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Abstract

Design and Implementation of a Power Smoothing System for Cross-flow Current Turbines

Hannah Aaronson

Chair of the Supervisory Committee:
Associate Professor Brian Polagye
Department of Mechanical Engineering

Previous studies optimizing control strategies for cross-flow (i.e., “vertical-axis”) current
turbines found that sinusoidally varying rotor speed within a single rotation can increase
mechanical power output by up to 59%. However, this control strategy, known as intracycle
control, comes with a cost: for a two-bladed turbine, electrical power output associated with
a 1 kW average is estimated to fluctuate between producing 16 kW and consuming 11 kW
twice per rotation. This power quality is incompatible with direct use. Here, we describe a
power smoothing system that reduces the root mean square of fluctuating output power by
99% with 97.0% efficiency, using a simple LC filter and bi-directional DC-DC converter. A
small-scale simulation of the system is validated using a comparably sized experimental set-up

to increase confidence in the full-scale simulation and demonstrate practical implementation.
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Chapter 1

INTRODUCTION

One of the largest challenges for the electrical integration of distributed renewable re-
sources is power fluctuation over relatively short and long time scales [1]. Intermittent and
unpredictable power from renewable resources, used to offset climate change associated with
dispatchable fossil-fuel resources, may disrupt the stability of the power grid and the bal-
ance of supply and demand. Long-term power intermittency is a well-established concern in
the renewable energy industry, and the feasibility of grid-scale energy storage systems (e.g.,
pumped hydropower, compressed-air storage) to mitigate this is an active area of research
2], [3]. Short-term power fluctuation is also problematic. For example, in wind energy
generation, incident resource power is proportional to the cube of wind speed, such that
turbulent gusts can lead to grid frequency disruption or voltage flicker. In such power gener-
ation systems, a bi-directional DC-DC converter on the DC bus, coupled with energy storage
(e.g., batteries, supercapacitors, or flywheels) can smooth these minute-to-minute variations
in power [4].

Like generation from other renewable resources, current turbines operating in rivers, tidal
channels, and ocean boundary currents will be required to adhere to distribution and trans-
mission grid standards [5]. To date, a relatively high levelized cost of energy in comparison
to alternatives has limited the adoption of grid-scale current turbine arrays. However, in
remote locations, conventional energy costs are higher and current turbines may be cost-
effective [6]. These remote locations are often isolated from utility-scale grid infrastructure,

which makes power quality of electrical generation a particular concern [7].

Cross-flow turbines (“vertical-axis” in wind) have distinct, potentially advantageous prop-

erties compared to axial-flow turbines (“horizontal-axis”), including lower maximum blade



speed, bi-directional functionality in reversing tidal flows, and potential to increase system
efficiency in tightly-packed, high-blockage arrays [8], [9]. Typical control strategies involve
maintaining an optimal tip-speed ratio for a given inflow velocity through regulation of rotor
speed or torque. Turbines with a high mechanical conversion efficiency (i.e., water veloc-
ity to shaft torque) typically have a small number of straight blades [10]. Because of the
variation in apparent angle of attack for the rotating blades, hydrodynamic torque varies
periodically with blade position, leading to oscillations in mechanical power over the course
of a single rotation, with a primary frequency dictated by the number of turbine blades.
This instantaneous power cycles between production (generating) and consumption (motor-
ing) in the range of practical interest for net power generation [11], [12]. Furthermore, it has
been demonstrated that optimizing the amplitude and frequency of turbine speed within a
rotation, termed “intracycle control”, can increase mechanical conversion efficiency by up to
59% [13]. However, this increases the peak-to-average ratio of mechanical power, such that

the associated electrical power may not be compatible with direct use [14].
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Figure 1.1: Normalized active power as a function of rotational phase for a current turbine
utilizing differing control schemes.

Fig. 1.1 compares the active power delivered to the grid, normalized by average power,

for a two-bladed turbine rotating at ~1 Hz utilizing constant speed or intracycle control.



For equivalently-sized turbines, intracycle control increases the average power, but instan-
taneous power is characterized by large peak-to-peak power ratio (>25) and periodic power
consumption. If integrated with a weak grid, such low power quality could disrupt grid
stability.

The design and implementation of a power smoothing system (PSS) and control scheme
to mitigate these fluctuations is presented in this work. Such a system allows the turbine
to be optimized for average power output, thus potentially reducing cost of energy, while
still delivering stable, high-quality power to an end use. As turbine rotation rates are on
the order of one revolution per second, supercapacitors controlled by a power converter are
more appropriate to smooth power than batteries, and have additional advantages including
a long life span and high energy storage efficiency [15]. Supercapacitors are not economic
for smoothing power on time scales longer than a minute, so power fluctuations over longer
time scales, such as variations in tidal currents, require energy-dense approaches capable of
long deep-discharge life cycles [16].

Prior work on similar topics includes simulation of a capacitor-based power smoothing
system on the DC bus for smoothing short-term power fluctuation from axial-low wind
turbines due to variation in wind speed [17], [18]. However, axial-flow turbines produce only
positive electrical power with a peak-to-average ratio much lower than power produced from
the cross-flow turbine shown in Fig. 1.1. Further, neither of these studies were validated
experimentally. In this work, the PSS design is first constructed in simulation and designed
to optimize output power quality from a cross-flow turbine while minimizing power loss,
size, complexity, and cost. A bench-top hardware system, sized to approximately match
the power expected from a laboratory-scale turbine, is used to validate simulation results.
Once the simulation is validated using experimental data, the performance and feasibility of

a larger-scale system is considered.



