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Turbine Speed Control for an Ocean Wave Energy Conversion System

Paula B. Garcia-Rosa, José Paulo V. S. Cunha and Fernando Lizarralde

Abstract—In this work, a hydraulic turbine speed governor
is proposed in view of its application in an isolated electric
generation system based on an ocean wave energy converter
(WEC). The proposed strategy is based on cascade closed-loop
control combined with feedforward of load disturbances. The
main characteristics of a WEC are presented and a dynamic
model of the generating unit is developed. Experimental results
illustrate the performance of the proposed control scheme.

Index Terms— Ocean wave energy, Cascade control, Feedfor-
ward control, Pelton turbine, Speed governor.

I. INTRODUCTION

The use of renewable sources to produce electricity rep-
resents an alternative to meet the growing energy demand
and reduce global C'O, emissions. In this context, the ocean
wave energy has been considered an interesting solution to
islands or countries with large coastal areas [1].

Nowadays, the wave energy converters (WECs) are in
different stages of development. They are usually based on
the following principles of energy conversion [1]: (i) Os-
cillating Water Column (OWC): the wave action makes the
water level in an air chamber oscillate. Then, the air in the
chamber is compressed and expanded generating an air flow
through a Wells turbine coupled to an electrical generator;
(ii) Oscillating Bodies: the buoy movement generated by
the wave actions compress water (or oil) through hydraulic
cylinders. The compressed fluid flows through turbines or
motors coupled to generators. Some examples of these tech-
nologies are the OWC Plant on the Pico Island, the LIMPET
Converter, the Energetech OWC, the Pelamis Wave Energy
Converter and the Archimedes Wave Swing [1].

This paper considers an oscillating body WEC proposed
by the Submarine Technology Laboratory at COPPE/Federal
University of Rio de Janeiro (Brazil), which applies a hyper-
baric chamber and a conventional Pelton turbine coupled to
an electric generator [2].

The electric generator can be connected to the power grid
or, to an isolated system. In this framework, the system
should be maintained at the normal operation state, even in
the presence of variations in the load demand. The quality of
the electricity supplied must meet requirements with respect
to limits of variations in frequency and voltage, as well as
the level of reliability [3]. For these purposes, voltage and
frequency (speed) controllers can be applied in synchronous
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generators or other controllable equipments located in the
electric power grid, when the energy source is highly vari-
able, as in wind or wave energy. Note that in the considered
WEC, the hyperbaric chamber act as an energy storage
system, which smooths incoming power variations due to
changes on the sea state. Then, the traditional techniques
generally used in hydropower plants can be considered to
obtain an acceptable power quality.

Frequency and voltage control can be simplified by the
natural decoupling between pairs of the following variables:
active power/frequency and reactive power/voltage. There-
fore, within the normal range of operation, the flow of active
and reactive power can be considered independent of each
other and influenced by different control actions [3]. In this
work, the problem of frequency (speed) control of an isolated
wave energy system is addressed. Then, to regulate the speed,
the generated power is controlled by changing the water
flow by means of a distributor, which injects water into the
turbine blades. Usually, the actuator of a speed governor is
the distributor.

Isolated and small systems are difficult to control [4],
since the system inertia is small and there is only one or
few generators connected to the load to restore the system
frequency. Therefore, fast rates of speed changing can occur
when there is an abrupt load disturbance. Thus, to keep
the operation of these systems within acceptable limits of
frequency deviation (£2%) [5], the controller must be able
to reduce speed deviation during transients.

In reference [6], an electronic load governor is proposed
for a mini-hydroelectric power plant. However, this solution
requires additional power electronics equipment.

On the other hand, high-gain control can be used to
maintain the turbine speed insensitive to load disturbances.
However, the use of high gains may destabilize the system
[7]. In references [7], [8], overspeed controllers with propor-
tional and integral (PI) actions combined with feedforward
control are applied to a small hydroelectric power plant. The
use of feedforward allows the reduction of the PI gains such
that the gain margin is increased in order to avoid oscillations
and stability problems.

