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A vertical-axis hydrokinetic turbine speed control system is developed 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 include explicitly 

incorporating a tuning method to adjust the trade-off between reference tracking and load transients and an 

advanced control methodology to attract industry acceptance. To facilitate this, an HÐ LPV (linear 

parameter varying) controller was developed based on a physical model and iterative simulation based 

testing. This paper outlines development of the turbine mathematical model, control objectives, control 

strategy, controller design as well as the results of simulation and field testing on a 5kW hydrokinetic 

turbine. Results are compared to a fixed point PI controller tuned for reference tracking only. 
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I.  NOMENCLATURE 

A, B, C, D : System state space matrices 

At : Turbine cross-sectional area 

c : Gearbox ratio 

CP : Coefficient of performance 

CT : Torque coefficient 

e : Speed Error 

g : Gravitational constant 

h : Height of rotor 

HÐ : Hardy space of bounded functions 

iq : Portion of stator current due to real power 

J : Equivalent polar moment of inertia of turbine system reflected to low speed shaft 

KG : Generator torque constant 

kV  : Linearization derivative of TH with respect to water speed 

kɤ  : Linearization derivative of TH with respect to rotor speed 

Ms : Peak sensitivity magnitude 

Mu : Peak control sensitivity magnitude 

PT  : Turbine power 

R : Turbine rotor radius 

TG : Generator torque 

TH : Hydraulic torque 

u : General control input 

VÐ : Undisturbed free stream velocity 

w : Disturbance 

We : Error weighting function 
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Wu: Control weighting function 

ɓ : Drive system loss proportionality constant 

ɔ : Performance level 

Ů : Maximum steady state error 

ɖ : Hydraulic efficiency 

ɗ (t): Parameter vector 

ɚ : Tip speed ratio (TSR) 

ɟ : Density of water 

ɤb : Error weight bandwidth 

ɤbc : Controller bandwidth 

ÝG : Angular velocity of generator 

ÝR : Angular velocity of turbine rotor 

II.  INTRODUCTION 

With rising concern over greenhouse gas emissions, the environment, and rising electricity demand, 

sustainable energy sources and environmentally friendly methods for electricity generation are being 

considered. One such source is kinetic energy stored in moving water such as rivers, and tidal streams. 

Hydrokinetic turbines capture kinetic energy from moving streams of water without the need for dams or 

flow diversion. These turbines are essentially underwater wind mills that 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 (see [11] or [12] for discussion of control of wind 

systems). However, significant differences from wind exist such as lower tip speed ratio (ɚ) ranges, 

cavitation limits and the requirement to deal with harsh marine environments. 

This work addresses the problem of turbine speed control over the entire operating range for an 

unducted, fixed pitch, variable-speed, vertical axis, 5 kW hydrokinetic turbine system. This is a complex 

problem involving a highly nonlinear plant with a wide operating range that is open loop unstable and non-

minimum phase over a significant portion of the operational envelope.  

First, a mathematical model of the plant was generated from physical principles. A nominal HÐ LPV 

controller was then developed, including identification of control objectives and generation of a control 

strategy for the entire range of operation. 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 [5]). This allows an implementation where the vertex 

controllers are calculated offline and stored. The parameter vector was then measured in real time and the 

controller calculated as a linear combination of the vertex controllers at each time step. Results of both 

simulation and field tests were presented. Simulation was carried out with 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. 
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III.  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 Figs. 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 electric generator can 

be mounted above the waterline. Additionally, this makes the drive system very stiff in torsion due to 

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. Some turbine details are listed in Tab. 1. 

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. 

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 actual field test system incorporating a DC load is shown in Fig. 3. A three phase passive 

rectifier and capacitive filter was acquired from Power One Inc. [14], to convert the permanent magnet 

generator output to variable DC voltage. An AMC (Advanced Motion Controls) [1] 50 Amp, brush type 

DC servo amplifier served as an active PWM bridge to manipulate the load current. This amplifier contains 

an external control interface of 0 to 10VDC (corresponding to 0 and full output respectively), to define the 

internal 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 of the 

amplifier. A Compact RIO programmable automation controller from National Instruments [13] was used 

to interface with the drive and provide feedback control and data acquisition. The load resistors are shown 

in Fig. 4 (left picture). 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 
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PWM amplifier (DC to DC converter). A Hall sensor was installed on the electric generator to measure 

shaft speed. A Swoffer Instruments [16] flow velocity sensor was used to measure the free stream velocity. 

