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Abstract—This paper describes the controller design of oscillation 

motion of hydroplane in dual-system lab-scale flapping type tidal 

energy harvester (FT-TEH).In dual-system, two identical single 

systems of lab-scale FT-TEH are arranged in a series with one chord 

length distance between the hydroplanes, wherein the flapping arm of 

each system is facing inwardly to each other. Both pitch noses 

direction of the hydroplanes are against the water flow. Controller is 

designed to control the motion of hydroplane such that each system 

moves in synchronized motion to each other at predetermined phase 

difference. Here, the system uses automatic gain controller with PID as 

the control feedback. Simulation and experiment results indicate that 

the controller of pitch oscillation for dual system of the lab-scale 

FT-TEH is well implemented. 

Keywords—Tidal stream turbine, PID, flapping type turbine, 

control system. 

I. INTRODUCTION 

N recent time, there are several methods that have been 

developed to harness power from tidal energy. Horizontal 

axis turbine, as one of the most established tidal turbines, is 

based on the same principle of the widely used wind turbines. 

On the other hand, vertical axis turbines can cover a wider area 

in shallow water due to their geometry compared to the ones 

with horizontal axis. The vertical axis type turbine can be used 

more effectively when the stream speed is low because the 

cut-in speed of the vertical axis type turbine is lower compared 

with that of the horizontal axis type turbine. Several horizontal 

axis turbines [2,3] and vertical axis turbines [4,5] have been 

built and deployed. Despite all the advantages that the 

horizontal and the vertical axis turbines have, there are several 

disadvantages that could make these turbines uncompetitive. 

According to EPRI [6], horizontal and vertical axis turbines are 

economically viable in average flow velocity 5-7 knots or 

higher, while majority of sea currents around the world are less 

than 3 knots, and for river typically slower than 2 knots. Other 

disadvantages that these two methods have are high production 

and maintenance cost since all parts of the system are installed 

underwater.  

Therefore, several researchers are working on other 

methods which could overcome the disadvantages of the 

well-developed aforementioned methods. Pulse-stream 

generator by Pulse Tidal Ltd. [7] and Stingray Tidal Stream 

Generator by IHC Engineering Business Ltd. [8] are some of 

examples of oscillating hydrofoil system in harnessing tidal 

stream energy. These systems can be implemented in shallow 

water because the length and width of the hydrofoil can be 

adjusted for a specific water stream given. Even though the 

hinge is installed underwater, the precision motion of the hinge 

is not required, and thus the implementation cost could be 

lowered. The Flapping Type Tidal Energy Harvester (FT-TEH), 

a kind of oscillating hydrofoil energy harvester, has the 

capability of increasing power extraction by just expanding the 

span of the hydroplane. 

Research on extracting power using flapping hydrofoil has 

been investigated by several researchers previously. M.F. 

Platzer's group has been actively investigating how to extract 

power from flapping wing/oscillating hydroplane [9,10,11,12]. 

Liu et al. presented the flow visualization of an oscillating 

hydrofoil through fluid dynamics computation and 

experimental results to investigate hydrodynamic characteristic 

of an oscillating hydrofoil [13]. On the other hand, Abiru et al. 

reported that both power generation and efficiency were 

increased as the wing pitching oscillation was increased up to 

50° [14]. However, there has been no record of work regarding 

the motion control of hydrofoil and maintaining the oscillation 

of hydrofoil with stability. 

This paper demonstrates a controller design of oscillation 

motion of hydroplane in dual system of lab-scale FT-TEH. This 

work is preliminary research for a real system of FT-TEH. A 

modified automatic gain control scheme [15] with PID control 

is used to keep stable oscillation of the arm. Control system is 

built based on the characteristic single system of FT-TEH. 

Therefore, through Section 2 and 3, the single control system is 

to be explained first. Based on the single control system, dual 

control system is developed by combining two single systems. 
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II. DYNAMIC MODEL OF THE FT-TEH 

Dual system FT-TEH is the combination of two identical 

single system FT-TEHs. Therefore, dynamic model of the 

system is only presented for dynamic of a single system. The 

dynamic model is used to design the controller for a single 

system as well as for the dual system of lab-scale FT-TEH.  

