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ABSTRACT

A tidal current energy converter (TCEC) is a device specif-
ically designed to harness the kinetic energy present in tidal
energy and convert it into stable mechanical rotational energy,
which can then be used to generate electricity. The core com-
ponent of the TCEC is an infinitely variable transmission (IVT),
which adjusts the speed ratio to maintain a stable output speed
regardless of the input speed changes caused by tidal changes.
In order to ensure the efficient driving performance of the IVT
system, a closed-loop control strategy based on IVT state mea-
surement data is studied in this paper. This method can effec-
tively track the expected output speed of the IVT system in general
TCEC. Based on the proposed speed control strategy, the speed
regulation of the whole IVT system under different conditions is
studied in theory and simulation. These promising results could
directly contribute to future research to improve the efficiency of
tidal energy harvesting.

Keywords: Tidal current energy harvesting; Infinitely vari-
able transmission; Data-driven control; Output speed regu-
lation

NOMENCLATURE

Roman letters

i Speed ratio of the IVT

X State vector

t Time point

Jj Time step

X0 Initial value of the state vector

f,g Unknown dynamics of the DC motor
J Cost function

H Hamilton function

Vv Value function

0,R Matrices that define the Lagrange function

*Corresponding author: wzhu@umbc.edu

q Number of the data points that used to train NNs

Greek letters

Wy Rotation speed of the CFTs

wp Input speed of the IVT

Wy Output speed of the IVT

Wn Input speed of the noncircular gear

Adssr Optimal TSR value value of the CFts

T, Input torque of the IVT

Asrsr Optimal TSR value value of the CFts

0n Rotation angular of the second noncircular gear

Os¢1,05¢2 Rotation angular of the solar wheel in two planetary
gear systems

O Rotation angular of the control shaft
w;,, w;, Desired values of w,,, wy,
h Boundary function of the crank length

Ap,A; Proportional gain and integral gain of the crank length
controller

A,  Tracking error of the output speed of the IVT
Lagrange function

u Lagrange multiplier

Dimensionless groups

rog  Pitchradius of the output gear

Cor Crank length of the IVT

in Speed ratio of the noncircular gear pair
{crmax  Maximum value of the crank length
¢, Desired crank length

Vp Armature voltage of the DC motor

Up Control voltage applied to the DC motor
uy, Optimal control input

uj, Admissible control input

Wy Coeflicient matrix of the critic neural network
W, Coeflicient matrix of the actor neural network

Superscripts and subscripts
k Iteration number
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1. INTRODUCTION

Oceans cover 72% of the earth’s surface and contain vast
sources of renewable energy [1]. However, most ocean energy
technologies are in their early stages of development, from con-
cept design to demonstration [2]. Tidal current energy converters
(TCECs) are devices designed to capture the kinetic energy of
tidal flows [3]. Currently, TCECs require a current speed higher
than 2.25 m/s, which corresponds to water depths between 25 and
50 m to produce practical power [4]. This requires larger swept
areas of turbine blades and high tidal current speeds. However,
only less than 2% of sea regions with high-tidal current speeds
can satisfy the existing tidal current harvesting systems[5]. If the
cut-in speed of a TCEC is too low, the corresponding speed ratio
of the gear transmission must be very small to harvest enough
tidal energy. Therefore, a variable speed ratio transmission that
costs less and has more efficiency needs to be used for TCECs
under low-speed and high-torque conditions[6].

The IVT system, as described in [7, 8], consists of three
main components: a motion conversion module (MCM), an in-
put control module (ICM), and a non-circular gear pair. The
schematic diagram of the IVT system is shown in Figure 1. The
input power from the prime mover is transmitted to the ICM
through the meshing of the active and driven non-circular gears.
Within the ICM, there are two planetary gear sets with identical
structures. The control action generated by the stepper motor is
transmitted through two gears mounted on the control shaft and
the idler shaft, ultimately influencing the motion of the crank in
the MCM. The output speed of the ICM is first converted to the
translation speed of the Scotch yoke mounted on the MCM. Then,
the translation speed is converted to the speed of the four output
gears on the output shaft through the four rack-pinion meshing.
The speed of the four output gears is corrected by one-way bear-
ings and transmitted to the output shaft as the output speed of the
IVT.
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FIGURE 1: SCHEMATIC DRAWING OF THE IVT [7], WHERE 1 IS
THE INPUT SHAFT, 2 IS THE SECONDARY SHAFT, 3 IS THE CON-
TROL SHAFT, 4 IS THE OUTPUT SHAFT, 5 IS THE FIRST PLANE-
TARY GEAR SET (PGS), 6 IS THE SECOND PGS, 7 IS THE FIRST
SCOTCH-YOKE SYSTEM (SYS), AND 8 IS THE SECOND SYS.