The load current was measured through a calibrated output on the drive. 

IV.  VERTICAL AXIS HYDROKINETIC TURBINE LPV MODEL 

A.  Turbine Model 

The 5kW hydrokinetic turbine is shown in operation in Fig 5. In the development of a physical system 

model, dynamics of the mooring and floatation systems were neglected and a spatially rigidly fixed turbine 

was assumed. It was also assumed that a single scalar representation of the effective average flow velocity 

(whether as specified during simulation or based on velocity meter measurement) was valid due to the 

small rotor size. The electric generator and power electronics subsystem dynamics were neglected since 

they are orders of magnitude faster than the turbine dynamics. Finally, since this control is for grid-tied 

distributed-generation applications, we can assume that the required electrical load is always available for 

control purposes. That is, the grid acts as an infinite sink, as opposed to grid isolated, or central power 

generation cases. A schematic diagram of the turbine system, as well as free body diagrams of the low 

speed and high speeds systems, are shown at the left, center and right in Fig. 6 respectively. 

A hydraulic torque is imposed on the rotor by the water passing through it. This torque passes through 

the low speed shaft to a step-up gearbox. The reduced torque passes through the high speed shaft to a 

permanent magnet generator (PMG) that supplies the reaction torque. By combining the high speed and 

low speed systems the equation of motion with respect to the low speed shaft can be written as, 

              (1) 

   

The torque of a PMG is proportional to the stator current for resistive loads [19] through the generator 

torque constant, KG, as 

                                  (2) 

 

Substituting (2) into (1) gives the model linearly affine in the control input iq, 

                           (3) 

 

Turbine performance characteristics are normally expressed in terms of the coefficient of performance (or 

hydraulic efficiency) [6], 

                                        (4) 
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as well as the torque coefficient 

.                                        (5) 

 

Both CP and CT are demonstrated through experiment to be functions of the hydrofoil Reynolds number 

(based on chord length [15]) and tip speed ratio. The tip speed ratio, ɚ, is defined as the ratio of the rotor 

tangential velocity to that of the undisturbed free stream velocity 

 

   .                                                        (6) 

 

The Reynolds number dependency is due mainly to the sensitivity of hydrofoil lift and drag 

characteristics on blade Reynolds number (as demonstrated in [15]). This dependency is relatively small 

for a fixed turbine size, thus CP and CT can be assumed invariant with respect to Reynolds number for the 

purpose of control design. A representative plot of CP and CT  versus ɚ is shown in Fig. 7. It is important to 

note that CP and CT are quantified through experiment by averaging over one or more rotor rotations at 

steady operating points. This effectively removes any dynamic flow interactions from the data. From field 

test observation, there is significant cyclic pulsation in the hydraulic torque which could potentially have a 

destabilizing effect on any control system. This pulsation, arising as the turbine blades sweep through the 

free stream flow, is highly dependent on turbine geometry and operating point [7]. 

B.   Linearization  

Eq. (3) is a first order dynamic system where iq is the manipulated input variable. The disturbance enters 

through the hydraulic torque term and is caused by flow disturbances as seen by solving (5) for TH 

 

TH = ½  ɟ  At  R  VÐ
2
  CT(ɚ).                                   (7) 

 

The expression for hydraulic torque requires linearization. The torque coefficient is a function of the tip 

speed ratio alone, and is thus completely specified by the turbine speed and water speed (WR
,V¤). Here the 

symbol ñľò denotes the nominal operating point of a variable, and ñ^ò denotes deviation of a variable with 

respect to that operating point. A first order Taylor Series expansion about an equilibrium point for the 

hydraulic torque in (7) gives 

                                         (8) 

                        (9) 
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                      (10) 

 

To find these derivatives, an expression for CT(ɚ) is required. A quadratic approximation of the form 

 

                                                  (11) 

 

was found to fit the data over the required portion of the operating range as demonstrated in Fig. 8. 

