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A High Power Emulation of a Wind Farm

Chapter 1 — INTRODUCTION

1.1 Background

Wind is a variable quantity in both space and time. Thigbdity is amplified
through the relationship of wind power to the cube ofwiedl’'s speed. As more wind
farms are connected to the grid, the variable natureired @nergy begins to influence
grid stability. The variable nature of wind energy also r&guihe presence of spinning
reserve, such as gas turbines as backup generation, whichtkeemst of wind energy
high. The projected economic limit of wind penetratioabsut 20% of system capacity
[1]. However, increasing demand for energy and decreasinglysubpfossil fuel
increases the growth of wind energy [2]. The applicabbanergy storage technologies
could smooth the output power from wind farms, makingndre feasible to have a

higher percentage of wind generated electricity.

1.1.1 Energy Storage

Energy storage technologies such as batteries, flyssn@gpercapacitors, SMES
and pumped hydro could decrease the variability of wind fautput and decrease
required spinning reserve. The fithess of the variousggnstorage technologies to

mitigate output variability of wind farms depends on a&wed physical characteristics



and economic constraints. Key characteristics tosider are: instantaneous power
output, total energy capacity, lifetime, and efficiendy addition, operating and capital
costs, and environmental safety must be studied. Eadlesd technologies has unique
discharge characteristics that lend themselves to @iffesituations. Supercapacitors and
flywheels are best used when energy storage is requiradshort timescale; batteries are
better suited for longer term storage. Where locatliosv, pumped hydro could be a
renewable form of long term, slow ramping energy gferaA mix of these technologies
may yield a more optimal solution.

There are many different types of batteries availabledonmercial sized energy
storage. Rechargeable batteries ubiquitous in everydayedewgigch as lithium ion and
NiCd, have disadvantages in key areas that preventftioembeing used as bulk energy
storage. For example, lithium ion batteries suffevnf shortened lifespan when
discharged deeply. NiCd batteries, although free from dseting issues, have
relatively low efficiencies. Sodium-sulfur batteri@daS) have been demonstrated for
use in power systems projects in Japan for decades. ldgwbese batteries require
constant heating, which affects their long term peréorce. The batteries mentioned so
far are static batteries, and store energy in thetrelde structure [3,4]. Flow cell
batteries generally consist of two tanks of electeslyseparated by a membrane and
pumped through a reactor. Flow cell batteries can foge amounts of energy, have a
long lifetime, high efficiency, low operating costsdasmaller environmental impact due
to possible recycling of certain components. Due éséHactors, flow cell batteries may

be a good choice for integrating into power systems laitie wind penetration [3].



There are many varieties of flow cell batteries; s@xramples include vanadium
redox, zinc bromine, and polysulfide/bromine (Regenesyderizd). The main
disadvantage of flow cell batteries is lifespan deptean due to charge cycling.
However, main components of the batteries can beaeglandividually to extend their
lifetime for low cost. Zinc bromine batteries in pautar have been highlighted in the
literature as a good potential bulk rechargeable enengresalue to low cost modular
components and high energy density [5].

Superconducting magnetic energy storage (SMES) holdsyemetge magnetic
field of a superconducting coil. Although SMES has a fagponse time with very high
efficiency, it is a new technology with high assoailatest. Supercapacitors are another
nascent technology that has the potential to provideggrstorage with rapid response
time. Flywheels are a more mature technology fdk lewmergy storage that have the
attractive characteristics of long cycle life, highiaééncy, and quick response time.
Large scale flywheel systems energy storage systenss lbean tested in locations in
California, USA at 100kW levels [4]. Pumped hydro is a matachnology for utility
scale power regulation. The major hurdles associated ytlro are topographic
constraints, water levels set by environmental fadtmnsrotect native fish species, and
response time. Combing a pumped hydro resource with aefgsbnse technology and
batteries would yield an optimal mix of energy storagaratteristics for smoothing

power variability [4].



1.1.2 Scope of Thesis

BPA has funded a study at OSU involving the investigatioenergy storage to
control and smooth wind energy. An integrated systermefgy storage devices and a
wind farm will be modeled in Matlab/Simulink with a vetty of control schemes. The
results of the modeling will be applied hardware for modseification. In this thesis, a
scale model of the wind farm component of the projganodeled and experimentally
confirmed.