Chapter 2
METHODS

The power smoothing system, integrated on the DC bus of a generator-to-grid power
collection scheme, is shown schematically in Fig. 2. The instantaneous active power shown
in Fig. 1.1 is measured at the three-phase intersection with the grid, shown in green, without
the use of the PSS system on the DC bus. The inputs to the system are a time series of
the expected turbine rotational rate and hydrodynamic torque, based on non-dimensional

performance coefficients [14].

PSS Part | PSS Part Il
Turbine Inputs [5?35] Measurement
Speed L N —rT—
N ~/— | 1= N } {
— = |— ﬁ_ “ =
Hyd_lf_(;t:ynamic PMSM Motor ‘ | Inverter  Transformer Utility Grid
que Drive

DC Bus

Figure 2.1: Generator-to-grid power collector simulation layout including the proposed power
smoothing system (PSS).

The proposed PSS is the combination of an LC filter and a bi-directional DC-DC converter
utilizing Proportional-Integral current control. The LC filter (PSS Part I) is sized to smooth
rapidly switching current on the DC bus arising from the motor drive control system which
regulates turbine rotation. The LC filter attenuates high frequency fluctuations in DC bus
current and yields low frequency, low amplitude current. Next, the DC-DC converter (PSS
Part II) regulates current through the output inductor and capacitor to eliminate residual

power oscillation.



2.1 System Design

The cut-off frequency of the low pass filter in PSS Part I is given by,

1
N 271'\/ L101

where L; is inductance and (' is capacitance. This attenuates frequencies above f. at a

fe (2.1)

rate of -20 dB/decade. The capacitor is approximately sized based on the cyclic energy E

produced from the turbine, given by,

E = %clx/? (2.2)

where V' is the voltage across (. To achieve a desired cut-off frequency, maximizing C' and
minimizing L reduces equivalent series resistance (ESR) in the circuit. A large capacitor
has the added benefit of stabilizing the voltage input to the motor drive, but this must be
balanced against relatively high component cost [16].

Part IT of the power smoothing system takes the low frequency filtered current from Part
I and removes the remaining sinusoidal fluctuations such that final power output is constant
in time. This is achieved by a bi-directional DC-DC converter, where the inductor and
capacitor (Lg and C5) serve as short-term energy storage components. The duty cycle on
the switches to the converter are dictated by the control strategy shown in Fig. 2.2. This
control strategy was adapted from a comparable system designed to smooth highly dynamic
power draw from a metal forming machine tool [19].

To implement this control strategy, two current and two voltage sensors are needed, as
shown in Fig. 2.9. I, and Vj,s are used to calculate the instantaneous power Ppc on the
DC bus. A low pass filter (LPF) calculates the running average power, Ppc - the desired
constant power output from the DC-DC converter. The difference between average and
instantaneous power P,.s is absorbed by the PSS. The quotient of P,..; and the capacitor
voltage Vi gives the current to be demanded through the inductor, I,.c¢. I,.f is compared to

the measured inductor current I, and the difference between the two is the PI controller’s



error metric. This controller calculates a duty ratio D to synchronously control the converter

switches at frequency f,,. This control strategy can be summarized by

Pref _ ILl‘/bus - FDC’
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Loy = (2.3)

D = (Iyes — I12) (kp + k) (2.4)
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Figure 2.2: Layout of the controller used in PSS Part II. Terms are defined in the narrative.

A pulse width modulation (PWM) scheme uses D to create gating signals which dictate
the percentage of time the top switch is on, as compared to the bottom switch, for each
cycle. These gating signals control the dynamics of the physical system (i.e., “plant” in Fig.
2.2).

Controller gains k, and k; are based on the complementary sensitivity function, 7'(s),

defined in terms of an open loop transfer function I(s) [20] as

L+1(s)  Los®+ L(Rpp+ki)s + f—’;

I(s) is defined using Gy,(s), a transfer function relating current to voltage across Lo

T(s) (2.5)

(including its equivalent series resistance Rps), and G.(s), the PI controller transfer function,

given by



1(s) = Gin(5)Guls) = (;) (k;p 4 k—) (2.6)

$L2 -+ RL2 S

T(s) is equated to a canonical second-order system,

14 w,s

T(s) = T,w? z 2.7
() = Towy 7 s (2.7)
which is characterized by controller damping ratio & and controller bandwidth w,. By equat-

ing Eqns. (2.5) and (2.7), k, and k; are calculated as

]{Zi = ngg (28)

kp = 2£wOL2 — RL2- (29)
2.2 Bench-Top Set-Up

The topology used to validate a small-scale version of the PSS (e.g., 10 W average power
output) is shown in Fig. 2.3. The system is an abstraction of the DC bus in Fig. 2,
where the turbine, generator, and motor drive are replaced with an equivalent controllable
current source input mimicking turbine electrical power output. The inverter, transformer,
and utility grid are emulated by a DC voltage source and a resistive load in parallel. This
system is not meant to perfectly emulate a grid-connected turbine; rather it is intended to
demonstrate the capability of the PSS.