In this paper, a cascade closed-loop controller plus feed-
forward of load disturbances is proposed for the turbine
speed control of an isolated WEC. The performance of
the proposed control scheme is illustrated by experimental
results obtained with a small prototype.
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Scheme of the wave energy converter system.

Fig. 2.

II. WAVE ENERGY HYPERBARIC CONVERTER FOR
ELECTRICITY PRODUCTION

The wave energy hyperbaric converter shown in Fig. 1
consists of pumping modules connected to a generating unit,
which is composed of a hyperbaric chamber, a hydrop-
neumatic accumulator, a hydraulic turbine and an electrical
generator.

Each pumping module has a buoy linked to a hydraulic
pump through a lever arm. The vertical motion of the
buoy, due to the wave action, induces the pump to displace
water obtained from a closed circuit to the hydropneumatic
accumulator. The output flow of water from this accumulator
is released in the form of a jet, which moves a Pelton turbine
coupled to the electrical generator [2]. The hydropneumatic
accumulator stores water at high pressure. It provides an
approximately constant hydraulic pressure, even with vari-
ations in the waves and in the stored water level, since it is
connected to a large hyperbaric chamber filled with nitrogen.

Figure 2 presents a small-scale prototype of the WEC
system tested in the ocean basin (LabOceano) at the Federal
University of Rio de Janeiro (Brazil). Figure 2.a presents
the small-scale (1:10) pumping modules. In these tests, the
hydropneumatic accumulator (Fig. 2.b) has been previously
pressurized with nitrogen gas.

Wave energy converter system at LabOceano: (a) small-scale pumping modules; (b) small turbine and hydropneumatic accumulator.

III. DYNAMIC MODEL OF THE GENERATING UNIT

It is assumed that the hyperbaric chamber smooths the
variations in the power absorbed by the buoys, such that
the pressure in the hydropneumatic accumulator is constant.
Therefore, the generating unit of this system can be modeled
similarly to generating units of hydroelectric power plants,
since the chamber maintains the pressure high and the energy
conversion processes of these units are similar.

For the purposes of speed governor analysis and design,
the plant model should consider the dynamics of the turbine,
which includes the water dynamics in the conduit, and the
dynamics of the rotor (Fig. 3) [9]. This section describes

= Mechanical
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controller dynamics dynamics
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Basic structure of a generating unit.

Electrical
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Fig. 3.

the distributor dynamic model, which is a needle for Pelton
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turbines, a linearized hydraulic turbine model including the
conduit and rotor dynamics.

A. Needle Dynamics

The needle is mechanically coupled to a DC servomotor.
Since the motor shaft rotation results in a linear displacement
of the needle, a model of this electromechanical actuator is
given by the transfer function [10]

Xn(s) K,

Guls) = U(s)  s(Tps+1)’ M
where
o K oo R,J U,
"TRab+ k2 " Rab+kZLT T X

X, is the normalized needle position (per unit — pu), X,,, is
the base needle position (m), U is the normalized servomotor
voltage (pu), U, is the base servomotor voltage (V) and k, is
ratio between the linear displacement of the needle and the
corresponding motor shaft rotation (m/rad). The parameters
of servomotor are the torque coefficient k,, (Nm/A), the
armature resistance R, ({2), the equivalent moment of inertia
J (kgm?), and the viscous friction coefficient b (Nms/rad).

B. Hydraulic Turbine Dynamics

A linearized model of a hydraulic turbine can be obtained
considering the following assumptions [3]:

(A1) The water is incompressible and the conduit is

inelastic;

(A2) The pressure loss in the distributor and conduit are
negligible;

(A3) The water speed in the conduit is directly propor-

tional to the distributor opening and the square root
of the water column height (which, in this case, is
proportional to the accumulator pressure);

The mechanical power of the turbine is proportional
to the product of pressure and water flow through
the turbine.

