
ABSTRACT

KAMAT, PRATHAMESH SHIVANAND. Energy Storage Integration in Stand Alone Wave
Energy Conversion System. (Under the direction of Dr. Subhashish Bhattacharya.)

Ocean energy is emerging as renewable source of energy which can be used for generation

of electricity for a number of applications. One such application can be a stand-alone wave

energy generation. Electricity can be generated at the stator terminals of permanent magnet

synchronous generator (PMSG) with the use of efficient wave energy converters (WEC) to rotate

the turbine and suitable mechanical gear arrangement. Since this power is oscillatory in nature

due to oscillatory waves, it cannot be directly fed to a load or grid. Hence it is necessary to

integrate the system with appropriate energy storage system (ESS) in order to generate smooth

power. This thesis represents a simple approach of integrating hybrid energy storage by the use

of battery and supercapacitor along with PMSG for wave energy generation. Wave nature is

assumed to be sinusoidal and it is given as speed reference to a 3-phase induction machine

which is coupled with PMSG. The overall system is simulated in MATLAB and implemented

in hardware to demonstrate the smoothing of power.
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Chapter 1

Introduction

Ocean energy is emerging as renewable source of energy which can be used for generation of

electricity. It can serve as a cost effective solution for providing power to the navy applications.

Compared to solar and wind power generation, ocean wave energy is yet to gain the popularity.

But researches are being carried to find efficient and economical solutions for generating power

using wave energy.

Several wave energy converter (WEC) designs have been made in order to harvest maxi-

mum energy from ocean wave [1]. Out of those, point absorber buoy and paddle based WEC

systems drive generator directly to provide power [2]-[4]. By use of efficient WEC, wave energy

generated can be used in grid application or stand-alone application.

Research also has been done on designing a WEC dynamic model in [16]. In this, WEC

mechanism is also emulated based on the dynamic equations. The overall system diagram for

emulation is shown in the Fig. 1.1. Ocean wave can be considered as combination of several low

frequency sinusoidal waves. Buoy dynamics and wave nature can be emulated using NI labview

and real-time simulator CompactRIO to generate necessary torque command signal for drive.

Hardware setup can be developed as shown in Fig.1.2 [16]. Sinusoidal speed reference can also

be generated by using this setup as shown in Fig. 1.3 [16]. In this thesis, single sinusoidal wave

with a period of 10 sec is considered for simplicity. This reference command is given to the drive

by DSP using appropriate scale.

Fig. 1.4 shows wave energy generation for grid application [5]. PMSG 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 power

from the dc bus and dispatches it to the grid. It regulates the dc bus voltage and also it can
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Figure 1.1: Schematic of the emulating system

Figure 1.2: Hardware setup for emulating WEC

generate reactive power for the grid if required. Line filters are installed in order to bring down

the line current ripple to an acceptable range. A line frequency transformer can interface the

whole unit of WECS with the grid. Transformer provides galvanic isolation as well as necessary

voltage step up to connect the system with the grid.

Fig. 1.5 shows wave energy generation for grid application [6]. The PMSG which is connected

to the WEC generates oscillatory power. PMSG output power is then rectified using AC-DC

converter. It is passed through DC-DC boost converter and connected to a stand-alone resistive

load. Energy storage system is connected to the load through a bi-directional DC-DC converter.

Various design approaches for power smoothing using hybrid energy storage are made in mi-
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Figure 1.3: Sinusoidal speed reference and PMSG terminal voltage

Figure 1.4: Wave energy generation for grid application

crogrid system [7], wind energy generation [8] and electric vehicles [9]. Ocean wave is oscillatory

in nature and hence generates oscillatory power. To provide constant power to a stand-alone

application, it is necessary to filter out the oscillations using Energy Storage System (ESS).

This thesis focuses on the stand-alone wave energy generation. It discusses about the con-

troller design, model simulation and hardware development which can be done using minimum

components. It also proposes the hybrid energy storage system control for better power smooth-

ing. For this purpose; permanent magnet synchronous generator (PMSG), AC Drive, DC-DC

power converter, supercapacitor, DC power supply and a stand-alone resistive load bank is used.

Chapter 2 discusses about the system architecture and design which is being used for the

study. It explains functionality of the design and how power smoothing can be achieved.
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Figure 1.5: Wave energy generation for stand-alone application

Chapter 3 explains the system controller design and model simulation. It includes the trans-

fer functions, controller parameters and bode plot results to show the approach. It also shows

the MATLAB models which verify the controller design by model simulation of system blocks.

In this chapter, ESS is considered as a single block which works as a power smoothing device.

Chapter 4 is focused on the hardware development and the experimental results which ver-

ify the simulation results obtained in chapter 3. It shows the hardware structure built in lab

and elaborates the step by step experimenting process to be carried out as we are building the

system.

Chapter 5 deals with the use of supercapacitor and battery as energy storage devices. It

explains the charging and discharging of supercapacitor. Specific reasons for the need of hybrid

energy storage devices are also discussed. Entire system architecture is implemented using these

energy devices and hardware results are compared with that of the simulation.
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Chapter 2

System Architecture

Research has been done on wave energy generation for stand-alone application in [6] and similar

design approach is used in this thesis. The system design used is as shown in the Chapter 1

Fig. 1.5.

