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Abstract-- A vertical-axis hydrokinetic-turbine speed control 

system was developed in ñRobust Gain Scheduled Control of a 

Hydrokinetic Turbine Part 1: Designò that guarantees stability 

and performance properties for the entire range of operation 

including tracking of the maximum power point below rated 

speeds and power regulation above rated speed. Secondary 

objectives included explicit incorporation of a tuning method to 

adjust the trade-off between reference tracking and load 

transients as well as the use of an advanced control methodology 

that has a high probability of industry acceptance. An HÐ LPV 

(linear parameter varying) controller was developed based on a 

physical model of the system and iterative simulation based 

testing. This paper focuses on the results of simulation and field 

testing on a 5kW hydrokinetic turbine with results compared to a 

fixed point PI controller tuned for re ference tracking only. 

 
Index Termsð Hydrokinetic turbine, instream, zero head, 

robust control, linear parameter varying, HÐ (H-infinity).  

I.  INTRODUCTION 

EW and sustainable sources of energy for electricity 

generation are being sought to meet increasing electricity 

demand. Conversion technology exploiting these resources 

must maintain ever smaller environmental footprints. 

Hydrokinetic turbines capture kinetic energy from moving 

streams of water without the need for dams or flow diversion. 

These turbines maintain considerably lower rotor speeds and 

pressure drops which minimizes impact on aquatic life. 

These turbines are essentially underwater wind mills and 

share many similarities with wind turbine technology 

including physical principles of operation, drive train layouts, 

electrical hardware and variable speed capability for optimal 

energy extraction. However, significant differences from wind 

also exist such as lower tip speed ratio ranges, cavitation limits 

and the requirement to deal with harsh marine environments. 

This work addresses the problem of hydrokinetic turbine 

speed control over the entire operating envelope for an 

unducted, fixed pitch, variable-speed, vertical axis, 5kW 
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hydrokinetic turbine system. In [1] an HÐ LPV controller was 

designed, including development of a turbine system 

mathematical model, identification of control objectives, and 

generation of a control strategy for the entire operating range. 

The controller was designed for a plant that is affine in the 

parameters (turbine rotational speed and flow speed) with 

constant Lyapunov matrices (which is equivalent to allowing 

the parameters to vary arbitrarily quickly). This allows a 

simple controller implementation where the vertex controllers 

can be calculated offline and stored. The parameter vector is 

then measured in real time and the controller calculated as a 

linear combination of the vertex controllers at each time step. 

The controller was generated with a performance level of 1.40. 

This paper is focused on test results for the HÐ LPV 

controller that were generated through both simulation and 

field tests. Simulation was carried out with both MATLAB 

and Simulink on the HÐ LPV controller and a fixed point PI 

controller (for comparative purposes). Field testing of the 

controller was carried out at the hydrokinetic turbine test site 

located at Pointe du Bois, Manitoba, Canada. 

II.  5KW VERTICAL AXIS HYDROKINETIC TURBINE SYSTEM 

A.  Turbine 

The controller was designed for a free stream, unducted, 

fixed pitch, vertical axis, 5kW hydrokinetic turbine (shown in 

figures 1 and 2). Energy is extracted from the flow by the rotor 

and converted to shaft power. This is transmitted to a step-up 

gearbox which increases the shaft rotational speed (reducing 

shaft torque) before being passed to a variable speed, 3-phase, 

axial flux, permanent magnet generator.  The drive system 

incorporates a cantilevered rotor so that the drive bearings, 

gearbox and generator can be mounted above the waterline.  

 
Fig. 1: 5kW hydrokinetic turbine test system (drive train) 

This also makes the drive system very stiff in torsion due to 
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larger driveshaft diameters required to support bending loads 

caused by rotor hydrodynamic drag. For emergency shutdown 

purposes a spring applied, electrically released brake is 

mounted to the generator shaft on top of the generator. The 

turbine details are shown below in Table 1 below. 
TABLE I 

TURBINE DETAILS 

 

B.  Floatation Platform 

The test turbine is supported by a pontoon style floating 

platform, and transported using a conventional boat trailer as 

shown in Fig. 2. The pontoons are made of polyethylene and 

filled with polystyrene foam inserts. A small aluminum frame 

houses the pontoons and provides mounting for the turbine 

system. The floatation system allows the turbine to be rotated 

out of the water 90 degrees for ease of deployment and 

removal. 
 

 
Fig. 2: Turbine, floatation system and trailer 

C.  Power Electronics and Control Rapid Prototyping Systems 

Power electronics are required to condition the variable 

speed, permanent magnet generator output (which is variable 

voltage and frequency) before it can be connected to useful 

AC or DC loads. A schematic of the test system is shown in 

Fig. 3. 

 
Fig. 3: Power electronics system schematic 
 

A three phase passive rectifier and capacitive filter was 

acquired from Power One Inc., to convert the permanent 

magnet generator output to variable voltage DC. An AMC 

(Advanced Motion Controls), 50 Amp, brush type DC servo 

amplifier was acquired and served as an active PWM bridge to 

control load current. This amplifier contains an external 

control interface of 0 to 10VDC (corresponding to 0 and full 

drive amperage respectively), to define the current setpoint. A 

load consisting of two 600V, 15kW, 24 ohm resistors 

(connected in parallel), in series with two parallel 0.8mH 

inductors, was connected to the servo amplifier terminals. The 

inductors were installed to filter current transients and to meet 

the minimum load inductance requirement by the amplifier. 