(A4)

Then, considering assumptions (A1)-(A4), the linearized
model of the hydraulic turbine, for small signals about an
operating point, is given by the transfer function
AP, (s)  1—-Tys _ LQo
_AXn(s)_l—F%Tws ’ Y gALHy'

Ga(s) 2
where AP, is the incremental change of the turbine me-
chanical power (pu), AX,, is the incremental change of the
needle position (pu), T, is the water inertia time constant
(s), L is the length of the conduit (m), Ay, is the cross section
area of the conduit (m?), g is the gravity acceleration (m/s?),
Qo is the rated value of water flow (m? /s) and Hy is the
equivalent water column height (m).

The transfer function (2) gives the relationship between
the turbine mechanical power and the distributor position for
ideal lossless turbines. In the considered WEC, the conduit
can be designed to keep T, small such that the turbine
power response to distributor commands is fast enough for
improved control performance. For this purpose, the turbine

must be installed near the hydropneumatic accumulator. A
short conduit (small L) with large cross section area (Ayp) is
desirable to reduce non-minimum phase effects [4].

In this WEC, the conduit length is L =3 m. Then, using
the expression T, = LQo/gAL Hy, one estimates that T, is
0.07s, which is relatively small compared to hydroelectric
plants, where the constant T, typically varies from 0.5s to
4s, resulting in significant non-minimum phase effects.

For example, in the small hydroelectric system described
in [7], [8], the needle movements must be slow to reduce
pressure oscillations due to the long conduit. Therefore, the
control is achieved through deflectors that can divert the
water jet and reduce the mechanical power quickly [7]. Of
course, deflectors cause undesirable energy losses and their
use can be avoided in this WEC system since 7}, is small.

C. Rotor Dynamics

The rotor dynamics includes the electrical generator and
the electric load. Considering an isolated generating unit sup-
plying a local load, the rotor motion satisfies the following
differential equation

1 Jmwd
T (AP, — AP,), T, = Py 3)
where AP, is the incremental change of the mechanical
power on the turbine shaft (pu), AP, is the incremental
change of the generated electric power (pu), Py is the rated
power of the generator (W), Aw is the incremental change
of the rotor speed (pu), wy is the base speed (rad/s), J,, is
the combined moment of inertia of the generator and turbine
(kgm?) and T, is the mechanical inertia time constant (s).

The electrical power of the generator can be modeled by

a constant power term and a frequency dependent term [3],

AP, = AP, + DpAw, “4)

Aw =

where APy is the incremental change in the electric load
(pu) and D, is the load-damping constant (pu).
Then, from (3) and (4) the linearized model of the rotor

is given by the transfer function
B Aw(s) B 1 5)
AP, (s) = APL(s) Tms+D,’

In the absence of a speed governor, the system response
to load disturbances is defined by the rotor inertia (J,,) and
the damping constant (D).

G3(s)

IV. SPEED GOVERNOR

The main objective of a speed governor is to regulate
the turbine speed at the rated value, w;,.¢, so that the
generated power equals the load power. In the presence of
load disturbances, the governor should reduce speed changes
and, consequently, avoid the frequency to reach unacceptable
values. Hence, the following criteria is established for the
controller design: the steady state error of the turbine speed
(in case it occurs) and the speed deviation during transients
should be kept within the admissible tolerance (£2%) [5].

In this context, a cascade controller combined with feed-
forward of the measured load power is proposed in order to

2751



PI | P | PI

Py /Py,
AP +
! = PLoPLo=!

K. u K
n
Kpno,(;
s Tys+ 1

,,,,,,,,, xnolxnofl Gy(s) G
% n| -T,s+1
Ao
05Ty, s +1

Turbine
speed

! \
Oref =1 Xnref |, y e
N ‘ haref 0
ce) = —| Xpn1 ¢ —

: : ‘

‘ ‘

‘ ‘

‘

‘

/ j N
n ‘ 1
i S
i
Needle and i
servomotor '

Rotor
dynamics

Hydraulic
turbine

controller

L Needle speed control loop

Fig. 4. Block diagram of the proposed turbine speed governor. Water pressure disturbance signals are not shown to avoid clutter.

regulate the speed of a Pelton turbine. Figure 4 shows the
block diagram of the proposed controller.