The physical system is tested in a real time environmeing dSPACE and the
high power lab equipment at OSU. The wind farm is mabl#lehe-hardware-loop with
a three-phase 120kVA programmable source controlled by an 1103 &S&##ACGvith a
Simulink control system. The programmable source is ticeto produce a power signal
profile that follows the scaled down output of a regldvfarm.

The BPA project grid is shown in figure 1.1. The autotramsérs, powered by
the lab’s dedicated utility supply, will act as the grid. tAe culmination of the BPA
project the bus will be connected to the “wind farm” amVesal energy storage
technologies, including a flow battery, supercaps, anehaulated hydro resource. Figure
1.2 shows the signal level project grid. The phase curastdine voltages at the output
of the programmable source and the line voltages at ithevdirbe measured and used in

control system to ensure a stable power output.
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1.2 Wind Farm Modeling Literature Review

With the increasing amount of wind energy connected t® d¢nid, the
development of accurate wind farm models are needed tesegirthe behavior of grid
connected wind farms. The literature contains much relseancerning the control of
wind energy conversion systems (WECS) and simulatiohigh power wind energy
parks for power stability studies [6, 7, 8, 9]. An importaspect to these simulation
studies is the mathematical complexity of completetdeling a large wind farm, with
all internal and external electrical networks. A neetHor lowering the complexity of
wind farm models is developed in several papers by matleihataggregating a large
number of wind turbines into an equivalent model. Theseld@msder models require less
computation time. The interaction of aggregated wind gemrrair wind farms with
energy storage systems in hardware does not seenmatowékdocumented area of study.
Lower power WECS are more easily studied with hardvirarexperimental laboratory
investigations using DC machines. The dynamics of single wimihes with associated

energy storage devices have been studied in a labosatbiryg [10].



Chapter 2 — SYSTEM MODEL

The wind farm must be modeled at the current and voltage fliewcontrol design. This
low level model cannot be simulated in real-time due tonomg limitations. The low

level modeling is used to demonstrate stability.

2.1  Simulation Model

The model used in the lab testing consists of an 1103 dSPAGE the
programmable source, and a three-phase transformet s a stiff grid. In Simulink,
the wind farm power output data is hosted in a lookup taltieh is fed into the control
block. The resulting commanded signal is routed intoAW& block, which consists of
three controlled voltage sources and some impedancgingPower blocks. The output
of the AWG is measured in a three-phase VI measurehtecit, and fed back into the
overall control block to close the loop, as showngare 2.1. In the Simulink, the grid is
modeled as a small impedance at 480V and grounded on the ehdri@ifhave small
impedance in order to be resistant to changes in vodadecurrents. Utility grids are
stiff; if a component connected to the grid suddenly changesltage or current, the
voltage and frequency of the grid will not react since telative impedance of the
attached component is small.

The control system was designed with line-to-line vokaigeorder to reduce the
required number of measured signals, since the dSPACEoitehoard has a limited

number of analog inputs.
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Figure 2.1: Top Level Block Diagram

The programmable source/AWG is modeled by three contrellabltages
sources, one per phase, as seen in figure 2.2. The soisrds seitput to regulate around
its internal impedance. There is a scaling factor betm&mulink, the dSPACE outputs,
and the programmable source input. Simulink outputs a sighaeée -1 and 1, which
dSPACE scales to -10 and 10 peak to peak. The programmable $akes an input

from -10 to 10V peak to peak and outputs 0 to 326Vrms.

I_i:_@"—-@
i @
Q2

Figure 2.2: Programmable Source Block
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2.2  Controller Design

To ensure a stable output, the AWG is controlled withosed loop scheme
through dSPACE and Simulink. The space voltage vector of AW& must be
transformed into a synchronous reference frame forovemntrol. The control plant
determines command signals in two-phase dq space, whidhaastormed into three-
phase sinusoidal signals to be scaled and implemented PXCGES Closed-loop dqg
control means that the output should have zero ststady error. The voltages are taken
into the dq reference frame with the help of a phaseetb@op (PLL). The output of the
PLL gives the angl® between the reference voltage Vd and the virtual phasamding.
This angle is then used in subsequent vector transfiomsat

The input to the overall control scheme is a desired powleich is divided by
Vd to obtain a reference current. The measured outputntusréed back into the system
controller and compared to the reference current torgenan error signal. The current
error is regulated to zero by PI controllers in thend & control blocks. These control
blocks output a voltage signal, which the programmable somiltproduce at its output.
The output current will regulate appropriately so thattPoBdesired = 1*V. The block

diagram of the overall system controller is showfigare 2.3.
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Figure 2.3: System Controller