A Compact RIO programmable automation controller from 

National Instruments was used to interface with the drive and 

provide feedback control and data acquisition. The load 

resistors are shown on the left in Fig. 4. The right picture, 

starting from the top left (inside the box) and moving 

clockwise shows the CompactRIO real-time controller, the 

Aurora three phase rectifier, the inductor and finally the servo 

amplifier (DC to DC converter). 

 
Fig. 4: Left: load resistors; Right: power electronics and control system 
 

A Hall sensor was installed on the electric generator to 

measure shaft speed. A Swoffer Instruments flow velocity 

sensor was used to measure the free stream velocity. The load 

current was measured through a calibrated output on the drive. 

III.  SIMULATION RESULTS 

A.  MATLAB 

Fifteen random parameter sets (turbine rotor speed and flow 

speed) were generated with values corresponding to stable and 

unstable open loop operation, covering the range of operating 

points. The parameters are frozen at these values and the step 

response of the closed loop plant shown in Fig. 5. 

Each of the fifteen step response plots in Fig. 5 lay so 

closely on top of each other that distinction between individual 

plots is difficult.  

 
Fig. 5: HÐ LPV, 15 step responses for 15 frozen parameter sets 

The fifteen parameter sets chosen for the step response are 

shown as black points in Fig. 6. 
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1.52 0.76 4.0 13.5:1 5.0 3.0
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Fig. 6: Fifteen parameter sets ɗ = [rotor speed, flow speed] chosen for step 

response 
 

For comparative purposes fifteen step responses of a fixed 

point PI controller (a controller whose structure is fixed), for 

the same fifteen parameter sets is presented in Fig. 7. The 

dominant closed loop poles for the fixed point controlled 

system are the same as the HÐ LPV controlled system at the 

operating point of 2.25 m/s and 69.1 rpm (i.e.: this is the 

design point of the fixed point controller). 

 
Fig. 7: Fixed point control, 15 step responses for 15 frozen parameter sets 
 

The error and turbine speed response is much more 

consistent for the gain scheduled controller. This demonstrates 

the consistency of performance for the gain scheduled 

controller, whereas the performance for the fixed point PI 

controller changes with the operating point due to plant 

nonlinearities. 

B.  Simulink 

The fixed point PI controller for the remaining simulations 

(as well as all field testing) was tuned for very tight reference 

tracking without consideration of induced load transients. This 

is mainly to demonstrate the effects of control where load 

transients are not considered in the synthesis (and/or tuning 

procedures). Therefore the control gains are quite high and 

control action is aggressive. The proportional gain was chosen 

as 100 and the integral gain as 10, which gives tight reference 

tracking as well as relatively small steady state error at the 

fixed operating point of 2.25 m/s flow velocity and turbine 

speed of 69 rpm. 

Simulation results are presented here to compare the 

response of the closed loop PI and HÐ LPV controlled plants. 

While reasonable comparisons can be made for Region 2 

operation (tracking of maximum power), the PI controlled 

system was not expected to perform well in Region 4 (power 

regulation) since the system parameters are significantly 

different than the controller design point. However, since the 

model is first order (and thus more forgiving than the actual 

plant) and the PI gains are very high, tracking performance 

turns out to be reasonable. 

    1)  Smooth Flow Step Response 

The step response is presented for both controllers at a 

smooth (no turbulent component) water speed of 2.25 m/s 

with a step increase in turbine rpm from 70 rpm to 75 rpm. 

The PI and HÐ LPV results are shown in Fig. 8. 

 
Fig. 8: Smoot flow step response, PI (left); HÐ LPV (right) 
 

We can see that the PI control action is much more 

aggressive with shaft torque oscillations between 180 N.m and 

400 N.m (before the step) compared to the gain scheduled 

controller of 215 N.m to 300 N.m (also before the step). The 

standard deviation of the shaft torque signal for the PI 

controller is 75.61 N.m compared to 28.13 N.m for the gain 

scheduled controller, demonstrating superior mitigation of 

cyclic torque disturbances. The power output is also much 

smoother for the gain scheduled controller, though the 

tracking error has a slightly higher oscillation magnitude. This 

demonstrates the important tradeoff between reference 

tracking and controller induced torque transients on which 

turbine component fatigue life depends so strongly. It is also 

noted that tighter tracking of the PI controller corresponds to 

reduced cyclic rpm pulsation magnitude (seen by comparing 

the turbine rpm traces) caused by the pulsating hydraulic 

torque of the rotor. Conversely, the HÐ LPV controller allows 

higher turbine rpm pulsation magnitude to minimize torsional 

transients. A comparison of the standard deviation of the error 

for the PI controller (0.053) with the gain scheduled controller 

(0.091) shows that while the oscillations are higher, tracking is 

quite good. 