To determine a time series of data to use as the current source input Iy, first an entirely
experimental system was developed, as detailed in Appendix A. However, it proved difficult
to extract useful electrical power from the system, due to the inefficiency of power regener-
ation for the small-scale servomotor and servodrive. Instead, a combination of experimental
and simulation data are used, as detailed in Fig. 2.4. First, a laboratory-scale turbine is
used to collect experimental measurements of rotation rate w and hydrodynamic torque 7

using a two-bladed turbine in a recirculating flume [13], [21]. The turbine has a projected



frontal area of 0.04 m?, with turbine height and diameter a 1:5 scale of the larger-scale system
described in Section 2.3. A servomotor was used for speed control to maintain a tip-speed
ratio of 2.16 (maximizing average power output) in an inflow velocity of 1 m/s, giving a rotor

rotational rate of 4 Hz.

<f> Iturb Vin PSS VOUt RIoad [] VbUSC‘D

Figure 2.3: Bench-test set-up using a simplified abstraction of the DC bus.
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Figure 2.4: Flow chart of systems used to create the input I, to the PSS.

Next, a simulation of a baseline turbine-to-grid power collection simulation is considered,
using experimental turbine speed and hydrodynamic torque as the inputs to the PMSM
generator and matching the layout shown in Fig. 2, but without the PSS. The simulation,
implemented in Matlab Simulink, is discussed in further detail in Section 2.3. The char-
acteristics of the simulated generator are modeled after a unit sized for laboratory-scale
experiments (Parker SM233AL-KPSM).

Fig. 2.5 shows the mechanical power input to the simulation P, and the resulting

electrical power P,.. observed on the DC bus for one turbine rotation. Mechanical power is



Preeh = Tw (2.10)

and the simulated electrical power output is given by

Pelec = Iturb%us (211)

where Iy, is the current produced by the turbine as observed on the DC bus and Vj, is the

steady DC bus voltage.
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Figure 2.5: Mechanical power of the turbine, characterized by sinusoidally fluctuating torque,
and the resulting electrical power on the DC bus.

For this control scheme, w and Vj,s are both held constant, such that angular-dependent
torque produces time-varying DC bus current to be smoothed by the PSS. All turbines
considered in this work are two-bladed, so sinusoidal fluctuations in power occur twice per
rotation.

A detailed view of the DC bus current is shown in Fig. 2.6. The polarity of current
fluctuates rapidly at the rate of the emulated motor drive switching frequency (20 kHz)

enacting speed control, resulting in a discontinuous waveform with a higher peak-to-average
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ratio than the turbine mechanical power. This is the current to be programmed as [y,,, the

input to the PSS system as shown in Fig. 2.3.
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Figure 2.6: Electrical current on the DC bus over one turbine rotation (left) and 0.25° (0.2
ms) of turbine rotation (right).

For the benchtop PSS, this rapidly fluctuating current is provided by an arbitrary function
generator (Agilent 33220A). Because it outputs a voltage, not a current, an effective current
source is realized using Thévenin and Norton circuit equivalents [22]. The voltage source Vy
required to produce the desired current input I, is provided by a high-power operational
amplifier, amplifying arbitrary function generator V., on the inverting input and a constant

voltage source Vs on the non-inverting input. The system current input, I;,,+, is given by

1
Iturb == R_(VN - ‘/bus) (212)
T
R; R, R,
Vy = ——V,, — 4+ 1) =——)Vie 2.13
NT TR, b+(Rg+ )<31+RQ> / (213)

and shown schematically in Fig. 2.7.
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Figure 2.7: Operational amplifier used for the bench-top system set-up.

The bench-top PSS is shown in implementation in Fig. 2.8 and schematically in Fig. 2.9.
A summary of all system components and controller parameters is provided in Table 2.1.
Inductor ESRs are measured experimentally using a digital multimeter and capacitor values
are taken from component data sheets. A DC bus voltage of 80 V is chosen to be consistent
with the motor drive selection for this scale of turbine. The cut-off frequency of the PSS I
LC filter (150 Hz) is 130x lower than the switching frequency of the input current. Controller
bandwidth w, is chosen as 500 rad/s (10x the blade pass frequency of the turbine), and the

damping ratio is chosen as 0.4. These controller parameters are used to calculate k, and k;.

Figure 2.8: Hardware implementation of the PSS on a protoboard.
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Figure 2.9: Schematic of full PSS bench-top set-up.

Table 2.1: Relevant parameters for the bench-top PSS.

Set-Up Components PSS Components
Variable Value Variable — Value — ESR [m$]
Ry 30 k2 Ly 2.7 mH 700
R, 2 kO Loy 10 mH 1700
Ry 10 kQ L3 1.8 mH 700
Ry 10 kQ C 390 pF 44
Vier 10V Cy 910 pF 26
Ry 10 © Cs 390 pF 44
Rioua 50 €2 Controller Parameters
Vius 80 V fsw 10 kHz
k, 2.3 H/s?
k; 2500 €2

A TT TMS320F280049C microcontroller (MPU) is used on the TI C2000 LaunchXL
breakout board with a system clock of 10 ns. A symmetrical triangle carrier at 10 kHz

is used for PWM generation, with two current and two voltage measurements sampled at
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the analog-to-digial converter (ADC) pins twice per switch cycle, when the carrier signal
is high or low. The ADC sample occurs for 10 clock cycles of the MPU. The controller
code from Eqns. (2.3) and (2.4) is written in Code Composer Studio and complied onto
the MPU. Digital low-pass filters are added to the measurements of Vj,s, 11, and Vo to
mitigate sensor noise during real-time control. Another LC filter (L3 and Cj3) is added to
the output of the bench-top system to filter high-frequency switching noise introduced by
the DC-DC converter. This allows for easier observation of the low-frequency smoothing
capabilities of the system using raw data in the time domain without post-processing, and
does not affect the performance metrics used to evaluate the system. This additional LC
filter is not needed for a full-scale grid-integrated system, where power would typically be
fed through an inverter on the grid side and converter switching noise on the DC bus would
not be observed by grid-side measurements.