2.2.1 DQ Overview

The synchronous reference frame is a projection ofr@etphase system onto
two-phase. This transformation brings a sinusoidal sigmalthe dc realm, reducing the
complexity of the input signal and control variables. Whw@n signals are in dc, steady
state errors and response time are easier to comtrelconcept of dq control is often
used in motor design, with the d-axis aligning with theuailjpphase A winding, as seen
in figure 2.4. Typically, the id current is used to cond| and iq is used to control Vq.
The mathematical relationship between the dq windingsetkin Mohan [11] was used
in the abc to dg transformations for this controller. T sformation equations are

shown in figure 2.5.
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Figure 2.4: DQ Projections [11]

Tsd (I‘)} n cos(d,) cos(@, — 2%) cos(@,, + 2;) i,(t)

WO [2 i, (1)
O] V3 _gp@,) —sin@, -5 —sin@, +5)| ; ()

Figure 2.5: ABC to DQ Transformation [11]

A similar transformation is used to transform the Nmdtages into Vd and Vq. In this
reference frame, Vq represents reactive power, winohld be regulated to zero, and vd

represents the RMS voltage of the sinusoidal input.
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2.2.2 Plant Characterization

Since the programmable source sets its output voltadne tcommanded voltage,
the reactor is needed for separation between the neebsaltage and the commanded
voltage. Therefore the control system must be desigmednd the impedance of the
reactor, which is the system plant. The reactor usedh MTE CORE three-phase line

reactor with 1.2mH, and 65W loss at 45A. The percent impexlaf the reactor can be

2
Vi |

ol x100= 5%, where| Z, |:m. The reactor is modeled

calculated by%TX; =

X
by its impedance values in a SimPower block, as seeguref.6.

Since the reactive impedance is much larger than thstivesimpedance, the
voltage drop across the reactor due to resistance is smaler than the voltage drop
due to inductance. Assuming the voltage phasors on the amgubutput of the reactor
are in phase with each other, increasing the voltadensiease the current quadrature to
the voltage. This relationship can be seen by inspectiothentransfer functions

associated with the reactor in equations 2.10-2.13.

Figure 2.6: Reactor - System Plant
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To derive the transfer function of the plant, assi/eis the voltage on the
output of the reactor, and V2 is the voltage on the inpthe reactor, which is connected
to the terminals of the programmable source. Taking thagedrops across the reactor,
where vs stands for space vector &nid the angle between the d-axis and the virtual

phase A winding.

d 2.1
Ulﬁl.-‘ + R*isy-i_ L= E{isv:} = VESL‘

E 2.2
WV = qli* (V1d + i Ulq:l + pi¥da

E 2.3
fop = |§*(id+i*iq}*ei*gﬂ'ﬂ
\
A R 2.4
d 13 [d d o 3 .
E(aﬁ,}: |§*(E(1d}+ 1*5{1,;})* e i 4+ fuw, |§*{1d+1w1q)*9‘*9ﬂﬂ
\ \
(If’id+1ﬂr’iq}+ﬁ'xl[1d+1nq + *— fgtie(ig)+ iewgele(igtini,
= U:ﬁ,-l—!*ng
. . d . . . 2.6
I":l,_-:+ R*!,:‘I‘L*E(!d]_ h'd*L*!q:L:d
2.7

_ d . . ,
L:L,;_-+ R*:E_.+L*E{zq)+ 11',:*1[.*!,;-:]:';':_,
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Va: and Vs are ideally constant, and so can be dropped for lirstamiz Packaging

equations 2.6 and 2.7 into the standard matrix state spacefil@guation 2.8 yields:

2.8
& = Ax(t) + Bult)

i’(m‘)_}ﬂ[ -R w,:sL]*[m‘]Jr}*[l ﬂ]* Vag 2.9
ETAE) A C A A B 171 R T A

Equation 2.9 encompasses the relationship between thetdtes &l and ig and
the two inputs Vd and Vg. Information about the systeapsn loop stability can be
gathered from the eigenvalues of the state A matrix inteoquad.9, which are: -8.92 +
i*376. 99. Since the reactor system’'s eigenvalues have a negatepart, the
uncontrolled system is stable and will not have an unba@buadgut. However, since the
system is second order with two undamped complex polesyén loop step response
oscillates significantly until reaching steady state.