Figure 2.1: System Block Diagram
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The power circuit used for the system is as shown in Fig. 2.1. The voltage output is rectified

by a diode rectifier bridge. Supercapacitor and battery are used as energy storage devices. For

maintaining the constant power for stand-alone application, it is necessary to control DC bus

voltage and individual powers from generator and energy storage systems. DC bus voltage is

regulated by supercapacitor side DC-DC boost converter. Output DC bus voltage is generally

controlled at a value higher than the rectified voltage. Another boost converter is used to control

the rectified current. This current is controlled to generated optimum power from PMSG. Rec-

tifier current reference is generated proportional to the WEC speed reference. This assumption

is necessary because output impedance of the system needs to be equal to its source impedance

in order to generate optimal power [6].

Thus, overall system control is achieved by controlling the current flow from rectifier, super-

capacitor and battery. Supercapacitor boost converter is used to control DC bus voltage and

to provide peak power requirement. Battery can charge or discharge with suitable control in

order to provide average power mismatch and also limit supercapacitor terminal voltage. This

controol strategy will be discussed in later chapters in detail. In any case, ESS power is con-

trolled in such a way that load should always get constant power. ESS will charge or discharge

whenever generated power is above or below average load power respectively.

Figure 2.2: System control structure
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Fig. 2.2 shows the control circuit for the system power circuit. There are three current con-

trollers and two voltage controllers used in the system. This control structure can be explained

in brief as follows. Rectifier current reference Irectref is proportional to the absolute value of

the generator speed ωgen. It is compared with the actual rectifier current Irect to generate duty

cycle for rectifier boost converter. Supercapacitor side boost converter the DC bus voltage Vdc

using a PI controller and it generates equivalent ESS reference current Iessref . This ESS ref-

erence current has a high frequency component over an average component. Appropriate low

pass filter (LPF) is used to split the Iessref into high frequency component Iessref HF and low

frequency component Iessref LF . High frequency component is compared with actual superca-

pacitor current Isc to generate duty cycle for supercapacitor boost converter. Low frequency

component contributes to the battery reference current. Another reference for battery current is

computed from the voltage controller which controls supercapacitor terminal voltage Vsc. This

is a precaution taken to avoid overcharging or over-discharging of the supercapacitor which

can result in the system failure. Battery reference current Ibatref is then compared with actual

battery current Ib to generate duty cycle for battery boost converter.

7



Chapter 3

Control and Simulation

Boost converters are designed for 10kHz switching frequency. Maximum DC bus voltage is

considered to be 200V. Given ripple in current, inductance can be found as

L =
VinDTs

2∆I
(3.1)

Consider schematic shown in Fig. 3.1. For ESS side boost converter, considering maximum input

voltage of energy storage as Vess = 50V and current maximum as I = 20A. Hence for ESS boost

converter, Less is chosen to be 1mH considering 5% current ripple. Similarly; for rectifier boost

converter, considering maximum input voltage of rectified voltage as Vrect = 150V and current

maximum as I = 10A. Lrect is chosen to be 5mH considering 5% current ripple. Capacitor Cdc

can be selected to minimize the ripple in output voltage. In this case, 470µF is chosen.

System control design and the modeling is done using MATLAB. Boost converter can be

controlled using numerous methods depending upon the control requirement [10]. For simplicity

we will first consider ESS as an ideal energy storage device like a constant DC supply which can

charge or discharge as required. In this system, our aim is to control the power flow through

the PMSG and charging-discharging of the ESS while maintaining the voltage at the DC bus

constant. Hence, normal voltage regulator design for the boost won’t be sufficient since it will

fail to control the current flow. It is necessary to operate the converter in current control mode.

A simple approach would be to design separate controllers for current as well as voltage. Since

PMSG generated terminal voltage is dependent on the speed of the wave, it is fluctuating in

nature ranging from zero to the peak value. Hence ESS side boost converter is suitable for

regulating the output voltage at the DC bus.

This results into two current controllers and one voltage controller which are required for

8



the control of the system. These controllers are as follows.

1. ESS Current Controller

2. ESS Voltage Controller

3. Rectified Current Controller

Figure 3.1: System power circuit with ESS

3.1 Model and Controller Design

3.1.1 ESS Current Controller Design

Consider the Fig.3.1 We can write the voltage across the ESS side inductor Less as

dessVdc − Vess = IessLesss (3.2)

Here Vdc is the output DC voltage which is assumed to be 200V, Iess is the ESS side boost

converter inductor current, dess is the duty ratio of the ESS boost. Since Vess is the disturbance

input, the transfer function can be given as follows.

GIess(s) =
Iess(s)

dess(s)
=

Vdc
Lesss

(3.3)

Switching frequency is 10kHz and targeted bandwidth for current controller is around 1/20th

of switching frequency. It was seen that 300Hz bandwidth gave best result for controller. PI
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controller is designed and Kp, Ki values are appropriately chosen to achieve 300Hz bandwidth

for current iess.

