
ABSTRACT

AGARWAL, APOORV. Adaptive Control of a Hybrid Energy Storage System for Wave Energy Conversion
Application. (Under the direction of Dr. Subhashish Bhattacharya).

A hybrid energy storage system (HESS), that comprises of a battery and a supercapacitor, is

utilized to absorb the power and energy oscillations for a wave energy conversion system so as to

inject a smooth power to the grid. Continuous variation in the wave profile presents a formidable

challenge in terms of the power and energy allocation among the battery and supercapacitor. In

this paper, an adaptive control strategy is proposed, wherein the power and energy sharing between

the battery and super-capacitor is dynamically decided based on an optimization algorithm. The

proposed algorithm is aimed at optimizing the total losses in the hybrid energy storage system while

simultaneously maximizing the battery lifetime. Circuit simulation and experimental results from a

hardware prototype are provided to validate the effectiveness of the proposed control scheme.

Moreover, the change in wave profile and improvement of control strategy poses an additional

challenge for sizing of HESS due to consistent change in the power sharing between battery and

supercapacitor throughout its operation. Thus, a cost-optimal sizing of HESS is presented that takes

into account the capital as well as the replacement cost.
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Chapter 1

Introduction

1.1 Background

Energy from ocean waves presents a tremendous potential as a resource of renewable energy. Ocean

wave offers a signi�cantly higher energy density as compared to wind and solar based energy

conversion. It is estimated that the global power potential represented by ocean waves is around 2

TW [1]. The Electric Power Research Institute (EPRI) in it's technical report has estimated that the

total recoverable wave power energy off the U.S. coastline amounts to 1170 TWh / year [2].

Wave energy converter (WEC) devices are used to harvest energy from the ocean waves. Various

energy conversion methods are employed by WECs, mainly : Point absorber such as buoys, Paddle-

type, Oscillating Water Column, Attenuating-type devices, Rotating-mass based, Over-topping

devices, etc [3]. Some of the WEC device are shown in Figure 1.1. [4]-[5].

(a) Pelamis WEC : Attenuating type WEC

(Pelamis Wave Power ©)

(b) Penguin WEC : Rotating Mass type WEC

(Wello ©)

Figure 1.1 Types of WEC
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A grid-connected WEC system is shown in Figure 1.2. A generator is connected to the WEC with

appropriate gear mechanism. The machine side converter (MSC) controls the power generation

by controlling the machine current. The grid side converter (GSC) controls regulates the dc bus by

controlling the power dispatched to the grid.

Figure 1.2 A WEC System with it's associated Power Conversion Systems

The ocean waves are multi-frequency signals that generally contains frequency components

ranging from 0.04 to 0.25 Hz (period of 25 to 4 s) [6]. Consequently, it leads to the generation of

highly oscillating power. An example of power generated from a WEC using a typical ocean wave

pro�le cited in the technical report published by EPRI [2] is shown in Figure 1.3. It is evident from the

�gure that the power generated varies rapidly over short time scales. This poses a major challenge

for grid integration of WEC [7] as injection of this oscillatory power directly to the grid can affect the

stability of the grid.

Figure 1.3 Power generated from a WEC from a typical ocean wave pro�le
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A solution to this problem is to integrate an energy storage system (ESS) which absorbs the

oscillating power and thus, a smooth average power is delivered to the grid [8–10]. Moreover, ESS

can be interfaced at the common DC link using dc-dc power converters to the existing WEC power

architecture without any additional system modi�cation. The concept behind the solution of using

an ESS is shown in Figure 1.4. The Oscillating power can be segregated into it's two components - an

average DC component and an oscillating component. To deliver a smooth power to the grid, the

oscillating component is processed by the ESS and the DC average power is dispatched to the grid.

Figure 1.4 Concept of HESS

The average to peak power ratio from a WEC is typically around 0.1 - 0.2 [6]. Therefore, the ESS

should be capable of processing a high peak power while being able to store a signi�cant amount of

energy. Batteries and supercapacitors are popularly used as energy storage devices for wave energy

applications. Batteries have high energy density but low power density whereas supercapacitors

can supply high peak powers but have relatively low energy density. These limiting factors reduce

the economic viability for single source-based energy-storage systems � capacitor-based or battery-

based. Combining battery and supercapacitor makes a hybrid energy storage system (HESS) which

can deliver high peak power and at the same time, store enough energy for the required operation.