Matlab’s ‘tf’ function is used to determine the systertransfer functions. The
transfer function from Vd to -ig has a much higher gaentthe transfer function from
Vd to id, which means that a change in input from iq willkha much larger impact over
Vd than Vq. This makes the Vd voltage have more contret the —ig current, and the
Vg component have more control over the id current. xysais for electromechanical

machines typically has id controlling Vd and ig controlling.V
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2.10

2.11

2.12

2.13

The poles of the transfer functions are the eigenvaligectate A matrix, and give the

same information about the system’s open loop respdifse.denominators of the

transfer functions are the system’s characterisfiagon, and are of the form:

s?+ 25w, s x5 +wn?

2.14

In equation 2.14, the parametsy, is the natural frequency of the system and

describes the time scale of the system response. Tam@r{ is the damping factor,

which determines the shape of the system response [h2].rdactor’'s characteristic
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equation possesses the desired natural frequency of 377 rdddsvary small damping
constant. Feedback control can stabilize the closga d9stem, and regulate the rise time
and overshoot.

It can be seen that the system is controllable bkitgoat the controllability

matrix formed from the A and B matrices of equation 2.9.

Controllabilty matrix = [B AB]=

830 0 —7430 314160
] 2.15

0 830 314160 7430

The controllability matrix in equation 2.15 has a rank o&@,it is full rank and the
system is controllable. This means that the plantbeabrought from any initial state to
any desired state in a finite amount of time [13]. Witis information known, a control
system to improve the behavior of the system stales,id and ig currents, can be

designed.

2.2.3 PI Current Control

The id and iq currents are controlled separately with gpgtional-integral
controller designed using Matlab’s single-input single-outj@sign GUI. The controller
is placed in series with the system plant, with thedimck from the output used to

generate an error signal, as seen in figure 2.7.
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Figure: 2.7: Control Topology [13]

The desired outcome for this control system is zeradststate error, which in
this case is the difference between a reference \&ldethe system’s measured output
current. The output y(t) for this control topologytle sum of a term proportional to the
error current plus a term proportional to the integféhe error current. The integral term
brings the steady state error to zero by keeping tratikeofesidual error over time. The

transfer function of a Pl controller looks like:

K, 2.13
i (l +F:5)

where Ki is the integral gain and Kp is the proportionah.g&enerally, increasing Ki
reduces the time it takes the system to reach steatyand will eliminate steady state
error. However, increasing Ki also tends to decreassttimlity of the system due to an
additional phase lag, so a controller must have an apgt®alance between response
time and stability. Stability is commonly expressed mmgeof stability margins, which
are measures of the distance between the Nyquist emdieéhe critical point. Stability

margins are determined from the Bode plot of the closed $ystem. The gain margin is
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a measure of absolute stability, and is calculated fitearinverse of the gain where the
phase crossover frequency is at -180 degrees. The phase magneasure of relative
stability, and is calculated from the gain crossovequency plus 180 degrees. Gain and
phase margins can reveal how close a system is tdilitgtfl2].

Since our plant is second order, introducing a Pl cdetralill make the closed-
loop system third order. Our plant has two complex pekesg;h lead to oscillatory open
loop behavior. The plant and controllers are broughu oiiscrete time using Matlab
continuous-to-discrete conversion function to match tasired discrete Simulink
topology. For the discrete system, the closed loopspoiust reside inside the unit circle
for stability.

The first controller design is very slow, to be usediritial testing. The gain and
phase margins are within standard safety ranges, asirsefiggure 2.8. The second
controller is faster with a larger crossover frequesnoy smaller gain and phase margins,
as seen in figure 2.9. A summary of the design values appetaisle 2.1. Both the id
and iq controllers were designed with saturation protectio case the system was
unstable, the controllers will not output values abdwegrescribed limit. In addition to
this protection, the AWG will fault and open its outpat both over voltage and over
current situations. The additional delay present in the gioteinterval branch seen in

figure 2.10 is required by Matlab to avoid algebraic loops.



