ≤ SoCb, (3.27d)

0≤ P1(k+ i)≤ η1Ppv(k+ i), (3.27e)

0≤ P−2 (k+ i)≤ η2Pb,disch, (3.27f)
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0≤ P+
2 (k+ i)≤ Pb,ch/η2, (3.27g)

0≤ P+
4 (k+ i)≤ Ptie, (3.27h)

0≤ P−4 (k+ i)≤ Ptie, (3.27i)

with i = 1, · · · ,Np. Here, Np corresponds to the prediction horizon, η4 corresponds to the conversion

efficiency of the inverter next to the PCC, and the power demand PL(k+ i) at time sample k+ i is

determined by

PL(k+ i) = PL,dc(k+ i)+PL,dc(k+ i)/η4 (3.28)

Given the nonlinearity of (3.27b) and (3.27c), the optimization problem (3.26) and (3.27) is classified

as a nonlinear programming (NLP) to be solved at each sample time k. Here, the optimization variables

are P1, P−2 , P+
2 , P−4 , and P+

4 .

3.3.2 Unified RHC for grid-tied PV-battery-SC HRS

The retrofit of SC to the HRS aims to: (1) reduce the influence of short-term fluctuations of solar

radiation and load demand on achieving the operational objective expressed by the performance index;

(2) stabilize the power flow at the PCC; (3) prevent frequent fluctuations of the battery power. From a

control viewpoint, one way to operate the upgraded HRS is to replace the existing RHC scheme with a

new one purposefully designed to achieve the above goals, considering the SC characteristics. In this

case, a higher sampling frequency of forecast data and a shorter control step ∆T are required to enable

the SC to contribute actively despite its low energy capacity.

The proposed RHC strategy for grid-tied PV-battery-SC HRS is detailed from (3.29) to (3.30p). Besides

the revision of the power balance constraint in (3.30a) and the introduction of additional constraints

related to the SC ((3.30d), (3.30i), (3.30m) and (3.30n)), a few extra constraints are also added to

the previous RHC. In particular, (3.30b) keeps the grid power constant over Ng consecutive control

intervals. On the other hand, the constraints (3.30f) and (3.30g) help maintain the battery power

between the ramp-rates limits ∆P2 and ∆P2.

minJ(k) =
Np

∑
i=1

[
P−4 (k+ i)+

(
η1Ppv(k+ i)−P1(k+ i)

)]
, (3.29)
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subject to

P1(k+ i)+P−2 (k+ i)−P+
2 (k+ i)+P−3 (k+ i)−P+

3 (k+ i)+η4P−4 (k+ i)−P+
4 (k+ i)/η4 = PL(k+ i),

(3.30a)

P+
4 (k+ s) = P+

4 (k+ r), (3.30b)

P−2 (k+ i)P+
2 (k+ i) = 0, (3.30c)

P+
3 (k+ i)P−3 (k+ i) = 0, (3.30d)

P+
4 (k+ i)P−4 (k+ i) = 0, (3.30e)

∆P2 ≤ P−2 (k+m)−P−2 (k+n)≤ ∆P2, (3.30f)

∆P2 ≤ P+
2 (k+m)−P+

2 (k+n)≤ ∆P2, (3.30g)

SoCb ≤ SoCb(k)+
η2ηb,c

Eb,N

k+i

∑
τ=k

P+
2 (τ)∆T − 1

η2ηb,dEb,N

k+i

∑
τ=k

P−2 (τ)∆T ≤ SoCb, (3.30h)

SoCsc ≤ SoCsc(k)+
η3ηsc,c

Esc,N

k+i

∑
τ=k

P+
3 (τ)∆T − 1

η3ηsc,dEsc,N

k+i

∑
τ=k

P−3 (τ)∆T ≤ SoCsc, (3.30i)

0≤ P1(k+ i)≤ η1Ppv(k+ i), (3.30j)

0≤ P−2 (k+ i)≤ Pb,ch/η2, (3.30k)

0≤ P+
2 (k+ i)≤ η2Pb,disch, (3.30l)

0≤ P−3 (k+ i)≤ η3Psc,disch, (3.30m)

0≤ P+
3 (k+ i)≤ Psc,ch/η3, (3.30n)

0≤ P+
4 (k+ i)≤ Ptie, (3.30o)

0≤ P−4 (k+ i)≤ Ptie, (3.30p)

with i = 1, · · · ,Np, m = n+ 1, · · · ,n+Nb− 1, n = 0,Nb,2Nb, · · · ,Np−Nb, s = r+ 1, · · · ,r+Ng− 1,

and r = 0,Ng,2Ng, · · · ,Np−Ng. Here, the optimization variables are P1, P−2 , P+
2 , P−3 , P+

3 , P−4 , and

P+
4 .

Compared to the previous RHC scheme described in Section 3.3.1, the proposed RHC will increase

the lifespan of batteries and deliver a smoother power profile at the PCC. However, considering the

long prediction horizon Np required for energy management purposes (ranging from 24 hours and

above), the relatively short control step ∆T necessary for power quality reasons (in the order of tens

of seconds), and the nature and size of the new RHC scheme, the above benefits are only achievable
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at the expense of a significant increase in computing power and memory capacity to proceed with

the implementation this unified control strategy. The next section proposes a less resource-intensive

alternative.

3.3.3 Hierarchical RHC of grid-tied PV-battery-SC system

3.3.3.1 Architecture and design

Figure 3.3 shows the general architecture of the two-layer control framework investigated in this

section. Keeping the RHC of the original PV-battery HRS as the upper layer, a second RHC scheme

implemented in the control unit PMU-2 (see Figure 3.1) is run at the bottom layer to deliver a finer

control. As indicated earlier, a single PMU with sufficient computation resources can replace the two

units, thus avoiding partial changes in the existing control infrastructure.

The RHC at the upper layer is still used prior to the retrofit (see 3.3.1), with the only difference being

that the control sequences calculated by the RHC for the PV and the grid are systematically discarded.

As shown in Figure 3.3, the first set-point P2(k+1) in the optimal sequence obtained for the battery

is implemented to control it and is passed on to PMU-2 for finer optimization at the next layer. As

mentioned above, the prediction horizon of the existing RHC is in the range of one day and above

to account for the cycles of solar energy and local demand. Further, a sampling step in the order of

minutes is considered to increase the lifespan of batteries. As a result, the RHC executed at the upper

layer provided in Section 3.3.3.2 is the same as that of the existing HRS in Section 3.3.1.

At the bottom layer, the next upper layer control step k+1 is further divided into even subintervals,

as indicated in Figure 3.3. At the time instant (k+1, l), which corresponds to the end of the current

subinterval, the SC SoC, the set-point P2(k+ 1) of the battery power, and short-term prediction of

solar radiation and load demand are submitted as input to the RHC at the bottom layer. The short-term

prediction data submitted to PMU-2 are in the order of minutes, sampled at intervals of a few seconds.

While keeping P2 as determined by the upper layer to limit the thermal stress sustained by the battery,

relevant constraints are introduced in the RHC at the bottom layer to ensure that a smooth power profile

is delivered at the PCC, as detailed in Section 3.3.3.3. Upon completion of the computation cycle, the
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PCU-1

(Upper layer MPC)

PCU-2

(Lower layer MPC)

P
2 (k+

1
)

P2(k+1)

P1(k+1,l+1)…P1(k+1,l+Ng)

P3(k+1,l+1)…P3(k+1,l+Ng)

P4(k+1,l+1)…P4(k+1,l+Ng)

HRS

SOCb(k)

SOCsc(k+1,l)

PL(k+1)...PL(k+Np,t)

Ppv(k+1)...Ppv(k+Np,t)

Ppv(k+1,l+1)...Ppv(k+1,l+Ng)

PL(k+1,l+1)...PL(k+1,l+Ng)

Weather and 

load forecasts

Figure 3.3. Control architecture of the hierarchical MPC strategy

first Ng elements of the control sequences of P1, P3 and P4 obtained from PMU-2 are sent to the power

conditioning units for implementation.

3.3.3.2 Upper layer RHC model

Since this RHC scheme is the same as that of the existing HRS, (3.31) to (3.32i) are copied from

Section 3.3.1. Let the t subscript denote the upper layer variables. The RHC executed at the upper

layer can be given below.

minJt(k) =
Np,t

∑
i=1

[
P−4,t(k+ i)+

(
η1Ppv,t(k+ i)−P1,t(k+ i)

)]
, (3.31)

s.t.

P1,t(k+ i)+P−2,t(k+ i)−P+
2,t(k+ i)+η4P−4,t(k+ i)−P+

4,t(k+ i)/η4 = PL,t(k+ i), (3.32a)

P+
2,t(k+ i)P−2,t(k+ i) = 0, (3.32b)

P+
4,t(k+ i)P−4,t(k+ i) = 0, (3.32c)

SoCb ≤ SoCb(k)+
η2ηb,c

Eb,N

k+i

∑
τ=k

P+
2 (τ)∆Tt −

1
η2ηb,dEb,N

k+i

∑
τ=k

P−2 (τ)∆Tt ≤ SoCb, (3.32d)

0≤ P1,t(k+ i)≤ η1Ppv,t(k+ i), (3.32e)

0≤ P+
2,t(k+ i)≤ Pb,ch/η2, (3.32f)
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0≤ P−2,t(k+ i)≤ η2Pb,disch, (3.32g)

0≤ P+
4,t(k+ i)≤ Ptie, (3.32h)

0≤ P−4,t(k+ i)≤ Ptie, (3.32i)

with i = 1, · · · ,Np,t . Here, the optimization variables are P1,t , P−2,t , P+
2,t , P−4,t , and P+

4,t .

3.3.3.3 Lower layer RHC model

Let the b subscript denote the lower layer variables. The MPC executed at the bottom layer is expressed

by

minJb(k, l) =
Np,b

∑
j=1

[
P−4,b(k+1, l + j)+

(
η1Ppv,b(k+1, l + j)−P1,b(k+1, l + j)

)]
, (3.33)

s.t.

P1,b(k+1, l + j)+P−2,t(k+1, l + j)−P+
2,t(k+1, l + j)+P−3,b(k+1, l + j)−P+

3,b(k+1, l + j)+

η4P−4,b(k+1, l + j)−P+
4,b(k+1, l + j)/η4 = PL,b(k+1, l + j),

(3.34a)

P+
4,b(k+1, l + r) = P+

4,b(k+1, l + s), (3.34b)

P+
3,b(k+1, l + j)P−3,b(k+1, l + j) = 0, (3.34c)

P+
4,t(k+1, l + j)P−4,t(k+1, l + j) = 0, (3.34d)

SoCsc ≤ SoCsc(k+1, l)+
η3ηsc,c

Esc,N

l+i

∑
τ=l

P+
3 (k+1,τ)∆Tb−

1
η3ηsc,dEsc,N

l+i

∑
τ=l

P−3 (k+1,τ)∆Tb ≤ SoCsc,

(3.34e)

0≤ P1,b(k+1, l + j)≤ η1Ppv,b(k+1, l + j), (3.34f)

0≤ P+
3,b(k+1, l + j)≤ Psc,ch/η3, (3.34g)

0≤ P−3,b(k+1, l + j)≤ η3Psc,disch, (3.34h)

0≤ P+
4,b(k+1, l + j)≤ Ptie, (3.34i)

0≤ P−4,b(k+1, l + j)≤ Ptie, (3.34j)
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where l = 1,Ng + 1,2Ng + 1, · · · ,(M − 1)Ng + 1, M = ∆Tt/(∆TbNg), j = 0, · · · ,Nh,b − 1, r =

0,Ng,2Ng, · · · ,Nh,b−Ng, and s = r+1,r+2, · · · ,r+Ng−1. As previously, Ng corresponds to the num-

ber of control steps over which power flow at the PCC should remain constant. Here, the optimization

variables are P1,b, P−3,b, P+
3,b, P−4,b, and P+

4,b.

The operation of the hierarchical control strategy is summarized in the algorithm 1.

Algorithm 1 Hierarchical Receding Horizon Control

Upper layer

1: For time k, minimize (3.31) subject to (3.32)

Optimization outputs: P1,t(k+ i), P−2,t(k+ i), P+
2,t(k+ i), P−4,t(k+ i), and P+

4,t(k+ i),

with i = 1 . . .Np,t .

2: Pass P+
2,t(k+1) and P−2,t(k+1) on to the bottom layer as a part of the optimization inputs.

Bottom layer

3: for m = 0 to M−1 do

4: Set l = mNg +1

5: Minimize (3.33) subject to (3.34)

Optimization outputs: P1,b(k+1, l+n), P−3,b(k+1, l+n), P+
3,b(k+1, l+n), P−4,b(k+1, l+n),

and P+
4,b(k+1, l +n), with n = 0 . . .Ng−1.