Substituting (11) into (7), the unknown derivatives kɤ and kV can be found 

 

                  (12) 

    (13) 

 

Finally, substitute (12) and (13) into (8), with the result put into (3), and denote variable deviations around 

the equilibrium point to define the linearized system model as 

 

       (14) 

 

C.  LPV Model 

The LPV general model form (outlined in [3]) is 

 

 

Note that in general Am(ɗ), Bm1(ɗ) and Bm2(ɗ) are time varying matrices parameterized by the vector of 

time varying parameters ɗ(t). Thus for any given trajectory of ɗ(t), the LPV system is a linear time varying 

system. Moreover, in the case of a constant parameter vector ɗ, the LPV system is reduced to linear time 

invariant. The linearized dynamic system can now be expressed as the LPV model 

 

 
(15) 

The control variable is chosen as the load current and the feedback variable is chosen as the turbine 

speed. Thus, the state, input, output, disturbance, and parameter vector are 
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. 

 

Because the disturbance variable, w, is a deviation variable, it has the physical interpretation of 

turbulence, not mean water speed. Comparing (15) with (14) we get  

 

 

V.  CONTROLLER DESIGN 

A.  Control Problem 

The control problem is challenging due to the nonlinear and time varying plant over which only a 

portion of the operating range is open loop stable. The main plant nonlinearities are twofold. The first is 

due to the quadratic dependency of hydraulic torque on flow velocity, as shown in (7). The second is due 

to the shape of the  versus  curve demonstrated in Fig. 8. Both of these nonlinearities become 

inconsequential if the plant operation can be restricted to a small range of water speeds and tip speed 

ratios. However, this is unrealistic in practice. The turbine is designed to operate between free stream 

velocities of 1.5 m/s and 3.25 m/s, covering a broad range of seasonal and daily flow variations found in a 

large number of rivers and tidal streams. As well, turbulence and operation under power regulation cause 

significant deviations in the tip speed ratio, even to open-loop unstable operation. The boundary for open 

loop stability is the peak of the torque coefficient curve, with the right portion denoting stable operation. 

This is also the boundary for minimum phase (right portion) and non-minimum phase operation (left 

portion).  

 

B.  Control Objectives 

To develop control system objectives consideration of the variable speed turbine system advantages, 

power quality and unique marine environment were undertaken. The control system objectives are stated 

as follows. 

 

Obj 1. Maximize energy capture. 

Obj 2. Allow for power output smoothing. 

Obj 3. Allow for power regulation above rated turbine speed. 

Obj 4. Minimize cavitation effects  
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Obj 5. Alleviate torque and force transients in both the turbine and mooring systems. 

Obj 6. Induce desired system dynamics and stability over the required operating range. 

 

For Obj. 1 and Obj. 5, the intent is to reduce the cost of electricity and maximize fatigue life thereby 

reducing the cost of electricity. For Obj. 2, power output smoothing is desired from a power quality 

perspective, specifically flicker constraints. Cavitation mitigation can be accomplished in part by slowing 

the rotor to reduce the relative blade velocities, and consequently hydrofoil peak suction pressures. As flow 

velocities go above rated speeds it is desirable to generate power as long as possible before shutting the 

system down due to high flow speeds. It can be shown that hydrofoil relative velocity magnitude decreases 

accomplished by reduction of turbine speed, even though the peak angle of attack is higher at low tip speed 

ratios, are more effective for cavitation reduction than increasing the turbine speed, and thus relative 

velocity magnitude, in an attempt to reduce the peak angle of attack. Due to reliability constraints, power 

regulation is more effectively achieved by control (as opposed to, for example, blade tilting mechanisms) 

by decreasing rotor speeds as the rated flow speed of 3 m/s is reached. This effectively causes a decrease in 

extraction efficiency thereby maintaining operation at the rated power output. 

C.  Control Strategy 

We begin by outlining the four regions of operation for the turbine system (shown in Fig. 9). In Region 1 

(from 0 to 1.5 m/s), the turbine is shutdown as operation is not economical when considering wear on 

components for the corresponding low power output. The cut-in speed is the water speed at which the 

turbine begins operation and is shown at point ñaò to be 1.5 m/s.  

Region 2 operation (from 1.5 m/s to 2.9 m/s) is where the turbine is made to run at its maximum power 

point for optimal energy extraction (shown in Fig. 9 and Fig. 10 from points ñaò to ñbò). There are many 

possible strategies to achieve this including tracking the peak efficiency tip speed ratio and torque tracking. 

A tradeoff exists between tight tracking of the peak power curve and increased drive train loads [9]-[12]. In 

fact, tighter reference tracking is only achieved through stronger load torque action. Thus perfect tracking 

is not necessarily desired. The method used to track the maximum power point in the present work is to 

maintain turbine operation at the tip speed ratio corresponding to maximum efficiency.  