This makes for a more cost-effective option than the single-source systems [11].
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1.2 System Overview

In general, HESS can be categorized into three major categories: passive, semi-active and fully-active.

In passive type HESS, battery and supercapacitor are coupled in parallel with the common DC link

without any intermediary converter. It is the simplest HESS topology and very cost-effective [12, 13].

At the same time, it has a mmajor drawback of under-utilization of the supercapacitor because of

limited voltage swing as the battery is directly coupled to it and thus, leading to poor performance.

A semi-active HESS uses a DC-DC converter to integrate supercapacitor with the DC link to which

the battery is directly coupled [14, 15]. It is able to utilize the supercapacitor better by permitting

it to discharge to lower voltage. However, the DC link voltage control is still not possible and thus,

battery needs to be sized with constraint of satisfying the DC link voltage requirements. In a fully

active HESS, battery and supercapacitor are both connected to the DC link using dedicated DC-DC

converters [16, 17]. Although costly, it offers a signi�cant advantage in terms of �exibility in control

of each energy storage component and thus, be able to fully exploit their inherent characteristics. It

results in delivering a system capable of supplying high peak power as well as enough energy for the

desired operation.

A fully active HESS has been implemented in [11] for smoothing of oscillating wave energy.

Figure 1.5 depicts a grid-connected WEC system integrated with HESS. Bidirectional DC-DC power

electronic converters are used to interface the battery and supercapacitor based energy storage

elements to the common DC link. The HESS system regulates the DC-voltage allowing the GSC

converter to supply a smoothed power to the grid. Furthermore, rating of the GSC and output cables

are greatly reduced, offsetting the additional cost of the HESS to some extent.

1.3 Motivation

One of the main challenges with an HESS system is to implement a control strategy that can optimize

the power sharing between the battery and the supercapacitor. This issue gets accentuated as the

ocean wave pro�le changes at all time scales, from year to year, season to season, day to day, and

even within a few hours during the same day. Variation in the ocean wave pro�les is shown in [18].

4



Figure 1.5 A WEC System with integrated HESS [11]

(a) Average Wave Period (Seconds) (b) Dominant Wave Period (Seconds)

Figure 1.6 Variation in Ocean wave pro�les : Station 41001 - EAST HATTERAS [18]

Different control techniques for power sharing in HESS have been reported in literature. Rule-

based approach for the control of the HESS has been proposed in [19]. However, the rule-based

approach need not necessarily optimize performance in terms of HESS losses or battery life. In [11],

a �ltration based scheme is implemented which takes the full advantage of inherent characteristics

of batteries and supercapacitors. However, it requires the load pro�le to be known in advance to

select the �ltration parameter for optimal performance.
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Research has been carried out to implement HESS power sharing as an optimization problem

solving in real-time. A multi-objective optimization approach for energy loss minimization and

battery protection has been implemented in [16], but doesn't actively extend the battery life. Fur-

ther, strategies such as Model Predictive Control using dynamic programming based optimization

algorithm [20] may be impractical due to their large computational cost and complex calculation

processes. Some of the researchers have applied tools such as dynamic programming [21], or opti-

mization techniques such as the DIRECT algorithm [22], etc for the solution. However, these real-time

controls are typically achieved at the expense of high computational and run-time overhead. Fur-

ther, multi-fold complexities are introduced as it requires designing the computing hardware and a

real-time optimization algorithm at the same time. This is due to the fact that designing sub-system

independently can result in systems with ef�ciencies and performances that are unachievable [23].

Moreover, these real-time optimization strategies are not directly applicable to an HESS inte-

grated with a WEC system considering the fact that wave spectrum of ocean waves doesn't change

very rapidly. In general, the wave spectrum is assumed to be stationary for up to a duration of 3

hours [24]. In view of this, an adaptive control scheme is proposed in the present work that provides

the �exibility to modify the power sharing periodically based on the variations in wave pro�le.

1.4 Scope of the Thesis

A frequency-based adaptive control strategy is developed based on the �xed �ltration scheme

implemented in [11] to optimize the power and energy sharing of the HESS in terms of losses and

battery lifetime, which takes into consideration of the continuous variations in the wave pro�le.

Additionally, the operating point of the controller varies due to the oscillating power reference

and change in supercapacitor voltage. This creates an additional issue of assessing the design of the

controller over the entire operating range. Hence, a systematic controller design work is presented

for the highly coupled control structure implemented for the operation of HESS.