Measurements of current (LEM LAH 25-NP) and voltage (LEM LV 25-P) on the input
and output of the system are read into a data acquisition device (NI DAQ 6353). Data is
acquired at a sample rate of 250 kHz for 50 emulated turbine rotations (12.5 s). This test is

repeated 10 times and efficiency is calculated for each trial using

~l

out
_ _out 2.14

where P, is the product of instantaneous input current and voltage (I;, and V;,) and and

P, is the product of instantaneous output current and voltage (I, and V). Efficiency is
then averaged over all trials.

System performance is evaluated using a periodogram to compute the power spectra of a
time series of input and output DC bus electrical power (P;, and P,,;). A periodigram is the
absolute value squared of a single-sided fast Fourier transform, normalized by the number
of samples in the time series L [23]. Periodograms are computed for all ten trials, then
the amplitude of the periodogram Ppg (in W?) from each frequency bin is averaged across
all trials (giving Ppg). The root mean square (RMS) of the oscillating component of P,

and P,,; across a specified range of frequencies can be calculated from this averaged power
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spectra, using

Zi]\iQ (ﬁPG,z‘)

Prms:
L—-1

(2.15)

where Fpg,i is the magnitude of the power spectra at each frequency, N is the number of
frequencies of interest, and L is the number of data points in the time series. Ps 00 18
used to denote P, at low frequencies (i.e., up to 100 Hz). By neglecting contributions
of high-frequency converter switching and sensor noise, P00 captures the ability of the
PSS to remove dominant low-frequency power oscillations caused by time-varying turbine
mechanical power. Applying Eqn. (2.15) across all frequencies is equivalent to calculating

the RMS of oscillating power in the time domain, given by

> (P — P)?
Prms ot — = 2.1
Lot \/ 1 (2.16)

where oscillating power is defined as a time series of instantaneous power minus average

power (P — P).
2.3 Simulation Set-Up

The small-scale simulation of the PSS matches the topology shown in Fig. 2.9, including a
controllable current source input configured to exactly match the input current [;,, measured
in benchtop PSS experiments. All component and controller parameters listed in Table 2.1
are used in the simulation (including ESRs), which is run using a fixed-step discrete solver
with step size le-6 (selected for time-step invariance in results). This time step allows for
modeling of the full switching dynamics of the system, which occurs at a much faster rate
(10 kHz) than the turbine dynamics (8 Hz). The controller is configured to trigger when the
PWM carrier signal is at its maximum and minimum to match the MPU configuration in
hardware. In between triggers there is a zero-order hold on the measured values, capturing

the effect of real-time controller delay.
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To demonstrate the viability of the PSS design for a larger-scale system utilizing intracycle
control, a generator-to-grid simulation is used, matching that shown in Fig. 2. The rotor
speed and hydrodynamic torque inputs to the simulation are scaled from non-dimensional
laboratory performance (i.e., coefficient of torque, tip-speed ratio), for a full-scale turbine
with a projected frontal area of 1 m? operating in an inflow velocity of 2 m/s and producing
an average electrical power of 1 kW. The PSS design is implemented in the same way as
for the small-scale simulation, but with larger inductors and capacitors, matching available
off-the-shelf components, to handle the increase in average power and a higher DC bus
voltage of 480 V. A summary of the components and their estimated costs are listed in Table
2.2. Controller parameters including switching frequency, damping ratio, and bandwidth
are consistent with the small-scale system, with bandwidth still equal to 10x the blade pass
frequency of the turbine (1.94 Hz at larger scale). The sizing of these components is quickly
determined using a linearized system, as detailed in Appendix A, which runs significantly
faster than the full switched model while yielding similar results. This system uses a state-
space approximation of the switched-averaged dynamics of the system, thus capturing the

low-frequency dynamics while ignoring less important high-frequency switching ripple.

Table 2.2: List of controller parameters and components for the full-scale system.