In Region 3 (from 2.9 m/s to 3.0 m/s) the turbine is made to run at a constant speed. While some control 

strategies eliminate this region, its presence significantly reduces overshoot during transitions between 

Region 2 (maximum power) and Region 4 (power regulation) operation. The red lines in both Fig. 9 and 

Fig. 10 denote the locus of points for the idealized control strategy. Note that the flow velocity is a 

stochastic variable continuously trying to force operation off the control strategy locus. 

In Region 4 (3.0 m/s to 3.25 m/s) the power output is limited to the rated power of the system. Power 
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regulation is achieved by reducing the turbine rpm as flows increase past the rated flow speed. Note that 

ñconstant-powerò regulation will be employed in the present work as flow velocities increase from point 

ñcò to point ñdò as shown in Fig. 9. There are advantages to reducing the power output in Region 4 since 

torque pulsation magnitude increases at lower tip speed ratios (such as with linear power reduction or 

constant torque operation), though at the expense of reduced output. At a flow velocity of 3.25 m/s the 

turbine is shutdown for protection purposes. 

D.  Controller Synthesis 

Two main disadvantages to traditional gain scheduling are that switching (or interpolation) between 

controllers is not straightforward (and is rarely treated in literature) and stability and robustness are not 

guaranteed for the corresponding closed loop system over the full operating range. However, formulating 

gain scheduling problems in the framework of LPV systems removes these drawbacks by combining the 

controller design and scheduling algorithm into a single well defined design step, as well as guaranteeing 

performance and stability properties for the closed loop system [3]. Controller synthesis is cast into a 

convex optimization problem with linear matrix inequalities (LMI) for which several well developed 

numerical algorithms are available (for details see, for example, [2], [3], [5] and [8]). The control variable 

is chosen as the load current and the feedback variable as the turbine speed. The vector of parameters is 

chosen as which completely specify the operating point. 

Given the linearized LPV description of the plant in (15), the next step in the design process is to define 

the input/ output pairs or performance variables that represent the control objectives. Obj. 1 (maximize 

energy capture) is carried out by tight tracking of the maximum power point curve denoted by Region 2 in 

Fig. 9. Control objectives Obj. 3 (provide power regulation) and Obj. 4 (reduce cavitation) are carried out 

through choice of the control strategy by reducing the turbine rpm as flows exceed the rated flow velocity 

of 3.0 m/s. For Obj. 3, this corresponds to reducing the tip speed ratio in Fig. 7 to a point that reduces the 

system efficiency enough that only the rated 5 kW of power is produced. For Obj. 4, the effects of 

cavitation are reduced as turbine speeds are decrease since the hydrofoil relative water velocity magnitude 

and therefore peak suction pressures are reduced. Obj. 2 (power output smoothing) and Obj. 6 (induce 

desired system dynamics) are related to Obj. 5 (reduce load transients) since the load current is the control 

variable. A two port diagram of the augmented plant in the interconnected system is shown in Fig. 11. In 

the present work, for a first order plant model, the load torque (or generator torque TG = KG  iq ) can be 

viewed as an approximation of the turbine shaft torque. Thus ensuring smooth changes in the manipulated 

variable, iq, correspond to fulfillment of Objs. 2, 3 and 5. Therefore, the exogenous disturbance in Fig. 11 is 

chosen as the turbine speed reference and the performance variables are the weighted error and control. 
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The weighting functions are now specified to define the tradeoff between tight reference tracking and 

torque pulsation magnitude. We(s) is the sensitivity (or error) weight. Good control design should result in 

a sensitivity function satisfying both bandwidth ɤb and peak sensitivity, Ms, requirements represented as, 

                                 (16) 

 

where Ů is maximum steady state error to a step input, Gwe is a gain factor and k is the filter order [18]. The 

magnitude of the sensitivity function is desired to be small at low frequencies where the magnitudes of the 

reference and disturbance are large. Thus, We(s) amplifies low frequency components of the reference 

during the optimization to give good low frequency tracking performance. A similar reasoning is employed 

for the control sensitivity function to roll off as quickly as possible beyond the desired control bandwidth 

to reduce the effects of noise. Thus the control sensitivity weighting function Wu(s) is 

                              (17) 

 

where Mu is the peak control sensitivity, ɤbc is the controller bandwidth and m is the filter order. Iterative 

testing to find appropriate values for these weighting functions was carried out. The frequency response for 

the error and control weighting functions used in the present work are given in Fig. 12. 