The IVT is a unique transmission system that uses contact
forces instead of friction to transfer torque, making it suitable
for both low and high torque conditions. It has a broader range
of variable speed ratios compared to continuously variable trans-
missions (CVTs), and it can be started from zero. The main ob-
jective of the IVT control system is to optimize the crank length
to achieve high operating performance in TCECs. To achieve this
goal, a nonlinear closed-loop speed ratio control method com-
bined with integral delay feedback control has been developed
and described in [8]. This control method allows the IVT to ad-
just its speed ratio to the desired output speed with any variable
input speed. By incorporating delay control, the speed fluctuation
of the IVT output speed is significantly reduced, resulting in more
accurate speed ratios. The control strategy has been successfully
implemented in the IVT system, and experimental results have
demonstrated the IVT’s potential for broad application in TCECs.

It is important to note that the control approach put forward
in [9, 10] for the IVT system is model-based. This means that
a mathematical model of the IVT system must be established
based on its physical mechanism before the control design pro-
cess can begin. However, the accuracy of model-based control
design methods is strongly influenced by the accuracy of the
dynamical model. Because the IVT components often have non-
linear, uncertain, and complex dynamics, it is often challenging
to establish an exact dynamical model and accurately identify its
parameters. In recent years, there has been a growing interest in
using data science to actively control complex systems [11, 12].
The data-based control design approach reduces the dependence
on system dynamics models, and it may not even require any
model information at all. This paper proposes a new speed con-
trol method for the IVT system based on reinforcement learning.
This approach enables accurate speed control without establish-
ment of a dynamic model of the IVT system for tidal current
energy converters. We highlight the contributions of this paper
as follows:

(1) combining the crank length controller and an RL-based
data-driven speed controller, we put forward a near-optimal hi-
erarchical speed control framework for the IVT system in tidal
current energy applications; and

(ii) without establishing the dynamic model of the IVT sys-
tem, the control algorithm can track the output speed of the IVT
system accurately by using only the input and output data of the
system.

The paper is structured as follows. In Sect. 2, we introduce
an IVT-based TCEC system. We then present the theoretical
design of a crank length controller based on the IVT’s physical
mechanism in Sect. 3. Next, in Sect. 4, we propose a data-
driven RL-based speed controller for the DC motor system, which
is based on the sampling input-output data of the system. To
demonstrate the feasibility of the proposed control strategy, we
provide a special scenario case about IVT control design for a
TCEC in Sect. 5. Finally, we conclude the paper in Sect. 6.

2. IVT-BASED TCEC SYSTEM

In the TCEC system, two hybrid Darrieus modified-Savonius
cross-flow turbines (CFTs), an IVT, and a doubly-fed induction
generator are used, as shown in Fig. 2. These CFTs have a
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unique design that combines a modified Savonius-type turbine in
the central region and a Darrieus-type turbine in the outer region.
This design is known to enhance the hydrodynamic performance
of the entire turbine system by combining the advantages of the
Darrieus configuration and the modified Savonius configuration
[13]. The IVT receives the input speed of the CFTs, which is
determined based on the tip-speed ratio (TSR) of the CFTs that
can be written as

W = wp = /ltsrvndul (1)

Tt

where v;;44; 18 the tidal speed, r; = 2 mis the CFT” rotor diameter,
and A,y = 2 is the optimal TSR value under the highest energy
harvesting efficiency of CFTs at low and high tidal speed [14].
The torque 7, applied to the IVT input shaft is equal to the output

Cross-Flow Turbine

Generator

Tidal Currents

FIGURE 2: SCHEMATIC DRAWING OF THE IVT-BASED TCEC [10].

torque provided by the two CFTs under the action of the tidal
forces. However, in practice, it is difficult to calculate this torque
accurately, and usually, a torque sensor is used to measure it. The
output rotation speed of the IVT, denoted as w,,, determines the
speed ratio of the IVT, defined asi = % where w), is the rotation
speed of the IVT input shaft. The toraue 7, applied to the IVT
output shaft depends on the motion of its loads, such as the type
of generator and the output power.