Controller Parameters

Wo 122.2 rad/s k; 478 )
¢ 0.4 k, 3.0 H/s
fsw 10 kHz

System Components
Component Size Rating  ESR [mQ)] Cost

Cy 1.93 F 480 V 720 $ 3,969
L, 32 mH 10 A 28 $ 43
Cy 0.05 F 320 V 12 $ 557
Lo 32 mH 10 A 28 $ 43

Total Cost $ 4611
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The active power delivered to the grid under intracycle control, without the PSS, is
shown in Fig. 1.1. This represents a worst-case scenario of peak to average turbine power.
However, we have previously demonstrated that two turbines, controlled synchronously and
combined on the DC bus, improve overall turbine-to-grid system efficiency as compared to
independent topology, because the intracycle phase can be coordinated such that one turbine
is producing maximum power while the other is producing a minimum [14]. To simulate the
double turbine case while holding power output constant, two turbines with half the projected
area are used. A comparison of the performance and efficiency of the PSS for these two cases
is made using the same metrics described above, averaging simulation results over eight
turbine rotations. For the purpose of a direct comparison, the sizing of the inductors and
capacitors is maintained in the simulation of the two systems; for a real system, the lower
peak currents of the double turbine system suggests the inductor and capacitor components
could be downsized, which would reduce power loss from ESR and the overall size and cost

of the system.
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Chapter 3
RESULTS AND DISCUSSION

3.1 Small-Scale System

A comparison between the experimental and simulated system performance is shown in Fig.
3.1. The fluctuating input power, shown in blue, is initially smoothed using the LC filter in
Part I of the PSS. Here, the DC-DC converter is on, with a constant duty cycle of 0.5 holding
C5 at a steady 40 V. This allows for a smooth transition with no large current transients
when the controller switches on. The Part I controller switches on midway through, varying
duty cycle with turbine position to remove the remaining sinusoidal fluctuations in output

power.

12 1.6
—~ 10 —
& A 14
5 5 |
Z of g 12
A A
2 47 2 1
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O 2 @)
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=} ]
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5 27 = 06
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0 0.5 1 1.5 0 0.5 1 1.5

Turbine Phase (¢) Turbine Phase (¢)

Figure 3.1: Demonstration of the PSS smoothing input power (left) and a close-up compar-
ison between the experimental and simulated system (right).
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Fig. 3.1. shows good agreement between the simulated and experimental results, with the
main difference associated with high-frequency switching noise from the DC-DC converter in
the experiment. This is an artifact of the prototype setup caused by switch-node ringing in
the converter and could be mitigated by implementing the system on a printed circuit board,
where the gate driver circuity, switches, and output capacitor could be physically located
closer together to minimize parasitic inductance.

A summary of the PSS performance, comparing experimental and simulation results of
system efficiency and reduction in low frequency (<100 Hz) power oscillations, is shown in
Table 3.1. For PSS Part I results, PSS Part II is completely disconnected, to isolate the effect
of the LC filter. Simulation shows a 98.5% reduction in RMS of undesirable low frequency
oscillating power (Prysi0w) from the emulated turbine while maintaining greater than 99%
efficiency. Experimental results show a slightly reduced performance, with a 94.7% reduction
in Prsiow at 89.5% efficiency. The efficiency decrease is primarily attributable to DC-DC
converter switching losses from non-zero turn-on and turn-off times. Average efficiency across

the ten experimental trials is consistent, with a standard deviation of 0.023%.

Table 3.1: Comparison in small-scale PSS performance between experimental and simulated
system.

System Efficiency Low-frequency RMS
(n)[%] (Promsjow) [W]
Stmulation  Fxperiment | Stmulation FExperiment
No PSS 100% 100% 2.37 2.37
PSS Part 1 100% 99.7% 2.37 2.17
PSS Part 11 99.8% 89.5% 0.034 0.130

Table 3.1 shows that PSS Part I does not significantly affect low-frequency oscillations,
as expected given the LC filter cut-off frequency of 130 Hz. The ability of PSS Part II to
remove low frequency power oscillations is demonstrated by the periodogram of experimental

and simulation data shown in Fig. 3.2. The dominant frequencies occur at the blade passing
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frequency of the turbine (8 Hz) and its harmonics. Experimental data has a higher noise
floor than simulation, a consequence of converter switch-node ringing.

Part IT experimental data has a dominant frequency at 10 kHz (not shown), corresponding
to the switching frequency of the converter. This accounts for 65% (0.42 W) of Pys 10t The
PSS reduces Prps tor from 32 W to 0.056 in simulation and 0.65 W in experiment.
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Figure 3.2: Periodogram of DC bus electrical power after utilizing the PSS.

A comparison between the reference current /,.; and measured current Iz, for the sim-
ulation and experiment, is shown in Fig. 3.3. In both cases, the inductor current I, is
measured twice per switch cycle f,,, when the carrier signal is high or low and current is
closest to its average value. This sampling technique allows the controller to focus on main-
taining the cycle-averaged current instead of attempting to respond to highly fluctuating
(and irrelevant) ripple current resulting from the charging and discharging of the inductor
at the switching frequency (10 kHz).

Fig. 3.3 shows that in simulation, there is almost perfect tracking between the measured
and reference current, with an RMS error of 7.1 mA, which compares favorable to the current
range of 230 mA. In experiment, switch node ringing and noise leads to a larger RMS

error of 32.5 mA and contributes to the poorer performance of the experimental system.
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Higher switching frequency would increase controller response bandwidth and allow for easier
filtering of switching noise, but would also increase switching losses and, therefore, reduce

system efficiency.
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Figure 3.3: Comparison between the commanded and measured current for the simulated
(left) and experimental (right) system.

3.2 Large-Scale System

Results of the large-scale PSS simulation for a single and dual turbine utilizing intracycle

control are shown in Fig. 3.4. A summary of PSS performance is given by Table 3.2.

Table 3.2: Comparison in large-scale PSS performance for a single turbine and double turbine
system.