Dynamic model of the system is derived from schematic 

model which shown in Figure 1. Due to the relative flow 

velocity W, as the hydroplane pitch nose up, lift and drag force 

that acting on the hydroplane are given as follows: 
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where ψ, V∞, ρ, CL, CD, and S are flapping arm angle, far-field 

water flow, water density, lift and drag coefficient, and 

hydroplane surface area, respectively. 

 
Figure 1 Schematic model of FT-TEH 

Forces in x and y directions acting at the hydrodynamic 

center are defined as follow: 
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Moment due to the hydrodynamic force about the flapping 

axis is described as: 
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Thus, by combining Equation 1, 2, and 3, the equation of 

motion of the system becomes: 
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where, c is damping coefficient of the system. The I is mass 

moment of inertia of the hydroplane-flapping arm about the 

flapping axis, and the Ig is equivalent mass moment of inertia of 

the gear box about the axis of driving gear. The hydrodynamic 

analysis can be seen in the work of Truong et al. and Sitorus et 

al. [16, 17]. 

TABLE I  

LAB-SCALE MODEL PARAMETER 

Parameters Value 

ρ (kg/m3) 997.13 

I (kg.m2) 0.0130 

Ig(kg.m2) 0.0019 

S(m2) 0.0435 

c(kg.m2/s) 0.45 

V∞(m/s) 0.6 

 

Using lab-scale model parameters as shown in TABLE I and 

lift and drag coefficients of NACA0012 look up table from 

SANDIA [18], the transfer function of the system derived 

through Matlab
®  

Simulink tools yields: 
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III. CONTROLLER DESIGN AND SIMULATION 

 The proposed scheme of automatic gain controller (AGC) 

in this work is shown in Figure 2. In this scheme, sum of output 

of feedback controller and nominal amplitude is multiplied by 

triangular wave function with the purpose of obtaining 

sinusoidal motion of ψ and θ. Nominal amplitude is used to 

invoke the oscillation of the flapping arm assuming no 

disturbances. The feedback control output is used to 

compensate for the disturbances including stream velocity 

change and non-modeled dynamics. This combination allows 

flapping motion of the arm moves continuously without being 

stalled. Direct feedback with proportional gain ε from the arm 

angle output ψ to the hydroplane pitch angle θ is introduced to 

keep the flapping motion of the arm centered at the zero angle 

position. A low pass filter is used to obtain smooth amplitude 

output, moving out the high frequency component, from the 

amplitude detector. The signal gain kv is used to scale the signal 

in the loop. 

 

Figure 2 Configuration of modified automatic gain controller scheme  
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A. Dynamic Model Transformation 

 The AGC purpose is to regulate pitch amplitude of 

hydroplane motions with the given reference amplitude of 

flapping arm. Therefore, in order to control the amplitude of 

flapping arm, the system’s transfer function modeled in 

Equation 5 needs to be remodeled into the amplitude terms.

 Following the model plant in Equation 5, the plant’s dynamic 

model can be expressed in the form: 

aa b K                       (6) 

 Since the flapping arm’s motion is the after effect of pitch 

hydroplane motion, a phase difference occurs between output 

angle of flapping arm motion and pitch hydroplane motion. 

Assuming that the driving frequency is near the resonance  

frequency of the system and considering the direct feedback 

from ψ to θ, the flapping arm motion and the pitching motion 

can be approximated as,  
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where, B(t) and A(t) are the time varying of amplitude of 

flapping arm and pitch-hydroplane respectively, ω is the 

frequency of the flapping arm motion. Then, by substituting the 

first and second derivative of ψ(t) and ( )t  into Equation 6 and 

rearranging the sine term, the following gain equation is 

obtained: 

2 aB a B K A                   (8) 

Hence, by comparing Equation 5 and 8, the transfer function 

between the amplitude flapping arm and amplitude 

pitch-hydroplane is given as follows: 
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Thus, the control block diagram of the system can be 

simplified as shown in Figure 3. Note that the gain of 2/π is 

introduced as a result of averaging the absolute value of 

sinusoidal signal envelope. The amplitude controller to be 

designed is denoted as K(s). 