Moreover, the change in wave pro�le and improvement of control strategy poses an additional

challenge for sizing of HESS due to consistent change in the power sharing between battery and

supercapacitor throughout its operation. In addition, a cost-optimal sizing of HESS must take into

account the capital as well as the replacement cost.

The main contributions of this work are broadly listed as follows,

• An adaptive control strategy is porposed to optimally share the power in a HESS for varying

ocean conditions, where the optimality is de�ned by:

– Maximizing Battery lifetime

– Reduction in accumulated losses in the system
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Appropriate models for battery lifetime and losses have been developed and validated.

• A cost-optimal sizing procedure based on wave data that accounts for the control scheme is

presented and also considers the lifetime of each energy storage system.

1.5 Thesis Organization

The thesis is organized as follows:-

• In Chapter 1, introduction to wave energy and WEC devices has been presented. The challenges

to integrate WEC with grid and solutions implemented have been brie�y discussed. The gaps

in the reported solutions are identi�ed for the motivation of the proposed solution.

• In chapter 2, the power sharing control strategy based on frequency based scheme is reviewed.

It is followed by a systematic design of the controllers for the HESS system. Simulation results

with the developed controller for different power sharing control parameters have been

analysed.

• In Chapter 3, models for each performance metric developed for HESS are developed and

validated. The performance is evaluated for different power sharing control parameters.

• In chapter 4, the proposed control strategy for optimally power share is presented. An overview

of the optimization technique for the developed system is also brie�y discussed. A simulation

comparison has been presented between the proposed scheme and the conventional scheme

to corroborate the superiority of the proposed strategy.

• In Chapter 5, a step-by step hardware implementation of the hybrid energy storage system is

presented. Results for control of individual systems are initially obtained followed with the

operation of complete system. The performance of the proposed control strategy is validated

using the developed hardware test-bed.

• In Chapter 6, an Energy Storage Sizing procedure is presented with objective of minimizing

the annual cost (that includes the capital as well as replacement / lifetime cost). A case study

for a integrating a HESS with a single WEC is presented.
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Chapter 2

Design of power sharing control for HESS

2.1 Introduction

In this chapter, the power sharing strategy based on the Frequency based Control (FBC) is described.

FBC-based power allocation provides a simple and effective approach to achieve the required

performance [25]. FBC has been implemented in [11, 17, 25] to separate the power demand into

low-frequency and high-frequency components, with the high-frequency component supplied by

the SC to keep the battery current pro�le smooth.

Sections 2.2-2.4 are based on the works presented in [11, 26]. Based on this work, a comprehensive

design analysis and implementation for the controller is presented in Section 2.5.

2.2 Frequency based Control Theory

The fundamental idea of frequency based control strategy is that the battery supports slow frequency

components, whereas supercapacitor supports the high frequency components. This helps in

achieving an ESS able to provide both high energy and power capacities by taking advantage of

the inherent capabilities of high power density and high energy density from supercapacitor and

battery respectively.

The concept of conventional FBC for application in WEC is depicted in Figure 2.1. To deliver a

smooth power to the grid, the DC component of the oscillatory generated WEC power is dispatched

to the grid. The remaining �uctuating power is processed by the HESS. A Low Pass Filter (LPF) is

used to separate high frequency and low frequency components of the reference power and assigned

to supercapacitor and battery respectively.
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Figure 2.1 Power Sharing Scheme - Conventional FBC

2.3 HESS System/ Topology

Figure 2.2 shows the power architecture of a WEC system that is supported by a HESS comprising of

a Battery-based Energy Storage System (BESS) and Supercapacitor-based Energy Storage System

(SESS). For interfacing the super-capacitor and battery to the output dc link, a dual-active bridge

(DAB) converter and a bidirectional boost converter have been implemented. The speci�cations for

the converters are given in Table A.1.

Figure 2.2 HESS System
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2.4 Control Architecture of FBC

The main objectives for design of the FBC control architecture are de�ned as:

• Supply a smoothed average power to the load.

• Tightly regulate the DC link voltage Vo ut .

• Regulate Supercapacitor Voltage Vs c within a desired band.