System Efficiency Low-frequency RMS
(n)[%] (Prms,ow) [W]
Single Double Single Double
No PSS 100 % 100 % 7130 5670

With PSS 97.0 % 98.3 % 15.1 12.3
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Table 3.2 shows that for the single turbine case, low-frequency power Py.s 0 1S initially
7.1 kW per cycle, 7x larger than the average power generated by the turbine. With the PSS,
low-frequency power is reduced by 99.8%. This means that the inverter, transformer, and
transmission line used to connect the DC bus to the utility grid could be rated to significantly
lower currents than for a system without the PSS. The double turbine case has a modest 1.3%
improvement in the overall efficiency of the PSS for comparable power smoothing results.
This stems from the turbine power starting with a RMS of power oscillation 20% lower than

the single turbine case, allowing the controller to be less aggressive.
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Figure 3.4: Comparison in active power delivered to the grid for a single turbine (left) and
double turbine system (right) utilizing the large-scale PSS.

This is apparent in Fig. 3.5, which shows the single turbine case drawing much larger
peak currents through the output capacitor and inductor of the converter (L and Cy). This
causes higher power losses due to the ESR of these components. Power loss from internal

resistance is given by I?R, and the single turbine case has an average value of I? that is 5.8x

larger per cycle than the double turbine case.
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Figure 3.5: Comparison in reference current for the single turbine and double turbine system.
Light shading is commanded current I,.; and dark shading is measured I, current.

3.3 Alternative Designs

The LC filter in PSS Part I removes high-frequency variations from the current on the DC
bus, giving the controller a smooth reference current to track. A potential alternative method
would be to forgo the LC filter and estimate DC bus power Pp¢ using measurements on the
generator side of the inverter (which does not include high-frequency switching). Ppc can
be estimated using the dot product of back-EMF voltage V.., and three phase AC current

I measured on the generator stator windings, given by

cos(p©) I,
Ppe = V:amf M ape & p)‘@ COS(p<@ - 27T/3)) | b (31)
cos(p(© + 27/3)) I.

where p is the number of generator pole pairs, X is flux linkage, © is rotor position, and ©
is rotor speed.

The power delivered to the grid when simulating the large-scale PSS with this method,
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which still includes a large input capacitor C; but does not include Ly, is given by Fig. 3.6.
Although there is good smoothing performance during part of the turbine cycle, when power
changes most rapidly (at 0° and 180° of the shown turbine rotation) the system is unable to
remove all oscillations in power. This suggests that there is a small delay or efficiency loss
between the generator and the DC bus, creating inaccuracies in the estimated DC bus power.
For turbine systems with a lower peak-to-average ratio of mechanical power, this strategy
may be sufficient for power smoothing. It may be possible to predict and account for these
delays or inefficiencies and consequently achieve acceptable results using this method.

This alternative would decrease the number of components and sensors needed by utilizing
existing measurements, thus reducing the complexity and cost of the system. However, this
method requires measurements inside the motor drive, whereas the previously described
system would be entirely self-contained on the DC bus and easier to integrate with an

existing system.
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Figure 3.6: Active power to the grid for the large-scale PSS system without PSS Part I.
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Chapter 4

CONCLUSION

Turbine design and control schemes used to maximize average power output may pro-
duce instantaneous power that, in its raw form, is of too poor quality to reasonably use,
particularly in remote communities with weak grids. A simple power smoothing system is
proposed to transform sinusoidally fluctuating power on the DC bus to steady, consistent
power delivered to an end use. Regardless of the end use, whether for utility-grid integra-
tion to provide power to coastal cities, micro-grid use for remote communities, or sub-sea
operations powering a single device, the high peak-to-average nature of the output power
of straight-bladed cross-flow turbines will often necessitate a secondary power smoothing
system. Similar power quality concerns have been noted in the wave energy sector, where
power varies as a function of periodic wave height [24]. Although a slightly longer time scale
(typically 0.1 Hz) than the rotation of a tidal turbine, the proposed PSS could be resized
and applied to such a system. Similarly, a supercapacitor-based PSS should also be able to
mitigate short-term power disturbances from turbulence for wind or current turbines. The
purpose of the power smoothing system, regardless of application, is to allow the power-
capturing device and control scheme to be designed with only the purpose of maximizing
average power; power quality can be improved on the back-end of the conversion process

with a limited efficiency penalty.

The proposed two-part system has been shown in simulation to reduce RMS of low-
frequency power oscillation by 98% with negligible efficiency penalty for a laboratory-scale
turbine. These results have been validated using a bench-top system, with slightly reduced
performance and efficiency arising from real-world complications including switch-node ring-

ing from parasitic inductance, switching losses from non-zero turn-on and turn-off times, and
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sensor noise. A larger-scale version of the system is demonstrated in simulation for a tur-
bine utilizing intracycle control, where RMS of oscillating grid-connected power is reduced
by 99% with 3% power loss. A coordinated dual-turbine system combined on a single DC
bus can further reduce power loss and PSS cost. Future work could include validating the
larger-scale version of the system and deploying it in the field. Such a system could employ
improved circuit design practices to mitigate many of the issues encountered at small-scale

and should achieve efficiencies similar to those predicted by simulation.
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Appendix A
TURBINE SET-UP

Although emulating the DC bus in hardware and using the expected electrical power
output from a flume-scale turbine as the input is sufficient to validate simulation results,
using a real turbine to produce electrical power and implement the PSS on this output power
would be a more meaningful test of the system. An attempt at such a system was made,
however it was found difficult to select system components (e.g., generator) that resulted in
net electrical power generation from the laboratory-scale turbine.