HIess(s) =
0.00944(s+ 2.966)

s
(3.4)

The plant transfer function, controller and closed loop gain bode plot is shown in the Fig. 3.2.

Figure 3.2: Iess control bode plot

3.1.2 ESS Voltage Controller Design

We can write the voltage across the output capacitor Cdc as

Vdc(s) =
Idc(s)

Cdcs
, (3.5)

Vdc(s) =
1 −Dess

Cdcs
Iessref (s) (3.6)

10



The transfer function can be given as follows.

GIess(s) =
Vdc(s)

Iessref (s)
=

1 −Dess

Cdcs
(3.7)

PI controller is designed and Kp,Ki values are appropriately chosen to achieve 45Hz bandwidth

for voltage vdc. In this case bandwidth of voltage controller is chosen lesser than the current

controller. Since this is acting like a current mode control, current controller needs to be higher

than the voltage controller bandwidth.

HIess(s) =
0.531(s+ 25.02)

s
(3.8)

The plant transfer function, controller and closed loop gain bode plot is shown in the Fig. 5.2.

Figure 3.3: Vdc control bode plot
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3.1.3 Rectified Current Controller Design

We can write the voltage across the rectifier side inductor Lrect as

drectVdc − Vrect = IrectLrects (3.9)

Here Vrect is the diode rectifier output voltage which is dependent on the wave speed reference.

Irect is the PMSG side boost converter inductor current, drect is the duty ratio of the PMSG

boost. Since Vrect is the disturbance input, the plant transfer function can be given as follows.

GIrect(s) =
Irect(s)

drect(s)
=

Vdc
Lrects

(3.10)

PI controller is designed and Kp, Ki values are appropriately chosen to achieve 300Hz bandwidth

for current Irect.

HIrect(s) =
0.0473(s+ 14.86)

s
(3.11)

The plant transfer function, controller and closed loop gain bode plot is shown in the Fig. 3.4.

Figure 3.4: Irect control bode plot
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3.2 Simulation Results

The system block diagram shown in the Fig. 3.1 is modeled in the MATLAB Simulink. Basic

PMSG mathematical model is used to generate the voltage based on the sinusoidal speed

reference. Diode rectifier bridge is used from sympower toolbox. Boost converter models are

created using single leg converter Real Time - Event toolbox. Controllers are modeled using

MATLAB logic blocks with Kp and Ki values obtained in equations 3.4, 3.8 and 3.11. Following

subsections show the simulation of individual boost converters and their controllers to ensure

the correct operation. This step by step modeling is started by considering ESS side boost

converter.

3.2.1 ESS Current Control Model

Energy storage system can be assumed like a constant DC voltage source as shown in Fig. 3.5.

Current controller model is shown in the Fig. 3.6. The DC bus voltage is maintained at 200V

by DC supply in order to test the current controller. This controller is suitable for controlling

the iess as shown in Fig. 3.7. Current is controlled at 3A as required.

Figure 3.5: Model for ESS current controller test
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Figure 3.6: ESS current controller
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Figure 3.7: ESS current plot
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3.2.2 ESS Voltage Control Model

We need to control the charging and discharging of the ESS while maintaining the voltage

at the DC bus constant. In other words, when the generated power is greater than the load,

the ESS should be in the charging cycle. When the generated power is less than the load, the

ESS should be in the discharging cycle. Hence, voltage controller should be able to decide the

reference of the ESS current. This is achieved as shown in the Eqn. 3.7. It will be seen in later

chapters that this voltage will actually be controlled by supercapacitor boost converter.

Figure 3.8: Model for ESS voltage controller test

Figure 3.9: ESS voltage controller

As seen in Fig 3.9, the current reference is generated by the voltage controller. Hence we get

the ESS boost current as shown in the Fig. 3.10. The voltage is controlled at the desired value

of 200V by controlling the ESS boost current as shown in Fig. 3.11. Fig 3.11 also shows that

for a sudden load change from 100Ω to 50Ω at 2.5sec, stability of the controller is not affected

and voltage is regulated at 200V.
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Figure 3.10: ESS current plot
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Figure 3.11: DC bus voltage plot

3.2.3 Rectified Current Control Model

Rectified Current Control model is created as shown in the Fig. 3.12. PMSG model generates

voltage depending on the speed refernce, which in this case is the sinusoidal wave. Speed input

amplitude is varied to get the desired terminal voltage. Diode rectifier rectifies the generated

voltage to give the rectified voltage which is the input for the rectifier boost converter. As

discussed earlier, rectifier boost current reference is chosen proportional to the absolute value

of speed reference for optimum power transfer.
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But in this simulation, currrent controller is first test for constant current reference of 3A. It

can be modified later to sinusoidal reference once successful operation of controller is achieved.

Output DC bus is maintained at 200V using a voltage source as if it is being regulated by ESS

side boost converter. This is done to remove the complexity of the models and keep design

simple for testing individual controller.