With the input and performance variables chosen, and the weighting functions specified, the equations 

for the augmented plant can be written in standard form. Let the state space representation of We(s) and 

Wu(s) be denoted by (Awe, Bwe, Cwe, Dwe) and (Awu, Bwu, Cwu, Dwu) respectively, with the state space 

representation of the plant given in (15). The augmented-plant state-space description can be written 

 

 

 

. 

Note, , , , , . 
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Finally, the region in which the parameters vary must be specified. Since the parameters   

completely specify the operating point, the locus of possible operating points can be determined by a 

convex region (shown in red in Fig. 13, and denoted by three vertices v1, v2, and v3) that is large enough to 

contain the control strategy (in blue) and account for operating point deviations during turbulent flow 

variations.  

We note that the control strategy can be changed without the need to redesign the controller as long as it 

lies inside the polytope [3]. MATLAB was used to solve for the controller using built in functions from the 

Robust Control Toolbox [8] for a final performance level of ɔ = 1.40. We note that the plant matrices are 

affine in the parameters and the region of possible operating parameters is covered by a convex polytope. 

No restrictions have been placed on the rate of variation of parameters and thus the search for Lyapunov 

matrices is restricted to the set of constant matrices [3]. Finally we note that B2, C2, D12, and D21 are 

parameter independent, resulting in a solution and implementation that become practical in that real-time 

implementation is reasonable. Both the set of unknowns and the set of LMIôs become finite dimensional. 

As well, it is sufficient to check the LMIôs at the vertices of the polytope [8]. The general procedure, 

following [17] is: 

 

1. The vertex controllers (control matrices at each vertex in the convex polytope) are solved offline and 

stored. 

2. The parameter vector is measured in real time and the convex decomposition of ɗ(t) calculated online 

 

  where  are the vertices of the polytope , Ŭi > 0,  

  and × Ŭi = 1.  

3. Finally the controller matrices for each control period are calculated from a linear combination of the 

constant vertex controller matrices 

Ac(ɗ) = ×Ŭi(ɗ) Aci ; Bc(ɗ) = × Ŭi(ɗ) Bci 

Cc(ɗ) = × Ŭi(ɗ) Cci ; Dc(ɗ) = × Ŭi(ɗ) Dci  

   where the Aci, Bci, Cci, and Dci are the vertex controller matrices. 

 

A turbine speed reference signal generator was implemented for simulation as well as field testing. The 

signal generator calculates the turbine speed reference based on a measurement of the water speed. For 

Region 2 operation, the tip speed ratio corresponding to maximum extraction efficiency is known from the 

turbine manufacturersô performance information (in Fig. 7). Thus, the turbine rpm corresponding to 

optimal power output can be calculated based on a flow speed measurement using (6). For Region 4 
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operation, the water speed measurement is used in conjunction with the known Cp characteristic as well as 

(4) and (6) to calculate the rpm at which rated power is delivered. In Region 3, a constant rpm is 

maintained despite changes in water speed. This overall method of reference generation is known as tip 

speed ratio control. The closed loop implementation of the control system is shown in Fig. 14. 

 

VI.  SIMULATION RESULTS 

A.  MATLAB 

Fifteen random parameter sets (turbine rotor speed and flow speed) were selected with values 

corresponding to stable and unstable open loop operation, covering the range of operating points. The 

fifteen parameter sets are shown as black points in Fig. 15. The parameters were frozen for the simulation 

and the step response of the closed loop system shown in Fig. 16 where it is qualitatively observed that a 

low degree of sensitivity is found so that each of the fifteen step response plots lay closely on top of each 

other. For comparative purposes, fift een step responses of a fixed point PI controller (a controller whose 

structure is fixed), for the same fifteen parameter sets is presented in Fig. 17. The dominant closed loop 

poles for the PI controlled system were tuned the same as the HÐ LPV controlled system at the operating 

point of 2.25 m/s and 69.1 rpm. It can be seen in Figs 16 and 17 that the error and turbine speed response is 

much more consistent for the gain scheduled controller. This demonstrates consistency or robust 

performance of the gain scheduled controller, whereas performance of the fixed point PI controller changes 

with operating point. 