6: for n = 0 to Ng−1 do

7: Implement P1,b(k + 1, l + n), P+
2,t(k + 1), P−2,t(k + 1), P+

3,b(k + 1, l + n), P−3,b(k + 1, l + n),

P+
4,b(k+1, l +n), P−4,b(k+1, l +n)

8: end for

9: end for

3.4 CASE STUDY

Given the load profile in Figure 3.4(a) and the grid connection of the HRS [78], a 1-MW solar PV is

envisaged to test and compare the performances of the different control strategies introduced in this

study. Past measurements of the direct and diffuse solar radiations have been retrieved from the solar

radiometric station installed at the University of Pretoria (25◦ 45’ S and 28◦ 13.72’E) [79, 80]. The

solar radiation data are applied to the PV arrays oriented South-North and tilted at 36◦. The PV output

power related to reflected radiation is estimated using (3.6), and the contributions due to direct-beam
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and diffused radiations are calculated using (3.1) and (3.4), respectively. The conversion efficiency of

solar panels is provided in Table 3.2.

To evaluate the controller performances over a full day and try to spare the battery from untimely

setpoint changes, the prediction horizon and the control horizon at the upper layer are respectively

set at 24 hours and 30 minutes. Given the control horizon applied at the upper layer and the energy

content of the SC, the prediction horizon and the control horizon at the lower layer are respectively set

at 30 minutes and five minutes. To ensure, on the one hand, the smooth functioning of the battery and a

fast response of the SC, and on the other hand, to accommodate the capacity limitations of the PC, the

sampling periods are set at 30 minutes and 10 seconds at the upper and lower layers, respectively. The

solar radiation during a sampling interval of the upper layer is averaged using actual measurements

sampled at a one-minute interval. The alleged effect of forecast errors and the difference in sampling

speeds between the upper layer (one minute) and the lower layer (ten seconds) is mimicked by adding

white Gaussian noise to the actual solar radiation data, with a signal-to-noise ratio (SNR) of 25dB.

Similarly, the power demand at the bottom layer (sampled at 5-minute intervals) is derived from that

of the upper layer (sampled at 30-minute intervals) by adding a white Gaussian noise with an SNR of

35dB. Compared to solar radiation, a higher SNR is applied to the load because, at a facility level,

the load is usually more stable than solar radiation, which is directly affected by the displacement of

clouds.

The energy storage system consists of a 250-kW/1464-kWh bank of lead-acid batteries [81] and a 13.1-

MW/5.74-kWh bank of supercapacitors [82]. Table 4.3 details the rest of the simulation parameters.

The model-plant mismatch (MPM) is assumed to be small enough to be handled by the proposed

controller. Otherwise the control performance can be significantly deteriorated and even, in some

cases, leading to shutdowns [83]. It should also be noted that this study does not consider the influence

of time-varying electricity prices on the energy flow across the power system. Under such a tariff,

in addition to the current performance measures, PMUs may also be required to prioritize the use of

HESS during high-priced hours and to replenish it in low-priced hours.
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Table 3.2. Parameters of the hybrid renewable system

Parameter Value Unit

Solar PV

ηpv 0.124

ρ 0.20

Battery bank

Eb,N 1 464 kWh

ηb,c 0.85

ηb,d 1

Pb,ch & Pb,disch 250 kW

SoCb 0.9 p.u

SoCb 0.50 p.u

Supercapacitors

Esc,N 5.74 kWh

ηsc,c 0.80

ηsc,d 1

Psc,ch & Psc,disch 4 857 kW

SoCsc 1 p.u

SoCsc 0.25 p.u

Utility grid

Ptie 1 200 kW

DC-DC converters

η1 0.90

η2, η3 0.85

AC-DC inverter

η4 0.95
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(b) Power and SoC of the battery

Figure 3.4. Demand profile and control inputs of original MPC strategy (upper layer)

3.5 SIMULATION AND DISCUSSION

A PC Core(TM) i5, 3.00 GHz, with 8 GB of RAM running Windows 10, was used to simulate the

different control schemes presented earlier. Being nonlinear programming (NLP) type, the optimization

problems were solved in MATLAB using the “fmincon” function. Given the limited resources of the

PC, the short sampling period (10 seconds) and the long prediction horizon (24 hours), the unified

RHC of grid-tied HRS introduced in Section 3.3.2 takes far too long to simulate. This scheme is,

therefore, impractical for real-time control. As a result, going forward, the discussion involves only

the RHC of PV-battery HRS and the hierarchical RHC of PV-battery-SC HRS. Furthermore, given that

the former is identical to the upper layer of the latter, the discussion will compare the performances of

the upper layer against those of the full hierarchical MPC.

3.5.1 RHC of grid-tied PV-battery power system (Upper layer)

Figure 3.4(a) displays the forecasted load profile PL,t , the forecasted PV production Ppv,t and the

resulting PV power supply P1,t and the grid power P4,t . The power and SoC of the battery are presented

in Figure 3.4(b). It appears that at night and before daybreak, the public network supplies most of

the energy needed by the HRS, with the participation of batteries until the minimum SoC is reached.

During the daytime, PV power production primarily supplies the load and charges the battery. Only

excess power is exported into the utility network.
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Figure 3.5. Upper vs. bottom layer predictions of the PV production and the load demand
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(b) Power flow of the battery

Figure 3.6. Optimized vs. actual power flows at the PCC and the battery

A superimposition of the PV production derived from the predictions at the upper layer and the bottom

layer is displayed in Figure 3.5(a), and that of the load demand is displayed in Figure 3.5(b). To

ensure the power system remains balanced, the excess and deficit caused by the fluctuations of the PV

production and the load demand need to be handled by the public network or the battery. The resulting

power profiles at the PCC and the battery are shown in Figure 3.6(a) and Figure 3.6(b), respectively.

In Figure 3.6(a), P4,ac corresponds to the actual power profile at the PCC, assuming the fluctuations

are handled by the network alone. Similarly, P2,ac denotes the actual battery power, assuming it takes

care of the fluctuations alone. Figure 3.6 shows that, unless adequate actions are taken, the large peaks

observed may affect the power quality of the electrical network through frequency instability or put at

risk the safety and reduce the service life of batteries through overheating.
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Figure 3.7. Power flow at the PCC: MPC PV-battery vs. Hierarchical MPC PV-batt-SC
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Figure 3.8. Comparison of power and SoC profiles of the ESS components

3.5.2 Hierarchical RHC of grid-tied PV-battery-SC system

Figure 3.7 displays the power profile at the PCC before and after implementing a second RHC at the

bottom layer. The additional controller proves to be effective at smoothing the power flow between the

HRS and the grid and conditioning the PV production to maximize its use by the HRS. The increase

observed in the amount of renewable energy exported to the electrical network contributes to the advent

of eco-friendly networks at a minimum cost.

The comparison between the battery and the SC power profiles in Figure 3.8(a) establishes that the

SC fully handles the fluctuations while the battery power varies slowly. Figure 3.8(b) shows that, like

the battery, the SC gets depleted after sunset in an attempt to reduce the power import from the utility

network.
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3.5.3 Comparison of power and energy performances

A quantitative comparison between the existing control scheme and the hierarchical alternative can be

conducted using the performance indicators given in Table 3.3. The second and third columns relate to

the existing RHC before and after considering the effect of fluctuations, respectively. The last column

relates to the hierarchical RHC scheme. It is noteworthy that the losses in the DC-DC converter of

the PV contribute, with the dumping load, to the difference between the maximum PV production

available and the actual supply of the PV plant. A comparison of the first two columns Table 3.3

indicates that the lack of capacity to handle the fluctuations of PV power and load demand prevents the

HRS from benefiting from the increase in PV production over the implementation stage.

Regarding the use of the power injected by the PV plant, a smaller fraction is effectively supplied to

the HRS, while an increased quantity (+12.13%) is shed or dissipated. Moreover, an increase in the

import of electricity from the network without a significant counterpart is also observed. Depending

on the entity responsible for power balancing, the frequency stability of the grid or the battery health

may be jeopardized.

Looking at the last two columns in Table 3.3, it is observed that there is a net increase in the use of

solar energy, with only 3.08% shed or dissipated. Despite the operation of SC causing a direct increase

in the amount of energy imported from the network (+53.49 kWh), a net diminution (-245.12 kWh) is

finally achieved through the extra electricity exported towards it. In addition, the hierarchical layout

results in a better power profile at the PCC. The battery-SC HESS also provides greater support to the

HRS without further solicitation of the battery.

3.5.4 Setting of the duration of the prediction horizon at the bottom layer

Table 3.4 shows the average and maximum computation times and the selected energy indicators as

functions of the duration of prediction horizons at the bottom layer. As a general observation, the

longer the prediction horizons, the better the performance. This is materialized by an increase in energy

injection by the PV plant, a decrease in consumption from the network, and an increase in electricity

exported towards it. Nevertheless, a similar trend is also observed in the computation time, which can

negatively affect the implementability of optimal control sequences. Therefore, a trade-off is required
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Table 3.3. Comparison between existing RHC and hierarchical RHC

Performance indicator MPC (optimized) MPC (actual) Hierarchical MPC

PV energy generation (kWh) 5796.93 6153.18 6153.18

PV energy supply (kWh) 5217.24 4866.26 5348.00

PV energy dissipated (%) 0.00 12.13 3.41

Total energy import (kWh) 5187.26 5540.971 5594.46

Total energy export (kWh) 0.00 14.861 313.47

5-min intervals with stable P4 (%) 100 66.671 100

max(|P2 +P3|) (kW) 176.00 329.081 509.03

1 Fluctuations handled by the utility grid

Table 3.4. Duration of the lower layer prediction horizon vs energy performances

Predic. horiz. Avg time1 Max. time1 PV supply2 Grid import2 Grid export2

5 min. 0.09 0.88 5301.84 5668.60 331.42

10 min. 0.42 9.39 5349.00 5594.46 313.47

15 min. 1.09 31.17 5380.64 5591.11 347.50

20 min. 3.45 125.07 5388.33 5591.42 352.72

30 min. 8.68 237.88 5387.80 5590.56 351.83

1 in seconds; 2 in kWh

between the energy benefit and the extra computation time induced. In that regard, Table 3.4 indicates

that a ten-minute prediction horizon leads to energy performances sensibly close to those obtained

under longer prediction horizons but with a better average computation time. However, a five-minute

prediction horizon might be preferable since the computation time under the ten-minute prediction

horizon can reach up to 9 seconds.

3.6 CONCLUSIONS REMARKS

This chapter has reported on a hierarchical RHC framework aimed to facilitate the retrofit of supercapa-

citors to a BESS part of an existing grid-tied HRS, initially controlled by a typical RHC. By means of a

second control layer, the proposed scheme operates the supercapacitor to deliver a stable power profile
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at the PCC. Furthermore, the variable components of power requested from the HESS are handled

by the supercapacitor alone, which allows the battery power to vary slowly. Simulations performed

on a practical case study have proven the validity and effectiveness of the new control framework.

Opportunities for compliance with power quality regulations, conditioning of the power generated by

intermittent renewable sources, and lifetime extension for batteries have also been demonstrated.
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CHAPTER 4 FUZZY LOGIC CONTROL OF PLUG-IN

SUPERCAPACITORS FOR

THERMOELECTRIC MANAGEMENT

OF BATTERIES

4.1 CHAPTER OVERVIEW

This chapter presents a fuzzy logic controller (FLC) for plug-in SC intended for trouble-free upgrade

of BESS into battery-SC HESS. Besides relieving batteries from fast-varying currents, the SC can

also contribute to the supply of low-frequency currents. The latter assists in regulating the battery

temperature and further reducing the magnitude of currents supplied by the battery.

In summary, the novelty of this study is as follows:

1. An original, cost-effective solution is proposed to easily retrofit BESS with SC without changing

the existing control infrastructure.

2. The problem of battery ageing caused by high rate currents, usually overlooked, is addressed.

3. The proposed power split model assists in regulating the battery temperature, which also benefits

the cooling and heating systems.

The rest of this chapter is structured as follows. The power system under study is described in

Section 4.2. The design of the controller is carried out in Section 4.3. Section 4.4 presents the

mathematical programming used to tune the controller parameters. The case study considered to test
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Figure 4.1. Layout of the battery-SC HESS

the proposed controller is given in Section 4.5. The simulation results are presented and discussed in

Section 4.6. Conclusive remarks are given in Section 4.7.

4.2 POWER SYSTEM DESCRIPTION

Figure 4.1 shows the topology of the power system under study. The existing power system consists

of a BESS, electric sources, consuming loads and relevant controllers. The plug-in kit includes SC

storage, a bidirectional DC/DC converter, and an energy management system (EMS) that supervises the

power flow from and to the SC. Measurements of the battery temperature and a few electric variables

are periodically supplied to the EMS. In practice, the battery temperature can be accessed from sensors

that feed the temperature compensation circuit and/or the battery monitoring interface.

In addition to the power allocation between the HESS components, the EMS also plays the following

role:

• It assists in maintaining the battery temperature within the prescribed range;

• It keeps the SC SoC within the desired limits;

• It enables power to flow directly between the battery and SC whenever required.
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4.3 CONTROLLER DESIGN

The control system implemented in the EMS is shown in Figure 4.2. It consists of a low-pass filter

(LPF), a fuzzy inference system (FIS), a current controller, and a few arithmetic operators. The

following sequence of operations is periodically performed as soon as the retrofit kit is plugged in.