The current controller based on Eqn. 3.10 and Eqn. 3.11 provides the suitable duty cycle to

the boost model. Sudden load change from 100Ω to 50Ω at 2.5sec does not affect the stability

of the controller and current is regulated at 3A as shown in Fig. 3.14.

Figure 3.12: Model for rectifier current controller test

Figure 3.13: Rectifier current controller
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Fig. 3.13 shows the controller logic. This controller is suitable for controlling the irect as

shown in Fig. 3.14. It can be seen from the plot that the current is controlled at 3A as required.
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Figure 3.14: Rectified current irect plot
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3.2.4 System Model With Voltage Source as ESS

By combining models in Fig. 3.15 and Fig. 3.12, system model is created. Vdc is maintained at

200V by ESS boost converter. Current reference for rectifier current controller is generated as

a multiple of speed reference. Load current is changed from 2A to 12A and load regulation can

be seen in 3.16

Figure 3.15: System model with voltage source as ESS
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Figure 3.16: VDC plot from system model simulation
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Chapter 4

Hardware Implementation

This chapter includes the hardware implementation of the control simulations carried in the

Chapter 2. For assuring the system performance, the system is operated with voltage source as

ESS.

4.1 Hardware Setup

Hardware setup for the wave energy genearation is shown in Fig. 4.1. Entire setup can be

devided into 4 parts.

1. Control circuit

2. Power converter circuit

3. Supercapacitor and battery circuit

4. Motor-generator set

Fig. 4.1a shows the control circuit. Oztek OZDSP3000 control board is used for the entire

control in the system. It provides the analog speed reference to the ABB ACS800 drive. It has

an important role in sending PWM signals to the power converters. Figure also shows an inter-

face board with flat ribbon cables. This board is used as an interface between control board and

power converter. It is used to provide fault protection as well as to receive sensor signals from

the voltage sensors and current sensors. Power supply with various output voltages such as 5V,

24V, 15V and -15V is used to power the control board, interface board and other requirements

in the system.

Fig. 4.1b shows the power converter circuit. Anti parallel diodes of the MOSFET switches

in the inverter circuit are used as diode rectifier. These two inverters can further be used as
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Table 4.1: System parameters

Component Parameters Value

Voltage (L-L) 460 V
Induction Motor Current 4 A

RPM 1755 rpm

Voltage (L-L) 230 V
PMSG Current 8 A

RPM 1755 rpm

Lrect 5 mH
Inductor Lsc 1 mH

Lb 1 mH

Capacitor Cdc 470 µ F

active rectifiers for grid application. A separate power converter circuit housed on the left side

of the figure is used for boost converters of the rectifier as well as supercapacitor. LEM current

sensors are used to provide the current sensing of the rectified current, supercapacitor current.

Fig. 4.1c shows the energy storage system. It shows a supercapacitor used as ESS which will

be discussed in the next chapter. Figure also shows two inductors which are used in the boost

converter circuit. Figure shows film capacitors which are used for self excitation of the PMSG

to improve terminal voltage.

Fig. 4.1d shows the machine hardware. Induction Motor (yellow) is driven by the ABB

ACS800 drive with a sinusoidal speed reference generated by the DSP. The PMSG (green) is

coupled with the Induction Motor, due to which the former generates voltage at its stator ter-

minals.

All the component ratings are provided in the table 5.1
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(a) Control Circuit

(b) Boost Circuit

(c) Supercapacitor Circuit

(d) Machine set

Figure 4.1: System Hardware
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4.2 Experimental Investigation

The experimental investigation is carried out in a step by step process to achieve the desired

end result.

4.2.1 ESS Current Controller Test

Figure 4.2: iess controller test in hardware

PWM for the ESS boost converter is generated by the current controller and hence it is

necessary to test current controller at first. Since failure of the controller can damage the costly

equipment, the controller was tested by applying low voltage input to the ESS boost converter.

This experiment is done by keeping DC bus voltage at 75V. Another power supply is used to

act as ESS which gives 30V input to the boost converter. As you can see in the Fig. 4.2, RLOAD

is connected at the output, which is maintained at 75V by a DC power supply. Since DC supply

cannot take in any current or cannot act as a load, it is required to choose optimum value of

RLOAD. Iout is output current.

ILOAD =
VDC

RLOAD
(4.1)

Iout = Iess(1 −Dess) (4.2)

where Dess is the duty cycle of the converter. Load current ILOAD would be actually sum of

Iout and current from VDC . For a boost converter,

VDC

Vess
=

1

1 −Dess
(4.3)

For VDC of 75 V and VSC of 30 V, we get Dess of 0.6. RLOAD is chosen as 33 Ω which means

ILOAD will be 2.3 A. Now if boost converter provides an output current of value less than 2.3 A,
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we can avoid the current from flowing into the DC supply at the DC bus. A current reference

of 3 A is given as ESS current reference in DSP program. This results in Iout of 1.2 A. ILOAD

being sufficiently higher than Iout, DC power supply provides positive current. Fig. 4.3 shows

the Iess of 3A is achieved.