The second noncircular gear (NG2) rotates with a period
of 2r and has a rotation angle denoted by 6#,,. The modu-
lated rotation speed of the ICM, represented by w,, is the ro-
tation speed of NG2 and can be calculated as w, = ‘:.)—:, where

in = ﬁimax {sm@n, sin(6, — %), sin(6, — m),sin(6,, — 7”)} is

the speed ratio of the noncircular gear pair. Based on the kine-
matic model of the IVT described in [9, 10], the speed ratio of
the IVT can be expressed as

. wp \/Ezrrog )
"o T 4,

In the design of the IVT system, the pitch radius of the output
gear is set as 38.1 mm, while the speed ratio is determined by the
length of the crank, denoted as £,,-. Specifically, the crank length
is proportional to the difference between the rotation angles of
the solar wheel in the two planetary gear systems, divided by four,

Hsgl *65g2
4

ie., {op = . As the two control gears rotate in opposite

directions with equal magnitudes, we have 6541 = —fg2, and
hence the speed ratio of the IVT is adjusted by the rotation angle
g1 of the first control gear, which is equivalent to the rotation
angle 6 of the control shaft.
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ft , for DC motor

\vT  +: Torque sensor i

input shaft for brake

" Encoder for |
1 output shaft

Stepper  |A§ “Encoder for |+ s |
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FIGURE 3: THE EXPERIMENTAL SETUP OF THE IVT SYSTEM [9].

It is essential to note that the dynamic performance of the
IVT system depends on the states of the input shaft and the crank
length. Therefore, the control behavior and the speed ratio vary
with the input speed, which is the unknown time-varying tidal
velocity, and the rotation angle 85 of the control shaft. As a
result, the primary control objective of the IVT-based TCEC is
to design a control algorithm that can achieve the desired speed
output of the IVT system under these changing conditions. To
achieve this objective, the control algorithm should be able to
adapt to the varying input speed and the rotation angle of the
control shaft. Hence, it should be designed to provide a robust
and accurate control performance. This approach will ensure that
the IVT-based TCEC system can operate smoothly and maintain
a stable speed output, despite the changes in input conditions.

In the IVT-based TCEC system, the output speed of the
turbine is utilized as the input speed of the IVT. However, for lab-
oratory experiments, a direct current (DC) motor is used instead
of the hydraulic turbine to drive the IVT and study its control
problem. The experimental setup, shown in Fig. 3, comprises an
IVT, a DC motor, a magnetic brake, a stepper motor, two torque
sensors, and three angular encoders. The DC motor generates
output shaft speeds that satisfy the relationship described in Eq.
(1) and drives the IVT to operate. The control speed of the con-
trol gears is provided by a stepper motor. The magnetic brake
mounted on the output shaft provides a variable load for the IVT
system. Three angular encoders mounted on the input shaft, the
output shaft, and the control shaft of the IVT measure their ro-
tation angles. To achieve the primary control goal of IVT-based
TCEC, the output speed w,, of the IVT needs to converge to a
desired output speed wj, by adjusting the crank length ¢, when
the DC motor operates at the rotation speed of the hydro-turbine.

To achieve this control objective, two controllers work in
tandem to form the hierarchical speed control of the [VT-based
TCEC. The first controller, the crank length controller, generates
a desired crank length £7.,. based on the speed ratio of the desired
input speed w; and the output speed wj, required in the IVT
system. The second controller, the data-driven optimal speed
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controller [12], forces the modulated input speed w,, of the ICM
to approach the desired input speed wj,. By working together,
these two controllers can achieve the desired output speed of the
IVT system and ensure a stable and efficient operation of the
TCEC system.

Overall, the laboratory setup provides a convenient and con-
trolled environment for studying the control problem of the IVT-
based TCEC system. By using the DC motor as the input, re-
searchers can investigate the system’s dynamic behavior and eval-
uate different control strategies for achieving the desired output
speed under varying input conditions.