The required inputs are supplied to EMS: (1) the per-unit value iHESS of the current IHESS requested by

the load from the HESS is filtered by the LPF to extract the low-frequency component, denoted by

il f ; (2) A subtraction operator uses iHESS and il f to extract the fast-varying current, denoted by ih f ;

(3) il f is then sent to FIS, which determines the low frequency current isc,l f to be supplied by SC. To

assist in managing the battery temperature and to increase the utilization rate of SC, the battery shell

temperature Tbat and the deviation ∆SoCsc of the SC SoC, denoted by SoCsc, from the desired level

SoCre f , are also supplied to FIS; (4) The obtained value of isc,l f is given at the output by FIS. SoCre f

will usually be halfway between the lower and upper bounds of SoCsc, denoted by SoCsc and SoCsc,

respectively. Accordingly, ∆SoCsc at sample instant k is expressed by

∆SoCsc(k) = SoCsc(k)−SoCre f , (4.1)

where SoCre f = (SoCsc + SoCsc)/2; (5) ih f and isc,l f are then summed up and converted back to SI

value so as to determined the total current assigned to the SC, denoted by Isc,req. (6) This set-point is

finally enforced by the current controller, taking the values of the battery voltage Vbat , the SC voltage

Vsc, and the SC current Isc into consideration. The controller components are modelled in the rest of

this section.

iHESS

LPF

Tbat

ilf

FIS

÷IHESS

Ibat,nom

ΔSoCsc

ihf

isc,lf

X

Ibat,nom

Current 
controller

Vsc IscVbat

mIsc,reqisc,req+- ++

Figure 4.2. Proposed thermal-electrical controller for battery-SC HESS
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4.3.1 Frequency split of the HESS total current

Considering the forward Euler method, the filtering action of LPF is expressed by

il f (k+1) =
(

1− Ts

T

)
il f (k)+

Ts

T
iHESS(k), (4.2)

where il f (0) = iHESS(0). Here, Ts and T correspond respectively to the sample time and the filter’s

time constant in seconds. Accordingly, the high frequency current ih f available at the subtraction

block’s output is expressed by

ih f (k+1) = iHESS(k+1)− il f (k+1). (4.3)

Considering the fast change in polarity of ih f and the use of isc,l f to keep SoCsc within the desired

limits through power exchange with the load and the battery, ih f can be assigned to SC in full.

4.3.2 Design of the fuzzy inference system

To mitigate the thermal stress and the high currents sustained by the battery while maintaining SoCsc the

desired range, the FIS assigns, on an ongoing basis, a portion of slow-varying current to SC taking into

consideration its SoC, the battery temperature, and the magnitude and direction of il f . Previous studies

on the performances of fuzzy logic control found the number (partitions) of membership functions

(MFs), their approximate placement across the universe of discourse (or universe), and the degree of

overlapping of MFs are of greater importance than their precise shapes [84]. Therefore, the trapezoidal

shape is adopted for all the input MFs of FIS. Moreover, the intuitive method is used to determine

the number and placement of MFs, while their overlapping and the parameters of output functions are

optimized using Genetic Algorithm [84, 85]. Last, the Sugeno fuzzy inference is implemented in FIS,

based on its computational efficiency and effective tuning by optimization techniques [86].

Considering the influence of the amplitude and polarity of il f on the HESS components, three MFs are

assigned to il f : Negative High (NH), Low (L), and Positive High (PH), with L spreading on both sides

of zero (no current). With regard to the current polarity, NH and the negative portion of L correspond

to the charging current absorbed by the HESS, while the positive portion of L and PH correspond
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discharging current supplied by the HESS. To maintain, as much as possible, SoCsc around SoCre f ,

three MFs are assigned to the input variable ∆SoCsc: Negative High (NH), Low (L) and Positive High

(PH), with L spreading on both sides of the central value (zero deviation). Previous experiments

showed that for optimal performances, lithium-ion batteries should preferably be maintained between

15 °C and 35 °C, and lead-acid batteries around 25 °C [61, 62]. Accordingly, for both technologies, the

universe of Tbat can be occupied by three MFs: Low (L), Medium (M) and High (H), with M spreading

on both sides of the optimal temperature.

In devising the fuzzy logic rules, the governing principles to be followed are:

1. If Tbat is Medium, then SC gives moderate support to the battery in handling il f . This varies

with the magnitude of il f and the SoC deviation ∆SoCsc.

2. If Tbat is Low, then, taking “Tbat is Medium” as reference operating condition, double the current

handled by the battery. This will halve the portion of il f allocated to the SC and doubles the

current between SC and battery. However, no slow varying current is allocated to SC if ∆SoCsc

is Low.

3. If Tbat is High, then, taking “Tbat is Medium” as reference operating condition, half the current

flow from/to the battery. This will double the portion of il f allocated to the SC and halve the

current between SC and battery.

The general formulation of fuzzy logic rules of FIS is detailed in Tables 4.2. The following definitions

apply to FIS’s rule output levels (ROLs): NH for negative high, NM for negative medium, Z for

zero, PM for positive medium, and PH for positive high. Based on the above governing principle, the

parameters α , β and γ are such that:

• α=0.5, β=2 and γ=0 if Tbat is Low;

• α=1, β=1 and γ=1 if Tbat is Medium;

• α=2, β=0.5 and γ=2 if Tbat is High;

The formulation of ROLs as functions of input variables is detailed in Section 4.4.
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Table 4.2. Generalized fuzzy logic rules of FIS.

il f

NH L PH

∆SoCsc NH α·NH β ·NM Z

L γ·NM Z γ·PM

PH Z β ·PM α·PH

4.3.3 Current controller

The PI current controller, adapted from [87], and the electrical circuit that connects the SC in parallel

with the battery are depicted in Figure 4.3. Here, L and R represent an inductor and its equivalent

series resistance. Using the average model of the DC/DC converter, the plant to be controlled in the

SC current control loop is modelled by (4.4) and (4.5)

Vsc−VL = mVbatt , (4.4)

VL = RIsc +L
dIsc

dt
, (4.5)

where VL corresponds to the terminal voltage across the inductor. Adopting the inductor voltage as

the control variable, the plant to be controlled is expressed by the Laplace transformation of (4.5) as

÷Isc,req -+

Isc

PI +-

Vsc

÷

Vbat

m PWM 
generator +

-

Vbat+

-

Vsc

L, R

Current controller

DC/DC converter

Supercapacitor

Isc

*
sc,reqI

Lfl, Rfl

Cfl

Figure 4.3. Current controller and power circuit of SC
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follows

Isc(p) =
1

Lp+R
VL(p), (4.6)

with p is the Laplace transform variable. Based on (4.4), the modulation index m is therefore expressed

by

m =
Vsc−VL,re f

Vbat
, (4.7)

where VL,re f corresponds to the PI controller output [87]. The block diagram corresponding to the

current controller is depicted in Figure 4.3. Here, Isc,req is divided by the modulation index m so that

the SC set-point current is transferred from the battery side to the SC side of the DC/DC converter. In

the Laplace domain, VL,re f is expressed by

VL,re f (p) =
(

kp +
ki

p

)
E(p), (4.8)

where kp and ki correspond respectively to the proportional gain and the integral gain of the PI

controller, and E(p) corresponds to the Laplace transform of the error signal expressed by

E(p) = I∗sc,req(p)− Isc(p). (4.9)

4.4 OPTIMIZATION OF FIS PARAMETERS

4.4.1 Overview of Genetic Algorithms

Genetic algorithms refer to a population-based optimization technique inspired by both the natural

selection theory and the evolutionary genetics [88, 89]. For an initial population of individuals (candid-

ate solutions) to gradually evolve towards an optimum within a search space, three basic operations are

applied by these algorithms to form a new generation from the previous population:

• Selection: consists of choosing a group of individuals (parents) aimed to be part of the next

generation.

• Crossover: combines pairs of parents to form new individuals (children) for the next generation.
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Figure 4.4. Parameters of the input membership functions optimized by GA

• Mutation: consists of applying random alterations (mutations) to individuals to create new ones

(children).

The individuals are compared to each other by means of their respective fitness values, which are

determined by evaluating the function to be optimized, referred to as fitness function. Usually, parents

with better fitness values are those likely to survive the selection process. Interested readers may refer

to [89, 90] for further details about genetic algorithms.

4.4.2 Optimization model

The optimization problem solved by the Genetic Algorithm to obtain the parameters of FIS is introduced

in this chapter.

4.4.2.1 Optimization variables and FIS output

The array X of optimization variables is made up of the parameters of input MFs and those of ROLs.

The MF parameters of input variables optimized by GA are shown in Figure 4.4. It should be noted

that the MF parameters of Tbat are not subject to optimization, as they have been derived from previous

laboratory experiments. Having regard to the governing principles listed in Section 4.3.2, the ROLs of

FIS can be generalised as follows:

zk = λk(x jil f + x j+1∆SoCsc), (4.10)
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where zk (k = 1, . . . ,27) corresponds to any ROL in Table 4.2, λk ∈ Λ = {0,0.5,1,2}, and x j and

x j+1 are parameters subject to optimization by GA, with j corresponds to the element index in the

array X . Table 4.2 indicates that the determination of ROLs NH, NM, Z, PM and PH under medium

Tbat , i.e, α = β = γ = 1, is sufficient to derive the ROLs under low and high Tbat . Therefore, the

remaining analysis of Table 4.2 will focus on medium battery temperature conditions unless stipulated

otherwise.

The formulation of NH, NM, Z, PM and PH as functions of the optimization variables is conducted

here. Table 4.2 indicates that the charge of SC under the ROL NH is closely depend upon the supply

of a high-intensity current il f by the external circuit. Similarly, the discharge of SC under the ROL

PH results primarily from supplying an intensive current il f to the external system. Considering the

high intensity of il f , the component proportional to ∆SoCsc in (4.10) appears to be redundant, and may

even cause high current transients across the HESS. Accordingly, the parameters x j+1 in (4.10) are

manually set at zero for both NH and PH. In the case of the ROL Z, x j and x j+1 are equal to zero so

that no slow-varying current is assigned to the SC. Lastly, Table 4.2 indicates that the ROL NM applies

to “low ∆SoCsc/negative high il f ” and “negative high ∆SoCsc/low il f ” conditions. Similarly, the ROL

PM applies to “low ∆SoCsc/positive high il f ” and “positive high ∆SoCsc/low il f ” operating conditions.

As a result, the first term in the brackets of (4.10) should be the dominating term in the output when

il f is of high intensity, while the second term should be the dominating term when ∆SoCsc is high.

Therefore, both xk and xk+1 are needed for both NM and PM.

The above findings are summarized in Equations (4.11) to (4.15):

NH = x17il f , (4.11)

NM = x18il f + x19∆SoCsc, (4.12)

Z = 0, (4.13)

PM = x20il f + x21∆SoCsc, (4.14)

PH = x22il f , (4.15)
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where x17, . . . ,x22 correspond to the ROL parameters subject to optimization.

Given (4.10), the final output isc,l f of FIS is expressed by

isc,l f =
∑

N
k=1 wkzk

∑
N
k=1 wk

, (4.16)

where N=27 is the total number of rules, wk corresponds to the rule firing strength derived from the

rule antecedent and is expressed by

wk = min(F1(il f ),F2(∆SoCsc),F3(Tbat)). (4.17)

Here, F1(...), F2(...) and F3(...) denotes the MFs for inputs 1, 2, and 3, respectively, and min is the

mathematical function “minimum” implementing the fuzzy logical operator AND.

4.4.2.2 Fitness function

In this study, the fitness function J(X) aims to minimize both the thermal and electrical stress sustained

by the battery while maximizing the SC availability. J(X) is therefore formulated as a multi-objective

function consisting of three factors:

1. the root-mean-square (RMS) of the battery current [91], denoted by J1(X).

2. the mean deviation between the actual battery temperature and the recommended value, denoted

by J2(X).

3. the mean absolute deviation of SoCsc from SoCre f , denoted by J3(X).

Accordingly, the fitness function to be minimized is expressed by

J(X) = v1J1(X)+ v2J2(X)+ v3J3(X), (4.18)

where v1 to v3 correspond to weighting coefficients, and X = [x1,x2, . . . ,x22]
T denotes the array of

optimization variables identified above. It should be noted that the first two components of the

objective function can be replaced by a single battery ageing model that features the deterioration

related to both temperature and current intensity.
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Let N denote the number of sample intervals within the optimization period. The normalized expression

of J1 is

J1(X) =
1

Ibat,nom

√
1
N

N

∑
k=1

I2
bat,k(X), (4.19)

with Ibat,k(X) corresponds the battery current throughout the k-th sample interval.

The normalized expression of J2 is

J2(X) =
1

N(Tmax−Tre f )

N

∑
k=1
| Tbat,k(X)−Tre f |, (4.20)

with Tmax and Tre f correspond to the maximum attainable and the prescribed temperatures, respect-

ively.