Figure 4.3: iess controller test in hardware plots

4.2.2 ESS Voltage Controller Test

DC bus voltage needs to be controlled by the voltage controller of ESS boost converter. Again,

converter is first tested for low voltage inputs. In this test, Vess is maintained at 30 V by DC

power supply. VDCref is 50V. Based on the controller designed in chapter 2 Eqn 3.7 and 3.8,

Iessref is generated. By this reference, power flow from the DC power supply. Figure 4.4 shows

the plot for actual inductor current and reference current. We can conclude from the plots that

the voltage as well as the current is controlled by the ESS boost converter.

4.2.3 Rectifier Current Controller Test

In order to experiment the rectified current controller, DC power supply of 30 V is given at the

input of the boost converter. Rectifier boost converter inductor current reference irectref is kept

at 2 A. By using the Kp and Ki values obtained from the Chapter 2 Eqn 3.10 and 3.11, the PI

control is done by the use of DSP to generate required PWM duty. Figure 4.5 shows the plot

for actual inductor current and reference current.
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Figure 4.4: VDC controller test in hardware Ch1: DC Bus Voltage VDC controlled at 50V, Ch2:
Reference current iessref (A), Ch3: Measured inductor current iess (A)

Figure 4.5: irect controller test in hardware Ch1: Actual inductor current irect (A), Ch2: Ref-
erence current irectref (A), Ch3: Measured inductor current irect (A)
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4.2.4 PMSG operation using ABB ACS800 drive

PMSG and induction machine are coupled by a mechanical coupler as shown in the Fig. 4.1d.

ABB ACS800 drive is first programmed for machine data with appropriate voltage, current,

frequency and speed rating of the 3-phase induction motor. It is then programmed to take the

analog speed reference in both clockwise and anticlockwise direction. Other motor protection

parameters and control parameters are set according to the instruction manual ensuring the

safe operation of the drive and motor.

A sinusoidal speed reference is given by DSP to the speed analog input with scale of 1V =

180rpm to ABB ACS800 drive. This causes the induction motor to rotate with corresponding

speed and in turn rotate the shaft of the PM synchronous generator. As a result, voltage is

generated across the stator terminals of the PMSG and it is show in Fig. 4.6. Figure also shows

the rectified output Vrect. Note that the stator line voltage values are obtained as analog signals

from DSP through voltage sensors. Hence these are scaled to fit the analog output range of

-10V to 10V for Oztek DSP.

Figure 4.6: PMSG terminal voltage and speed reference, Ch1: Stator line voltage Vab (Scale
1V=3V), Ch2: Rectified voltage Vrect (1V), Ch1: Stator line voltage Vbc (Scale 1V=3V)
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4.2.5 System Setup With DC Supply as ESS

Since all the controllers on the machine side and ESS side boost converters are tested in the

previous, we can now connect the system together to form a setup as shown in Fig. 3.15

In this experiment, the ESS voltage is supplied by DC power supply of 48 V. DC Bus voltage

is maintained at 90 V. Sinusoidal speed reference of 360rpm peak is given to the drive, which

generates rectified voltage output of 45 V. Rectifier current reference is set at 2.3 A peak. Fig

4.7 shows the hardware results for actual rectifier current, DC bus voltage and supercapacitor

current.

Figure 4.7: System with ESS test in hardware Ch1: DC Bus Voltage VDC controlled at 50V,
Ch2: ESS boost inductor current iess (A), Ch3: Rectifier boost inductor current iRect (A)

4.2.6 Self excitation for PMSG

Permanent magnet synchronous generator is similar to the induction generator, except that the

rotor is replaced by the permanent magnet poles. Therefore, the voltage generated at the stator

terminals of the PMSG can be improved by providing reactive power through some external

means. Since we are considering stand-alone application of the wave energy generation, reactive

power cannot be provided from grid. Hence, self excitation capacitors can be perfect choice [11]

- [12]. These capacitors can be connected in parallel with PMSG stator terminal as shown in

Fig. 4.8.
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Table 4.2: Voltage Compensation of PMSG using self-excitation capacitors

Speed (rpm) VL−LRMS (V) without C VL−LRMS with C = 20µF

180 17 V 20 V

360 36 V 38 V

760 54 V 75 V

1500 70 V 170 V

If the rotor of PMSG is rotated by means of induction machine driven by an AC drive, there

will be emf induced in the stator winding due to magnetic pole on the rotor. The static capaci-

tors connected in parallel across the stator terminals provide a leading current. This generates

flux which assists the original flux. Capacitors of suitable value should be chosen in order to

build up the voltage [14].

As the machine is gradually accelerated, the induced voltage suddenly rises after particular

speed. After this point, voltage varies monotonically with speed. If the generator is loaded, then

the increase in voltage occurs at higher speed.

Figure 4.8: Self-excitation capacitor connection for PMSG

C = 20µF capacitors connected in star connection was tested with the available PMSG to

achieve higher voltage at the stator terminals. Following table 4.2 shows the distinction between

stator terminal voltage with and without self-excitation capacitor. It can be noted that after a

particular speed, voltage generated at the terminals increases significantly.