A. Cascade Controller

A P-PI cascade controller [10] is adopted for the needle
position control (inner loop) and a PI controller is adopted
for turbine speed regulation (outer loop), see Fig. 4.

The tuning of the needle control loop has to be performed
before the turbine speed control tuning. The adjustment of
gains K0, K;p and Ky, is based on pole placement. First,
the internal loop is tuned (needle speed control) and then,
the external loop (position control).

Gains Ko and Kj;, are determined such that the two
closed-loop poles are located at ps = cp;, where p; is the
desired P-PI dominant pole and ¢ > 1 is a design constant.
From the internal loop characteristic equation

K, Kpno+1 K, K;
2 npn0 nflin
= 6
S+< T, )8+ T 0, (6)
the gains can be calculated by
2T cp1 + 1 T, 22
Kppo=——F—, Kin= 7
N Km0

The Kp,1 gain is chosen such that the dominant pole p;
of the needle position control loop has faster dynamics than
the turbine control loop. Thus, the gain K, is given by

2 2
Koy = 22— =1 ®)
c? —2cpy — Ty
The turbine PI speed regulator is given by

K

C(s) =K, + ? , 9)

where the gains K, = 0.0022 and K; = 0.001 are adjusted
according to the performance criteria established in Sec. I'V.
The resulting gain margin is 25 dB and the phase margin is
55°.

In the presence of large load disturbances, the needle speed
reference signal (yrer) has to be saturated in order to limit
the maximum speed of the needle displacement (Ypmaz)s
since in this case, the feedforward control action may de-
mand fast displacements of the needle. Thus, an antireset
windup strategy can be adopted to avoid the excessive growth
of the integral action, when voltage saturation occurs in the
servomotor terminals.

B. Feedforward Control

In order to attenuate disturbance effects and reduce turbine
speed changes, a feedforward action is added to the control
structure as shown in Fig. 4. This strategy provides an
anticipatory corrective action, which partially compensates
the effects of disturbances before the closed-loop controller
actuates significantly. The load electrical power (Ppr) is
estimated from measure of voltage and current.

According to [11], a feedforward compensator should
ideally be given by the inverse of part of the nominal plant
model, i.e.,

Gy(s) = [Culs) Ga(s)] ",

where C),(s) is the transfer function of the needle position
control loop (see Fig. 4). As the inverse of C,,(s)G2(s) is
nonrealizable, since it is unstable (due to the non-minimum
phase of G(s)) and noncausal, G(s) is approximated by
the static gain

Gy (s) (1)

This is a good approximation provided that the needle control
loop is fast enough and the time constant 77, in (2) is small.

(10)

~ Ky =[Cn(0) Go(0)] " =1.

V. SIMULATIONS

In this section, simulation results are presented in order to
evaluate the performance of the proposed control scheme in
terms of settling time, steady state error and speed deviations
caused by load disturbances.

The linear plant parameters were experimentally estimated
from the voltage step response of the electromechanical
actuator (needle speed/motor voltage) and from the needle
position step response of the turbine (turbine speed/needle
position), considering small incremental signals about an
operating point. The parameters obtained are K,, =0.0226,
T, =0.096s, T,, =0.005s and D, =0.0014. The designed
parameters of the needle controller are K, =108, K;, =
1350 and K, =1.7.

Figure 5 shows the response of the closed-loop system
for step changes of 10% and 25% on the nominal load with
(Ky=1) and without (K =0) feedforward.

It can be observed that without feedforward (K;=0) the
speed error exceeds 2% for AP; = 25%. Thus, it is not
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Fig. 5. Simulated rotor speed (w) response to load disturbances.

possible to maintain the speed within acceptable limits for
large load disturbances using only the cascade closed-loop
controller. On the other hand, when the feedforward control
action (Ky = 1) is combined with the cascade controller,
the speed deviation can be kept within +1%, exhibiting an
overshoot of 0.4% for a load disturbance of 25%.