Table 2.1: Current Design Values Summary

Slow Controller| Fast Controller
Kp 2.09E-5 0.002726
Ki 6.6182E-6 2E-4
Phase crossover0.165 rad/s 4.22 rad/s
Phase margin 90 degrees 90 degrees
Gain margin 41.8 dB 12.1 dB

Open-Loop Bode Editor for Open Loop 1 (OL1)

Root Locus Editor for Open
T T T

25

151

0.5

151

Loop 1 (OL1)
T T 0

-100

-150

-250

-200[ G.M.:: 12.1 dB
Freq: 378 rad/sec
4 Stable loop

-45

-90

-135

-180

7 -225

I L -270

P.M.: 90 deg
Freq: 4.42 rad/sec

-25 L I !

Real Axis

0 1 10t

10

2

10° 10" 10
Frequency (rad/sec)

Figure 2.8: Fast Controller Design
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2.2.4 Phase Locked Loop

Grid synchronization is an important part of grid conmectiThe output of a
generator or other power source must match the phasbeogrid supply prior to
connection. The phase angle of the grid voltage vestosed to synchronize the control
variables of a connected system. There are many diffaechniques to achieve
synchronization. A basic method involves detecting the zeyssings of the grid voltage
to obtain phase information. The drawback to this methddat the phase relations can
be detected at most every half cycle, which leads to glesormance. Additionally,
noise can affect the zero crossing detection and Ioheequality of the synchronization
[15].

Phase locked loops are a more robust method for grid symezation. Three-
phase systems can use a synchronous reference frarse-lptieed loop. There are
drawbacks to this method when voltage imbalances arengrasthe input signal, which
can cause a double frequency ripple in the PLL. HoweverPthe involved in this
project will operate during normal operating conditiohise phase angle of the lab grid
will be used in the synchronous reference transformstwminthe necessary control

variables [16].
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In the synchronous frame, the input signal is an easgontrol dc value. PI
control is used to regulate the Vg component to zeroghwloicks the reference to the
voltage vector phase angle. The frequency is integratebttwin the phase angf:,
which is the angle between the d-axis and the phasel\Vitwanding. This angle is then
used for the abc to dq transformations. The designed Plck dan per unit, with line to

line AC and BC voltages. A block diagram of the PLL iswh in figure 2.11.
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Figure 2.11: Phase Locked Loop




24

The dq current commands are determined by a Pl (proporiidegral)
controller. The controller gains are calculated intidas sisotool in a similar manner to
the current controller gains. Generally, the propodiogain decreases the error
convergence time, and the integral gain ensures no sséai@yerror and increases the
rise time, depending on the Kp/Ki ratio. The PLL was giesdl around a nominal
frequency of 10 Hz, with appropriate gain and phase mar@ims.plant of the PLL
system is the loop integrator. A summary of the PLLiglesalues appears in table 2.2,

and the designed phase and gain margins appear in figure 2.12.

Table 2.2: PLL Design Values

PLL
Kp 66.14
Ki 1E-2

Phase crossover66.2 rad/s
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Figure 2.12: PLL Controller Design

In the simulation, there are spikes in the frequencytdusslver and digitization
implementations that may not occur in the real wodddware environment. There is
some behavior in the steady state theta output thi@piendent on the solver type. A stiff
solver is used due to the “bounce” behavior in the powgrubuT he trapezoidal solver is
faster, but has more transient behavior. The Euleresq@®DE1) returned the most
believable results. Figure 2.13 shows the PLL locking ¢méoinput frequency of 377
rad/s in less than a tenth of a second, and figure 2.14 thew& component regulating

to zero.
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The angle?a from the output of the integrator is wrapped to keep itveeh 0 and 2*pi,

as shown in figure 2.15. This angle follows the synchushyorotating space vector.
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Figure 2.15: Wrapped theta



28

2.3 Simulation Results

Both the slow and fast controller were simulated &idtep response turned on at
2 seconds. The fast controller responded to the desiredrgevel in a few seconds, as
seen in figure 2.16. The slow controller reached steamty & around 30 seconds, as
seen in figure 2.17. The simulation results included trahdiehavior before the step
input which changed depending on the solver type.

As seen in figure 2.18, the output phase voltage reguatepeak value of 678V,
which corresponds to 480Vrms. In Figure 2.19, Vd of the fastraler settles into the
expected steady state value of 480V, which corresponds tRNI& of the input. The
slow controllers give the same steady state resultsigure 2.20. The output phase
currents are shown in figure 2.21.