28



4.2.7 Real time simulation using NI Labview and CompactRIO

Research has been done to find the mechanical dynamics of the WEC with buoy mechanism

[15]. Based on these equations, a WEC model is created in the real time simulation environment

of NI labview to emulate the WEC system [16]. Labview provides efficient environment for real

time simulation.

The model schematic is as shown in Figure 4.9 and 4.10. Sea wave can be considered as

combination of various low frequency sinusoidal waves. In this model, actual sea wave data

found in realistic survey is used. WEC model provides the torque reference for motor and

accepts speed feedback. This torque reference can be provided to the drives of the motor.

Figure 4.9: Buoy CRIO model in NI Labview

Figure 4.10: Labview and machine model in NI Labview
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Chapter 5

Hybrid Energy Storage

Supercapacitors which are also known as ultra-capacitors are being used widely in a variety of

power management applications. These supercapacitors have high value of capacitance and the

energy is stored electrostatically on the surface of the material [17]. Hence, supercapacitors are

having advantage that they can charge-discharge rapidly as compared to the li-ion batteries [18].

Thus, supercapacitors have high power density. But main shortcoming of the supercapacitors

is their low energy density, which means the amount of energy that supercapacitors can store

per unit weight is very small.

5.1 Supercapacitor

For this system, Maxwell 48V ultracapacitor is used which is shown in Fig. 5.1. Some brief

specifications of this supercapacitor are as follows-

Table 5.1: Supercapacitor Specifications

Parameters Value

Rated Capacitance 83 F

Maximum ESRDC 10 mΩ

Rated Voltage 48 V

Absolute maximum current 1150 A
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Figure 5.1: Maxwell 48V supercapacitor module

5.2 Supercapacitor charging and discharging

There are various methods which can be used to charge/discharge supercapacitor [19] - [20]. In

this case, constant current constant voltage method is used to charge as well as discharge the

supercapacitor [21]. While designing the control for the supercapacitor charging, voltage control

cannot be applied initially since it will make supercapacitor draw higher currents from the power

supply. Hence, at the start of charging, current control is applied in which supercapacitor

voltage is raised from 0 to desired value by charging it with a constant current. As soon as

the supercapacitor is charged by constant current to the desired voltage value, voltage control

becomes active and it controls the supercapacitor charge level to constant value in order to

avoid overcharging.

5.2.1 Constant Current Constant Voltage control

The supercapacitor is charged using a DC power supply which is followed by a DC-DC power

converter where only current flow from DC supply will be controlled at first. For this purpose

same controller as that of shown in Chapter 3 is used.

For voltage controller, voltage across supercapacitor terminals need to be considered The

supercapacitor voltage Vsc can be written as,

Vsc(s) =
Isc(s)

Cscs
, (5.1)
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The plant transfer function can be given as follows.

GIscref (s) =
1

Cscs
(5.2)

PI controller is designed and Kp,Ki values are appropriately chosen to achieve 1mHz bandwidth

for voltage Vsc.

HIsc(s) =
0.5248(s+ 0.001047)

s
(5.3)

The plant transfer function, controller and closed loop gain bode plot is shown in the Fig. 5.2.

Figure 5.2: Vsc control bode plot
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5.2.2 Simulation result for charging and discharging of supercapacitor

As discussed earlier, supercapacitor is charged using a DC power supply followed by a DC DC

power converter. This is achieved as shown in Fig. 5.3

Figure 5.3: Supercapacitor charging schematic

This arrangement shows that in actual system supercapacitor will be used in combination

with battery for power smoothing. Hence, we need to use the existing circuit connection to

charge the supercapacitor at the start of the system. This can be done by charging the super-

capacitor with available battery source.

In this case, only supercapacitor side DC-DC power converter is used for the control. Switch

Q1 is kept ON and Q2 is kept off. Current controller will force the required current from battery

side to the supercapacitor. Logic for constant current and constant voltage control is designed

as shown in the Fig. 5.4.
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Figure 5.4: Constant current and constant voltage logic

5.2.3 Hardware results for charging and discharging of supercapacitor

As you can see in the Fig. 5.6, the supercapacitor voltage is initially 0V. As soon as the control

starts, the reference charging current becomes -5A, where negative sign indicates that the

current is flowing into the supercapacitor. The actual inductor current follows this reference

current due to current control. In this case, the reference voltage of supercapacitor charging is

set at 10V. Hence as soon as the voltage reaches the 10V value, the voltage control becomes

active which maintains the supercapacitor voltage at 10V until discharging command is given.

Supercapacitor is discharged through a resistive load with SC boost inductor current reference

iSCref of 5A. When the supercapacitor voltage falls below 0.5V, it is naturally unable to provide

5A current and gets discharged completely.