The normalized expression of J3 is

J3(X) =
1

N∆SoCsc

N

∑
k=1
| ∆SoCsc,k(X) |, (4.21)

with ∆SoCsc the maximum deviation of SoCsc from SoCre f , and ∆SoCsc, j is expressed by

∆SoCsc(k) = SoCsc(k)−SoCre f . (4.22)

Here, SoCsc(k) is determined using the Coulomb counting method given by:

SoCsc(k) = SoCsc(k−1)+
Isc(k)
CVmax

Ts. (4.23)

Here Isc(k) denotes the SC current throughout the sample time k, C denotes the SC capacitance in

Farads, and Vmax denotes the maximum terminal voltage of the SC in Volts.

Based on the lumped RC-thermal circuit model of the battery, its thermal behaviour is determined

by

Pbat =Cbat
dTbat

dt
+

Tbat −Ta

Rb2a
. (4.24)
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Here Pbat , Tbat , Ta, Cbat , and Rb2a denote, respectively, the battery heat generation, battery temperature,

ambient temperature, thermal capacity of the battery, and thermal resistance between the battery and

ambient air.

Since the ohmic heat varies proportionally to the square of the current, it will usually form the main

source of heat production inside the battery under a large load current. Accordingly, the heat production

inside the battery can be reduced to

Pbat = RbatI2
bat , (4.25)

with Rbat the ohmic resistance of the battery. Substituting (4.25) into (4.24) yields after discretiza-

tion

Tbat(k) =
(

1− Ts

CbatRb2a

)
Tbat(k−1)+

Ts

Cbat

(
RbatI2

bat(k)+
Tamb

Rb2a

)
. (4.26)

4.4.2.3 Optimization constraints

The following constraints aim to retain the trapezoidal shape of MFs in Figure 4.4(a), and to keep their

overlapping along the oblique sides:

x1− x2 ≤ 0 (4.27)

x1− x3 ≤ 0, (4.28)

−x2 + x3 ≤ 0, (4.29)

x2− x4 ≤ 0, (4.30)

x3− x4 ≤ 0, (4.31)

x4− x5 ≤ 0, (4.32)

x5− x6 ≤ 0, (4.33)

x5− x7 ≤ 0, (4.34)

−x6 + x7 ≤ 0, (4.35)

x6− x8 ≤ 0, (4.36)
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x7− x8 ≤ 0, (4.37)

The constraints below aims also to retain the trapezoidal shape of MFs in Figure 4.4(b), and to keep

their overlapping along the oblique sides:

x8− x10 ≤ 0 (4.38)

x9− x11 ≤ 0, (4.39)

−x10 + x11 ≤ 0, (4.40)

x10− x12 ≤ 0, (4.41)

x11− x12 ≤ 0, (4.42)

x12− x13 ≤ 0, (4.43)

x13− x14 ≤ 0, (4.44)

x13− x15 ≤ 0, (4.45)

−x14 + x15 ≤ 0, (4.46)

x14− x16 ≤ 0, (4.47)

x15− x16 ≤ 0, (4.48)

The constraint (4.49) ensures that the SC is charged by the battery whenever il f and ∆SoCsc are

respectively L and NH:

x5x18 + x9x19 ≤ 0. (4.49)

The constraint below aims to ensure that the charging of SC whenever il f and ∆SoCsc are respectively

NH and L:

x1x18 + x13x19 ≤ 0. (4.50)

The constraint (4.51) ensures that the SC is in discharging mode whenever il f and ∆SoCsc are respect-

ively L and PH:
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−x4x20− x16x21 ≤ 0. (4.51)

The constraint aims to ensure the discharge of SC whenever il f and ∆SoCsc are respectively PH and

L:

−x8x20− x12x21 ≤ 0. (4.52)

Given the fuzzy rules in Table 4.2, the following constraints ensure that the peak of the ROL NH is

less than that of NM.

x1x17− x4x18− x9x19 ≤ 0. (4.53)

x1x17− x1x18− x12x19 ≤ 0. (4.54)

Similarly, the following constraints ensure that the peak of the ROL PH is greater than that of PM.

x8x20 + x13x21− x8x22 ≤ 0. (4.55)

x5x20 + x16x21− x8x22 ≤ 0. (4.56)

The bound limits are such that

−1≤ x1,x2,x3,x4 ≤ 0. (4.57)

0≤ x5,x6,x7,x8 ≤ 1. (4.58)

∆SoCsc ≤ x9,x10,x11,x12 ≤ ∆SoCsc,avg. (4.59)

∆SoCsc,avg ≤ x13,x14,x15,x16 ≤ ∆SoCsc. (4.60)
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1/4≤ x17,x19,x21,x22 ≤ 1/2. (4.61)

0≤ x18,x20 ≤ 1/4. (4.62)

The boundaries (4.61) on x17 and x22 translate in a relatively large current assigned to the SC when il f

is of high intensity. The bound limits on x19, x21 also translate in a relatively large current assigned

to the SC when ∆SoCsc is high. In both cases, the current supplied by SC will not exceed 1
2 Ibat,nom so

that the rules α·NH and α·PH in Table 4.2 under low battery temperature, and β ·NM and β ·PM in

Table 4.2 under high battery temperature will not cause the low frequency current isc,l f to exceed 1 p.u,

i.e, Ibat,nom in SI unit. The boundaries (4.62) applied to x18 and x20 cause the SC to handle a relatively

small percentage of isc,l f when it is medium, i.e, under NM and PM rules.

4.4.2.4 Optimization problem

In light of the above, the optimization problem to be solved by GA is stated as follows:

min
X

J(X)

s.t. G(X)≤ 0,

where J is described by (4.18), (4.19) and (4.21), G(X) is made up of equations (4.27) through to

(4.62), and X is the array of the optimization variables introduced in Section 4.4.2.1. Algorithm 2

details the steps followed in determining the fitness value of an individual, i.e, a candidate solution X

to the optimization problem.

4.5 CASE STUDY

A battery-SC HESS consisting of four 3.6V lithium-ion battery cells and twelve 2.7V SC cells is

considered for simulation. The technical parameters of these storage devices are given in Table 4.3. To

ensure a stable operation after retrofitting the SC to the existing BESS and to prolong the SC service

life, the variation of SoCsc is restricted between 0.5 and 1. In order To test the controller under normal

and extreme operating conditions, the following scenarios are considered:
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Algorithm 2 Determination of individual fitness by Genetic Algorithm
1: Build FIS using X , Figure 4.4, Table 4.2, and (4.11) to (4.15)

2: for k = 1 to N do

3: Determine il f (k) and ih f (k) from iHESS, (4.2) and (4.3)

4: Compute il f ,sc(k) from FIS, with il f (k), ∆SoCsc(k) and Tbat(k) as inputs

5: Isc,req(k)← (ih f (k)+ isc,l f (k))Ibat,nom

6: Isc(k)← Isc,req(k)

7: Ibat(k)← IHESS(k)− Isc(k)

8: Determine Tbat(k+1) from (4.26), and ∆SoCsc(k+1) from (4.22) and (4.23)

9: end for

10: Determine J1(X), J2(X) and J3(X) from (4.19), (4.20) and (4.21), respectively

11: J(X)← v1J1(X)+ v2J2(X)+ v3J3(X).

• Scenario I — Optimal conditions: Tamb and Tbat(0) are both set at 25 °C, SoCsc(0) is set around

75 %, and iHESS has a non-zero profile.

• Scenario II.a — Low temperature mode: Tamb and Tbat(0) are both set at 5 °C, SoCsc(0) is set

around 75 %, and iHESS has a non-zero profile.

• Scenario II.b — High temperature mode: Tamb and Tbat(0) are both set at 45 °C, SoCsc(0) is set

around 75 %, and iHESS has a non-zero profile.

Together, these scenarios provide the full picture of the control performances.

4.6 SIMULATIONS AND DISCUSSION

4.6.1 Controller parameters

Figure 4.5 shows the load profile obtained from the U.S. guideline intended for the determination

of duty cycle for energy storage systems in PV smoothing applications [94]. This current profile

corresponding to IHESS was applied to the battery-SC HESS to compute the array X of optimization

variables. In the rest of this chapter, the sign convention is such that a negative current charges the

storage device, and the opposite applies to positive current. Figure 4.6(a) displays the convergence

curve obtained for this case study subject to the load profile in Figure 4.5. Figure 4.6(b) presents
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Table 4.3. Simulation parameters for testing of the battery-SC HESS controller

Parameter Value Unit Parameter Value Unit

Battery cells [70, 92] GA parameters

Ebatt,nom 8.64 Wh v1;v2 0.25; 0.25

Vbatt,nom 3.60 V v3 0.5

Ibatt,nom 2.20 A Population size 100

Rbatt 0.10 Ω Elite count 5 %

Cbatt,cell 17.26 J/°C Crossover fraction 0.8

Rb2a,cell 6.84 °C/W Low-pass filter

# in series 4 T 100 sec

SC cells [93] Current controller

Csc,nom 450.00 F kp 1.85

Vsc,nom 2.70 V ki 2720

Rsc,cell 2.80e-3 Ω DC-DC converter

Rb2a,cell 6.84 °C/W L, L f l 0.56 mH

# in series 6 R, R f l 0.09 Ω

# in parallel 2 C f l 72.73 mF

Switching frequency 20 kHz

0 0.5 1 1.5 2 2.5 3 3.5
Time (sec.) 104

-2
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 i H
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A
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Figure 4.5. Sandia National Laboratory’s load profile for determination of duty cycle for energy

storage systems in a PV smoothing application
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the MFs of Tbat derived from previous experiments on Li-ion batteries [61]. The array X of optimal

controller parameters is as follows: X = [-0.6981; -0.3797; -0.5292; -0.2025; 0.2417; 0.6537; 0.3508;

0.8789; -0.2328; -0.1841; -0.2067; -0.1020; 0.0127; 0.1845; 0.1014; 0.2427; 0.3896; 0.2054; 0.3053;

0.1785; 0.3317; 0.3600]. The membership functions of il f and ∆SoCsc are given in Figure 4.6(c) and

Figure 4.6(d), respectively.

The remaining of this section is devoted to testing the proposed controller and to comparing its

performances to those of the BESS and battery-SC HESS controlled by the LPF alone. To this end,

three distinct scenarios have been considered: normal operation conditions (Scenario I), low ambient

temperature conditions (Scenario II.a), and high ambient temperature conditions (Scenario II.b).
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Figure 4.6. Optimization outputs from Genetic Algorithm
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Table 4.4. Performance indexes under normal and critical operating modes

Simulation
J1 J2 J3

BESS HESS,w/o HESS,w BESS HESS,w/o HESS,w BESS HESS,w/o HESS,w

Scenario I 0.6398 0.5476 0.4722 0.0018 0.0014 0.0012 - 0.0062 0.0050

Scenario II.a 0.8854 0.7099 0.8796 0.5665 0.5674 0.5665 - 0.0215 0.0002

Scenario II.b 0.8854 0.7099 0.5405 0.5773 0.5762 0.5751 - 0.0140 0.0336

4.6.2 Scenario I: Controller performance under normal operating conditions

The battery-supercapacitor HESS and the proposed controller were subsequently implemented in Sim-

ulink/Matlab. Figure 4.7 shows the current profiles assuming a fast-varying load, with the ambient and

initial battery temperatures set at 25°C. Here, the subscript w/o denotes the performance achieved when

the SC is controlled by the LPF alone, while w denotes the performance under the full implementation

of the controller investigated in this chapter. One can observe that the LPF causes the SC to handle

the spiky components of IHESS. The current supplied by the battery within the LPF-controlled HESS

(Figure 4.7(b)) is, therefore, smoother than that of the original BESS (Figure 4.7(a)). Figure 4.7(c)

shows the current profile of the SC, characterized by rapid fluctuations. Under full deployment of the

proposed EMS, the FIS restricts the supply of high intensity current by the battery. This is achieved

by diverting part of the slow-varying component of IHESS towards the SC, as shown in Figure 4.7(d).

Under normal operating conditions, the SC contributes up to 18.28% in the supply of low-frequency

current by the HESS. In comparison to BESS and HESS,w/o alternatives, Table 4.4 indicates that

the RMS value of the battery current (J1) decreases by, respectively, 26.20% and 13.77% under the

proposed controller. One can also note moderate improvement in the deviations of battery temperature

(J2) and SC SoC (J3) from desired values.

Figure 4.8 displays the variation of battery temperature, assuming that the current profiles given in

4.7(a) and (b) repeat continuously over six hours.

Based on previous studies on the cyclic ageing of Li-ion batteries [95, 96], the capacity loss is expressed

by

Qbat,loss = B(C)exp

(
−31700+370.3C

RTbat

)
(Ah)

z, (4.63)
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Figure 4.7. Current profiles under a fast-varying load. (a) Total current requested from the HESS. (b)

Battery current. (c) SC current. (d) Low-frequency content of SC current.
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Table 4.5. Assessment of theoretical battery ageing

Ibat,RMS (A) Tbat,SS (°C) Tbat,avg (°C) Qbat,loss (%) Lifespan (hours)

BESS 1.408 28.623 27.803 0.330 60.575

HESS,w/o 1.200 27.802 27.174 0.304 65.777

HESS,w 1.004 27.361 26.833 0.282 70.872

B(C) = 25623.71C−0.28. (4.64)

Here, B is the pre-exponential factor; C corresponds to the C-rate; R is the ideal gas constant equal

to 8.314 J(kg K)−1; Tbat corresponds to the absolute battery shell temperature in K; Ah corresponds

to the Ah throughput of the battery; z is the power law coefficient, which is equal to 0.552. In this

study, Ah is determined by the product of Ibat,RMS and the total time of operation. It is assumed that the

battery is operated for six hours, as shown in Figure 4.8, and is rested for 18 hours daily. The battery’s

end-of-life corresponds to 20% in capacity.