3. CRANK LENGTH CONTROLLER

The hierarchical speed control system for the IVT-based
TCEC comprises two critical control strategies: the crank length
forward control and the crank length feedback control. The crank
length forward control calculates the desired crank length £,
based on Eq. (2). This control strategy is designed to ensure
that the output speed of the IVT system converges to the desired
output speed. Specifically, the desired crank length is given by

X
\/Enrogwu

=
er 4i,wi,

3)
The physical limit of the crank length is taken into account by
developing a look-up table based on the maximal crank length
Cermax- If €, < €crmax, then the crank length used in the IVT
system is a function of the desired modulated input speed wj,
and the desired output speed wj,, i.e., {cr (W), w}) = €. If
€7, > €cr max, then the required crank length exceeds its physical
limit and is set to the maximal crank length €¢; max-

The crank length feedback control adjusts the crank length of
the IVT to achieve the desired output speed. The tracking error of
the output speed of the IVT system, denoted as Aw, = w}, — wy,
is used as the feedback variable. A proportional-integral control
strategy is utilized to control the changing rate of the crank length,
which can be represented as

t
Cor (1) = ApAwy, (1) + 4; J Aw, (7T)dt 4)
0

where A, and A; are the proportional and integral gains, respec-
tively. The crank length generated by the crank length controller
is used in the data-driven speed tracking controller to achieve the
desired output speed of the IVT system.

To ensure that the tracking error Aw, asymptotically ap-
proaches zero, the crank length feedback control aims to achieve a
stable and accurate control performance. By utilizing a combina-
tion of the crank length forward control and the crank length feed-
back control, the hierarchical speed control system can achieve the
desired output speed of the [IVT-based TCEC system and maintain
its stability and efficiency under varying input conditions.

Overall, the hierarchical speed control system provides a
robust and effective control strategy for the IVT-based TCEC
system. The combination of the crank length forward control and
the crank length feedback control ensures a stable and accurate
control performance and enables the system to achieve the de-
sired output speed and maintain its efficiency under varying input
conditions.

4. DATA-DRIVEN OPTIMAL SPEED TRACKING CONTROL

In order to ensure the IVT system shown in Fig. 3 that has
time-varying speed input can output a constant speed, an input
speed controller needs to be designed to drive the DC motor to
output the desire speed that is used for the crank length controller
proposed in Sect. 3. In this section, we consider the DC motor
and the noncircular gear pair as a whole system. We use a data-
driven method to control the output speed of NG2 (w;,) to track the
desired speed value (w;,) without building the dynamical model
of the DC motor system.

Assume a general physical model that can describe the input-
output relationship of the DC motor can be expressed as the
following time-invariant form,

x(1) = f(x) + g(¥)up, x(10) = xo 5)

where 1y is the initial time, x = [6,, w,]T is the state vector,
xo € R%is theinitial state, u,, € R! is the control voltage applied to
the DC motor, f(x) and g(x) are continuous nonlinear functions.
A cost function associated with the control input u,, is usually
defined as

J= J {u" [£(x) +g(x)up — x| + £ (x,up) bt (6)

where £(x,u,) > 0 is the Lagrange function and y is the La-
grange multiplier. The necessary condition for J to achieve opti-
mality is

O0H (x,up, 1)

™ 0 @)

where H = £ (x,up) + u" [f(x) + g(x)u,| is the Hamiltonian
function. According to the Pontryagin’s minimum principle [12],
the optimal output speed of the DC motor can be determined
by uj, = in H(x*,u,,u");, where x*, u},, u* denote th
y up = arg) min (X", up, )} where x*, u;,, u* denote the

P
optimal solutions and U is a bounded control subset that contains

different controller candidate.
Define a value function

V(ix) = J L(x,up)dr )
t
The Hamilton-Jocobi-Bellman (HJB) equation for the time-
invariant system (5) can be written as

avV(x)T

L )
(x,up) + o

[f(x) +g(xX)up] =0 )

where g—‘; plays the role of u in the original definition of the
Hamiltonian function. If £(x,up) is chosen to be £(x,u,) =
%(xTQx + Ruf,) with Q > 0 a semi-positive matrix and R > 0 a
positive number, the optimal speed control is

4y (1) = () VD)

Then we use policy iteration method to update the value
function to get its iterative solution. Let u,’j and V¥ (x) denote the