5.3 System with supercapacitor

5.3.1 Simulation Results for System with Supercapacitor

Now the ideal voltage source in Fig. 3.15 is replaced by the equivalent supercapacitor of 30V

and ESR of 10mΩ. All the ESS controllers discussed so far are used for supercapacitor boost

converter. In practical hardware testing, I have kept Vdc at 75V. Due to complexity of system,

it tends to generate EMI at higher voltages. Hence further simulation results are taken for DC

bus voltage of 75V in order to make it comparable with the hardware results. Simulation results

are shown in Fig. 5.5. It can be seen that supercapacitor gets discharged quickly in order to

supply power mismatch.
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(a) DC Bus Voltage (b) Load Current

(c) Supercapacitor Current (d) Rectifier Current

(e) Rectifier Voltage (f) Supercapacitor Voltage

Figure 5.5: Plots for system model with supercapacitor of 30V

35



Figure 5.6: Supercapacitor charging-discharging test in hardware Ch1: Supercapacitor Voltage
VSC controlled at 10V, Ch2: SC boost inductor reference current iSCref (A), Ch3: SC boost
inductor current iSC (A)

5.3.2 System model hardware implementation using supercapacitor

In this experiment, system hardware is experimented by replacing the ideal DC supply with

actual supercapacitor. DC bus voltage is regulated at 90V by supercapacitor voltage controller.

Since load requirement is 162W or 1.8A which is higher than the average power generated by

WEC, supercapacitor eventually discharges as it has to provide the remaining power required

by the load. Hence, supercapacitor voltage gradually decreases over the time. Fig. 5.7 shows

the plot for the hardware implementation of this system.

5.4 Hybrid energy storage

5.4.1 Difference between supercapacitor and battery

The important difference between supercapacitor and battery is that, the supercapacitor has

high power density whereas batteries have high energy density . In other words, supercapacitor

is able to give high power in short amount of time. Supercapacitors can handle large number

of charge-discharge cycles and can supply very high currents. Hence they are generally used

for providing peak powers. Unlike batteries, supercapacitors have almost negligible losses and

long lifespan. On the other hand, extracting pulsed power from battery reduces its lifespan.

Pulsed current from battery is responsible for transient voltages, increased battery losses and
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Figure 5.7: System with supercapacitor test in hardware Ch1: SC boost inductor current iSC
(1V=1A), Ch1: Ch2: Rectifier boost inductor current iRect (1V=1A), Ch3: DC Bus Voltage
VDC (V)

reduction in battery runtime [22]. Battery also has limitations due to the low charging current

as manufacturer’s constraint. Hence generally battery is used to provide average power instead

of peak power.

5.4.2 Need for hybrid control

So far in the previous chapters, the hardware results were taken by using a DC supply source

in replacement of a supercapacitor. But in practical case, the supercapacitor voltage will not

remain constant when the load requirement is above the average generated power by WEC.

In such cases, the supercapacitor will try to fulfill the requirement of load by discharging the

supercapacitor gradually over a period of time. After a certain time, the supercapacitor voltage

will not be sufficient enough to regulate the DC bus voltage at desired value and the system will

fail. On contrary, if the load requirement is much lower than the average power generated by

WEC, then the supercapacitor will overcharged when the generated power is higher than load

requirement. This will cause the supercapacitor voltage to rise beyond the maximum voltage

that supercapacitor can handle.

This overcharging or discharge of supercapacitor happens because the supercapacitor current

in such cases oscillates over an average current. If we can make this average current, then the

charging current will be equal to the discharging current. Hence, supercapacitor voltage will

get maintained at same voltage level. To achieve this state, it becomes necessary to make use of
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hybrid control of battery along with the supercapacitor. Since battery has high energy density,

it has slow charging and discharging rate. This advantage of battery can be used to provide the

average power which was previously being provide by supercapacitor alone.

5.4.3 Control and simulation of battery current

Apart from providing the average current, battery also need to operate in such a way that it

does not let the supercapacitor voltage value to cross beyond limits. Hence we need one current

controller as well as voltage controller.

We can write the voltage across the battery side inductor Lb as

dbVdc − Vb = IbLbs (5.4)

Here Vdc is the output DC voltage which is controlled by SC boost converter, Ib is the battery

boost converter inductor current, dsc is the duty ratio of the SC boost. Since Vb is the disturbance

input, the transfer function can be given as follows.

GIb(s) =
Ib(s)

db(s)
=
Vdc
Lbs

(5.5)

PI controller is designed and Kp,Ki values are appropriately chosen to achieve 600Hz bandwidth

for current Ib. This controller is chosen to be with higher bandwidth in order to give quick

response.

HIb(s) =
0.0188(s+ 628.19)

s
(5.6)

The plant transfer function, controller and closed loop gain bode plot for Ib is shown in the Fig.

5.8.

The current reference for battery will be obtained from supercapacitor terminal voltage as

well as the average power requirement. Average power requirement can be calculated by using

a low pass filter. Low pass filter transfer function can be given as follows,

HLPF (s) =
1

1 + s/ωc
(5.7)

Since, we want to get the average of entire supercapacitor current reference, taking exact cut-off

frequency of supercapacitor reference current frequency will not be sufficient. Hence, larger time

period of 100 sec is considered. This gives cut off frequency of 0.01 Hz. This consideration is

very important since average current reference with only 0.01 Hz frequency variation is allowed

to pass through.