    2)  Tracking Response 

For the tracking response comparison, a velocity curve 

taken from a field test trial October 9, 2008 is used as input to 

the simulation using each controller. The automatic reference 

generator is employed to track the maximum power point as 

this flow signal changes to give the tracking response for both 

closed loop systems. This allows a reasonable comparison 

between simulation data and field test data in exploring 

controller performance. Results are displayed in Fig. 9. It 

should be noted that the turbulence levels experienced by the 

test turbine are much higher than that due to river turbulence 

levels alone since it was tested in the wake of a larger 25kW 

turbine (about 50 ft directly in front of the 5 kW test system). 
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Fig. 9: Turbulent flow tracking response, PI (left); HÐ LPV (right) 
 

Again the tight tracking and large torque transients 

associated with the PI controller are readily apparent. This is 

due to the high gain values used for the PI controller since it 

was tuned for tight tracking without consideration of load 

transients. Note that the shaft torque amplitude is significantly 

higher than the hydraulic torque amplitude. The standard 

deviation of the shaft torque signal for the PI controller is 

237.75 N.m compared to 81.95 N.m for the gain scheduled 

controller. Also note that the standard deviation of the 

hydraulic torque input signals for both control tests is 96.9 

N.m showing that the gain scheduled controller reduces shaft 

torque peaks below that of the input. Though the error 

amplitude is slightly smaller for the PI controller, the turbine 

life would be significantly reduced with such large and 

ongoing torque transients. The standard deviation of the error 

for the PI controller is 0.24 compared to 0.34 for the gain 

scheduled controller again demonstrating excellent error 

tracking characteristics for both sets of tests. 

    3)  Power Regulation Response 

Simulations for operation under power regulation are 

achieved by using a velocity trace taken from a field trial that 

is scaled to pass above 3.0 m/s forcing the operating point into 

the power regulation region. In this region, the automatic 

reference generator is used to track the flow velocity to ensure 

the mean output power does not exceed the rated output. 

Results for the PI controlled system are presented in Fig. 10 

(left). Torsional oscillations and output power fluctuations are 

again very large due to the high control gains employed. A 

notable amount of overshoot is also present in the rpm trace. 

This was not seen in other test results since in this operating 

range the fixed PI control structure (originally designed for an 

operating point around 2.25 m/s and 69 rpm) is not ideally 

tuned. This demonstrates the significance of the plant 

nonlinearities and the need for modification of the control 

structure as operational parameters change. 

Tracking results for the HÐ LPV controlled system are 

presented in Fig. 10. We can see that the shaft torque 

transients are considerably smaller than the hydraulic torque 

input. A comparison of the standard deviation of the shaft 

torque for the PI and gain scheduled controllers at 266.78 N.m 

and 164.09 N.m respectively, shows superior transient 

mitigation characteristics of the gain scheduled controlled 

system. Also note that the peak power oscillates between 4000 

W and 6000 W for the gain scheduled system. It must be noted 

that during simulations with perfectly smooth flow, the power 

output oscillation with the HÐ LPV controller at the rated 

output for a water velocity of 3.0 m/s was 4100 W to 5900 W, 

thus power regulation is considered good for a test flow (and 

rpm reference signal) with such high frequency content. 

Comparing the standard deviation of the error for the PI 

controller at 0.30 and gain scheduled controller at 0.31 it can 

be seen that good tracking performance is maintained for the 

gain scheduled controller. 

It should also be noted that this water speed measurement 

was not filtered when passed into the reference generator and 

caused an excessively noisy reference signal. Low pass 

filtering of the flow signal would smooth the turbine rpm 

reference signal, and thus increase closed loop performance in 

all regions of operation. 

 
Fig. 10: Power regulation response, PI (left); HÐ LPV (right) 

IV.  FIELD TEST RESULTS 

Field testing results are presented in this section. It must be 

noted that the turbulence levels in the flow are higher than 

normal river turbulence levels experienced at this site due to 

the fact that the test turbine was moored in the wake of a 

larger 25 kW turbine test platform. Thus it is very likely that 

tracking performance would be better in a normal application 

due to the lower level of flow disturbances. Also note that 

direct comparisons for the PI and gain scheduled controlled 

systems are somewhat difficult since the flow velocity is not 

controlled for these tests. 

A.  Step Response 

The step response over a ten second time window for both 

controllers is presented in Fig. 11. 

The response for the gain scheduled controller is quite good 

considering a flow surge occurs at the same moment the set-

point is reduced from 79 rpm to 75 rpm. It can be noted that 

the load current is directly proportional to the drive shaft 

torque (related through the generator torque constant) and 

serves as an indication of the turbine shaft torque. A 

comparison of the load current for the PI controller and gain 

scheduled system highlights the comparatively smooth load 

changes of the HÐ LPV controller. 

The disturbance rejection characteristics due to flow surges 

as high as 2.25 m/s and recessions as low as 1.5 m/s are also 

demonstrated between zero and six seconds for the gain 

scheduled system. We can also compare the standard deviation 

of load current and error for the gain scheduled controller 

 