A pulsed desired power sighal was also tested with sterfaontroller gains. In
figure 2.22, the pulsed waveform is distinct, with clipped edgem the rise time. The iq
current is regulated to zero, and the id current show®xpected pulse waveform, as

shown in figure 2.23.
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Chapter 3 — Hardware Testing and Results

3.1 Programmable Source and AWG

The Behlman programmable source and embedded Arbitrary WaezdEamns a
120kVA three-phase power source which can provide a vaaampditude and frequency
voltage output. The programmable source has a multi-tappattransformer, one solid
state transformer per phase, and a step-up output tnavesféor each phase. The current
limit is 144A rms per phase, with a peak voltage of 0-460V mateeous line to neutral
and a frequency range of 45 Hz to 2 kHz. [17, 18]. In ordlethfe output voltage to be
commanded from the outside, the source must be in progehl@a mode. The
commanded programmable source voltage is the voltage atutpat terminals, so the
transformer impedance is taken care of by internal dlés@p controls. The embedded
arbitrary waveform generator can drive the source’s inputt,will not be used for this
work.

The programmable source is used to produce a scaled powarddigiven wind
farm output data, acting as the “wind farm” for the prbjdo this experiment, the
commanded voltage signal comes from a dSPACE 1103 unit. ThW&QES breakout box
can supply +/- 10V and 5 mA. The dSPACE voltage rangegpoonds to the expected
input range of the AWG, 10V = 480Vrms at the output. Howetrex, programmable
source input requires a signal to be provided with severalrbdmilliamps of current,

which the dSPACE board cannot provide. A current amphiigh unity voltage gain
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was built to boost the current to the necessaryl.le&v&50mA high speed buffer, the
BUF634 chip, was chosen due to its high output current andefgsbnse. This chip was
designed to work in the feedback path of an op amp; ti2@Pop amp was chosen to
provide the pre-amplification. Additionally, the BUF634 faemfchips were heat-sinked in
order to maintain high performance during long periods of 8seface-mounted BNC
terminals were soldered to the vector board in ordgréwide solid input and output
connections. Figure 3.1 shows the final current amphfed¥ematic, and figure 3.2 shows
the board connections.

The linearity of the programmable source was confirmedodogparing input and

output measurements. The data in figure 3.3 have an R souadwedof 99% for a linear

fit.

Figure 3.1: Current Amplifier
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3.2 Initial Testing

The lab system was tested in stages, starting atditage for safety reasons. The
current controller topology was reconfigured in orderrseit an external reset. The

relationship between the input and output of the integrahdir of the original PI

controller is:

3.1
y_ =
x B z—1
which is mathematically equivalent to
3.2
1
1—z"1
Rearranging equation 3.2 yields:
1 3.8

}r:x—}rz_

The relationship of equation 3.3 is expressed in the Simudiokk diagram
shown in figure 3.4. Inserting a zero after the summingtjon resets both the output
and the internal state of the integrator. This resettiom allows the current controllers to

be turned on manually, which closes the loop, fornit@l testing procedure.
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Since the autotransformers provide power to the programreabtee, they could
not be used for low voltage testing. Instead, a synclugenerator rotating at 1200
RPM and was used as the stiff grid. Unfortunately, the rggmedid not provide a stiff
enough voltage for the control system, although the Rias able to lock onto the
frequency of the generator. When the loop was closedctineent pushed into the
generator caused the generator voltage to wobble, whide the frequency out of the
PLL wander away from the required steady 60 Hz. Undesetlvenditions the current
controllers could not stabilize the system. The oé¢he hardware testing was performed

with a three-phase variac operating at 40V.
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3.3 Open Loop with Variac

The system was started with both the grid and reamitput disconnected but
operating at 40V. Differential voltage probes were usetid¢asure the variac voltage as
a reference for the PLL. The integrators in the eniricontrollers were turned off, and a
desired Vd and Vq were input manually. With the breakeredlp# was confirmed that
an increase in Vd led to a decrease in the iq currentaandcrease in Vq led to an
increase in id current.

There was some sinusoidal behavior present in the Plqudrey, which could
indicate imbalance in the grid voltage. The PLL gains weresigned with a lower
crossover frequency so that the PLL would not resportiedavobble in the grid space
vector. The slower and less sensitive PLL provided a swolid frequency signal, shown
in figure 3.5 and figure 3.6. When the PLL was locked ontogtiek voltage with the
proper sign, the breaker was flipped and the integratoms twmed on, closing the loop.