For each configuration, the RMS value of the battery current (Ibat,RMS), the final temperature (Tbat,SS),

the average battery temperature (Tbat,avg), the total battery capacity loss Qbat,loss over the same period,

and the corresponding theoretical battery lifespan are given in Table 4.5. The proposed plug-in SC

module appears to increase the battery service life by 17.00% and 7.75% compared, respectively, to

the BESS and the HESS controlled by the filter alone.

It is worthy recalling that the model adopted to estimate the battery lifespans in Table 4.5 does not

account for certain factors that may influence the degradation rate. Besides the battery temperature,

C-Rate, current intensity and duration, the actual battery lifespan is also affected by variables related

to manufacturing (electrode defects, production variations), calendar ageing (storage temperature and

SoC), environmental conditions (mechanical stress, humidity, ...), and battery component (separator,

electrolyte, ...) [11]. Therefore, the estimated lifespans in Table 4.5 may differ depending on the battery

degradation model adopted.
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4.6.3 Scenario II: Controller performance under extreme ambient temperatures

4.6.3.1 Scenario II.a: Supercapacitor support under low temperature conditions

The performance of the proposed controller under low-temperature conditions are assessed in this

section. To test it under extremely cold operating conditions, it is assumed that the energy storage

system is operated at an ambient temperature of 5 °C. Figure 4.9 shows the current and temperature

profiles of the battery-SC HESS. Here, the subscripts w and wo refer, respectively, to the performances

obtained when considering and ignoring the battery temperature in the control scheme. The latter is

obtained by assigning a constant temperature of 25 °C to the fuzzy input Tbat .

When operating the HESS in a cold environment to supply the load in Figure 4.9(a), the proposed

controller tends to increase the battery current (cf. Figure 4.9(b)) by decreasing the share of slow

varying current requested from SC (cf. Figure 4.9(c)). This causes an increase in battery heating

by Joule’s effect (cf. Figure 4.9(d)), which results in a faster rise of temperature aiming to get it as

close as to the optimal range. Except for the supply of fast transitions by SC, battery current and

temperature profiles appear identical to those obtained under the BESS. Compared to BESS and

HESS,w/o configurations, Table 4.4 shows that the average deviation of the battery temperature (J2)

decreases, respectively, by 0% and 0.15% over the six minutes of operation under the new controller.

The latter is accompanied by a 23.82% increase in the RMS value of Ibat (J1), since battery warming

turns out to be the main priority. A significant improvement of 99.07% is also observed in the deviation

of SC SoC.

4.6.3.2 Scenario II.b: Supercapacitor support under high temperature conditions

The performance of the battery-SC HESS controller in a high-temperature environment is investigated

in this section. To test it under extremely hot conditions, the HESS is assumed to be operated in an

ambient temperature of 45 °C. The current and temperature profiles under the different configurations

are presented in Figure 4.10.

When operating the battery-SC HESS under high ambient temperature conditions to supply the load

in Figure 4.10(a), the proposed controller tends to decrease the battery current (cf. Figure 4.10(b))
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Figure 4.9. Current and temperature profiles under ambient temperature at 5 °C

by increasing the share of slow varying current handled by SC (cf. Figure 4.10(c)). Battery heating

by Joule’s effect is therefore reduced, which slows the temperature rise. In comparison to the BESS,

Figure 4.10(d) shows that a 38.15% decrease in the battery temperature slope is achieved by the

proposed controller. Moreover, Table 4.4 shows that, after operating for six minutes, 0.3% and 0.19%

reduction in battery temperature deviation (J2) compared respectively to BESS and w/o alternatives.

This is accompanied by 38.95% and 23.87% reduction in the RMS value of Ibat (J1). A degradation of

140% is also observed in the deviation of SC SoC.

4.7 CONCLUDING REMARKS

This paper has presented a fuzzy logic controller for plug-in SC modules retrofitted to a battery-alone

storage system. Through adequate control, the SC contributes to the supply of both fast and slow
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Figure 4.10. Current and temperature profiles under ambient temperature at 45 °C

varying currents. By doing so, the proposed EMS mitigates the electric and thermal stresses sustained

by the battery, extending its lifespan as a result. The simulation study indicates a significant peak battery

current decrease can be achieved under normal ambient conditions. A decrease in battery temperature

slope can also be achieved in a high-temperature environment. The thermal support provided by the

SC is gradually reduced when battery warm-up gains in priority. The proposed controller achieved

better performance than the BESS counterpart. It also outperforms other battery-supercapacitor HESS

controllers with regard to ease of implementation and comprehensive support to batteries.
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CHAPTER 5 THERMAL MANAGEMENT OF

HYBRID ENERGY STORAGE SYSTEMS

BASED ON SPATIAL

ARRANGEMENT

5.1 CHAPTER OVERVIEW

Temperature significantly impacts the performance and ageing of electrochemical storage, especially

batteries. Therefore, it is critical to understand the thermal stress process to achieve better management.

This chapter presents the preliminary findings about the thermoelectric management of batteries within

a battery-supercapacitor (SC) hybrid energy storage system (HESS) using the spatial layout of storage

cells. The structural arrangement is intended to benefit the cooling characteristics of battery cells

through heat transfer with the nearby SC cells.

The content of the remaining sections is as follows. The thermoelectric model of a basic HESS is

given in Section 5.2. Section 5.3 introduces the strategy adopted to carry out the thermal analysis. The

case study is presented in Section 5.4. The simulation results are discussed in Section 5.5, followed by

concluding remarks in Section 5.6.

5.2 THERMOELECTRIC MODELLING OF BATTERY-SC HESS

The layout diagram of an elementary battery-SC HESS consisting of a battery cell and an SC cell is

shown in Figure 5.1. The thermoelectric models of these cells combine their respective electrical and

thermal mathematical models.
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Figure 5.1. System layout diagram

5.2.1 Electrical modelling

Various electrical models of battery and SC have been investigated in the past. Among them, the

second-order equivalent circuit models shown in Figure 5.2 are considered in this study, given their

relative simplicity and acceptable accuracy with regard to the description of dynamic behaviours

of HESS [97, 98, 99]. In Figure 5.2, Rser and Ri denote the series resistance of SC and battery,

respectively; Csc denotes the SC capacitance; and OCV denotes the battery open-circuit-voltage, which

varies as a function of its state of charge (SoC). The two RC networks are expected to capture both the

short-term and long-term dynamics of energy storage (ES) devices.

5.2.2 Thermal modelling

The thermal model of the battery and SC is based on the “Law of conservation of energy”, which

explains the temperature dynamics of a system using the heat generation model and a simple model of

heat transfer inside and outside the system [97, 98, 100]. The total heat production combines the heat

generation due to ohmic losses and entropy change, while the heat transfer can take place by conduction,
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(a) Dynamic electric model of SC (b) Second order equivalent circuit model of battery

Figure 5.2. Electric models of energy storage devices

Figure 5.3. Thermal model of ES devices

convection and radiation phenomena. Considering the little quantity of heat generated by entropy

change under a large load current, only the ohmic heat production is applied in this study.

Figure 5.3 presents the lumped parameter model that describes the battery and SC thermal behaviours

assuming that: (1) heat production, heat transfer and temperature are uniformly distributed; (2) the

core of the cell is made up of opaque material; (3) the convection inside the core is negligible [97, 98].

The model parameters consist of the ES internal and shell thermal capacitance, denoted by Ci and

Csh, respectively, and the thermal resistance between the ES core and shell, and between the ES shell

and the ambience, denoted by Rc−s and Rs−a respectively. Qi denotes the ES heat production; and Ta

denotes the ambient temperature. Ti and Tsh denotes the ES internal and shell temperature, respectively.

This is illustrated in the thermal equivalent circuit shown in Figure 5.3. This can also be expressed

by

Qi =Ci
dTi

dt
+

Ti−Tsh

Rc−s
, (5.1)
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Ti−Tsh

Rc−s
=Csh

dTsh

dt
+

Tsh−Ta

Rs−a
, (5.2)

To study the effect of thermal interaction between the battery cell and the SC cell situated next to

each other, as illustrated in Figure 5.4(a), the thermal model of the entire system is shown in Figure

5.4(b). Here, the subscripts b and s refer to the battery and SC, respectively. The thermal resistance Rbs

materializes the existence of heat transfer between the battery and SC cell, where the flowing direction

depends upon the temperature gradient between the cells.

The heat production corresponds to the total power dissipated in the battery and SC cells, which are

expressed by:

Qib = (Vb−OCV )Ib, (5.3)

Qis = (Vsc−Uc)Isc. (5.4)

Here Vb and Vsc denote the battery and SC terminal voltages, respectively, Uc denotes the SC capacitance

voltage, and Ib and Isc denote the current circulating through the battery and SC, respectively.

5.3 THERMAL ANALYSIS STRATEGY

Assuming that the SC is fully charged at the outset and able to supply the discharge current for the

entire simulation period, the variations of internal and shell temperatures of the battery and SC as

a function of time are collected under the following operating conditions, which depend upon the

position of switches:

• S1 = 1 and S2 = 0: the battery in stand-alone mode. The SC is disconnected.

• S1 = 0 and S2 = 1: the supercapacitor in stand-alone mode. The battery is disconnected.

• S1 = 1 and S2 = 1: the battery and SC operate in parallel mode.

• S1 and S2 are set sequentially to 1 and 0 or 0 and 1, respectively: the switching mode.
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(a) Structural arrangement of ES devices (b) Thermal model of HESS

Figure 5.4. Arrangement and thermal interaction of ES devices

During stand-alone and parallel modes, the thermal behaviours of ES devices are analysed when the

two cells are relatively far from each other, i.e., Rbs → ∞, and when they are relatively close to each

other, 0<Rbs<∞.

The results obtained from the two scenarios are then compared to assess the influence of the spatial

configuration of battery and SC cells on their temperature.

5.4 CASE STUDY

We consider a HESS consisting of a prismatic battery cell rated at 3.2V/30Ah, and a prismatic SC

cell rated at 2.6V/3000F. The height, width and thickness of the two cells are 182, 100, and 32

mm, respectively [98]. The electrical and thermal characteristics of the battery are taken from the

literature [98]. Those of the SC cell are also obtained from the literature [99, 101], respectively.

These parameters are summarized in Table 5.2. The thermal resistance Rbs is determined using the

thermal conductivity of ambient air, which is equal to 0.03 [101]. The space between the ES cells

and their initial temperature are set to 1 mm and 20 ◦C, respectively. Figure 5.5(a) and Figure 5.5(b)

show, respectively, the profile of charging/discharging current applied to the HESS and the operating

sequence of battery and SC during the switching mode.
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Table 5.2. Battery and SC parameters

Battery cell Supercapacitor cell

Parameter Value Unit Parameter Value Unit

Ri 0.0135 Ω Rser 0.8216 mΩ

R1 0.008 Ω R1′ 0.3146 mΩ

C1 1875 F C1′ 627 F

R2 0.006 Ω R2′ 0.3883 mΩ

C2 100000 F C2′ 1843 F

Cib 287.77 J/K Cis 580 J/K

Csb 30.8 J/K Css 30.8 J/K

Rbc−s 0.5776 K/W Rsc−s 2.6 K/W

Rbs−a 0.8333 K/W Rss−a 0.8333 K/W

(a) Charging/Discharging current

(b) Operating sequence of battery and SC under the switching

mode

Figure 5.5. Load profile and switch commutation
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5.5 SIMULATION RESULTS AND DISCUSSIONS

The thermal management strategy described earlier was implemented and simulated in an MAT-

LAB/Simulink environment. Figure 5.6(a) presents the comparison of Tib obtained under three modes:

the standalone mode, the separate mode with thermal connection to SC, and the switching mode.

It is found that the thermal connection allows heat transfer from the battery (hot body) to the SC

(cold body), which reduces the battery’s internal temperature. A similar trend is observed when

comparing Tsb for the same three cases, as shown in Figure 5.6(b). It is noteworthy that the higher the

temperature gradient between Tib and Tis and the smaller the spacing between the cells, the greater the

heat transferred from the battery to SC.

Figure 5.7(a) and Figure 5.7(b) show, respectively, Tib and Tsb for three different distances between the

cells. Figure 5.8(a) shows Tis and Tss for SC in standalone mode in the absence of thermal connection

with the battery and Tis in the switching mode. Under the last mode, an increase in Tis is observed

during the operating periods of the battery because Qis is zero in this case, and thus more heat is

transferred from the battery to SC.