 

Figure 3 Simplified equivalent amplitude model of automatic gain control 

B. PID controller 

 The form of PID controller in Laplace transform is given 

as follows: 
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where the Kp, Ki, and Kd are proportional, integral and 

derivative gains, respectively. The τ and ks are time constant 

and pass-band gain of first-order low-pass filter L(s), 

respectively. Based on the amplitude transfer function of the 

system as in Equation 9, the controller is designed by choosing 

the appropriate gains. The values of Kp, Ki, and Kd are chosen as 

5, 0.05, and 0.1 respectively. The frequency responses are 

shown in Figure 4.  The figure shows that the system has 

infinite gain margin and 121 degree phase margin. This is 

implies that the system is robustly stable with the designed 

controller. The bandwidth at approximately 3 rad/s is kept 

small since the amplitude response of the system is slow.  

 

Figure 4 (a) Frequency responses of the plant and (b) Open loop plant with 

controller 

C. Simulation 

The simulation block of the control system with PID 

controller using Matlab
®

 Simulink is built accordingly as 

shown in Figure 5. The controller used a nominal triangular 

wave signal to invoke a basic triangular motion of flapping arm 

angle ψ. A saturation block is used to keep pitch angle smaller 

than maximum limit. The maximum pitch angle is essential in 

the practical experiment to prevent system failure. 

 
Figure 5 Schematic of simulation block with PID controller 

The low pass filter L(s) = 0.1/(0.5s+1) is used to limit the 

bandwidth of the system. The arm amplitude reference is set to 

45 degree for the reference motion of the flapping arm. The 

signal gain kv is set to 1. The frequency of the triangular signal 

is set to 0.2 Hz as the system is to work in low frequency region.  
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The simulation result of the system with PID controller is 

shown in Figure 6. The result shows that the flapping arm 

follows the reference command quite well. The flapping arm 

oscillates symmetrically around zero flapping-arm angles as 

expected with the direct feedback spring effect with gain ε. As a 

result of the resonance characteristic between the two motions, 

90 degree phase difference occurs between the flapping arm 

motion and the pitch hydroplane motion as expected. 

 

Figure 6 Simulation result using PID controller 

IV. DUAL CONTROL SYSTEM AND IMPLEMENTATION 

To extract more power from the sea current, we used dual 

FT-TEH system. Two FT-TEH systems are installed facing 

inward to each other, whereas the pitch noses of hydroplanes 

are facing the same direction against the water flow. The 

combination of this arrangement is shown in Figure 7. 

 

Figure 7 Snapshot of dual system configuration 

Two microcontrollers (mbed
®
 LPC1768) are used to control 

the two flapping systems. One is used as master and the other as 

slave. The slave hands over the arm angle and pitch angle 

information to the master. The master calculates control outputs 

for both flapping systems using arm angle information of both 

systems. And the slave drives the slave system using the control 

command from the master, while the master drives the pitch 

angle of the master system, as shown in Fig. 8. Two AC servo 

motors with the drivers (CN01 AC servo motors and 

FDA7001U drives from HIGEN motors) are used as the 

actuators. Two absolute rotary encoders from Autonics Inc. 

with series EPS50S8 are used to measure flapping arm angles 

of the two systems. Figure 9 shows the brief diagram for the 

realization.  

Serial communication RS-232 is used for the data exchange 

between the microcontroller and the servo driver, and CN1 

connection is used for applying pulse and direction command to 

the servo motor system. Analog dials using potentiometers are 

used to give the input arm amplitude, nominal amplitude, 

frequency input, and offsets. The input dial can be easily 

changed by the users according to the condition of the 

experiments. 

Based on the single control system, the dual control system 

is constructed as is shown in the flow chart in Figure 8. Dual 

system is divided into master control system to control the 

motion of hydro-plant 1 and slave control system to control 

hydro-plant 2. The main role of master control system is to 

obtain control outputs using all the information from both 

hydro-plant 1 and hydro-plant 2; and to give driving command 

to the slave control system through serial peripheral interface 

(SPI). Slave control system sends the information of 

hydro-plant 2 such as arm position and pitch position to master 

control system through SPI as well. 