B.  Simulink 

The fixed point PI controller was tuned for tight reference tracking without consideration of induced load 

transients for the remaining simulations as well as all field testing. This is mainly to demonstrate the 

effects of control where load transients are not considered in the synthesis or tuning procedures. Therefore 

the PI 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 at the nominal 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 is reasonable. 
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    1)  Smooth Flow Step Response 

The step response is presented for both controllers at a smooth (flow with 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. 18. We can see that the PI control action is more aggressive with shaft torque oscillations 

between 180 Nm and 400 Nm, before the step, compared to the gain scheduled controller of 215 Nm to 

300 Nm, also before the step. The standard deviation of the shaft torque signal for the PI controller is 75.6 

Nm compared to 28.1 Nm 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 can be seen 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 cyclic turbine rpm pulsation 

magnitude to minimize torsional transients. The standard deviation of the error for the PI controller  is 

0.053 and for the gain scheduled controller is 0.091showing the loss in tracking balanced against torque 

pulsation. 

    2)  Tracking Response 

For the tracking response comparison, a velocity curve taken from a field test trial October 9, 2008 was 

used as input to the simulation for each controller. The automatic reference generator was employed to 

track the maximum power point as this flow signal changes to give the tracking response for both closed 

loop systems. This allowed a reasonable comparison between simulation data and field test data in 

exploring controller performance. Results are displayed in Fig. 19. 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 located about 50 ft directly in front of the 5 kW test system. Again the tight 

tracking and large torque transients associated with the PI controller are readily apparent. This is due to the 

high gains 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 signals for the PI controller is 238 Nm compared to 82 Nm for 

the gain scheduled controller. Also note that the standard deviation of the hydraulic torque input signals for 

both control tests is 97 Nm 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 
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for the PI controller is 0.24 compared to 0.34 for the gain scheduled controller 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. 20 (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 of 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 controller as operational parameters change. 

Tracking results for the HÐ LPV controlled system are presented in Fig. 20 (right). 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 267 Nm and 164 Nm 

respectively, shows superior transient mitigation characteristics of the gain scheduled controlled system. 

The peak power oscillates between 4000 W and 6000 W for the gain scheduled system. During simulations 

with perfectly smooth flow, the power output oscillation due to torque pulsation with the HÐ LPV 

controller at the rated output for a water velocity of 3.0 m/s was 4100 W to 5900 W. 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. For these tests the 

water speed measurement was not filtered when passed into the reference generator and caused a noisy 

turbine speed reference signal. Low pass filtering of the flow signal would smooth the turbine rpm 

reference signal, and thus improve closed loop performance in all regions of operation. 

 

VII.  FIELD TEST RESULTS 

Field testing results are presented in this section. Testing was carried out at the hydrokinetic turbine test 

site located at Pointe du Bois, Manitoba, Canada, just upstream of an existing Manitoba Hydro dam site on 

the Winnipeg River. 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 
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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 field tests. Finally, due to peak flow speeds of only 2.4 m/s, control during power regulation (Region 

4) could not be field tested. 

A.  Step Response 

The step response over a ten second time window for both controllers is presented in Fig. 21. The 

response for the gain scheduled controller is good considering a flow surge occurs at the same moment the 

set-point is reduced from 79 rpm to 75 rpm. 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 versus the PI controller at similar turbine rpm (70 rpm) and flow 

speeds (1.6 m/s to 2.1 m/s). The standard deviation of the error and load current for the gain scheduled 

controller from 7.5 s to 10.0 s are 1.52 and 0.48 respectively. We can compare this to the standard 

deviation of the error (1.10) and load current (5.45) for the PI controller step response (Fig. 21 on the left) 

between 46 and 48 seconds. Thus the error standard deviation is higher for the gain scheduled controller 

but the load current, or torque, variation is dramatically lower. Though the flow velocity is not the same for 

both tests in these time frames (due to the stochastic nature of this uncontrolled variable), the trend for 

smaller load transients while maintaining reasonable tracking performance is demonstrated for the gain 

scheduled controller. 

B.  Tracking Response 

The auto tracking response over a ten second time window is shown in Fig. 22. It is apparent that the 

water speed signal contains high turbulence content. Future testing should filter this water speed signal 

when used for reference point generation using the tip speed ratio method as it causes a noisy rpm setpoint 

signal. Tracking is quite good for both controlled systems with an error standard deviation of 2.05 for the 

PI controller and 3.39 the gain scheduled controller. The load current transients (and therefore drive train 

torque transients) are notably reduced compared to the PI controller with standard deviations of 6.55 and 

4.60 for the PI and gain scheduled controllers respectively. Tighter speed tracking for the PI controller is 

demonstrated at the expense of large load transients. The flow turbulence is significantly lower for the PI 

test than that for the HÐ LPV controller in Fig. 22 and still has considerably larger load fluctuations. This 

would significantly reduce the fatigue life of turbine drive components. 
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VIII.  SUMMARY 

In this paper a physical model of a 5kW hydrokinetic turbine was developed from physical principles. A 

turbine variable speed control system strategy as well as control objectives were outlined. An HÐ LPV 

controller was designed, synthesized and tested through both simulation and field testing.  