VI. EXPERIMENTAL SETUP

The experimental setup in Fig. 6 is used for evaluation of
the proposed control scheme. The generating system consists
of a chamber, an electromechanical actuator, a Pelton turbine
and an electric generator. The electric load is a set of parallel
connected rheostats. As in previous experiments [2], the
chamber has two compartments in which the water is isolated
from the nitrogen gas, previously pressurized to form a
hydropneumatic accumulator.

Load DC Pressurized
(theostats) Needle servomotor nitrogen cylinder

Electric Hydraulic Hydropneumatic
generator turbine accumulator

Fig. 6. Experimental setup.

The electromechanical actuator is composed of a DC
servomotor (GM9234S031, Pittman Co.), a PWM driver
(1.3 Ax12V) and a needle. The needle position is measured
by an incremental encoder coupled to the motor shaft. The
turbine speed is also estimated by an incremental shaft
encoder (HEDM 5500, HP Inc.).

The control algorithm is coded in C language and imple-
mented on a DSP (Digital Signal Processor) board with 0.01 s
sampling interval. This board has a TMS320C31 processor
and integrated encoder inputs as well as a D/A converter that
drives the motor which moves the needle. This is installed
in a Linux box and the data transfer is handled by a Java
Interface.

VII. EXPERIMENTAL RESULTS

The experimental results are shown in Figs. 7 and 8. It can
be observed that the turbine speed takes approximately 25s
to resume the nominal value after the system is submitted to
a load change of 25%.

It can be observed in Fig. 7.a that, without the feedforward
control action, the speed deviation reached approximately
5%. On the other hand, when the feedforward action is
included, the deviation is less than 2% (Fig. 8.a). As ex-
pected, the feedforward action reduces the effects of load
disturbances. The needle displacement is faster when this
action is used and the control signal amplitude is larger,
according to the comparison of Figs. 8.b—d with 7.b—d.

A steady-state error of 0.5% can be seen in Figs. 7.a
and 8.a either with or without feedforward control action.
The continuous needle drift observed in Figs. 7.c and 8.c
compensates for the decrease of the nitrogen pressure which
occurred during the experiments. This pressure variation can
be considered as a ramp disturbance and causes the steady-
state error observed in the turbine speed. It is expected that
this disturbance will not occur in the full-scale WEC, where a
large hyperbaric chamber and a hydropneumatic accumulator
will maintain the pressure practically constant.

The performance of the simulated feedforward scheme in
Fig. 5 is better than the experimental performance in Fig. 8.a,
since the simulated feedforward provides a better estimate
of the load disturbance than can be achieved in practice.
Furthermore, the water pressure in the hydropneumatic ac-
cumulator is considered constant in the simulated model.

VIII. CONCLUSIONS

In this work, an isolated ocean wave energy converter
(WEC) for electricity generation is considered. A control
strategy based on a combination of a cascade feedback
controller with a feedforward controller has been applied for
speed regulation of a hydraulic turbine.

A dynamic model of the generation unit of a WEC
is developed considering approaches used in hydroelectric
plants. The feedforward of the load power is applied in order
to attenuate the effects of electrical load disturbances and
to improve the regulation of the turbine speed. The imple-
mentation of this scheme is simple due to the small length
of the conduit which supplies water to the turbine, unlike
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Fig. 7. Experimental results: cascade control (K y =0).

hydroelectric plants where longer conduits cause significant
non-minimum phase effects which require more elaborated
feedforward schemes [12] and deflectors [7], [8].

The results obtained in simulations and experiments illus-
trate the good performance of the proposed control scheme.
It was shown that the cascade control action alone may not
limit the speed deviation to acceptable levels for large load
changes. Thus, a combined action with feedforward control is
essential to improve the performance of the speed governor.

In future works, the dynamic effects of the hydropneu-
matic accumulator will be evaluated, since large variations in
ocean waves are expected and may disturb the water pressure
and the performance of the proposed control scheme.
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