To illustrate the influence of the structural configuration of HESS when SC is used for filtering the

load fluctuations, Tib is obtained both in the absence and presence of a thermal connection between the

(a) Battery internal temperatures (b) Battery shell temperatures

Figure 5.6. Battery temperatures with varying interactions between the EES
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(a) Battery internal temperatures (b) Battery shell temperatures

Figure 5.7. Influence of the distance between the two cells

(a) SC internal temperature in switch mode and internal and shell

temperatures in standalone mode (b) Battery internal temperatures in parallel mode

Figure 5.8. SC temperatures (standalone) and battery temperature (parallel)

cells. It is observed that in addition to the decrease of Tib due to the filtering action of SC, the spatial

arrangement can also influence the reduction of Tib as shown in Figure 5.8(b).

5.6 CONCLUDING REMARKS

Thermal management of a batter-SC HESS based on the spatial arrangement of the battery and SC

cells was reported in this paper. It was found that the spatial configuration of the cells can influence the
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thermal management of the battery and SC. It was also found that the higher the temperature gradient

between the internal temperatures of cells and the smaller the spacing between them, the greater the

heat transferred from one cell to the other. Accordingly, the spatial arrangement of ES cells can offer a

passive assistance to the control strategy proposed in Chapter 4, which aims to help manage the battery

temperature.
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CHAPTER 6 ECONOMIC SIZING OF

SUPERCAPACITORS FOR

COST-EFFECTIVE HYBRIDIZATION

OF BESS

6.1 CHAPTER OVERVIEW

This chapter presents a life cycle cost (LCC) optimization model for the cost-effective retrofit of

battery-alone energy storage systems (BESS) with a supercapacitor. The proposed model can be

used to judge the opportunity to implement a battery-SC HESS instead of a BESS in brownfield and

greenfield projects.

This chapter is structured as follows. Section 6.2 deals with the modelling of energy storage (ES)

devices. The techno-economic optimization model aimed for adequate sizing of SC is addressed in

Section 6.3. The case study is introduced in Section 6.4. The presentation and discussion of simulation

results are provided in Section 6.5. Concluding remarks are formulated in Section 6.6.

6.2 ENERGY STORAGE MODELLING

The layout of the power system investigated here is shown in Figure 6.1. The existing infrastructure

consists of a BESS, power sources, electric loads, etc. The plug-in SC kit consists of SC cells/modules,

a bidirectional DC/DC converter that interfaces the SC storage and an energy management system

(EMS) responsible for implementing the optimal power split between the HESS components.
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Battery
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etc.

Input signals

Control 
signals

Figure 6.1. Layout of the battery-SC hybrid energy storage system

6.2.1 Battery modelling

Various battery models have been developed in the past to help predict its behaviour. Because of their

ability to simulate the electrical performances of batteries with limited insights into electrochemical

processes and the reasonable trade-off between speed and accuracy, the Equivalent Circuit Models

(ECMs) are today among the most popular battery models.

Figure 6.2 shows the typical ECM battery models. The Internal Resistance Model, also known as the

Rint model, in Figure 6.2a comprises an ideal voltage source simulating the open circuit voltage (OCV),

and internal series resistance. While characterized by great simplicity, easy parameter measurement,

and fast implementation and simulation, the Rint model suffers from two shortcomings: an infinite

battery capacity and its validity is limited to the absence of dynamics in the load. To address the latter,

a variant known as the Thevenin model, consists in adding an RC parallel network in series with the

first two elements (Figure 6.2b). Finally, the RC model shown in Figure 6.2c comprises two RC series

networks mounted in parallel and connected to a series resistance. Contrarily to the previous models,

The RC model can capture the rate capacity, and charge recovery effects [102].

From an electrochemical perspective, R0 in figs 6.2a to 6.2c denotes the battery’s ohmic internal

resistance, combining the electrolyte and electrode resistances [103]; R1−C1 in Figure 6.2b mimics
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Figure 6.2. Basic ECM-based models of batteries
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Figure 6.3. Proposed battery model

the voltage transients that result from the charge transfer on the electrode/electrolyte interface and the

ion mass diffusion in the battery [104]; Rb−Cb and Rs−Cs in Figure 6.2c correspond, respectively, to

the bulk inner part and the surface region of electrodes in contact with the electrolyte [102]. Further

details on these ECM battery models is provided in the literature [105, 106].

This chapter proposes an ECM variant shown in Figure 6.3. Based on the previous models. This

variant is expected to combine the strengths of both Thevenin and RC models, delivering more accurate

predictions without requiring excessive computational burden. Based on the physical structure of

electrodes, the surface region’s resistance, denoted by Rsur f , is relocated so that a portion of the energy

flowing towards/from the bulk inner part is also dissipated at the surface.
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The continuous-time domain state-space model of a battery cell/module modelled in Figure 6.3 is

given by [107]

ẋb = Abxb +Bbub, (6.1)

yb = Cbxb +Dbub, (6.2)

where

xb = [vsur f vbulk v1]
T ,

Ab =


− 1

RbulkCsur f

1
RbulkCsur f

0
1

RbulkCbulk
− 1

RbulkCbulk
0

0 0 − 1
R1C1

 ,

Bb =


Nb,s

Csur f
0

0 0
Nb,s
C1

0

 ,

ub = [ib Vcc]
T ,

yb = vb

Cb = [1 0 1],

Db = [Nb,sR0
′ 1].

The model parameters in Figure 6.3 can be readily scaled to an arbitrary Nb,s-cell or -module string

using the following relationships in [107]:

R1 = Nb,sR1,u,

C1 =C1,u/Nb,s,
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Figure 6.4. Supercapacitor three time constant equivalent circuit

R0
′ = Nb,sR0,u

′,

Csur f =Csur f ,u/Nb,s,

Rbulk = Nb,sRbulk,u,

Cbulk =Cbulk,u/Nb,s.

Here, the model parameters of a string and a cell/module are at the left and right sides of the equalities,

respectively.

6.2.2 Supercapacitor modelling

The three time constant equivalent circuit shown in Figure 6.4 is adopted to model the supercapacitor

[107, 108]. Here, Rs, Cs, R f , C f , Rm, and Cm correspond to the slow, medium, and fast branches’

resistance and capacitance, respectively, and Rlk corresponds to a leakage resistance.

Assuming Nsc,s cells or modules connected in series, the continuous-time domain state-space model of

the supercapacitor model in Figure 6.4 is expressed as

ẋsc = Ascxsc +Bscusc, (6.3)

ysc = Cscxsc +Dscusc, (6.4)

where

xsc = [vs vm v f ]
T ,
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Asc =


−RmR f +R f Rlk+RmRlk

CsP
R f Rlk
CsP

RmRlk
CsP

R f Rlk
CmP −RsR f+R f Rlk+RsRlk

CmP
RsRlk
CmP

RmRlk
C f P

RsRlk
C f P −RmRs+RsRlk+RmRlk

C f P

 ,

Bsc =

[
R f RmRlk

CsP
RsR f Rlk

CmP
RmRsRlk

C f P

]T

,

usc = isc

ysc = vsc

Csc =

[
Rx
Rs

Rx
Rm

Rx
R f

]
,

Dsc = Rx,

P = RsRmR f +RlkRmR f +RsRlkR f +RmRsRlk,

Rx =

(
1

R f
+

1
Rm

+
1
Rs

+
1

Rlk

)−1

.

The model parameters in Figure 6.4 can be readily scaled to an arbitrary Nsc,s-cell or -module string by

means of the relationships below [107].

Rlk = Nsc,sRlk,u,

Rs = Nsc,sRs,u,

Cs =Cs,u/Nsc,s,

Rm = Nsc,sRm,u,

Cm =Cm,u/Nsc,s,

R f = Nsc,sR f ,u,

C f =C f ,u/Nsc,s,
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with the model parameters of a full string and a single device (cell or module), respectively, at the left

and right sides of the equalities. It is noteworthy to mention that the discrete forms of the above ES

models will be obtained before the simulation study.

6.3 PROBLEM FORMULATION

Given an existing BESS that comprises Nb,s cells or modules in series and Nb,p strings in parallel, this

section develops the optimization problem that helps find the SC size with the lowest life cycle cost

(LCC) for the HESS over the remaining lifespan of the energy system. This optimization problem can

be summarized as follows

min
Ihess

LCC(Ihess)

s.t. G(Ihess) = 0,

H(Ihess)≥ 0,

LB≤ Ihess ≤UB,

(6.5)

where Ihess = [Nb,pIb;Nsc,pIsc] =
[
Nb,p × [Ib(1), Ib(2), . . . , Ib(N)],Nsc,p × [Isc(1), Isc(2), . . . , Isc(N)]

]T
correspond to the array of the optimal battery and supercapacitor current profile over a cycle. Here

Nsc,p denotes the number of supercapacitor strings connected in parallel, G(Ihess) and H(Ihess) cor-

respond, respectively, to the functions of equality and inequality constraints, LB and UB correspond,

respectively, to the lower and upper bounds on X . The rest of this section develops each component of

this optimization model.

6.3.1 Cost function

All the costs incurred throughout the battery-SC HESS lifespan can be classified into capital and

operating costs, which are further detailed below.

6.3.1.1 Capital costs

The capital costs of the retrofitted battery-SC HESS comprise three components:
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• The replacement cost of batteries.

• The initial and replacement costs of SC.

• The purchase cost of the SC’s DC/DC converter.

a) Battery replacement cost

Let Lb,∗ denote the expected lifespan of a battery pack, this quantity is expressed by

Lb,∗ =
Qb,∗−Qb,EOL

Qb,loss
. (6.6)

Here Qb,∗ corresponds to the initial capacity of batteries, Qb,EoL corresponds to the end-of-life capacity,

and Qb,loss corresponds to the daily capacity loss of batteries under specific operating conditions. Qb,∗

is equal to the remaining capacity of the current batteries at the time of decision-making about the

energy storage upgrade. In the case of brand-new batteries, Qb,∗ is equal to their nominal capacity.

As a rule of thumb, a battery reaches its end of life once the charging capacity falls below 80% of

its rated capacity [109]. According to the literature, battery capacity fading results from two additive

phenomena: calendar ageing and cycle ageing. The former expresses the capacity loss while resting

(no current flowing). Cycling capacity loss refers to the degradation of battery performance while in

use. Qb,loss is therefore given by

Qb,loss = Qcal
b,loss +Qcyc

b,loss. (6.7)

Here Qcal
b,loss and Qcyc

b,loss correspond, respectively, to the calendar-related capacity loss and cycle-related

capacity loss.

Subject to the influence of the temperature and state-of-charge (SoC), capacity fading by calendar

ageing is determined by [110, 111]

Qcal
b,loss = Bcal(SoCb)exp

(
− Eacal

Rgθ

)
tzcal . (6.8)

Here Bcal is a pre-exponential factor that varies as a function of the battery SoC denoted by SoCb, Eacal

corresponds to the activation energy, Rg corresponds to the ideal gas constant, θ denotes the room

temperature, zcal is a dimensionless constant. At a time instant τ , the battery SoC is given by
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SoCb(τ) = SoCb(0)+
∆T

Qb,N

τ

∑
j=1

Ib( j), (6.9)

with SoCb(0) the initial battery SoC at the time instant zero.

Subject to the influence of temperature and current intensity, capacity fading due to cycle ageing is

expressed as [95]

Qcyc
b,loss =


Bcyc exp

(
−Eacyc

Rθ

)
(Ah)

zcyc , if Ib <C/2.

Bcyc exp
(
−Eacyc+αCrate

Rgθ

)
(Ah)

zcyc , if Ib >C/2,
(6.10)

with Bcyc a pre-exponential factor, Eacyc an activation energy for cycle ageing, α a coefficient for ageing

acceleration due to current intensity, Crate the charge/discharge rate, Ah the ampere-hour throughput,

and zcyc a dimensionless constant. Based on the optimal battery current profile obtained by solving

(6.5), Crate and Ah are expressed by [112, 91]

Crate = Ib,rms/Ib,1C, (6.11)

Ah = Ib,rmsCyN∆T/3600, (6.12)

with Ib,rms the root mean square (RMS) of the battery current, Ib,1C the battery current that discharges

it from full to empty in one hour (also referred to as “1C current”), ∆T the sampling interval, N the

number of sampling intervals per cycle, and Cy the number of cycles per day. The RMS of the battery

current is given by

Ib,rms =

√
1
N

(
IT
b Ib
)
, (6.13)

with Ib = [Ib(1), Ib(2), . . . , Ib(N)]T .

Let Lplant denote the remaining plant’s lifespan. The number of battery replacements needed over this

period is determined by

Mb =

⌈
Lplant −Lb,old

Lb,new

⌉
. (6.14)

Here, d·e denotes the ceiling function, Mb denotes the number of battery replacements, and Lb,new

denotes the expected service life of brand new batteries. Based on the above, the net present value
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(NPV) of the battery capital expenditures (CAPEX), i.e., the replacement costs over the remaining

plant’s lifespan, denoted by CCb, is given by

CCb =
Mb

∑
n=1

pb,0Nb,pNb,s

(
1+π

1+d

)kb(n)

, (6.15)

with pb,0 the battery unit price at year 0 of the energy storage upgrade, π the average inflation rate, d

denotes the discount rate, and kb(n) an exponent expressed follows

kb(n) =
⌊

Lb,old +nLb,new

365

⌋
,

where b·c is the floor function.

b) Initial and replacement cost of supercapacitors

Let Lsc denote the expected service life of a brand-new supercapacitor. This is quantity is expressed by

[113, 114]

Lsc = Lsc,N

(
Vsc,N

Vsc

)−n1

2
θre f−θ

n2 , (6.16)

with Vsc the average voltage across the SC, and θre f the reference room temperature, Lsc,N the rated

lifespan when operated at the rated voltage Vsc,N and at the reference room temperature θre f . Vsc is

obtained from (6.4) after solving (6.3).