The HÐ LPV controller demonstrated a clear tradeoff between reference tracking and induced load 

transients. The system maintained stability and performance over a large range of operating conditions. 

Compared to the PI controller the HÐ LPV controlled system displayed much smoother load transitions 

while maintaining excellent tracking performance. The MATLAB test results also demonstrated  consistent 

performance characteristics compared to the fixed point PI controller whose response changed with the 

operating point. 

The automatic turbine speed reference generator utilized for test purposes produced a noisy signal due to 

the unfiltered flow-velocity measurement employed. This reference generator uses known information 

about the turbine system to produce an rpm reference that corresponds to a constant tip speed ratio at 

which maximum power output for any given flow is attained (in Region 2 operation); and a speed 

reference that corresponds to the rated power output for Region 4 operation. This noisy turbine speed 

reference caused excessive control action not normally required to track smoother mean water speed 

changes as opposed to the turbulent variations that occur at much higher frequencies. 

Testing with the 5kW turbine in the wake of a larger 25kW turbine located 50 feet directly upstream also 

contributed to larger and more frequent control actions due to enhanced turbulence characteristics of the 

flow. While this is a more challenging test of the control system due to the enhanced disturbance 

characteristics, it may not be realistic in terms of what is actually seen in normal industrial applications. 

The HÐ LPV controller performed well in this field testing but would likely be tuned for more aggressive 

reference tracking if expected flow disturbances were known to be reduced while still maintaining some 

maximum allowable load transient magnitude and frequency. 
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Rotor Dia 

[m]

Blade 

Height 

[m]

Number 

of Blades

Gearbox 

Ratio

Rated 

Power 

[kW]

Water Speed 

at Rated 

Power [m/s]

1.52 0.76 4.0 13.5:1 5.0 3.0  
 

 

TABLE 1: Turbine Details  

 
 

 

 
 

 

 

Figure 1: 5kW hydrokinetic turbi ne test system (drive train) 
 

 

 

 
 

 

 

Figure 2: Turbine, floatation system and trailer 
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Figure 3: Power electronics system schematic 
 

 

 

 
 

 

 

Figure 4: Left: load resistors; Right: power electronics and control system.  The right picture, 

starting fr om 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 PWM amplifier (DC to DC 

converter). 
 

 

 

 
 

 

 

Figure 5: 5kW hydrokinetic turbine test system in operation 
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Figure 6: Generalized system (left), Free Body Diagram of low speed system (center), and Free Body 

Diagram of high speed system (right) 
 

 

 

 
 

 

 

Figure 7: Coefficients of performance and torque versus tip speed ratio 
 

 

 

 
 

 

 

Figure 8: Comparison of quadratic approximation for CT and test data 
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Figure 9: Control Strategy and regions of turbine operation. In Region 1 (from 0 to 1.5 m/s) the 

turbine is shut down due to low power input. Region 2 (from 1.5 m/s to 2.9 m/s) is known as 

maximum power point tracking for optimal energy extraction. In Region 3 (from 2.9 m/s to 3.0 m/s) 

the turbine runs at  constant speed. Region 4 (3.0 m/s to 3.25 m/s) gives a power output limited to 

rated power. 

 

 

 

 

d 

. a 

b 

c . . . 

 
 

 

 

 

Figure 10: Control Strategy example to turbine speed versus output power plane 
 

 

 

 

 
 

 

 

Figure 11: Two port diagram with weighting functions 
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 Figure 12: Frequency response for error and control weighting functions 

 

 

 
 

 

 

 

Figure 13: Convex region of possible operating points. The locus of possible operating points can be 

determined by a convex region (shown in red, and denoted by three vertices v1, v2, and v3) that is 

large enough to contain the control strategy (in blue) and account for operating point deviations 

during turbulent flow variations.  

 
 

 

 

 

 
 

 

Figure 14: Closed loop implementation of the H�’  LPV controller  
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