38



Figure 5.8: Ib control bode plot

ωc = 2πfc (5.8)

= 2π0.01 (5.9)

HLPF (s) =
1

1 + s/ωc
(5.10)

Hence the battery current reference based on average power requirement can be written as,

Iessref LF (s) = HLPF (s) ∗ iessref (s) (5.11)

Voltage across the supercapacitor Csc can be written as

Vsc(s) =
Isc(s)

Cscs
, (5.12)

Vsc(s) =
1

Cscs
Ibatref vsc(s) (5.13)

By providing Ibatref vsc, battery will try to limit the supercapacitor terminal voltage. The plant
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transfer function can be given as follows.

Gibatref vsc
(s) =

Vsc(s)

Ibatref2(s)
=

1

Cscs
(5.14)

Proportional controller is designed and Kp value is appropriately chosen to achieve 0.01Hz

bandwidth for controlling voltage vsc.

Hibatref vsc
(s) = 5.188 (5.15)

The plant transfer function, controller and closed loop gain bode plot for Vsc control is shown

in the Fig. 5.9.

Figure 5.9: vsc control bode plot

We can add the reference currents for battery obtained from both Vsc controller and low

pass filter to give the total battery reference current.

Ibatref = iessref LF + Ibatref vsc (5.16)
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5.4.4 System model simulation of hybrid supercapacitor and battery control

To provide average current by using battery, a simple low pass filter is used. Reference current

generated for supercapacitor by voltage controller is passed through this low pass filter to

give average current. Fig. 5.10 is modeled in Simulink for simulation purpose. Controller block

diagram for hybrid control is as shown in Fig. 5.12

Figure 5.10: System circuit with hybrid battery and supercapacitor

Simulation is carried out for sinusoidal speed reference of 360rpm. As shown in Fig. 5.11, this

generates Vrect of 46V. Irect is controlled in proportion to the speed reference. Resistive load of 33

Ω is connected to the DC bus. DC bus voltage is regulated at 75 V using supercapacitor voltage

controller. Hence load power requirement is around 2.3 A. As system starts running, initially

battery is not supplying any power and hence supercapacitor starts discharging and fulfills the

power requirement. Gradually, due to combination of low pass filter and supercapacitor terminal

voltage controller battery starts to supply average power requirement. Hence, supercapacitor

current which was previously oscillating over some average current starts decreasing and starts

oscillating over zero axis. Thus we can see that equilibrium is achieved and supercapacitor

voltage is maintained by equal and alternate charge discharge cycles.
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(a) Load current (b) Rectified Current

(c) Supercapacitor Current (d) Battery Current

(e) Rectifier Voltage (f) Supercapacitor Voltage

Figure 5.11: Plots for system model with hybrid battery and supercapacitor control
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Figure 5.12: Hybrid battery and supercapacitor controller

5.4.5 System model hardware implementation using hybrid supercapacitor

and battery control

A bi-directional boost converter and battery supply is added in the hardware to the setup which

was used earlier in Chapter 4. Complete hardware setup is built as shown in Fig. 5.13. During

experiment, supercapacitor is first charged upto 30 V using constant current and constant

voltage control. Once supercapacitor is charged, system is turned on using relay logic and

SC side boost converter is operated to regulate DC bus voltage at 75V. This also triggers an

analog signal through DSP which acts as sinusoidal speed reference of 360rpm peak for ABB

drive. This causes PMSG to generate 3-phase voltage at its terminals and system runs only

with supercapacitor. As shown in Fig. 5.14, for initial 10 sec period supercapacitor current has

average of 6 A. After 10 secs, battery side power converter is operated. In practical situation,

supercapacitor voltage reduces slightly from 30 V to 28-29 V before we start battery side power

converter. Hence, supercapacitor terminal voltage reference is kept at 28 V in order to draw

reasonable current from battery for controlling supercapacitor voltage. As the battery starts

providing the average power requirement, supercapacitor current average reduces and it starts

oscillating on zero axis. This means battery is successfully providing average power requirement

and peak power is achieved using supercapacitor.
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Figure 5.13: Hardware setup for wave energy generation with hybrid energy storage

Figure 5.14: System with hybrid energy storage test in hardware Ch1: Supercapacitor current
ISC (1V=1A), Ch2: Battery current Ib (1V=1A) Ch3: Rectifier current IRect (1V=1A), Ch4:
Load current IRect (1V=1A)
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5.5 Conclusion

This thesis discussed the integration of hybrid energy storage in oscillatory wave energy genera-

tion system to provide smooth power in stand-alone application. Low cost is achieved by use of

diode rectifier as compared to active converter. Hybrid energy storage control is achieved using

supercapacitor and DC power supply as battery. Simulation and hardware results are obtained

to demonstrate the output power smoothing for resistive load. Hardware results are comparable

with the simulation results and it can be seen that hybrid energy storage control is successully

achieved. It can be seen that the supercapacitor current intially in hardware result is slightly

higher than the one obtained in simulation. This is because in simulation battery current starts

gradually increasing as soon as the simulation is started which reduces power requirement from

the supercapacitor. But in practical case, battery side boost converter is operated after some

delay.

Future work can be done by replacing DC supply with actual battery and including practical

conditions associated with battery charge-discharge.
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