Assuming an upgrade from BESS into a battery-SC HESS is adopted by the stakeholders, let Msc

denote the number of SC packs needed over the remaining lifespan of the plant. This quantity is

determined by

Msc =

⌈
Lplant

Lsc

⌉
, (6.17)

with Lsc obtained from (6.16). Given the above, the NPV of the SC CAPEX over the remaining plant’s

lifespan, denoted by CCsc, is expressed by

CCsc =
Msc

∑
n=1

psc,0Nsc,pNsc,s

(
1+π

1+d

)ksc(n)

, (6.18)

with psc,0 the SC unit price at year 0 of the energy storage upgrade, and kb(sc) an exponent expressed

follows
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ksc(n) =
⌊

nLsc

365

⌋
.

c) Initial costs of supercapacitor DC-DC converter

Let Mc2 denote the number of DC-DC converters needed for the SC over the remaining plant’s lifespan.

This quantity is determined by

Mc2 =

⌈
Lplant

Lc2

⌉
, (6.19)

with Lc2 the expected lifespan of the converter. Accordingly, the NPV of the CAPEX on the DC-DC

converters is given by

CCc2 =
Mc2

∑
n=1

pc2,0Pc2,N

(
1+π

1+d

)kc2(n)

, (6.20)

with CCc2 the NPV of the purchase cost of the SC DC-DC converter, pc2,0 the unit price of DC-DC

converters at year 0, and Pc2,N the nominal power of the device, and kc2(n) an exponent expressed

follows

kc2(n) =
⌊

nLc2

365

⌋
.

Let mc denote the margin applied to the converter capacity concerning the peak power transited by the

supercapacitor storage, Pc2,N is therefore expressed by

Pc2,N = mcNsc,pNsc,sVsc,N max(|Isc|), (6.21)

with Vsc,N the nominal voltage of a supercapacitor cell/module.

6.3.1.2 Operating costs

Assuming a retrofit of the BESS into a battery-SC HESS, two categories of operating costs will be

affected: (1) the electricity costs related to power losses and the running of the cooling system; (2) the

maintenance costs related to the newly added equipment.

a) Electricity costs

Department of Electrical, Electronic and Computer Engineering
University of Pretoria

84

 
 
 



CHAPTER 6 ECONOMIC SIZING OF SC FOR COST-EFFECTIVE HYBRIDIZATION OF BESS

Following the energy storage retrofit, variations in electricity costs may result from

• The power losses in the battery.

• The power losses in the SC.

• The power losses in the battery’s DC-DC converter.

• The power losses in the SC’s DC-DC converter.

• The power consumption by the cooling system.

Based on the battery model in Figure 6.3, the daily energy losses in the battery storage, denoted by

Eb,loss, is given by

Eb,loss = Nb,p

N

∑
j=1

[
V 2

1 ( j)
R1

+R0
′I2

b ( j)+
(Vsur f ( j)−Vbulk( j))2

Rbulk

]
Cy∆T/3600, (6.22)

where Vsur f , Vbulk, and V1 are the states obtained by solving (6.1).

Considering the SC model in Figure 6.4, the daily energy losses in the SC storage, denoted by Esc,loss

is given by

Esc,loss = Nsc,p

N

∑
j=1

[
V 2

sc( j)
Rlk

+
(Vsc( j)−Vs( j))2

Rs
+

(Vsc( j)−Vm( j))2

Rm
+

(Vsc( j)−Vf ( j))2

R f

]
Cy∆T/3600,

(6.23)

where Vs, Vm, and Vf are the states obtained by solving (6.3).

The variation of the efficiency of a typical DC-DC converter as a function of the load is shown in

Figure 6.5. Let Ec1,loss denote the daily energy losses occurring in the battery’s converter, this quantity

is given by

Ec1,loss =Cy∆T/3600

N

∑
j=1

(
1

ηc1( j)
−1
)

Pc1,out( j), (6.24)

with ηc1( j)) the converter efficiency read on Figure 6.5 given the converter’s power rating Pc1,N , and

its output power Pc1,out( j) determined as follows

Department of Electrical, Electronic and Computer Engineering
University of Pretoria

85

 
 
 



CHAPTER 6 ECONOMIC SIZING OF SC FOR COST-EFFECTIVE HYBRIDIZATION OF BESS

20 40 60 80 100 120
Percent load -  P/P

dc,nom
 [%]

0

20

40

60

80
E

ff
ic

ie
nc

y 
- 

 
dc

 [
%

]

Figure 6.5. Generic conversion efficiency curve of DC-DC converters

Pc1,out( j) =


Vb( j)Ib( j), if Ib( j)≥ 0,

|VbusIb( j)|, if Ib( j)< 0,
(6.25)

with Vbus the voltage of the DC bus.

Similarly, let Ec2,loss denote the daily energy losses occurring in the SC’s converter. This quantity is

expressed by

Ec2,loss =Cy∆T/3600

N

∑
j=1

(
1

ηc2( j)
−1
)

Pc2,out( j), (6.26)

with ηc2( j) the converter efficiency read on Figure 6.5 given the converter’s power rating Pc2,N , and its

output power Pc2,out( j) determined as follows

Pc2,out( j) =


Vsc( j)Isc( j), if Isc( j)≥ 0,

|Vb( j)Isc( j)|, if Isc( j)< 0.
(6.27)

It is assumed that a heat ventilation and air conditioning (HVAC) system is operated to ensure the

energy storage system and the other electrical equipment in the same room are maintained at the

prescribed temperature of 25 ◦ C. Let Ehvac denote the daily electricity consumption of the HVAC
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system required to remove the heat dissipated by the battery, the SC, and their DC-DC converters. This

quantity is expressed by

Ehvac =
Eb,loss +Esc,loss +Ec1,loss +Ec2,loss

EER
, (6.28)

with EER the energy efficiency ratio (cooling efficiency) of the HVAC system, and Eb,loss, Esc,loss,

Ec1,loss, and Ec2,loss provided in (6.22), (6.23), (6.24), and (6.26), respectively.

b) Maintenance costs

Following the upgrade of the existing BESS into a HESS, additional expenses will be incurred to

service the new equipment. Let MCsc,0 and MCc2,0 denote the yearly maintenance costs of the SC and

its DC-DC converter, respectively, at year 0. These quantities are expressed by

MCsc,0 = msc,0Esc,NNsc,pNsc,s, (6.29)

MCc2,0 = mconv,0Pc2,N , (6.30)

with Esc,N the rated energy of each SC cell/module, and msc,0 and mconv,0 the unit maintenance costs of

the SC and its converter, respectively, at year 0.

6.3.1.3 Life cycle cost

Based on the above, the LCC of the battery-SC HESS can be expressed as [115]

LCC =CC+
Lplant

∑
j=1

OC( j)+MC( j)
(1+d) j −SV, (6.31)

where CC corresponds to the NPV of the capital cost, OC( j) and MC( j) correspond, respectively, to

the NPV of the total operating cost during the j-th year, and SV corresponds to the NPV of the total

salvage value.

Following Section 6.3.1.1, CC is given by

CC =CCb +CCsc +CCc2, (6.32)
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with CCb, CCsc, and CCc2 given by (6.15), (6.18), and (6.20), respectively.

As indicated earlier, the operating expenditures considered in this study are the electricity cost related

to power losses in the energy storage and the DC-DC converters and their cooling by the HVAC system.

The NPV of operating costs during the j-th year is given by

OC( j) = 365e0(1+ r) j(Eb,loss +Esc,loss +Ec1,loss +Ec2,loss +Ehvac), (6.33)

with Eb,loss, Esc,loss, Ec1,loss, Ec2,loss, and Ehvac are given by (6.22), (6.23), (6.24), (6.26), and (6.28),

respectively. Here, e0 corresponds to the electricity price at year 0 of the upgrade project, and r

corresponds to the annual escalation rate of electricity price.

As indicated earlier, the maintenance cost in this study is limited to the additional expenditure induced

by the upgrade activities. Accordingly, the NPV of maintenance cost during the j-th year can be

calculated as

MC( j) = (1+π) j(MCsc,0 +MCc2,0). (6.34)

Although efforts are made to promote circular business models in the battery sector, mainly through

second-life applications and recycling at the end of the life cycle, the adoption remains marginal in

practice. While little is currently known about the share of batteries repurposed for second-life energy

storage, it is estimated that only 5% of rechargeable Li-ion batteries are recycled [116]. Thus, most

batteries are disposed of in landfill sites. The same applies to lead-acid batteries and other chemistries

wherever recycling facilities are not common, especially in developing countries [116]. Accordingly,

no salvage value is assumed to be zero in this study. Based on the above, the LCC in (6.31) can be

easily determined using (6.32), (6.33) and (6.34).

6.3.2 Constraints

The following constraints apply to the optimization problem summarized in (6.5)

• The power balance constraint.

• The bound constraints on the terminal voltages of the battery and SC.
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• The bound constraints on the currents of the battery and SC.

Let Ireq denote the current requested from the battery-SC HESS by the load, as shown in Figure 6.1.

The power balance requirement is satisfied by the equality constraint below

Ib( j)+ Isc( j) = Ireq( j), (6.35)

for j = 1, . . . ,N.

Their respective terminal voltages are kept within specified limits to ensure safety and long service life

to the HESS components.

Vb( j)≤Vb, (6.36)

Vb( j)≥Vb, (6.37)

Vsc( j)≤Vsc, (6.38)

Vsc( j)≥Vsc, (6.39)

for j = 1, . . . ,N. Here, Vb, Vb, Vsc, and Vsc denote the maximum and minimum voltages applicable

to the battery and SC respectively. Vb( j) and Vsc( j) are readily obtained from the discrete form of

the output equations (6.2) and (6.4), respectively. These can be calculated after discretising the state

equations (6.1) and (6.3), and determining the trajectories of the state variables.

The bound constraints on the decision variables, i.e., the battery and SC currents, are given by

Ib( j)≤ Ib, (6.40)

Ib( j)≥ Ib, (6.41)

Isc( j)≤ Isc, (6.42)

Isc( j)≥ Isc, (6.43)

for j = 1, . . . ,N. Here, Ib, Ib, Isc, and Isc are the allowed maximum and minimum currents of the battery

and SC, respectively.
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Table 6.2. Datasheet-based energy storage parameters

Parameter Value Unit Parameter Value Unit

Battery cells [92] Supercapacitor cells[93]

Rated capacity – Qb,N 2.85 Ah Rated capacity 2.5 F

Rated voltage – Vb,N 3.65 V Equivalent series resistance (ESR) 85 mΩ

Standard charging current 1.375 A Rated voltage – Vsc,N 5 V

Cut-off voltage 2.50 V Maximum leakage current 8 µA

# in series – Nb,s 4 # in series – Nsc,s 2

# in parallel – Nb,p 3

6.4 CASE STUDY

To test the proposed SC sizing model, a BESS consisting of two strings of four 3.65V battery cells

(Samsung INR18650-29E) is considered for upgrade into battery-SC HESS. The remaining capacity of

these batteries is assumed to be 90% at the time of assessment, and the remaining plant’s lifespan is 5

years. Given the rated voltage and capacity of the BESS, on the one hand, and the SC cells commercially

available, on the other hand, the use of SC strings of 5V SC cells (Maxwell BMOD0002-P005-B02)

will be applied. The ES parameters are presented in Table 6.2.

Based on Table 6.2 and the relationships in [107], the model parameters of SC cells are as follows:

R f ,u=0.113 Ω, C f ,u=1.313 F, Rm,u=2.049×109 Ω, Cm,u=5.001×10−4 F, Rs,u=4.776×1010 Ω, Cs,u=0.012

F, and Rlk,u = 1.250×106 Ω. The DC voltage is assumed to be stable at 12V. The economic parameters

considered in this case study are given in Table 6.3.

6.5 SIMULATIONS AND DISCUSSION

6.5.1 Battery model evaluation

A battery cell was tested using the setup shown in Figure 6.6 to estimate the parameters of ECM

battery models in Figures. 6.2 and 6.3. The cell was installed in a climatic chamber where the ambient

temperature was regulated at 25 °C. A battery tester was used to cycle the cell by applying various
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Table 6.3. Economic parameters of the simulation study

Parameter Value Unit

General parameters

Annual inflation rate – π[117] 5.9 %

Discount rate – d [118] 4.4 %

Remaining plant’s lifespan – Lplant 5 years

Capital cost parameters

Remaining battery capacity at year 0 - Lb,0 90 %

Battery unit price at year 0 - pb,0 [119] 7.74 USD

SC unit price at year 0 - psc,0[120] 8 USD

Unit price of DC-DC converter – pc2,0 [121] 300 USD/kW

Operating cost parameters

Electricity price at year 0 – e0 [122] 0.092 USD/kWh

Annual escalation rate of electricity – r [123] 9.47 %

HVAC’s energy efficiency ratio – EER [124] 2.5

Maintenance cost parameters

Unit maintenance cost of SC at year 0 – msc,0 [121] 5.55 USD/kWh

Unit maintenance cost of DC-DC converter at year 0 – mc2,0 [121] 2 USD/kW

current profiles provided by a computer host. The latter also stored and displayed measurement data

received from the battery tester and a temperature sensor.