(10)

control input and value function at the k’ h jteration, then we have

avk+l ()C)T

o [f(x)+g(x)uf,] +L(x,u§) =0 (11)
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Let uj, denote an admissible control at the (k + 1)!" iteration and
substitute it into the expression for the derivative of V(x) with
respect to time, we have

gV k+l (x)T
Ox

Subtracting Eq. (11) with Eq. (12), we get the following expres-
sion

VAL (x) = [f(x) +g(x)u),] (12)

gV k+l (x)T

VKL (x) = =L (x, uf) + g
ox

’ k
() (up —uy)  (13)
Besides, Eq. (10) implies that Wg(x) can be replaced by
—RuI’§+1. So Eq. (13) can also be written as

VKL (x) = =L (x, u;) - Ruf,“(u;, - u]’;) (14)

According to the integral reinforcement learning [15], integrating
both sides of Eq. (14) from ¢ to ¢ + Az, the following equation
stands

VL (x (1)) = VE L (x (1 + Ar))

1Al k+1 ’ k
—RJ Wk () (' (1) - (2))de

= JHAI L(x(7), up(1))dr (15)

It is noted that the integral reinforcement learning algorithm
is used to transform the differential Eq. (14) into an iterative
algebraic equation in the form of Eq. (15) by introducing the
input-output data of the system. Then the actor-critic form neural
networks can be used to approximate the solution of Eq. (15).
This approach has been widely used in data-driven control design
process.

100

90+t Desired input speed ]
Simulational input speed

Input speed (rpm)

Second stage

20 First stage Third stage

0 50 100 150 200 250 300
Time (s)

FIGURE 4: THE DESIRED INPUT SPEED AND THE SIMULATION IN-
PUT SPEED UNDER THE PROPOSED CONTROL STRATEGY.

The optimal value function V* and control policy u,, can
be approximated through a critic neural network V**!(x) =

Wy 141 9v(x) and an actor neural network u**! = wil @, (x)

respectively, where ¢y, @, are linearly dependent basis func-
tion vectors, and Wy i1, Wy k+1 are the estimations of unknown
coeflicient vector. The system’s states (or measurable outputs)
are selected as the neurons of the actor network. The weighting
parameters of each neuron are initialized to be zero and trained
with the LS method based on the collected input-output data of
the system.

Define a time sequence #; = jAr with j = 0,1,...,¢q
for a large interval. Based on the least-squares (LS)
principle, the estimated weighting function vector Wy, =
(W 415 vec(Wu k1) 1" can be determined by minimizing the
square of the residual (e]’.‘”)z. The solution of this LS prob-
lem is Wiy = [PT(Wi)P(Wy)] ™ PT (W) T (Wy), where
P(Wy) = [po,pl, ... ,pq]T and I1 (Wy) = [7T0,7T1, ... ,nq]T.
Details can be found in [12, 16].

In this paper, the following basis function vectors are defined
to be the hide layer neurons of the critic and actor NNs, ¢y =
(62, w2, 0,w,]Y, ¢y = [6n,wn]T. The initial weights wyq and
w0 of the two NNs are set to zeros. The two weight matrices
used to define the value function are set to Q = diag([120,0.1])
and R = 1.0, respectively.

220 . . . . .
0 2 4 6 8 10 12

Iteration k

FIGURE 5: THE WEIGHT COEFFICIENTS OF THE CRITIC-ACTOR
NEURAL NETWORKS IN THE TRAINING PROCESS.

5. SIMULATION RESULTS AND DISCUSSION
5.1 Simulation Results

In this section, we provide a scenario case to demonstrate
the feasibility of the proposed control strategy. The tidal speed
applied to the CFTs is assumed to be time-varying. Using Eq. (1),
we can calculate the rotation speed of CFTs, which will be used
as the input speed of the IVT system. Based on the speed ratio of
the ICM, we can then solve for the rotation speed of NG2, denoted
as wy,, as shown by the red line in Fig. 4. The rotation speed can
be divided into three stages - the first stage being a uniformly ac-
celerating motion, the second one being a constant speed motion

Copyright © 2024 by ASME



stage, and the third one being a uniformly decelerating motion
stage.