Fig. A.1 shows the turbine set-up in the flume, which is mounted from both ends (using
a vacuum plate for the bottom mount), a servo motor, top and bottom load cells, and a
bottom bearing. The topology of a typical full lume-scale system is shown in Fig. A.2,
where the motor drive houses the inverter, DC bus, and rectifier.

Unfortunately, the topology shown in Fig. A.2 does not work to validate the electrical
simulation results, because the DC bus is entirely hidden inside the motor drive. Therefore,
an alternative system was developed which uses a motor drive powered by a DC power
supply, as shown in Fig A.3. This system allows regenerated power from the turbine to be
output back onto the DC bus, as would also happen in a full-scale grid-connected scenario.
The PSS could then be implemented on the DC bus, as is done in simulation.

The disadvantage of such as system is that generators and motor drives of this size are
not typically designed to efficiently regenerate electrical power. The servomotor used to
control the turbine is a Parker SM233AL-KPSN, which has a rated speed of 3000 RPM. A
turbine of this scale is rotated at approximately 200 RPM to achieve an optimal tip speed
ratio, approximately 7% of the servomotor’s rated speed. Therefore, the generator coils are

oversized for this application and do not efficiently convert mechanical to electrical power
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(i.e., most of the mechanical power produced by the turbine is converted to heat from winding

losses).
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Figure A.1: Turbine test set-up in a recirculating flume, with freestream flow defined as U.
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Figure A.2: Typical flume-scale turbine system set-up, where the DC bus is housed inside
the motor drive.
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Figure A.3: Modified flume-scale turbine system, with DC bus external to the motor drive.

The motor drive used is Advanced Motion Controls DPRALTE-020B080, which uses
a rectifier to convert the DC power input into three phase AC power connected to the
servomotor. The current in the stator windings is regulated by the motor drive to achieve
the desired rotor speed. This drive has the unique capability of being able to regenerate
power externally back onto the DC bus, the same input which is being used to power the
drive. For an ideal system with no losses, the mechanical power produced from the turbine
would be perfectly converted into an equal amount of electrical power in three phase AC
inside the motor, then from AC to DC power on the DC bus using the motor drive.

However, because the real system departs from this idealization and the power output
from the laboratory scale turbine is relatively small, net power generation is not possible.
The drive itself requires around 5 W for internal loads, and the servomotor’s mechanical to
electrical efficiency is approximately 30% across a range of turbine speeds at a free-stream
flow speed of 1 m/s (the maximum allowable in the flume). The maximum mechanical power
of the laboratory-scale turbine is around 7 W, for an optimal tip-speed ratio of 2.1. Fig. A.4
compares the mechanical power produced from the turbine over a range of tip speed ratios,
as compared to the electrical power measured on the DC bus.

As shown by Fig. A.4, the average power regenerated by the turbine onto the DC bus is
negative. It is impossible to implement the PSS system for a system that consumes power,

since the system is designed to smooth power in one direction on the DC bus (from the
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turbine side to the grid side). It may be possible to increase the electrical power output by
making altercations to the system, including adding a gearbox to increase the speed of the
generator rotor to improve mechanical to electrical efficiency, using a drive which separates
its logic and motor power, using a larger turbine, and using a flume capable of higher flow
speeds. Through these methods it is likely possible to achieve average positive power on the
DC bus and and implement the PSS on a small-scale turbine. Such as system could be used

to validate simulation results or power small devices such as oceanographic sensors.
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Figure A.4: Average mechanical and electrical power of flume-scale turbine across an range
of turbine speeds.

Because the experimental system proved difficult to set up, the input to an emulated
system was created based on a simulation of a small-scale turbine generator modeling the
conversion between mechanical and electrical power. This simulation result gives an estimate
of the electrical power on the turbine DC bus. The purpose of the experimental PSS system
is to show that for a given electrical power input, it can smooth power appropriately, and
the experimental results match simulation results using the same input. The exact electrical
input itself is less relevant to the results. Using a differently sized generator may shift or
stretch the simulated output current, but should not change the overall shape significantly,

and should not effect the overall results of the small-scale PSS.
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Appendix B
SYSTEM LINEARIZATION

The simulation discussed in 2.3 uses a full switched model of the system, which provides
the most accurate results but is also time consuming to run and computationally expensive.
An alternative linearized system of the switched model is presented here, reducing the entire
system “Plant” to six differential equations. This linearized plant model, coupled with the
same controller model, provides nearly equivalent predicted performance, while neglecting
the high frequency switching dynamics present in the real system.

To create a linearized model, the two possible configurations of the DC-DC converter
are considered. Configuration A corresponds to switch ); on and @)y off; Configuration B
corresponds to the opposite scenario of ) off and Q)3 on. The duty cycle D defines the
percentage of each switch cycle the converter is in Configuration A, and D' =1 — D is the
percentage of time it is in Configuration B. The two switches are controlled synchronously
such that the converter will always either be in Configuration A or Configuration B (D+D’ =
1). Configuration A is shown on the left-hand side of Fig. B.1 and Configuration B is shown
on the right.