The cell was subjected to variable current profiles shown in Figure 6.7(a) by scaling the Urban

Dynamometer Driving Cycle (UDDS) profile obtained to span the ranges of 0 2.85A (1C) and 0 2.71A

(0.95C). The model parameters were estimated using the former, while the validation was carried out

using the latter.

Figure 6.7 presents the current and voltage profiles obtained at the validation stage. The result in

Figure 6.7(b) indicates that the Rint model performs poorly in predicting the battery voltage.

Table 6.4 presents the errors and processing speed related to the different models. The latter refers to

the average time necessary to complete the prediction of the cell voltage during the validation step. All
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Figure 6.6. Schematic block diagram of the experimental setup

Table 6.4. Performances of ECM battery models

ECM model Estimation RMSE (V) Validation RMSE (V) Computation time (sec.)

Rint 0.0532 0.0505 0.0355

RC 0.0043 0.0038 0.0389

Thevenin 0.0045 0.0049 0.0375

New ECM variant 0.0039 0.0034 0.0682

the model parameters were estimated, and the resulting models were validated using Simulink/Matlab

2019a installed in a PC i5-8500 CPU @ 3.00 GHz, 8.00 Gb of RAM capacity, running Windows 10.

Based on Table 6.4, the RC and Rint models appear to be the most accurate and the fastest, respectively,

amongst the common ECMs. It is also observed that the voltage prediction by the proposed ECM

variant is 10.5% more accurate than the RC model but 1.75 times slower than it, the slowest of the

popular ECMs. For a given application, the choice between the proposed ECM variant or a popular one

will depend upon the accuracy requirements and the computation resources at disposal. It should be

noted that some of the parameters of the ECMs adopted for the battery and SC are subject to variations

as a function of temperature and/or SoC, resulting in model-plant mismatches (MPM) during operation.

While robust controllers such as MPC may tolerate small MPM, increased MPM can deteriorate

the control performance significantly, and even, in some cases, leading to shutdowns [83]. MPM is

normally addressed by re-identification, which is beyond the scope of this study.
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(c) Relative errors of the simulated battery voltages against the experiment results

Figure 6.7. Current profile and comparison between measured and simulated battery terminal voltages
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Figure 6.8. Current profile requested from the energy storage system

6.5.2 Energy storage upgrade analysis

Figure 6.8 shows the hourly current profile of the load as perceived by the energy storage system.

With a sampling interval of ∆T equals 10 seconds, this load profile is assumed to repeat itself

24 times a day, i.e., Cy=24. Given the above, the bound limits and initial conditions are as fol-

lows: Vb,u,min=3V, Vb,u,max=3.65V, Vb,u(0)=3.325V, Ib=-2.5A, Ib=2.5A, SoCb(0)=75%, Vsc,u,min=2.5V,

Vsc,u,max=5V, Vsc,u(0)=3.75V, Ib=-2.5A, and Ib=2.5A.

Figures. 6.9 (a) and (b) present the RMS battery currents and the LCC related to the optimal solutions

as a function of the number of SC strings mounted in parallel. Here, the plots labelled as “Battery

current-based optimization” relates to the minimization of fluctuations in the battery current. In this

context, the cost function is expressed as

J =
N−1

∑
j=1

(
Ib( j+1)− Ib( j)

)2 (6.44)

It is observed that the greater the number of SC strings, the smoother the battery current, resulting

in a lower RMS value as shown in Figure 6.9(a). From an economic viewpoint, the LCC improves

simultaneously until a critical number of SC strings is reached. Beyond this point, the cost incurred
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Figure 6.9. RMS battery currents and LCC of optimal battery-SC HESS
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Figure 6.10. Optimal battery and SC current profiles with Nsc,p = 5

to upgrade the BESS into a battery-SC HESS increases faster than the savings obtained through the

reduction in battery replacement over the remaining lifespan of the plant.

The optimal current profiles in Figure 6.10(a) and (b) associated to Nsc,p = 5 indicate that sizing the

SC to minimize fluctuations in the battery current also benefits the HESS’s LCC, as depicted in Figure

6.9(b).

Table 6.5 presents the technical information related to the existing BESS and the most cost-effective

HESS depending on the design criteria. Here, Design “D” corresponds to the HESS characterized by

the lowest initial upgrade cost when the fluctuations in the battery current are minimized. Derived

from [29], this intuitive sizing approach that focuses on capital expenditure at the outset is compared

to the LCC-based model investigated in this research (Design “B”). The table shows that a single

SC string is required for minimum initial cost while five strings should be mounted in parallel to
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achieve the least LCC. The power rating of the SC’s DC-DC converter is also increased by half when

implementing the latter, while the service life of batteries is extended by 3.71%. This will result in two

fewer battery replacements over the remaining lifespan of the power system. Compared to the existing

BESS (Design “A”), the three retrofit strategies tend to positively affect the lifespan of batteries, with

the best battery current-optimized HESS (Design “C”) delivering similar technical performances to the

best LCC-optimized HESS.

Table 6.5. Technical characteristics of the BESS and best cost-effective retrofit solutions

Design(1) Nsc,p
SC’s conv.

power (W)
Ib,rms

Lifespan (days) Nb of replacements(2)

Old batt. New batt. SC Batt. SC SC’s conv.

A 0 0.00 1.36 15.90 31.80 1534.78 57 0 0

B 5 36 1.23 16.78 33.56 1528.82 54 2 1

C 5 48 1.23 16.81 33.61 1419.84 54 2 1

D 1 24 1.32 16.18 32.36 1564.96 56 2 1

(1)A: BESS; B: LCC-based optimal HESS; C: Battery current-based optimal HESS; D: Least initial cost HESS

(2)Including the first SC and SC’s DC-DC converter installed at time of upgrade.

The economic parameters of the BESS and the three HESS are presented in Table 6.6. It shows that

the retrofit of BESS with SC cells following the LCC-based option (Design “B”) will decrease by

1.95% the LCC of the HESS compared to that of the BESS. This savings is reduced at 1.73% when

implementing a controller that minimizes the fluctuations in the battery current using the same number

of SC cells (Design “C”). In comparison to the intuitive economic upgrade with a single string of

SC (Design “D”), the LCC-based option (Design “B”) further reduces the LCC of the ES plant by

1.08%.

In addition, Table 6.6 shows that the above savings result entirely from the reduction in battery

replacement discussed earlier. Moreover, it is observed that the energy consumption associated with

the HVAC operation and the power losses in the converters and ES devices contribute marginally to the

LCC of battery-SC HESS, as it is less than 1%. Finally, since the economic viability of the proposed

retrofit design depends on the costs incurred to replace worn batteries, this ES hybridization might turn

out to be irrelevant under the following circumstances:

• Increase in battery lifespan or decrease in manufacturing cost induced by technology advance-

ment.
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Figure 6.11. Energy consumption and losses related to ES systems

• Imbalance between supply and demand of batteries that results in a low selling price.

• Unfavourable operating conditions such as extended rest time, low current, etc.

Table 6.6. Economic information of the BESS and best cost-effective retrofit solutions

Design(1)
Inital cost (USD) Capital cost NPV (USD) O&M cost NPV (USD) LCC

(USD)SC SC’s conv. Battery SC SC conv. Energy SC SC conv.

A 0.00 0.00 5455.34 0.00 0.00 35.19 0.00 0.00 5490.53

B 80.00 10.80 5165.85 164.70 10.80 41.72 0.00 0.32 5383.39

C 80.00 14.40 5167.54 163.50 14.80 50.14 0.00 0.42 5395.71

D 16.00 7.20 5358.40 32.94 7.20 43.75 0.00 0.21 5442.50

(1)A: BESS; B: LCC-based optimal HESS; C: Battery current-based optimal HESS; D: Least initial cost HESS

Figure 6.11 shows that the battery’s DC-DC converter and the HVAC are respectively the first and

second largest contributors to the energy consumption necessary to operate the BESS or any of

the three optimal HESS. In addition, the proposed optimization model appears to be slightly more

energy-efficient than the other two HESS alternatives.
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6.6 CONCLUDING REMARKS

This paper reported on the economic retrofit of BESS with SC. An optimization model for cost-effective

sizing of the SC and its DC/DC converter was investigated. This paper proved the critical need to rely

on a life cycle cost evaluation for decision-making instead of focusing on the smoothing of battery

current alone was demonstrated in this paper. While percentage-wise, expected cost savings in small

systems may be negligible to justify such a modification, the proposed upgrade can be suitable for

large energy systems. In this context, attention should be paid to determining factors such as the plant’s

remaining lifespan, the batteries’ daily operating time, and the stress level sustained by the battery

before the retrofit.

In addition, a new ECM variant for battery modelling was investigated in this chapter. Built upon the

Thevenin and RC models, the proposed model delivers slightly more accurately than the others without

excessively increasing computation resources.
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CHAPTER 7 CONCLUSION

The research findings and perspective for future works are provided in this chapter.

7.1 RESEARCH FINDINGS

This thesis has reported on a study investigating strategies for the cost-effective upgrade of BESS into

battery-SC HESS. In an attempt to address various gaps identified in the literature, two control strategies

intended for the trouble-free upgrade of BESS into battery-SC HESS, a preliminary investigation on

the impact of spatial arrangement on the thermal stress sustained by the battery and SC cells, and a

model for optimal sizing of SC for cost-efffective retrofit of BESS have been investigated.

Primarily designed for hybrid renewable systems (HRS) originally equipped with BESS and controlled

by a receding horizon control (RHC), the first control scheme consists in a hierarchical RHC of the

SC-retrofitted HRS. Depending on the characteristics of the power management unit (PMU) running

the previous RHC scheme, no or little modifications are required to integrate the SC into the existing

infrastructure. Besides the decrease of electrical stress sustained by the battery, the proposed control

framework also increases the amount of energy supplied by intermittent renewable and the power

stability at the point of common coupling (PCC).

The second control model is built around a fuzzy logic controller unit to assist in retrofitting any

BESS with SC. Thermoelectric management of batteries is successfully realized through sharing

low-frequency current components between the two ES devices, besides the SC’s full supply of high-

frequency current components. Further extension in battery lifespan through this control scheme has

been demonstrated.
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The preliminary study conducted on the influence of spatial arrangement of battery-SC HEES cells on

the thermal management of batteries demonstrates that the proximity between a battery cell and an

SC cell can effectively contribute to the cooling process of batteries, thanks to the thermal interaction

between them.

Finally, the thesis introduces a life cycle cost (LCC)-based optimization model that assists in properly

sizing SC intended for retrofit in existing BESS. The possibility offered to stakeholders to take

informed decisions about the economic opportunity of such an upgrade is also demonstrated.

7.2 FUTURE WORKS

While this thesis made significant steps towards extending the battery lifespan and improving the

technical performances of renewable power systems through the retrofit of SC, it suffers from certain

limitations as detailed below.

The impact of battery storage capacity loss over time, the efficiency variations of the converters with

the load, and the possible model-plant mismatches have not considered in the hierarchical MPC model

framework proposed in Chapter 3. In addition, the influence of a time-varying electricity tariff, such

as time-of-use or critical peak pricing, on the power flow across the plant has not investigated in this

work.

In chapter 4, one area of future work involves devising an adequate approach for sizing the superca-

pacitor and its DC/DC converter to maximize the economic benefit at the plant level. Assuming the

sizing model proposed in Chapter 6 is adopted here, it will require to check whether the optimal sizes

obtained under standard conditions are also suitable for extreme temperatures. Stability analysis is

also required for the proposed fuzzy PI controller.

In practice, tens of battery and SC cells are combined to form HESS, instead of one cell of each type

as discussed in Chapter 5. The thermal interaction between ES cells within such an environment needs

to be investigated, including the influence of the cooling strategy applied and the geometric shapes of

the cells.
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In chapter 6, further investigations are required to develop a controller tuned to split power between

the battery and SC following the profiles provided by the optimal sizing tool. Moreover, in practice,

the inflation rate and the electricity price escalation rate usually vary yearly. The robustness of results

obtained under fixed values, as considered in this study, needs therefore to be verified against reasonable

fluctuations of the inflation rate and electricity price over the remaining lifespan of the plant.
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ADDENDUM A BLOCK DIAGRAM SIMULATION

MODEL OF THE

BATTERY-SUPERCAPACITOR

HESS

The power and control layers of the model implemented Matlab/Simulink block are shown in Figure

A.1 and Figure A.2 respectively.
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Figure A.1. Power layer of the block diagram in Simulink

 
 
 



ADDENDUM A SIMULINK MODEL OF THE BATTERY-SUPERCAPACITOR HESS
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Department of Electrical, Electronic and Computer Engineering
University of Pretoria

117

 
 
 