The phase currents were measured between the programsoaidée and the
variac when the loop was closed. Although no power wasanded, the current probes
did measure some current, as seen in figure 3.7. This h@agaused by the small
difference in voltage between the system output angddhage of the variac, which must
be adjusted by hand. The waveforms have some notched winy indicate the
involvement of the programmable source’s power electroifies.notches may occur as

a result of the switches commutating the current.
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Figure 3.6: Slowed PLL short scale
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Figure 3.7: Phase Currents, Pdesired = 0

3.4 Closed Loop with Variac

When the loop was closed, a desired power was input teydtem controller.
Since the variac had a 15 Amp fuse, only a few amps veemenanded for this proof of
concept testing. This wind farm model will be used for fitlab testing at 480V and
30KW, which will command 36A. The control system wasdaesvith a desired power of
160 Watts.

The commanded and measured line voltages matched well ire ek

amplitude. Since the voltages were measured line-to-lmeeAC and BC voltages were
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60 degrees out of phase, as shown in figure 3.8. There wesmEaking in the measured
voltages at the output of the reactor. The variac mag same unwanted harmonics at

low voltage levels. As more power was commanded andutient increased, the current

waveforms shown in figure 3.9 became cleaner.

commanded and measured line wltages, input and output of AWG

60 T T T T T T T T T
A A A
f | f \ /“ f commanded AC
[ [ commanded BC
40 n i ) AWG output AC H
| \ [ Y | AWG output BC
S
| | | "‘ “\ r"
| | | ,” | r"
. o . f"
- L L O O B B 1
| | | | | |
| | | | l | | |
-20 jf | ‘\ \‘ | “ “ \“ T
| ol L |
| | | | | | \ |
e e .y |
400 || Y Y Iy ]
N T
.60 ) I | | | |
0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 008 0.09 01
time (s)
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Figure 3.9: Phase Currents when power commanded

The control system was tested with the slow currentrollers at first. In case of
instability, there is more time to close the breakensen the output changes slowly. The

power was calculated as:

P=Vy*iy+V,*i, 3.4

The average power level increased to the desired latielthe slow controllers,

in around 20 seconds, as seen in figure 3.10. The id curreeasad, and the ig current

regulated around zero, which was the reference value. Howehe current and power
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waveforms had a lot of associated noise. Even withaveer commanded there was a lot
of noise from the current waveforms. Figure 3.11 showsdtand iq current waveforms
with the associated noise as the desired power siggralases. Figure 3.12 shows id and
ig currents on the short scale. The noise in the id@nodrrents has a sinusoidal patterns,
with a frequency of a few hundred Hertz.

The Vd signal also had some noise. This signal wasplase filtered with a fast
pole which would not interfere with the control behavidowever, filtering Vd did not

improve the measured power signal. Figure 3.13 shows Vd kaidrafter filtering.
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Figure 3.12: I1d and Iq currents, short scale
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Figure 3.13: Filtered Vd in per unit

The system was also tested with the faster currentalters and a pulsed desired
input power. The average measured power followed the codedgomower, as seen in
figures 3.14 — 3.16. Figure 3.16 shows a close-up of the pulsed poeasure and
desired waveforms. The envelope of the commanded powaal Smjlows the desired

power with a similar rise time and shape to the sinaran figure 2.22.
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Chapter 4— Conclusion and Future Work

The synchronous control methodology used to controlaittese and reactive
power was successful in simulation. The hardware testémonstrated the stability of
the closed loop current controllers and the abilityhef PLL to lock onto the frequency
of an external voltage vector. The noise associatedh wie power and current
measurements prevented the controllers bringing the gdlysistem to zero steady state
error for an applied desired power. However, the avepyeer was brought to the
desired commanded level.

In order to follow a wind park power profile, the outputwmgo from the
programmable source should be less noisy. Using theeamtirrent probes might yield
less noisy measurements. Filtering the current measmtenwith a pole far away from
the current controllers might be able to smooth ow thrrent readings without
interfering with the control action, which would cleantbp power signal.

The next step in the testing procedure after resolvingadiee issue is to step up
the voltage to 480V and increase commanded power levelagxmopriately sized
breaker with remote signaling is needed in order to perfesting at a larger base
voltage. It was very difficult to adjust the “grid” vafe and the output of the
programmable source to exactly the same level; atrldogee voltage values, the
difference across the breaker before closing woulevea larger. The ability to close the

breaker from a distance would be an improvement on xpisrenental situation.
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