Figure 2.3 Control Architecture of HESS System

Figure 2.3 represents the architecture of the control scheme implemented. The operation of the

control can be explained as below:

• The oscillating power generated by the WEC directly re�ects into the change in the DC link

voltage, Vout. This change is utilized to generate the oscillating current reference. Thus, by

taking the input as a change in DC link voltage Vo ut , controller C1 generates the oscillatory

current reference, i �
g e n.

• A low pass �lter, LP F 1 is used to separate out the high and low frequency components of i �
g e n.

The high frequency current component is assigned to the supercapacitor, i �
s c.

• In order to control the SC voltage Vs c within a certain band, a SC voltage control process is

added. This is achieved by drawing a small amount of power from the battery. Controller C3 is

responsible for ensuring the Vs c regulation.
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• A second low pass �lter, LP F 2 is used to estimate the dc component from the low frequency

component. This DC value of current is supplied to the load, i �
l oad . The remaining low fre-

quency current component is assigned to the battery, i �
b a t

• Controllers C2, C4 and C5 are designed to generate modulation signals for the current control

of the power converters interfacing the super-capacitor, battery and grid respectively.

2.5 Design considerations for Controller

The controllers need to be appropriately designed for stable performance with suf�cient bandwidth.

The frequency of wave energy is generally in the range of 0.04 � 0.25 Hz. The power generated from a

WEC is two times this frequency resulting in a spectrum containing frequency ranges from 0.08 � 0.5

Hz. Each energy storage system - battery or supercapacitor has an individual control based on the

loop bandwidth of the controllers. The supercapacitor handles the faster dynamics compared to

the battery. Therefore, the bandwidth of the controller becomes vital for a smooth and reliable

operation. Moreover, the voltage loop bandwidths are kept slower than the inner current loops. The

bandwidths for each of the controller is chosen as follows:

• C1 needs to be able to generate the oscillating current which is typically in range of 0.08 to 0.5

Hz. Thus, its bandwidth is selected to be 30 Hz.

• C3 should only output a low frequency change of voltage regulation error and thus it has a

maximum bandwidth limit of 5 mHz.

• C2 and C4 must have at-least 10 times higher bandwidth than C1 and C3 respectively. Moreover,

C4 also needs to be able to track the feed-forward term LP F 1. Thus, bandwidth of C2 and C4

are chosen to be 300 Hz and 10 Hz respectively.

• C5 represents controller for grid-integration of WEC system and thus it's bandwidth is appli-

cation speci�c. Here, it is taken as 100 Hz.

Any change in the bandwidth of the C3 or the choice of LP F 1 cut off frequency would impact the

power sharing between super-capacitor and battery. Moreover, the operating point of the controller

varies due to the oscillating current reference and additional change of supercapacitor voltage. This

creates an additional dif�culty in guaranteeing performance and stability of the designed controllers

over the entire operating range.
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2.6 HESS Small Signal Model

For designing the controllers C1 � C5, suitable transfer functions need to be derived. These transfer

functions can be derived from the system small signal models. The terminated small signal model

for boost converter has been derived in literature work [27]. For Dual Active Bridge, a reduced order

small signal model is considered [28] that ignores the high-frequency port dynamics.

However, due to the control architecture implemented being highly coupled as shown in Fig-

ure 2.3, the small signal model for each converter cannot be considered mutually exclusive to each

other. The small signal model for the whole system is shown in Figure 2.4.

A simple phase shift modulation technique has been adopted for the operation of a DAB con-

verter. By controlling the phase shift � across the leakage inductor L l k , the amount of active power

transfer can be controlled. In the model shown, D is equivalent to �
� . For the Boost converter, Db

represents the duty cycle of the boost converter having inductance, Lb a t .

Figure 2.4 Small Signal Model for Boost Converter
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2.7 Transfer-functions derivations

The different transfer functions required for the controllers design can be inferred by modelling each

of the controller's closed loop model from the control architecture shown in Figure 2.3. The closed

loop models for controllers C1 � C4 are shown in Figure 2.5, Figure 2.7, Figure 2.9 and Figure 2.8

respectively.

As stated in section 2.5, the voltage loop controller C1,C3 bandwidths are kept much slower than

the inner current control loops and thus eliminating the current control dynamics for design of

controller C1,C3. In Figure 2.5, if the input current controller are designed for at-least 10 times the

bandwidth of C1, then it can be simpli�ed to Figure 2.6.

Figure 2.5 Controller C1

Figure 2.6 Controller C1 simpli�ed
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