[7%0] [790) [%%9) [7%0)

— — — —
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Figure B.1: Configuration A (left) and Configuration B (right) of the switching converter.
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For each configuration, a differential equation is written for each of the six state variables.
State variables are the inductor currents and capacitor voltages, as labeled in Fig. B.1.
The differential equations for Configuration A are collectively referred to as 24 and for
Configuration B as xp. These differential equations are written using Kirchhoft’s Current
Law, Kirchhoft’s Voltage Law, and equations relating current and voltage across a capacitor

and inductor, given by

di;
V, = L—L B.1
L dt (B.1)
A
1. —c%c B.2
o=C— (B.2)

where V7, is inductor voltage, I}, is inductor current, V¢ is capacitor voltage, I is capacitor
current, L is inductance, and C' is capacitance.

An equation governing the average dynamics of each differential equation can be written
based on the duty ratio D. Terms which appear in the x4 equations are multiplied by D,

and terms which appear in the 'z equations are multiplied by 1 — D, given by

i = Daiy+ (1 — D)zp. (B.3)

The six governing equations for the linearized switched averaged model of the system are

given by
Iy (Vo1 — Vos — RpalLa)
Ips =(DVes = Voo — Rialp)
I A (Vs — Vius — Risl
P %3 _ L3( C3 b r3lr3) (B.4)
VCI é(Im - ILI)
V‘CQ CLQILQ
Vos &Iy — DIpp — Ips)
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which includes inductor internal series resistances R;. The equations for I, I13, Vo1, and

V@ are identical between the two states, whereas the equations for .LQ and Vég change based

on the converter state and are therefore dependent on the duty cycle D. A linearized state

space form of the system can be written using

where x are the state equations and u are the system inputs,

Ia
Ips
Ip3
Ve
Ve
Ves

Alz — X]+ Blu — U]

where [;, is the input current to the system, V;, is the the DC bus voltage, and D is the

duty ratio. A is defined as the Jacobian matrix of Z with respect to the state variables, and

B is the Jacobian matrix with respect the input variables, given by
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The equilibrium point X is calculated by setting Eqn. (B.4) equal to zero and solving

for the state variables, given by

Ia Iin
Iio 0
¥ _ Is _ Vius + LinRr1 + Lin R (B.9)
Vo D(Vpus + Linfi13)
Vea Vius + LinRr3
Ves Vs

where time-averaged constant terms are denoted in bold (time-varying terms are not bolded

as shown in previous equations). U is defined as the initial conditions for the system, given

by

Lin 0.134
U= |Vi| =1 80 |- (B.10)
D 0.5

To solve this linearized system, a closed loop block diagram model is created in Simulink,
similar to the full switching model except that the “Plant” of inductive, capacitive, and
switching components is replaced by the state space model given by Eqn. (B.5). The

appropriate inductor currents and capacitor voltages output from the plant are fed into the
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controller, which calculates a reference current based on the current and voltage on the
DC bus (I12 and Vi3) and the voltage across the capacitor, Voo, This reference current is
compared to the actual current, I;,, and the difference between the two is fed into a PI
controller to calculate a duty cycle D. D becomes an input to the plant model, controlling
the plant in real-time. I, is a time series of input current matching that shown in Fig.
2.6, and Vj,s is set at 80 V. A simplified model of the system is shown in Fig. B.2. All
capacitor, inductor, and inductor ESR values match that given in Table 2.1. This model is
implemented in Matlab Simulink with a discrete step solver with time step of 1e-5 s, chosen

as an optimal middle ground between fast run time and accurate results.
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Figure B.2: Linearized state space model simulation layout.

The full switched model simulation used to compare to this linearized model is almost
identical to the system described in Section 2.3, with a time step of le-6 s. The only
difference is that the controller operates continuously, to observe how capturing the full
switching dynamics of the system compares with the switch cycle-averaged linearized model.

A comparison of the power output for the linearized model and switching model are
shown in Fig. B.3. The results show strong agreement between the two models; even the

transient period when PSS Part II switches on is well-described by the linearized system.
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Figure B.3: Comparison in input and output power for the linearized and switched model.

A comparison between the reference current and measured current for the two models is
shown in Fig. B.4. The reference current between the two models is again almost identical.
As expected, the two models differ in how they capture the inductor current I;,. The
switched model captures the full ripple current through the inductor as the DC-DC converter
alternates between its switch states, while the linearized model only tracks the average
current.

Similar results are seen by comparing duty ratio and capacitor voltage Vo, The duty
cycle of the switched model is responding to inductor ripple current, while the state space
model is cycle-averaged. Capacitor voltage shows almost perfect tracking between the two
models.

These results show that the linearized state space model is a robust representation of
the full switched model, while running at 10x the speed. This suggests that the linearized
model is a good starting point for sizing a new system; it can provide confirmation that the

chosen component parameters (L’s and C’s) and controller gains (k, and k;) are sufficient
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to smooth power appropriately. Once a system is created in the linearized domain, it can be

transferred to the full switched model, which will have a longer run time but more accurately

capture real system dynamics.
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Figure B.4: Comparison between reference current and true current for the switched (left)
and linearized (right) model.
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Figure B.5: Comparison between duty ratio (left) and capacitor voltage (right) for the
switched and linearized model.
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