 

Figure 8 Flow chart for dual FT-TEH system 

As the system starts, master control system gets the 

positions of arm angle of hydro-plant 1 and hydro-plant 2 using 

arm encoders. Then, master control system calculates the 

average amplitude of arm angle of each system. The controller 

gets the error amplitude of arm angle as an input and calculates 

the pitch amplitude. The pitch amplitude is modulated by the 

triangular wave to invoke triangular arm motions. The 

electrical spring effect of arm angle is added to the modulated 

signal to make the oscillation centered at zero arm position. The 

offset is given to compensate the bias due to asymmetries 

weight unbalance of the oscillating system. Then, the master 

control system generates the pitch command to the servo driver 

of hydro-plant 1 and sends the pitch command for hydro-plant 2 

to the slave through SPI. The servo driver 1 and servo driver 2 

drive the AC servo motors to make oscillating motion of the 

pitch of hydroplane of hydro-plant 1 and hydro-plant 2 

separately. 
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All data information used for control is monitored through 

user interface utilizing LabVIEW
TM

. The user interface 

displays the arm positions, pitch positions, frequency, offsets, 

and input command during experiments. Therefore, through 

this data, analysis of control system can be conducted.  

 
Figure 9 Implementation of control system for dual system FT-TEH 

 

Figure 10 Dual system FT-TEH installations 

V. EXPERIMENT AND RESULT 

A. Experiment Setup 

 Experiment was conducted in water channel at Korea 

Institute of Ocean Science and Technology. The cross section 

of water channel is 0.5m x 0.8m and the maximum average 

speed was 1m/s. A flow sensor (Quantum-X, HBN, Germany) 

was used to measure the water flow speed in the water tunnel, 

which was 0.6 m/s. A torque sensor (T20WN/1Nm, HBN, 

Germany) was installed at the output shaft of the gearbox. The 

holding torque applied to the output shaft was controlled by a 

torque control board and monitored using torque sensor DAQ. 

Dual FT-TEH system was installed such that the hydroplane is 

placed in the middle of the cross section. The installation of 

dual system is shown in Figure 10. 

The given command for hydro-plant 1 and hydro-plant 2 has 

a phase difference of 90 degree wherein hydro-plant 2 is in the 

leading position. Amplitudes of the arm reference were set 

between 5 and 30, whereas nominal amplitudes are set between 

10 and 15. The frequency input was set as 0.2 Hz. 

B. Experiment Result 

The experiment result of dual system FT-TEH is shown in 

Figure 10. The arm motion of hydro-plant 2 is leading that of 

hydro-plant 1 by 90 degrees. 

 

Figure 11 Experiment result of dual FT-THE system. 

Figure 11 shows the experimental results. The flapping 

motions of the hydroplanes induced oscillating motions of the 

flapping arms. The pitch hydroplane 1 is not symmetrical at 

zero flapping angles due to the added offset. This added offset 

sets the arm flapping centered at the zero arm position. By 

setting the arm amplitude to 25, the amplitude of the flapping 

arm is desired to be 25 degrees. Experimental result shows that 

both of the arm amplitudes are kept around 25 degrees. 

Amplitude control experiment results for several different cases 

are shown in TABLE II.  

 TABLE II  

AMPLITUDE ARM COMPARISON RESULT 

Amp Arm 

Ref 

Hydro-plant 1 Hydro-plant 2 

            

5 
                

                    

10 
                  

                       

15 
                    

                 

20 
                  

                   

25 
                  

                     

30 
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TABLE II shows the amplitude control results of 

hydro-plant 1 and hydro-plant 2. The Ai and Bi (i=1, 2) denote 

the pitch amplitude, and arm angle amplitude, respectively, of 

the hydro-plant i. It shows that the hydro-plant 2 follows the 

arm amplitude command better than hydro-plant 1. In the case 

of the hydro-plant 1, the down-stroke amplitudes of arm 

flapping are bigger than those of upstroke. This is due to the 

unbalance between the buoyancy forces and the weight of the 

flapping system.  

Both pitch hydroplane and flapping arm motions show 

similarity to the simulation results that has been conducted, 

which demonstrates the validity of the simulation model. 

VI. CONCLUDING REMARKS 

Control system for dual system of lab-scale FT-TEH has 

been designed and implemented successfully. The simulation 

and experimental results demonstrated that the controller using 

automatic gain control with PID feedback could be used 

effectively to control the flapping motion of the arm.  
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