To obtain the optimal coefficients of the data-driven speed
controller proposed in the previous section, the input and output
data of the IVT system should be fed to neural networks. It is
noted that the data are obtained from the dynamic model of the
IVT system, which has been validated in the authors’ previous
works [8-10]. Then, the probing excitation signal is randomly
chosen as u, () = 0.5(sin(10.57¢) +sin(24.5x¢) + sin(38.57¢) +
sin(40.57t) + sin(55.57t) +sin(60.57¢t) + sin(757¢) + sin(887xt))
and the sampling time interval is set to be Ar = 0.02 s. By us-
ing u,, as the input voltage, we have measured the output state
of the DC motor system based on the IVT’s dynamic model,
particularly the rotation angle and rotation speed of NG2. Af-
ter 11 iterations, the coefficients of the NNs converge to wy =
[6.858,0.0088505,0.28439] and w,, = [-10.6773, -0.605826]
respectively. The changing process of the weight coefficient of
the neural network in the training process is shown in Fig. 5.

T T T T T

PD
Data-driven RL
Desire

05r

sin 4,

FIGURE 6: THE ROTATION ANGLE OF NG2.

Substituting the coefficients w, of the 117" iteration into
u = WZ,I 1 9. (x), we can use it to control the DC motor system
and generate the tracking output speed signal, which is shown as
the blue line in Fig. 4. However, we can observe that there is a
significant speed-tracking error between the desired input speed
and the simulated input speed. The maximum error is around
5.78%.

11

5.2 Discussion

We have studied the tracking performance of the rotation
angle 6, of NG2 by performing a coordinate transformation.
The relationship between sin,, and cos 8,, is shown in Figure
6. The red line represents the corresponding angle at the desired
speed w},, the green line represents the corresponding angle at the

¢
cr

Crank length: /¢
=

0.021 1

0 50 100 150 200 250 300
Time (s)

FIGURE 7: THE DESIRED CRANK LENGTH AND THE MODIFIED
CRANK LENGTH FOR THE CRANK LENGTH CONTROLLER.

rotation speed under the data-driven RL control strategy, and the
blue line represents the corresponding angle at the rotation speed
under a traditional PD control. The figure shows that the proposed
data-driven control approach has a significant advantage over the
traditional control method in terms of tracking the rotation angle.

We then considered the desired rotation speed and the simu-
lation rotation speed of NG2 under the proposed control strategy
as the input speed to the IVT system, respectively, and studied the
crank length control. We set the desired output speed of the IVT
system to be w,, = 70 rpm and used the crank length controller
to adjust the crank length in real-time to ensure that the output
speed of the IVT system remains constant, regardless of the input
speed. Using Eq. (3), we calculated the desired crank length £,
corresponding to the desired rotational speed of NG2. Then, tak-
ing into account the length constraint of the crank, we calculated
a modified crank length ., (w},, w},). Figure 7 shows the desired
crank length and the modified crank length with respect to the
desired input speed. It is evident that when the input speed is too
slow, such as at the beginning and the end of the scenario case,
a larger crank length is needed to adjust the input-output speed
ratio to ensure the constant output speed of IVT.

Finally, we tested the output speed of the IVT system using
the crank length controller. The simulation results for the output
speed are shown in Fig. 8. The figure shows that the IVT system
can successfully achieve a fixed speed output under the data-
driven RL control for the DC motor and the crank length controller
for the IVT system. However, there are significant fluctuations
in the output speed of the IVT system, with an average error of
about 5.48%.

6. CONCLUDING REMARKS

In summary, this paper proposes a new control strategy for the
nonlinear control of the IVT system by combining a crank length
control and a data-driven RL-based speed control. The input
speed control is developed based on the sampling input-output
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FIGURE 8: THE SIMULATIONS OUTPUT SPEED OF THE IVT SYS-
TEM UNDER THE PROPOSED CONTROL STRATEGY.

data of the IVT system rather than a dynamical model, which
liberates the requirements for dynamic modeling processes. The
crank length control is designed based on the physical mechanism
of the IVT system. The proposed control strategy, along with
the tracking error model, exhibits good control performance of
the speed ratio of the IVT system with a variable input speed.
The simulation results show that the control strategy can adjust
and stabilize the speed ratio of the IVT system for the desired
output speed. Although the output speed has large fluctuation
errors, this study is only an initial exploration of the data-driven
control method in TCEC speed control. The results show that
this method has great application potential and has ample room
for improvement. In the following research, we will try to carry
out experimental research to verify the actual performance of the
proposed control method.
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